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Rechargeable magnesium ion batteries (RMBs) are investigated as lithium-ion batteries (LIBs) alternatives
owing to their favorable merits of high energy density, abundance and low expenditure of Mg, as well as
especially non-toxic safety and low risk of dendrite formation in anodes, which endows them to be more
easily assembled in electric-power vehicles for the extended application of civilian-military fields. Never-
theless, the high charge density, strong polarization effect, and slow diffusion kinetics of Mg?* remain a

Keywords: large obstacle and thus enormous efforts have to be paid to mend the gap with commercial demand for
Magnesium ion batteries cathode materials. At present, RMBs cathode materials mainly contain transition metal sulfides/oxides,
Sulfide polyanionic compounds and Prussian blue analogs, and several methods such as nano structuring, dop-

Oxide ing regulation and coating modification have been applied to materials design for better performance.
Polyanionic compounds In this paper, the current research status of RMBs cathode materials at home & abroad is arranged and
Prussian blue analogue summarized along with challenges of development in the future focusing on synthesis of RMBs cathode

materials with high energy density as well as satisfactory cycling performance. And this analysis aims to

provide reference and basis for researchers working on RMBs technology advancement.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Ever-growing demand for reliable, steady supply of energy as
society and the economy rapidly develop [1], has led to promi-
nent crisis such as energy shortages and environmental pollution.
To address this issue, developing and utilizing solar, tidal and wind
energy as renewable energy sources is considered promising can-
didates [2]. However, the intermittency, uneven distribution, and
low energy density hinder their further application. Therefore, the
development of energy conversion and storage becomes critical for
the commercial process of aforementioned renewable energy. Over
the past few decades, driven by growing demand, high-capacity
secondary battery technology has attracted widespread attention
[3-6]. In the early stages of battery commercialization, lead-acid
batteries and nickel-cadmium batteries gained much market accep-
tance due to cost advantage, whereas their intrinsic drawback in-
volving comparatively low energy density and toxic characteristic
become the obstructive factor for subsequent development. Nowa-
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days, LIBs are one of the most widely applied rechargeable batter-
ies but still face series of challenges, especially in Earth abundance
of Lithium element aspect. Additionally, during charge/discharge
cycles, the propagation and growth of lithium dendrites could re-
sult in internal short circuit and degraded battery performance,
which frequently arise safety concern. To meet these challenges
in LIBs commercialization, efforts have shifted towards secondary
battery technologies that utilize naturally abundant materials with
better safety instinct such as magnesium ion, zinc ion or cal-
cium ion-based batteries systems [7-10]. Amongst these alterna-
tives, magnesium ion-based systems offer excellent comprehensive
battery performance compared with other secondary battery sys-
tems making them a promising candidate for the next-generation
battery technology.

In 2000, the novel battery system utilizing MgxMo3S, cathode
material and Mg(AICl,EtBu),/THF electrolyte was reported by Au-
rbach’s group with an initial discharge specific capacity of up to
100 mAh/g. In this system, Mg ions can be inserted reversibly
with relatively fast dynamics compared with previous studies [11],
and the energy density is significantly improved, which makes it
possible to commercialize magnesium ion batteries. This research
has a significant impact on rechargeable magnesium ion batter-
ies (RMB) and promises further breakthroughs in energy density,

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



R. Xu, X. Gao, Y. Chen et al.

Table 1
Various types of RMBs cathode materials performance.
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Highest specific

