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1. Introduction

To solve the energy crisis and environ-
mental pollution caused by the excessive 
combustion of fossil fuels, the extension 
of electric vehicles is a crucial way to 
realize the sustainable development of 
human society.[1] However, the widely used 
power supply in electric vehicles is Li-ion 
batteries, whose low theoretical energy 
density restricts the travel range and fur-
ther application of electric vehicles.[2] To 
meet the increasing demand for energy 
storage and conversion systems in daily 
life, it is necessary to explore new power 
batteries with high energy density.[3] 
Among the various post-Li-ion batteries, 
such as solid-state Li-ion batteries, Na-ion 
batteries, lithium–sulfur batteries, and so 
on, lithium–air (Li–air) batteries with the 
highest energy density and environmen-
tally friendly are regarded as the promised 
substitution for dominant Li-ion batteries 
(Figure  1a).[4] A typical Li–air battery con-
sists of an air cathode that the active 
oxygen does not need storing inside the 
battery, a lithium metal anode with high 

energy density, and electrolytes with high ionic conductivity, 
operating via the simple redox reaction of 2Li + O2  ↔ Li2O2, 
2.96 V versus Li/Li+ (Figure 1b).[5] The unique reaction gives Li–air 
batteries an ultrahigh energy density of more than 3500 Wh kg−1,  
far exceeding the state-of-the-art Li-ion batteries and other com-
mercial batteries.[6]

Unlike the lithium (de)insertion process in Li-ion batteries,[7] 
the mechanism in Li–air batteries is electrocatalytic oxygen 
reduction/evolution reactions (ORR/OER) at the cathode side.[8] 
Catalytic products, which need storage space, are generated 
after discharging and decompose via electrochemical routes 
after charging.[9] Thus, the formation and decomposition of 
discharge products directly determine the performance of the 
Li–air battery.[10] The discharge products can be easily formed 
and oxidized if the cathodic catalysts have high catalytic reac-
tion kinetics; in this case, the battery can display a higher 
energy efficiency, rate performance, and power density.[11] The 
amount of discharge products is related to the battery capacity: 
the more, the better. Higher conductivity and tighter contact 
with cathodes make the discharge products transfer the elec-
trons easily, thus delivering a lower overpotential of the battery. 
The highly reversible products, which formed and fully decom-
posed many times without destroying the cathode structure and 

Lithium–air (Li–air) batteries stand out among the post-Li-ion batteries due 
to their high energy density, which has rapidly progressed in the past years. 
Regarding the fundamental mechanism of Li–air batteries that discharge 
products produced and decomposed during charging and recharging pro-
gress, the reversibility of products closely affects the battery performance. 
Along with the upsurge of the mainstream discharge products lithium 
peroxide, with devoted efforts to screening electrolytes, constructing high-
efficiency cathodes, and optimizing anodes, much progress is made in the 
fundamental understanding and performance. However, the limited advance-
ment is insufficient. In this case, the investigations of other discharge 
products, including lithium hydroxide, lithium superoxide, lithium oxide, 
and lithium carbonate, emerge and bring breakthroughs for the Li–air battery 
technologies. To deepen the understanding of the electrochemical reactions 
and conversions of discharge products in the battery, recent advances in the 
various discharge products, mainly focusing on the growth and decomposi-
tion mechanisms and the determining factors are systematically reviewed. 
The perspectives for Li–air batteries on the fundamental development of 
discharge products and future applications are also provided.
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electrolyte oxidation, can result in long-term cycling stability of 
the batteries. Therefore, regulating discharge products is the 
key to realizing high-performance Li–air batteries.

In 1976, the Li–air battery prototype was first proposed in 
an aqueous system in which lithium reacts with H2O to form 
LiOH.[12] In 1996, the first nonaqueous lithium–oxygen (Li–O2) 
battery that cycled via Li2O2 was reported.[13] Because this bat-
tery concept was too advanced and had poor performance, 
the Li–air battery attracted attention until 2006.[14] Bruce et  al. 
revealed that Li2O2 is the predominant discharged product, 
which could decompose to release oxygen gas during charging. 
Since then, nonaqueous systems dominated the investigation 
of Li–O2 batteries.[15] Many efforts have been made to improve 
the proportion and reversibility of Li2O2 in the discharge prod-
ucts. Multiple cathodes with diverse characteristics, such as 
high catalytic activity, lots of hierarchical pores, self-supported 
structure, and integrated construction were designed.[16] Var-
ious electrolyte systems with high ionic conductivity and sta-
bility for inhibiting side reactions caused by decomposition at 
high voltage were investigated.[17] The lithium metal anode was 
protected from corrosion, dendrite, and volume change via in 
situ-formed solid electrolyte interphase film, alloyed anode, 3D 
framework, and so on.[18] Indeed, these strategies could regulate 
Li2O2 and improve battery performance to a certain extent.[19] 
Due to the insulating and oxidizing properties, typically dis-
charge products Li2O2 in rechargeable nonaqueous Li–O2 
batteries[15c] may trigger the nucleophilic attack on other com-
ponents and sluggish reaction kinetics, inducing the decline of 

performance and sometimes even premature death of batteries. 
Moreover, the road to commercialization of Li–O2 batteries is 
still far away because it is tough to ensure the pure oxygen 
atmosphere working conditions; otherwise, it is necessary to 
develop advanced gas membranes, which only allow oxygen to 
transmit from the air.

To this end, investigating alternative reversible discharge 
products in the Li–air battery systems to improve the overall 
performance and reveal reaction mechanisms brought dis-
ruptive breakthroughs. For example, adding water and LiI for 
catalyzing LiOH,[20] applying the Ir-based cathode for stabi-
lizing the lithium superoxide (LiO2),[21] high-temperature for 
realizing reversible Li2O,[22] and cycling in CO2 atmosphere 
to form Li2CO3.[23] The crystalline structures of the products 
are shown in Figure  1c.[24] However, to the best of our knowl-
edge, few reviews have elaborated on the progress and funda-
mental science of the reversible discharge products in Li–air 
batteries.[4b] In this review, we systematically summarized the 
current research progress of reversible discharge products in 
Li–air batteries to deepen the mechanistic understanding and 
promote future developments. We focused mainly on the for-
mation and decomposition mechanisms for the products and 
the corresponding decisive factors, such as solvents, additives, 
adorability of intermediates, cathode catalytic activities, and 
operating conditions. We also presented the perspectives on 
the fundamental development regarding discharge products in 
the Li–air batteries and the challenges for their future practical 
application.

Adv. Mater. 2023, 35, 2208925

Figure 1. a) Comparison of the estimated practical specific energies for various rechargeable batteries. b) Schematic configuration of a Li–O2 battery. 
b) Reproduced with permission.[5] Copyright 2020, American Chemical Society. c) Crystalline structures of Li2O2, LiOH, LiO2, Li2O, and Li2CO3.
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2. Li2O2

To exclude the influence of other impurity gases, most of 
the current Li–air batteries were discharged and charged in 
the pure oxygen atmosphere with a simpler kinetic model of 
Li2O2;[25] thus, they could also be defined as Li–O2 batteries. 
In the typical nonaqueous rechargeable Li–O2 batteries, solid 
Li2O2 is considered as the primary products followed the basic 
reaction equations. In general, metallic lithium was oxidized to 
Li+ and released electron during discharging progress, the O2 
was reduced via ORR and obtained the electron from external 
circuit, then generated Li2O2 located at the cathode side. The 
charging progress was reverse, occurring OER, the Li2O2 was 
oxidized with oxygen evolution from the air cathode.[26] The 
basic mechanism of charge–discharge processes is undoubted, 
and deepening the understanding of the fundamental prop-
erties of Li2O2 is also crucial for the ongoing development of 
Li–O2 batteries.[19]

2.1. Li2O2 Formation

The detailed formation mechanisms of Li2O2 were classified 
into two categories, solution growth and surface growth.[27] 
At the initial discharge, dissolved O2 adsorbed on the cathode 
and then reduced to O2

− (Equation  (1)), subsequently com-
bined with Li+ in the electrolyte to generate LiO2 intermediate 
(Equation  (2)),[28] which are the similarities between the two 
mechanisms[29]

O e O2(g) 2(sol)+ →∗ − −  (1)

Li O LiO(sol) 2(sol) 2+ →+ −  (2)

2.1.1. Solution Growth

In the electrolyte with high donor number (DN) which is 
beneficial to stronger Li+ solvation (Figure  2a), the formed 
LiO2 will be dissolved into the solution via LiO2* ⇌ Li+

(sol)  + 
O2

−
(sol),[30] subsequently disproportionating into Li2O2 and O2 

(Equation (3)) through the solution-growth pathway (Figure 2b)

LiO LiO Li O O2(sol) 2(sol) 2 2(sol) 2+ → +  (3)

LiO Li O2(sol) (sol) 2(sol)++ −  (4)

2Li 2O Li O O(sol) 2(sol) 2 2 2+ ++ −  (5)

In addition, some researchers proposed LiO2 could chemi-
cally dissolve into Li+ and O2

− (Equation  (4)). The soluble O2
− 

then combined Li+ to generate Li2O2 (Equation  (5)), in which 
O2

− acts as a redox mediator on the growing Li2O2 toroid.[29,31] 
Generally, the solution growth mechanism likely induces the 
growth of Li2O2 toroids/platelets with larger particle sizes than 
the surface growth mechanism resulting in conformal coated 
films,[32] which was experimentally supported by Luntz et al.[29] 
When added trace amounts of water in electrolyte, the products 
tended to grow via solution model with a large-size toroidal 

