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ABSTRACT: Energy is undeniably one of the most fundamental

POWER SOURCE ﬁ

requl.rements of the current generation. Solar and w1nc.1 energy are crarging © N
sustainable and renewable energy sources; however, their unpredict- ST p ey
ability points to the development of energy storage systems (ESSs). <« g e

There has been a substantial increase in the use of batteries, ’
particularly lithium-ion batteries (LIBs), as ESSs. However, low rate
capability and degradation due to electric load in long-range electric

vehicles are pushing LIBs to their limits. As alternative ESSs, \
magnesium-ion batteries (MIBs) possess promising properties and
advantages. Cathode materials play a crucial role in MIBs. In this
regard, a variety of cathode materials, including Mn-based, Se-based,
vanadium- and vanadium oxide-based, S-based, and Mg2+-containing
cathodes, have been investigated by experimental and theoretical
techniques. Results reveal that the discharge capacity, capacity
retention, and cycle life of cathode materials need improvement. Nevertheless, maintaining the long-term stability of the
electrode—electrolyte interface during high-voltage operation continues to be a hurdle in the execution of MIBs, despite the
continuous research in this field. The current Review mainly focuses on the most recent nanostructured-design cathode materials in
an attempt to draw attention to MIBs and promote the investigation of suitable cathode materials for this promising energy storage
device.
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1. INTRODUCTION frequency of wind generation. A solar panel may not function
The rising world population is predicted to reach 10 billion by p r_operly mn cloud}{ Weather, and wind turbines may not work in
2058. Around 80% of the global population is expected to be fair weather. Additionally, these sources sporadically generate
residents of cities by 2050. Urban areas occupy 2% of the excessive energy, which causes overload in the system. This
Earth’s surface, while cities utilize more than 75% of the inconsistency in the supply can be overcome with affordable
world’s natural resources. This leads to extensive globalization and efficient energy storage systems (ESSs).

and consequent adverse effects on humans.”?> The demand for ESSs are considered to have the potential for optimal energy
nonrenewable energy sources such as fossil fuels has management as well as regulating energy spillage and
exponentially increased due to technological advancements maintaining the balance between energy supply and con-
and resource constraints brought by the increasing popula- sumption. ESSs are primarily prepared to get energy from
tion.”" The use of such resources has caused serious ecological multiple sources, the convert and store it for diverse uses as
and environmental problems. The detrimental effects of needed.® ESSs can be categorized on the basis of the type of
hydrocarbon emissions, carbon dioxide, oxides of nitrogen energy stored, the duration of storage, and the efficiency of
and sulfur, and continuous depletion of fossil fuels have led storage. Energy is stored in variety of forms, such as
scientists to focus on renewable energy sources.’ In this regard, electrochemical, mechanical, thermal, chemical, magnetic,

hydro_power, biom.as.s, solar, .wind, geothe.rmal, a.nd hydroge_n and electric fields.” ESSs have the potential to absorb and
energies are receiving particular attention owing to their

ecologically beneficial qualities along with their capacity to
generate energies with zero or virtually zero emission of
pollutants.”” Solar, wind, hydropower, and geothermal
energies are constantly being generated; however, these
sources are unpredictable and less reliable due to seasonal
and even daily changes. For instance, weather fluctuations
greatly impact solar radiation strength and the voltage and
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Table 1. A Brief Comparison of Li-Ion and Mg-Ion Batteries

feature Li-ion batteries

cathode material

anode material graphite is commonly used

energy density high energy density

specific energy generally lower than Mg-ion batteries

cycle life good cycle life, but degrades over time

charging speed fast charging capabilities

safety

generally safe, but some risk of thermal runaway

cost relatively mature technology; cost-effective
commercialization widely used in various applications

environmental impact  lithium extraction and disposal can have impacts

lithium cobalt oxide (LiCoO,), lithium iron phosphate (LiFePO,), or others are typically used

Mg-ion batteries
utilize magnesium intercalation
compounds
magnesium metal or magnesium alloys

potentially higher energy density than Li-
ion

higher specific energy per unit mass
cycle life may still be improving

charging speed improvements are
underway

potentially safer due to magnesium’s
nature

still in development; may be costlier
still in the research and development stage

magnesium is more abundant and less
toxic

release energy across a range of time intervals, hence
facilitating the increased penetration of renewable energy.
Researchers are curious about the battery energy storage
systems (BESSs) because of the obvious advantages they offer,
such as fast reaction, controllability, and independence from
geographic location.'

Batteries are electrochemical devices that transform chemical
energy into electrical energy. They are made up of several cells,
all of which have three essential parts: an electrolyte and two
electrodes (an anode and a cathode).'' In many aspects of
modern life, batteries provide an infinite number of advantages.
For instance, they provide transportable power to a variety of
portable gadgets such as cellphones, cameras, tablets, and
wearable gadgets.'” The power storage of batteries harvested
from solar and wind sources can be used in cloudy or calm
weather, i.e, when the sun is not shining or wind is not
blowing. In times of crises or power outages, batteries offer a
dependable source of backup power. They may be used to
support hospitals, telecommunications, critical infrastructure,
and other vital services, assuring operational continuity and
safety under challenging conditions."” Grid flexibility is another
benefit of large-scale battery systems owing to their ability to
keep a balance between demand and supply and maintain grid
stability by storing extra power during times of low demand
and releasing it during times of excessive need.'* Batteries have
ecological benefits, as they can contribute to lowering the
greenhouse effect and air pollution. When used in electric
vehicles (EVs), batteries do not produce exhaust emissions,
unlike fossil fuels, and hence their usage is effective against
climate change.® Batteries can reduce or eliminate power
plants powered by fossil fuels to produce electricity. They
allow for the harvesting and storage of lost electricity, thus
supporting more effective use of the generated power.'® By
converting kinetic energy into electrical energy and storing it in
the battery during regenerative braking, for instance, hybrid
and electric vehicles can save their overall energy costs. These
can also reduce noise.” In fact, devices and vehicles powered
by batteries are often quieter than those driven by internal
combustion engines. In particular, in metropolitan areas this
may have a positive effect on lowering noise pollution.'®
Although the initial price of batteries may be high, they can
result in long-term cost savings. For instance, pairing batteries
with solar panels can eventually result in lower electricity costs
and less dependence on the grid. The running expenses of
electric vehicles, including gasoline and maintenance, are
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frequently lower than those of typical internal combustion
engine automobiles."’

Batteries may be primary or secondary. The chemicals of
primary batteries cannot be recycled once used. Metal—air
depolarized batteries, Zn—C cells, and alkaline Zn—MnO, cells
are a few examples of such batteries. On the other hand,
secondary batteries are designed to be recharged, for instance,
Ni—metal hydride batteries, Ni—Cd batteries, Li-ion batteries
(LIBs), Mg-ion batteries (MIBs), Zn-ion batteries, and Al-ion
batteries.””*" LIBs are favored over other types of batteries for
a variety of reasons, such as durability, lower cost, and high
energy density. Primarily, they can store more energy in
smaller, lighter packaging because of their high energy density,
which makes them perfect for mobile devices such as cell
phones and laptops. Second, LIBs have a longer life span and
may endure hundreds of charge—discharge cycles without
suffering appreciable capacity loss. They become more cost-
effective in the long run. LIBs may hold a charge for a long
time even when they are not being used because of their low
self-discharge rate. They are also susceptible to a memory
effect; there is no requirement for full discharge before
recharging. They can be charged quickly due to their high
charge acceptance rate.”””’ Their portability and low weight
make them useful in numerous fields, including renewable
energy storage systems, electric vehicles, and consumer
electronics. Besides all of these advantages, LIBs are associated
with certain limitations. First, because extraction and
purification procedures are expensive, the price and supply of
lithium resources may be constrained. Overheating and
thermal runaway are additional safety concerns with LIBs
that can lead to fires or explosion.”*™*® Other factors include
the effect of lithium extraction and battery disposal on the
environment. Owing to these limitations, researchers are
looking into MIBs as a potential solution to these problems
and to equip the market with this energy storage device.

