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K—-O, batteries: overcoming challenges & unlock-
ing potential

Divyaratan Kumar,?® K Brijesh,© Kalleshappa Bindu,® Basharat Ramzan,®
Surender Kumar (2 *® and Ziyauddin Khan (2 2

Batteries have long been a cornerstone of energy storage technologies, offering low-carbon and sustain-
able solutions across diverse applications from large-scale power grids to electric vehicles and portable
electronics. In response to growing global energy demands, research efforts are increasingly directed
toward advancing battery chemistries and cell designs to achieve higher performance, efficiency, and
scalability. Among emerging systems, potassium-oxygen (K-O,) batteries have attracted significant atten-
tion due to their high theoretical energy density (~935 Wh kg™ ) and the Earth-abundant nature of potass-
ium. This review presents a comprehensive overview of K-O, battery technology, covering fundamental
operating principles, key performance limitations, and persistent challenges. Particular focus is given to
critical aspects such as electrode architecture, electrolyte stability, and oxygen-related electrochemistry,
which collectively govern cell efficiency and durability. In addition, we highlight recent advancements
aimed at overcoming these barriers and provide a critical assessment of the current technological readi-
ness of K-O, batteries. While the system holds considerable promise, substantial progress is still required
to translate laboratory success into practical, real-world applications. Finally, future directions and oppor-
tunities for the development and integration of K-O, batteries are discussed.

Metal-O, batteries are an attractive technology primarily due to their high specific energy. Li-O, batteries, for instance, offer the highest theoretical specific
energy (~12 kWh kg™), which is comparable to that of gasoline (~13 kWh kg™"), making them a promising option for grid and stationary storage appli-

cations. However, Li-O, batteries suffer from poor efficiency (<60%) and limited rechargeability. In contrast, K-O, batteries have demonstrated an energy
efficiency of over 90% without the need for an electrocatalyst. This review explores advancements in K-O, batteries, covering research on the anode, electro-
Iyte, and electrocatalyst. Additionally, it addresses a key question: “Why does this technology require focused research”?

1. Introduction

researchers globally to find an environmentally friendly and
cost-effective energy source. To combat the climate change

Fossil fuels are an inexpensive and readily available energy
source commonly employed to power vehicles. However, the
uninterrupted consumption of fuels and the never-ending
energy demand bring us to the verge of consuming all the
fossil fuel resources.”” Additionally, there is a climate issue
associated with the usage of fossil fuels, which has forced
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associated with fossil fuels, electrochemical energy storage
devices were regarded as a potential alternative.® Two kinds of
electrochemical energy storage devices have been known: one
is supercapacitors and the other is batteries. Supercapacitors
are regarded as power devices, which make the usage of bat-
teries as energy devices advantageous, as they can provide a
continuous energy supply on demand.* The oil crisis in the
1970s led Prof. Stanley Whittingham, working for ExxonMobil,
to explore the possibility of developing Li-ion batteries (LIBs)
to get rid of fossil fuels.” Though the electrochemical pro-
perties of lithium were reported in early 1913,° it took more
than 50 years to explore the feasibility of LIBs. Further develop-
ments made by Prof. John B. Goodenough and Prof. Akira
Yoshino inspired Sony and Asahi Kasei teams led by Nishi to
successfully commercialize LIBs in 1991. Afterwards, the appli-
cation of LIBs was found in most of the electronic portable
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devices and household appliances. Despite the emergence of
newer battery technologies, LIBs remain dominant in the elec-
tronic gadget market due to their high specific energy density
of 100-250 Wh kg™, low density of lithium (0.534 g cm™>),
and low standard reduction potential of lithium (—3.04 V vs.
SHE).” Despite their widespread use, the energy density of
LIBs remains a limiting factor for their application in electric
vehicles (EVs) and hybrid electric vehicles (HEVs), as it typi-
cally ranges from 100 to 250 Wh kg™, which is considered
insufficient.® Scientists have turned their attention towards
metal-air batteries, including those based on Li, Na, K, Mg, Al,
Zn, and Fe due to their impressive specific energy, volumetric
energy, and cell voltage, as demonstrated in Fig. 1.>'%"™"?
While researchers have investigated numerous metals from the
periodic table for battery applications, alkali metals such as Li,
Na, and K offer distinct advantages over other metals in terms
of energy density, reaction kinetics, and cost. In this context,
metal-oxygen batteries, such as Li-0,,"' Na-0,,'® and K-0O,
batteries,'* are gaining attention from scientists. The physical
properties of the alkali metals (Li, Na and K)">'® are listed in
Table 1, which compares Li, Na, and K in terms of their
atomic number, natural abundance in the Earth’s crust (ppm),
electronic configuration, density, ionic radius, and standard
reduction potential.
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Fig. 1 Theoretical energy density, specific energy and cell voltage of various
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Table 1 Comparison of alkali metals relevant to battery applications®®
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In particular, Li-O, has been sought as a potential candi-
date for EVs as it provides comparable theoretical specific
energy (11 680 Wh kg ™) to gasoline."® The chemistry of the Li-
O, battery involves the reaction of metallic Li with oxygen,
which yields ~2.96 V cell potential and forms lithium peroxide
(Li,O,) as a discharge product via a two-electron process. The
main challenges associated with Li-O, batteries are the
instability of the electrolyte, poor specific capacity, and low
round-trip efficiency®® owing to the sluggish kinetics associ-
ated with the Li,O, formation and blockage of oxygen
diffusion pathways of the air electrode arising from the exces-
sive growth of discharge products (Li,0,).>" It was also found
that the cycling stability of the battery degraded rapidly due to
the generation of singlet oxygen (*0,).”> Additionally, there are
safety and environmental concerns which also limit its large-
scale manufacturing.>® Therefore, searching for a solution
beyond Li-based technologies is highly desirable.

Superoxide-based Na-0O, (1105 Wh kg™ of theoretical
specific energy based on the NaO, discharge product)** and
K-0, (935 Wh kg™ of theoretical specific energy based on the
KO, discharge product)* batteries could be possible alterna-
tives to Li-O, (3500 Wh kg™ of specific energy based on the
Li,0, discharge product).?®*” The formation of sodium super-
oxide (NaO,) and potassium superoxide (KO,) involves one
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metal—air batteries. Reproduced with permission from ref. 17.

Atomic Natural Electronic Ionic Reduction
Alkali metals number abundance (ppm) shell structure Density (g cm™) radius (A) potential (V)
Lithium (Li) 3 18 (2,1) 0.535 0.76 -3.04
Sodium (Na) 11 22700 (2,8,1) 0.968 1.02 -2.71
Potassium (K) 19 21000 (2,8,8,1) 0.858 1.38 -2.93
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electron transfer, which improves the sluggish kinetics associ-
ated with oxygen reduction and oxygen evolution reactions,
thereby improving the round-trip efficiency and cycling stabi-
lity compared to Li-O, batteries, where the discharge reaction
occurred through 2-electron processes.”® However, the for-
mation of NaO, in non-aqueous media is kinetically preferred
but not a thermodynamically stable discharge product.
Therefore, NaO, further converts into Na,O, (sodium peroxide)
either via a disproportionation reaction (2NaO, — Na,O, + O,)
or an electrochemical reduction reaction (NaO, + Na" + ¢~ —
Na,0,), leading to low cell reversibility.>® Moreover, recent
studies also showed that the formation of singlet oxygen could
be a possible reason for the performance degradation in Na-
0, cells.*® In contrast to Na-O, batteries, KO, as the discharge
product in non-aqueous K-O, batteries is both thermo-
dynamically stable and kinetically preferred which makes K-
0, an advantageous battery system.>>*! The fast 0,/KO, redox
couple guarantees low polarization and also enables the
rechargeability of the cell below 3 V vs. K/K', thus significantly
minimizing the formation of singlet oxygen (as is the case for
both Li-O, and Na-0, batteries)."* Moreover, since the rechar-
geability can be achieved below 3 V vs. K/K', this avoids the
participation of a parasitic reaction, which typically occurs at
higher potentials,”® thereby exhibiting high round-trip
efficiency (>90%). Additionally, K has a higher abundance in
the Earth’s crust that can also play a vital role,** thereby
making K-O, batteries a potential alternative to Li-O, bat-
teries. The development of this technology is at an early stage
and requires more in-depth investigation about electrode/elec-
trolyte interfaces, their effect on reaction kinetics and safety
issues. This review emphasizes the key aspects of durability
and recyclability for battery applications with special reference
to the challenges involved therein. A detailed discussion on
basic cell design, reaction mechanisms, novel anode and
cathode materials used and their effect on performance is pro-
vided. It concludes with a critical outlook on future research
directions and practical advancements in the field of K-O,
batteries.