Li2O2 and significant capacity improvement (Figure 2c). As the 
water can induce parasitic reactions during discharging, the 
solvents or additives with high DN and/or acceptor number 
(AN) that can promote the solution growth mechanism would 
be a better choice for improving capacity (Figure 2d).[33]

In addition, by regulating the cathode surface, some cata-
lysts also can promote the formation of Li2O2 via the solution 
pathway, even in a low-DN electrolyte. Xu et  al. decorated the 
carbon nanotube (CNT) detects by coating the RuO2 nanoparti-
cles to alter its adsorption ability toward superoxide species LiO2 
and O2

−.[34] As shown in Figure 2e, the binding energies of LiO2 
(−1.72  eV) and O2

− (−0.82  eV) on the CNT surface are much 
higher than on RuO2/CNT surface (0.21 eV, −0.13 eV). In this 
case, the superoxide species readily liberated from the RuO2/
CNT surface and diffused to the low-DN tetraethylene glycol 
dimethyl ether (TEGDME) electrolyte, biased to the solution 
growth of Li2O2. In contrast, the superoxide species are likely 
adsorbed on the pristine CNT surface, undergoing the surface 
growth route. As a result, micrometer-sized, flower-like Li2O2 
generated on RuO2/CNT, while conformal Li2O2 thin films 
deposited on pristine CNT surfaces. By reducing the adsorp-
tion energy of the cathode to the intermediates, the battery can 
realize toroid-like Li2O2 in the low-DN solvents via the solution 
growth pathway.[33] Furthermore, the facet engineering of the 
cathode also can regulate the formation of the Li2O2 product. 
Yao et  al. synthesized two kinds of β-MnO2 crystals with (111) 
or (100) dominated facets.[35] When adopted in Li–O2 batteries, 
the (111) facets promoted the toroidal Li2O2 following solution 
routes, while (100) facets facilitated the thin-film Li2O2 through 
surface routes (Figure 2f).

2.1.2. Surface Growth

In the low-DN solvents, the formed LiO2 is more easily 
adsorbed on the cathode surface (identified by *). It is prone to 
evolve into Li2O2 formation through electrochemical reduction 
(Equation (6)) or disproportionation (Equation (7)) via a surface-
growth pathway (Figure 2a)[36] 

LiO Li e Li O2 (sol) 2 2+ + →∗ + −  (6)

2LiO Li O O2 2 2 2→ +∗  (7)

By conducting density functional theory (DFT) to calculate 
the relative energy changes in dimethyl sulfoxide (DMSO) 
and dimethyl ether (DME) electrolytes, as shown in Figure 3a, 
Kang et al. considered electrochemical reduction (Equation (6)) 
is more thermodynamically and kinetically favorable than dis-
proportionation (Equation  (7)).[37] Shao-Horn et  al. experimen-
tally confirmed that surface-mediated O2 reduction is related 
to the overpotential, based on electrochemical quartz crystal 
microbalance (EQCM) results.[32] Along with the overpotential 
increases (below 2.5  V vs Li+/Li), soluble LiO2 intermediates 
decrease, and thin conformal Li2O2 coatings form via the sur-
face-mediated pathway (Figure 3b).

Besides the solubility of LiO2 in electrolytes affects the Li2O2 
growth routes through the surface or solution pathway,[30] 
other studies have also tried to complement the formation 

Adv. Mater. 2023, 35, 2208925
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mechanisms of Li2O2. Chen et al. found the O2 adsorbability on 
the cathode also determined the deposition types of Li2O2 based 
on a comparison of experimental and calculated results on dif-
ferent cathodes.[38] Taking care of the limited electron transport 
on the electronically insulating Li2O2, in the cathode neighbor-
hood, Li2O2 tends to form into thin films via the surface growth 
route. Zhao et  al. grew N, S co-doped CNTs on the 3D gra-
phene (NS-CNTA/3DG), which successfully obtained an amor-
phous Li2O2 film products in Li–O2 battery through the surface 

route.[39] The formation of amorphous Li2O2 is related to the 
high spatial confinement of doped elements, which benefits 
from the large surface area and stronger adsorption toward O2, 
Li, and LiO2 (Figure 3c). This NS-CNTA/3DG cathode gave the 
battery a high capacity of 23 778 mAh g−1 and a long lifespan of 
320 h (Figure 3d).

The current density also tuned the growth routes of Li2O2 
products.[40] Nazar's group found that the Li2O2 aggregated into 
toroidal nanocrystalline at low current density (Figure  3e).[41] 

Adv. Mater. 2023, 35, 2208925

Figure 2. Solution growth of Li2O2. a) High DN of solvents promote the Li2O2 growth via solution pathway, and b) a schematic shows the dominant 
pathway as a function of DN and discharged potential. a,b) Reproduced with permission.[30] Copyright 2014, Springer Nature. c,d) High LiO2* solubility 
(such as adding water) boosts toroidal Li2O2 formation with a large size via solution growth: c) SEM images of discharge products Li2O2 (scale bars, 
1 µm). d) The free energy of the solubility of LiO2* in different solvents as a function of the AN and DN. c,d) Reproduced with permission.[29] Copyright 
2015, Springer Nature. e) Cathode surface with low adsorption energy to the intermediates drives solution-mediated pathway: binding energies of 
O2

− and LiO2 on the double-defect CNT (top) and RuO2/CNT (bottom). Reproduced with permission.[34] Copyright 2016, Wiley-VCH. f) Cathode facets 
affect the Li2O2 growth pathway: (100)-dominated β-MnO2 catalyzes Li2O2 formation following the surface route, (111)-dominated one following the 
solution route. Reproduced with permission.[35] Copyright 2019, American Chemical Society.
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They attributed to the weak binding of LiO2 to the cathode 
surface and the slow electron transfer rate from surface, thus 
resulting in the LiO2 disproportionation reaction through the 
solution pathway model. In contrast, at the higher discharge 
current, Li2O2 can readily form a thin film with less crystalline 
via the surface pathway (Figure  3f,g), which might be due to 
the newly formed LiO2 on the cathode insufficiently dissolved 
in the electrolyte. In addition, it should be noted the discharge 
capacity and voltage decrease with the increase of current den-
sities, which can be related to the morphological transition of 
discharge products. More amounts of toroid products could 
store in the porous cathode. By contrast, the thin-film products 
with smaller sizes likely cover the cathode surface to block the 
mass transfer channel,[42] thus reducing the exposed active sites 
for ORRs and resulting in limited battery discharge capacity. 

Moreover, unlike the toroidal Li2O2 with high crystalline, the 
thin-film Li2O2 with less crystalline is easier to be decomposed 
at lower charging potentials. Because their conformal contact to 
the cathode could supply more electron transfer, the oxidation 
of deficient Li2O2 needs less energy, enabling the decomposi-
tion of thin-film Li2O2 more easily.

In addition, the growth pathway of Li2O2 might affect by the 
temperature. Zhang et al. reported that at the low current den-
sity of 0.1 mA cm−2, Li2O2 mainly formed through the solution 
route in the temperature range of −20–0 °C, while through the 
surface route between 0 and 40 °C.[43] Furthermore, illumina-
tion also could influence product growth routes.[44] Xu et  al. 
reported that, without illumination, large-sized Li2O2 prod-
ucts generated randomly covered on the TiO2–Fe2O3 photo-
cathode via a solution-mediated growth pathway.[45] While with 

Adv. Mater. 2023, 35, 2208925

Figure 3. Surface growth of Li2O2. a) Calculated DFT results show that LiO2 is easily transferred to Li2O2 by the reduction reaction (black) pathway 
than the disproportionation reaction (red). Reproduced with permission.[37] Copyright 2013, American Chemical Society. b) As the discharge poten-
tial decreases, soluble intermediates reduce, and Li2O2 dominant grows via surface pathway regardless of solvents. Reproduced with permission.[32] 
Copyright 2016, American Chemical Society. c) The spatial confinement and stronger adsorption of NS-CNTA/3DG facilitates the Li2O2 growth through 
the surface route, d) along with improved battery performance. Reproduced with permission.[39] Copyright 2022, Elsevier. e,f) High discharge current 
results in the Li2O2 formed through the surface model, verified by SEM images of cathode and after discharge at 5 µA cm−2 (e) and 100 mA cm−2 (f), 
and g) XRD results show that high current leads to a decrement of crystalline for discharge products. Reproduced with permission.[41] Copyright 2013, 
The Royal Society of Chemistry.
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illumination, Li2O2 formed into thin-film morphology, which 
uniformly deposited. The difference may be attributed to, 
under illumination, intermediate LiO2 is generated faster and 
likely concentrated at the cathode surface, which then dispro-
portionated or reduced to form the film-like Li2O2. In short, the 
LiO2 might be the decisive factor for the Li2O2 growth pathway, 
whose generation rate, diffusion rate, and duration strongly 
influence on the products.

2.2. Li2O2 Oxidation

As the calculated density of states (DOS) shows (Figure  4a), 
pure Li2O2 present insulating performance with a large band 
gap of 4.91 eV.[46] Undoubtedly, the insulating feature will limit 
electron mobility in pure Li2O2 and electron transport between 
the Li2O2 products and conductive cathode substrates, leading 
to the Li–O2 batteries with poor rate capability and large polari-
zation.[47] For improving the Li–O2 batteries' energy efficiency 
and cycling performance, it is significant to study Li2O2 oxida-
tion during the charging progress.