2. MG-ION BATTERIES

MIBs have numerous advantages. Due to their many
advantages over conventional LIBs, MIBs are quickly
becoming a viable substitute for these batteries in a variety
of applications.” The high energy density of MIBs is one of
the main benefits. Compared with lithium, magnesium has a
higher volumetric energy density. This means that MIBs can
store more energy per unit volume, allowing for more energy
storage capacity in a smaller and more compact battery

https://doi.org/10.1021/acsomega.3c06576
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system.”” In applications where storage is at a premium, such
as in EVs and renewable energy storage systems, this is a
tremendous asset. The enhanced safety profile of MIBs is
another noteworthy advantage. Safety issues with LIBs have
been addressed, including the possibility of thermal runaway
and fire or explosion.31 On the other side, magnesium is a
more stable and passive element, which lessens the possibility
of such safety events. By reducing these dangers, the use of
magnesium in batteries is a safer option for consumer
electronics, storing energy from renewable energy sources,
and automotive applications.”” Magnesium is abundantly
available for the long-term viability of MIBs. In contrast to
lithium, which can only be collected from restricted stocks,
magnesium can also be obtained from a variety of sources,
including saltwater and brine.”” Because of its ease of access
and abundance, magnesium is a cost-effective and ecologically
beneficial option for substantial battery production. By
lowering demands on rare metals and other materials, MIBs
can facilitate the shift toward a greener, renewable energy
future.” MIBs exhibit good electrochemical performance,
including high charge—discharge efficiency, enabling eflicient
energy conversion and usage. Because of their high tolerance
for charge and discharge cycles, MIBs have a rather long cycle
life.”> This durability is critical for situations where batteries
must withstand repeated use while maintaining their perform-
ance over an extended period. In addition, MIBs have the
potential for great power output. They have fast charging,
which makes them ideal for applications requiring quick energy
replenishment. This feature is especially useful for electric
vehicles, where quick charging capacities are utilized to cut
charging periods and boost consumer satisfaction.”® A brief
comparison of Li-ion and Mg-ion batteries is given in Table 1.

Magnesium ions can intercalate and deintercalate inside the
host electrode material, making MIBs work. Electrolytes move
Mg** ions from the cathode (positive electrode) to the anode
(negative electrode) during charging and vice versa. To store
electrical energy, the process is made possible by the flow of
electrons in an external circuit. The magnesium ions return to
the electrode once the battery is depleted, discharging their
stored energy.”””® MIBs demand stable electrode materials
that can accommodate the reversible intercalation of these
ions, as well as an electrolyte that can efficiently transport
magnesium ions for efficient battery operation. The cathode
materials in Mg-ion batteries are essential to the battery’s
overall effectiveness and efficiency.”” During the charge and
discharge processes, the cathode is responsible for reversible
intercalation or alloying of magnesium ions. To provide
effective energy storage and retrieval, the material should have
a large capacity to store and release magnesium ions, good
cycling stability, and low voltage hysteresis. The scarcity of
materials that are ideal for MIBs cathodes is one of the main
drawbacks. The greater size of the magnesium ion makes the
intercalation and combination with ordinary cathode materials
quite difficult, which is the main cause of this constraint.*”*'

This Review mainly focuses on cathode materials for MIBs,
especially those based on a nanostructured design, and some
density functional-based (DFT) studies of cathode materials,
along with their crucial role in the development of battery
technology. Numerous bulk and organic-based cathode
materials have also been reported so far, but nanostructured
cathode materials are preferred over them for several reasons.
First, their enormous surface area improves charge/discharge
rates and electrochemical performance. Second, the nanostruc-
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ture makes it possible for them to have greater energy densities
by increasing the number of active sites for Mg-ion
intercalation. Third, because of decreased strain during cycling,
the nanostructured material shows enhanced cyclic stability
and electrode integrity. Additionally, the qualities of the
nanostructures can be modified to perfection for targeted use.
The subsequent section discusses the requirement of cathode
materials, focusing on their high energy density, high specific
capacity, charge/discharge capacity, cyclic stability, and the
requirement for rapid magnesium-ion diffusion rates.

3. CATHODE MATERIALS FOR MG-ION BATTERIES

Due to magnesium’s abundance and low cost as a raw material,
MIBs are a potential alternative to LIBs.*? However, various
issues must be fixed before they can be commercially viable.
One of the major challenges is the synthesis of suitable cathode
materials due to the high charge density of Mg**, which makes
the intercalation behavior more complex during charge and
discharge cycles.””™" Furthermore, the selection of cathode
materials is constrained due to challenges associated with
intercalating magnesium-ions into several host structures.*®
Some of the other problems associated with cathode materials
for MIBs are their instability, poor conductivity, and the slow
diffusion kinetics of Mg-ions. In addition, cathode materials for
MIBs typically suffer from poor cycle life, low rate capability,
and low energy density.

3.1. Nanostructured Cathode Materials for Mg-lon
Batteries. Some of these problems can be solved by making
nanostructures with a large surface area for ion diffusion,
shortening the paths for ion diffusion, and improving the
interaction between electrodes and electrolytes.”® Cathode
materials for Mg-ion batteries should be designed with the
following nanostructure aspects in mind.

The size and morphology of the cathode material play
critical roles in the electrochemical performance of the MIBs.
Nanostructured materials with a high surface area-to-volume
ratio can provide more active sites for the intercalation and
deintercalation of Mg®" ions. Moreover, 1D and 2D nanoma-
terials can facilitate ion diffusion along specific directions and
shorten the ion diffusion path.*” The crystal structure of the
cathode material can affect the Mg** ion intercalation and
deintercalation process. For example, layered cathode materials
have shown promising electrochemical performance due to
their ability to intercalate Mg>* ions between the layers."”’
Surface modification of the cathode material can enhance the
interaction between the electrode and electrolyte, improve the
conductivity of the electrode, and prevent the formation of an
unwanted solid—electrolyte interface layer. Surface functional-
ization with organic or inorganic materials can improve the
electrochemical performance of the cathode material.”® The
combination of different cathode materials or the incorpo-
ration of other materials into the cathode can lead to an
enhanced electrochemical performance. For example, the
incorporation of carbon nanotubes into the cathode material
can improve electronic conductivity and prevent the
mechanical degradation of the electrode.”

Nanostructured cathode materials for MIBs present a
compelling avenue for enhancing the electrochemical perform-
ance of these energy storage devices. The implementation of
nanostructured materials capitalizes on their inherent proper-
ties, such as high surface area, which facilitates rapid ion
diffusion and significantly improves the kinetic aspects of
charge and discharge cycles.”” This larger surface area also

https://doi.org/10.1021/acsomega.3c06576
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Figure 1. Pictorial illustration of MIBs along with different cathode materials.

offers an increased number of active sites for Mg-ion insertion
and extraction, thereby augmenting the cathode’s overall
capacity and cycling stability. Additionally, nanostructured
materials often foster better electrode—electrolyte interactions,
promoting efficient ion transport and reducing the impedance
at the electrode—electrolyte interface. This can contribute to
better thermal stability, mitigating the risks of thermal
degradation during battery operation.”® However, challenges
exist in the synthesis of nanostructured materials, as
sophisticated methods are often required, impacting scalability
and cost-effectiveness. Structural stability concerns over
extended cycling, limited material choices, compatibility issues
with other battery components, and the cost of production
pose notable drawbacks.”* Overcoming these challenges is
crucial for realizing the full potential of nanostructured cathode
materials in MIBs and for advancing the prospects of these
batteries for sustainable energy storage solutions. Ongoing
research endeavors aim to address these limitations and pave
the way for the practical implementation of nanostructured
designs in next-generation energy storage systems.