2. Cell design and reaction
mechanisms for metal—air and K-0O,
batteries

2.1 Cell reaction of the metal-air battery

Before starting the description, it would be worth mentioning
that a metal-air battery refers to a system that uses air as the
source of oxygen, while a metal-O, battery refers to a system
that uses pure oxygen as the source of oxygen.

Metal-air batteries have not been discovered recently; in
fact, the primary Zn-air battery (typically called Zn-air as it uti-
lises air as a source of oxygen) was first constructed in 1878
and was commercialised in 1932 before the existence of
LIBs.>® In general, metal-O, batteries are electrochemical cells
which are powered by the oxidation of metal and the reduction

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of oxygen via the oxygen reduction reaction (ORR).>* In a
typical design, a metal-O, battery consists of a metal electrode
as anode, an air cathode commonly known as the electrocata-
lyst (counter electrode), oxygen/air as the cathode and a suit-
able electrolyte. Alkali metals (Li, Na and K),*>?” alkaline
earth metals (Mg and Ca)*®**° and first-row transition metals
(such as Fe and Zn)*®*' can be used as metal anodes for
metal-O,/air batteries. However, electrolyte selection depends
on the nature and properties of the metal anode (in Li, Na and
K cases, preferably non-aqueous)*>*! and cell configuration.?
The air-breathing cathode should have a porous nature that
continuously permits gas flow either from the surrounding air
or from an oxygen tank. The basic design of any metal-O,/air
batteries combines both fuel cells and conventional metal-ion
batteries. A schematic diagram of metal-O,/air batteries,***?
whether non-aqueous or aqueous, is shown in Fig. 2.
During discharge of a metal-O,/air battery, metal at the nega-
tive electrode gets oxidized and generates an electron which
moves to the counter electrode (air electrode) where it com-
bines with the oxygen, which gets reduced via the ORR.
During charging, the metal ion gets deposited on the negative
electrode, and oxygen evolution takes place at the air electrode.
Based on the electrolyte, the electrochemical reactions in the
cell differ considerably; therefore, the discharge products are
also different in non-aqueous and aqueous electrolytes. The
involved electrochemical reactions occurring in both electro-
des in aqueous and non-aqueous electrolytes are presented
below:*?
In a non-aqueous electrolyte
At the negative electrode:

M < Mt +e” (1)

At the air electrode:

*M* 4+ 0, +xe” — MxO, (x=1or2) (2)
In an aqueous electrolyte
At the negative electrode:
M — M'" 4+ ne” (3)
At the air electrode:
4e” transfer pathway**
0, +4e” +2H,0 < 40H~ (4)
2e” transfer pathway*>*®
0, +2e” + H,0 « HO*” + OH" (5)

Metals such as Zn, Fe or Mg can be directly used in
aqueous medium, though these metals are thermodynamically
unstable and reduce water to produce hydrogen. However, the
overpotential for hydrogen reduction can be increased by
using various strategies such as using alloyed anodes, passivat-
ing the surface of metals or modifying the electrolyte, such as
water-in-salt electrolyte.”” In contrast, Li, Na and K metals
react violently with water; therefore, they cannot be directly
used in aqueous electrolytes. Hence, for the operation of these
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Fig. 2 Schematic illustration of (a) a metal—O, cell in a non-aqueous system and (b) metal—air cell with aqueous electrolyte.

metals with aqueous electrolytes, the metallic anode is usually
protected by an ionic conductive ceramic film known as a
solid electrolyte membrane.*® This solid electrolyte only allows
passage of metal ions from the aqueous electrolyte to the nega-
tive electrode while blocking water.” The advantage of
aqueous electrolytes is the formation of highly water-soluble
discharge products that can avoid the clogging issues (thereby
improving the round-trip efficiency and cycling stability)
related to the air electrode in non-aqueous electrolyte. Despite
this benefit, the cell design of these metal-based aqueous bat-
teries is more complicated and requires additional steps,
which eventually makes it challenging for large-scale
applications.

While it may be easier to prepare batteries using non-
aqueous systems than aqueous ones using alkali metals, their
performance is often compromised due to the accumulation of
insoluble discharge products that can block the pores of the
air electrode. This can lead to poor round-trip efficiency and
cycling stability. In addition, the air electrode requires a mem-
brane which should block moisture and CO, from ambient air
and only allow passage of O,. Using this kind of membrane
will increase the fabrication cost of the cell, which can pose a
significant hurdle for practical application. Therefore, it is
reasonable to conclude that both types of cells present distinct
advantages and limitations, warranting targeted research to
overcome their respective challenges.

1086 | E£ES Batteries, 2025, 1,1083-1101

2.2 Cell components of metal-O, batteries

Both metal-O, and metal-air batteries typically consist of
three main components: an anode, an air cathode, and an
electrolyte. The anode is usually made of a metal that can
undergo oxidation, such as Li, Na, K or Zn. The air cathode is
composed of a porous material that allows oxygen to enter and
participate in electrochemical reactions.’® Common air
cathode materials include carbon,>"*> precious metals with
carbon,”>”* metal oxides,>>® and perovskite-type materials.””
The cathode of a metal-O, battery typically consists of a metal-
lic current collector, a gas diffusion layer, and a coated catalyst.
The gas diffusion layer (GDL) serves multiple critical func-
tions: it provides mechanical support for the catalyst layer,
enables efficient oxygen transport to the reaction sites, and
acts as a barrier to prevent the intrusion of moisture, carbon
dioxide, and other contaminants into the battery. A thin, light-
weight, porous, and hydrophobic gas diffusion layer effectively
bridges the catalyst and oxygen. Additionally, it provides a
hydrophobic barrier to prevent electrolyte leakage while main-
taining hydrophilic microchannels for enhanced catalytic
activity (Fig. 2b).">”® A bifunctional catalytic layer is essential
at the cathode to improve both the ORR and the oxygen evol-
ution reaction (OER), as oxygen kinetics are inherently slow.
Unlike conventional metal-ion batteries, metal-O, batteries
utilize oxygen directly from the supply.’® The electrolyte plays

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a crucial role in ion transport between the anode and cathode.
It must be compatible with the metal anode and cathode
materials while providing sufficient ionic conductivity. Solid-
state electrolytes are particularly attractive for metal-O, bat-
teries due to their enhanced stability and safety compared to
liquid electrolytes.*

2.3 Cell design and reaction mechanism of the K-O, battery

Research on K-metal-based batteries has gained momentum,
with early work by Eftekhari et al. in 2004 on K-ion batteries
inspiring further exploration of these energy systems.*® This
progress led to the development of the first low-overpotential
K-0, battery by Ren et al. in 2013, where K' ions captured O,
to form the thermodynamically stable KO, as the discharge
product.”® The cell design of a K-O, battery consists of a K
metal anode, a separator with an aprotic electrolyte and an air
electrode connected with an oxygen reservoir (Fig. 3a).
Similarly, its cell chemistry involves plating/stripping of K
metal at the anode and OER/ORR at the air cathode as pre-
sented in eqn (6)—(8).
Anode half-cell reaction:

K—K"+e  (E°=293V) (6)
Cathode half-cell reaction:
K" +e +0, - KO, (E°=-0.45V) (7)
Overall cell reaction:
K+ 0, — KO, (E°=2.48YV) (8)

In Li-O, batteries with aprotic electrolytes, the reduction of
oxygen and reaction of reduced oxygen with Li" ions forms
LiO,, a kinetically favoured intermediate that undergoes dis-
proportionation (2LiO, — Li,O, + O,) or electrochemical
reduction (LiO, + Li' + e~ — Li,0,), to form thermo-
dynamically stable Li,O, which is a two-electron process. Na-
and K-metal-based technologies are considered promising
alternatives to Li-based systems, owing to their comparable
electrochemical properties, greater elemental abundance, and

