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Abstract: The energy production system must
be completely transformed to reach net zero
emissions by 2050, and advanced battery techno-
logies will play a pivotal role in helping down-
stream sectors transition to sustainable energy
sources. Li-air batteries (LABs) provide a fascin-
ating “beyond Li-ion” option because of their ul-
trahigh theoretical energy density, which far sur-
passes conventional lithium-ion batteries.
However, LABs face significant hurdles in prac-
tical implementation, including electrolyte in-
stability, irreversible electrodes, poor cycling

Discharge
« -

+ Long term cycling performance of SSEs
- High energy

J High safety
+ Cost efficiency
performance, and low-rate capability. This review provides a detailed analysis of recent progress in LAB systems, highlighting

innovative approaches such as electrolyte stabilization, electrode modification, and interfacial engineering to address these chal-
lenges. It evaluates current strategies for overcoming these problems and outlines targeted research directions aimed at resolv-

ing the remaining obstacles in LAB technology. The progress made so far indicates a way to realize practical LABs with a spe-

cific energy density potentially comparable to gasoline, which could revolutionize electric transportation.

Key words: Lithium-air batteries; Aqueous and non-aqueous electrolytes; Dendrite formation; Parasitic reactions; Hybrid

membranes

The increasing consumption of fossil fuels has
significantly impacted the ecosystem of the entire
globe, resulting in exacerbated greenhouse effect,
poor air quality, ozone layer depletion and ocean level
elevation! . In recent years, there has been signific-
ant investment in renewable energy sources such as
solar and wind energy to address environmental is-
sues. However, the imbalanced energy distribution in
time and space leads to ineffective utilization of clean
energy sources, and still remains a challenging issue
to overcome'’. At the 26" Conference of the Parties,
governments affirmed their commitment to the Inter-
national Energy Agency’s (IEA) landmark objective
of reaching net zero emissions by the year 2050/,
The shift towards renewable and low carbon emission

electricity sources is a crucial strategy for rebuilding
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global energy supply and achieving net zero emis-
sions, as electricity has become an outstanding area
sector in the energy system. The International Energy
Agency (IEA) states that the power sector accounted
for 36% of all energy-related CO, emissions in
20207, It is estimated that the electricity demand
will increase to 42 000 TWh by 2050, highlighting the
necessity for reliable electrical energy storage sys-
tems!”.

Electrochemical energy storage technologies of-
fer high flexibility and compatibility, making them a

preferred choice for the energy market. Therefore, it is
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of urgent need to develop novel energy devices for a
sustainable society. Over the past two decades, re-
search has shifted towards electrochemical energy
production and storage techniques such as supercapa-
citors, fuel cells, and rechargeable batteries'”. Re-
chargeable batteries effectively address energy stor-
age and release issues by reducing power grid pres-
sure by storing energy at peaks and releasing it at
troughs''”. Recently, a new generation of  re-
chargeable lithium-ion batteries has emerged as an in-
triguing new energy source for modern electronics
and transportation. However, despite recent advance-
ments, the specific power and energy densities of lith-
ium-ion batteries are still lower than that desired for
long-range electric vehicles. While some advanced Li-
ion batteries (e.g., LiFePO, at ~ 200 Wh/kg, Nickel-
Cobalt-Manganese at 200-300 Wh/kg) are used in
Electric vehicles, there is a growing need for even
higher energy densities to extend range and reduce
battery weight''!. The development of metal air bat-
teries (MABs) has been based on the deficiencies in
lithium-ion batteries and continuous research and de-
velopment of rechargeable batteries, which have led to
the development of advanced battery technology for
electric vehicles.

The concept of using lithium in metal-air batter-
ies dates back to the 1970s, with patented technology
for non-rechargeable primary lithium air cells'”. A
1996 study demonstrated a theoretical energy density
comparable with gasoline, sparking interest in this
technology. In the early 2000s, researchers tackled
technical barriers around stability, electrolytes, oxy-
gen electrodes, and rechargeability. In 2009, IBM re-
searchers reported a lithium-air cell cycling 500 times,
demonstrating the potential as a secondary re-
chargeable device''. By 2011, lithium-air batteries
(LABs) gained mainstream attention and hype as a po-
tential breakthrough.

This review examines the challenges and ad-
vances in rechargeable LABs. It introduces LAB tech-
nology, analyzes working mechanisms, components,
and configurations, and addresses hurdles impeding

commercialization, such as air constituent effects,
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cathode design constraints, parasitic reactions, and an-
ode instability. Advanced mitigation strategies, in-
cluding oxygen-selective membranes, optimized cath-
ode architectures, electrolyte formulations, and lithi-
um metal protection techniques, are discussed. The
article explores future research directions and poten-
tial breakthroughs. It aims to provide researchers and
industry professionals with an understanding of the
state-of-the-art in LAB technology, its limitations, and
its trajectory towards practical implementation in

next-generation energy storage systems.

LABEs, also referred to as Li—O, batteries, con-
vert chemical energy into electrical energy through
electrochemical reactions between lithium at the an-
ode and oxygen (O,) at the cathode! . Introduced in
1976 by Littauer and Tsai in an aqueous system! ", the
concept was later advanced by Abraham et al.’s in
1996 through a study on non-aqueous LAB using an
organic polymer electrolyte!”. Although initially
overlooked due to technical challenges, LABs have
gained renewed interest in recent years owing to their
exceptional theoretical energy densities.

The theoretical energy density of LABs ranges
from 1000 to 2000 Wh/kg, depending on the electro-
lyte, membrane, and cathode design''”, with calcula-
tions reaching up to 3458 Wh/kg!""\. This is remark-
ably close to that of gasoline (around 13 000 Wh/kg)
and significantly higher than conventional Li-ion bat-
teries (100265 Wh/kg). The extraordinary energy
density stems from the battery’s unique chemistry,
where lithium metal serves as the anode and ambient
oxygen as the cathode active material. The light-
weight nature of oxygen, which is drawn from the sur-
rounding air rather than stored within the battery, con-
tributes to this high energy density. Fig. 1 illustrates
the comparison of theoretical vs. practical energy
densities of various metal-air batteries, highlighting
the superior potential of LABs. The inset in Fig. 1 also
shows the trend in LAB research, demonstrating

growing interest in this technology. Theoretical calcu-
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Fig. 1 Lithium-air battery market, theoretical vs. practical energy densities of various metal-air batteries (inset) trend in research LABs.

(The data obtained from Scopus and cross checked from web of science)

lations, focusing solely on the mass of active react-
[19]

ants' ', show that for a non-aqueous electrolyte solu-
tion, the energy density of a LAB is approximately
3458 Wh/kg. Notably, when excluding the mass of
oxygen, the theoretical energy density can reach as

high as 14 000 Wh/kg, surpassing most metal-air bat-
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teries. These exceptional energy densities make LABs

a promising solution for electric vehicles, potentially

enabling ranges of over 500 miles per charge, compar-

able to gasoline-powered VChiCleS[z[l] Cracking/Corrosion ~ Decomposition/ Passivation
: Pulverization Volatilization side reactions
The working mechanism of LABs involves a in flammability
metallic lithium anode, a perforated air cathode, and Fig. 2 Operating mechanism and challenges in LABs
an electrolyte that acts as a separator between the 2 At anode:
electrodes, as illustrated in Fig. 2. During discharge, Lio Li*+e 1)
lithium metal oxidizes at the anode, releasing lithium At cathode:
. " s . .
ions (Li") and electrons. The lithium ions migrate Orte S0; @)
through the electrolyte toward the cathode while the N )
. 0; +Li* = LiO, 3)
electrons flow through the external circuit. At the
LiO, +Li" +e” = Li,0, 4

cathode, atmospheric oxygen gets reduced, producing

oxygen anions that combine with lithium ions to form Overall reaction:

solid lithium peroxide (Li,O,). The chemical reac- Li+0, = Li,0, (5)
tions in a LAB with a non-aqueous electrolyte are as These reactions represent the electrochemical
follows: process occurring in a lithium-air battery during dis-
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charge”'!. At the anode (1), lithium ions are released,
and electrons are generated. At the cathode (2-4), lith-
ium ions are intercalated into the cathode material
(typically a lithium transition metal oxide), and the
the cathode
. The overall reaction (5) shows the forma-

electrons from the anode reduce

’72]

material’
tion of lithium oxide (Li,0,) as the discharge product

in a lithium-air battery'”!

, which is a promising next-
generation battery technology with higher theoretical
energy density compared to conventional lithium-ion
batteries.

LABs can be classified into four distinct categor-
ies based on the type of electrolyte employed: non-
hybrid and

(Fig. 3). Each configuration presents unique character-

aqueous/aprotic, aqueous, solid-state
istics, advantages, and challenges that significantly in-
fluence their performance and potential applications.
Non-aqueous/aprotic LABs utilize organic liquid
electrolytes and are characterized by their high en-
ergy density and simple cell design. In these systems,
the key reactions involve the oxidation of lithium at
the anode and the reduction of oxygen at the
cathode!". The chemical reactions at the anode and
cathode of an aprotic LAB are:
At anode:
Li—>Li"+e”

(6)

@) e e

Li Anode

(c) e e

Li Anode

At cathode:
2Li+ 0O, +2e” — Li,0, @)
4Li+ 0, +4e” — Li,O ®)

While this configuration offers promising energy
densities, it faces challenges due to the insolubility of
discharge products (Li,0,, Li,O) in the electrolyte,
leading to cathode pore blockage and reduced oxygen
penetration’ . Recent research has focused on enhan-
cing electrolyte stability and developing efficient cata-
lysts for oxygen reduction and evolution reactions.

Aqueous LABs, developed by Visco et al. in
2004"! employ water-based electrolytes that can be
either acidic or alkaline. The chemical reactions of
aqueous LAB are different depending on the acidic or
basic nature of the electrolyte and are as follows:

Reaction in acidic medium:

4Li+0,+4H" — 4LiOH + H,0+ Li* 9)
Reaction in alkaline medium:
4Li+ 0, +2H,0 — 4LiOH (10)

Aqueous LABs benefit from high ionic conduct-
ivity and better solubility of discharge products.
However, they require robust protection of the lithi-
um anode from water reaction, which has been a fo-

cal point for recent developments in advanced protect-

ive membranes.

Li Anode

Li* p; -
Discharge | j*

Li Anode

Solid state electrolyte

Fig.3 Configuration of various LABs. (a) Aprotic/non-aqueous, (b) aqueous, (c) hybrid and (d) solid state LABs
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Hybrid LABs represent an innovative approach
that combines elements of both non-aqueous and
aqueous systems. These batteries feature a metallic
lithium anode in an organic electrolyte and a carbon
cathode in an aqueous electrolyte, separated by a sol-
id-state electrolyte membrane. The reactions occur-
ring at the respective electrodes in this system can be

represented in the following chemical reactions'':

At anode:
411 — 4Li" +4e” (11)
At cathode:
4e” +0,+2H,0 — 40H" (12)
Overall, cell reaction:
4Li+ 0, +2H,0 — 4Li" + 40H" (13)

During the discharge process, there is a continu-
ous flow of O, from the atmosphere to the perforated
cathode that facilitates the reduction reaction. Simil-
arly, Li ions are generated at the anode that move
from the non-aqueous solution to the aqueous solu-
tion through the separator. Hybrid battery have been
designed to manage discharge products and moisture
effects in aprotic systems, eliminating clogging issues
in perforated cathode due to discharge products. They
have a lower power density, which is a drawback in
long-term operations, primarily due to the Li-ion con-
ducting membrane!””.

