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Advances of LiCoO2 in Cathode of Aqueous Lithium-Ion
Batteries

Hailing Ma, Fei Wang, Minghai Shen, Yao Tong,* Hongxu Wang, and Hanlin Hu*

Aqueous lithium-ion batteries offer promising advantages such as low cost,
enhanced safety, high rate capability, and the ability to deliver considerable
capacity at 1.8 V, making them ideal candidates for large-scale reserve power
sources for renewable energy. However, the practical application of aqueous
lithium-ion batteries has been hindered by the poor cycle stability of layered
cathode materials, including LiCoO2, in neutral aqueous electrolytes. This
review examines the working principles, material limitations, and research
progress of aqueous lithium-ion batteries. The types and characteristics of
materials used in the cathode of aqueous lithium-ion batteries are
summarized, with a primary focus on the attenuation mechanisms of LiCoO2

when used as the cathode material in aqueous electrolytes. Furthermore, this
review explores the advancements in utilizing LiCoO2 in the cathode of
aqueous lithium-ion batteries, as well as the combination with machine
learning. By addressing these critical aspects, this review aims to provide a
comprehensive understanding of aqueous lithium-ion batteries and shed light
on future development and application prospects.

1. Introduction

After nearly half a century of development, lithium-ion (Li-ion)
batteries have become the most advanced electrochemical energy
storage technology.[1–3] Compared with lead-acid, nickel-metal
hydride, and manganese-zinc dry batteries, lithium-ion batter-
ies exhibit high specific energy density, high power density, and
long-term cycle stability, leading to their widespread use in daily
life. They have promoted the revolution of portable electronic
devices and become the technology of choice for electric vehi-
cles. However, lithium-ion batteries have the following major
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disadvantages: the battery process condi-
tions are harsh, the abundance of lithium
on the earth is low, and cathode materi-
als contain expensive transition metal el-
ements. These factors result in the rel-
atively high cost of producing lithium-
ion batteries, and the price is relatively
high. In addition, the use of organic elec-
trolytes makes the safety of Li-ion batter-
ies a tricky issue.[4,5] Aqueous lithium-
ion batteries have been developed as an
extension of lithium-ion batteries, uti-
lizing an aqueous solution of inorganic
lithium salts as the electrolyte. This low-
cost, high-safety battery technology is of
great significance for the utilization of
clean and renewable energy.[6–8]

Anode materials have a low cost
ratio in lithium-ion batteries. Gener-
ally, lithium-ion battery anode materials
include carbon-based and non-carbon-
based materials.[9,10] Carbon is mainly

graphite, graphitized carbon, and amorphous carbon. Non-
carbon anode materials are divided into lithium metal nitrides,
metal oxides (TiO2, SnO2, etc.), silicon-based materials, tin-
based materials, new alloys and their composites, and other
materials.[11] In terms of potential and capacity, the anode can
basically meet the practical application requirements of lithium-
ion batteries.[12] The cathode material is not only the limiter of
the energy density (capacity, voltage) of the lithium-ion battery,
but also the leader of the battery cost. Therefore, it is meaningful
to study cathode materials for lithium-ion batteries.

Lithium cobalt oxide (LiCoO2) is one of the most widely used
and earliest researched materials in lithium battery cathode
materials.[13–15] Due to the temperature difference in the produc-
tion process, lithium cobalt oxide will form two crystal forms, i.e.,
layered structure and spinel structure. High-temperature sinter-
ing produces a layered structure of lithium cobalt oxide material,
while low temperature produces a cubic spinel structure. How-
ever, lithium cobalt oxide with a spinel structure is not conducive
to the deintercalation of Li ions during the charging and discharg-
ing process of lithium batteries. Its electrochemical performance
does not meet the application requirements, so it is not used in
actual production.[16,17] The layered structure of lithium cobalt
oxide has the best electrochemical performance among lithium
cobalt oxide materials due to its structure, which is conducive to
the transmission of lithium ions, and therefore is the most widely
used in lithium batteries. Wang et al.[18] developed a “water-in-
salt” electrolyte, which increased the electrochemical window of
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the aqueous lithium-ion battery electrolyte to 3 V. Therefore, the
voltage of the aqueous lithium-ion battery is greatly improved,
and it also provides more possibilities for the construction of a
high-capacity and high-voltage aqueous lithium-ion battery sys-
tem. The theoretical capacity of LiCoO2 is 274 mAh g−1. But its
actual capacity is only 130—140 mAh g−1, which only plays half
of the theoretical capacity. This is because the cut-off voltage of
the first-generation LiCoO2 is only 4.2 V, so the development of
high-voltage LiCoO2 has become the main research direction in
recent years.[19,20]

Although layered LiCoO2 is the earliest discovered lithium
containing transition metal oxide cathode material, there are still
many properties that are not understood. For example, interfa-
cial issues in different systems, properties of heterogeneous poly-
hedral structures, reasons for high electrocatalytic performance,
etc.[21,22] LiCoO2 has the advantages of low production process
difficulty, high working voltage, stable discharge current, and
long cycle life. However, under high voltage, the increased in-
ternal stress of LiCoO2 lattice causes structural collapse and vio-
lent interfacial side reactions, leading to irreversible deterioration
of battery performance.[23,24] With the strong development of the
new energy automobile industry and the electronics industry, the
application of lithium-ion batteries is becoming more and more
extensive. Higher requirements are put forward for the perfor-
mance of lithium-ion batteries and aqueous lithium-ion batter-
ies in terms of capacity, cost, cycle performance, voltage, and en-
vironmental friendliness. In view of the important role of cath-
ode materials in lithium batteries, the research and development
of cathode materials must be further strengthened. As the most
widely used cathode material in the electronics market, the devel-
opment and challenges of LiCoO2 are generally representative.
Therefore, LiCoO2 as a research object can still reveal some im-
portant scientific questions.

Although LiCoO2 has been studied as a cathode material for
lithium-ion batteries for ≈ 40 years, as explained above, there are
still many properties that need to be understood urgently. At the
same time, LiCoO2 has a serious attenuation problem in aqueous
lithium-ion batteries, which remains poorly comprehended with
no proposed better solutions. This paper aims to review the prob-
lems and challenges associated with LiCoO2 in aqueous lithium-
ion batteries, which could provide a reference for other layered
materials. The solutions derived from these identified problems
hold great significance for enhancing our understanding of the
fundamental material properties and facilitating the practical ap-
plication of materials.

2. Aqueous Lithium-Ion Batteries

2.1. Working Principle of Aqueous Lithium-Ion Batteries

The basic principle of the aqueous battery is the same as that of
the non-aqueous battery. When charging, the alkali metal ions
flow from the cathode to the anode through electrolyte, and the
electrons flow from the cathode to the anode in the external cir-
cuit. Since the electrolyte is replaced by an aqueous solution from
an organic solution, the prerequisite for the battery reaction to
proceed is that lithium ions can be reversibly deintercalated in
the aqueous electrolyte. The voltage stability window of the aque-
ous electrolyte is narrower than that of the organic system. In or-

der to ensure that lithium ions can be reversibly deintercalated in
the aqueous solution, it is necessary for the potential of the elec-
trode material to deintercalate lithium to be included in the elec-
trochemically stable potential range of the aqueous electrolyte.
Otherwise, if the potential is too high, the electrolyte will gener-
ate oxygen; whereas, if the potential is too low, it will generate
hydrogen. Therefore, it is very important to choose electrode ma-
terials with suitable potential to keep the aqueous electrolyte from
decomposing.[25,26]

The electrochemical stability window for pure water is
1.23 V, although kinetic effects can extend the range of sta-
ble potentials.[27] For example, in lead-acid batteries[28] and
aluminum-oxygen batteries,[29] the electrochemical stability win-
dows of the electrolytes used in these two batteries are much
larger (>1.23 V) than that of pure water. The pH value of the
aqueous electrolyte can affect the stable potential window of the
electrolyte, and the specific relationship is shown in Figure 1a.[30]

When pH = 7-13, the equilibrium voltage value is 3.85-3.50 V
(vs Li/Li+), so it can be seen that most of the cathode materi-
als, such as LiCoO2 and LiMn2O4, have a higher Li+ intercala-
tion voltage than 3.9 V (vs Li/Li+). These relatively high poten-
tial materials can exist stably in air and aqueous solution. How-
ever, anode materials such as lithium metal, graphite (0–0.3 V
vs Li/Li+), and Li4Ti5O12 (1-1.5 V vs Li/Li+) cannot be used for
aqueous lithium-ion batteries. In the aqueous lithium-ion bat-
tery, once Li+ is embedded in these materials with relatively low
potential, Li in the material will react with O2, H2O, etc. to pro-
duce LiOH and H2. It can be seen from Figure 1 that the stronger
the acidity of the electrolyte, the higher the oxygen evolution and
hydrogen evolution potentials. If the lithium-deintercalation po-
tential of the electrode is 3–4 V (relative to Li/Li+), it can be used
in an aqueous rechargeable lithium-ion battery so that the elec-
trolyte does not evolve oxygen. For example, during the discharge
process, lithium ions will be intercalated into the material and re-
duced (as shown in Figure 1b). Immersing lithium manganese
oxide (LiMn2O4) in 1 M LiOH electrolyte will have the following
reaction[31]:

Li1−xMn2O4 + xLi+ + xOH− → LiMn2O4 + (x∕2) H2O+ (x∕4) O2

(1)

The pH value of the aqueous solution in the equation is 14,
and the corresponding anode reaction is as follows[32]:

LixC6 + xH2O → C6 + xLi+ + xOH− + (x∕2) H2 (2)

In addition, Dahn et al.[33] proposed a similar “rocking chair
theory” in aqueous systems relative to organic systems, us-
ing both organic (1 M LiPF6-EC/DMC(1:1)) and aqueous (1 M
Li2SO4) reversible systems. Analyzing the experimental results,
it is found that the mechanisms of the two systems are parallel
in the process of Li+ deintercalation.

2.2. Advantages of Aqueous Lithium-Ion Batteries

Simply speaking, batteries can be divided into three essential
components: cathode, anode and electrolyte. The electrolyte is
the transport medium connecting the lithium ions between
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Figure 1. a) The stable potential window of the compound that can reversibly deintercalate lithium in an aqueous solution (compared to lithium electrode
and saturated calomel electrode); b) Schematic diagram of the aqueous lithium-ion battery.

the positive and negative phases. The ions in the electrolyte
should be able to diffuse rapidly in the system so that the
active materials can be fully utilized. While lithium-ion bat-
teries using organic electrolytes offer satisfactory performance,
the safety and environmental friendliness of aqueous elec-
trolytes also make them an appealing choice. As production
costs decrease and environmental concerns gain more atten-
tion, the high conductivity of aqueous electrolytes allows them
to exhibit high specific capacity and excellent cycle perfor-
mance in batteries. Therefore, this section elucidates the advan-

tages of aqueous electrolytes by comparing them with organic
electrolytes.

2.2.1. Production Cost

According to data recently released by the global market research
organization Markets and Markets, the world battery energy stor-
age system market is expected to reach US$4.4 billion in 2022,
and this figure is expected to increase to US$15.1 billion by 2027,
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Table 1. Comparison of technical parameters of various types of batteries.[35]

Technology Electrolyte Voltage[V] Costs[€/kWh]

Lead-acid batteries H2SO4(4–6 M) 2.0 25–40

Nickel-cadmium batteries KOH(4.7–7 M) 1.2 200–500

Nickel metal hydride batteries KOH(4.5–7 M) 1.2 275–550

Lithium-ion batteries (LiFePO4) Lithium salts dissolved in organic
solvents

3.4 200-500

with a compound annual growth rate of 27.9%. Lithium-ion bat-
teries account for nearly 20% of the rechargeable battery market
due to their high energy density and high power density, and ac-
count for 75% of the portable rechargeable battery market. Re-
cently, Jung et al.[34] reported that the worldwide market for re-
newable energy storage batteries was USD 599 million in 2010
and they predicted it would grow to USD 2.6 billion by 2020.