Single elec
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lower material cost. In the case of aprotic Na-O, batteries,
NaO, and Na,O, formations have been reported, with Na,O,
being thermodynamically favoured, while NaO, is the kineti-
cally preferred discharge product.”’ However, no conclusive
evidence confirms either as the predominant discharge
product.® In contrast to both (Li-O, and Na-0,), KO, is the
sole discharge product in non-aqueous K-O, batteries, as it is
both thermodynamically stable and kinetically preferred
(Table 2 compares different alkali metals and their electro-
chemical reactions, discharge products, number of electrons
transferred, cell voltage theoretical specific energy and Gibbs
free energy), making K-O, batteries an advantageous system
(as shown in Fig. 3b) as K-O, battery operates through a one-
electron redox process via the O,/O,~ redox couple. Due to this
reason, an effective solution to the persistent kinetic chal-
lenges of ORR/OER in oxygen batteries can be achieved
without relying on high-performance electrocatalysts.®® Non-
aqueous K-O, batteries operate with below 50 mV potential
gap at modest current densities lower than that of aprotic Li-
O, batteries (Fig. 3c), achieving >90% round-trip efficiency due
to fast charge transfer kinetics and low overpotentials.'®*> The
significantly reduced charging overpotential and high round-
trip efficiency are due to the comparable O-O bond lengths in
0, (0.128-0.133 nm) and O, (0.121 nm), in contrast to 0,>~
(~0.149 nm). This suggests a lower reorganization energy and
a reduced energy barrier for KO, to O, conversion, as explained
by Marcus theory.**

2.4 Side reactions in K-O, batteries and stability of the KO,
discharge product

Though there have been advantages, the side reactions such as
corrosion of the K metal stimulated by the decomposition of
electrolyte and oxygen crossover are the primary reasons for
the failure of K-O, batteries.®® In K-O, batteries, ether-based
electrolytes are commonly used, where the oxygen in ether has
a chelating ability with metal ions, leading to metal dis-
solution and consumption. Another issue is the crossover of
0O, from the cathode to the K metal, where it reacts with the K

Li-O, Battery (Dis)charge Time (h)

tron

Li-Air

Zn-Air

Voltage (V)

4

2.0 F—rmr
0 5 10 15 20

K-0, Battery (Dis)charge Time (h)

(a) Schematic illustration of a K—O, battery and the discharge process in K-O, batteries. (b) Oxygen redox reaction in fuel cell water splitting,

les of Li—O, and K—-O, batteries showing the low overpotentials associated

with the charge—discharge process for K—O, batteries. Reproduced with permission from ref. 60. Copyright 2018 American Chemical Society.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Electrochemical reactions involved in various aprotic alkali metal-O, and metal—air batteries

Discharge Number of Cell Theoretical specific
Battery Overall cell reaction product electrons transferred voltage (V) energy (Wh kg™") AG (k] mol™)
Li-0, 2Li + O, — Li,0, Li,0, 2 2.96 3458 —-570.8
Li-air Li + 0.5H,0 + 0.250, — LiOH LiOH 1 3.45 38607 -332.8
5796°
Na-0, 2Na + 0, — Na,0, Na,0, 2 2.33 1605 —449.7
Na + O, — NaO, NaO, 1 2.27 1108 -218.8
Na-air Na + 0.5H,0 + 0.250, - NaOH NaOH 1 3.11 2083 -300.1
2604°
K-0, K+ 0, — KO, KO, 1 2.48 935 —-239.4

“Specific energy was estimated using all reactants Li, Na + 0.5H,0 + 0.250, and one electron. ° Specific energy was estimated using Li, Na +

0.5H,0 as reactants and one electron.

metal, forming KO, directly on the anode, thereby leading to the
corrosion of the K metal. Ren et al. thoroughly characterised the
side reaction on the anode.®® Then, authors incorporated a poly-
meric potassium ion-selective membrane (Nafion-K') to inhibit
the side reactions of K metal using it as a separator. The
authors suggested that excellent reversibility can be achieved by
using an oxygen-corroded potassium anode. The K-O, battery
using this Nafion-K" separator displayed 40 cycles of charge-dis-
charge capability without any increase in charge overpotential
(Fig. 4a). In contrast, it was observed that the discharge/charge
potential gap increases significantly after the eighth cycle
(Fig. 4b) in the K-O, cell without the K'-selective separator.
With the Nafion-K™ separator, the cell maintained a relatively
stable potential gap (~0.3 V) for over 40 cycles, despite some re-
sistance from the membrane. Additionally, it enhanced the cou-
lombic efficiency to over 98% for most cycles.

Xiao et al. studied the long-term stability of superoxide KO,
in K-O, batteries.*® Their work explored the KO, electro-
chemistry using various instrumental techniques like chrom-
atography method, SEM and NMR spectroscopy.®*** The reac-
tivity and long-term stability of superoxide in K-O, batteries

Capacity (mAh)
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are critical factors. To investigate the long-term stability of
KO,, the authors conducted various experiments to analyse its
electrochemistry and the formation of side products resulting
from electrolyte decomposition in K-O, batteries. Their
studies inferred that KF, HCOOK, and a small amount of
CH;3;COOK and CH30CH,COOK are the major side products of
KPF¢ salt and 1,2-dimethoxyethane (DME) solvent. UV/Vis
spectroscopy was utilised to study the deleterious effects of
parasitic reactions on the coulombic efficiency of K-O, bat-
teries. The reversible electrochemical process of KO, formation
and decomposition at the cathode can prevent excessive side
reactions in the electrode and electrolyte. However, the growth
of KO, on the separator after dissolution can lead to a loss of
electrons. It has been suggested that the “dead” KO, crystals
lose their electrical connection with the carbon matrix, similar
to the behaviour of Li,S in Li-S batteries. This loss of connec-
tion is believed to contribute to the irreversible portion of K-
O, batteries. Enhancing the cathode material and its structure
can potentially enhance the KO,/C contact and reduce the loss
of KO, in the future. Also, if the resting period of K-O, bat-
teries is increased, the over-potential increases and voltage
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Fig. 4 Galvanostatic discharge—charge voltage profiles of K-O, batteries (a) with and (b) without a Nafion-K* membrane for various cycles.
Reproduced with permission from ref. 63. Copyright 2014 American Chemical Society.
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fluctuations occur upon charging. This is due to the surface
layer growth on the K-anode in the presence of oxygen. On
further increasing the resting period, a stable layer of KO, is
formed on the anode surface, leading to the high coulombic
efficiency of the battery.

The investigation conducted by the Yi-Chun Lu group
delved into the electrode-electrolyte interface in metal-oxygen
batteries,®® particularly the K-O, chemistry, which is crucial in
comprehending the reaction mechanisms. The study involved
the investigation of the reaction mechanism of K-O, chemistry
at the electrode-electrolyte interface by utilising Ambient
Pressure X-ray Photoelectron Spectroscopy (APXPS) to analyse
the ORR/OER in ionic liquid-based air batteries (Fig. 5a).
Besides the commonly accepted one-electron mechanism, the
findings showed additional reaction pathways in K-O, bat-
teries. The study revealed that the formation and subsequent
oxidation of potassium oxide (K,O) and potassium peroxide
(K,0,) can trigger irreversible cell reactions, potentially
leading to capacity decay in K-O, batteries. The research also
revealed that impurities such as H,O and CO, in the air can
decrease the chemical reversibility of ORR and OER. These
findings shed light on the underlying reasons for the irrevers-
ible cell chemistry in K-O, batteries. Additionally, the study
suggests that APXPS analysis of ionic liquid-based air batteries
is a valuable tool to investigate the chemistry of electrode-elec-
trolyte interfaces in metal-air batteries.®

S
Yer p

with liquid ele¢

Solid electrolyte

Solid electrolyte
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One of the significant findings of this work is the electro-
chemical reduction of KO, to K,O, (Fig. 6a and eqn (9)) when
discharging the cell to 1.91 V vs. K/K'. Further lowering the
cell discharge potential to 1.12 V vs. K/K' leads to the for-
mation of K,O (eqn (10)). The presence of K,O, significantly
reduces the coulombic and charging efficiencies of the K-O,
battery, affecting its reversibility. Additionally, the formation of
K,0, leads to a higher charging overpotential, requiring a
higher voltage to charge the battery (Fig. 6b). The poor cell per-
formance attributed to K,O, formation may be due to the
generation of nucleophilic superoxide anions (0,7)% or singlet
oxygen ('0,).%” The formed O, during the oxidation of K,O,
may lead to side reactions, such as attacking cell components
or generating reactive singlet oxygen via eqn (10).*” The
authors suggested that a higher discharge cutoff voltage (above
2.2 V vs. K/K') can prevent the formation of K,0, and improve
battery reversibility.