Solid-state LABs, introduced by Kumar and col-
leagues in 2010 had different prospective’””, employ-
ing all solid-state components, including electrodes
and electrolyte. The primary reactions in these sys-
tems are like those in non-aqueous LABs, but the sol-
id-state nature of the electrolyte introduces unique
characteristics. The redox reactions taking place at the
electrodes of solid-state LABs are represented as:

2Li+0, +2e” — Li,O, (14)
or
4Li+ 0O, +4e” — 2Li,0 (15)

These batteries offer enhanced safety and stabil-
ity, particularly in challenging environments with
temperature fluctuations or vibrations. Immediate fab-
rication, which makes them ideal for power conserva-
tion and transformation processes. Both inorganic

and organic (polymeric) solid-electrolyte compounds

Vol. 40 | Issue 5 | Oct. 2025 |

have made great advances in improving these proper-
ties. There has been a recent uptick in the use of solid-
state electrolyte in chemical and electrical energy stor-
age systems. However, compared to the liquid electro-
lyte, electrical transmission is worse in the solid state.
The higher current density requires an operating tem-

‘1 Innovative

perature higher than the surroundings!
solid electrolyte battery mechanisms may revolution-
ize the charging industry due to their cost-effective-
ness, extended life duration, and safety. However, im-
provements in electrical conductivity, electrolytic in-
terfacial integration, chemical equilibrium, and mor-
phological aspects are needed to make these batteries
practical energy-storing devices'”. Recent research
works have explored novel glass-ceramic electrolytes
and polymer-ceramic composites to address these is-
sues.

Despite their promising potential, LABs face sig-
nificant challenges that hinder commercialization.
These include limited cycle life, electrolyte instability,
cathode degradation, and the formation of lithium
dendrites, which pose safety risks' . Additionally, the
practical energy density achieved in real-world applic-
ations is lower than theoretical calculations due to
factors, including the weight of other battery compon-
ents and system inefficiencies. The main challenges
include the cracking of anode material, corrosion of
the electrolyte, combustibility, passive side reactions,
and discharge of cathodic material™” (Fig. 2). These
challenges cause further complexity in the system and
hinder the practical application of LABs. To address
these issues and optimize the performance of LABEs, it
is crucial to understand the intricate air electrochem-
istry and the anode degradation mechanism, as well as
to develop stable electrolytes’ . The redox reactions
occurring in LABs for the energy conversion process
rely on specific components, each designed to over-
come operational challenges and improve overall per-
formance. In the following section, we will discuss the
main components of LABs and their roles in address-
ing these challenges.

Li metal anodes in LABs have high theoretical
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specific energy densities, offering the most negative
potential and unmatched gravimetric capacities of
3860 mAh/g compared to conventional graphite or sil-

B9 Lithium metal anodes in LABs

icon-based anodes
enable full utilization of the air cathode’s oxygen re-
duction capacity during discharge, boosting overall
battery performance. The low redox potential and high
theoretical capacity of lithium metal anodes contrib-
ute to excellent energy density’’”. However, when
paired with organic liquid electrolytes in LABs, lithi-
um metal anodes present safety risks, such as poten-
tial short-circuits and fires from dendrite formation or
electrolyte leakage. Lithium metal offers high energy
density but also faces challenges like lithium dendrite
formation, unstable solid electrolyte interphase, rapid
volume fluctuations, and continuous electrolyte de-
composition. Dendrites can cause internal shorts, re-
ducing cycling lifetimes to 50 cycles, which is below
acceptable standards”"!. Despite these challenges, the
lithium metal anode remains crucial for lithium-air
batteries’ theoretical possibilities. LABs face more
challenges than LIBs due to the semi-open oxidizing
environment, which can lead to complex side effects
on the Li anode and electrolytes, such as electrolyte
degradation and Li metal corrosion'”\. O, dissolution
can lead to electrolyte degradation, generating H,O
and causing Li metal corrosion, thereby significantly
affecting the electrochemical performance of LABs'"".
It is crucial to develop a practical approach to effect-

ively prevent the contamination of lithium metal.

Oxygen-breathing cathodes play a key role in the
performance and viability of LABs by utilizing atmo-
spheric oxygen as the reactant, contributing to the bat-
tery’s high energy density. These cathodes facilitate
the oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER), essential for the charge and
discharge processes of the battery''). Numerous stud-
ies have focused on advancing electrocatalysts for O,-

breathing cathodes, emphasizing noble metals'”,

U1 and carbides, which are

transition metal oxides
crucial for enhancing the reversible performance of

LABs and reducing their operational potential*l. Ef-

Vol. 40 | Issue 5 | Oct. 2025 |

fective catalysts inside the O,-breathing cathodes aid
in the formation and degradation of Li,0O,, facilitating
the mass transfer of Li,O, intermediates'"”.
O,-breathing cathodes can allow oxygen intake
while excluding contaminants such as CO, and H,O,
enabling the use of ambient air. This exclusion of con-
taminants, made possible by materials like nano-en-
gineered metal oxide-graphene aerogel matrix com-
posites (NMOGAM), helps maintain the cathode’s
structural integrity and improves the overall electro-

) The unique

chemical performance of the battery
properties of O,-breathing cathodes enable enhanced
capacity and cycle life, with hybrid cathodes combin-
ing Li-rich layered-oxide with O, components show-
ing significantly higher discharge capacities and ex-
(7]

tended cycle life Catalytic materials such as

Co,0,/Ru and potassium-doped cathodes further im-
prove capacity, cycle life, and round-trip efficiency'"").
Advanced carbon materials like boron-doped reduced
graphene oxide and carbon nanotubes can enhance
structural stability and oxygen diffusion in O,-breath-
ing cathodes. Despite challenges like electrode disin-
tegration and capacity fading, ongoing research into
hybrid and composite materials aims to improve cata-
Iytic efficiency and durability, highlighting the poten-
tial for revolutionizing energy storage in applications

like electric vehicles.

Electrolytes for LABs are categorized into 4 pre-
dominant categories: aqueous electrolytes, aprotic
electrolytes, solid-state electrolytes (SSEs), and ionic

1. The chemical reactivity of an

liquid electrolytes
oxygen electrode is affected by the type of electrolyte,
as depicted in Fig. 4. Both non-aqueous and solid state
lithium-air battery (SSLAB) systems have compar-
able chemical reactions, whereas aqueous systems fol-
low different electrochemical reaction routes because
their cathodes are exposed to the aqueous electrolytes
which are mostly basic in nature””. The ORR in the
discharge process is intricate, including many elec-
tron-transfer reactions with O,-related molecules (O, ,
OH and HO, ), that play an integral part in the re-

versible synthesis and degradation of LiOH"". Non-
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Fig. 4 Properties and mechanisms of LABs: (a) non-aqueous and (b) aqueous electrolyte

aqueous LABs have gained considerable interest in re-
cent years for their higher energy storage capacity as
compared to aqueous batteries” ). Non-aqueous elec-
trolytes for LABs require an elevated oxygen dissolu-
tion, lithium-ion transfer ability, significant solvation
impact, and a stable electrochemical range, usually
achieved by dissolving lithium salts in non-aqueous
solvents. However, the semi-open design of non-
aqueous electrolytes can rapidly deplete the configura-
tion of LABs, resulting in safety issues and short cir-
cuit. In addition to this, blocking the air breathing por-
ous structure of the electrode might cause severe po-
larization and irreversible electrochemical reactions.
Therefore, novel electrolyte systems for LABs should
be explored to meet the requirements of high-power
density and stable processes. The ORR that occurs
during the discharge process is complex.

LABs show great promise, but practical applica-
tion is hindered by several challenges. To unlock the
potential of these batteries, researchers are develop-
ing innovative designs and solutions to overcome lim-
itations, improve performance, and ensure safety and
reliability. This review critically assesses recent ad-
vancements to provide an overview of progress to-
wards realizing the full potential of next-generation
LAB technology.

The development of LAB technology represents
one of the most exciting yet challenging limits in en-

ergy storage research. While these systems promise

Vol. 40 | Issue 5 | Oct. 2025 |

exceptional theoretical energy densities, the path from
laboratory concept to practical implementation is
covered with intricate challenges that limit multiple
scientific disciplines. At the intersection of electro-
chemistry, materials science, and engineering, LABs
represent a complex interaction of phenomena that
simultaneously offer immense potential and pose sig-
nificant obstacles. The hurdles facing Li-air techno-
logy are not only incremental but fundamental, requir-
ing innovative solutions that push the boundaries of
our current understanding and capabilities. From the
molecular-level interactions at electrode surfaces to
the macroscale engineering of cell structure, each as-
pect of LAB development presents unique difficulties
that demand novel approaches and breakthrough tech-
nologies. As we delve into these challenges, we un-
cover the landscape where innovative research meets
practical limitations, where the promise of revolution-
ary energy storage faces the realities of material limit-
ations and system complexities. This section explores
the multifaceted challenges (Fig. 5) that researchers
and engineers must overcome to transform LABs
from an enticing theoretical concept into a viable,
high-performance energy storage solution for the fu-

ture.

Atmospheric components significantly impact
lithium-air battery performance. Traces of moisture,
N, and CO, can form LiOH and Li,CO,, leading to in-
creased overpotential and reduced cyclability' . We

noted that these side reactions occur even in Li-O,
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confronted by LABs

cells due to solvent decomposition and electrode de-
gradation. Paradoxically, minute quantities of H,O
and CO, may enhance performance, but higher con-
Under-

standing these processes is crucial for optimizing Li-

centrations (>1.0x107) prove detrimental.

air cell design, even with air-filtering membranes. Ef-
fective management of these chemical interactions is
key to mitigating unwanted reactions and improving
the long-term stability of practical lithium-air batter-
ies. The impact of N, on cell performance, while
present, is less pronounced compared to H,O and CO.,.
Hence, we emphasize that the elucidation of these
chemical processes is crucial for optimizing lithium-
air cell designs to mitigate undesired reactions and en-

hance cycling stability.

Nitrogen gas, constituting approximately 78% of
atmospheric air, exhibits minimal impact on the oxy-
gen reduction reaction in LABs. Several studies have
successfully cycled in ambient air conditions, with
limited evidence of nitrogen involvement in oxygen
electrochemistry within typical electrochemical test-
ing ranges (2—4.5 V)", This apparent inertness of N,
towards reduced oxygen species and its lack of redox
activity within this potential window is advantageous
for LAB development. The electrochemical reduction
of N, to form Li,N requires significantly lower poten-

tials, with an estimated equilibrium voltage of approx-

Vol. 40 | Issue 5 | Oct. 2025 |

imately 0.46 V versus Li/Li, corresponding to a form-
ation free energy (AG’) for Li,N between —129 and
—135 kJ/mol"”. This electrochemical inactivity of ni-
trogen in the operational voltage range of LABs sim-
plifies cathode reactions and eliminates the need for
complete O,/N, separation from air. These character-
istics can potentially facilitate the development of

more practical and efficient LAB systems.

Unlike nitrogen, “carbon dioxide significantly
impacts the electrochemistry of nonaqueous LABs”. It
readily reacts with reduced oxygen species, particu-

B The interaction

larly superoxide and peroxide
between CO, and Li,O, produces lithium carbonate
(Li,CO,) as shown in reaction (16), which has several
consequences ", This reaction can trigger side reac-
tions with aprotic polar electrolytes, facilitated by in-
termediates like peroxydicarbonate. Furthermore, the
transformation of Li,0, into Li,CO, intensifies polar-
ization during battery recharge, resulting in increased
overpotentials and faster battery degradation””.