Typically, the Li2O2 is oxidated from its surface, and the sur-
face structure affects the decomposition progress. Mo et  al. 
compared the desorption barriers and reaction path on different 
surfaces of Li2O2 using first-principles calculations.[48] For all 
the calculated surfaces, the lithium peroxide first decomposed 
from Li atoms removal to form the superoxide intermediate, 
which was consistent with the experimental finding that LiO2 
was intermediate in Li–O2 batteries.[49] It is noteworthy that 
superoxide possesses the highest oxygen activity in the decom-
position path and that is why the organic electrolytes would 
experience decompose in the Li–O2 batteries.[50] The followed 
oxygen evolution steps’ energy barriers are remarkably higher 
than those of Li desorption along the decomposition path, dem-
onstrating that the high overpotential and low charging rate of 
Li–O2 batteries is probably resulting from the sluggish kinetics 
of OER.

Theoretically, pure Li2O2 is hardly oxidated due to its insu-
lating nature, resulting in slow OER kinetics and high battery 
overpotential.[27] Practically, the discharge products of Li2O2 in 
Li–O2 batteries could be defected via chemistry engineering.[51] 
The defects in Li2O2 can regulate its electronic conductivity and 
thus decrease the charging overpotential of the Li–O2 batteries. 
By tailoring catalysts and electrolyte additives, they could also 
induce defects in Li2O2, like Li vacancies (Li2−xO2), doped Li2O2, 
amorphous structure, and others.[47,52]

As shown in Figure 4a, Hummelshøj et al. used DFT calcula-
tions to compare the DOS for the pure Li2O2 and Li2O2 with Li 
vacancies.[46] There are holes in the valence band and the Fermi 
level is shifting to valence bands, indicating that the Li2−xO2 
presents electronic conductivity. Guo's group grew ZnO nano-
particles on vertically aligned CNTs (ZnO/VACNTs),[53] gener-
ating the Li2−xO2 (mixture of LiO2, Li3O4, and Li2O2) discharge 
products in Li–O2 batteries, supported by the characterizations 
of transmission electron microscope (TEM) images (Figure 4b) 
and electron energy-loss spectroscopy (EELS) spectra. Along 
with the lithium vacancies introduced to the discharge product, 
the battery with ZnO/VACNTs cathode displayed a 1.5 times 
improvement of capacity and 0.45 V decrease of overpotential, 

compared with pristine VACNTs (Figure 4c). Later, they coated 
semiconducting n-type Si on the CNTs,[54] inducing the nano-
sized Li2O2 with plenty of lithium vacancies, thus energy effi-
ciency of the battery approaching 80%. Defective Li2O2 formed 
on semiconductors illustrates that cathode architecture plays a 
key role in the discharge products and thus affects the battery 
performance.

Doping heteroatoms in the Li2O2 could effectively improve 
its electronic conductivity by modulating the density and 
mobility of charge carriers. Timoshevskii et  al. substituted 
1.6% Li atoms with Si in the simulated Li2O2 electronic struc-
ture.[55] As shown in DOS for Si-doped Li2O2 (Figure 4d), there 
are some conducting impurity states in the band gap of Li2O2. 
Compared to the stoichiometric Li2O2, the improved electronic 
mobility attributed to the antibonding orbitals of the oxygen 
pairs. Similarly, Zhao et  al. demonstrated that adding carbon 
to Li2O2 could induce hole states in Li2O2 because of electron 
transfer from antibonding OO p-orbitals to carbon.[56] For 
the doping anions, Gerbig et  al. indicated that the doped Cl− 
can serve as a donor dopant to improve the ionic conductivity 
of Li2O2 via the experimental tests.[57] Matsuda et  al. revealed 
≈5  mol% Cl could be incorporated into the Li2O2 products 
with the addition of LiCl into the electrolyte.[58] The conductive 
atomic force microscopy was conducted to measure the elec-
tric conductivity of discharge products. As shown in Figure 4e, 
the detecting current value of Cl–Li2O2 is greater than 20 nA, 
while that of pristine Li2O2 is less than 20 pA. The higher elec-
tric conductivity aroused from Cl incorporation is beneficial 
to improving the energy capacity of Li–O2 batteries. Regret-
tably, Cortes et  al. carried out first-principles calculations and 
proposed that Cl doping cannot increase the electronic con-
ductivity; because it did not promote the formation of metallic 
states or extra polarons on the Li2O2.[59] Undoubtedly, more 
experimental and simulation studies are needed to resolve 
this contradiction. Metal cations also can dope into the Li2O2 
to modulate its physicochemical properties. Compared to the 
Na+, K+, the addition of Mg2+, Ca2+, and Ba2+ with larger sizes 
could apparently reduce the charge overpotential of the Li–O2 
batteries. Especially, the Ba2+ reached a Coulombic efficiency of 
70%.[60] The improvement may originate from the Ba2+ incor-
porated into Li2O2 deposits. The calculated model suggested 
that doping transition metals such as Co and Ni could improve 
charge transport in Li2O2 deposits by shifting the balance of Li+ 
vacancies and hole polarons, resulting in low charge overpoten-
tials even at high current densities.[61]

Siegel's group compared the amorphous Li2O2 with crystal-
line Li2O2 using first-principles calculations.[62] Although their 
band gaps and equilibrium electrochemical potentials are sim-
ilar, demonstrating they are both wide-bandgap insulators. The 
amorphous Li2O2 displayed higher mobility and concentration 
of Li+ vacancies, leading to a notable increase in ionic conduc-
tivity of 2 × 10−7 S cm−1 (Figure 4f) and a slight growth in elec-
tronic conductivity of 2 × 10−16 S cm−1 than crystalline Li2O2. 
Peng et  al. synthesized amorphous Li2O2 by a disproportiona-
tion reaction in acetonitrile solution and measured its ionic and 
electronic conductivities of 7.10 × 10−8 and 5.02 × 10−9 S cm−1.[63] 
The improved charge-transport properties of amorphous 
Li2O2 originate from the enhanced Li+ mobility and O2

− con-
centration, resulting in a lower charging potential (Figure  4g) 

Adv. Mater. 2023, 35, 2208925
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compared with the crystalline phase. Based on the calculated 
and experimental results, it can be concluded that the prod-
ucts’ crystallinity is related to the oxidation progress. That is, 
low crystallinity is facile to charging, which is also supported by 
Byon et  al. They demonstrated that when CNTs surfaces were 
decoupled with oxygen functional groups or defective edges, the 
amorphous Li2O2 were formed, which was facilely decomposed 
in the subsequent charging progress.[64] To further promote the 
decomposition of amorphous Li2O2 at low overpotential, it is 

needed to increase the surface area of Li2O2. Thus, they adopted 
a mesoporous carbon (CMK-3) as the cathode and success-
fully received 1D amorphous Li2O2 products in Li–O2 batteries, 
leading to a high round-trip efficiency of 80%.[65] The lower 
overpotential of OER and ORR in amorphous Li2O2 than the 
crystalline Li2O2 could be further evidenced by the DFT results 
that the disordered atoms on the surface caused the weaker 
binding to LiO2 (Figure  4h). The amorphous Li2O2 was also 
observed on the noble metal surface with high binding energy 

Adv. Mater. 2023, 35, 2208925

Figure 4. Li2O2 oxidation. a) Calculated DOS for pure Li2O2 (up) and Li2O2 with 1/16 vacancies (down), indicating the Li2O2 with Li vacancies present 
electronic conductivity, which is facile to the Li2O2 oxidation. Reproduced with permission.[46] Copyright 2010, AIP Publishing. b) Li2−xO2 discharge 
products generated on the ZnO/VACNTs cathode, c) the Li–O2 batteries with lower overpotential of 0.45 V. b,c) Reproduced with permission.[53] Copy-
right 2016, Elsevier. d) Si-doped Li2O2 shows improved electronic mobility than undoped Li2O2. Reproduced with permission.[55] Copyright 2013, AIP 
Publishing. e) In the presence of 20 × 10−3 m LiCl, the discharge products exhibit higher electric conductivity. Reproduced with permission.[58] Copyright 
2016, American Chemical Society. f) Amorphous Li2O2 with much higher ionic conductivity than the crystalline phase. Reproduced with permission.[62] 
Copyright 2014, American Chemical Society. g) The low overpotential of amorphous Li2O2 exemplifies the higher electron and ionic conductivity. Repro-
duced with permission.[63] Copyright 2016, Wiley-VCH. h) The amorphous surface of Li2O2 has a weaker binding of LiO2*, beneficial to the desorption 
of intermediates and the decomposition of products. Reproduced with permission.[65] Copyright 2018, Springer Nature.
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with LiO2 that quickly nucleated on its surface and reduced to 
form the amorphous Li2O2 via surface route.[66] Besides the 
cathode surface properties, the electrolyte solutions[32,38] and 
the discharging current densities[41] also affect the crystallinity 
of discharge products in Li–O2 batteries as mentioned before, 
thus determining the charging progress.