One promising strategy for improving the electrochemical
performance of MIBs is the use of a nanostructured design for
the cathode materials. To increase the kinetic features of
charge and discharge cycles, inherent properties of nano-
structured materials are used, such as a high surface area
allowing rapid ion diffusion.”® The capacity and cycle stability
of the cathode are both improved as a result of the increased
surface area, which provides more active sites for Mg-ion
insertion and extraction. More efficient ion transport and lower
impedance at the electrode—electrolyte interface are two
additional benefits of nanostructured materials. This may aid in
improved thermal stability, decreasing the likelihood of
thermal damage in battery use.”® Synthetic difficulties of
nanostructured materials might have an effect on the materials’
scalability and economic viability. Major limitations include the
high cost of production, compatibility challenges with other
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battery components, restricted material options, and worries
about structural integrity after extended cycling.””* To realize
the full potential of nanostructured cathode materials in Mg-
ion batteries and to further the prospects of these batteries as
sustainable energy storage systems, we must overcome these
obstacles must be overcome. Researchers are working to find
solutions to these problems so that nanostructured designs can
be used in real energy storage applications.

Opverall, nanostructure design can be a promising strategy to
overcome the challenges of developing efficient cathode
materials for MIBs. However, the design of cathode materials
for MIBs is still in its infancy, and further research is needed to
optimize the electrochemical performance of MIBs. Figure 1
illustrates the schematic representation of working of MIBs
with magnesium as an anode and various nanostructured
design materials as the cathode. These cathode materials are
discussed in subsections along with their charge—discharge
capacities and Coulomb efficiencies depending upon Mg to
Mg** conversion and the intercalation—deintercalation mech-
anism.

3.2. Manganese-Based Cathode Materials. A nanosized
a-MnO, cathode having a reversible capacity of over 240 mAh
g~! for MIBs was studied by Arthur and co-workers using X-ray
absorption spectroscopy (XAS) and X-ray photoelectron
spectroscopy (XPS). The oxidation state of Mn-ions can
change from less oxidized to more oxidized by the redox
reaction of a-MnO,, as evidenced by X-ray absorption near
edge structure (XANES) and XPS spectra. Results from
surface-probing XPS and bulk-averaging XANES were in good
agreement with those from Extended X-ray absorption fine
structure (EXAFS), which revealed local structural changes in
the material. Furthermore, it established a connection between
the permanent and partial breakdown of certain channel
architectures and permanent loss of capacity during first
cycle.”” Rasul et al. synthesized electrode materials, namely,
nanoscale hollandite-MnO, and haollandite-MnO,/acetylene

https://doi.org/10.1021/acsomega.3c06576
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black (Hol/AB), and characterized them electrochemically.
The Hol/AB [MnO,] combination was twice as powerful as
pure hollandite, having an initial discharge capacity of 210
mAh g7'. Based on electrochemical performance, Hol/AB
[MnO,] is predicted to be promising electrode material for
MIBs, having a high rate capacity.é0 Later, Wang et al
demonstrated that sponge-shaped Mn;O, nanoparticles can
serve as a cathode material in MIBs by using graphite foil as a
current collector. The material exhibited high Coulombic
efficiency and strong cyclic stability, which had been attributed
to the network, its interconnected mesopores, widely dispersed
nanoparticles (10 nm), and immense active surface area of 102
m® g~ '. The study recommended further research on spinel
host materials for MIBs.’!

In another research study, the effect of electrolysis
conditions on the electrochemical precipitation of MnO,/
carbon nanotube (CNT) composites on stainless steel (SS
304) anode electrodes were investigated. MnO,/CNTs were
synthesized, and field emission scanning electron microscopy
(FESEM) revealed that the composite contained a crystalline
phase of MnO, akhtenskite and CNTs. The composite’s
specific capacity was 92 mAh g~', and after 35 charge—
discharge cycles it retained 75% of its initial capacitance.’”
Because Mg®" is bivalent, it is challenging to produce high-
voltage cathode materials with favorable deintercalation
kinetics. Since the electrostatic contact between Mg®" ions
and the host anion is a problem, crystal water was included in
the layered structure of birnessite MnO, to mitigate it. The key
role played by the crystal water was studied by Nam et al. with
aberration-corrected scanning transmission electron micros-
copy (STEM). Working with water including nonaqueous
electrolytes revealed the necessity of reducing the cathode—
electrolyte interface desolvation energy penalty. After taking
1000 cycles of birnessite MnO, at 2.8 V vs Mg/Mg*" in
aqueous electrolytes, a high reversible capacity of 231.1 mAh
¢! was measured along with excellent cycle life and 62.5%
capacity retention. All these were attributed to superior charge
barrier in the host and effortless Mg®" ions transfer via the
cathode’s interface.”®

Several Mn-based cathode materials were investigated based
on their electrochemical performance. Hol/AB [MnO,]
exhibited good initial discharge capacity, which was twice
that of pure hollandite MnO,. Nanosized a-MnO, showed
promising reversible capacity. Mn;O, nanoparticles offered
high Coulombic efficiency and good cyclic stability. MnO,/
CNT composites showed good electrochemical performance,
along with high capacity retention. Among the Mn-based
cathode materials, all of them showed good electrochemical
characteristics, but birnessite MnO, was prominent. However,
the other cathode materials can be used according to the
specific needs. Figure 2 presents the crystal structures of the
nanostructured design cathode materials for MIBs.

3.3. Selenium-Based Cathode Materials. Liu et al.
synthesized WSe, nanowire-assembled films and utilized them
in MIBs as cathode materials. The electrode has excellent rate
capability, enhanced specific capacity, and effective Mg>*
intercalation.”* A recent effort by Wei and his team described
Ni;Se, as a unique cathode material for MIBs due to its ability
to store up to 1 mol of Mg®". However, it presented a
significant migratory energy barrier, which was an issue.
However, when synthesized hydrothermally, the resulting
material had a discharge capacity of 99.8 mAh g™" at a current
density of 50 mA g~', and it retained 75% of its original
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Figure 2. Nanostructured design of cathode materials for MIBs.

capacity after being cycled 100 times.”” In a recent study, the
cathode material WSe, nanosheet, shaped like a flower, was
synthesized in a one-step hydrothermal process by Xu et al.
and evaluated for use in MIBs. The reversible capacity of the
WSe, cathode was greater than 265 mAh g~' at SO mA g~', and
the rate capability was greater than 70% of the initial
capacitance at 500 mA g . Support for WSe, as a cathode
material for MIBs was found in this study.’® In a recent effort
under the supervision of Guogiang Li, hydrothermal synthesis
was employed to produce a composite of 1T-VSe, (1T
vanadium diselenide) nanoparticles and reduced graphene
oxide (1T-VSe,@rGO) for use as the cathode material for
MIBs. The 1T-VSe,@rGO cathode demonstrated an excellent
reversible capacity (235.5 mAh g™' at 50 mA g¢g7'), a
remarkable cycle life (62.7% of the initial capacitance was
preserved after S00 cycles at SO mA g~'), and a rate capability
of 46% of the initial capacitance at 1000 mA g~.%’