For new energy vehicles, the batteries used in them currently
need to achieve higher energy and power density and longer cy-
cle life, while their production costs should also be minimized.[36]

However, the cost of lithium-ion batteries in large-scale appli-
cations is still higher than other types of secondary batteries
(Table 1). While organic electrolytes constitute a substantial cost
in producing commercial lithium-ion batteries, it is crucial to
clarify that separators, while not negligible, have a comparatively
less significant cost contribution. The main cost drivers typically
include cathode materials and the manufacturing processes for
large-scale production. In addition, during the assembly process
of the organic lithium-ion battery, vacuum and no moisture en-
vironment is required to isolate the air to prevent the oxidation
of the electrolyte, which also increases the production cost of the
battery.

Today, practitioners are looking for ways to reduce production
costs while maintaining high energy density in batteries. With
the advent of aqueous electrolytes, the production cost of lithium-
ion batteries will be significantly reduced. The advantages are as
follows: (a) LiNO3, LiOH, Li2SO4 and other lithium salts are used
in the aqueous electrolyte to replace the expensive LiPF6 in the or-
ganic electrolyte. (b) The expensive organic separator is replaced
by a separator suitable for the aqueous electrolyte. (c) The assem-
bly process no longer requires high standard vacuum and mois-
ture control.

Aqueous lithium-ion batteries utilize water as electrolyte sol-
vent instead of organic solvents, which has several advantages:

1) Security. Compared with organic solvents, water is a relatively
safe solvent. Water has a high boiling and flash point, and rel-
atively low flammability and explosiveness, reducing the risk
of a battery fire or explosion.

2) Renewability. Water is a renewable and environmentally
friendly resource. Utilizing water as an electrolyte can reduce
the need for non-renewable organic solvents, helping to re-
duce environmental impact.

3) Cost-effectiveness. Water is cheaper and more readily avail-
able than some organic solvents. This reduces the cost of
lithium-ion batteries with water-based electrolytes and facil-
itates large-scale commercial applications.

4) Electrochemical stability. Water-based electrolytes have good
electrochemical stability within a certain range. By optimiz-
ing the electrolyte formulation and adding inhibitors, the elec-
trochemical stability of the water-based electrolyte can be im-
proved and the cycle life of the battery can be improved.

However, water-based electrolyte Li-ion batteries also have
some challenges and limitations. The redox potential of water is
low, which limits the operating voltage of the battery. Dissolved
oxygen and water decomposition reactions exist in water, which
may lead to battery capacity fading and electrolyte degradation.
In addition, aqueous electrolytes can be corrosive to battery ma-
terials and require special battery design and management strate-
gies.

In summary, though, utilizing water as an alternative to or-
ganic solvents has many potential advantages. However, in-depth
research and technical improvements are still needed for practi-
cal applications to overcome the challenges associated with water-
based electrolytes and improve their performance and reliability.

Reducing the production costs of electrolytes, separators, and
battery components for aqueous and non-aqueous Li-ion batter-
ies is key to achieving cost-effectiveness and driving the battery
market. Here are some possible approaches:

(a) Electrolyte. In aqueous lithium batteries, water serves as the
solvent in the electrolyte solution. In order to reduce pro-
duction costs, the purity of water quality and treatment costs
can be optimized, and the stability and conductivity of elec-
trolytes can be ensured. For non-aqueous Li-ion batteries,
reducing the cost of electrolytes can be achieved by opti-
mizing the preparation process, improving the selection of
raw materials and synthesis methods. In addition, finding
cheaper and sustainable electrolyte substitutes is also a re-
search direction.[37,38]

(b) Separator. Separator is a key component to separate posi-
tive and negative electrodes in aqueous and non-aqueous
Li-ion batteries. In order to reduce the cost, it is possible
to find cheaper separator raw materials, such as polymer
materials, and optimize the preparation process to improve
the performance and stability of the separator. In addition,
new separator materials, such as nanofibrous materials, can
be explored to reduce material costs and improve battery
performance.[39,40]

(c) Battery pack. In the production of battery components, cost
reduction methods include optimizing manufacturing pro-
cesses and automating production lines to reduce labor and
energy costs. In addition, finding cheaper and sustainable
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raw materials, such as electrode materials and current col-
lector materials, can also reduce production costs. Standard-
ization and scaling of manufacturing could also help reduce
the cost of battery components.[41,42]

(d) Improvement of equipment and technology. Production ef-
ficiency can be improved and energy consumption can be
reduced by introducing efficient production equipment and
technologies, such as automated assembly lines, fine coating
technology and thin film deposition technology. The applica-
tion of emerging technologies, such as 3D printing and flex-
ible electronics, also has the potential to reduce production
costs.[43,44]

(e) Circular economy and sustainable development. Adopting
the principles of circular economy, such as recycling and
reusing used battery components, reducing material waste
and using sustainable resources, can reduce production costs
and improve resource utilization.[45,46]

It should be noted that reducing production costs often re-
quires a comprehensive approach, including material and pro-
cess improvement, technology and equipment innovation, and
supply chain optimization. At the same time, the balance be-
tween cost and performance needs to be weighed to ensure
the reliability and safety of the final product and meet market
demand.

2.2.2. Safety

The laptop battery recalls in 2006 raised significant consumer
concerns regarding battery safety. Instances of battery explo-
sions in mobile phones and hybrid electric vehicles, primar-
ily attributed to heat dissipation issues, have been reported
worldwide.[47] Although such explosions are relatively rare,
safety issues still limit the large-scale application of lithium-
ion batteries to a certain extent, especially in high-power
applications.

Reddy et al.[48,49] developed a quality standard for the elec-
trolyte. The standard mainly mentions that the electrolyte should
have good conductivity, inertness to active materials, stability at
different temperatures, safety during usage, and cheap produc-
tion costs. Similarly, Aurbach et al.[50] proposed four criteria,
which simply are electrochemical window, operating tempera-
ture range, safety, and Li-ion battery transport performance. The
prominence given to battery safety by both sets of authors is evi-
dent, highlighting its critical importance in battery research and
development.

Conventional lithium-ion batteries pose a risk of explosion
due to short circuits that may occur when the battery under-
goes rupture.[51] When a battery ruptures, air can enter its inte-
rior, causing the battery to explode. The possible causes of bat-
tery safety problems can be summarized in the following four
aspects. (1) Overcharging the battery leads to continuous chem-
ical reactions in the fully delithiated cathode material. The un-
stable structure of the cathode material will generate sufficient
heat, which may result in battery rupture and internal explosion.
(2) Inadequate heat dissipation will cause the battery to overheat
and increase its internal resistance. Overheating will also cause
the volatile organic electrolyte to volatilize, thereby increasing the

internal pressure of the battery. (3) A short circuit will cause the
internal temperature of the battery to rise rapidly, posing a po-
tential danger such as explosion. (4) Improper operation in the
production process, etc. may also cause battery rupture or short
circuit.

Furthermore, batteries have the potential to explode when op-
erated outside the proper temperature range.[52] For example,
when the operating temperature is 90—120 °C, the electrolyte
will decompose, and the solid electrolyte interface (SEI) mem-
brane will not be able to protect the carbon anode from side reac-
tions with the electrolyte, which will generate flammable gases
inside the battery. When the temperature rises to 130 °C, the
separator will melt and the battery will cease functioning, and
the cathode material will decompose and release oxygen. Con-
currently, the electrolyte is constantly decomposing to produce
flammable gases, and when the two gases meet, a violent reac-
tion will occur, resulting in thermal runaway.[53] To address the
problem of thermal runaway, researchers have designed a pro-
tection circuit as a temperature management system for lithium
batteries. The protection circuit can control the battery to work in
a safe voltage and temperature range. However, the addition of
protection circuits requires additional costs, which conflicts with
the original intention of reducing costs.

An alternative approach to addressing the issue of thermal
runaway is by utilizing an aqueous electrolyte. The specific heat
capacity of water is much larger than that of organic solvents,
which allows water to absorb a larger amount of heat. Conse-
quently, the temperature rise in aqueous systems will remain rel-
atively lower compared to organic systems.[54] Moreover, during
battery operation, the contact between the water electrolyte and
the electrodes will also have a good cooling effect, so no addi-
tional heat dissipation system is required for large-scale energy
storage.

2.2.3. Conductivity

The good conductivity of the electrolyte is an important
guarantee for the battery to exhibit high-rate performance
and good reversibility. The conductivity of aqueous elec-
trolyte (10−1 Ω−1 cm−1) is higher than that of other elec-
trolytes (e.g., organic electrolyte[55] 10−3–10−2 Ω−1 cm−1, poly-
mer electrolyte[56,57] 10−7–10−3 Ω−1 cm−1, inorganic solid
electrolyte[58] 10−7–10−2 Ω−1 cm−1). Therefore, the charge-
discharge rate of aqueous batteries can be faster than that of or-
ganic batteries.[59]

To clarify the fast intercalation kinetics of lithium ions in
aqueous electrolytes, the ionic conductivity of LiNO3 solutions
as a function of temperature and concentration was compared
with organic electrolytes (1 M LiPF6-1:1 EC:DMC).[59] The re-
sults showed that the highly concentrated aqueous electrolyte
was 17 times more conductive than the organic electrolyte. In
addition, researchers found that the lithium-ion transfer activa-
tion energy on the surface of the thin film electrode in the water
system is lower than that in the organic system, indicating that
the deintercalation speed of lithium ions in the water system is
faster. This shows that the energy required for the movement of
charges in the water system is lower, and the magnification is
higher.
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2.2.4. Rate Performance

Rate performance refers to the capacity retention rate of a bat-
tery as the current density of charge and discharge increases.
A higher retention rate indicates better rate performance, while
a lower retention rate indicates worse rate performance. When
the system has excellent rate performance, more lithium ions
can be deintercalated at high charge and discharge current den-
sities. Liu et al.[60] studied the rate performance of olivine-
type cathode materials in aqueous and organic systems, re-
spectively, and the results showed that the rate performance
of the aqueous system was better. The discharge capacity of
LiMn0.05Ni0.05Fe0.9PO4/LiTi2(PO4)3 system in the aqueous elec-
trolyte was measured as 90 and 85 mAh g−1 when the cur-
rent density was 1 and 2 mA cm−2, respectively. In compari-
son, the discharge capacity in the organic electrolyte dropped to
90 mAh g−1 and 70 mAh g−1 at the same current densities. This
indicates that lithium ions are more easily transported in aque-
ous electrolytes, even though the aqueous and organic systems
have the same concentration of lithium ions. The different rate
performance of the two systems is due to the differences in the
conductivity of the electrolyte.[61]

Aqueous lithium-ion batteries typically employ a water-based
solution, combining water with lithium salts. Aqueous elec-
trolytes exhibit significantly enhanced conductivity surpass-
ing that of many current non-aqueous electrolytes in lithium-
ion cells.[62] The conductivity of aqueous electrolyte can reach
up to 10−1 Ω−1 cm−1, higher than organic electrolyte (10−3–
10−2 Ω−1 cm−1), polymer electrolyte (10−7–10−3 Ω−1 cm−1), and
inorganic solid electrolyte (10−7–10−2 Ω−1 cm−1). Highly concen-
trated aqueous electrolytes have demonstrated a conductivity that
is 17 times greater than organic electrolytes.