KO, + K" +e” — K,0, (E°=1.91vs. K/K") (9)

K;0, +2K" +2e~ — 2K,0 (E° =1.12 vs. K/K") (10)

2027 + ZHJr — HzOz + 102

(11)

In another key study, Kiipper et al. investigated the effect of
oxygen partial pressure on the discharge behavior and product
of K-O, batteries by varying the pressure from 0.2 atm to 11

®Y Ionic liquid with K*

(i;) Discharge product

Fig. 5 In situ APXPS measurements conducted on an ionic liquid-based porous K-O, battery. (a) The K-O, cell, comprising a K metal as the anode,
K-B"-Al,O5 solid electrolyte, and Super P carbon as the cathode with an ionic liquid electrolyte. (b) Image of the K—O, battery during APXPS analysis
and (c) SEM cross-section of the carbon cathode and solid electrolyte. (d) Schematic of the APXPS sample detection depth, represented by the red
dotted area. Reproduced with permission from ref. 65. Copyright 2021 Elsevier.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) The cell was discharged up to 0.5 mAh in pure oxygen and then oxygen was replaced with argon, with continuous discharge followed by char-

ging the cell under argon gas. (b) Galvanostatic charge—discharge at differe
mission from ref. 65. Copyright 2021 Elsevier.

atm.®® At low pressures (0.2-2 atm), representative of dry
ambient conditions, the cells exhibited poor discharge per-
formance and frequent failure due to severe oxygen transport
limitations. These limitations led to incomplete cathode utiliz-
ation, resulting in reduced discharge capacity and rate capa-
bility. Furthermore, oxygen depletion triggered parasitic reac-
tions with the DMSO electrolyte, forming byproducts such as
K,SO, and K,COj;. The discharge profiles under low-to-inter-
mediate pressures showed multistage behavior, indicative of
localized oxygen starvation. In contrast, high oxygen pressures
(6-11 atm) significantly improved battery performance. A
reduction in discharge overpotential by up to 150 mV was
observed, along with a 13-fold increase in capacity at a high
current density (1.0 mA cm~?) when increasing oxygen partial
pressure from 0.2 to 11 atm. Elevated oxygen pressure pre-
vented oxygen depletion, suppressed side reactions, and pro-
moted uniform KO, deposition across the cathode. Overall,
pressurizing K-O, batteries with pure oxygen (>6 atm) effec-
tively mitigates oxygen transport limitations and electrolyte
degradation, thereby enhancing energy efficiency, rate capa-
bility, and cycling stability. This strategy offers a promising
pathway toward realizing high-capacity, high-rate K-O, bat-
teries for practical applications.

Liu et al. recently employed in situ Raman spectroscopy to
gain deeper insights into the electrochemistry of K-O, bat-
teries, focusing specifically on the oxygen-related redox pro-
cesses.®® For this study, the authors used a model system con-
sisting of an Au electrode in a DMSO-based electrolyte. Their
findings revealed that the key discharge products are KO, and
K,0,, with superoxide (O,”) identified as a critical intermedi-
ate whose formation is potential-dependent. At higher dis-
charge potentials (>1.6 V vs. K/K"), molecular oxygen is first
reduced to an O, * radical anion, which desorbs from the Au
electrode surface and enters the solution phase (Fig. 7a & b).
There, it reacts with K" ions to form KO, via a solution-
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nt cut-off capacities under an oxygen atmosphere. Reproduced with per-

1.0
0.51
& 0.0r
£
> -0.5¢
E 2
~ -1.0f
-1.5F
0.1 M KCIO4,-DMSO 50 mV/s
-2.0F
1.5 2.0 2.5 3.0 3.5 4.0
E (Vvs.K/K™)
(b)  «
* = DMSO
#=ClO;
660 860 10IOO 12I00
Raman shift (cm™1)
Fig. 7 (a) CV recorded in O,-saturated 0.1 M KClO,4 in DMSO electro-

lyte. (b) Surface-enhanced Raman spectra of the Au electrode at
different cut-off potentials and open-circuit potential (OCP). The blue
curve corresponds to a cut-off potential of 2.12 V (1), the red to 1.98 V
(2), and the black to 1.60 V vs. K/K* (3). Reproduced with permission
from ref. 69. Copyright 2024 The Royal Society of Chemistry.
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mediated mechanism. In contrast, at lower potentials, oxygen
is directly reduced on the Au electrode surface to form an
adsorbed KO,* intermediate, which can be further reduced to
K,0,* upon deep discharge (<1.6 V vs. K/K') (Fig. 7a & b).
These observations suggest that K,0, is predominantly formed
under high discharge overpotentials, and that KO, does not
undergo a disproportionation reaction during cycling. This
study provides important mechanistic insights into the poten-
tial-dependent product distribution and electrochemical path-
ways in K-O, batteries.

3. Literature review on K-0O,
batteries

This section provides a concise overview of the development of
K-O, batteries, including the electrolyte, air cathode, and
anode. Each component of the cell is crucial in determining
the life cycle, energy, and efficiency. The electrolyte facilitates
ion transport and affects reaction kinetics, making its compo-
sition and stability essential for long-term cycling. The air
cathode serves as the site for ORR/OER, influencing energy
efficiency and discharge capacity. The anode, typically com-
posed of potassium metal or its alternatives, significantly
impacts battery lifespan and safety. An understanding of the
design and optimization of these components is essential for
improving K-O, battery performance and addressing current
challenges.

3.1 Electrolytes for the K-O, battery

As is the case with all energy storage devices, the efficient
movement of K ions between the electrodes is crucial in K-
O, batteries, and the choice of electrolyte is crucial as it
can significantly affect the stability and performance of the
battery, including rate performance, cycling stability and
coulombic efficiency.”® The ionic transport properties, K
ion solvation properties and electrolytes’ electrochemical
stability greatly affect the batteries’ performance. An ideal
electrolyte should have high ionic conductivity, low desolva-
tion energy and a large electrochemical stability window.
Typically, K ions have weaker interactions (solvation shells)
with solvent molecules compared to Li' and Na' ions due
to the larger size, lower charge density and smaller Stokes
radii of K' ions, thereby enabling rapid ionic transport and
higher ionic conductivity.”! Also, K exhibited lower desolva-
tion energy in most of the organic solvents compared to Li"
and Na' ions, which also allows fast migration of K' ions
(Table 3).7°

In metal-O, batteries, it has been found that the electrolyte
affects the electrochemical performance of the air cathode,
especially related to the discharge process. The discharge
process can proceed via surface-mediated route or solution-
mediated route as shown in eqn (12)-(16).”>””> These cathodic
processes involve three phases: solid-liquid—gas, and it is the
electrolyte that determines whether the reaction is solution-
mediated or surface-mediated.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Desolvation energies associated with Li*, Na* and K* ions in
common organic solvents”®72

Desolvation energy (k] mol ™)

Solvent Li Na K
Propylene carbonate (PC) 215.8 158.2 119.2
Ethylene carbonate (EC) 208.9 152.8 114.6
Diethyl carbonate (DEC) 205.6 147.9 105.1
Ethyl methyl carbonate (EMC) 199.1 143.1 101.6
Fluoroethylene carbonate (FEC) 188.8 136.2 100.5
Vinylene carbonate (VC) 191.4 138.3 102.2
Butylene carbonate (BC) 219.5 161.4 121.9
Trimethyl phosphate (TMP) 249.1 181.2 135.4
Dimethyl formamide (DMF) 230.1 165.5 122.8
Dimethyl sulfoxide (DMSO) 232.9 167.8 125
N-Methyl-2-pyrrolidone (NMP) 243.6 175.5 131
Surface-mediated route:
Oz(g) +e — Oz (surf) (12)
ozi(surf) +K" — KOZ(surf) (13)
Solution-mediated route:
027(surf) - 027(501) (14)
KJr(sol) + Ozi(sol) - KOZ(SOI) (15)
KOy (s01) — KOys) (16)