A recent study by Zhao and his team modified the solvation
structure of magnesium ions by introducing an anion to the
electrolyte composition to facilitate Mg-ion storage processes.
The trifluoromethanesulfonate anion, when added to a Mg-ion
electrolyte, changes the solvation structure of Mg“, hence
increasing the rate of charge transfer from the cathode to the
anode. Using CuSe as the cathode material on a Cu current
collector significantly improved the magnesium storage
capacity from 61% (228 mAh g') to 95% (357 mAh g™')
of the theoretical capacity at a low current density of 0.1 Ag'~,
and it more than doubled at a high current density of 1.0 Ag'~.
This study presented a feasible strategy for generating a high-
rate conversion-type cathode material for MIBs through
electrolyte modification.’® Tashiro et al. reported that MIBs
with a #-Cu,Se cathode achieved rechargeable performance. As
a prototype cathode material for Mg batteries, the average
specific capacity was close to 120 mAh g~ during the first 35
cycles at room temperature, placing it in close competition
with the Chevrel phase. By reducing the size of the f-Cu,Se
crystals to around 100 nm a side, the specific capacity was
increased to around 230 mAh g™'. Incorporated Mg ions
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Figure 3. Cyclic voltammetric curves of CuSe cathodes using the Mg-ion electrolytes at a 0.1 mV s™' sweep rate (a) without or (b) with the NaOTf
additive. Measurement of charge—discharge profiles of CuSe cathodes in electrolytes (c) without or (d) with NaOTTf at a specific current of 0.1
Ag'". (e) Cycle life measurement at 0.1 Ag'™ and (f) rate measurement of CuSe cathodes. (g) Charge—discharge profiles of CuSe cathodes at
varying current densities. (h) Comparison of the rate performance of Mg-ion storage cathode materials in this work with those of previous reports.
(i) Nyquist plots of CuSe cathodes in different electrolytes after a rest period of 10 h. Reprinted with permission from ref 68. Copyright 2023 John

Wiley and Sons.

promote the displacement and extrusion of Cu ions from Se
sublattices, which has been thought as the mechanism for the
reversible electrochemical reaction at the cathode. In this
procedure, it was assumed that S-Cu,Se and MgSe are
structurally comparable.®”

The WSe, nanowire film showed enhanced electrochemical
properties. Ni;Se, showed an excellent cycle life and capacity
retention. The WSe, nanosheet showed an effective discharge
capacity and superb rate capability. The other Se-based
cathodes include CuSe and f-Cu,Se. Among Se-based cathode
materials, CuSe is promising to be utilized as cathode material
for MIBs because of its high discharge capacity. Figure 3
presents CV curves, discharge and charge profiles, and other
electrochemical properties of CuSe. The other Se-based
cathode materials can be used depending on the specific
requirements.

3.4. Vanadium- and Vanadium Oxide-Based Cathode
Materials. Kim et al, using a microwave-assisted hydro-
thermal method and an organic template, synthesized
vanadium nanotubes of varying oxidation states (V3 /v
V**). V** ions formed in highly reduced VO, nanotubes were
responsible for the high initial discharge capacity (over 200
mAh g™') and excellent cycling behavior. These nanotubes
have better cycling performance and lower charge transfer
resistance than VO, nanotubes with a reduced number of
vanadium ions. The kinetics of magnesium insertion and
extraction were shown to be highly dependent on the oxidation
state and bonding structure of the nanotube surface. Using
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VO, nanotubes as the cathode material, the study presented a
radical approach to making magnesium-based rechargeable
batteries with high energy density.”’ Tepavcevic and her lab
tellows, after thorough research, used carbon nanofoam as a
substrate for the electrochemical deposition of bilayered V,05,
which included hydroxyl groups and structural water for
stabilization and cation preferences for Mg®". With a specific
capacity of 240 mAh g~ against a Mg anode, the electrode
demonstrated reversible Mg** intercalation—deintercalation in
an acetonitrile electrolyte. Imaging with high-resolution
transmission electron microscopy (HRTEM) and X-ray
fluorescence spectroscopy (XRF) showed that Mg ions were
effectively inserted and removed during charging and
discharging, correlating with the electrode capacity. The
capacity of the anode validated the intercalation mechanism
after the complete cell was rebuilt using a high-energy ball-
milled Sn alloy anode.”’

Improved electrical performance is attributed to the
combination of V,0y and graphene nanoparticles (GNPs) in
the V,05/GNP cathode, which was manufactured by using a
ball mill technique. Sheha et al. opened up new possibilities for
cathode materials in MIBs using the high capacities of the
above prepared V,0; and V,0:/GNP cathodes, which are 100
and 90 mAh g~!, respectively.”* Later, in a cell-configuration
system, orthorhombic V,0; nanowires were produced and
employed as cathodes, together with the Mg,Mo4Sg anode and
1 M Mg(ClO,), electrolyte. With an initial discharge capacity
(103 mAh g™') and charge capacity (110 mAh g™'), the
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capacity and stability of the electrode measured for SO cycles. (d) Differential capacity (dQ/dV) plot (of corresponding third charge—discharge
cycles of same cathode at the C/10 rate) exhibiting two distinctive reversible primary peaks in the range 0—2 V for a V,05/Sn full cell. (e) Curves
indicating the 20th and S0th charge—discharge cycle. There are noticeable increases in the capacity for the 50th cycle. Reprinted with permission

from ref 71. Copyright 2015 American Chemical Society.

nanowires reached 130 mAh g' in the sixth cycle at C/20.
The structural development and reversibility of Mg insertion/
extraction were observed by operando synchrotron diffraction
and X-ray absorption spectroscopy during cycling.”” After that,
under the supervision of Malachi Noked, the hierarchical
design and synthesis of monodispersed spherical V,0j resulted
in a discharge capacity that decreased from an initial value of
225 mAh g~ to 190 mAh ¢! at 10 mA g~ . After being put
through 100 cycles, the V,0O; spheres still had a Coulombic
efficiency of 95% and possessed a specific discharge capacity of
55 mAh ¢! when operating at a moderate current rate of SO
mA g . This capacity reduced by only 5% and 13% after SO
and 100 cycles, respectively. Even after repetitive intercala-
tion—deintercalation at varied current rates, the exact phase
and morphology remained identical, demonstrating excellent
stability during Mg®* ion intercalation—deintercalation.”*
Despite having a relatively low salt content of 0.8 molal (m)
magnesium(II) bis(trifluoromethanesulfonyl)imide Mg-
(TSFI),, in a recent study, it was demonstrated that an
electrochemical stability window of 3.7 V can be maintained in
aqueous magnesium-ion electrolytes (AMEs). Molecular
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crowding agent PEG 400 (polyethylene glycol) affects
electrochemical/physiochemical features of the AME and
suppresses water splitting. Capacity retention at SO mA g~
is 80% after 100 cycles for V,0g nanowires in the 0.8 m
Mg(TESI),/85% PEG/15% H,0 (AME), which translated to
a discharge capacity of 286 mAh g~'. An Mg-rich Mg, V,O5 (x
~ 1.0) phase was detected by XRD for the first time. The first
evidence that the cathode electrolyte interface can form and
break down in MIBs reversibly is presented here. Sustainable
large-scale energy storage was made possible by the method-
ology shown, which involved the design of high-performance
cathode materials and environmentally benisgn, high-safety,
high-voltage, and cheap aqueous electrolytes.”