The lower viscosity and higher ionic conductivity of aqueous
electrolytes compared to non-aqueous electrolytes enable more
rapid ion transport,[63] improving the power density and rate ca-
pacity of batteries under certain conditions. However, it is cru-
cial to note that despite these advantages, aqueous electrolytes
still face limitations at high charging and discharging rates due
to the relatively slower diffusion rate and the inherent proper-
ties of water molecules, which can restrict ion transport speed
and impact power density and rate capacity under these specific
conditions.[64]

For non-aqueous lithium-ion batteries, organic solvent-based
electrolytes, such as carbonates, ethers, or ionic liquids, are
used. Compared with aqueous Li-ion batteries, non-aqueous elec-
trolytes perform better at high rates.[65] In addition, the chemi-
cal stability of non-aqueous electrolytes also helps to improve the
safety and cycle life of batteries.[66]

Although non-aqueous electrolytes are relatively superior in
high-rate performance, they also face some challenges, such as
solvent evaporation and battery capacity fading.[7,67] Therefore,
there is a certain trade-off in rate performance between aqueous
lithium-ion batteries and non-aqueous lithium-ion batteries, and
it is necessary to choose the appropriate type according to the
needs of specific applications. In practical applications, the rate
performance of aqueous and non-aqueous lithium-ion batteries
can be further improved by optimizing the electrolyte formula-
tion, improving the electrode material design, and optimizing the
battery system.

3. Research Progress of Cathode Materials for
Aqueous Lithium-Ion Batteries

The cathode material of the aqueous rechargeable lithium-ion
battery must first be able to accommodate the repeated intercala-
tion and deintercalation of lithium ions, so many lithium interca-
lation compounds used in organic systems can be used in aque-
ous systems. It should be noted that the lithium-deintercalation
potential of the cathode material used in the water system needs
to be within the potential range allowed by the electrolyte to en-
sure that the electrolyte does not undergo oxygen or hydrogen
evolution. However, in order to maximize the energy density of
the battery, the potential for deintercalating lithium needs to be
as high as possible.

Therefore, in summary, some materials can be screened
out, such as LiMn2O4,[68–70] MnO2,[71–73] LiCoO2,[44,74,75]

LiNi1/3Co1/3Mn1/3O2,[76,77] LiFePO4,[78,79] Prussian blue[80,81]

and so on. In the early stage, the specific capacity of the material
in the water system is low, and the capacity decays rapidly during
the cycle. The research suggests that the reasons for the low
specific capacity may be: (1) H+ enters the structure of the
material; (2) Li+ and H+ exchange during the cycle; (3) water
penetrates into the structure; (4) the active substance dissolves in
the electrolyte. Researchers have done a lot of modification work
on materials.[82–84] Researchers have addressed these issues by
modifying cathode materials such as coating and doping and
changing the solute concentration of the electrolyte to control
the electrode/electrolyte interface.[85,86]

3.1. Phosphate Based Cathode Material LiFePO4

Due to its large free volume, the olivine structure can provide
a large space for ion transmission, so it is expected to obtain a
cathode material with better performance. LiFePO4 is a typical
olivine-structured cathode material for the lithium-ion battery,
which was first reported by Goodenough in 1997. The LiFePO4
cathode material belongs to the orthorhombic crystal system
(Pnmb space group), and its structure is shown in Figure 2a.
Li atoms, Fe atoms, and O atoms form LiO6 and FeO6 octa-
hedra, respectively, and LiO6 forms a chain structure in the
b-axis direction, so the transport channel of lithium ions has
a one-dimensional linear characteristic. The theoretical capac-
ity of LiFePO4 material is 170 mAh g−1, the actual capacity is
140 mAh g−1, the voltage platform is 3.5 V, and the theoretical
energy density can reach 550 Wh kg−1. However, compared with
other cathode materials, LiFePO4 has a lower lithium-ion diffu-
sion coefficient and relatively lower electrical conductivity due to
intrinsic defects. Therefore, the rate performance and kinetic per-
formance of LiFePO4 at room temperature are not ideal. The vol-
umetric energy density cannot reach the theoretical energy den-
sity due to the low tap density. To this end, people have tried to
improve the electrochemical performance of LiFePO4 by replac-
ing the low-potential Fe3+/Fe2+ redox couple with other transition
metal ions such as Co, Ni, and Mn.[87,88] There are three main
ways to successfully improve the conductivity of materials, which
are: (1) surface coating technology,[89,90] such as coating a layer of
conductive film on the surface of particles to improve the elec-
tronic conductivity of the material, thereby improving the rate
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 23669608, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

td.202300820 by Shenzhen Polytechnic, W
iley O

nline L
ibrary on [28/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-methods.com


www.advancedsciencenews.com www.small-methods.com

Figure 2. a) Crystal structure of LiFePO4. Reproduced with permission.[96] Copyright 2011, The Royal Society of Chemistry. b) crystal structure of LiCoO2.
Reproduced with permission.[97] Copyright 2012, Elsevier Ltd. c) crystal structure of LiMn2O4. Reproduced with permission .[98] Copyright 2011, Elsevier
Ltd. d) crystal structure of Prussian blue. Reproduced with permission.[99] Copyright 2014, The Royal Society of Chemistry.

performance of the material. (2) Regulating the particle size of
the material[91] can shorten the diffusion path of lithium ions in
the solid phase, and can also reduce point defects and improve
the conductivity of lithium ions. (3) Partial replacement of Li sites
or Fe sites with cationic doping[92] or substitution and spherifica-
tion through material morphology, etc..[93] However, the associ-
ated costs are higher.

Manickam et al.[94] first proposed the idea of using LiFePO4
as the cathode of an aqueous battery, using zinc foil, a saturated
calomel electrode, and a saturated LiOH solution as the counter
electrode, reference electrode, and electrolyte, respectively. And
the ex-situ analysis of the LiFePO4 deintercalation process was
carried out, and the discharge rates of the first cycle, the sec-
ond cycle, and the fifth cycle were set to 41% (70 mAh g−1), 30%
(50 mAh g−1), and 20% (40 mAh g−1), respectively. The delithi-
ation of the electrode during electrochemical oxidation to form
FePO4 is similar to that in organic systems, but lithium ions can-
not be intercalated well during the reduction process to form a
mixture of LiFePO4 and Fe3O4. In order to clarify the reason for
this phenomenon, He et al.[95] found that 0.5 M Li2SO4 (pH = 7)
was used as the electrolyte, and found that O2 and OH− in the
electrolyte would react with the material to generate impurities,
which would cause the material performance deterioration dra-
matically. Then they tried to use the method of coating carbon to
isolate the dissolved O2 and OH− in the electrolyte and improve
the electrochemical performance of the material.

In order to overcome the problems in the application of
LiFePO4, researchers focused on three improvement measures.
One is to continuously optimize the synthesis process of LiFePO4
to make the particle size of the target product finer (nano-scale)
and more uniform. By increasing its specific surface area, the
purpose of improving the utilization rate of active materials and
reducing the diffusion distance of lithium ions is achieved. The

second is to dope metal ions into the LiFePO4 lattice to improve
bulk conductivity. The third method involves enhancing the ma-
terial’s surface conductivity by coating with carbon or adding a
conductive agent. Commonly used conductive additives mainly
include carbon-based materials such as graphite, carbon black,
and acetylene black.

3.2. Layered Structure Cathode Material LiCoO2

LiCoO2 was first commercialized as a cathode material for
lithium-ion batteries with a layered structure, and it is by far
the most widely used cathode material.[100] The LiCoO2 cath-
ode material belongs to the 𝛼-NaFeO2 structure (R-3m space
group), and its theoretical discharge specific capacity is as high
as 272 mAh g−1, while the actual discharge specific capacity is
only 140 mAh g−1.[101] Its ionic and electronic conductivity are
relatively high, and it is easy to synthesize, and its charge and
discharge platform is ≈4.0 V. Figure 2b is a schematic diagram
of the structure of the LiCoO2 cathode material. Li+ and Co3+

are respectively located in alternating octahedral positions in the
cubic close-packed oxygen layer, with two-dimensional lithium-
ion insertion and extraction channels. The O atoms are dis-
torted cubic close-packed, and the Co3+ layer and Li+ layer are
located on both sides of the oxygen layer, occupying the octa-
hedral void position.[102] During the charge and discharge pro-
cess, lithium ions can shuttle back and forth between the layers
to perform reversible intercalation and deintercalation reactions.
Because lithium ions reciprocate between the strongly bonded
CoO2 layers, the conductivity of lithium ions in the layered mate-
rial LiCoO2 is high, and the diffusion coefficient is large, ≈10−7–
10−9 cm2 s−1.
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At the same time, the edge-sharing octahedral CoO6 interacts
in the form of Co-O-Co, so the electronic conductivity is also high.
Therefore, LiCoO2, a lithium-ion cathode material with a layered
structure, has high ionic and electronic conductivity.[103,104] As the
most widely used material in organic systems,[105] LiCoO2 was
also used to explore its performance in aqueous systems. In the
work of Wang et al.,[106] they tested the Cyclic Voltammetry(CV)
of LiCoO2 in two systems and found that the materials showed
three pairs of distinct redox peaks in both systems through CV
comparison. In the water system, a saturated calomel electrode
was used as a reference electrode, and a platinum electrode was
used as a counter electrode. The peak voltages of the two main re-
duction peaks of the material were 0.71 and 0.87 V, respectively.
This is consistent with the value of the lithium-deintercalation
voltage in the organic system. And in the CV curve of the aque-
ous system, the delithiation peak of LiCoO2 material can be ob-
served, indicating that the delithiation occurs before the oxygen
evolution reaction.

It can be seen from the above that the electrochemical mech-
anism of materials is similar in aqueous and organic systems.
However, early researchers reported that when the electrolyte is
LiOH solution, the H+ intercalation material will be preferential
to the Li+ intercalation in the LiOH electrolyte, and later it was
found that using LiNO3 or Li2SO4 as the electrolyte can realize
the reversible Li+ in the material. Ruffo et al.[

59] studied the elec-
trochemical performance of the material in 0.1, 1.0, and 5.0 M
LiNO3 solutions, respectively. After testing the CV, it was found
that the reduction reaction occurred around 0.9 V (the standard
hydrogen electrode was used as the reference electrode). And as
the concentration of the electrolyte increases, the potential of the
reduction reaction also increases linearly. It shows that the re-
versible lithium ion deintercalation is more than the hydrogen
ion deintercalation. Tang et al.[106] prepared a nano-LiCoO2 for
use as cathode material for aqueous Li-ion batteries. This mate-
rial has a charge-discharge specific capacity of 143 mAh g−1 at a
high current of 1000 mA g−1. When the current density increases
to 5000 mA g−1 and 10 000 mA g−1, the discharge specific capac-
ity can still maintain 135 and 133 mAh g−1, respectively. The ex-
cellent rate performance of the material can be attributed to the
small particle size of the material itself and the excellent electrical
conductivity of the aqueous electrolyte.

In order to solve the existing problems of LiCoO2, the re-
searchers adopted methods such as surface coating and bulk
phase doping to inhibit the undesirable phase transformation to
a certain extent. It has significant effects in preventing structure
collapse and enhancing the reversibility of material crystal struc-
ture. However, due to the scarcity of cobalt resources, the price
has been rising continuously in recent years, resulting in the ris-
ing cost of lithium-cobalt cathode materials, so it has no advan-
tage in price.