Li,0, + CO, — Li,CO; + 1/20,

AG" = -166.6 kJ/mol (16

The superoxide anion (O, ), being a strong nucle-
ophilic and effective charge transferring species'”, re-
acts with CO, to form various peroxycarbonate spe-
cies including CO, ", CO,” and C,0, """, These reac-
tions have been confirmed through in-situ Raman
spectroscopy studies by Qiao et al.”’!. The dominant
electrochemistry shifts from O,/0, to O, CO,/C,0,>
as the CO,/O, ratio in the cell atmosphere increases
(reactions 17, 18 and 19). In Li-free electrolytes, per-
oxycarbonate species are observed without carbonate
formation. However, in the presence of lithium ions,
Li,CO, becomes the primary discharge product.

0,+Li"+e” - LiO, (17)

0,+C0, +2¢ < CO, 72, E° =289V (18)

0,+2C0, +2¢e” & C,0472, E°=327V (19

0,+2C0O, +4e” +4Li" & 2Li,CO;, E°=3.27V (20)

The nature of the cation significantly influences
the stability of peroxycarbonate anions. Softer cations
like tetrabutylammonium (TBA") stabilize the soft

peroxydicarbonate anion more effectively compared
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to the harder Li", preventing further conversion to car-
bonate (reaction 20)"°’. Electrochemical pressure
measurements have indicated that approximately 1.33
electrons are used per gas molecule during the dis-
charge reaction involving CO, and O,.

In summary, CO, contamination in LABs con-
tributes to significant deterioration of the electrolyte
by reacting with reduced oxygen species to form
Li,CO,. This carbonate compound is difficult to oxid-
ize back reversibly, and its accumulation leads to fur-
ther degradation of both the electrode and electrolyte,
potentially due to the generation of singlet oxygen
during charging. Additionally, CO, contamination in-
creases the charging overpotential, imposing more
stringent requirements on both the cathode and elec-
trolyte to maintain reversible Li,O, formation. Avoid-
ing the generation of Li,CO, is critical in LABs un-
less novel strategies are developed to improve oxygen
recovery. Qiao et al. explored the use of a Li'
(DMSO), complex in a concentrated LiTFSI/DMSO
electrolyte, leveraging the stabilization of C,0,” by
the softer TBA" ion'"’). In this system, DMSO mo-
lecules effectively screen the Li" charge, minimizing
interactions between Li" and C,0,>, which shifts the
dominant charging reaction from Li,CO, decomposi-
tion at 4.2 V to the decomposition of soluble Li,C,04
species at 3.5 V.

Lastly, we explore the influence of water on non-
aqueous oxygen electrochemistry. In LABs, water
contamination can originate from various sources, in-
cluding oxygen supply tubing, electrolytes, or cell
components. The incorporation of a water trap for
moisture removal would significantly increase the
overall weight and volume of the battery, thereby re-
ducing its competitiveness compared to other battery
technologies. Furthermore, water can enter the sys-
tem as a contaminant due to imperfect cell sealing, re-
sidual moisture in the oxygen supply tubing, electro-
lyte, or other cell components, posing additional chal-
lenges for the performance of battery. Gasteiger et.
al."" revealed that water presence, ranging from hun-

dreds to thousands of 10°°, either as an electrolyte ad-
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ditive or due to cell leakage, significantly enhanced
Li-O, cell capacity. Remarkably, water did not alter
the fundamental nature of the discharge product,
which remained Li,0,""). This phenomenon extends
to water-in-salt Li-O, batteries, which, despite lack-
ing organic solvents and thus avoiding solvent decom-
position issues during cycling, still produce Li,0, as
the primary discharge product. Notably, the reaction
between water and Li,0, to form LiOH is thermody-
namically favorable. These findings underscore the
complex role of water in Li-O, systems and its poten-
tial to influence cell performance without necessarily
changing the core electrochemical processes'™").
Several studies suggest that in water-containing
Li—O, cells (with water concentrations at or below a
few thousand 10°°), the conversion of Li,0, to LiOH
is kinetically slow. Specifically, the presence of water
does not readily result in Li,O, being transformed in-
to LiOH, likely due to the slow kinetics of
(equation 6).
2Li,0, +2H,0 — 4LiOH + O, 21
AG® = —152 kJ/mol
When LiOH creates a protective layer on Li,0,,
further conversion requires water protons to move
through the LiOH to reach the Li,O, core, causing
oxygen to be released from the core. This protective
effect may lessen at higher water levels as LiOH be-
comes more soluble, making it easier for Li,O, to
change into LiOH. For example, the research studied
by Xia et al.’! on how moisture impacts battery
chemistry using a Ketjen black cathode and
LiTFSI/TEGDME electrolyte found that LiOH and
Li,0, were discharge products. The carbon-based
cathode struggled to decompose LiOH effectively,
leading to significant polarization during recharging.
The findings suggest that while Li,O, conversion to
LiOH may alleviate some effects, it doesn’t fully re-
solve LiOH-induced polarization. However, some
moisture-related effects like improved capacities and
decreased degradation offer interesting areas for fu-
ture research.
Water significantly affects both the cathode and
anode in LABs. Cho et al.!”"! demonstrated that H,0
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exposure leads to the formation of a porous lithium
hydroxide (LiOH) surface layer on the anode, as evid-
enced by the grayish appearance of cells exposed to
moisture during discharge. The porous LiOH layers
are ineffective in protecting the lithium anode, con-
tributing to the growth of dendritic lithium structures
during charge-discharge cycles””. LABs operating at
40% relative humidity also experience Li anode
volume expansion and LiOH formation'". High H,0
levels (>2000 ppm) degrade both the cathode and an-
ode, emphasizing the need for effective strategies to

remove excess water from LABs.

The performance of LABs is primarily limited by
the air cathode, which accounts for most of the cell’s
energy delivery and voltage drop. Studies show that
while the anode potential remains stable at ~ 0.02 V
vs. Li"/Li, the air cathode contributes significantly to
the overall voltage decrease'’!. This emphasizes the
need for air electrode optimization to enhance cell
performance. Non-aqueous electrolyte systems in
LABs offer higher cell capacities compared to
aqueous configurations, but present unique chal-
lenges at the air electrode-electrolyte interface. These
findings underscore the importance of focused re-
search on air cathode development to overcome cur-
rent limitations in LAB technology.

In practical applications, non-aqueous LABs of-
ten fail to reach their theoretical energy potential, due
to the early termination of discharge. This premature
termination occurs before the entire pore volume of
the air electrode is filled with Li,O. Research sug-
gests that the discharge process stops because the lith-
ium oxide precipitates clog the pore openings, pre-
venting further oxygen intake and hindering lithium-
ion transport into the deeper pore spaces. As a result,
even though a substantial portion of the pore volume
remains unoccupied, the discharge process stops!’”.

Further research studies have shown that air elec-
trode pores are not fully filled with lithium oxides by
the end of discharge, with only a fraction of the total
pore volume utilized. This usable pore fraction varies

across experiments, with reports indicating values of
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approximately 47% (at 1.96 mg cm ™ cathode carbon
loading)!"”, 7% and as low as 3% (at 12.57 mg cm°
cathode loading)". Further calculations reveal that
under discharge conditions, lithium oxides accumu-
late randomly near the pore openings, and typically
within 20% of the pore radius from the orifice. This
non-uniform filling significantly limits the overall ef-
ficiency of the air cathode in non-aqueous LABs.
Studies on air electrodes with various carbons without
added catalysts suggest that discharge termination in
LABs is caused by pore cavity barriers rather than the
blockage of active charge-transfer sites. This is sup-
ported by the lack of correlation between carbon pore
surface area and discharge capacity, contradicting the
expected outcome if active site blocking were the
primary issue.

However, research findings'”! demonstrate no
such correlation between carbon pore surface area and
discharge capacity. Instead, a strong positive correla-
tion has been observed between average pore diamet-
er and discharge capacity. This relationship strongly
suggests that pore geometry, rather than surface area,
is the critical factor in determining cell performance.
Furthermore, impedance data confirms the hypothesis
that pore orifice clogging is the predominant factor in
cell discharge termination. Additionally, if the active
center barrier were the primary mechanism, finer dis-
persions of catalytically active centers across the sur-
face would require greater amounts of precipitates to
block them. Notably, studies have shown that the per-
formance of carbon finely loaded with Fe,O, is com-
parable to that of carbon merely mixed with Fe,O,
powder!’”. Nevertheless, it should not be entirely dis-
missed that discharge termination may, under certain
conditions, also be linked to the blockade of active re-
action sites by precipitates. This analysis suggests that
one avenue for enhancing energy performance of the
battery involves developing novel cathode materials
capable of accommodating substantial amounts of
Li,0, without compromising oxygen and Li" trans-
port through pore blockage. The capacity of carbon to
accommodate precipitates is closely related to its pore

structure. Materials with meso- and macro-sized pores
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have demonstrated the ability to accommodate signi-
ficant amounts of Li-peroxide precipitate without im-
peding oxygen and Li" transfer!’”,

In summary, the optimization of air cathode ar-
chitecture remains a critical challenge in realizing the
full potential of LABs. Future research should focus
on developing novel cathode materials with optim-
ized pore structures that can accommodate substantial
amounts of discharged products without comprom-
ising oxygen and lithium-ion transport. Strategies
such as hierarchical pore designs, advanced carbon
materials with tailored meso- and macropores, and in-
novative catalyst dispersions could potentially ad-
dress the issues of pore clogging and non-uniform
product deposition. By overcoming these limitations,
we can pave the way for next-generation LABs with
significantly improved energy density and cycle life,
bringing us closer to their theoretical performance

capabilities.

The degradation of carbon cathodes through
parasitic reactions and interface corrosion presents a
significant challenge in the development of high-per-
formance lithium-oxygen (Li-O,) batteries. Despite its
widespread use as a host material for Li,O,, susceptib-
ility of carbon to degrade under operating conditions
necessitates a thorough understanding of the underly-
ing mechanisms to improve battery longevity and effi-
ciency. Carbon has emerged as the predominant ma-
terial for Li,0, accommodation in LABs, owing to its
favorable properties including low density, cost-ef-
fectiveness, high electrical conductivity, processing
versatility, and relative stability. The chemical resili-
ence of carbon cathodes in the presence of reactive
oxygen species is paramount for achieving battery re-
versibility. Extensive research efforts have been direc-
ted towards elucidating the degradation mechanisms
of carbon cathodes, particularly under high overpoten-
tial conditions.

Multiple factors have been identified as influen-
cing carbon degradation in Li-O, batteries, including
charging overpotentials, electrolyte composition, sur-

face defects, and carbon functionalization!™. McClos-
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key et al.l”! pioneered the investigation of carbon-
aceous cathode oxidation in the presence of Li,0, and
a highly oxidative environment, leading to Li,CO,
formation through specific reactions shown in equa-
tions (7 and 8). Thermodynamic analysis (AG") indic-
ates that the reaction between Li,0, and the carbon
cathode to form Li,CO, is highly favorable, suggest-
ing substantial Li,CO; formation at the Li,O,-carbon
interface by the end of discharge.
Li,0,+C+1/20, — Li,04
AG® = —542.4 kJ /mol
2Li,0, + C — Li,0; + Li,O
AG" = -533.6 kJ/mol

(22)

(23)

Interestingly, only minimal Li,CO,; byproduct
formation has been observed during discharge, partic-
ularly in ether-based electrolytes. To further explore
this approach, Xu et al.“” employed solid-state "*C
nuclear magnetic resonance spectroscopy on a *C-en-
riched (99%) carbon cathode post-discharge, compar-
ing it to a naturally abundant carbon cathode. This in-
novative approach provided valuable insights into the
carbon degradation mechanisms and the formation of
byproducts at the molecular level.