In general, ester- and ether-based electrolytes have been
used in potassium batteries.”® However, it was an ether-based
electrolyte which was employed in K-O, battery as ethers have
generally been considered to be relatively safe with K metal
(ethers have less reactive oxygen atoms as they are bonded to
two carbon atoms).”” Moreover, due to the low desolvation
process and fast oxygen diffusion kinetics, ether-based electro-
Iytes also provide moderate discharge capacities at moderate
current densities."®”® Lastly, ether-based solvent promotes the
growth of KO, via a solution-mediated route.”® In the first
study on K-O, batteries, Ren et al. used 0.5 M KPF, dissolved
in either DME or a butyl diglyme/diglyme mixture (v/v 2:5) as
the electrolyte.>® This work validated the concept and reversi-
bility of K-O, batteries; however, the rechargeability of the cell
in this electrolyte was poor, as the cell capacity dropped by
nearly half in the second cycle (Fig. 8). This degradation was
primarily attributed to the diffusion of side products to the
metal electrode, forming an insulating layer. Consequently,
the charging voltage increased in subsequent cycles compared
to the first cycle.

Wang et al. investigated the reversibility and energy
efficiency of K-O, batteries in dimethyl sulfoxide (DMSO) and
compared it with those from a diethylene glycol dimethyl
ether (diglyme)-based electrolyte (0.5 M KPF¢ in both sol-
vents).”® They observed that the cell tested in DMSO exhibited
higher reversibility and energy efficiency than the one with
diglyme. This improvement was attributed to the stronger elec-
tron-donating ability of DMSO (29.8 kcal mol™* donor
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a current density of 0.16 mA cm™2 in a 0.5 M KPF¢ electrolyte solution
composed of butyl diglyme and diglyme (2:5 v/v ratio). Reproduced
with permission from ref. 25. Copyright 2013 American Chemical
Society.

number)®® than diglyme (~24 kcal mol™" donor number),**
which stabilizes KO,, enhancing electrode kinetics and chemi-
cal/electrochemical reversibility. The authors emphasized that
an ideal solvent for K-O, batteries should strongly stabilize
superoxide to ensure fast reaction kinetics and high reversibil-
ity. Furthermore, they noted that the lower capacity results
from dendritic KO, covering the electrode. This issue can be
mitigated using a solvent with higher O, solubility and lower
viscosity, which improves O, diffusion, reduces concentration
gradients, and  promotes cubic KO, formation.
Sankarasubramanian et al. further proposed DMSO as an
effective solvent for the selective production of KO,, enhancing
the rechargeability of K-O, batteries.®” They also observed that
the first electron transfer rate constant associated with ORR is
four orders of magnitude higher in DMSO compared to ether-
based electrolytes, contributing to a significantly improved
rate capability. Though DMSO solvent-based electrolytes
showed improved reversibility and energy efficiency, surface-
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confined KO, growth and low discharge capacities remain
challenges owing to the high desolvation energy barrier of K"
ions and limited oxygen diffusion. Recent studies highlight
the importance of solvent properties and electrolyte structure
in improving K-O, battery cathode performance.”® However,
an optimized electrolyte design is still needed to enhance
capacity and efficiency. The use of a co-solvation strategy that
involves DME and DMSO has been demonstrated to decrease
the overpotential necessary for cathodic reactions and improve
the cathode discharge capacity. The solution-mediated growth
of KO, and its stripping from the cathode surface during
cycling were facilitated by the improved solvation structure,
which led to a significant improvement in coulombic
efficiency for the cathode.”® A summary of electrolytes utilized
in K-O, batteries is provided in Table 4'* which highlights the
current density, capacity, and charge/discharge potential gap
across different studies, reflecting variations in electrolyte
composition and battery configuration.

A study has also been performed to investigate the kinetics
of ORR in KO, batteries by using rotating ring-disk electrode
(RDE) techniques and differential electrochemical mass spec-
trometry with DMSO-based electrolytes.®® The presence of K*
ions in DMSO was credited to the formation of sparingly
soluble KO, and insoluble K,0, with two reduction processes.
The choice of electrode material has been shown to exert a
considerable influence on the rate and efficiency of oxygen
reduction to superoxide. Specifically, glassy carbon electrodes
facilitate this reaction much more readily than gold electrodes,
a result that calls into question the conventional assumption
of a straightforward outer-sphere mechanism and highlights
the importance of electrode surface properties in these pro-
cesses. The importance of ion pairing between K' ions and
superoxide, with KClO, stabilizing superoxide and shifting
half-wave potentials to more favorable values compared to elec-
trolytes containing tetrabutylammonium cation. This has been
shown to promote significant ion-pairing between superoxide
and K’ ions, resulting in a shift of the half-wave potential
toward more positive values. The ion-pairing constant was
determined to be Kion, = 7.25 x 10 mol L™, This stabilization
effect, quantified by an equilibrium constant for superoxide-
K' ion pairing, indicates that the influence of potassium

Table 4 List of electrolytes used in K—O, batteries with capacities and potential gaps with cycles

Electrolyte Current density Capacity bpotential gap (V)/cycle Ref.
0.5 M KPFy in butyl diglyme/diglyme 0.16 mA cm™> 0.96 mAh cm™ 0.25/1; 0.45/2 25
0.5 M KPF, in DME 0.065 mA cm ™ 0.39 mAh cm™? 0.3/1; 0.35/40 63
0.5 M KPF,, in DME 20mAg™" 0.3 mAh 0.25/1; 0.55/8 84
0.5 M KPF4 in DME 1Ag** 1000 mAh g~ * ¢ 0.1/1; 0.4/200 75
0.25 mA 0.25 mAh
1 M KTFSI in DME 0.04 mA cm™> 0.24 mAh cm™ 0.4/1; 0.4/60 85
0.5 M KPFy in diglyme 0.05 mA cm™> 0.25 mAh cm™> 0.05/1; 0.4/70 86
0.5 M KPF, in DMSO (cathode) and 0.5 M KPF, in DEGDME (anode) ~ 0.885 mA cm™> 0.221 mAhem™  0.3/1; 0.55/200 79
0.5 M KPF,, in DMSO (cathode only) 2 mA cm™ 0.25 mAh cm™> 0.53/1; 0.63/2000 87
0.5 M KTFSI in DME/DMSO 0.25 mA cm™> 4.97 mAh cm™> 0.04/1; ~0.04/180 73

“ Estimated based on rGO weight. ? Potential gap in the first cycle and then gap in the last cycle.

1092 | EES Batteries, 2025, 1,1083-1101

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5eb00122f

Open Access Article. Published on 28 2568. Downloaded on 21/6/2569 17:26:33.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

EES Batteries

cannot be fully explained by conventional Pearson acid-base
concepts. Additionally, the presence of water in K-O, systems
exhibits a unique effect: isotopic labeling experiments demon-
strate that water actually suppresses the formation of K,O0,,
contrary to its role in lithium-based electrolytes. Intriguingly,
during the oxidation of species deposited on the electrode, an
unexpected consumption of oxygen is observed, which has
been linked to increased CO, evolution, further complicating
the picture of how oxygen and potassium ions interact in these
advanced battery systems. However, the study suggests that in
general the K-O, battery system is a very interesting system as
it exhibits well-defined and stable electrochemical behaviour
which makes it an attractive candidate for future battery
research.