Rate capacity [Capacity (mAh/g) at

Cathode materials Average voltage (V) capacity (mAh/g) current density (mA/g)] Cycling performance Ref.
MogSg 11 123 100 at 50 85.5%, 500 cycles [25]
MogSs-C 1.2 104 104 at 10 95.1%, 100 cycles [26]
TiS, 1.2 270 160 at 20 77.8%, 30 cycles [27]
Tiy Sy 11 200 188 at 24 87.7%, 40 cycles [28]
VS, 0.8 350 260 at 1000 76.9%, 300 cycles [29]
WSe, 1.6 203 203 at 50 99%, 160 cycles [30]
CNT@VS, 1.2 170 170 at 1000 44.8%, 800 cycles [31]
VS4@Ti;C,/C 11 492 129 at 1000 95%, 900 cycles [32]
MoS, 1.8 170 170 at 20 79.8%, 50 cycles [33]
PEO, —MoS, 0.5 75 75 at 5 94%, 30 cycles [34]
V,05 2.25 140 130 at 30 73%, 40 cycles [35]
V,05-PEO 1.5 125 125 at 10 76.8%, 35 cycles [36]
Mgp3V,05 2.2 176 164 at 100 99%, 500 cycles [35]
Mng04V0s 2.0 145 145 at 50 99%, 100 cycles [37]
«-MnO, 2.0 280 280 at 9 29.6% 300 cycles [38]
Birnessite MnO, 2.8 231 164 at 500 78%, 500 cycles [39]
MnO,/MWCNT 2.8 251 84.8 at 100 86.2%, 1000 cycles [40]
Mn304 1.0 190 70 at 300 92.8%, 1000 cycles [41]
a-MoOs3 1.8 220 210 at 100 80.9%, 10 cycles [42]
Na3V;(P0O4)3/C 29 88 88 at 20 81%, 100 cycle [43]
Mg, MnO4 0.8 107.8 70.7 at 18,000 89%, 10,000 cycles [44]
MgFe; 33Mng 6704 2.8 108 88.3 at 1000 91%, 1000 cycles [45]
PA-VOPO4 0.8 310 280 at 100 68.5%, 500 cycles [46]
PBA 3.0 125 125 at 10 52%, 500 cycles [47]
FeFe(CN)g 1.1 135 110 at 1400 87%, 50 cycles (48]
Naj 4Nij sFe (CN)gsH,0 0.9 33 15 at 1000 60%, 5000 Cycles [49]
Sn0,-rGO 1.0 350 222 at 20 90%, 150 cycles [50]

Note: Anode and electrolyte are not the same in Table 1. The mass of the cathode material is used to calculate the high specific capacity in Table 1.

cost effectiveness and safety. Since then, extensive researches on
RMBs have been carried out because of the high theoretical vol-
ume and mass-specific capacity, natural abundance, low cost and
intrinsic safety [12-15]. Researchers have been exploring new cath-
ode materials for RMBs that exhibit excellent performance features,
including high energy density, good cycling stability and satisfac-
tory safety characteristics, as well as excellent Mg2* reversible de-
intercalation capability [16,17].

Current MIBs still face many challenges, including the slow
solid-state diffusion of highly polarized Mg2* in host and the for-
mation of a barrier layer on the surface of magnesium metal,
which also leads to low operating voltage and decayed dis-
charge capacity, thus seriously hindering the development of high-
performance RMBs [18]. Several measures have been proposed to
address the existing problems. For instance, cathodes materials
with high specific surface area or special pore structure are uti-
lized to decrease the Mg2+ diffusion distance to the host. Carbon
coating is utilized to modify or form compound materials with
multi-walled carbon nanotubes to enhance electronic conductivity.
Doping method is also employed to enlarge layer spacing and fa-
cilitate the migration of Mg+ [19,20]. Widespread attention has
been aroused about RMBs both domestically and internationally.
Hence, this paper reviews research progress on cathode materi-
als for RMBs, specifically transition metal sulfides, transition metal
oxides, polyanionic compounds as well as Prussian blue analogues
[21-24] and hope to provide a better understanding of current re-
search status on cathode materials for RMBs while offering insights
for future studies. The various types of cathode materials are sum-
marized in Table 1 [25-50].