The “C NMR signal for Li,CO, would be anti-
cipated to be significantly greater, approximately 2 or-
ders of magnitude higher, than that from a carbon
cathode with natural carbon abundance, if the cre-
ation of Li,CO, were directly induced by a reaction
with the *C-enriched carbon cathode. However, such
a rise in signal was not detected, and Li,CO, was
readily eliminated by solvents''). This suggests that
the Li,CO; seen during discharge is probably not dir-
ectly caused by corrosive carbon but rather a result of
electrolytic degradation'"”. The kinetics of the Li,O,-
carbon reactions are slow, though it is thermodynam-
ically possible. In addition, superoxide (O,", LiO,) and
singlet oxygen are further reactive oxygen species that
can cause corrosion of carbon at the carbon-electro-
lyte interface. The degree of corrosion depends on the
nature, crystal structure, and morphological aspects of
the carbon cathode®™. Studies by Bruce, Shao-Horn,
and colleagues have demonstrated that carbon cath-

odes, such as graphitic carbon or reduced graphene
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oxides that possess a high density of oxygen-contain-
ing functional groups (e.g., C=0, C—0, C—OH,
COOH) show diminished stability in LABs"". Spe-
cifically, superoxide species generated during dis-
charge can oxidize carbon at defect sites, leading to
the formation of Li,CO,.

Itkis and colleagues have demonstrated that the
crystallinity of carbon cathodes significantly influ-
ences their chemical stability, with well-arranged car-
bon configurations being advantageous for a stoi-
chiometric Li,0, reaction”’. In contrast, the charging
process presents a different scenario. McCloskey,
Bruce, and their team utilized *C-labeled carbon elec-
trodes in combination with naturally abundant ether-
based electrolytes, and they tracked CO, evolution
during charging using differential electrochemical
mass spectrometry (DEMS). Their observations re-
vealed that while '’CO, was emitted at all charging
voltages, significant amounts of CO, were detected
only when the voltage exceeded 3.8 V. This finding
suggests that electrolyte decomposition occurs across
all charging voltages due to reactions involving Li,0,,
Li,_0O,, LiO,, and singlet oxygen, whereas direct car-
bon corrosion manifests only at higher charging
voltages, with CO, resulting from the electrochemical
breakdown of Li,CO,". Furthermore, they dis-
covered that charging after discharging with '*O-
labeled Li, 0, led to a mixture of ,,C,,0,, *0,, indic-
ating that the oxygen in CO, originates from both
Li,0, and the electrolyte!’”. McCloskey and collabor-
ators proposed that, as charging progresses, parasitic
reactions at both the Li,O,-electrolyte and Li,O,-car-
bon interfaces lead to the accumulation of Li,CO,
over repeated cycles. This accumulation was later val-
idated using X-ray absorption near edge structure
(XANES) spectroscopy (total electron yield mode)
and “C—"C 2D homonuclear correlation NMR spec-
troscopy!’ . The NMR cross-peaks between "°C reson-
ances of Li,CO, and the carbon electrode indicated
proximity, suggesting direct contact. The formation of
these interfacial Li,CO, films significantly contrib-
utes to increased polarization during charging, thereby
promoting further parasitic reactions. To mitigate car-
bon corrosion and limit the formation of interfacial
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Li,CO,, it has been recommended that the charging
voltage for carbon-based Li—O, batteries be main-
tained below 3.5 VI, These findings underscore the
complex interactions between carbon cathodes, react-
ive oxygen species, and electrolyte components in
lithium-air batteries, highlighting the need for ongo-
ing research to develop strategies for reducing carbon
degradation and improving the stability and perform-
ance of cathode materials in advanced battery systems.

Lithium metal is considered one of the most
promising anode materials due to its outstanding spe-
cific capacity of 3860 mAh/g, which is calculated
based on the lithium mass in the fully charged state of
the battery™!. This material is integral to achieving
the high energy density often cited for LABs"™ .
While extensive research has focused on cathode
(electro)chemistry, comprehensive studies on the lithi-
um metal anode in non-aqueous LABs remain limited.
In several fundamental investigations that emphasize
cathode performance, LiFePO, (LFP) is frequently
substituted for the Li metal anode to mitigate complic-
ations arising from anode degradation. However,
achieving the high specific energy potential of LABs
requires addressing the challenges related to lithium
metal anodes in future research.

The lithium metal anode faces a significant chal-
lenge in the form of detrimental morphological altera-
tions during repetitive stripping and plating cycles.
Specifically, at lower current densities, mossy struc-
tures develop on the lithium metal surface that are
characterized by compact porous microstructures,
while at higher current densities, dendritic growth oc-
curs, manifesting as spiny projections extending out-
ward from the lithium metal surfaces, as opposed to
the desired smooth plating on the lithium metal sur-

facel’!

. The formation of dendrites poses a critical
safety risk, as they have the potential to penetrate the
separator and contact the oxygen electrode, resulting

in an electrical short circuit within the battery.

Recent advances in characterization techniques

have revealed that Li dendrite formation follows non-
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classical nucleation pathways, challenging traditional
theories of electrodeposition. At the atomic scale, the
process involves complex prenucleation clusters
(PNCs) that serve as intermediate stages before stable
dendrite formation. These PNCs, typically 1-2 nm in
diameter, have been directly observed through in-situ
transmission electron microscopy during early-stage
Li electrodeposition. During the initial stages, mul-
tiple small current spikes in chronoamperometric
measurements indicate the presence of transient
PNCs, providing a lower bound estimate of critical
nucleus radius between 29—89 nm depending on the
applied potential”’”.

The morphological evolution of Li dendrites ex-
hibits distinct patterns in solid electrolytes, categor-

99 ¢

ized as “straight”, “spalling”, “branching”, and “dif-
fuse” structures (Fig. 6a-d). Each morphology repres-
ents different growth mechanisms: straight dendrites
show uniform propagation, spalling indicates mechan-
ical degradation of the electrolyte, branching demon-
strates tip splitting during growth, and diffuse pat-

terns suggest more distributed Li penetration’”. The
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ﬁww’%’”‘ feg i
ifurca

Straight
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growth rate of these dendrites shows a directly propor-
tional relationship with the applied current (Fig. 6¢),
where higher currents accelerate dendrite propagation
and increase the risk of short circuits.

Time-resolved in-operando imaging has provided
unprecedented insights into the dynamic nature of
dendrite evolution. In-situ SEM observations have re-
vealed that Li dendrite growth initiates cracks and
drives their propagation through the solid electrolyte
(Fig. 6f). This process begins with crack nucleation
(marked by yellow dotted lines) followed by progress-
ive dendrite advancement, demonstrating the coupled
nature of mechanical damage and electrochemical de-
position”). Moreover, recent studies using liquid-cell
TEM have captured the existence of disordered nano-
clusters that can undergo reversible structural fluctu-
ations between amorphous and crystalline states,
providing direct evidence of nonclassical nucleation
pathways!""l.

Surface diffusion mechanisms play a decisive
role in determining whether deposited Li atoms con-

tribute to uniform plating or dendritic growth. Mo-

20
(e) Fitted slope Set 1 =
(604 micron s mA™) Set2. @,
15 «| «= — - Confdence bounds h o
(R?=0.9533) ~<%
10 —
5

Fig. 6 Morphological analysis of lithium-induced degradation in solid electrolytes: (a-d) Different failure modes observed in LLZO, including straight surface
cracking, branching patterns, spalling and diffuse degradation. (¢) Quantitative relationship between current and crack growth rate with fitted slope analysis'’"\.

(f) Time-resolved SEM images showing progressive lithium deposition and crack evolution in LLZTO over 59 min""".

(Copyright permission granted from Ref: [92,93])
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lecular dynamics simulations have revealed that Li ad-
atoms face a significantly higher surface diffusion
barrier compared to other metals like magnesium,
which explains their greater tendency to form dend-
rites””). For example, as Mg shows a surface diffu-
sion barrier of only 0.01 eV and tends to form uni-
form deposits, the higher diffusion barrier of Li im-
pedes atom mobility and promotes irregular structure
formation. This inherent limitation in surface mobil-
ity, coupled with the size-dependent plasticity of Li at
the nanoscale, creates a complex interplay between
electrochemical and mechanical factors during dend-
rite growth"").

The atomic-scale processes are further complic-
ated by the presence of grain boundaries and other
structural defects in solid electrolytes. These features
create preferential pathways for both ion transport and
dendrite propagation, with recent studies showing that
grain boundaries can exhibit up to 50% lower shear
modulus compared to bulk material, making them par-
ticularly susceptible to dendrite penetration'™],
342

tion

Microstructural effects on dendrite propaga-

The propagation of Li dendrites is fundament-

!m
3

ally controlled by microstructural features, particu-
larly grain boundaries and interfacial characteristics in
solid electrolytes. It has been revealed from different
research works that grain boundaries serve as prefer-
ential pathways for dendrite growth due to their dual
nature: they act both as high-diffusivity channels for
Liions and as mechanically vulnerable regions sus-
ceptible to dendrite penetration””. In-situ electron mi-
croscopy studies have revealed that dark regions ap-
pearing in cycled solid electrolyte pellets (Fig. 7a, b)
correspond to Li dendrite penetration through inter-
connected pores and along grain boundaries, ulti-
mately leading to catastrophic short circuits'' ", This
penetration is particularly severe when grain boundar-
ies are oriented perpendicularly to the interface
between the solid electrolyte and Li electrodes.

The interface between Li metal and solid electro-
lyte plays a decisive role in dendrite evolution through
multiple mechanisms. To address these interfacial and
microstructural challenges, various strategies have
been developed and implemented. Table 1 provides a
comprehensive comparison of different approaches
for controlling Li dendrite growth in solid electrolytes,

evaluating their practical effectiveness, advantages,

Dendrite formation Dendrite free

Random contact Uniform contact

==»Li* Current == Li Dendrite=a Li Alloyed buffer layer

strippings

strippings

Initial dendrite
propagation

Middle of the plating

HAH

End of plating After further stripping

Increase in contact
Ioss on further

Occluded voids

Fig. 7 Lithium dendrite characterization: (a) Cycled pellet showing darkened regions'"”. (b) SEM/BSE imaging of intergranular dendrite growth!''. (Copy

right permission granted from Ref. [100,111]) (c) Critical current density (CCD) for dendrite initiation at varying temperatures' " (Reproduced from Ref. [102])

(d) Schematic representation of void-mediated dendrite formation mechanism above CCD during Li stripping’*” (Reproduced from Ref. [103])
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and limitations. Each strategy targets specific aspects
of the dendrite formation mechanism, from surface
modification to structural design.

Among these strategies, interface engineering
strategies like coating and chemical modification have
shown promising results in improving critical current
density and cycling stability. For instance, as shown in
Table 1, grain boundary modification through Li,CO,
and LiOH addition can increase the CCD from 0.15 to
0.6 mA/cm’'’". However, each approach presents
specific challenges in terms of processing complexity
and scalability that must be considered for practical
applications.