Qin et al introduced a “solvent-in-anion” strategy to
enhance the reversibility of KO,/K,0, redox reactions in K-O,
batteries.®® By incorporating a high-donicity anion additive
into a moderately solvating ether-based electrolyte, the authors
aimed to modulate electron donicity and stabilize KO,, thereby
enabling catalyst-free, solution-mediated K,O, decomposition.
Specifically, the anion additive, (3-methoxypropyl)((trifluoro-
methyl)sulfonyl)amide (MPSA™), was added to a 0.5 M KPF/
DME electrolyte, achieving compatibility across the anode-
electrolyte—cathode interfaces. This approach established a
solution-mediated KO,/K,O, interconversion pathway with a
low overpotential of 216 mV. The K/KO, full cell delivered a
specific capacity of 292 mAh g™* (based on KO, mass), main-
tained a round-trip efficiency of 84.4%, and operated stably
over 120 cycles at 85.4% depth of discharge without an electro-
catalyst. Importantly, the cell functioned as a closed, O,-free
system, mitigating gas-related degradation and electrolyte
evaporation. Overall, this work demonstrates that high-donicity
anions can enable reversible two-electron KO,/K,0, chemistry
without reliance on solid catalysts, offering improved energy
efficiency and redox reversibility. However, the study did not
investigate the compatibility between high-donicity anions and
K metal, which can lead to uncontrolled side reactions at the
anode-electrolyte interface and limited full-cell cycle life.
Additionally, no strategies were proposed to mitigate K anode
corrosion or passivation critical challenges for practical
application.*"”®

In addition to liquid electrolytes, solid-state electrolytes
have also been tested for K-O, batteries to enhance the safety
of the cell as K metal is highly reactive. To address this, Shao
et al. developed a barium-doped K;SbSe, solid-state electro-
lyte.®® By substituting Ba>* for K*, the authors introduced K
vacancies, expanded the lattice, and induced a phase tran-
sition from trigonal to cubic symmetry. This structural trans-
formation enabled enhanced K™ ion mobility, resulting in a
high ionic conductivity of 0.1 mS cm™' at 40 °C for
K,.»Bag 4SbSe,, over two orders of magnitude higher than the
undoped material. The cubic framework facilitated three-
dimensional K" ion diffusion pathways, significantly reducing
interfacial resistance. Using this optimized electrolyte, the
authors demonstrated a two-compartment K-O, battery separ-
ated by a solid-state electrolyte that operated for 100 cycles

© 2025 The Author(s). Published by the Royal Society of Chemistry
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without notable degradation, retaining a maximum capacity of
~0.055 mAh with an average coulombic efficiency of 94%.
Additionally, the solid-state design effectively prevented oxygen
crossover and allowed for the flexible use of different anolytes
and catholytes, improving safety and compatibility.
Additionally, a water-mediated, super-correlated proton-
assisted transport mechanism was employed to support the
feasibility of solid-state K-O, batteries, demonstrating stable
cycling and enhanced energy efficiency, thereby advancing the
development of safer and higher-performing K-O, systems.”
However, the study does not address the long-term chemical
and electrochemical stability of water within the solid electro-
Iyte matrix, which remains a critical concern for practical
implementation.

The selection of a suitable electrolyte for K-O, batteries
depends on multiple factors, including electrode materials,
targeted performance metrics, and safety and stability require-
ments. Ongoing research focuses on developing and optimiz-
ing electrolyte compositions to enhance the overall perform-
ance and reliability of K-O, batteries.

3.2. Air cathode for the K-O, battery

An ideal air electrode in rechargeable metal-O, batteries
should have a highly porous structure (2-50 nm pore size) to
allow efficient oxygen and electrolyte diffusion, as microscopic
pores (<2 nm) can block oxygen flow and limit catalytic
activity.>! It must also possess good electrical conductivity to
facilitate smooth electron transfer. Additionally, bifunctional
catalytic activity is essential, enabling the electrode to efficien-
tly catalyze both charging (OER) and discharging (ORR) reac-
tions. This improves energy efficiency, enhances cycle stability,
and reduces energy losses due to high overpotentials. It would
be worth saying that most of the research in K-O, batteries is
focused on the development of electrolytes and understanding
the reaction mechanisms of both K metal and air electrodes.
Nonetheless, thanks to the electrochemistry of K-O, batteries,
they do not require high-performance catalysts. This is evident
from the fact that most air cathodes tested in K-O, batteries
are made of carbon-based materials such as Super P carbon
black, reduced graphene oxide (rGO), and carbon nanotubes.
One such example is the utilization of rGO as a cathode by
Xiao et al. to demonstrate high-capacity K-O, batteries.”> A
thin, porous rGO cathode has manifold advantages like high
specific surface area and pore volume to facilitate oxygen
transport and KO, deposition. High specific surface area and
pore volume of a thin porous rGO cathode facilitate the KO,
deposition and oxygen transport. Additionally, the high aspect
ratio of rGO material provides a large accessible surface area
for ORR without any restrictions for pore width. In an rGO-
based K-O, battery, an overall capacity of more than 8400 mAh
¢! is attained at a current density of 1000 mA g~' carbon
(Fig. 9a). Furthermore, up to 200 cycles with charge and dis-
charge cycles equivalent to more than 400 h were observed as
presented in (Fig. 9b & c). By restricting the discharge depth to
1000 mAh g, the carbon and rGO electrode battery maintains
stable discharge/charge capacities and coulombic efficiency
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trodes; (b) GCD of rGO electrodes upon cycling, and (c) cycling stability of the rGO electrode at 1000 mA g~* current rate. Reproduced with per-

mission from ref. 75. Copyright 2016 American Chemical Society.

(~98%) throughout the cycling test. The upsurge of overpoten-
tial with the cycle number is mainly due to the oxygen cross-
over issue in the battery setup. The traversed oxygen is accoun-
table for a thick layer of KO, and other by-products on the
anode surface. It is fascinating that the rGO-based K-O,
battery maintains its original high round-trip efficiency. It also
shows a considerable enhancement in the cycle number.
Besides carbon materials, Zhang et al. recently tested a mul-
berry-like Ag/AgCl@TiO,/V,0s_, composite as an air cathode
for a long-life K-O, battery.”’ The K-O, battery exhibited
1392 mAh g™ discharge capacity with 80 times long cycle life.
Dou and colleagues introduced an innovative cathode
design which is a hierarchical porous carbon nanotube sphere
(CNTS) with macropores forming between CNTS and nano-
pores inside each CNTS for K-O, batteries, targeting enhanced
cycling stability, round-trip efficiency and rate performance
compared to traditional carbon-based cathodes.’® This archi-

1094 | EES Batteries, 2025, 1,1083-1101

tecture enhances cyclic stability, round-trip efficiency, and rate
performance compared to traditional carbon-based cathodes.
Efficient oxygen diffusion and electrolyte access are promoted
throughout the electrode, while the high surface area provides
abundant sites for electrochemical reactions.
Comprehensive analyses including coulometry, FTIR, Raman
spectroscopy, and XRD reveal a strong correlation between the
carbon cathode’s structure and the resulting KO, morphology,
which significantly impacts K-O, battery performance. The
hierarchical porosity ensures uniform distribution of discharge
products and facilitates their decomposition during charging,
reducing overpotential and improving energy efficiency. The
robust structure accommodates volume changes and resists
degradation, resulting in durable long-term operation.
Notably, the CNTS cathode showed an average discharge
voltage of 2.38 V, an average coulombic efficiency of 95.8% and
over 40 cycles of stable cycling with minimal capacity fade.

active

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Overall, this study highlights the advantages of tailored porous
carbon architectures in advancing K-O, battery technology
and demonstrates that hierarchical porous carbon nanotube
spheres are highly promising for next-generation high-per-
formance energy storage applications.

Furthermore, Singh et al. recently proposed a method to
enhance cathode performance in K-O, batteries through
thermal oxidation of carbon paper, commonly used as the air
electrode substrate, over varying durations (4 to 24 hours).”
This treatment yielded a hierarchical porous carbon structure
enriched with oxygen-containing surface functional groups.
The resulting micro-, meso-, and macro-porosity improved O,/
K" transport and increased access to active sites, leading to a
significant enhancement in discharge capacity from 3.5 mAh
cm ™ (untreated) to 5 mAh cm™> (Fig. 10a-d). The higher
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surface area exhibited high charge storage capacity at all
current, whereas the formation of surface O-C=O groups
facilitated KO, nucleation and improved the carbon/electrolyte
interfacial stability, thereby reducing the discharge potential
by 0.03 V (Fig. 10e and f). This work demonstrates that syner-
gistically engineering cathode porosity and surface chemistry
effectively addresses key limitations in oxygen reactivity and
ion diffusion, enabling higher capacity and energy-efficient
discharge performance. However, the study primarily
focuses on discharge behaviour. Critical aspects related to
rechargeability such as the evolution of discharge overpoten-
tial during cycling, the long-term stability of oxygen-containing
groups, and the structural integrity of the porous network
under repeated KO, formation/decomposition, remain
unexplored.