3.3. Other Cathode Materials

So far, a wide range of cathode materials for lithium-ion
batteries have attracted attention in research and applica-
tion. These include MnO2, which has been studied for its
unique properties, along with more conventional materials
such as LiNi1/3Co1/3Mn1/3O2 and Prussian blue analogues,

among others MnO2 has 𝛼-, 𝛽-, 𝛾-, 𝛿-, 𝜖-, 𝜆- and other crystal
forms.[107,108] These crystalline forms of MnO2 have been used
in supercapacitors.[109,110] Among these crystal forms, the 𝛾-, 𝛿-
, and 𝜆-types have the ability to accommodate lithium ion in-
tercalation, so they are tried to be used in aqueous lithium-ion
batteries. Deutsher et al.[111] explored the electrochemical perfor-
mance of 𝜆-MnO2, using LiCl as the electrolyte, the discharge
capacity of the material in the first cycle is 160 mAh g−1, and
the lithium-ion can be repeatedly deintercalated in subsequent
cycles, but the material’s capacity fades quickly, and after 60 cy-
cles, only 50 mAh g−1 is left in the discharge specific capacity.
Yuan et al.[112] investigated the electrochemical performance of 𝛾-
MnO2. 𝛾-MnO2 can achieve reversible lithium deintercalation in
LiOH solution. After assembling the material with the activated
carbon anode into a full battery, the discharge specific capacity in
the first cycle is 35 mAh g−1, and it maintains 78% after 1500 cy-
cles. Qu et al.[113] found that 𝛿-MnO2 also behaved like 𝛾-MnO2.
The CV test found that the material had obvious redox peaks, but
did not provide a specific charge-discharge capacity.[114]

LiMn2O4 is the earliest material used as the cathode of AL-
IBs, with a theoretical specific capacity of 148 mAh g−1. It is
a spinel-structured hexagonal crystal (space group Fd3m) with
three-dimensional lithium-ion channels, as shown in Figure 2c.
The 32e tetrahedral site is O2−, the Mn3+/4+ occupies the 16d
octahedral site, and the Li+ occupies the 8a tetrahedral site. Dur-
ing the charge and discharge process, Li+ is reversibly extracted
and inserted from the LiMn2O4 lattice. Tian et al.[115] prepared
nanoscale spinel LiMn2O4 by solid phase grinding at room tem-
perature, and tested its electrochemical behavior in LiNO3 so-
lutions with different concentrations. The results showed that
with the increase of LiNO3 concentration, the reaction potential
shifted obviously. And the current intensity of the two pairs of re-
dox peaks is the largest in 5 M LiNO3 solution, indicating better
reversibility of the electrode reaction.

The use of LiMn2O4 as the cathode material for aqueous
lithium-ion batteries has some significant advantages. First, it
has good stability, and the manganese element is non-toxic and
basically has no pollution to the environment.[61,116] The second
is low cost. The price of manganese is lower than that of nickel.
The use of lithium manganese cathode material can greatly re-
duce the cost of batteries. The third is high specific capacity. The
theoretical value of the specific capacity of lithium-manganese
materials can reach 148 mAh g−1, while the actual value is as
high as 160–190mAh g−1. Fourth, the lithium-manganese cath-
ode material is a spinel-type material with a three-dimensional
tunnel structure.[61] This structure is very beneficial to the inter-
calation and extraction of Li+, which is better than the cathode
material with layered structure.

However, the main problems in the application of LiMn2O4
as the cathode material of lithium-ion batteries are: ①The
electrode material will undergo disproportionation reaction in
the electrolyte, and then be gradually dissolved. ② Jahn-Teller
distortion will occur during the deep discharge process, result-
ing in a change in the volume of the spinel lattice, resulting
in the loss of electrode components. ③ When charging at
high voltage, the electrolyte may become unstable. The exis-
tence of the above-mentioned problems makes the capacity of
lithium-manganese materials gradually decay during use. To
overcome the occurrence of the above-mentioned phenomena,
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modification treatment must be carried out. At present, the
commonly used modification treatment methods are mainly
doping and surface treatment, and the doped metals mainly
include lithium, germanium, titanium, lead, iron, cobalt, nickel
and so on.[117]

The ternary material LiNi1/3Co1/3Mn1/3O2 is a promising sub-
stitute material for LiCoO2 in non-aqueous systems, so it is also
used by researchers to study its properties in aqueous systems.
Wang et al.[118] explored the effect of different pH values of the
electrolyte on the material properties, and the results showed that
the pH value of the electrolyte would affect the stability of the ma-
terial. When pH = 13, the peak potential of the CV curve of the
material remains unchanged, indicating that the stability of the
material is the best when pH = 13. However, when pH = 13,
the oxygen evolution reaction in the electrolyte will cover the re-
duction peak of the material, so the material cannot completely
deintercalate lithium when pH = 13. And under the condition of
low pH value, the H+ in the electrolyte will intercalate into the
material and cause side reactions.

Prussian blue has the original hexacyanometallic framework
structure, and its chemical formula can be written as AxPR(CN)6.
Among them, nitrogen-coordinated transition metal cations (P)
and hexacyanometallic complexes (R(CN)6) form a face-centered
cubic structure with large interstitial A sites, as shown in
Figure 2d. Wessells et al.[119] were the first to propose Prussian
blue as the cathode material for aqueous batteries. They used the
co-precipitation method to prepare two electrode materials: cop-
per hexacyanoferrate (CuHCF) and nickel hexacyanoferrate (Ni-
HCF). The two materials can perform intercalation and deinter-
calation of various ions, such as Li+, Na+, K+, NH4+. The electro-
chemical performance of the material was tested in LiNO3 solu-
tion at pH = 2. The results show that the discharge capacity of the
material at a rate of 41.7C can maintain 60% of that at a rate of
0.83C, but the cycle performance of the material is poor because
the Prussian blue active material will dissolve in the electrolyte
during the cycle. In the next section, this paper will elaborate on
the development history, research progress, application system
and existing problems of LiCoO2.

4. Attenuation Mechanism of Lithium Cobalt
Oxide Cathode Material

4.1. Phase Transition Mechanism and Decay Mechanism of O3
Phase LiCoO2

The space group of layered LiCoO2 is R-3m. Li+ and Co3+ lay-
ers are arranged alternately in the octahedral position formed by
the cubic close-packed O2−. LiO6 and CoO6 octahedra stack with
each other, sharing edges. The arrangement order of the O layer
is ABCABC, so it belongs to the O3 phase.[120] Due to the large dif-
ference in charge and ion size between Li+ and Co3+, Co interacts
more strongly with O. Li+ can conduct 2D diffusion in the inter-
layer of CoO2, and its diffusion coefficient is 10−11–10−12 m2 s−1

.[121] The Li+ diffusion path obtained by DFT simulation is that
Li+ escapes from the octahedral position, first passes through a
transition position of an adjacent tetrahedron, and then reaches
the adjacent octahedral position. This diffusion mode has the
lowest energy barrier.[122] When LiCoO2 undergoes electrochem-
ical deintercalation of Li+, the phase transition mechanism is

that when charging starts, LiCoO2 undergoes an insulator/metal
phase transition (the original LiCoO2 shows insulator properties
due to the presence of only low-spin state Co3+:3d6(t2g

6eg
0); after

being charged and oxidized, Co3+/4+:t2g
6-x with holes is obtained

and has metallic properties).[123,124] Upon charging ≈4.2 V, the
hexagonal O3 phase transforms into a Li+ ordered monoclinic
(space group C2/m) phase transition.[125,126] Continuing to re-
move Li+ beyond 0.5 will continue to return to the O3 phase.
When the voltage reaches 4.5 V, the O3 phase transforms into
the H1-3 phase (R3̄m space group, six CoO2 layers as a unit cell).
Complete de-Li+ will give O1 phase (a single CoO2 layer is a unit
cell).[127–129]

The O3 phase LiCoO2 is not only superior to the aforemen-
tioned spinel oxide cathode and lithium iron phosphate cath-
ode in terms of Li+ diffusion, but also has a very high volumet-
ric energy density with a theoretical capacity of 274 mAh g−1.
For example, when charged to 4.4 V, it has a specific capacity of
170 mAh g−1 and a volumetric energy density of 2820.3 Wh L−1,
which is comparable to the current high-nickel ternary mate-
rial 811. Therefore, the researchers’ research on high-pressure
LiCoO2 is very numerous. With various theoretical studies, coat-
ing and doping modification, the voltage of LiCoO2 has gradually
increased. However, there is no clear time node for its research
progress. According to the actual product launch time of high-
voltage lithium cobalt oxide, it has mainly gone through three
generations of products:

1) 1991, ≈140 mAh g−1, Li1-xCoO2, x≈0.5, ≈4.25 V versus Li/Li+.
It was initially found that the cycle performance of LiCoO2 de-
creased when the voltage was higher than 4.25 V. At the same
time, it was found that at 4.2 V, that is, when 0.5 Li was re-
moved, there would be a transition from the hexagonal phase
to the monoclinic phase. The researchers linked the perfor-
mance decay to this phase transition and studied it carefully.
The reason for the performance decay at this stage is summa-
rized as that the hexagonal/monoclinic phase transition is not
fully reversible and will cause a huge volume change. And the
surface and interface side reactions are serious, such as the
dissolution of Co.[130,131]

2) 2013, ≈155 mAh g−1, Li1-xCoO2, x≈0.57, ∼4.35 V versus
Li/Li+. After more than ten years of research, it is found that
the hexagonal/monoclinic phase transition at 4.2 V is not
the main factor affecting the performance.[132–134] People have
gradually increased the voltage of LiCoO2 by means of doping
and coating.[135,136]

3) 2014, ≈170 mAh g−1, Li1-xCoO2, x≈0.64, ≈4.4 V versus Li/Li+.
With the deepening of understanding and unremitting explo-
ration of LiCoO2, it is found that under high voltage (below
4.5 V), surface side reactions, Co dissolution and other issues
are the main reasons that affect the performance of LiCoO2
materials. Therefore, more efficient modification methods for
LiCoO2 have been developed.[137–139]

The order-disorder phase transition occurring in the 4.2 V
region impairs the diffusion of Li+ ions. Additionally, lattice
expansion along the c-axis and slippage along the ab direc-
tion result in mechanical strain on the particles. In fact, the
phase transition is highly reversible, and the size fluctuation
of LiCoO2 here is only 0.2–0.3%, with limited impact on the
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Figure 3. a) Schematic diagram of the structural transition from P2 to O2 observed in the ion exchange process from the [110] direction, black dots
represent oxygen ions. Reproduced with permission .[152] Copyright 2001, Elsevier Ltd. b) Schematic diagram of the crystal structure of LiCoO2 in O2
and O3 phases; c) Observing the structure of O2 and T#2 from the [001] direction, the black solid circles represent the O atoms above the Li layer.
Reproduced with permission .[153] Copyright 2004, American Chemical Society. d) Crystal structure of LiCoO2 in spinel phase; e) LiCoO2 in O3 phase; f)
The relative energy scale of LiCoO2 with two different structures. Reproduced with permission .[154] Copyright 2018, American Chemical Society.

performance.[140] When charged to 4.5 V and above, the capacity
fading mechanism of LiCoO2 in organic electrolyte is more
complicated, which is not only related to the crystal structure
and electronic structure of the material itself, but also to the
type of electrolyte and the properties of the interface.[141] The
O3-H1-3-O1 phase transition started at 4.5 V, the slip phase
transition reversibility of the CoO2 lamella was reduced, and the
particles underwent a c-axis shrinkage greater than 3%. Since
the energy band of Co3+/4+:3d overlaps with the top of the energy
band of O2−:2p, when LiCoO2 is charged to a higher potential,
O2− will provide charge compensation and oxidation reaction
will occur. O2 will be released from the lattice, causing damage
to the material.[142] In addition, some researchers have found
that when charged to a higher potential, the interface of LiCoO2
is unstable, and a spinel phase with low electrochemical activity
will be formed.[143,144] In addition, some researchers believe that
some solvents in the organic electrolyte will react with the sur-
face of LiCoO2, causing the LiCoO2 interface to change or even
dissolve.[145,146] Nowadays, the technical difficulties faced by peo-
ple to further increase the voltage of O3 phase LiCoO2 are more
severe. Fortunately, there are also recent studies on high-voltage
LiCoO2 (≈200 mAh g−1, Li1-x CoO2, x≈0.67, 4.5–4.6 V vs Li/Li+)
at 4.5 V and above.[147–151] This is due to the deepening of the
understanding of materials, and the researchers’ design of doped
element types and surface modification is more directional.