As illustrated in Fig. 7c, the quality of interfacial
contact significantly influences current distribution
and subsequent dendrite formation!'"”). The formation
and evolution of voids during the stripping process
presents another critical challenge. When the current
density exceeds the critical threshold during stripping,
voids form at the interface between Li metal and solid
electrolyte (Fig. 7d). These voids subsequently serve
as nucleation sites for dendrite formation in following

"% Three-dimensional ~synchrotron X-ray

cycles!
tomography has revealed that void formation is partic-
ularly prevalent in regions with up to 96% relative
density, highlighting the importance of achieving
near-perfect density in solid electrolytes' ",

Various research findings have identified mul-

tiple strategies for controlling dendrite propagation

through microstructural engineering. For instance, in-
troducing thin layers of materials like LiAlO, on grain
surfaces can increase the CCD from 0.4 to
0.75 mA/cm’ at room temperature!' ). Similarly, coat-
ing MoS, layers on solid electrolytes has shown prom-
ise in alleviating dendrite growth by modifying the in-
terfacial properties. The incorporation of Lil into sulf-
ide-based solid electrolytes has demonstrated effect-
iveness in improving Li transport at the interface
while suppressing dendrite nucleation' "),

The achievement of high Coulombic efficiency
remains paramount for practical applications. Applica-
tion of batteries in electric vehicles demand over 1000
charge/discharge cycles with a Coulombic efficiency
of 99.98% to maintain 80% capacity retention' . The
advancement in electrolyte engineering has shown
promising results, with some systems approaching
99.9% efficiency through careful control of interfa-
cial chemistry and mechanical properties' ', Time-re-
solved in-operando neutron depth profiling has
provided valuable insights into the origin of dendrite
formation by monitoring dynamic evolution of Li con-
centration profiles during deposition, revealing the
critical role of electronic conductivity in dendrite initi-
ation.

Despite the challenges faced by LABs, research-
ers have been actively exploring various strategies to
mitigate these issues and push the boundaries of LAB

technology. By addressing the limitations associated

Table 1 Comparison of strategies for controlling Li dendrite growth with specific merits and demerits

Strategy Material Method Key advantages Main limitations Performance improvement Ref.
. MoS, layer * Improves interfacial contact » Complex coating process Dendrite growth suppressed at -
Surface coating LLZO deposition « Reduces resistance « Uniformity challenges standard operating conditions [103]
Surface pore
. . ﬁlhpg yvlth * Better interfacial contact e Partial loss of solid-state benefits Effective reduction in
Pore engineering LLZO liquid . . . . . [106]
. » Enhanced ion transport * Processing complexity dendrite nucleation
electrolyte or Si
nanoparticles
Grain boundary LLZTO Li,CO, and « Higher ionic conductivity + Complex processing CCD increased: [101]
modification LiOH addition e« Better mechanical stability « Control challenges 0.15 — 0.6 mA/cm’
LiAlO, thin < Reduces electronic conductivity  * Requires precise thickness CCD increased:
Interface layer LLCZN layer coating * Suppresses dendrite nucleation control 0.4 — 0.75 mA/cm’ (17
. . Lil « Better Li transport * Higher material costs . . .
Chemical doping LPS incorporation  « Improved interface stability « Conductivity effects Significant increase in CCD [108]
3D architecture LLZTO Acid etching * Larger interface area ) » Complex fabrication Stable longjterm cycling [109]
process * Lower local current density * Scale-up challenges achieved
Combined . .
. . [  Enhanced interfacial contact * More complex system . o
Hybrid design ~ LLZO/LATP  solid/liquid « Better ion transport « Partial loss of solid benefits Improved cycling stability  [110]
electrolyte
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with the cathode, anode, and electrolyte components,
as well as the overall cell design, considerable pro-
gress has been made towards realizing the full poten-
tial of LABs. The next section will explore recent ad-
vancements and emerging solutions that have poten-
tial for overcoming the challenges discussed earlier
and paving the way for the practical implementation

of high-performance LAB systems.

The use of non-aqueous LABs under ambient
conditions requires the effective exclusion of mois-
ture and carbon dioxide from the cell environment.
This challenge has been addressed with the introduc-
tion of oxygen-selective membranes (OSMs), which
allow oxygen to pass through while blocking mois-
ture and carbon dioxide from reaching active sites!''".
The idea of using membranes for moisture control was
first proposed by Muthiah et al.l'”!, who suggested
polyvinylidene fluoride (PVDF)-Teflon amorphous
fluoropolymer (AF) as a hydrophobic material for
LABs, although they did not evaluate its electrochem-
ical performance. Crowther and coworkers!''” ad-
vanced the practical use of OSMs by applying Teflon-
coated fiberglass cloth, achieving a notable 94% capa-
city increase. Their work also optimized LiBF, con-
centration across various electrolytes, including pro-
pylene carbonate, 1,2-dimethoxyethane, dimethyl car-
bonate, and tetracthylene glycol dimethyl ether, with
testing at 23 °C and 23% relative humidity. This re-
search marks a significant step forward in developing
LABs suitable for operation in real-world atmospher-
ic conditions. To further advance these early develop-
ments, recent research has shifted towards quantitat-
ively evaluating key performance metrics of OSMs,
such as permeability and selectivity, to enhance their
role in stabilizing LAB performance under ambient
conditions. The effectiveness of OSMs is determined
by both oxygen permeability and transmission rate''' .
The permeability (P) is defined as

Vol. 40 | Issue 5 | Oct. 2025 |

P=DS @)
where D is the diffusion coefficient (cm® s™') and S is
the solubility coefficient. This relationship can be ex-
pressed in terms of oxygen transmission rate (OTR)
normalized for membrane thickness as:

P =cm’(gas)cm cm™* s'mm Hg ™'
Here cm’ (gas) is a molar quantity calculated at STP
that can be used to determine the solubility coeffi-
cient. The units for P are expressed in Barrer that can
be expressed as:
1 Barrer = 107" 'cm?®(gas)em cm s 'mm Hg™'  (ii)

The maximum current density (i) supported by

an OSM is directly related to oxygen flux (jy,)
through the relationship:

Imax = MFjoy (iii)
where n represents the electron equivalents per mole
of oxygen and F is Faraday’s constant''). To achieve
long-term electrochemical stability in LABs operat-
ing under ambient conditions, it is imperative to de-
velop OSMs with high oxygen permeability (P > 100
Barrer) while simultaneously minimizing water vapor
permeation to prevent anode corrosion and electrolyte
degradation. This, in turn, ensures a stable oxygen re-
duction reaction (ORR) environment, reducing para-
sitic side reactions and enhancing overall LAB effi-
ciency.

Various studies have investigated the essential
properties of OSMs for LABs, highlighting 4 critical
characteristics: high oxygen diffusion to maintain bat-

tery capacity' !

, strong hydrophobicity to prevent
moisture ingress, carbon dioxide blockage to avoid
Li,CO, formation, and reduction of electrolyte evap-
oration during operation! ", As illustrated in Fig. 8,
OSM design strategies primarily focus on physical
regulation (optimizing porosity and thickness) and
chemical regulation (incorporating O,-favorable ma-
terials).

Recent experimental studies have demonstrated
remarkable progress across various OSM material cat-
egories. PVDF-HFP membranes modified with nano-
sponges have achieved impressive stability, enabling
145 cycles over 1450 h at RH 17%'"". The incorpora-

tion of dextrin-nanosponge particularly enhanced CO,
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Fig. 8 Overview of approaches to design O,-selective membranes for the ambient operation of LABs

blocking through functional group interactions while
maintaining oxygen transport pathways. In parallel,

[122

Zhang et al.!'""”! demonstrated enhanced LAB perform-
ance using silicone oil-loaded OSMs on Teflon films
(PTFE) and porous metal sheets. At 20% RH, the bat-
tery operated for 16.3 days, achieving 789 mAh/g ca-
pacity and 2182 Wh/kg specific energy while main-
taining selectivity of 2.5-5.0 mol O,/mol H,0O, com-
pared to 5.5 days, 267 mAh/g, and 704 Wh/kg for PT-
FE-only barriers. Similarly, Zou et al!”"! utilized
OSMs,

500 mA/g in dry conditions and 130 cycles at 45%

silica-aerogel achieving 165 cycles at
RH, compared to 55 cycles and 12 cycles without
OSMs, respectively. The application of OSM pro-
moted the Li,O, formation over LiOH (Fig. 9a-f).
Significant advances have also been made in
composite membrane architecture. Cao et al.l'”"! de-
veloped composite membranes incorporating polydo-
pamine-coated metal organic framework crystals
(CAU-1-NH,) into polymethylmethacrylate (PMMA),
achieving 1480 mAh/g and 66 stable cycles at 30%
RH. The synergistic combination of —NH, (MOF),
—OH (dopamine), and C=0 (PMMA) functional
groups created effective barriers against contaminants
while maintaining oxygen transport. Additionally,
Wang et al.l'””! demonstrated the efficacy of a low-
density polyethylene (LDPE) film as OSM for LABs.
LDPE films have shown remarkable performance with
oxygen permeability of 40.3 Barrer and low water

permeability of 0.825 g m > day '. When coupled with

Vol. 40 | Issue 5 | Oct. 2025 |

a Lil redox mediator (RM), this configuration
achieved significant stability of 610 cycles in ambient
air (5% RH) without detectable Li,CO, formation, a
common failure mode in LABs due to parasitic side

(261 found

reactions. Similarly, Amici and coworkers
that polyvinylidene fluoride co-hexafluoropropylene
(PVDF-HFP) OSMs provided 640 mAh/g at 17% RH,
significantly outperforming non-OSM configurations
and protecting the lithium anode. This improvement
was attributed to enhanced hydrophobicity and oxy-
gen transport properties, which stabilized the Li-air in-
terface during prolonged cycling

The development of perfluorinated compounds
has further expanded OSM capabilities and practical
applications as active material. PFPE-based mem-
branes on Celgard substrates demonstrated exception-
al stability with 144 cycles at 100 mA/g, achieving ca-
pacities of 7843 mAh/g at 30% RH'"". The success-
ful use of these compounds stems from the combina-
tion of high oxygen solubility and strong hydrophobi-
city. The comprehensive experimental results presen-
tedin Table S2 demonstrate significant improve-
ments in cycle stability (>100 cycles), capacity reten-
tion at higher relative humidity (30%-50% RH), and
enhanced current density tolerance with newer materi-
als.

Recent advancements in OSM design have con-
centrated on optimizing the balance between mem-
brane thickness, surface area, and oxygen permeation

distance!""). These efforts have led to the develop-
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ment of hierarchical structures that combine micro-
and macro-scale features, surface modifications to en-
hance selectivity, and innovative composite architec-
tures that leverage multiple material properties!'””.
The incorporation of catalytic components has also
demonstrated potential for improved oxygen transport.
Despite the significant progress made in this field,
there remain opportunities for further optimization of
oxygen permeability, selectivity, and long-term stabil-
ity. These improvements can be achieved through the
exploration of novel composite architectures, the im-
plementation of advanced fabrication techniques, and

the enhancement of mechanical stability for extended

Vol. 40 | Issue 5 | Oct. 2025 |

1055

operation'"”). Current design strategies have emphas-
ized integrated approaches, such as the direct applica-
tion of protective layers to electrode surfaces.

Future research in this area should prioritize the
development of novel architectures that minimize
high
selectivity! ', This goal may be achieved through the

transport  resistance  while  maintaining
investigation of hierarchical structures or the utiliza-
tion of advanced composite materials that can more
effectively manage the competing demands of oxy-
gen transport and contaminant blocking. By focusing
on these research directions, scientists and engineers

can continue to push the boundaries of OSM techno-
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logy, ultimately leading to more efficient and sustain-

able energy systems.