(b) 225
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Fig. 10 Discharge curves of K—O, cells with the cathode (a) untreated, and treated for (b) 4 h, (c) 12 h and (d) 24 h at different current densities
(0.1 mA cm™2 in pink, 0.5 mA cm~2 in blue and 1 mA cm™2 in green). The dashed black line in the discharge profiles presents the open circuit voltage,
i.e., 2.18 V. Relationship of (e) areal discharge capacity with the surface area and (f) discharge overpotential with the O/C ratio. The colour coding is
the same as in the discharge profiles. Reproduced with permission from ref. 93. Copyright 2024 by the authors. Licensee MDPI, Basel, Switzerland.
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Qiao et al. demonstrated that integrating KO, into a hybrid
catalytic system comprising ruthenium dioxide (RuO,) nano-
particles anchored on an rGO framework enables a non-O,-
evolving, reversible KO,/K,O, interconversion (Fig. 11a).°°
Their investigation identifies O,  anion generation as the
primary cause of irreversible O, release and electrolyte degra-
dation. To address this, they engineered a novel K-deficient
K;_,O,-Ru interfacial phase during charging, which effectively
suppresses O,~ anion formation and stabilizes the electrode-
electrolyte interface. Transmission electron microscopy (TEM)
and XRD analyses confirm the homogeneity of the composite,
showing KO, nanoparticles (10-15 nm) well-embedded within
the RuO,@rGO matrix (Fig. 11b). Electrochemical testing
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reveals that the RuO,-free KO,-rGO cathode (gray curve,
Fig. 11c) undergoes a sharp potential rise during charging,
surpassing the theoretical OER potentials of both K,0, (2.2 V)
and KO, (2.48 V), indicating irreversible O, evolution. In con-
trast, the KO,~RuO,@rGO cathode (blue curve, Fig. 11c) exhi-
bits a pronounced and stable discharge plateau at an average
voltage of 1.88 V vs. K/K', with a minimal overpotential of 0.06
V relative to the theoretical value. This configuration achieves
a high specific capacity of 355.6 mAh g™, corresponding to
94.3% utilization of the theoretical capacity. The optimized
half-cell configuration demonstrates exceptional cycling stabi-
lity, with a minimal average overpotential of 0.2 V and a
capacity of 300 mAh g™ (relative to preloaded KO, mass) sus-
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Fig. 11 Electrochemical and structural analysis of KO,-based cathodes in potassium-ion batteries. (a) Theoretical comparison of output potential,
capacity, and energy density for KO, cathodes contrasted with K-ion cathode materials. (b) Material characterization: XRD and TEM of the KO,-
RuO,@rGO composite, compared with KO,-rGO. (c) Initial cycle profiles: GCD plot of KO,-rGO (gray) and KO,-RuO,@rGO (blue) cathodes during
the first cycle at 300 mA g~*. (d) Half-cell performance: charge—discharge plot of KO,-RuO,@rGO with a K metal anode, an average voltage overpo-
tential of 0.2 V (inset) relative to 1.94 V, and current density 300 mA g~*. Reproduced with permission from ref. 66. Copyright 2020, The Author(s)
2020. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd.

1096 | EES Batteries, 2025, 1,1083-1101

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5eb00122f

Open Access Article. Published on 28 2568. Downloaded on 21/6/2569 17:26:33.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

EES Batteries

tained over 900 cycles (Fig. 11d). Furthermore, full-cell assem-
blies incorporating a modified electrolyte and a limited-excess
potassium-metal anode achieve outstanding cyclability, rival-
ing leading potassium-ion battery technologies. This work rep-
resents a significant advancement in the development of high-
capacity, long-life potassium-metal batteries by overcoming
the key challenge of irreversible oxygen evolution. However,
issues like electrolyte stability towards the reactive O,~ anion,
cost of materials, electrocatalysts and K metal issues remain a
challenge.

3.3. Anode in the K-O, battery

The role of K metal as an anode significantly affects the per-
formance of K-O, batteries, such as energy efficiency and
cycling stability. It has been realised that the reactivity of K
metal challenges battery life and safety.®* Dendritic growth
due to repeated cycling, oxygen crossover and electrolyte degra-
dation are the critical issues associated with K metal.®*"®%
These challenges have led to research on improving and stabi-
lising the anode. To design and develop a high-performance
anode, one must comprehend the underlying efficiency para-
meters, like interfacial chemistry, electrolytic functions, ion
diffusion in solid electrodes and correlation between them in
K-O, batteries.*> Hence, the main challenges undermining the
performance of K-O, batteries must be appropriately
addressed while designing these batteries. Surface coatings
can mitigate any undesirable surface reactions that may persist
due to nanostructures with a high surface area. McCulloch
et al. showed a successful approach for modifying the anode
material, resulting in a high-capacity K-O, battery.®* An anti-
mony-based electrode exhibits an average discharge voltage of
1.8 V (Fig. 12a) and a reversible storage capacity of 650 mAh
27" (98% of the theoretical capacity of 660 mAh g™') corres-
ponding to the formation of a cubic K;Sb alloy. Antimony has

View Article Online
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been suggested as a promising anode material for various
metal-ion batteries owing to its high theoretical capacity.
McCulloch et al. employed a K-Sb alloy anode to demonstrate
high-capacity performance in K-O, batteries, with reversible
cycling capability (Fig. 12b). The K;Sb-O, cell exhibited low
overpotential and a high operating voltage. However, a major
limitation arises from the substantial ~407% volume expan-
sion of antimony upon alloying with K, leading to continuous
capacity fading. To mitigate this issue, researchers have encap-
sulated Sb nanoparticles within a carbon matrix to buffer the
volume changes. The key advantage of the carbon matrix is its
ability to provide an efficient conduction pathway.** Hence,
the high capacity of Sb/C nanocomposites is attributed to the
formation of K;Sb antimonide. The anodic and cathodic reac-
tions of the K3;Sb-C battery during discharge can be expressed
using eqn (17) and (18):
At the anode

K3Sb < 3K' +3e” +5Sb (17)

At the cathode:

0, +e + K" < KO, (18)

The process of charging and discharging results in volume
expansion of the electrode, which can cause pulverisation,
creating dead areas that are electrically isolated from conduc-
tive agents, ultimately leading to capacity fading. To mitigate
this issue, a soft and conductive matrix can buffer the volume
changes during charging and discharging. In general, to
ensure effective interfacial contact, the solvent in the electro-
Iyte of K-O, batteries tends to undergo reduction readily on
the electrode surface. This possibility might be correlated to
the lower redox potential of K'/K. The lower the initial coulom-
bic efficiency at lower cut-off voltages, the higher the prob-
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(a) Galvanostatic discharge/charge profiles of a conventional K-O, battery and a KzSb—O, battery. (b) Cycling performance of the KzSb-O,