4.2. Structure and Phase Transition Mechanism of O2 Phase
LiCoO2

Delmas et al. performed ion exchange on Na0.7CoO1.96 of P2
phase (heating in LiCl methanol solution at low temperature) to

obtain Li0.93CoO1.96 of O2 phase.[104] Due to the strong oxidation
of Co4+ in lithium layered oxides, the P2 phase Na0.7CoO1.96 is
driven to undergo ion exchange and reduction reactions in solu-
tion. Finally, the O2 phase Li0.93CoO1.96 with a lower Co valence
state is obtained. Based on X-ray diffraction (XRD) analysis, it is
preliminarily inferred that Li+ ions occupy octahedral sites, char-
acterized by specific unit cell parameters (a = 2.806±0.004 Å, c
= 9.52±0.01 Å) and belonging to the space group (P3m1), in-
dicating a distinct crystallographic arrangement that influences
the electrochemical properties. This ion exchange reaction can
only be carried out at low temperature, and if the temperature
is higher or the O2 phase LiCoO2 is heated, the O2 phase will
transform into the O3 phase. Therefore, the researchers believe
that the O2 phase LiCoO2 is a thermodynamic metastable state.
The researchers also found that the P2 or O2 structure did not
transform to the spinel LiCoO2 structure even when ion exchange
was performed at relatively high temperatures. Carlier et al. used
magnetic tests, 7Li MAS NMR and neutron diffraction to prove
that stoichiometric O2 phase LiCoO2 was obtained. It was found
that Li+ and Co3+ in the coplanar CoO6 and LiO6 octahedra
are offset from their octahedral centers due to electrostatic re-
pulsion. The specific atomic positions, unit cell parameters (a
= 2.80247(4) Å, c = 9.5358(3) Å) and space groups (P63mc) of
O2 phase LiCoO2 were obtained. The mechanism of this ion ex-
change reaction was elaborated in detail, as shown in Figure 3a.152

During the transition from P2 to O2, one of the two CoO2 lamel-
lae slipped (2/3, 1/3, 0). Na+ breaks out from the original tri-
angular prism sites, and the newly formed octahedral sites are
occupied by Li+. Along the [001] direction, the stacking pattern
of the O layer changes from ABBAAB of P2 to ABCBAB of O2.
Figure 3b shows the difference in the structure of LiCoO2 in O2
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and O3 phases. In the O3 phase LiCoO2, the LiO6 octahedron and
the CoO6 octahedron share the upper and lower sides, and three
layers of CoO2 are required to form a unit cell. In the O2 phase
LiCoO2, one side of the LiO6 octahedron is co-edge with CoO6,
and the other side is co-planar with the CoO6 octahedron. Two
layers of CoO2 are required to form a unit cell.

Mendiboure et al. first studied the structural changes of O2
phase LiCoO2 during electrochemical delithiation and chem-
ical delithiation.[155] Dahn et al. used in situ XRD to study
the structural change of O2-phase LiCoO2 electrochemically
delithiated.[156] They all found that a new phase appeared when
the lithium content was 0.5-0.7, and returned to the O2 phase
at higher potentials. Carlier, Horn, Delmas, Ceder, etc. system-
atically studied the phase transition of O2 phase LiCoO2 dur-
ing delithiation, and found that T#2 phase appeared when the
lithium content was 0.52-0.72. At higher potentials the O6 phase
appears, continues charging and returns to the O2 phase.[157,158]

As shown in Figure 3c, during the transition from O2 phase to
T#2 phase, one of the two CoO2 lamellas slipped (1/3, 1/6, 0).
Since the position of O in this phase does not occupy the classi-
cal A, B, or C position, the # symbol is added to distinguish the
T2 phase.[153]

The T#2 phase belongs to the orthorhombic crystal system and
the Cmca space group. At this time, three twisted tetrahedral sites
are generated for Li+ to occupy, as shown in Figure 3c, they are
8e site, 8fedge site, and 8fface site. Through neutron diffraction,
theoretical calculation, electron diffraction and other means, the
researchers concluded that in the T#2 phase, Li+ mainly occu-
pies the lower-energy 8e tetrahedral position. While the 8f sites
are less stable compared to the 8e sites, they nonetheless accom-
modate a minor proportion of Li+ ions. The researchers predict
that there are some stable ordered phases during charge and dis-
charge, such as the Li+ ordered structure T#2′ phase at a Li con-
tent of 0.5. The researchers proved by spin polarization calcu-
lations that the ordered structure O6 phase produced when Li
content is ≈0.3 may not be due to the reduction of Li content
or the different distribution of Co3+/Co4+ in the two CoO2 slabs.
From the calculated formation energy, the formation energy of
O6 phase is the lowest when the Li content is 0.3.

The discovery and research of O2 phase LiCoO2 provides new
possibilities for high-performance layered oxide cathode materi-
als. For example, the O2-phase Li2/3Ni1/3Mn2/3O2 layered mate-
rial discovered by Paulsen and Dahn et al. can provide a reversible
specific capacity close to 200 mAh g−1 in Li-ion batteries.[159]

At the same time, they also confirmed that although O2-phase
LiCoO2 is metastable compared to O3-phase LiCoO2, the trans-
formation from O2 to O3 will occur at high temperature, but
the electrochemical performance of O2-phase LiCoO2 is compa-
rable to that of O3-phase LiCoO2.[156] In the O2-phase lithium-
rich material with a single-layer Li2MnO3 superstructure synthe-
sized by Xia et al. by ion exchange, it can provide a specific ca-
pacity of ≈400 mAh g−1. And the electrochemical reversibility
of the material has been greatly improved compared with the
Li-rich materials in the O3 phase.[160] So far, there are relatively
few reports on O2 phase layered materials. Although researchers
have conducted more detailed studies on materials in terms of
crystal structure, theoretical calculations, and phase transition
mechanisms, there are still many speculative conclusions and
unsolved scientific problems. Therefore, O2 phase layered ma-

terials still have many important properties, waiting to be discov-
ered by many researchers.

4.3. Structure and Phase Transition Mechanism of Spinel Phase
LiCoO2

Low-temperature LT-LiCoO2 synthesized at 400°C was first re-
ported by Gummow et al..[161] According to XRD analysis, the LT-
LiCoO2 has a similar structure to the layered O3 phase LiCoO2.
However, the lattice constant of LT-LiCoO2 is c/a = 4.9, compared
with the layered O3 phase LiCoO2 (c/a = 4.99), the O atoms in its
lattice have ideal cubic close packing. Through neutron diffrac-
tion refinement, it is believed that there is a mixed phenomenon
of Li and Co in LT-LiCoO2, that is, 6% of Co occupies the 3a posi-
tion of Li, while the excess Li occupies the 3b position of Co. Such
a structure not only makes the unit cell parameter c/a = 4.9, but
also the value of c/a is maintained with the Li+ intercalation and
deintercalation during the charge and discharge process, so the
Co occupying the octahedral position of the Li layer plays a role
in stabilizing the structure. Rossen et al.[162] assigned LT-LiCoO2
to the Fd-3m space group of the spinel structure. In the lattice,
O occupies the 32e site, Li and Co occupy the 16c and 16d octa-
hedral sites, respectively, with slight shuffling. It has been found
that it is difficult to synthesize pure phase LiCoO2 in the spinel
phase. Therefore, the mixing of Co and Li is relatively small.
Electrochemical tests found that the main voltage plateau of LT-
LiCoO2 was 3.3–3.9 V, with obvious voltage hysteresis, which was
also significantly lower than the 3.8–4.3 V of O3-phase LiCoO2.
The difference in electrochemical behavior is due to the spinel
structure of LT-LiCoO2. The structure of materials under differ-
ent sintering conditions was studied by Yang Shao-Horn et al. It
is believed that the spinel LiCoO2 is synthesized at 400 °C as the
main phase, and when the sintering time or temperature is pro-
longed, the spinel phase will transform into a layered O3 phase
LiCoO2. Therefore, the structure of LT-LiCoO2 is between the
ideal layered structure (Li)3a[Co]3bO2 and the ideal spinel struc-
ture (Li2)16c[Co2]16dO4. Among them, 75% Co and 25% Li alter-
nately stacked with 25% Co and 75% Li cation layers. The pres-
ence of Co at the 16c octahedral sites may affect the diffusion
of Li+ at the interstitial sites in the [Co2]O4 spinel framework.
Hence lower voltage and higher voltage hysteresis. Kim et al.
used first-principles calculations to analyze the phase transition
mechanism of spinel phase LiCoO2 during the electrochemical
deintercalation of Li+ .[154] As shown in Figure 3d–f, they first cal-
culated that the energy of the layered O3 phase LiCoO2 and the
spinel phase LiCoO2 are close. However, the O3 phase LiCoO2 is
a ground state structure at all temperatures, so the spinel phase
LiCoO2 can easily transform to the O3 phase LiCoO2. Due to the
slow kinetics, the spinel phase LiCoO2 can exist stably at lower
temperatures. Through the ex-situ XRD test and the migration
energy barrier calculation of Li+, it is believed that Li+ is released
from the tetrahedral position of LiCoO2 in the spinel phase, and
preferentially enters the vacant octahedral position when embed-
ded, as shown in Figure 4a. The voltage hysteresis occurs due
to the difference in the migration energy barrier of Li+ diffusion
during charging and discharging, as shown in Figure 4b. This
theoretical calculation result can help researchers understand the
complex electrochemical process of spinite LiCoO2. Since the O3
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Figure 4. Schematic diagram of the structure and phase transition mechanism of lithium-rich cathode materials from layered phase transition to spinel
phase a) and during electrochemical cycling b).[163] Copyright 2019, Elsevier Ltd.

phase LiCoO2 with layered structure changes from layered to
spinel at the interface or even in the bulk phase during the elec-
trochemical cycle, the discovery and research of the spinel phase
LiCoO2 is very important.[163]

In summary, the unstable surface chemistry is the main rea-
son for the capacity fading when the charge cut-off voltage ex-
ceeds 4.2 V but not higher than 4.5 V. The poor structural stability
is the main reason for the rapid capacity decay when the charge
cut-off voltage exceeds 4.5 V. But it must be pointed out that when
the charging cut-off voltage exceeds 4.2 V, oxygen loss,[20] cobalt
dissolution,[164] side reactions of electrolyte[165] and irreversible
phase transition[166] of the surface are also factors that cannot be
ignored. In order to solve the above problems, researchers have
proposed a variety of solutions, such as element doping,[140] sur-
face coating,[125] co-modification of doping and coating,[167] etc., to
prolong the cycle life of LiCoO2 under high cut-off voltage. Typi-
cal doping elements include Mg, Al, Ti, Ni, Zr, Mn, and Sb, etc. In

addition to single-element doping, it also includes dual-element
and multi-element co-doping.[168,169]

5. Application of LiCoO2 in Cathode of Aqueous
Lithium-Ion Battery

The potential of O3 phase LiCoO2 to deintercalate Li+ is above
3.7 V (vs Li/Li+), which can exist stably in aqueous electrolyte.
Considering the electrochemical window of aqueous electrolytes,
the voltage range for practical applications in aqueous electrolytes
(such as 1 M Li2SO4 pH≈7 solution) is 0–1.1 V (vs SCE). A ref-
erence electrode is an electrode used to establish a reference
base for electrochemical measurements. In electrochemical ex-
periments, commonly used reference electrodes are standard hy-
drogen electrode (SHE) and saturated calomel electrode (SCE).
The difference between the potential of these electrodes and the
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Figure 5. a) Synthetic pathway and specific capacity of hexagonal LiCoO2. Reproduced with permission .[170] Copyright Springer-Verlag GmbH Germany
2017 b) synthesis strategy and specific capacity of LCO@CNTF. Reproduced with permission .[172] Copyright 2020, American Chemical Society.

potential of the reference electrode can be expressed by the fol-
lowing formula:

ESHE = ESCE + E 0
SCE (3)

ESHE = ELi∕Li+ + ELi∕Li+0 (4)

In the formula, ESHE is the measured value converted to the
potential compared to the standard hydrogen electrode. ESCE is
the actual potential measured using the SCE reference electrode.
ESCE0 is the standard electrode potential of the SCE compared to
the standard hydrogen electrode.