A rechargeable non-aqueous LAB must exhibit 4
essential characteristics to be considered high per-
forming (Fig. 10). These key attributes include: (1)
High specific capacity. (2) High round-trip efficiency.
(3) Good rate capability. (4) Excellent cycling per-
formance! . The cathode plays a pivotal role in de-
termining these characteristics, acting as the primary
source of these desirable properties. Considering this,
the following discussion will delve into the critical
strategies and approaches necessary for developing an
optimal cathode design. By focusing on these cathode-
centric methods, we aim to elucidate the pathways to-
wards achieving the exceptional level of performance
required in non-aqueous LABs, addressing each of the

four crucial aspects in detail.

The discharge process in non-aqueous LABs is
characterized by the accumulation of lithium perox-
ide (Li,0,) within the cathode’s pores, as this dis-
charge product does not dissolve in the organic elec-
trolyte. Consequently, the capacity of the battery is
directly determined by the cathode’s ability to accom-
modate these products. Various research studies by S
Monaco et al."""), EM Ryan et al."* and P Andrei''”,
have observed that discharge can be abruptly termin-

ated when pores become blocked, preventing further

oxygen diffusion to reaction sites. To address this
challenge, several strategies have been proposed, in-
cluding the use of highly active catalysts, optimizing
catalyst loading, and ensuring uniform distribution of
electrode materials. These approaches aim to enhance
the structure of cathode, improving pore utilization
and boosting specific capacity. Additionally, the insu-
lating nature of Li,O, presents another hurdle, as its
growth during discharge leads to passivation and pro-
motes battery degradation' . However, further re-
search in this field suggests that modifying the adapt-
ive properties and morphology of Li,O, could poten-
tially improve discharge capacity. These complex in-
teractions between cathode structure, Li,0, formation,
and overall battery performance highlight the multifa-
ceted challenges in developing high-capacity LABs,
driving ongoing research to explore innovative solu-
tions and unlock the full potential of this promising

energy storage technology' .

Non-aqueous LABs operate through two primary
reactions: the oxygen reduction reaction (ORR) dur-
ing discharge and the oxygen evolution reaction
(OER) during recharge. The slow kinetics of these re-
actions often result in a significant voltage gap
between charge and discharge processes, even at low
current densities. This voltage deviation leads to low
effi-
ciency (charge in/charge out) potentially approaching

round-trip efficiency, despite the coulombic
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Fig. 10 Strategies for designing an optimal cathode for non-aqueous LABs (Reproduced from Ref [144])
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100%. To address this issue, researchers have focused
on developing bi-functional catalysts that exhibit cata-
lytic activity for both ORR and OER. These catalysts
can reduce overpotentials during charge-discharge
cycles by increasing discharge voltage and decreasing
charge voltage, thereby enhancing the overall round-
trip efficiency of the battery!"".

Further investigations, particularly research work
discussed in''""), have revealed that the growth of lithi-
um peroxide (Li,0,) during discharge contributes to
increased overpotential due to its insulating proper-
ties. This insulating nature of Li,O, notonly de-
creases the discharge voltage but also leads to higher
charge voltages. Consequently, improving the round-
trip efficiency of lithium-air batteries requires consid-
erations beyond catalyst optimization alone. It also in-
volves modifying the nucleation and growth pro-
cesses of Li,0,, as well as optimizing its morphology,
particle size, and distribution within the cathode.
These multifaceted approaches to enhance battery per-
formance underscore the complex interplay between
materials science, electrochemistry, and battery engin-

eering in the development of high-efficiency LABs.

Improving the rate capability of LABs is a critic-
al aspect of their development, as it directly impacts
the ability of the battery to deliver and accept charge
at higher currents. This enhancement requires a multi-
faceted approach that addresses key factors simultan-
eously. Firstly, the rapid diffusion of oxygen within
the air cathode is crucial' ", This involves designing
cathode structures with optimized porosity and tortu-
osity to facilitate efficient oxygen transport
throughout the electrode, even at high current densit-
ies. Equally important is ensuring high-rate transfer of
both electrons and ions within the cathode. This ne-
cessitates the use of conductive materials for electron
transport and the creation of pathways for swift ionic
movement. However, beyond these structural consid-
erations, the kinetics of the fundamental electrochem-
ical reactions play a pivotal role in determining rate
capability. Accelerating the rates of both the ORR

during discharge and the OER during charge is of

Vol. 40 | Issue 5 | Oct. 2025 |

paramount importance. These reactions often serve as

the rate-limiting steps in lithium-air battery

operation! ",

To address this challenge, the employment of
highly active catalysts becomes not important, but ne-
cessary. These catalysts work to lower the energy ac-
tivation barriers for both ORR and OER, thereby in-
creasing reaction rates and allowing the battery to op-
erate efficiently at higher current densities. The quest
for such catalysts has become a major focus of re-
search in the field, with scientists exploring a wide
range of materials including noble metals, transition
metal oxides, and carbon-based materials with vari-

ous dopants and structures.

In LABs, ORR/OER catalysts are crucial for en-
hancing cycle ability. An effective catalyst promotes
the formation of reversible Li,O, during discharge
while minimizing by-products from electrolyte de-
composition and electrode corrosion. This catalyst
also accelerates the reduction of Li,O, during char-
ging,  thereby  improving  overall  cycling
performance! '), Additionally, a stable, porous cath-
ode enhances cycling performance by facilitating oxy-
gen diffusion and improving electrolyte wettability,
which enables rapid accumulation and decomposition
of Li,O, within the pores of cathode during
cycling! .

Controlling electrode material passivation and
ensuring that electrode materials remain adhered to
the substrate throughout cycling is essential! ", High
electrical conductivity in the cathode is also neces-
sary for optimal battery performance. Achieving this
requires an optimal ratio of electrode components, in-
cluding carbon materials, catalysts, conductive agents,
binders, substrates, and current collectors. Efficient
ion transfer at the electrode-electrolyte interface, driv-
en by good electrolyte wettability on the electrode, is
equally important. Moreover, the cathode and its ma-
terials must maintain a durable porous structure to fa-
cilitate oxygen diffusion and transport. However,
there is a trade-off between electrolyte wettability and

oxygen diffusion due to the limited solubility of oxy-
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gen in organic electrolytes. Therefore, optimizing
electrode materials and cathode structure is crucial to
balance these factors and achieve high performance.

The development of advanced electrolyte com-
positions plays a crucial role in enhancing the per-
formance and longevity of LABs. Research has fo-
cused on optimizing the stability and efficiency of
electrolytes to support high capacity and prolonged
cycling, making LABs more practical for real-world
applications.

In 2012, Jung and colleagues demonstrated that
by selecting a stable electrolyte and designing an ap-
propriate cell, LABs could operate over multiple
cycles with capacity and rate values as high as
5000 mAh/g and 3 A/g, respectively! ). For effective
long-term operation, especially in atmospheric condi-
tions, the ideal electrolyte must have several key prop-
erties: low flammability, low vapor pressure, wide
electrochemical stability, high Li" ion transfer rates,
good salt solubility, moisture tolerance, and strong
compatibility with the lithium anode'"". Although
many ionic liquids meet some of these criteria, they
often suffer from limitations like low Li" ion transfer
rates, poor salt solubility, and moisture sensitivity,
making them unsuitable for commercial use.
Moreover, traditional nonaqueous electrolytes, such as
organic carbonates, have been found vulnerable to
nucleophilic attack by oxygen reduction products, fur-
ther emphasizing the need for improved, more robust
electrolyte solutions for LABs!'*",

Numerous studies have shown that for a stable
nonaqueous electrolyte, the composition should in-
clude alkyl carbonates, antioxidants, solvents like di-
methoxyethane and methoxybenzene, as well as co-
solvents to address operational challenges' "
Crowther et al.'''! examined lithium tetrafluoroborate
(LiBF,) in various solvents, including propylene car-
bonate, dimethoxyethane, dimethyl carbonate, and tet-
raethylene glycol dimethyl ether, to assess their influ-
ence on battery performance. Crown esters, when
combined with alkyl carbonates, were found to re-
duce viscosity, enhance ion transport, and boost dis-

charge capacity. Low-vapor-pressure esters, such as
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tetracthylene glycol dimethyl ether, have also been
evaluated for their suitability in aprotic LABs! ",
McCloskey et al. highlighted that discharge
products like Li,0,/LiO, react with the electrolyte and
carbon cathode, forming Li,CO;, which diminishes
battery  efficiency!’”. Nitriles, such as tri-
methylacetonitrile, and amides, like N, N-dialkyl
amides, demonstrated greater stability against oxygen
reduction species compared to organic carbonates and
ethers, while sulfones-based electrolytes resisted su-

peroxide anion degradation' "

. Recently, additives
have been introduced to improve the interface with the
anode, protect the cathode, stabilize LiPF, salt, en-
hance solvation, and function as antioxidants and wet-
ting agents. These additives also reduce dendrite
formation and improve the solid electrolyte interface
layer, thereby preventing reactions with the lithium
anode[lil—lS}].

Most organic electrolytes studied so far have
failed to fully meet the criteria for an ideal electrolyte.
Researchers are now focusing on developing com-
pound or blended electrolytes with the necessary char-
acteristics for LAB operation under typical environ-
mental conditions! "\, For instance, a mixture of pro-
pylene carbonate and ethylene carbonate, combined
with lithium bis(trifluoromethanesulfonyl)imide, has
been identified as an effective solvent system for am-
bient operations in aprotic LABs. Solid-state electro-
lytes (SSEs), made from glass-ceramics' ™ or poly-
mers, have emerged as alternatives to liquid electro-
lytes, although their low ionic conductivity remains a
challenge.

Despite this, SSEs offer advantages such as flex-
ibility, safety, low cost, and thin profile, making them
competitive alternatives. These batteries can operate
across a wide temperature range and better prevent

dendrite formation!'™*

1. These electrolytes also provide
an effective barrier against the diffusion of atmospher-
ic gases and moisture toward the Li-metal anode. Two
main types of SSEs are used in LABs: (1) Li" ion-con-
ducting inorganic ceramics and (2) organic polymers.
Polymeric electrolytes are stable, adhere well to the Li
anode, and are promising candidates for solid-state

batteries! ). Among these, polyethylene oxide-based
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electrolytes containing lithium salts, such as lithium
trifluoromethanesulfonate,
studied"

The second category, Li" ion-conducting glass-

have been extensively

58]

ceramic materials, is known for its excellent Li" con-
ductivity, thermal and electrochemical stability, and
resistance to atmospheric gases, enabling safe opera-
tion at high temperatures. Various materials such as
sulfides, oxides, and phosphates have been investig-
ated as SSEs'""). Compounds like Li-Al-Ge-PO, and
Li-Al-Ti—PO, have been recognized as fast Li" ion
conductors in SSLABs!"""'*" Table S3 summarizes
the performance characteristics of LABs with differ-
ent solid-state electrolytes, highlighting the potential
of solid-state systems to address the limitations of

conventional liquid electrolytes.