3. LiOH

In the initial stage of Li–air batteries, LiOH (3.32 V vs Li/Li+) 
was regarded as the side product and averted as much as pos-
sible to reduce the cumulative negative impacts.[67] Kwabi et al. 
revealed that flake-like LiOH gradually augmented along Li2O2 
particles exposed to DMSO-based electrolyte, caused by the 
chemical reaction of electrolyte with Li2O2 and superoxide spe-
cies.[68] Unlike the rate-limiting step for the chemical release 
of O2 molecules in the decomposition of Li2O2, the LiOH and 
Li2CO3 are electrochemical extraction of Li+.[69]

3.1. LiI Promoted LiOH

As the OH− in LiOH is inert to the redox reaction, it needs to 
overcome a high energy barrier for Li desorption to generate 
a Li-deficient surface. Thus, incorporating a redox mediator 
could compensate for the electron loss in the decomposition 
of LiOH, improving the kinetics. Kwak et al. found that LiOH 
majorly precipitated rather than Li2O2 when added high con-
centrations of LiI to TEGDME electrolytes.[70] LiOH-induced 
battery capacity decrease was regarded as a drawback to the 
additive LiI. They attributed the formation of LiOH to the 
decomposition of solvent, which was later verified by Qiao 
et  al.[71] that LiI could promote the nucleophilic reactions of 
discharge intermediate toward electrolytes. Soon after, Grey’ 
group added 0.05  m LiI into the Li–O2 batteries composed 
of graphene oxide cathode and 0.25  m LiTFSI/DME electro-
lyte.[20] In this case, the Li–O2 batteries realized operation via 
the reversible growth and decomposition of crystalline LiOH 
(Figure 5a), demonstrating enhanced specific capacities at var-
ious current densities, a superior energy efficiency of 93.2% 
with a low overpotential of 0.2 V at 0.02 mA cm−2 (Figure 5b), 
a high discharge current up to 5 Agc

1−  (equivalent to 0.1  mA 
cm−2), and ultralong cycle life. The additive LiI served as the 
redox mediator to guide the battery's working voltage and 
cycling stability; it coupled with additive H2O to induce the for-
mation of LiOH as discharge products, increasing the battery 
capacity. Based on the NMR measurements with isotopic labe-
ling, the proton in LiOH preferentially supplied from added 
water rather than DME decomposition. Regrettably, the desir-
able features aroused from LiOH were hard to reproduce even 
in the same electrolyte but changing the cathode. Later, they 
found that the LiOH only could be formed in the presence of 
both LiI and water, whereas Li2O2 was generated with either.[72] 
The product types can be controlled by adjusting the water con-
tent in LiI-additive Li–O2 battery. The dominant Li2O2 changed 
to LiOH with an appropriate amount of water in the battery, 
then transformed to a mixture of peroxides and hydroxides 
along with increased water, consistent with Shao-Horn et al.’s 

study.[73] Via the NMR spectroscopy, they demonstrated again 
that the proton source for LiOH was water rather than the 
decomposition of ether electrolyte.[72] McCloskey et al. reported 
the same conclusions based on the products reverted from 
LiOH to Li2O2 after the additive H2O entirely consumed, 
meaning without water, only LiI cannot promote the formation 
of LiOH.[74] Besides the products of LiOH, Zhu et  al. found 
that LiOOH·H2O formed along with LiOH in the water-con-
taminated Li–O2 battery with additive LiI redox (Figure 5c).[75] 
DFT results demonstrated that the LiOOH·H2O possessed 
similar structure to LiOH·H2O, leading to the similar stability. 
Compared with Li2O2 and LiOH, LiOOH·H2O displayed faster 
kinetics in the oxidation progress of I− to I3

−, enabling a lower 
overpotential upon charging. In addition, they also proposed a 
panoramic mechanism of discharging/charging progress with 
different H+ concentrations.

It is noteworthy that the ambiguities exist in the LiI's effects 
on product decomposition during charging progress due to the 
complexity of the systems in that Li–air batteries contain water 
and polyvalent iodine.[76] The additive LiI will undergo a mutual 
conversion of iodide/triiodide/iodine (I−/I3

−/I2) redox, in 
which the I− can be oxidated to I3

− and I3
− oxidated to I2 upon 

charging.[76a,77] Liu et al. confirmed the LiOH can be chemically 
oxidated by I3

− to generate O2 and H2O in the DME electrolyte 
via the reaction of 4LiOH + 2I3

− → 4Li + 6I− + 2H2O + O2.[20]  
However, in the presence of LiI and water, Burke et  al.[74] 
found that LiOH cannot be oxidized to form O2 but irrevers-
ibly formed lithium iodate (LiIO3) via 3I2 + 6LiOH → LiIO3 + 
5LiI + 3H2O, while the O2 generated from Li2O2 based on the 
isotopic labeling results. The concentrations of LiI and H2O 
significantly affected the products' decomposition. Qiao et  al. 
also reported that, a large amount of LiI could promote the 
LiOH formation during discharged progress of LiI-added Li–
O2 batteries. However, in charging progress in the TEGDME 
solution, LiOH refused to be oxidized by the formed I3

− and 
I2, while I3

− could decompose Li2O2 (Figure  5d).[71] The differ-
ence among the reports of LiI-added Li–O2 batteries might be 
attributed to the system diversity, in which the electrolyte is 
crucial for the electrochemical progress.[20] The TEGDME sol-
vent has a higher viscous and a lower donor number (DN) of 
16.6 kcal mol−1 than DME (DN = 20 kcal mol−1).[78] Thus, Shao-
Horn et  al. systematically investigated the additive LiI toward 
catalyzing the decomposition of LiOH and Li2O2 in different 
solvents.[76a] As shown in Figure 5e, the potential of I3

−/I− redox 
couple shifts toward higher potential while that of I2/I3

− experi-
ences no obvious change in the solvents with higher acceptor 
number, DN, and dielectric constant, proving stronger solva-
tion of I− ions. After adding commercial LiOH and standing for 
a while, the I3

− was fully consumed in the solvents with strong 
solvation ability (DMA, DMSO, and Me-Im), while there is no 
reaction in weak ones (G4, DME, and pyridine), suggesting the 
reaction of I3

− oxidizing LiOH is solvent dependent (Figure 5f). 
Via I3

−  + 2LiOH → 2I−  + 2Li+  + H2O + IO−, the formed IO− 
further disproportionated to LiIO3 or decomposed the solvent 
molecules. And the LiIO3 could further be reduced to form 
LiOH via a six-electron reaction of LiIO3  + 3H2O + 6Li+  + 
6e− → LiI + 6LiOH.[76b] For Li2O2, I3

− could effectively oxidize 
it to generate O2 in the stronger solvents, whereas more oxi-
dizing I2 with higher potential is required in weaker solvents. 

Adv. Mater. 2023, 35, 2208925
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Investigations of soluble redox mediators in Li–air batteries 
have made considerable progress. The redox mediators, such 
as LiI, TTF (tetrathiafulvalene), FePc (iron phthalocyanine), 
DMPZ (5,10-dimethylphenazine), could significantly accelerate 
the transformation of discharge products and lower the bat-
tery overpotential.[79] However, it still needs advanced in situ 
techniques for real-time monitoring of the electrochemical 
progress of the battery, which could provide more information 
during the dynamic reactions and gain more insights into the 
mechanisms.

3.2. Water Catalysis LiOH

The addition of water can not only increase the battery 
capacity[80] but also promote the formation of LiOH prod-
ucts in Li–O2 batteries. By adding a trace amount of water, Li 
et  al. found the discharge product can convert Li2O2 to LiOH 
by adjusting the battery discharge depth.[81] A low voltage 
gap (0.32  V) and superior cycling stability (200 cycles, 800  h) 
were observed, in which the Li–O2 battery constructed by Ru/
MnO2/SP cathode and LiFePO4 anode, and 0.5  m LiClO4 and 

Adv. Mater. 2023, 35, 2208925

Figure 5. LiOH. a) Crystalline LiOH formed and decomposed in the Li–O2 battery with rGO cathode and LiI additive, b) and it displays a low overpoten-
tial of 0.2 V. a,b) Reproduced with permission.[20] Copyright 2015, AAAS. c) LiOOH·H2O generated along with LiOH and Li2O2 in the water-added Li–O2 
battery. Reproduced with permission.[75] Copyright 2017, Springer Nature. d) I3

− hardly oxidizes LiOH but could decompose Li2O2. Reproduced with 
permission.[71] Copyright 2017, American Chemical Society. e) Solvents determine the redox potentials of I3

−/I−; f) and oxidizing power of I3
−/I− toward 

Li2O2 in different solvents. e,f) Reproduced with permission.[76] Copyright 2019, Elsevier. g) With the addition of water, Ru-catalyzed battery forms LiOH 
via a 4e− ORR. Reproduced with permission.[82] Copyright 2017, Wiley-VCH. h) Adding H2O boosts the formation of LiOH, which cannot contribute to 
O2 evolution during recharge, confirmed by DEMS detecting less oxygen release. Reproduced with permission.[83] Copyright 2018, American Chemical 
Society. i) DBDMB has the catalytic activity toward the oxidation of Li2CO3 and LiOH. Reproduced with permission.[84] Copyright 2020, Wiley-VCH.
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120  ppm H2O in DMSO as the electrolyte. Grey et  al. added 
50 000  ppm water to the DMSO electrolyte, and thus the Ru/
SP-catalyzed battery's discharge products were changed from 
Li2O2 to LiOH.[82] Operando pressure measurement showed the 
LiOH formation involved four electrons with the overall reac-
tion of O2  + 4e−  + 4Li+  + 2H2O → 4LiOH (Figure  5g). In the 
charging progress, LiOH decomposed with very little oxygen 
evolution due to the generated hydroxyl species chemically 
reacting with DMSO to form DMSO2 rather than O2. There-
fore, a stable electrolyte that could prevent the reaction with 
LiOH during charging is highly desired to realize the high 
reversibility of LiOH.[76a] In addition, Peng et  al. also verified 
that the decomposition of LiOH did not contribute to oxygen 
evolution during recharge progress as the added H2O intruded 
the decreased quantity of O2 evolved.[83] As shown in Figure 5h, 
differential electrochemical mass spectrometry (DEMS) data 
indicated that water-induced LiOH could alleviate O2 and CO2 
release, meaning water could slightly destroy the battery revers-
ibility. By in situ spectroscopic analysis and isotopic characteri-
zation, the lower charging polarization of H2O-involved Li–O2 
battery was attributed to the higher conductivity of LiOH (ionic 
conductivity: 1.99 × 10−8 S cm−1, and electronic conductivity: 
7.13 × 10−12 S cm−1) than that of insulating Li2O2. Zhang et  al. 
introduced a new redox mediator of 2,5-di-tert-butyl-1,4-dimeth-
oxybenzene (DBDMB), which can facilitate the Li2O2 decompo-
sition and even oxidize the LiOH and Li2CO3 at a relatively low 
overpotential (Figure  5i).[84] The DBDMB may be an effective 
additive for increasing the Li–O2 battery performance that oper-
ates via LiOH. Meanwhile, many challenges, including practical 
electrochemical behavior and redox mechanisms of LiOH prod-
ucts, need to be addressed for such additives.