This formula describes how the electromotive force of a battery
is determined by the potential difference between the reference
electrode and the other electrodes. The potential of the reference
electrode is measured and determined by an international stan-
dard, so it can be used as a reference base to measure the potential
of other electrodes.

ELi/Li+ is the electrode potential relative to Li/Li+. ELi/Li+0 is the
standard electrode potential of Li/Li+ relative to the standard hy-
drogen electrode. It is known that ESCE0 = 0.2415 V and ELi/Li+0 =
−3.045 V, then:

ELi∕Li+ = ESCE + 3.2865 V (5)

Equation (5) can convert the ESCE measured in the aqueous
three-electrode system into ELi/Li+. Therefore, for 0–1.1 V (vs SCE)
in practical applications, this voltage range can be obtained rela-
tive to the voltage range of 3.2865–4.3865 V (vs Li/Li+) in organic
systems with Li metal as the anode. Theoretically, LiCoO2 can ex-
ert a capacity close to 150 mAh g−1 in an aqueous lithium-ion
battery, which is already a very impressive capacity.

Aziz et al.[170] synthesized LiCoO2 samples at different stir-
ring times. The hexagonal LiCoO2 stirred for 30 h produced the
highest peak intensity and the smallest particle size. Studies have
shown that its particle size is 0.32–0.47 μm, and LiCoO2 shows
a high initial specific capacity of 115.49 mAh g−1 (as shown in
Figure 5a). Liu et al.[171] used metal cadmium as the anode and
nanometer LiCoO2 as the cathode, and formed a battery in 0.5 M
Li2SO4 and 10 mM Cd(Ac)2 neutral aqueous solution. Studies
have shown that the battery has an energy density of 72 Wh kg−1,
its electrochemical performance is comparable to that of nickel-
cadmium batteries, and its environmental performance is better.
With the increasing demand for power supply of portable elec-
tronic devices, flexible and wearable energy storage devices with
low cost and high safety are urgently needed. Man et al.[172] syn-
thesized a binder-free LiCoO2 polygonal sheet-like cathode ma-
terial (LCO@CNTF) and a football-shaped NaTi2(PO4)3 anode
material (NTP@CNTF) on carbon nanotube fibers, respectively,
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as shown in Figure 5b. A quasi-solid fibrous flexible aqueous
rechargeable lithium-ion battery (FARLIB) was assembled in a
saturated Li2SO4 solution. The study shows that the LCO@CNTF
electrode has excellent capacity and extraordinary rate perfor-
mance in saturated Li2SO4 solution. At the same time, due to the
synergistic effect of LCO@CNTF and NTP@CNTF, the capacity
of FARLIB is 45.24 mAh cm−3, and the energy density is 67.86
mWh cm−3, which is better than most reported FARLIB. The bat-
tery also has good flexibility and can retain 94.74% capacity after
bending 3000 times, which provides new prospects for the design
of wearable energy storage devices.

Although LiCoO2 can exhibit high specific capacity in aque-
ous lithium-ion batteries, the reported use of LiCoO2 as the cath-
ode material of aqueous lithium-ion batteries (with electrolyte pH
≈ 7) has been limited by its poor cycling stability and potential
safety concerns due to the instability of cobalt-based materials
in aqueous environments. Usually only the cycle performance of
charging and discharging at high rates is shown, and the num-
ber of cycles is small[25,106,173] Some reports have shown that the
attenuation of LiCoO2 in neutral electrolytes with pH ≈ 7 is very
serious in charge-discharge cycles.[174] Much work has been done
to improve the cycle stability of aqueous Li-ion batteries.[175–177]

Among them, the pH value of the neutral electrolyte is increased,
and it is found that the increase of the pH value can significantly
improve the cycle stability of layered materials such as LiCoO2,
LiCo1/3Ni1/3Mn1/3O2, etc. It is found that LiCo1/3Ni1/3Mn1/3O2 is
stable in neutral solution during charging. However, H+ will par-
ticipate in the intercalation reaction near 0.3 V (vs SCE) during
discharge, and it is difficult for the protons embedded in the ma-
terial to come out reversibly. And it will hinder the diffusion of Li+

in the material, resulting in increased electrode polarization.[178]

By increasing the pH value, the intercalation potential of the pro-
ton can be shifted in the negative direction. This shift enhances
the electrochemical stability of LiCo1/3Ni1/3Mn1/3O2 when used
in aqueous electrolytes.

Although the H+ in the neutral aqueous electrolyte would
cause attenuation of the layered material due to intercalation, the
1 M Li2SO4 aqueous electrolyte at low pH would lead to a more
severe attenuation of LiCoO2. In a neutral solution with pH ≈

7, [H+] ≈ 10−7 M, the research object is a button battery. If it is
considered that the mass of LiCoO2 in the cathode is 10 mg, and
the content of the electrolyte is 0.1 mL (slightly excessive), then
in this battery, [LiCoO2] = 1.02×10−4 mol, [H+] = 1×10−11 mol.
Therefore, trace protons only cause partial attenuation of LiCoO2.
And during the cycle, H+ may also be consumed by hydrogen
evolution reaction.

As we all know, there are a lot of proton-containing substances
in the air, which will be adsorbed on the surface of the mate-
rial, and excessive heat treatment of the material will also lead
to the loss of protons. Therefore, trace protons embedded in ma-
terials are very difficult to characterize.[179,180] At the same time,
the high stability of spinel-structured cathode materials in neu-
tral aqueous electrolytes does not seem to be affected by trace pro-
tons. Wang et al.[181] reported the use of film-forming additives to
improve the cycling stability of LiCoO2 in aqueous batteries, as
shown in Figure 6a. They found that surface Co dissolution and
surface remodeling of LiCoO2 occurred at high potentials. How-
ever, this phenomenon is also common in organic electrolytes,
and they use water-in-salt electrolytes, which are quite different

from traditional 1 M Li2SO4 low-concentration electrolytes. G.
Charles Dismukes et al.[182] found that LiCoO2 undergoes sur-
face reconstruction in both alkaline and neutral electrolytes, as
shown in Figure 6b. It can be seen that the trace H+ interca-
lation in the neutral electrolyte is only part of the reason for
the attenuation of LiCoO2 cathode materials in aqueous lithium-
ion batteries. On the other hand, it is still necessary to further
study the properties of the electrode-electrolyte interface, such
as the bonding of H+ on the surface of LiCoO2, the dissociation
of adsorbed H2O, the migration and dissolution of Co elements,
and the irreversible phase transition mechanism of the surface
interface, etc.

Ruffo et al.[25] studied the electrochemical performance of
LiCoO2 at different LiNO3 concentrations. The results showed
that the rated voltage increased with increasing electrolyte con-
centration, which indicated that Li+ was reversibly intercalated
and deintercalated, not H+. In the voltage window of 0.55-1.15 V
(vs SHE), LiCoO2 has little polarization effect and can be stably
maintained for more than 90 cycles. In the voltage window of
0.55–1.2 V (vs SHE), the specific capacity reaches approximately
115 mAh g−1 (Figure 7a). In addition, the Coulombic efficiency
of LiCoO2 obviously decreases with the increase of junction-stop
voltage. Tang et al.[106] used a solution-gel method to synthe-
size nano-LiCoO2. Nano-LiCoO2 can discharge 143 mAh g−1 at
a current density of 1000 mA g−1. The discharge specific capac-
ities are 135 and 133 mAh g−1 at current densities of 5000 and
10 000 mA g−1, respectively. This excellent rate performance and
cycling stability are attributed to the nanoscale of the material and
the fast diffusion of ions in the aqueous electrolyte (Figure 7b).

Poor overcharge resistance is another challenge for lithium
cobalt oxide materials as cathodes for aqueous lithium-ion bat-
teries. When layered LiCoO2 is charged to 4.2 V versus Li/Li+,
half of the Li+ is released from the interlayer, and the continued
removal of Li+ will lead to a change in the spatial law between
Li+ and Li+ vacancies, and the repulsion between the cobalt lay-
ers increases, and the crystal along the c-axis direction expands,
LiCoO2 transforms from the hexagonal phase to the monoclinic
phase, and the layered structure is unstable. Therefore, in prac-
tical applications, the actual capacity of LiCoO2 is often only half
of the theoretical capacity.

In response to this problem, surface coating with metal ox-
ides to suppress the generation of oxygen vacancies in the sur-
face layer, and a well-designed surface structure to suppress the
phase transition process from the initial stage are effective meth-
ods to solve the problem of voltage decay. The reason for the im-
proved electrochemical performance can be attributed to the fact
that the surface coating reduces the contact between the electrode
and the electrolyte and reduces the occurrence of side reactions.
The expanded layer space caused by lattice expansion after coat-
ing broadens the transport channel of lithium ions. It is beneficial
to the intercalation/deintercalation of lithium ions during charge
and discharge.

Optimizing design and improving manufacturing process ef-
ficiency can accelerate the discovery of LiCoO2 cathodes and help
gain a deeper understanding of material properties and mecha-
nisms. Through the application of machine learning, the devel-
opment and improvement of LiCoO2 cathodes materials can be
accelerated to promote the development of lithium-ion battery
technology.
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Figure 6. a) Co dissolution, surface remodeling and cycle stability of LiCoO2 surface at high potential. Reproduced with permission .[181] Copyright 2016,
The Royal Society of Chemistry. b) surface remodeling and cycle stability of LiCoO2 in alkaline and neutral electrolytes. Reproduced with permission .[182]

Copyright 2016, The Royal Society of Chemistry.

6. Application of Machine Learning Method in
LiCoO2 Cathode

6.1. Development of Machine Learning Models

The basic workflow of machine learning includes data input,
model learning and final output. The data input stage includes
data collection and preprocessing, while the model learning stage
is to identify and analyze the data or explore the implicit rela-
tionship between the data through a certain algorithm. The fi-
nal output stage is to use the optimized model to predict or an-
alyze unknown data. Machine learning can be divided into three
categories: supervised learning, unsupervised learning, and re-
inforcement learning. Supervised learning learns from labeled
inputs and outputs, unsupervised learning finds patterns in un-
labeled data, and reinforcement learning uses rewards and pun-
ishments to improve a program’s decision-making.

In machine learning, choosing the right algorithm is very im-
portant. Common machine learning algorithms include Naive
Bayes,[183] K-Nearest Neighbor,[184] Support Vector Machine,[185]

Decision Tree,[186] Random Forest,[187] Maximum Expectation
Algorithm,[188] Artificial Neural Network[189] and Deep Learning,
etc. Each algorithm has its characteristics and scope of applica-
tion, and choosing an appropriate algorithm can improve the ac-
curacy of the machine learning model.