Under the supervision of Seung-Tae Hong, MIBs have
found a high-energy cathode material in H,V;O4. The average
discharge voltage is 1.9 V vs Mg/ Mgu, and the initial discharge
capacity is 231 mAh g™' at 60 °C, indicating reversible
magnetization- demagnetization activity. The first ever
determination of the crystal structure of Mg, o,H,V;O; reveals
an easily accessible channel for Mg-ions to move throughout
the material. The material’s exceptional performance was due
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Figure 5. (a) Charge—discharge graph of Mg-supplemented bilayered V,0; against a nanocrystalline Sn anode taken after the tenth cycle within
the potential window of 2.0—0.0 V (against Mg/Mg**), cycled at current rate of 20 mA g™' from a 1 M solution of Mg(ClO,), in acetonitrile. (b)
Normalized K-edge XANES spectra of Mg-supplemented, charged—disharged (taken after 10th cycle), and as-prepared bilayered V,0O5 against a Sn
anode in a full cell. (c) Selected area electron diffraction (SAED) images in the presence and absence of magnesium (left and center) during
different states of charging concurrent with elemental analysis obtained using an energy dispersive X-ray analysis (EDAX) detector in TEM.
Reprinted with permission from ref 71 Copyright 2015 American Chemical Society.

to its unique crystal structure, which makes use of hydrogen
bonding as well as water—metal bonding to provide a high
energy density of 440 thg_l, making it an excellent candidate
for novel high-energy materials and oxide-based stable
materials for MIBs.”® Ji et al. investigated that Vanadium
pentoxide VOPO,, after being treated with water, has been
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offered as an alternative cathode material for MIBs. The
electrochemical studies have shown that the cathode of
VOPO, is activated by both water present in the material
and water in the organic electrolyte. Water in an aqueous
electrolyte exists in thermodynamic equilibrium with the water
molecules in the VOPO, lattice, highlighting the mechanism

https://doi.org/10.1021/acsomega.3c06576
ACS Omega 2024, 9, 4229—-4245


https://pubs.acs.org/doi/10.1021/acsomega.3c06576?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06576?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06576?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06576?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06576?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

and kinetics for Mg-ion insertion. In the presence of water,
both the diffusion barrier within a solid and the desolvation
penalty at the interface were reduced to a lower level. In order
to achieve rapid reaction kinetics, an electrolyte with a water
activity of >107> was necessary. The suggested activation
mechanism facilitated the development of high-performance
multivalent-ion batteries.””

In one particular study under the supervision of Seung-Tae
Hong, a high-performance cathode material for MIBs,
NH,V,0,,, was synthesized to display reversible magnetization
by using acetonitrile and 0.5 M Mg(ClO,), as the electrolyte.
It has an initial discharge capacity of 174.8 mAh g~' and an
average discharge voltage of 2.13 V (against Mg/Mg**). An
organic electrolyte with a somewhat high water concentration
was used for the first time to show that electrochemical
magnetization may be performed at a voltage greater than 2 V
(against Mg/Mg**).”® Mg;V,04 (MVO) was investigated for
its potential use as a cathode material for MIBs due to its high
rate and cycle performance. Two-phase and single-phase solid
solution reactions were linked to the Mg** storage mechanism.
Zuo et al. reported a complete Mg cell with an MVO cathode
and a titanium—niobium oxide (NTO) anode in a standard
electrolyte, which showed a reversible capacity of 102 mAh
g ". This study showed a promising Mg-extractable cathode
material that is compatible with common electrolytes. It also
created novel possibilities for research into magnesium cathode
materials.”

In a recent study, Ma et al. showed that the calcination of
Mg;V,05 (MVO) at high temperatures in Mg** electrolyte
solution is helpful for reducing the price of aqueous Mg-ion
batteries. MVO demonstrated strong electrochemical rate
capability with a reversible discharge specific capacity of 143
mAh g™' at the current density of 0.05 Ag'~ and that of 61
mAh g™" at 4 Ag'", as well as good cyclic performance with
81% capacity after 1000 cycles at 3 Ag'~. These results
revealed that MVO is a good option for MIBs.*" In a recent
scientific effort, due to the high specific capacity of 262 mAh
¢!, ultralong cycle life, and high rate capability of Cu;V,0,
2H,0 (CVOH), it is demonstrated as a superior Mg-hosting
cathode. To maximize performance, lamellar-structured V40,
nucleates in superficial CVOH during discharging and
interweaves with CVOH layers to build a Mg-ion diffusion
highway on the CVOH surface. By further stabilizing the
CVOH structure through interviewing, an extremely extended
cycle life was achieved. This mechanism presented an
innovative approach to the creation of high-performance
electrodes for multivalent-ion batteries."’ Doping was also
done in the case of oxides of vanadium to get enhanced
properties. Therefore, sulfur-doped vanadium pentoxide (S—
V,05) has a specific capacity of 300 mAh ¢! and could be
utilized as a cathode material for MIBs. A low-temperature
plasma of carbon felt and a 2.5 GHz microwave generator
produced S—V,0;. This study investigated the high capacity of
S—V,0; in metal oxides. MnO, added to composite SMn-
V,0; which contains more sulfur than S—V,Os, produced the
maximum capacity (420 mAh g™').*

There are numerous cathode materials for MIBs based on
vanadium and its oxides. Each of these compounds can be
utilized according to their specific properties. Bilayered V,04
displayed excellent discharge capacity, while monodispersed
V,0O; spheres showed remarkable capacity retention along with
other electrochemical properties. Moreover, a recent study has
shown that majority of oxides do not intercalate except Mg-

4237

ion, other than V,QOs, while the conversion reaction is observed
in case of other oxides.*> Figures 4 and 5 illustrate the
electrochemical performance of nanostructured bilayered V,O;
as a cathode material for MIBs.

3.5. Sulfur-Based Cathode Materials. Kravchyk et al.
determined that the nanostructured CuS cathode material
displayed highly reversible insertion of Mg-ions and had a
specific capacity of 300 mAh g~. It also demonstrated good
cyclic stability over 200 cycles at a current density of 0.1 Ag'~
and had a Coulombic efficiency of 99.9%. The utilization of
nanostructuring resulted in an improvement in the kinetics of
conversion reactions, outperforminj; bulk CuS, which is only
active at a temperature of 50 °C.** Later, Le and co-workers
utilized hydrothermal treatment to create Cu,MoS, nanotubes
with a large square cross-section of 100—170 nm. These
nanotubes have shown a discharge capacity of up to 390 mAh
g~!, which indicated that they have the potential to be used as
a high-energy-capacity cathode for MIBs. This study under-
lined the effect that crystal structure and particle morphology
had on electrochemical parameters, and it offered some useful
insights for improving electrode performance in MIBs."’

Recently, Shen et al. developed a CuS-CTAB-2 (CTAB =
cetyltrimethylammonium bromide) electrode, which proved to
be a high-energy cathode material for MIBs that had a
noncorrosive Mg-ion electrolyte. With a reversible capacity of
477 mAh g~ and remarkable energy densities of 415 Wh kg™!
and 1909 Wh L7, it provided outstanding extended cycling
stability over 1000 cycles. The specific surface area of CuS was
increased by the incorporation of CTAB due to the expansion
of its interlayers and improvement of its shape. The technique
proved to be effective in the design of high-performance
cathode materials based on metals that can be used in MIBs
that have a suitable electrolyte.*® After that, Fei Xu and her lab
fellows demonstrated the superior performance of ammonium
tetrathiomolybdate as an MIB cathode. At 50 mA g/,
ammonjum tetrathiomolybdate displayed a high capacity of
333 mAh g7, and at 5.0 Ag'™ it demonstrated a decent rate
performance of 129 mAh g~'. During the first cycle,
ammonium is taken out to make an amorphous structure
with many active sites for storing magnesium and open paths
for its motion. Because the negative charge is not concentrated
in one area, the covalent-like bond between molybdenum and
sulfur reduces the interaction with the bivalent magnesium
cation and speeds up the kinetics. The covalent-like
molybdenum—sulfur bond is what is responsible for the high
specific capacity, as it makes it possible for molybdenum and
sulfur to undergo redox reactions at the same time. This work
presented a new high-capacity and high-power MIB cathode
material, explained the mechanism behind its exceptional
performance, and offered guidance for improving the design
and efficiency of MIB cathode materials."” In the past,
ultrasmall Mg nanoparticles with an average diameter of 2.5
nm and extensively exfoliated graphene-like MoS, (G-MoS,)
NPs had been synthesized. With a high working voltage of 1.8
V and a first discharge capacity of 170 mAh g that stayed at
95% after S0 discharge—charge cycles, the combination of G-
MoS, as the cathode and Mg as the anode was proven to be
one of the most successful combinations for rechargeable
magnesium batteries. Thus, this result provided new paths for
enhancing the electrochemical functionality of MIBs.”®