3.3. Catalysts Promote LiOH Formation

Motivated by the excellent performance and high stability 
of LiOH, it attracted more attention as a reversible discharge 
product in Li–O2 batteries.[85] By comparing the different cata-
lysts' performance in battery, Zhou et  al. found catalysts were 
highly related to the formation/decomposition of LiOH.[81] 
Song et  al. synthesized a Mn-MOF-74 nanoparticles grown on 
CNTs (Mn-MOF-74@CNTs) catalyst which could change the 
product from Li2O2 to LiOH when operating in a humid atmos-
phere (≥200  ppm moisture).[86] Compared with the battery 
with Li2O2 products, the MOF-74@CNTs-based battery cycled 
on LiOH displayed fewer side reactions and much-improved 
performance, which was attributed to less reactivity of LiOH 
than Li2O2. A mechanism was proposed that LiOH formed by 
chemical conversion (Li2O2  + H2O → 2LiOH + ½ O2) rather 
than a 4e−/O2 electrocatalytic ORR, whose calculated standard 
Gibbs free energy was −75.0  kJ mol−1. The Mn2+/Mn3+ metal 
centers in Mn-MOF-74@CNTs had high catalytic activity toward 
the decomposition of intermediate H2O2, which remarkably 
facilitated the chemical reaction. On the contrary, Grey et  al. 
prepared Co3O4 catalysts with the flake structure to boost the 
electrochemical conversion of LiOH in the presence of water.[87] 
In the discharging process, via a 4e−/O2 process, Co3O4 could 
facilitate the formation of LiOH flakes with some side products, 
such as organics and carbonates; in addition, its surface formed 

a reconstructed amorphous CoOx(OH)y layer. When charging, 
LiOH was oxidized at 3.9 V and released O2 gas, followed by the 
decomposition of surface organics, and finally carbonates over 
4.3 V. After charging to 4.5 V, the amorphous layer disappeared 
and resumed to Co3O4. The surface reconstruction of catalysts 
might be a potential strategy for catalyzing LiOH operating in 
Li–O2 batteries, whose dynamic properties need more explora-
tion.[88] In addition to metal compound catalysts, Amine et  al. 
demonstrated that the soluble metal cation additive, sodium 
ions, can boost the formation of reversible LiOH instead of 
Li2O2.[79b] It was attributed to the added Na+ could alter the sol-
vation environment and equilibrium in the electrolyte.

4. LiO2

4.1. Exploration of LiO2

LiO2 (2.76  V vs Li/Li+) is usually considered as the reaction 
intermediate in Li–O2 batteries, which would immediately 
evolve into lithium peroxide through electrochemical reduc-
tion or disproportionation reactions.[30,89] Noteworthy, the 
LiO2 with strong oxidizing property could react with various 
electrolytes and corrode the carbon electrodes.[90] However, Lu 
and Shao-Horn believed that the low overpotentials in initially 
charging progress of Li–O2 batteries were associated with the 
formed LiO2-like species on Li2O2 particles.[91] Curtiss and co-
workers also detected the oxygen-rich LiO2-like component 
and Li2O2 incorporated into the discharging products,[92] in 
which the former products exhibited lower charging voltage 
(3.2–3.5 V) than the later one (≈4.2 V). To reveal the stability of 
LiO2, they performed high-level quantum chemical calculations 
(G4MP2).[93] The calculated activation barriers for oxygen evo-
lution of large-sized LiO2 clusters were higher than the dimer, 
confirming that the LiO2 could survive in the discharge prod-
ucts. Later, they developed a mesoscale model for producing 
a microstructured LiO2.[94] The model predicted during dis-
charging progress, the continued deposition of LiO2 induced 
the large particles to grow faster and delayed the dissolution of 
the smaller ones. As a result, the LiO2 tended to grow into large 
particles, and the small ones disappeared. They also studied the 
interfacial effects toward the disproportionation of LiO2.[95] With 
the protection of electrolyte, the LiO2 component (Figure  6a) 
could be detected after resting for 70 h, while only 20 h in the 
vacuum without electrolyte (Figure  6b). Ab initio molecular 
dynamics (AIMD) simulations confirmed the amorphous LiO2 
slab had more stable interfacial energy when exposed to the 
electrolyte than vacuum. The combined experimental and theo-
retical studies indicated that the interface could slow the dispro-
portionation process, and thus stabilizing the LiO2.

Based on these investigations, LiO2 could become the revers-
ible discharge product generated in discharging and decom-
posed in the recharging progress of Li–O2 batteries. The LiO2 
formed via a simplified route that O2 reduced by e− at the 
cathode surface and reacted with Li+ (Li+  + O2  + e− ⇌ LiO2). 
Compared with the two-electron oxygen reaction of Li2O2, the 
LiO2 based on one-electron demonstrated fast dynamics.[51,96] 
The theoretical studies implied the oxygen evolution kinetics 
for LiO2 decomposition were faster than Li2O2.[97] In addition, 

Adv. Mater. 2023, 35, 2208925
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LiO2 exhibited much higher ionic conductivities (Figure  6c) 
and markedly low dissolution energy in electrolyte than Li2O2. 
Thus, forming the alternative LiO2 during discharge rather 
than Li2O2 might be an available strategy to improve the perfor-
mance of Li–O2 batteries.

4.2. LiO2 on Cathodes

Lu et  al. obtained the stable crystalline LiO2 which could be 
repeatedly formed and decomposed in the Li–O2 batteries 
based on a suitable iridium–reduced graphene oxide (Ir–
rGO) cathode.[21] The DEMS and high-energy X-ray diffraction 

(HE-XRD) results indicated the existence of the LiO2 while 
there is no Li2O2 present when the battery shallow discharged 
(Figure 6d). As shown in Figure 6e, the Li–O2 batteries with Ir–
rGO cathode discharged to 1000 mAh g−1 capacity in O2 could 
release another ≈96% capacity in Ar, while few gave for the rGO 
cathode. Based on the reaction of Li+ + e−+ LiO2 → Li2O2, the 
additional capacity was evidence of LiO2 formation on the initial 
discharge, and the presence of LiO2 could be attributed to the 
Ir–rGO cathode. This cathode with high ORR activity favored 
nucleation and growth of LiO2, in which some crystalline faces 
of Ir3Li intermetallic compound matched well with those of 
LiO2. They also evaluated the kinetic stability of LiO2 via com-
putational studies. DFT calculation result for the desorption 

Adv. Mater. 2023, 35, 2208925

Figure 6. LiO2. a) TEM image shows LiO2 formed after discharging; b) LiO2 could stabilize on the cathode surface for days. a,b) Reproduced with 
permission.[95] Copyright 2015, American Chemical Society. c) LiO2 has higher ionic conductivities. Reproduced with permission.[97] Copyright 2015, 
American Chemical Society. d) LiO2 can be stabilized on Ir–rGO cathode after discharge for days; e) LiO2 products can converse into Li2O2 in the Ar 
and release another ≈96% capacity; f) DFT of oxygen desorption reveals the crystalline LiO2 is thermally stable. d–f) Reproduced with permission.[21] 
Copyright 2016, Springer Nature. g) Statistics from the cryo-TEM display that the discharge products are mainly amorphous phase. Reproduced with 
permission.[99] Copyright 2022, American Chemical Society. h) Pd-rGO catalyzes the amorphous LiO2 products in Li–O2 battery, dramatically reducing 
the voltage gap to 0.3 V at 200 mA g−1. Reproduced with permission.[100] Copyright 2017, Elsevier. i) Charge density difference exhibits the electrons 
transfer to LiO2, which may reduce its oxidizability. Reproduced with permission.[103] Copyright 2022, The Royal Society of Chemistry.
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barrier of O2 leaving the crystalline LiO2 products surface was 
higher than the amorphous one, indicating the former was 
thermally stable (Figure  6f). The AIMD results showed that 
the electrolyte which adsorbed on amorphous LiO2 could sup-
press its disproportionation, thus increasing the lifetime of 
LiO2 in a discharge product. The experimental and theoretical 
evidence confirmed that LiO2 is stable in this Li–O2 system, 
enabling a low charge potential of 3.2 V. Later, the LiO2 prod-
ucts were successfully detected by aberration-corrected envi-
ronmental TEM.[98] Although the LiO2 disproportionated  into 
Li2O2 and O2 after 100 s, it was evident that LiO2 could be stable 
for a while and potentially be a rechargeable product. Recently, 
to exclude the effects of electron beam irradiation which may 
lead to crystallization of amorphous products, Gu et  al. used 
cryogenic-TEM to study the toroidal discharge products in 
Li–O2 batteries.[99] The results revealed that the toroidal prod-
ucts were primarily composed of amorphous LiO2 with a tiny 
amount of crystalline Li2O2 (Figure  6g). The amorphous LiO2 
was also obtained based on a 3D-architectured Pd-rGO cathode, 
and the resultant battery displayed an ultralow overpotential of 
0.3 V (Figure 6h).[100] Besides the Ir3Li intermetallic,[21,101] Cur-
tiss et al. recently synthesized IrLi nanoparticles and it enabled 
the formation of LiO2 in Li–O2 batteries.[102] The DFT analysis 
illustrated the lattice matching of LiO2 (111) with the (111) and 
(110) facets of IrLi; thus, the LiO2 was favorable to grow on the 
IrLi surface. Sun et al. proposed a new sealed battery that cycled 
by interconversion of the reversible LiO2 and Li2O2.[103] The 
induced oxygenated group on reduced graphene oxide aerogel 
could stabilize the LiO2, supported by DFT results of elec-
trons transferred from graphene sheets to LiO2, as shown in 
Figure 6i. This sealed battery exhibited a long cycling lifetime 
of 700 cycles at 0.6 mA cm−2, presenting a new avenue for the 
reversible LiO2 and Li2O2 in Li–O2 batteries. It is noteworthy 
that besides the widely used Raman spectroscopy, DEMS, and 
electron diffraction to identify the presence of LiO2, other char-
acterization techniques and in situ tests should be employed 
to verify these discharge products, which are usually identified 
as intermediator, including EELS, X-ray absorption near edge 
structure, X-ray photoelectron spectroscopy, and EQCM.[96,98]