In short, machine learning is a discipline that studies how
to make machines think and learn like humans.[190] It enables

computers to learn autonomously and make intelligent decisions
through a large amount of data and algorithmic rules, and is
widely used in tasks such as classification, regression, clustering,
and dimensionality reduction. Choosing the right algorithm and
optimizing the model can improve the effectiveness and accuracy
of machine learning.

6.2. Enhancing Aqueous Lithium-Ion Batteries through Machine
Learning-Aided Optimization of Cathode Material LiCoO2

In recent years, materials science research has developed
rapidly, generating a large amount of data information.[191,192]

Machine learning algorithms can mine effective information
from these data, especially for large-scale, high-dimensional
data sets generated by computing, which can identify feature
patterns and extract hidden rules and correlations. Machine
learning techniques are mainly used in four aspects in materials
science research: guiding the synthesis and development of
new materials, fitting spatial energy and force fields, optimizing
theoretical potential functions of materials, and combining
with high-throughput computing.[193,194] Among them, machine
learning technology can replace traditional experimental meth-
ods in the synthesis and development of new materials and
improve work efficiency.[195,196] For example, in the research on
the synthesis of halides, machine learning technology can solve
tedious chemical synthesis problems and improve the accuracy
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Figure 7. a) CV and charge-discharge performance of LiCoO2 at different LiNO3 concentrations. Reproduced with permission .[25] Copyright 2009,
Elsevier Ltd. b) CV and charge-discharge performance of nano-LiCoO2 at different current rates. Reproduced with permission .[106] Copyright 2010,
Elsevier Ltd.

of halide structure determination. In addition, machine learning
technology can also be used in the design and development of
molecular structures of new materials through methods such as
reinforcement learning.

At present, the design and development of materials mainly
rely on traditional trial-and-error experimental methods, which
are inefficient and costly.[197] Applying machine learning to ma-
terial design and development can extract the implicit relation-
ship between parameters from a large amount of experimental
data, find performance influencing factors and changing rules,
establish predictive models, and guide the design of new ma-
terials. In the development of specific functional materials, it is
very important to find the correspondence between structure and
performance. When existing theories cannot explain the relation-
ship between structure and properties, using machine learning
for training, learning and predicting the structure and properties
of materials is a feasible method.[198] For example, in the appli-
cation of LiCoO2, a cathode material for water-based lithium-ion
batteries, machine learning models can predict the structure and
properties of materials and mine their corresponding relation-
ships. This approach can improve the efficiency and accuracy of
materials design and provide guidance for the synthesis and de-
velopment of new materials.

Li et al.[199] proposed a machine learning method called atomic
table convolutional neural network, which can predict the for-
mation energy, band gap, and superconducting transition tem-
perature Tc of compounds by continuously learning suitable fea-
tures during training. The accuracy of the model exceeds the re-
sults of standard DFT calculations. Through data augmentation

techniques, the model can not only accurately predict the super-
conducting transition temperature of superconductors, but also
distinguish superconductors from non-superconductors. Using
this model, potential materials with high superconducting tran-
sition temperatures can be screened out, which can provide guid-
ance and inspiration for the design and development of higher-
performance cathode materials for aqueous lithium-ion batter-
ies.

The atomic table convolutional neural network approach pro-
vides a new machine learning approach for predicting the prop-
erties and behavior of compounds. It is applied to lithium
cobalt oxide, a cathode material for aqueous lithium-ion bat-
teries, and can provide important guidance and inspiration for
the design and development of materials. The microstructure
of a material has a direct impact on its macroscopic properties.
Therefore, the characterization and regulation of the microstruc-
ture is crucial to the theoretical basis of materials and the de-
sign and development of new materials.[200] Traditional materi-
als characterization methods rely on experimental equipment
and researchers’ experience, which is time-consuming and error-
prone. On the other hand, machine learning techniques provide
new ways to study the microstructure of materials. For exam-
ple, the monolayer structure of chemically precipitated phases
can be modeled using machine learning simulation methods.
The mapping relationship between microstructure and macro-
scopic properties can be established with convolutional neu-
ral network. The background of the measured spectra can be
identified and removed using unsupervised probabilistic learn-
ing methods. These methods not only improve the accuracy
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Figure 8. a) Short-term state of health and remaining useful life prediction method based on particle filter algorithm for LiCoO2 batteries. Reproduced
with permission .[201] Copyright 2021, Elsevier Ltd. b) EIS reconstruction based graphical method to detect electrode modification effects. Reproduced
with permission[202] Copyright 2021, Elsevier Ltd.

of characterization, but also reduce the dependence on manual
manipulation.

Deep learning techniques can be applied to the characteri-
zation of microstructures in 3D samples. By combining unsu-
pervised machine learning techniques, topological classification,
and image processing methods, Subramanian et al.[200] proposed
a scheme to automatically identify and analyze microstructures
in samples from 3D data. The technique does not require a pri-
ori description of the microstructure of the target system, is in-
sensitive to disorder, and can quantitatively obtain unbiased mi-
crostructural information. They successfully applied the tech-
nique to simulation data and experimental characterization data
of different materials, such as metals, polymers, and complex

fluids, and conducted comparative studies with other methods.
The method is computationally efficient and can quickly identify,
track, and quantify complex microstructural features that affect
material properties.

Chen et al.[201] proposed a short-term health state and re-
maining service life prediction method based on particle filter
algorithm, and established a model, as shown in Figure 8a.
Finally, the developed model and method are validated with
LiCoO2 and graphite half-cell cell data. The root mean square er-
ror and mean absolute error of the calculated voltages were kept
within 38 and 51 mV. The root mean square errors of RUL and
short-term SOH predictions were kept within 5.549 and 1.31%,
respectively. Ruben et al.[202] proposed a graphical method based
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on EIS reconstruction to demonstrate the degradation process
of LiCoO2 and the effect of chemical modification. Structural
changes in LiCoO2 mainly affected by intercalation were detected
in the reconstruction of the Bode phase diagram in a specific
frequency range, as shown in Figure 8b.

LiCoO2 has important applications as a cathode material for
aqueous lithium-ion batteries. Machine learning has also played
an important role in the study of LiCoO2.[24] For example, the elec-
trochemical properties of LiCoO2 can be predicted by machine
learning simulation methods, providing guidance for novel bat-
tery designs.[203,204] The automatic identification and analysis of
LiCoO2 microstructure can be realized by using deep learning
technology, thereby improving the efficiency and accuracy of ma-
terial characterization.[205,206] In addition, machine learning can
also be used to optimize the LiCoO2 synthesis method to improve
the performance and stability of the material.[207]

In summary, machine learning has broad application
prospects in the characterization and regulation of material
microstructures, and has played an important role in the re-
search of LiCoO2, a cathode material for water-based lithium-ion
batteries. Through the method of machine learning, we can
better understand the relationship between the microstructure
and properties of materials, and provide strong support for the
design and development of new materials.

6.3. Future Strategies of Machine Learning Methods in
Optimizing LiCoO2 Cathodes

Machine learning methods have great potential and strategies for
future development in optimizing LiCoO2 cathodes. LiCoO2 is an
important cathode material for lithium-ion batteries, and its per-
formance directly affects the energy density and cycle life of bat-
teries. However, traditional experimental and simulation meth-
ods have some limitations in material design and optimization,
such as high cost, time-consuming, and complexity. The intro-
duction of machine learning methods can effectively overcome
these limitations and provide a faster, efficient and accurate opti-
mization strategy.[208,209]

First of all, machine learning methods can quickly screen out
LiCoO2 cathode materials with potentially excellent performance
by establishing a correlation model between material structure
and performance. With a large amount of experimental data and
computational results, highly accurate predictive models can be
trained to provide targeted guidance in material design. This
data-driven approach can greatly shorten the time for material
screening and reduce the cost of testing.[210]

Second, machine learning methods can use optimization al-
gorithms to find the best material composition and structural
parameters. Through the automatic search and optimization of
the structure of LiCoO2 cathode materials, the key factors and
optimization strategies hidden in the complex structure can be
found. This machine learning-based optimization method can
improve material performance and provide new ideas and direc-
tions for the design of new materials. Wang et al.[211] established
a machine-learning interatomic potential model in the form of
moment tensor potential, and screened interfacial coating ma-
terials for lithium-ion batteries with matching performance, as
shown in Figure 9a. Combined with molecular dynamics sim-

ulations of its diffusion and trajectory at different temperatures
Figure 9b,c. This approach identified two particularly promising
materials for use as battery coatings, as well as several other can-
didates for doping to enhance ion conduction.

In addition, machine learning methods can also discover the
correlation and regularity between materials by analyzing a large
amount of material data and literature information. By mining
these hidden laws and knowledge, deeper theoretical guidance
can be provided for material design and optimization. This data-
driven approach can help researchers better understand the na-
ture of LiCoO2 cathode materials and provide new ideas and di-
rections for further research.

Machine learning methods have great potential in optimizing
LiCoO2 cathodes and strategies for future development.[212] By es-
tablishing association models, optimization algorithms, and data
analysis, machine learning methods can provide faster, more ef-
ficient, and more accurate optimization strategies, providing new
ideas and directions for performance improvement and material
design of lithium-ion batteries.

Additionally, machine learning can also contribute to
the optimization of high-voltage cathode materials, such as
LiCoO2.[206,213] As mentioned earlier, increasing the working
voltage of LiCoO2 can significantly improve its energy density.
Machine learning algorithms can aid in the exploration of new
strategies to enhance the stability and performance of LiCoO2
under high-voltage conditions.[214] By analyzing the crystal struc-
ture, synthesis conditions, and surface/interface properties of
LiCoO2, machine learning models can identify key factors that
influence its electrochemical performance. This knowledge can
then be used to guide the development of better multi-strategy
modification methods for LiCoO2, ensuring its stability and
improving its electrochemical performance.[215]

Furthermore, machine learning can assist in the design of
high-pressure modification techniques for LiCoO2.[216,217] By
optimizing the crystal growth process, controlling grain size
and stacking methods, and improving the chemical stability
of the material’s surface and interface, machine learning al-
gorithms can help enhance the energy density, cycle life, and
charge-discharge rate of LiCoO2-based batteries.[218,219] More-
over, machine learning can aid in the selection and opti-
mization of electrolytes and functional separators for high-
voltage LiCoO2 batteries.[220,221] By analyzing the interactions be-
tween the electrolyte, separator, and electrode materials, ma-
chine learning models can identify compatible combinations
that improve the cycle stability and safety performance of the
battery.222,223 Looking towards the future, machine learning will
continue to play a crucial role in advancing the field of ma-
terials research for aqueous lithium-ion batteries. As more
data is generated and computational power increases, machine
learning algorithms will become even more powerful in pre-
dicting material properties and guiding the design of new
materials.[224,225]

In conclusion, machine learning has the potential to revolu-
tionize the field of materials research for aqueous lithium-ion
batteries. By leveraging the power of data analysis and prediction,
machine learning can assist in the selection of electrode materi-
als and the design of current collectors, ultimately leading to the
development of more efficient and stable batteries. As research
in this area progresses, it is expected that machine learning will
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Figure 9. a) Flowchart of the screening process of LOTF-MD ionic conductors based on machine learning; b) the simulated diffusivity of AIMD at high
temperature and LOTF-MD at intermediate temperatures on the Arrhenius diagram; c) Simulation Collective kinetic diffusion of Li+ in Li3B7O12 for
LOTF-MD at 700 K. Reproduced with permission .[211] Copyright 2020, American Chemical Society.

continue to play a crucial role in advancing the field of materials
research for aqueous lithium-ion batteries.