battery. Reproduced with permission from ref. 84. Copyright 2015 American Chemical Society.
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ability of occurrence of side reactions at those voltages. These
side reactions are detrimental to battery performance and
consume more electrolytes, causing the drying of batteries.
Consequently, there is a sharp increase in polarization,
thereby degrading the electrode capacity.’® Dendrite growth is
another major problem severely affecting the battery perform-
ance as well as their safe usage. Yu et al. suggested a solution
by developing a liquid alloy anode for K-O, battery.®® The
mechanistic studies for assessing the parameters controlling
the capacity and rate performance of metal-O, batteries based
on superoxide were performed by Xiao et al. The possibility of
two feasible processes for the growth of KO, was proposed. In
the first process, K' ions from the electrolyte react with
reduced oxygen on the cathode surface to form KO, crystals. In
the second process, electrons transfer through the KO, crystal
surface and react with oxygen and K" ions. The process of for-
mation and distribution of KO, is almost like the formation of
NaO, and Li,0, in Na-O, and Li-O, batteries, respectively, but
the disproportionation step in the Li-O, battery is absent for
K-0, batteries.”””*® According to the authors, optimizing the
cathode materials will be crucial in enhancing the overall
capacity and rate capability of K-O, batteries. The authors
achieved a dendrite-free K-O, battery at room temperature
using a liquid Na-K alloy, exhibiting a 2.45 V discharge
plateau at 0.05 mA cm 2% A robust and stable liquid-liquid
interface was established between the liquid alloy anode and
the liquid electrolyte, ensuring high battery performance. The
authors also tested this alloy anode in Na-O, batteries but
found that it was only compatible with K-O, systems. This was
attributed to potassium’s stronger reducibility and the for-
mation of the thermodynamically favourable KO, over NaO,
during discharge. The liquid alloy anode enabled a long
battery lifespan of up to 620 hours and a low discharge-charge
overpotential of 0.05 V. However, challenges such as oxygen
crossover and ether-electrolyte instability remain, affecting
overall battery performance. A biphenyl-K (BpK) liquid anode
was also investigated as an anode in combination with a
DMSO-mediated air cathode.”® The proposed battery concept
showed cycling stability up to 3000 cycles, with a higher
average coulombic efficiency >99.84% at a relatively high
current density of 4.0 mA cm™2. This superior performance
could be attributed to the suppression of dendritic growth at
the anode and minimizing unstable interface and crosstalk
between anode, electrolyte and cathode, which includes
addressing issues related to oxygen or KO, crossover and other
chemical reactions between cathode and anode. In addition to
these, potassiated graphite was also used as an anode in K-O,
batteries, which showed reversibility up to 80 cycles with >90%
energy efficiency at a depth of discharge of 25%.'° In addition
to these strategies, potassium graphite intercalation com-
pounds were also investigated by Yu Lei and team to address
the longstanding challenges associated with metal anodes in
K-O, batteries, such as severe volume expansion, dendrite
growth, and instability due to oxygen crossover.'®" Their strat-
egy was to replace the conventional K metal anode with graph-
ite intercalation compound (GIC) anode, making both cathode
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and anode carbon-based materials. Through this novel design,
a robust solid electrolyte interphase film was established on
the GIC anode, markedly enhancing cycling stability compared
to traditional metal K anodes. Notably, the use of a graphite-
based anode not only mitigated side reactions triggered by
oxygen crossover but also overcame the intrinsic limitations of
metal anodes, such as excessive volume change and dendrite
formation. This undergoes potassiation/depotassiation at a
lower redox potential between 0.8 and 1.0 V (vs. K'/K), reaching
a specific capacity around 110 mAh g~'. The experimental
results demonstrated superior electrochemical performance
and long-term stability, underscoring the effectiveness of the
GIC anode approach.

4. Conclusion and outlook

K-O, batteries have attracted growing research interest due to
the abundance of K metal, improved safety profile compared
to Li-O, systems, and the potential for higher energy efficiency
under idealized conditions. While theoretical projections
suggest favourable performance, their practical implemen-
tation remains constrained by critical challenges such as
limited cycle life, parasitic side reactions, and oxygen manage-
ment. This review highlights recent advances in K-O, battery
development, including progress in electrolytes, air cathodes,
anodes, and solid-state electrolytes, with a focus on strategies
to mitigate interfacial degradation and enhance long-term
stability.

For example, high-donor solvents like DMSO have been
shown to enhance O,/KO, redox kinetics and improve cycling
stability compared to low-donor solvents like diglyme. While
K-O, batteries can operate without bifunctional catalysts, rGO
cathodes have demonstrated capacities exceeding 8.4 Ah g
with good cycling stability (up to 200 cycles) and high round-
trip efficiency. A thin, porous rGO cathode with a high surface
area and pore volume facilitates efficient oxygen transport and
KO, deposition, enabling superior ORR performance. To
address safety concerns and prevent dendrite formation,
alternative anodes such as K-Sb alloy, Na-K liquid alloy, BP-
based liquid anodes and potassium-intercalated graphite have
been explored. These materials have shown potential in sup-
pressing dendritic growth, enhancing cycle life, and improving
the rate capability of K-O, batteries. Though a significant
advancement in this area has been made, continued research
will be crucial for the practical implementation of K-O,.

Despite the promising advantages of K-O, batteries, several
challenges remain, including limited cycling stability, dendri-
tic growth, low specific energy and stability issues, which need
to be investigated in depth.

i. Finding a suitable electrolyte with enhanced electro-
chemical stability could help mitigate side product formation
and electrolyte consumption. Developing new electrolytes with
high donor ability, such as ionic liquids or fluorinated sol-
vents, can improve stability, suppress side reactions, and

enhance oxygen solubility for better reaction Kkinetics.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Additionally, highly concentrated electrolytes'®*'*®* and loca-
lized highly concentrated electrolytes'®* could also be explored
for K-O, batteries. While high-concentration electrolytes may
improve stability, they also bring challenges such as increased
viscosity and reduced ionic conductivity. These issues can be
partially addressed using a localized high-concentration elec-
trolyte with a co-solvent strategy. Striking the right balance is
crucial for optimising battery performance.

ii. The superoxide-based K-O, batteries have demonstrated
relatively high energy efficiencies even in the absence of elec-
trocatalysts, highlighting their potential as next-generation
energy storage systems. However, significant challenges
remain before their practical application can be realized.
Nevertheless, the risk to safety and significant side reactions
associated with the K metal anode continue to impede its
widespread commercialization. Additionally, K metal is prone
to dendritic growth, causing short circuits and limiting cycle
life. The reaction of K metal with an electrolyte further
degrades the solid electrolyte interface, reducing coulombic
efficiency and increasing overpotential. Other materials such
as potassium-tin alloy, metal sulfides, and titanium-based
anodes'®® should also be explored.

iii. The air cathode has received relatively less attention and
requires further study, as it has been claimed that the cell can
operate without a catalyst. One key issue is the passivation of
the cathode surface due to KO, formation, which reduces dis-
charge capacity and energy efficiency. Additionally, sluggish
OER kinetics can contribute to low round-trip efficiency.
Further research is also needed to better understand the kine-
tics of ORR/OER processes. Exploring high-surface-area carbon
materials and metal oxides such as MnO,,’® nickel oxides, tita-
nium oxides'® etc. could help address these challenges.
Additional research is also needed to better understand the
kinetics of ORR/OER processes.

iv. Oxygen crossover (diffusion of oxygen molecules from
the cathode to the anode) and cathode-anode crosstalk
(diffusion of reactive species from the cathode to the anode
and vice versa), causing corrosion of K metal, are two of the
significant challenges in K-O, batteries. To solve these issues,
research should be carried out towards the development of
membranes, or solid-state electrolytes, which allow the trans-
port of only K" ions and block the other unwanted species.
The application of these could improve the safety and cycling
stability of the K-O, batteries.

v. K metal is highly reactive and has a lower melting point
(63.5 °C), which increases the risk of thermal runaway in K
metal-based batteries. Therefore, improved cell design and
thermal management strategies should be investigated to miti-
gate the thermal runaway issue and improve the battery
lifespan.

vi. Advanced characterization techniques, such as in situ
XRD and XPS, play a crucial role in probing reaction mecha-
nisms and guiding the design of novel materials. The predic-
tion of electrode material properties can be effectively comple-
mented by computational studies alongside experimental
investigations, accelerating technological advancements. To

© 2025 The Author(s). Published by the Royal Society of Chemistry
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address the current challenges in K-O, batteries, future
research should focus on stabilising discharge products and
improving round-trip efficiency to enhance cycling perform-
ance. Strategies such as protective coatings or electrolyte addi-
tives can help mitigate side reactions, while optimising elec-
trode structures and solvation environments can further
enhance efficiency and stability. Ultimately, these advance-
ments could pave the way for the practical adoption of K-O,
batteries across various applications.

In summary, K-O, batteries are a very attractive option for
high-energy applications, but they are still far from being a
reality. Although some progress has been made, there is sig-
nificant room for optimization, and much work remains
before K-O, batteries can become a viable technology.
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