5. Li2O

Compared with Li2O2 and LiO2, Li2O (2.91 V vs Li/Li+) is more 
stable and does not react with organic solvents due to its poor 
oxidative nature.[24b] However, the formation of Li2O needs high 
energy to break the OO bond of O2 molecule,[27] and to con-
quer the higher standard Gibbs reaction energy than Li2O2; 
thus, it is not thermodynamically and kinetically favored under 
ambient conditions (Figure 7a).[22] In addition, Li2O is insulting 
from both the bulk and surface, making it an inappropriate 
chemical reaction product of Li–O2 batteries since the absence 
of facile pathways for electron transport might result in poor 
reversibility of the battery.[104] As shown in Figure 7a, when the 
temperature increases to around 150 °C, the lithium reacts with 
oxygen and would like to thermodynamically form Li2O rather 
than Li2O2. According to this, Nazar et  al. demonstrated a Li–
O2 battery with an adjusted battery configuration, which can 
operate via four-electron transfer to form Li2O at 150 °C. They 

took the LiNO3/KNO3 eutectic molten salt as the electrolyte, 
Li1.5Al0.5Ge1.5(PO4)3 as the protective membrane for Li anode, and 
the in situ formed LixNiO2 as the bifunctional ORR/OER catalyst 
to boost the reversible OO bond cleavage and O2 evolution. 
Compared with the aprotic electrolyte (0.5 m LiTFSI/TEGDME) 
at 25 °C, the proposed high-temperature Li–O2 batteries based 
on Li2O products displayed a highly increased capacity of 
11 mAh cm−2 with a low overpotential of 0.2 V (Figure 7b). The 
Raman spectra in Figure 7c showed the generation and removal 
of Li2O on the Ni-based cathode, while the Li2O2 formed on the 
carbon cathode. Online mass spectrometry analysis manifested 
the charging progress of Ni-based composite cathode based 
on four-electron transfer from Li2O with the electrochemical 
reaction of 2Li2O → 4Li+  + O2  + 4e−; by contrast, the carbon 
cathode based on 2e−/O2 coupled with lots of parasitic reactions 
(Figure 7d). Benefiting from the excellent rechargeability of the 
cathode, the obtained battery displayed a stable cycling life of 
150 times with a Coulombic efficiency of 100% (Figure  7e). In 
addition, along with the operating temperature increasing, the 
ratio of Li2O in discharge products increased, attributed to the 
accelerated disproportionation from desorbed Li2O2 to Li2O 
(Figure 7f). This work demonstrated that the elevated tempera-
tures could facilitate the reversible conversion of Li2O instead 
of Li2O2, and the obtained Li–O2 batteries based on Li2O pos-
sessed fast kinetics and impressive performance, which may 
inspire further research to verify its potential and practicality. In 
addition, similar to Li–O2 batteries, a new rechargeable-battery 
chemistry based on lithium oxide growth was proposed.[105] 
The battery operated at 150 °C through nitrate anion redox:  
2Li + LiNO3  → Li2O + LiNO2, in which molten LiNO3/KNO3 
eutectic salt served as both active material and the electrolyte.

Before the above-mentioned sealed LiO2/Li2O2 battery, 
Okuoka et  al. reported a sealed battery that operated on the 
redox reaction between Li2O and Li2O2 (2Li+Li2O2 ⇌ 2Li2O).[106] 
The Co-doped Li2O cathode effectively accelerated the decompo-
sition of Li2O for converting it into Li2O2, exhibiting a reversible 
capacity of 190 mAh g−1. Due to LiO2 could deliver an additional 
capacity in the Ar atmosphere,[21] as shown above in Figure 6e, 
Lu and colleagues further proposed a new battery that cycled 
between the condensed particles (Li2O2  + 2Li+  + 2e−  = 2Li2O, 
LiO2 + 3Li+ + 3e− = 2Li2O) without O2 evolution (Figure 7g).[107] 
The cathode composed of nanoporous Co3O4 and amorphous 
Li2O delivered a low overpotential of 0.24 V and a high capacity 
of 587 mAh g−1. Accompanied by a Li4Ti5O12 anode that replaced 
the lithium metal, the battery in the sealed condition gave high 
safety, demonstrating better application potential than tradi-
tional Li–air batteries. Besides the cobalt-based catalyst, other 
catalysts also can be applied in this kind of sealed battery. 
For example, Zhou et  al. employed a Li2O-embedded Ir–rGO 
electrode for the sealed Li2O/Li2O2 battery with no superoxide 
or oxygen evolution by the rationally controlled charge depth 
(Figure 7h).[108] The formed intermetallic Li2−xO2–Ir compound 
on the cathode enabled the battery with an over 400 mAh g−1 
capacity, 0.12 V overpotential, and 2000 stable cycles (Figure 7i). 
Recently, Kang and co-workers reported a molten nitrate salt-
based sealed Li–O2 batteries with the Fe3O4 as cathodes, which 
also could operate at 150 °C.[109] Such kinds of sealed batteries 
based on reversible lithium oxygenates, although cannot strictly 
speaking lithium–air batteries, reveal high safety and good 

Adv. Mater. 2023, 35, 2208925
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electrochemical performance, which seems closer to practical 
applications than the typical semi-open Li–O2 batteries. At the 
same time, more detailed investigations still need to realize this 
battery technology.

6. Li2CO3

6.1. Li2CO3 in Li–Air Batteries

Li2CO3 (2.80  V vs Li/Li+) is undesirable side product that will 
accelerate the premature death of Li–air batteries, especially 

when operating in the ambient air.[110] It is usually generated 
as the result of organic electrolyte decomposition, carbon-based 
cathode oxidization, and shuttled CO2 gas contamination.[111] 
When Li2CO3 formed on the cathode side, its decomposition is 
troublesome and occurs at higher charging voltage than other 
products in Li–air systems. Ling et al. predicted the decomposi-
tion of Li2CO3 required a voltage in the range of 4.38–4.61  V 
via the first-principles study because it costed higher energy to 
oxidize the redox-inert anions when Li is extracted.[69] Undoubt-
edly, high charge voltage will accelerate the electrode oxidations 
and electrolyte decompositions, leading to the further accumu-
lation of Li2CO3 and, finally, the predeath of the battery.[112]

Adv. Mater. 2023, 35, 2208925

Figure 7. Li2O. Li2O formed under a high temperature: a) Gibbs reaction energy for the formation of Li2O and Li2O2 as a function of temperature; 
b) Ni-based cathode (red) exhibits lower overpotential than the carbon cathode (black) during the first cycle, and the dashed lines are battery operated 
at 25 °C; c) Raman spectra proves the reversibility of Li2O at different states; d) online mass spectrometry reveals the Li2O via four-electron transfer from 
Li2O to O2 during charging; e) the Li–O2 cell with molten salt electrolyte based on the Li2O products could cycle over 150 cycles at 0.2 mA cm−2; f) oper-
ating temperature impacts the composition of cathodic products, Li2O (red) and Li2O2 (yellow). a–f) Reproduced with permission.[22] Copyright 2018, 
AAAS. g) Conversion between the Li2O and Li2O2/LiO2 with the potential gap of 0.24 V illustrates the facile redox kinetics of the nanolithia. Reproduced 
with permission.[107] Copyright 2016, Springer Nature. h) The schematic shows Li2O transfer to Li2O2, and the capacity should be limited to 400 mAh g−1 
to avoid the formation of superoxide and oxygen during the deep charging stage; i) Li–Li2O/Ir/rGO battery can cycle for 2000 times with nearly no 
capacity loss. h,i) Reproduced with permission.[108] Copyright 2019, Springer Nature.
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It is noteworthy that Li2CO3 also existed on the lithium 
anode surface, which could protect the anode from air con-
tamination, including N2, CO2, and H2O, thus improving 
the battery performance in the air atmosphere.[110] By 
operating the battery in the CO2 atmosphere for ten con-
tinuous cycles, a Li2CO3/C coating was generated on the 
anode surface (Figure 8a), significantly improving the cycle 
life of Li–air batteries from 11 to 700 times in the simu-
lated air atmosphere. DFT calculations demonstrated that 
Li2CO3 could prevent N2 and O2 from migrating to the 
anode side, while lithium facilely diffused through Li2CO3  
(Figure 8b).