This section focusses on diverse approaches to
mitigate challenges at the Li metal anode-electrolyte
interface. The protective strategies are classified into 3
primary categories: (1) Improvement in the solid-elec-
trolyte interface (SEI) formation. (2) Application of
protective layers. (3) Optimization of barrier layers.
SEI formation involves the development of a protect-
ive layer on the Li metal anode surface through reac-
tions with additives, electrolytes, salts, or air compon-
ents. The application of protective layers employs in-
organic or organic materials as separators or coatings
on the Li metal anode. The optimization of barrier lay-
ers focuses on developing enhanced stability through
improved barrier layer design. The discussion high-
lights significant examples from literature, emphasiz-
ing the interplay between various protection tech-
niques and their interactions with air constituents.
This comprehensive analysis aims to provide insights
into effective strategies for improving the perform-
ance and longevity of Li metal anodes in battery sys-

tems.

The solid electrolyte interphase (SEI) plays a

pivotal role in determining battery performance

Vol. 40 | Issue 5 | Oct. 2025 |

through its influence on interfacial reactions and lithi-
um deposition/dissolution behavior. Recent mechan-
istic studies using advanced characterization tech-
niques have revealed that the atomic-scale structure
and composition of the SEI critically influence its pro-
tective capabilities. In-situ transmission electron mi-
croscopy observations have shown that electrochemic-
ally deposited lithium is primarily amorphous, with
crystalline LiF domains present in the SEI layer. This
structural heterogeneity suggests more complex inter-
facial interactions than previously understood, where
the presence of nanoscale LiF in the SEI enhances sta-
bility through its high surface energy and ability to
promote uniform Li-ion flux distribution' "),

Electrochemical impedance spectroscopy (EIS)
studies have provided crucial insights into SEI forma-
tion and stability. A stable SEI layer typically exhib-
its consistent impedance over time, indicating minim-
al corrosion and maintaining low charge transfer res-
istance. The Nyquist plots from EIS measurements re-
veal characteristic features: a high-frequency semi-
circle representing the SEI resistance (Rgg,), a mid-fre-
quency semicircle corresponding to charge transfer
resistance (R,,), and a low-frequency Warburg imped-
ance reflecting Li" diffusion. These measurements
have shown that SEI stability strongly correlates with
its composition and morphology, where optimal SEI
structures demonstrate minimal growth in RSEI over
extended cycling.

The effectiveness of SEI protection is heavily in-
fluenced by its mechanical properties. Studies have
shown that successful SEI layers must balance flexib-
ility and mechanical strength to accommodate volume
changes while maintaining protective function' ),
This understanding has led to the development of ad-
vanced SEI engineering strategies, including the in-
corporation of elastic components in artificial SEIs
and controlled formation of nanostructured SEIs with
optimized mechanical properties.

The mechanistic insights have also revealed the
importance of local current density distribution in SEI
formation. In 2015, Zhang et al."'*" reported the cre-
ation of a LiF-containing SEI layer by cycling a Li |
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1 mol L™' LiF,SO, + TEGDME/FEC (5 : 1, v/v) | Li
symmetric cell. The impedance spectra of LABs with
this modified anode remained stable over time, sug-
gesting that the electrochemically induced SEI effect-
ively mitigates Li anode corrosion from the electro-
lyte and dissolved oxygen, which would otherwise in-
crease resistance and lead to cell failure. Recent work
has demonstrated the critical role of interfacial chem-
istry in SEI stability. For instance, Shen Huang and
colleagues!*” demonstrated the efficacy of this ap-
proach by incorporating boric acid (BA) into a 1.0
mol/L LiTFSI/DMSO electrolyte system. This addi-
tion facilitated the formation of a continuous, dense
SEI on the lithium anode surface in oxygen-rich envir-
onments. Experimental storage tests in humid air and
electrolyte environments confirmed enhanced barrier
properties against oxygen, moisture, and electrolyte
penetration (Fig. 11a-c). As a result, the cycle life of
batteries incorporating the BA additive exhibited a
more than six-fold increase. Beyond operando reac-
tions utilizing additives, in-situ SEI formation can also
be achieved through pretreatment methods prior to
battery assembly. Liao et al.!'""! developed an innovat-

ive lithium-metal preprocessing technique involving
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brief immersion in a GeCl,-THF solution. Remark-
ably, a mere five-minute treatment resulted in the
formation of a germanium composite SEI character-
ized by a compact structure and appropriate thickness,
providing exceptional protection against moisture and
dissolved O, reaction.

Another effective approach to enhancing SEI sta-
bility involves the ex-situ synthesis of artificial SEI.
Artificial solid electrolyte interphase (SEI) surpass in-
situ SEIs in stability due to their controlled fabrica-
tion. In-situ SEIs, while conformally adhered, are sus-
ceptible to failure from cycling-induced volume
changes. Their uncontrolled composition evolution,
extreme thinness, and other inherent properties make
them susceptible to dendrite penetration and expan-
sion-related damage. Sun et al.'*”’ tackled these is-
sues by developing a rigid, uniformly distributed
graphene-polydopamine composite layer (GPDL) on
Li anodes by drop-casting. This engineered protective
interface significantly enhanced battery performance,
enabling over 150 cycles with a sustained high en-
ergy efficiency of 80%. The GPDL acts as an effect-
ive barrier, preventing unwanted reactions between

the Li anode, redox mediators, oxygen and moisture,
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Fig. 11

0, crossover effects on Li anode: Degradation: (a) TFSI /O, adsorption; (b) LiO, formation; (c) mossy structure precipitation and Li" dissolution. (d)

SEM images in LITFSI-DMSO; (¢) SEM images after 30 day in LITFSI-DMS0-0,""*. (Copyright permission granted from Ref. [180])
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thus contributing to the development of long-lasting,
high-efficiency batteries.

Advanced characterization techniques have fur-
ther revealed that successful SEI formation depends
on uniform Li" flux distribution across the electrode
surface. Based on the simplicity of solution-casting

16

methods, Zhang et al.l'"? developed a durable lithi-
ated Nafion composite coating for Li metal using a
tissue template and simple solution-casting. XRD and
SEM studies showed the tissue-directed bifunctional
film (TBF) that are strong mechanically and chemic-
ally protected, shielding Li from oxygen, moisture,
and cycling byproducts. The TBF-coated Li anode ex-
hibited improved cycling stability and longer battery
life. Furthermore, several electrolyte additives have
been proposed to aid SEI formation, including dis-
solved 0, CO, species, trace H,0') lithium

el " germanium! ", polyphos-

nitrate! ", boric acid"
phoric acid! ! and others. Incorporating compounds
such as LiNO;, common in Li-S energy storage sys-
tems, offers potential benefits. This substance inter-
acts with the metal to create a defensive Li,0O barrier,
shielding the anode from harmful reactions with poly-
sulfides and preventing electrolyte decomposition' .
These mechanistic insights have collectively con-
tributed to the growth of more effective SEI stabiliza-
tion approaches, leading to significant improvements
in battery performance and longevity. The combina-
tion of fundamental understanding at the atomic scale
with practical engineering solutions continues to drive
innovation in this critical aspect of Dbattery
technology'' ). While significant progress has been
made in understanding and controlling SEI formation
and stability, several crucial challenges remain. (1)
The dynamic nature of the SEI during cycling, partic-
ularly its evolution under different operating condi-
tions and long-term structural changes, requires fur-
ther investigation'' ). Advanced in-situ characteriza-
tion techniques will be essential for real-time monitor-
ing of SEI formation and degradation mechanisms'' ",
(2) The relationship between local current density dis-
tributions and SEI uniformity needs deeper under-

standing to prevent preferential dendrite nucleation

Vol. 40 | Issue 5 | Oct. 2025 |

sites! . (3) Developing predictive models that can
accurately capture the complex interplay between
mechanical stress, electrochemical reactions, and in-
terfacial dynamics remains an important goal'' "),
Future research should focus on establishing
clear structure-property relationships in SEI forma-
tion, developing more robust artificial SEI designs,
and understanding the role of various additives in SEI
stability!' . Additionally, the integration of artificial
intelligence and machine learning approaches could
accelerate the discovery of optimal SEI compositions

U7 These advances will be

and formation protocols
crucial for realizing the full potential of lithium metal

anodes in next-generation battery systems.

In LABs, inorganic, organic and hybrid mem-
branes are employed to prevent unwanted reactions
between the air electrode components and the Li an-
ode. These membranes serve two primary roles: as a
separating membrane between the 2 electrodes (pro-
tected anode design)!'*'!, or positioned at the cathode-
ambient air interface (protected cathode design)!'*”.
The protected anode configuration requires mem-
branes with high Li" ionic conduction, reducing pro-
tons transfer and preventing reactions with moisture
and CO,. In contrast, the protected cathode design ne-
cessitates membranes that offer high O, permeability,
effective H,O and CO, rejection, and low miscibility
with organic electrolytes to prevent electrolyte evap-
oration. Visco et al. introduced inorganic solid-state
electrolytes (SSEs) for protecting Li metal anodes in
2007""1. They created a hybrid Li-O, system, which
combines aqueous and organic components, using a
NASICON-type SSE (Li; M,(PO,) ;) known for its el-
evated Li ion conduction. This SSE barrier between
cell regions, successfully protected the lithium elec-
trode from water-based solutions in the air cathode
section. Their system demonstrated stable discharge
performance for up to 14 h.

Further research improved stability and effi-

[184]

ciency by enhancing oxygen catalysts' ", creating

protective barriers for solid electrolytes against mois-

[185]

ture and lithium degradation" ", developing better
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electrolytes' ™!

, and adjusting operating temperatures.
This compartmentalized design was later applied to
non-aqueous lithium-air batteries, allowing tailored
optimization of electrolyte components for each elec-
trode!*”. A specialized glass membrane serves as the

separator! ™!

, with the cathode region containing one
electrolyte mixture and redox compound, while the
anode area uses a different solvent and the same salt

191 Testing showed a

to protect the lithium surface
clean lithium surface after cycling. Separated from
components that would create unstable interfaces, the
lithium electrode exhibited better cycling stability in
its designated environment. Additional protection ap-
proaches, such as the solvent-in-salt approach and

1 could also be in-

self-healing electrostatic shields!
tegrated into this dual-compartment system' . Re-
search also includes structured current collectors to
accommodate lithium deposition, moisture additives

168
] and nanoscale en-

for smoother lithium surfaces
gineering strategies as protective measures.

Polymer membranes have recently gained atten-
tion for Li metal anode protection due to their design
flexibility and potential cost-effectiveness! . This re-
search builds upon extensive polymer electrolyte work
in LABs. A notable example is the nonporous poly-
urethane (PU) membrane, consisting of hard and soft
domains. Its air-impermeable nature is evidenced by
an undetectable Gurley time. The structure demon-
strates superior solvent absorption capabilities and fa-
cilitates lithium-ion transport, which contributes to ex-
tended lithium metal electrode performance. Post-cyc-
ling examination (100 cycles) showed pure lithium
metal composition on polyurethane-protected elec-
trodes, contrasting with LiOH particles detected on
anodes protected by porous polyethylene (PE) separat-
ors!'”],

A recent investigation explored an innovative
composite membrane for cathode modification in lith-
ium-air batteries. This membrane consisted of a poly-
dopamine-coated metal-organic framework (CAU@1-
NH,) embedded within a poly(methylmethacrylate)
matrix. When incorporated at the cathode, this com-

posite structure demonstrated enhanced cycling stabil-
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ity under ambient conditions!”. The functional
groups present in the membrane components exhib-
ited a notable ability to capture CO,, resulting in high
0,/CO, selectivity.