All the S-based cathode materials showed enhanced
characteristics compared to the other reported cathode
materials. Among S-based materjals, CuS-CTAB-2 showed
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Figure 6. Cyclic voltammetric curves of as-prepared (a) CuS and (d) CuS-CTAB-2 electrodes in a voltage range of 0.01—2.24 V at a 0.1 mV s
scan rate. Galvanostatic charge and discharge (GCD, current density of 100 mA g™') profiles of (b) CuS and (e) CuS-CTAB-2 cathodes. Long-
term cycling performance at high current densities of (c) 100 and (g) 560 mA g~'. (f) High reversible discharge capacities at current densities
ranging from 50 to 1000 mA g~'. (h) GCD profiles showing reversible discharge capacities of the CuS-CTAB-2 cathode at varying current
densities. Reprinted with permission from ref 86. Copyright 2020 John Wiley and Sons.

remarkable discharge capacity, energy density, and excellent
cycle life. Figure 6 represents the CV curves, charge and
discharge profiles, and other electrochemical properties of CuS
and CuS-CTAB-2.

3.6. Mg?*-Containing Cathode Materials. Honma and
his team synthesized olivine-type MgMnSiO, and MgCoSiO,
nanoparticles at low temperatures using fast superficial fluid
processing. The reduced electrochemical resistance was a result
of the small crystalline size and short Mg diffusion length. Both
nanoparticles showed discharge capacities of 70.5 and 88.0
mAh g™!, respectively, when utilized as a cathode in MIBs.*’
Later, olivine-structured magnesium ferrous silicate (MgFe-
SiO,) for magnesium batteries showed crucial atomic-scale
insights. Doping on the Si sites with trivalent atoms such as Al,
Ga, or V is undesired; however, doping on the Fe sites with the
Mn or Co was expected to enhance the cell voltage more than
2.70 V. However, the voltage went beyond the region of
electrochemical stability upon Ni doping. The research
revealed useful information for improving silicate base
electrodes in MIBs in the future.”® Silicate-based Mg-ion
cathodes have been critically doubted by the scientific
community because of their low energy density and poor
cycling stability. The silicate-based cathodes have a lower
energy density than other cathode materials, which means that
they can store less energy per unit mass or volume.
Additionally, the cycling stability of these cathodes is poor,
meaning that they degrade quickly over time and lose their
ability to store energy. However, it is important to note that
research in this area is ongoing, and new developments may
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lead to improvements in the performance of silicate-based Mg-
ion cathodes in the future.”"

Under the supervision of a former scientist, MgMn,O,, with
a theoretical capacity of 272 mAh g, proved to be a
promising cathode material for high volumetric MIBs. Atomic-
resolution imaging using aberration-corrected scanning trans-
mission electron microscopy (STEM) revealed the atomic
structure of cubic spinel MgMn,O, and the formation of a thin
and stable surface layer of rock salt MgMnO,. After Mg was
injected into the spinel lattice, Frenkel defect-mediated Mg
cation repositioning and Mg/Mn cation exchange provoked
this formation. Structural studies emphasized spinel oxide’s
electrochemical performance in MIBs.”” Kobayashi et al.
synthesized cubic Mg—Mn spinel oxide nanoparticles approx-
imately S nm in size through the reduction of alcohol at room
temperature. The Mg(ClO,),/CH;CN electrolyte composite,
which was coated with graphene to prevent aggregation,
exhibited a specific capacity of 230 mAh g~' and was capable of
being cycled more than 100 times without experiencing a
significant loss in capacity, even when subjected to moderate
current density.” In a recent study, Mg** was utilized at high
Mn redox potentials in a customized solid solution spinel
called MgCrMnO,, with bulk Mg** deintercalation facilitated
by electrostatic contact between Mg“ and O?". The Mg/Mn
antisite version can be reduced to less than 10% with
postannealing treatment at 350 °C, which also helped improve
the mobility of Mg**. It was found that it is possible to harvest
up to about 180 Wh kg™ of spinel at a temperature of 60 °C
when it is in charged condition at a high potential of about 3.0
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V (versus Mg/Mg*"). This observation paved the way for the
construction of a realistic high-voltage Mg-ion cathode by
making use of spinel oxide.”* Zhu, with his lab fellows, used
sol—gel synthesis to create MgFe Mn,_,O, nanomaterials (x =
0.67, 1.33, 1.6) with the molar ratio of iron to manganese
controlled by the x value to increase electrochemical
performance at a low cost. The modified MgFe, ;3Mn, 4,0,
showed good cycling performance and rate capability, having a
specific capacity of 88.3 mAh g™' after 100 cycles despite
having a high current density of 1000 mA g~". The structure of
MgFe, 33Mn, (,0, was found to be stable and showed potential
for cycling stability. Furthermore, it was also revealed that
oxygen and hydrogen evolution during charging—discharging
could be successfully inhibited by adjusting the atomic ratio in
the compound. The increased magnesium diffusion coeflicient
at two oxidation peaks significantly boosted the rate
capability.”

Similarly, a reductive solvothermal technique was used to
synthesize nanosized MgMn,0, (MMO) spinel at a temper-
ature of less than 200 °C. In addition, a composite of MMO
and CNT was developed, which showed increased discharge
capacity in comparison to the MMO cathode. The enhance-
ment in capacity was contributed to the increase in the number
of redox-active MMOs and electrical double-layer capacitance.
This straightforward solvothermal method contributed to the
expedient synthesis of more spinel nanoparticles for possible
application as high-voltage cathodes in MIBs.”® Asif et al.
accomplished the synthesis of SnO,-rGO composites through
the application of electrostatic contact by maintaining the
temperature at a low level. The composites were tested for
usage as electrode components in magnesium and magnesium/
lithium hybrid ion batteries. The optimum specific capacity of
the MIB’s cell was determined to be 222 mAh g™' when it was
subjected to 20 mA g~', and the cells maintained 90.05% of
their initial power. At the same current density, the
magnesium/lithium-ion battery’s maximum capacity was 350
mAh ¢!, but its capacity retention was lower than expected
due to the volume expansion of the SnO, NPs. According to
the results of the research, tin oxide that has been embedded in
rGO is a promising choice for risk-free and high-performance
MIB cathodes.”” Similar to the above study, the MgMn,0,/
rGO composite showed an initial capacity of 305 mA g™' and
almost no capacity loss after 100 cycles, while the MgMn,O,
composite sample had an initial capacity of 120 mA g~' and
lost about 25% of its initial capacitance after the same number
of charges and discharges. The performance of the composite
sample was enhanced in terms of both its capacity retention
and reversibility with the addition of rGO. The redox
mechanism and electrochemical mechanism at both electrodes
were very comparable. Studies of electrochemical impedance
demonstrated that, after surface modification by rGO, the
composite sample had much lower charge transfer resistance,
indicating better electrical conductivity between the active
substance and electrolyte at the interface.”