6.2. Li2CO3 in Li–CO2 Batteries

At the same time, Li2CO3 is the main discharge product in Li–
CO2 batteries, a new energy storage system that could promote 
the conversion and utilization of CO2.

[113] However, the mecha-
nisms of Li2CO3 formation and decomposition are still com-
plicated,[114] which is related with the CO2 consumption rate, 
discharge depth, electrolytes, catalysts, and so on.[115] Generally, 
Li–CO2 batteries operate via 4Li + 3CO2 ⇌ 2Li2CO3 + C, 2.80 V, 
where lithium reacts with CO2 to generate Li2CO3 and carbon 
species with a balance voltage of 2.80  V.[116] For the discharge 
progress, Peng's group calculated the Gibbs free energy of the 

Adv. Mater. 2023, 35, 2208925

Figure 8. Li2CO3. a) After cycling in the CO2 atmosphere, Li2CO3 forms on the anode; b) the Li2CO3 can prevent O2 transfer to the anode due to the pro-
gress being endothermic 3.1 eV. a,b) Reproduced with permission.[110a] Copyright 2018, Springer Nature. c) By comparison of Gibbs free energy diagrams, 
Li–CO2 battery with TNAs@AgNPs cathode forms Li2CO3 via solution-mediated reaction pathway, while TNAs cathode via a surface-mediated route. 
Reproduced with permission.[117] Copyright 2022, Wiley-VCH. d) Li–CO2 batteries with the CNT@C3N4 photocathodes exhibit an ultralow overpotential of 
0.04 V. Reproduced with permission.[118] Copyright 2022, Wiley-VCH. e) Li2C2O4 is stable on three kinds of Mo2C surfaces since the calculated energetic 
profiles for splitting Li2CO3 are endothermic. Reproduced with permission.[123] Copyright 2020, American Chemical Society. f) Li2C2O4 is reversible in 
battery with MoN nanofibers adhered on carbon cloth (CC@MoN NFs) cathode, as verified by in situ XRD contour plots. Reproduced with permis-
sion.[124] Copyright 2022, Wiley-VCH. g) Li–CO2 batteries with covalent organic frameworks and Ru-nanoparticles-decorated CNT (COF-Ru@CNT) 
cathode display higher capacity and lower overpotential. Reproduced with permission.[134] Copyright 2019, Wiley-VCH. h) Single-atom Ru on Co3O4 has 
higher adsorption energy for Li2C2O4 than Co3O4. Reproduced with permission.[136] Copyright 2021, Wiley-VCH. i) Overpotential as a function of the 
adsorption energy of *CO, in which C5 shows a low theoretical potential gap of 1.01 V. Reproduced with permission.[137] Copyright 2021, Wiley-VCH.
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Li2CO3 formation on the TNAs@AgNPs (Ag nanoparticles elec-
trodeposited on TiO2 nanotube arrays).[117] The more negative 
energy of solution-mediated reaction pathways (−4.31 eV) than 
that of the surface pathway (−3.72  eV) demonstrated that the 
former is favorable for the generation of Li2CO3 coupled with 
carbon (Figure 8c).

For the decomposition of Li2CO3 in the Li–CO2 battery, 
besides the pathway of co-degradation of Li2CO3 and carbon 
species, the theoretical voltage of self-decomposition of Li2CO3 
is higher (2Li2CO3  → 2CO2  + O2  + 4Li, 3.82  V). Therefore, 
during the overall cycling of the CNT@C3N4 cathode in the light 
assistant Li–CO2 battery, the markedly low charge voltage below 
3.82 V, whether in light or dark (Figure 8d), could be attributed 
to the co-degradation mechanism.[118] Chen et al. reported that 
the decomposition of Li2CO3 was a multistep reaction.[119] The 
Li2CO3 was mainly electrochemically decomposed to CO2 and 
singlet oxygen 1O2 (Li2CO3  → 2e−  + CO2  + 2Li+  + 1/21O2),[120] 
followed by the 1O2 oxidized carbon substrate and electrolytes 
to generate CO2 and CO; in which the carbon cannot react with 
Li2CO3 to release CO2 via 2Li2CO3 + C → 4Li + 3CO2.

In fact, the electrochemical reaction of Li–CO2 batteries is very 
complex, and various discharge products exist.[121] Yang et al. pro-
posed a different mechanism, lithium oxalate (Li2C2O4, 3.01 V vs 
Li/Li+) is the discharge products for Li–CO2 batteries with the 
Mo2C cathode.[122] The DFT results indicated that in the presence 
of Mo2C catalyst, Li2C2O4 is thermodynamically stable as the final 
discharge product rather than Li2CO3, which was inconsistent 
with the experimental results.[123] They attributed this to the dis-
proportionation reactions for splitting Li2C2O4 into Li2CO3 need 
more energy on the Mo2C surfaces (Figure 8e). Moreover, Cheng 
et  al. also found that the two-electron products Li2C2O4 could 
reversibly form and decompose on the MoN cathode through 
experimental and theoretical computation results (Figure 8f).[124] 
Similarly, the lithium anode also could react with CO2 to gen-
erate Li2CO3 via 2Li + 2CO2 →Li2CO3 + CO,[23] accompanied by 
the fuel CO. For example, Wang et al. used 3D porous fractal Zn 
as the cathode in Li–CO2 battery, which could produce CO with 
a faradaic efficiency of 67% by adjusting the discharged current 
density.[125] Based on the in situ Raman spectroscopy and DFT 
calculations, Zhou and colleagues revealed that following the dis-
charge voltage plateau of 2.5 V (4Li+ + 3CO2 + 4e− → 2Li2CO3 + 
C, 2.8 V), the new plateau appeared at 1.8 V could be attributed 
to the 4Li+ + CO2 + 4e− → 2Li2O + C, 1.89 V.[126] Compared with 
the gold cathode and Ketjenblack-based porous cathode, the pre-
cious metal catalyst Ru could promote the co-oxidization of the 
generated carbon and Li2CO3, realizing the reversible conversion 
of the Li–CO2 battery.

In addition to the batteries operating in pure oxygen or 
carbon dioxide atmosphere, Li–O2/CO2 batteries were also 
developed due to the higher discharge capacity than Li–O2 bat-
teries.[127] Introducing CO2 into pure O2 makes one step for-
ward to the practical Li–air battery.[128] The selected solvents[129] 
and the prepared cathodes[130] could significantly influence the 
discharge products. The main product, Li2CO3, may generate/
oxidize via diverse models due to the slow kinetics of the CO2 
electrochemical reactions.[131] Thus, elucidating the complex 
formation and decomposition mechanism of Li2CO3 is crucial 
for understanding the Li–CO2 and Li–O2/CO2 systems, which 
is challenging.

6.3. Catalysts for Li2CO3

To increase the reaction kinetics of Li2CO3 formation and 
decomposition, various catalysts have been explored in revers-
ible Li–air/CO2 batteries.[132] Zhou and co-workers introduced 
graphene into Li–CO2 batteries, displaying a high capacity of 
14774 mAh g−1.[133] Loh et  al. reported that a covalent organic 
frameworks cathode with 1D channels (Figure 8g), which were 
favorable to the diffusion of CO2 and Li+, gave the battery an 
ultrahigh capacity of 27348 mAh g−1 and a low overpotential of 
1.24 V.[134] Liu et  al. designed a low-cost transition metal oxide 
that the NiO nanosheet array companied with oxygen vacan-
cies.[135] The oxygen vacancies could up-shift the d band center 
and adjust the conductivity, thus optimizing the adsorbability 
of carbonaceous species and improving the battery's kinetics. 
In addition, they also prepared a cathode that single-atom Ru 
atoms implanted onto a Co3O4 nanosheet array, in which the 
Ru site had a more positive charge than the octahedral Co site 
on Co3O4 and an increased binding energy toward the inter-
mediate Li2C2O4 (Figure 8h).[136] This kind of electron-deficient 
center could improve the catalytic activity for the CO2 evolution 
reaction, which was beneficial to reducing the charging over-
potential of the battery. Taking into consideration of the aggre-
gation issues, leaching effects, poor durability of metal-based 
catalysts, Dai et  al. fabricated topological defect-rich graphene 
as the metal-free cathodes for Li–CO2 batteries.[137] It presented 
good performance, including the discharge capacity, rate capa-
bility, high working current density, long-term cycling stability, 
and low overpotential. The DFT results revealed that the neg-
atively charged carbon atoms in the topological defects could 
adsorb the positively charged C atoms in CO2 molecules and 
intermediates on the catalyst surface. The heterocyclic pen-
tagon ring (C5) showed a low theoretical potential gap of 1.01 V 
(Figure 8i), exhibiting the high catalytic activity for CO2 reduc-
tion and Li2CO3 decomposition. Exploring high-efficient revers-
ible cathode is essential to accelerate the sluggish kinetics of 
Li2CO3 and realize the rechargeability of Li–air/CO2 batteries.