While the polyurethane (PU) separator success-
fully blocks H,O and O, transfer, the issue of dend-
rites formation persists, and this is attributed to their
insufficient mechanical strength. This limitation,
which is common in polymeric membranes, can be
addressed. One solution involves adding inorganic
compounds to enhance performance. Research has
demonstrated that Al,O, nanoparticles can be dis-
persed throughout lithiated Nafion membranes, creat-
ing reinforced composite barriers'”. Based on these
properties, the protective layer behaves differently
during Li plating/stripping: the Nafion layer without
Al,O; nanoparticles tends to pulverize, while the
Nafion-based composite layer containing Al,O, nano-
particles remains intact. This composite structure also
effectively suppresses dendrite growth. Symmetric Li
cells with the composite protective layer demonstrate
improved cycling longevity compared to cells that are
either unprotected or only protected by Nafion.

Various research groups have emphasized the
critical nature of evaluating membrane chemical sta-
bility in the presence of reactive oxygen species with-
in LABs. These studies conducted comparative ana-
lyses between Nafion-based and PVDF-based com-
posite membranes. Utilizing online electrochemical
mass spectrometry' '), researchers observed irrevers-
ible O, reduction and CO, evolution in PVDF-based
membranes. This process will directly affect the
PVDF degradation. In contrast, Nafion-based mem-
branes exhibited more reversible O, reduction and
evolution processes. These findings align with previ-
ous research indicating that PVDF is quite unstable
against oxide radicals. NCL facilitates more revers-
ible O, reduction and evolution processes.

Protected cathode structures frequently incorpor-
ate OSMs positioned between the cathode and sur-
rounding atmosphere. These specialized membranes
facilitate oxygen passage while restricting other atmo-

spheric constituents including water vapor and carbon
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dioxide. As water molecules have smaller dimensions
than oxygen molecules, pore size control alone proves
insufficient for selective gas transport. Instead, re-
searchers utilize nonpolar membrane materials with
preferential solubility and diffusion characteristics for
nonpolar oxygen, creating selectivity against polar
species such as water. This approach is exemplified
by implementations of low-density polyethylene
(LDPE), which effectively excludes atmospheric
moisture and substantially improving the cycling sta-
bility of LABs. Additionally, a porous metallic nickel
(Ni) substrate infused with silicone oil has been
shown to provide effective separation of O, from
H,0"". However, separating O, from CO, is more
complex, as both are nonpolar molecules. Although
substantial work has been done on CO, capture from
air, particularly for carbon sequestration, there is lim-
ited research specifically focusing on O,/CO, separa-
tion in the context of LABs.

In a related study, researchers evaluated a per-
fluoropolyether-based membrane, which effectively
dehydrated ambient air and significantly mitigated
DMSO evaporation. An intriguing aspect of this mem-
brane was its selective CO, permeation properties,
which contributed to the stabilization of the lithium
metal anode. This stabilization occurred through the
promotion of a protective Li,CO, layer formation on
the anode surface. Interestingly, despite the CO, per-
meation, no Li,CO; formation was detected on the
cathode side. This absence of carbonate formation on
the cathode is significant, as it could potentially arise
from the reaction between the discharged products,
Li,0, and CO,. These findings suggest that the select-
ive permeation of CO,, in the absence of moisture,
may enhance the stability of the lithium metal anode
while simultaneously preventing the unfavorable

formation of carbonates on the cathode.

Recent research has focused on innovative ap-
proaches to protect the Li-metal anode and maintain
stable battery operation in Li-O, cells through the in-
tegration of barrier layers. These layers serve as a crit-

ical differentiator from other sealed LABs by isolat-
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ing harmful components that could trigger detriment-
al side reactions. The functional requirements of these
barriers are location-dependent, with those positioned
between electrodes designed to selectively allow Li-
ion diffusion while blocking other substances! ..
Lithium-air batteries typically implement protect-
ive barriers and specialized separators that block wa-
ter/oxygen penetration while facilitating lithium-ion

191" contributed to this

transport. Elia and Hassoun
field by developing a PVDF gel polymer membrane
incorporated with ZrO, nanoparticles that minimized
oxygen transfer and enhanced battery longevity. In re-

197 .
"1 created a mois-

lated work, Shang and colleagues!
ture-resistant  lithium-ion  conductive  material,
Li, ;Al, ;Nb,,Ti, 5(PO,); (LANTP), characterized by
excellent ion mobility and structural strength, which
achieved energy densities reaching 984 Wh/kg at cur-
rent densities of 0.32 mA/cm’ in aqueous systems.

Imanishi and colleagues'”

combined organic
and inorganic barrier advantages by designing a bat-
tery incorporating a LATP glass-ceramic electrolyte
and a polyethylene oxide (PEO) buffer layer, enhan-
cing stability with both water and Li metal. A more
sophisticated approach was presented by Choi et

al [l

, who developed a composite membrane using
surface-modified LATP particles embedded in a poly-
mer matrix by an enhanced float-casting method
(Fig. 12a). The strong bond between the polymer mat-
rix and the surface-modified glass-ceramic particles
provides the membrane with excellent airtightness.
This design overcomes limitations of traditional thick
ceramic layers while maintaining essential properties
such as ionic conductivity and gas impermeability.

An alternative streamlined approach for barrier
layer creation involves direct separator modification
rather than incorporating additional interlayers. Choi

et al.l'’”

engineered a non-porous polyurethane (PU)
separator exhibiting remarkable air-blocking capabilit-
ies attributed to its tightly packed molecular structure.
The distinctive architecture of PU, comprising both ri-
gid and elastic segments, confers the separator with
structural durability while preserving essential flexib-

ility. As a result, the battery with the PU film achieved
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Fig. 12 (a) Composition, fabrication and morphological aspects of the composite membrane' " (Copyright permission granted from Ref. [199]).

(b) Architectures of SSLABs™'! (Reproduced from Ref. [201])

a cycle life of 110 cycles, compared to 56 cycles for
the porous polyethylene separator at a current density
of 200 mA/g. In another study, Yin et al."’”! de-
veloped a flexible polyimide and poly (vinylidene flu-
oride-co-hexafluoropropylene) (PIPV) composite sep-
arator. The PIPV membrane has excellent waterproof
properties, enabling the battery with this design to de-
liver superior cycling stability for over 200 cycles at a
current of 1 mA and a capacity of 4 mAh.

A barrier layer can also be introduced on the ex-
terior of the air cathode or used as a packaging materi-

al to encapsulate the entire cell. This layer must ex-
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clusively permit oxygen passage, functioning as an

OSM to maintain battery performance! ™!

. Peng et
al.'"”" created a protective LDPE membrane surround-
ing a carbon nanotube air electrode to block water
penetration, which typically leads to irreversible
Li,CO, formation during discharge cycles. The non-
polar structure of the LDPE membrane allows select-
ive oxygen diffusion. This membrane enabled the bat-
tery to sustain a stable discharge voltage for more than
325 cycles at a current density of 2000 mA/g under
ambient air conditions (RH factor ~ 50%). Addition-

ally, silicone oil, which has greater oxygen solubility
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and diffusivity than water, can be employed to pro-
duce efficient oxygen selective membranes. In 2010,
Zhang et al.'*" introduced a silicone oil film that not
only prevents moisture from entering but also reduces
the evaporation of the liquid electrolyte. This feature
enabled a non-aqueous LAB with an OSM to func-
tion in ambient conditions (RH = 20%) for 16.4 days,
providing a specific capacity of 788 mAh g' ata cur-
rent density of 0.05 mA/cm’.

Following this, Zhao et al.”"'! applied silicone oil
ina SSLAB design, constructing both the solid elec-
trolyte and air-cathode framework from identical
LATP material where the solid electrolyte and air-
cathode framework were made from the same LATP
material, but with differing levels of compactness
(Fig. 12b). A 50 nm-thick silicone oil membrane, cre-
ated through an infiltration technique, was applied to
the carbon-coated LATP surface, offering a large sur-
face area as an OSM to block moisture and CO,. As a
result, the SLLAB with this membrane achieved con-
sistent cycling for 50 cycles in ambient air
(RH ~ 50%) while maintaining a capacity of
5000 mAh g ' at a current density of 0.3 mA/cm’.

In conclusion, LAB technology has perceived re-
markable progress, particularly in protecting Li-metal
anodes and cathodes, leading to significant improve-
ments in cycling lifetimes. These advancements bring
us closer to realizing the potential of this high-energy-
density storage system. However, as we endeavor for
practical, large-scale applications, several challenges
demand our attention. These include the reactivity of
protective layers, persistent dendrite formation, and
the stability of gas-selective membranes in oxygen-
rich environments. Additionally, the impact of atmo-
spheric components like CO, and H,O on battery ma-
terials and interfaces require further investigation. In
future, research efforts should focus on addressing
these fundamental issues to guide the development of
more robust materials and innovative designs. By ad-
dressing these challenges, LABs could transform en-
ergy storage systems and enable sustainable solutions
for applications ranging from electric vehicles to grid-

scale storage.

Vol. 40 | Issue 5 | Oct. 2025 |

The comprehensive analysis presented in this re-
view demonstrates both the remarkable potential and
significant challenges facing lithium-air battery tech-
nology. LABs represent a promising frontier in en-
ergy storage, offering theoretical energy densities that
far surpass current lithium-ion systems. This review
has highlighted significant advancements in under-
standing and improving LAB functionality, particu-
larly in lithium anode protection, solid-electrolyte in-
terphase (SEI) layers, and oxygen reduction and evol-
ution reactions at the cathode.

Our examination reveals that the advancement of
LABs requires effective protection strategies across
multiple components. The integration of oxygen-se-
lective membranes for air constituent management,
stabilized lithium metal interfaces, and optimized
cathode structures has shown promising results in ad-
dressing key degradation mechanisms. Interface en-
gineering has emerged as a critical factor, with hybrid
inorganic-organic protective layers demonstrating ef-
fectiveness in preventing unwanted reactions while
maintaining necessary functionality. Innovative ap-
proaches, including advanced porous cathode designs,
have shown considerable promise in addressing critic-
al challenges.

Our analysis of air constituent effects indicates
that controlled management of moisture and CO,
through advanced membrane designs can signific-
antly enhance battery performance and stability. The
detailed understanding of dendrite formation mechan-
isms has led to more effective lithium metal protec-
tion approaches. In cathode design, the optimization
of porosity and architecture has proven crucial for bal-
ancing oxygen transport with discharge product ac-
commodation.

Despite these advancements, significant hurdles
remain on the path to practical implementation. Key
issues include lithium dendrite formation, electrolyte
instability, poor cathode reversibility, and the need for
effective moisture and CO, management, especially in

non-aqueous systems. Achieving consistent perform-
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ance under real-world conditions continues to be a
major challenge requiring further innovation.

Future research directions include enhancing the
stability and performance of lithium metal anodes, ex-
ploring hybrid electrolyte systems that combine the
advantages of aqueous and non-aqueous chemistries,
and optimizing cathode materials to accommodate
large quantities of discharge products efficiently. The
integration of nanotechnology, advanced materials
like metal-organic frameworks, and graphene compos-
ites may provide breakthroughs in cathode perform-
ance. Additionally, leveraging computational model-
ing and machine learning approaches could signific-
antly accelerate material design and cell configura-
tion optimization.

In conclusion, while lithium-air batteries face
several challenges, continued innovation in materials
science, electrochemistry, and cell design holds the
promise of overcoming these obstacles. With sus-
tained research efforts focused on material innova-
tions and improved cell designs, LABs have the po-
tential to revolutionize energy storage systems. Their
potential applications in electric vehicles and grid-
scale energy storage position them as a pivotal techno-
logy in the transition to a sustainable energy future.
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