Hatakeyama et al. comprehensively studied different
polymorphs of MnO, (a-MnO,, f-MnO,, Y-MnO,, §-MnO,,
and A-MnO,). Among these, the intercalation of Mg into a-
MnO, results a remarkable capacity range of 150—220 mAh
¢! while avoiding the formation of rock salt or spinel phases.
This intercalation capacity remains consistent even at a
discharge capacity of 270 mAh g'. In contrast, Mg insertion
into f-MnO, eventually produces a transformation. 6- and A-
MnO, thermally degraded into Mn;O, at a temperature of 150
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°C, suggesting the low structural stability of MnO,
polymorphs. Experimental results demonstrated that the
process of Mg intercalation in a-MnO, exhibits greater
stability and faster kinetics compared to the a-type structure
conversions, while f-MnO, was highly stable. ® Figure 7

A

<
=2
[3+}
k7
= =
- B-MnO, Spinel Mg, MnO,
Conversion
o _!; -
- - oy
1] a-MnO,, Rocksalt
= : n >
% Topotactic Conversion
L
Y-MnO, Spinel Mg, MnO, Rocksalt
Conversion Semi-topotactic
D (5 @0 s &0 5
=
g SASSST
223 DO >
S - P
= S-MnNO, Spinel Mn;O, Rocksalt
qg) Decomposed Semi-topotactic
= - 2 _ARaPT PP
A-MnO, Spinel Mn;O, Rocksalt
Decomposed Semi-topotactic

Figure 7. A schematic representation is presented depicting the
ergodic pathways associated with the Mg-induced phase change of
MnO, polymorphs. These pathways have been observed exper-
imentally by electrochemical tests conducted at a temperature of 150
°C. Reprinted with permission from ref 99. Copyright 2021 American
Chemical Society.

presents the pictorial illustration of the Mg-induced phase
change of MnO, polymorphs. A few years ago, Okamoto et al.
studied different spinel and rock salt structures (MgCo,O,,
MgMn,0,, MgFe,0,, MgCr,0,, and Co0;0,) as cathode
materials for MIBs. The process of Mg insertion in the spinel
structure of MgCo,0, occurs at a voltage of 2.9 V relative to
that of the Mg®*/Mg reference electrode. The experimental
results were in accordance with ab initio calculations. The
capacity of this Mg insertion process is measured to be 200
mAh ¢!, whereas the theoretical capacity is estimated to be
260 mAh g~'. The demagnetization of MgMn,0O, and
MgCr,0, can be achieved by utilizing the Mg insertion/
extraction potential, which has a value of 3.4 V relative to the
Mg**/Mg reference electrode. The “intercalation and push
out” technique is believed to have the potential to generate
polyvalent cation cathode materials, which will be helpful in
future rechargeable batteries.'"’

Among numerous Mgz*-containing cathode materials, the
materials containing rGO showed good electrochemical
properties. The other materials can be utilized as cathode
materials, but they were not strong enough to show excellent
capacity retention and enhanced electrochemical properties.
Table 2 shows the comparison of different cathode materials
that are discussed. The comparison is between the discharge
capacity (mAh g™'), capacity retention, cycle life, and current
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Table 2. Comparison of Various Nanostructure-Based Cathode Materials for MIBs

discharge cei];l)acity capacity cycle current density
s. no. cathode materials (mAh g™') electrolyte retention life (mA g") refs
1 Hol MnO,/AB 210 Mg(ClO,) 100 60
2 MnO,/CNTs 92 75 35 62
3 birnessite MnO, 231.1 MgSO, 62.5 1000 63
4 NigSe, 99.8 APC/THF 75 100 65
S WSe, nanosheet >265 APC second generation S0 66
6 1T-VSe,@rGO 23S.5 APC 62.7 500 S0 67
7 CuSe 357 ether-based Mg-ion electrolyte 100 68
8 p-Cu,Se 230 Mg[N(CF;S0,),],/acetonitrile 69
9 VO, nanotubes >200 Mg(ClO,), in deaerated acetonitrile 70
10 bilayered V,0¢ 240 71
11 V,05/GNP 90 MgNO;-6H,0, succinonitrile, tetraethylene glycol, 72
dimethyl ether
bl2  orthorhombic V,04 130 Mg(ClO,), 73
nanowires
13 monodispersed V,05 190 LPs7 95 100 10 74
spheres
14 H,V;04 231 Mg(ClO,), in acetonitrile 76
15 MgV,0q4 102 Mg(TFSI), in acetonitrile 1000 79
16 CVOH 143 MgCl, 50 81
17 CuS 300 200 84
18  Cu-CTAB-2 477 Mg[B(hfip),],/DME 1000 86
19 MgFe, ;;Mn, 0, 88.3 MgCl, 100 1000 95
20 SnO,-rGO 222 APC 90.0S 20 97
21 MgMn,0,/rGO 305 MgSO, in 1:10 water/acetonitrile 100 98

density (mA g™'). Figure 8 displays the graph between the
cathode materials on the abscissa and discharge capacity on the
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Figure 8. Bar graph of various cathode materials based on their
increasing discharge capacity.

ordinate. The graph is based on increasing the discharge
capacity of cathode materials.

4. DENSITY FUNCTIONAL THEORY STUDIES OF THE
CATHODE MATERIALS

In quantum mechanics, the computational method known as
density functional theory (DFT) is used to study and predict
the behavior of electrons in atoms, molecules, and solids.'®"
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Molecular geometry, energy, and reaction routes are just some
of the many aspects that may be determined with DFT by
focusing on the electron density and how it relates to the
external potential.'”” The study of inaccessible systems and the
development of new materials are aided by this technology.
Although it has its limitations, DFT is a cost-effective
alternative to complex experiments.'”> However, DFT is still
an effective method for understanding and forecasting the
behavior of atoms and molecules.'”* Cathode materials for
MIBs can be studied via DFT to investigate their many
properties. The density of states, electrical band structures, and
crystal structures can all be predicted with this method.
Calculations using the DFT method can be used to determine
voltage profiles, evaluate diffusion properties, and predict the
reaction energy. Flaws and interfaces of cathode materials can
also be explored with DFT. Researchers can get insights into
the performance and behavior of the cathode material by
utilizing DFT. These insights may then be used to direct the
development of cathode materials for MIBs that are more
efficient and stable.'%>~""”

Discrepancies between theoretical predictions derived from
DFT and practical results frequently arise due to intrinsic
approximations within DFT, including the selection of certain
parameters or functional forms.'” The disparities can be
attributed to factors such as system complexity, fluctuations in
temperature and pressure, and the difficulties encountered in
accurately modeling dispersion interactions.'”” The presence
of inherent constraints in DFT, such as the omission of specific
electronic correlation effects and dynamic effects, can also exert
an influence. The observed inequalities are further influenced
by the structural variations between theoretical models and
experimental settings, as well as the challenge of appropriately
considering solvent effects.''’ To resolve these discrepancies, it
is necessary to refine theoretical approaches, consider addi-
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tional factors, and acknowledge the inherent limitations of
both theoretical and experimental methods.""