7. Summary and Outlook

After decades of development, the investigations on dis-
charge products in Li–air batteries have made much progress 
(Figure  9). The formation and decomposition of discharge 
products during ORR and OER progress directly determine 
the battery performance. The discharge products are substan-
tially affected by a combination of factors, such as the test 
atmosphere, ambient temperature/humidity, the sort of elec-
trolyte, and the cathodic catalyst, which would influence the 
composition of discharge products and their growth pathway, 
morphology, and crystallinity. Li2O2 is the most common dis-
charge product in aprotic Li–air batteries due to its good sta-
bility in the pure oxygen atmosphere; however, its inferior 
conductivity makes the reported performance of Li2O2-based 
battery still far from the theoretical value. In addition, Li2O2 
readily reacts with H2O and CO2 to further generate LiOH 
and Li2CO3 when the battery is long-term operating in the air 
atmosphere.[138] The LiOH and Li2CO3 would gradually accu-
mulate at the cathode side, thus decreasing the Li–air batteries’ 
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electrochemical behavior and lifespan.[139] Although LiOH-
based Li–air batteries perform exceptionally well, it is chal-
lenging to obtain only LiOH as the discharge product, and its 
growth/decomposition mechanism still needs more explora-
tion. Li2CO3 with high stability is relatively difficult to decom-
pose and requires high-efficiency catalysts, especially cycling 
in the pure CO2 atmosphere. LiO2 and Li2O have been proven 
reversible but can only stabilize in some specific cases; current 
research on batteries based on these products is still less, yet 
they can meet the application of special occasions and thus 
has the potential for practical application. Encouragingly, many 
efforts have been devoted to promoting the reversibility of the 
discharge products, and fundamental understandings have 
been obtained regarding the Li–air batteries, making the future 
direction clear. Though the road ahead to the industrialization 
of Li–air batteries is challenging, we can still reach our objec-
tives with persistent endeavors. During this progress, many 
vital issues must be addressed.

1. Mechanisms: Due to the complexity of Li–air/O2 systems, 
the formed crucial discharge products are diverse, such as 
generally Li2O2 in pure oxygen, proton sources promoted 
LiOH, special catalysts created LiO2, high-temperature boost-
ed Li2O, CO2 supply facilitated Li2CO3. Correspondingly, 
their growth/decomposition pathways are more confused, 

especially the Li2O2 and Li2CO3. It is needed to clarify further 
the underpinning mechanisms of the redox pathway of the 
products, reactive intermediates toward solvents, the activ-
ity of soluble additives, and undesired by-products, which is 
conducive to deepening the fundamental understanding of 
Li–air batteries. Based on these, try to optimize and improve 
the electrolytes and electrodes to tailor discharge products to 
give the battery a large discharge capacity, low overpotential, 
long cycle life, high operating current, and promote their 
commercial application.

2. Advanced Technologies: At present, some in situ characteriza-
tions, such as Raman, TEM, and DEMS, have been applied to 
the Li–air batteries. More leading-edge in situ technologies 
are required to monitor the products’ dynamic evolution of 
electronic state, morphology, crystallinity, elemental com-
position, mass migration, and others. For example, in situ 
electrochemical TEM could observe the product growth in 
the liquid electrolyte environment, in situ X-ray absorption 
spectroscopy could track the average information of prod-
ucts’ bulk particles, cryo-TEM could study the LiO2 growth 
pathway on different cathodes,[99] synchrotron-based XRD 
could explore the transient changes in the LiOH crystal 
during battery cycling, operando pressure measurements 
could confirm discharge products via the number of elec-
trons consumed per mole of gas,[140] EQCM could reveal the 

Figure 9. Chronology. Brief timeline for the development of discharge products in Li–air batteries. Image for “Aqueous Li–air batter”: Reproduced with 
permission.[12] Copyright 1976, Electrochemical Society, Inc. Image for “Nonaqueous LiO2 battery”: Reproduced with permission.[13] Copyright 1996, Elec-
trochemical Society, Inc. Image for “Rechargeable LiO2 battery with PC electrolyte”: Reproduced with permission.[14] Copyright 2006, American Chemical 
Society. Image for LiO2 battery with NPG cathode and DMSO electrolyte”: Reproduced with permission.[15c] Copyright 2012, AAAS. Image for “Light-assisted 
LiO2 battery”:  Image for “LiO2 battery with rGO electrode and LiI additives”: Reproduced with permission.[20] Copyright 2015, AAAS. Image for “LiO2 bat-
tery with IrrGO cathode”: Reproduced with permission.[21] Copyright 2016, Springer Nature. Image for “Reproduced with permission.[22] Copyright 2018, 
AAAS. Image for”: Reproduced with permission.[110a] Copyright 2018, Springer Nature. Image for “LiO2/CO2 battery”: Reproduced with permission.[127] 
Copyright 2011, The Royal Society of Chemistry. Image for “Solid-state Liair battery using zeolite electrolyte”: Reproduced with permission.[154] Copyright 
2021, Springer Nature. Image for “Light-assisted Li–O2 battery”: Reproduced with permission.[160] Copyright 2014, Springer Nature.
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quantitative information of the deposited products,[141] X-
ray absorption near edge structure analysis could reveal the 
change in chemical oxidation state and chemical composi-
tions of elements.[142] In addition, the combination of diverse 
in situ technologies to monitor the product evolution in one 
setup could simultaneously achieve more reliable results.

3. Theoretical Calculations: The DFT-based theoretical investiga-
tion has been widely used in the studies of discharge products 
in metal–air batteries and fetched much advancement.[143] It 
is noteworthy that many limitations still exist in DFT calcula-
tions.[144] The calculated models and parameters in one study 
may vary from others, leading to results that are difficult to 
reproduce. The oversimplified systems with just dozens of 
atoms decreased the computational cost while the accuracy 
also dropped. Therefore, refining the precise model to simu-
late the actual working conditions of discharge products is 
essential to obtain valuable insight into the battery electro-
chemical reactions. Study the material genome, including 
ionic radius, crystal structures, conductivity, electronegativ-
ity, and so on, to confirm the relationship between battery 
materials, discharge products, and electrochemical proper-
ties and thus screen the potential candidates.[145] Meanwhile, 
based on the existing materials database, machine learning 
and artificial intelligence can be applied to predict the target 
properties in Li–air batteries, such as molecular properties, 
chemical reactions, binding energies, and descriptors, to ob-
tain the optimized electrodes and discharge products.[146]

4. Promoting Reversibility: In Li–air batteries, the different at-
mospheres, electrolytes, catalysts, and other factors can all 
alter the kind of product. The more severe problem is that, 
after cycles, the generated products are not single but mixed 
substances. The complex products seriously impair the Li–
air batteries’ lifespan and energy efficiency. Therefore, it is 
highly required stable electrolytes to sustain the highly oxi-
dizing environment and reduce the parasitic products,[147] ef-
fective redox mediators to regulate the OER/ORR progress 
and increase energy efficiency,[148] and comprehensive high-
efficiency cathodic catalysts to decompose various lithium-
containing products and improve reversibility.[149] In addition, 
for the metal anode, the corrosion which is always happening 
during the battery charging and recharging progress should 
be considered more than the dendrites, whose degradation 
will increase the serve polarization and thus more unrevers-
ible side products. Constructing a protective layer[110a,150] or 
developing a metal alloy anode[151] may be the practical strat-
egy to enhance battery safety and performance.

5. New Battery Architectures: With the gradual deepening of re-
search, new types of Li–air/O2 batteries were proposed, as 
above-mentioned Li2O2-based light-assisted batteries, LiO2-
based sealed batteries, and Li2O-based high-temperature 
batteries.[152] By introducing a superlyophobic membrane, 
Qiao et  al. assembled a hybrid-electrolytes Li–O2 battery, 
whose electrolyte was consisted of the aqueous water-in-salt 
catholyte and nonaqueous ionic liquid anolyte.[153] Impres-
sively, the discharged product in the water-in-salt electrolyte 
is Li2O2, generated through the proposed solution-based 
accumulation-hydrolysis mechanism. As a result, the battery 
with this novel architecture realized a high discharge plateau 
of 2.85  V, a low overpotential (0.47  V), and a long cycling 

lifespan (>250 times) with a limited charging cut-off volt-
age of 3.6 V. Yu et al. presented a new integrated solid-state 
Li–air battery based on a lithium-ion-exchanged zeolite X 
electrolyte.[154] The discharge products Li2O2 displayed a slim 
nanosheet-like morphology, which is different from the typi-
cal toroid. Benefiting from the poor crystallinity of this Li2O2, 
which easily decomposed and thus mitigates the byproducts, 
the solid-state battery showed much improved electrochemi-
cal performance (energy density of 662 Wh kg−1) in ambient 
air and impressive safety, demonstrating the commercialized 
potential. It should be noted that solid-state electrolytes with 
high safety have been widely used in batteries with highly 
reactive lithium anode.[155] Advanced solid-state electrolytes 
with high ionic conductivity and interfacial stability[156] could 
accomplish more new Li–air batteries based on different dis-
charge products, bringing more understanding and break-
throughs for the discharge products.[157]

6. Specific Application Scenarios: Currently, Li–air batteries are lim-
ited on the lab scale, considering the safety, severe operating 
conditions, and poor actual performance caused by the low re-
versibility of discharge products. Therefore, it is tough for the 
Li–air battery to compete with the commercial Li-ion battery in 
terms of safety, price, rate performance, stability, cycle life, etc. 
Developing Li–air batteries based on highly reversible discharge 
products in the ambient air is highly required and challeng-
ing. Applying the batteries in specific scenarios which could 
tune the formation/decomposition of discharge products is a 
strategy for their commercialization, such as wide-temperature 
operation and dry environments. In addition, heightening the 
strengths of high energy density[158] and vigorously promoting 
miniaturized Li–air cells in specific applications,[159] such as 
portable power stations, flexible energy storage devices, medi-
cal electronics, emergency rescue services, and aerospace ex-
ploration, would accelerate this technology forward.
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