However, there are some challenges and obstacles when de-
veloping machine learning models to optimize LiCoO2 cathode
materials:

1) Data acquisition and quality. Machine learning models re-
quire large amounts of high-quality data for training. For
LiCoO2 cathode materials, it may not be easy to obtain large-
scale valid data. At the same time, ensuring the accuracy and
reliability of the data is also a challenge, as determining the
properties and characteristics of materials requires experi-
mental testing and analysis.

2) Data diversity and reliability. Due to the complex chemical and
structural properties of LiCoO2 cathode materials, including
electrical conductivity, ion diffusivity, crystal structure, etc.,
data variables covering multiple aspects are needed to build
an accurate model. At the same time, these data should also
be reliable to avoid the impact of noise and uncertainty on
model training.

3) Model building and verification. Machine learning models for
LiCoO2 cathode materials need to have sufficient accuracy and
credibility to provide practical conclusions and recommenda-
tions. To this end, it is necessary to correctly select the ap-
propriate machine learning algorithm and modeling method,

and conduct verification and verification experiments to eval-
uate the performance and reliability of the model.

4) Understanding of physics and chemistry. Machine learning
models establish patterns and associations by learning from
large amounts of data, but in-depth material science knowl-
edge and domain expertise are still required to truly under-
stand the physical and chemical mechanisms of LiCoO2 cath-
ode materials. Relying solely on machine learning models
may not provide a thorough understanding of the nature of
materials.

5) Experimental verification and application. Although machine
learning models can provide important guidance and predic-
tions, the final validation and application still requires exper-
imental verification and practical application testing. There-
fore, it is necessary to combine experiments and computer
simulations to verify the predictive ability of the model and to
apply the optimized materials to performance tests in actual
battery systems.

In summary, the development of machine learning models to
optimize LiCoO2 cathode materials faces challenges and obsta-
cles such as data acquisition and quality, data diversity and relia-
bility, model establishment and verification, physical and chemi-
cal understanding, and experimental verification and application.
Solving these problems requires a comprehensive consideration
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of knowledge and technology in different fields, and a close com-
bination of experiment and theory.

7. Summary and Outlook

As research and development in new energy vehicles advance
and the commercialization of ternary cathodes expands, three
key cathode materials LiCoO2, LiFePO4, and LiMn2O4 remain
pivotal in hybrid vehicles, electric vehicles, and wearable elec-
tronic devices, particularly in the realm of aqueous lithium-ion
batteries.[226] Reducing the production cost of lithium-ion batter-
ies, improving energy density, and battery life are issues that need
to be solved urgently. Most countries and companies have in-
vested huge funds and manpower in improving energy density,
but the research progress is relatively slow. Compared with tra-
ditional organic lithium-ion batteries, aqueous lithium-ion bat-
teries have many advantages, but further research is still needed.
Aqueous lithium-ion batteries have a unique cost advantage and
belong to a new generation of clean energy. However, the road
to development is not smooth, and it still faces many complex
difficulties and challenges.[42,227,228]

The main problems faced by aqueous lithium-ion batteries
are listed below: ① Compared with organic electrolytes, the sta-
ble electrochemical window of aqueous electrolytes is narrow.
The decomposition of water (that is, the occurrence of oxygen
evolution or hydrogen evolution phenomenon) must be consid-
ered when selecting electrode materials for aqueous lithium-ion
batteries. Although there is an overpotential for hydrogen and
oxygen evolution, the stable working voltage of a single posi-
tive or anode material is difficult to exceed 2 V. Typically full
cells operate at approximately 1.3–2.0 V, or even lower.[

229,230]

Therefore, the selection range of electrode materials is rela-
tively narrow. ②Compared with organic electrolytes, the non-
electrochemical and electrochemical processes of lithium inter-
calation compounds in aqueous electrolyte systems are much
more complex than those in organic systems, and will be accom-
panied by many side reactions.[231] For example, the side reactions
caused by water and oxygen, the dissolution of electrode materi-
als in aqueous solution and the structural changes of electrode
materials during cycling, the competition between protons and
lithium ions for intercalation in electrode materials, the hydro-
gen evolution/oxygen evolution reactions in inappropriate volt-
age ranges, and the interaction between electrode materials and
water or oxygen reaction problem. ③ Compared with organic
lithium-ion batteries, there are more factors to consider in the se-
lection of water-based lithium-ion battery current collectors. How
to prevent the oxidation and corrosion of the current collector to
improve the effective life and cycle life of the battery needs to be
solved urgently.[

232,233] These challenges largely limit the develop-
ment of aqueous lithium-ion batteries.

The direction of improving the performance of aqueous
lithium-ion batteries and lithium-ion batteries in the future in-
cludes the following points:

1) Improvement of electrode materials: Improving positive and
negative electrode materials is the key to improving the per-
formance of aqueous lithium-ion batteries. New electrode ma-
terials with high ion transport rate and storage capacity can be
searched for, such as the improvement of lithium cobaltate

and the development of its alternative materials. In addition,
exploring new anode materials, such as silicon-based materi-
als, can improve the energy density of batteries.[66]

2) Electrolyte optimization: Improving the electrolyte of aque-
ous lithium-ion batteries is another key to improving perfor-
mance. Electrolytes with high ionic conductivity, wide oper-
ating voltage window, and better interfacial stability need to
be developed. For example, changing the chemical composi-
tion of the electrolyte by adding additives or lithium salts can
improve the cycle stability and safety of the battery.[234,235]

3) Interface control and battery architecture design: By optimiz-
ing the battery interface structure and design, the perfor-
mance of aqueous lithium-ion batteries can be improved. This
includes optimizing the interface between the electrode ma-
terial and the electrolyte, reducing the internal resistance of
the battery and increasing the rate of ion transport. Mean-
while, designing appropriate battery architectures, such as
micro/nanostructures and porous materials, can increase the
surface area of electrode materials and improve the capacity
and charge-discharge rate of batteries.[236]

4) Exploration of emerging technologies: Active exploration of
emerging technologies, such as solid-state electrolytes, multi-
ion transport, sodium sulfide, etc., can provide new ways to
improve the performance of aqueous lithium-ion batteries.
These technologies may improve the energy density, cycle life
and safety performance of batteries.

5) System-level optimization: In addition to the improvement of
individual battery components, optimizing the design of the
entire battery system is an important step in improving per-
formance. This can include improvements in the battery man-
agement system (BMS) to enable better charge and discharge
control and ensure equalization of individual cells in the bat-
tery pack. In addition, system-level optimization is necessary
considering the cost, weight, and volume of the battery.

In general, the key to improving the performance of aqueous
lithium-ion batteries in the future lies in the improvement of
materials, optimization of electrolytes, interface control and op-
timization of battery architecture design, and actively exploring
emerging technologies. In addition, system-level optimization is
also essential. The comprehensive application of these methods
can improve the energy density, cycle life, safety and reliability
of aqueous lithium-ion batteries, and promote their wide appli-
cation in energy storage and electric vehicles.[237]

As one of the common cathode materials for aqueous lithium-
ion batteries, it was found in the early research on lithium
cobalt oxide materials that its working voltage must be within
4.25 V, otherwise the performance of lithium batteries will
drop rapidly.[238] This is because at higher voltages, lithium
cobalt oxide materials may undergo some side reactions, such
as electrolytic decomposition of the electrolyte and release of
oxygen, etc., resulting in decreased battery performance and
increased safety risks. During the charging process, when the
battery reaches a predetermined upper limit voltage (usually
≈4.2 V), the charging process needs to be stopped to avoid it
exceeding the safe range and causing problems. Also, during
the discharge process, it is recommended to limit the operating
voltage of LiCoO2 material to a lower value (such as 4.0 V) to en-
sure the stability and life of the battery. However, as the market
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Figure 10. Development and application of aqueous lithium-ion batteries based on machine learning.

demand for lithium cobalt oxide battery industry is getting
higher and higher, the topic of improving lithium cobalt oxide
cathode materials, increasing their energy density and cycle life
has gradually become the focus of current industry research.
Theoretical studies have found that increasing the working
voltage of lithium cobalt oxide can increase its energy density.
In this regard, the researchers used surface coating and bulk
doping optimization methods to improve the structural stability
of lithium cobalt oxide. It is guaranteed that under high working
voltage, the layered structure of lithium cobalt oxide can adapt to
the change of voltage, maintain the stability of the structure, and
improve the electrochemical performance of the material[239].
However, there is still no clear conclusion on how to construct
highly stable and high-LiCoO2 materials through a better multi-

strategy synergistic modification method, and further research is
needed.

One potential solution to address these challenges is the ap-
plication of machine learning techniques in materials research.
Machine learning has shown great potential in accelerating the
discovery and optimization of materials, and it can play a sig-
nificant role in advancing the development of aqueous lithium-
ion batteries.[240] Machine learning algorithms can analyze large
amounts of experimental and computational data to identify pat-
terns and relationships that are difficult for humans to discern.
By training models on existing data, machine learning algo-
rithms can predict the properties and performance of new mate-
rials, enabling researchers to make informed decisions on which
materials to synthesize and test,[241] as shown in Figure 10.
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In the context of aqueous lithium-ion batteries, machine learn-
ing can be used to predict the stability and electrochemical perfor-
mance of electrode materials in aqueous electrolytes.[242] By con-
sidering factors such as water decomposition, side reactions, and
competition between protons and lithium ions, machine learn-
ing models can guide the selection of electrode materials with im-
proved stability and performance. Furthermore, machine learn-
ing can also assist in the design of current collectors for aqueous
lithium-ion batteries.[243] By analyzing the properties and behav-
ior of different materials, machine learning algorithms can iden-
tify materials that are resistant to oxidation and corrosion, thus
improving the overall lifespan and cycle life of the battery.[244,245]

Looking ahead, the integration of machine learning and mate-
rials research holds great promise for the development of aque-
ous lithium-ion batteries. As more data becomes available and
machine learning algorithms become more sophisticated, re-
searchers will be able to make more accurate predictions and de-
sign materials with enhanced properties.

At present, with the continuous deepening of the research on
the structure of high-voltage lithium cobalt oxide cathode materi-
als, it has been found that the high-pressure modification design
of lithium cobalt oxide does not only require re-optimization of
the crystal structure of the design material. Factors affecting its
comprehensive performance also include controlling the mold-
ing process of crystal growth and improving the chemical stability
of the surface and interface of lithium cobalt oxide materials.[246]

For example, by controlling the synthesis conditions and optimiz-
ing the crystal growth direction, grain size, and stacking method,
the energy density, cycle life, and charge-discharge rate of the bat-
tery can be improved.[247]

By improving the chemical stability of the surface and inter-
face of the material, the high-temperature storage performance
and safety performance of the material can be improved. In addi-
tion to the above performance improvement methods, the match-
ing use of high-voltage electrolyte and functional diaphragm is
also an effective means to improve the cycle stability of materi-
als. This is also an important means for the high-voltage design
of commercial lithium cobalt oxide materials in the future. After
further research on lithium cobalt oxide in the future, the theo-
retical capacity and working voltage limit of lithium cobalt oxide
will be substantially improved and improved. It is believed that
these performance and application problems can be solved one
by one on the road of future research.[248] According to the above
research results, some inspiration can be obtained from it, and it
can be applied to the water system to solve the current problems
of lithium cobalt oxide.

Due to the large-scale mining of Co and the political turmoil
in Africa, the cost of Co-containing cathodes has further in-
creased. Conventional LiCoO2 cathodes are no longer suitable
for current commercial battery systems. Increasing the content
of Ni in the positive electrode and reducing or even eliminating
Co has gradually become the current research and development
trend.
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