First-principles DFT computations of the WSe, were carried
out so that an analysis of the influence of Mg-intercalation
behavior could be performed. The findings of the study
indicated that these batteries may have applications in the
optoelectronics systems of the upcoming generation.”* Later,
two distinct types of molybdenum chalcogenide halide
nanowires were studied to be utilized as potential cathode
materials for MIBs. It was discovered through the use of
density functional theory calculations that pure selenium-based
nanowires had the most exothermic Mg adsorption energies.
Furthermore, it was observed that MosSes nanowires have the
potential to have low Mg diffusion barriers and high specific
capacities. The performance of these nanowires was evaluated
in this work, and it was compared to that of other
contemporary cathode materials.''”> Pan and his team
suggested that Mg, FePO, is a material that can be utilized as
a cathode for MIBs, and it is capable of achieving a reversible
capacity of 82 mAh g '. Calculations based on the “first-
principles” revealed that the capacity of the cathode is limited
by strong Mg-ion interactions, which in turn lead to
asymmetric discharge and charge behavior. This work
explained how Mg-ions intercalate and deintercalate in
FePO, and can be utilized as a reference when developing
cathode materials for multivalent metal-ion batteries.' '’

Shasha et al. utilized computational and experimental
methods to investigate whether Mg ions could be removed
electrochemically from the MgNiMnO, material. Mg ion
diffusion was found to be energetically unfavorable when the
DFT+U method was employed to model its motion in the
MgNiMnO, unit cell. The lack of activation observed in
electrochemical experiments further demonstrated that Mg ion
migration is impossible in MgNiMnO,."'* Kulik investigated
whether DFT+U can be used to represent the localized 3d or
4f orbitals contained in the elongated s—p states found in many
strongly correlated materials and perovskites due to its
applicability to all open-shell orbitals, including d and f
orbitals for transition metal elements.''> Under the supervision
of Lee, Mg;Si3(MoQOg), proved to be a suitable cathode
material for high-performance MIBs because of its high
discharge voltage (2.35 V against Mg/Mg®"), low ion
migration barrier of 0.2 €V, and small volume change of up
to 4%. Due to these properties, it was an excellent candidate to
be used in cathodes. First-principles calculations revealed a
new path toward the construction of effective MIBs for future
energy storage, linking the low energy barrier for ion migration
to favorable changes in Mg coordination inside the garnet
host." "¢

According to DFT-based first-principles calculations, the Mg
atoms exhibited metallic properties and high electronic
conductivity by strongly binding with VS,. The highest
theoretical capacity for MIBs is 233 mAh g/, and this is
true for all three types of VS,, that is, monolayer VS, (M-VS,),
double-layer VS, (D-VS,), and bulk VS, (B-VS,). In MIBs, M-
VS, with its excellent rate performance can serve as an anode
material thanks to the low diffusion barriers of Mg, while D-
VS, and B-VS, can serve as cathode materials depending on
the typical operating voltages.'”> Ahmad and co-workers found
that a benzoquinone-based microporous conjugated polymer
(BQMCP) can be a viable cathode material for MIBs in DFT
simulations. Simulations showed that BQMCP has a high
binding energy for Mg** ions, with a theoretical capacity of
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467.038 mAh g~' and a maximum storage capacity of up to 12
Mg ions. With positive redox potential values of 2.58 and 2.45
V for one and two Mg ions, respectively, BQMCP showed
potential as a cathode material for MIBs, with the capacity to
accommodate more Mg-ions than previously reported. The
results of this study suggested that BQMCP could be
employed in real-world applications in the future, which
would result in the development of MIBs with a high energy
density suitable for large-scale.'"”

Yang et al. explored the potential cathode materials for
MIBs, including MoO, and two types of MoOSe, using first-
principles calculations. Theoretical capacities of 279, 191, and
191 mAh g™ were observed for Mg cations intercalated into
octahedral sites in MoO, and the two types of MoOSe,
respectively. The cathode materials for Mg-ion batteries
showed promise, with anticipated plateaus of discharge around
1 V. The authors also showed that the volume increased and
diffusion barriers formed during the Mg intercalation process.
The results suggested layered MoO, and MoOSe could be
excellent options for MIBs cathode materials.''® Sivaraman
and his co-workers carried out first-principles DFT computa-
tions and evaluated the application of a graphene-like boron
nitride (G-BNyen) monolayer in MIBs. Mg storage was
consistent, with adsorption energies from —1.94 to —0.59 eV.
Ion diffusion barriers were 0.27—0.12 eV. The theoretical
capacity was 939.16 mAh g~', showing better efficiency than
previously examined cathodes. The optimal cell voltage
window and low migration energies suggested that Mg-based
MIBs can charge quickly."!

In a most recent study, Khan et al. used computational
simulations to accelerate the hunt for next-generation energy
sources like MIBs by proposing a new cathode materials for
MIBs: a porous polymer-based quinone-functionalized hex-
ahydroxytriphenylene (QHHTP) and diphenylbutadiynebis-
(boronic acid) (DPB). The material has substantial Mg ion
affinities for quinone ring C=O sites that are stable and
porous. The polymer layer unit can be fully loaded with Mg
ions at various active sites, and QHHTP-DPB has a specific
theoretical capacity of 720.48 mAh g~' and a positive low open
circuit voltage of 0.39 V. MIBs had higher cycling performance
and high capacity because QHHTP-DPB has no structural
change and the HUMO—LUMO gap decreases more after Mg-
ions adsorb onto the polymer. This quinone-functionalized
HHTP-DPB porous polymer could be future MIB cathode
material."*’

5. CONCLUSION

Undoubtedly, energy is a prime need of human beings.
Because of the toxic effects and constraints of nonrenewable
energy sources, the world is focusing on renewable energy
sources. Solar and wind energy are being produced
consistently, but there is unpredictability in the amount of
energy that is being generated. Therefore, there is a potential
need for ESSs. Among different types of ESSs, batteries are
proven to be prominent energy storage devices. LIBs have
prompted a wide range of applications; however, the
performance indexes of LIBs are reaching their limits.
Among many types of batteries available, MIBs stand out
due to their many advantageous features; however, the cathode
materials for MIBs are limiting their performance. To increase
the capacity and energy density of current cathodes, it is
essential to be aware of the reported cathode materials and
their characteristics.
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Cathode materials for Mg-ion-based batteries include Mn-
based, Se-based, vanadium- and vanadium oxide-based, S-
based, and Mg2+—c0ntaining cathode materials. Hol/AB
showed a high discharge capacity, while a-MnO, showed a
high reversible capacity. Mn;O, nanoparticles, due to their
large surface area, showed high Coulombic efliciency. The
MnO,/CNTs showed a good specific capacity and retained a
capacity of 75%. Among Se-based cathode materials, WSe,
nanosheets showed a high discharge capacity and notable rate
capability as compared to the WSe, nanowire film. Among V-
and VO,-based cathode materials, layered V,05 showed an
excellent discharge capacity, followed by H,V;Og which
showed a remarkable specific capacity along with high
discharge capacity. In addition to high capacity retention, the
monodispersed V,05 spheres showed a promising discharge
capacity. Cu-CTAB-2 displayed excellent discharge capacity
and remarkable capacity retention. This material has the
highest energy density and a promising cycle life. CuS and
Cu,MoS, nanowires exhibited notable features to be utilized as
cathode materials for MIBs. Among Mg**-containing cathode
materials, SnO,-rGO showed promising characteristics and
also paved the way for the development of cathode materials
for MIBs. This Review is also supported by the DFT studies of
the cathode materials, as first-principles calculations are better
alternatives to complex experiments. Among reported cathode
materials based on DFT studies, the G-BNyen monolayer has
the highest theoretical capacityy followed by QHHTP-DPB.
However, the long-term stability of the electrode—electrolyte
interface is the major problem for the high-voltage electro-
chemical operation of the electrode materials in MIBs. To
make use of such high-voltage cathode materials, it is necessary
to find electrolytes or electrolyte additives that are electro-
chemically stable at high voltage.

Currently, cathode materials for MIBs are a hot topic. Many
similar studies are now being conducted; however, describing
them would go beyond the scope of this Review. We believe
MIBs to be a potential new system for energy storage
applications. Particularly, in the case of cathode materials, we
hope our Review will encourage researchers to give MIBs their
full attention.
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