2. The storage mechanisms of Mg-ion

At present, cathode materials for magnesium-ion batteries
can be primarily categorized into three major classes: inorganic
insertion-type (such as MogSg, polyanionic compounds), inorganic
conversion-type (metal oxides, MT, (M = Mo, Ti, W, Cu; T=S or

Se)), and organic materials. These materials achieve the storage
and release of magnesium ions through different chemical reaction
mechanisms. It is noteworthy that cathode materials play a crucial
role in electrochemical mechanisms, with their performance di-
rectly determining the energy density, cycling stability, and safety
of the batteries. This section primarily aims to provide theoreti-
cal support for researchers by discussing the magnesium storage
mechanisms of different types of cathode materials.

Generally, inorganic insertion-type materials mainly involve the
deintercalation of Mg2* to facilitate the charging and discharging
processes of the battery. Specifically, during charging, Mg2* mi-
grate out of the cathode lattice and move to the anode through
the electrolyte. During discharging, Mg2* receives electrons at the
cathode to form magnesium metal, which embeds into the cathode
material. Therefore, the requirements for inorganic insertion-type
materials generally include stable crystal structure, high magne-
sium ion mobility, and low Mg?* diffusion barrier, which are ben-
eficial for enhancing the magnesium storage and rate performance
of cathode materials.

Inorganic conversion-type materials typically involve the break-
ing and formation of chemical bonds, hence exhibiting higher the-
oretical energy densities. Taking metal oxides as an example, as
magnesium ions migrate from the anode to the cathode interface,
the conversion of magnesium metal oxides occurs due to the ther-
modynamic instability of the crystal structure, ultimately forming a
mixture of magnesium and metal. It is important to note that this
process disrupts the crystal structure of the cathode, resulting in
poor cycling performance and lower practical discharge capacity.

Organic cathode materials generally achieve energy storage and
release through coordination reactions between magnesium ions
and organic molecules. Additionally, the weak interaction between
the main part of organic materials and Mg?* facilitates ion trans-
port, aiding in the rapid diffusion of Mg+ within the organic
cathode. Although organic cathodes possess various advantages,
the continuous dissolution of small molecule materials during dis-
charge limits the cycle life of the battery.
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Fig. 1. Structure and preparation of materials. (a) Schematic diagram of the graphic structure of MogTs. Reproduced with permission [51]. Copyright 2017, Wiley-VCH
Verlag GmbH & Co. KGaA. (b) Schematic diagram of crystal structure of MogSg. Reproduced with permission [54]. Copyright 2006, American Chemical Society. (c) The
crystal structures of MogSeg and MogSg. Reproduced with permission [55]. Copyright 2016, Royal Society of Chemistry. (d) Schematic diagram of the preparation of MogSg
nanosheets. Reproduced with permission [63]. Copyright 2013, American Chemical Society. (e) Diagram of deposition/dissolution mechanism during CuxMogSg reaction.

In summary, the electrochemical mechanisms of cathode mate-
rials for magnesium-ion batteries primarily encompass these three
types. With further research, diversified compounds such as oxide-
sulfide composites, oxide-organic compounds, are also widely stud-
ied as cathode materials for magnesium-ion batteries. These com-
posite materials combine the advantages of different types of ma-
terials, holding promise for enhancing battery performance and cy-
cling stability.

3. Transition metal chalcogenides
3.1. Chevrel phase compound: MogTg (T=S or Se)

When divalent cations are incorporated into solid materials,
their redistribution within the local crystal structure is complex.
This results in slow diffusion of Mg%* in solid host materials and
poor electrochemical performance when various inorganic host
materials are used as intercalation materials for rechargeable mag-
nesium ion batteries (RMBs). However, MogTg (T=S or Se) is a
unique intercalation material that can embed univalent and poly-
valent cations such as Li*, Na*, Zn?+, Mg+, Cu?*, Fe?*, The crystal
structure of MogTg is shown in Fig. 1a [51]. The Chevrel phase has
a crystal structure that consists of stacked MogSg blocks with six
molybdenum atoms forming octahedrons within a cube composed
of eight sulfur atoms. Mg?* is embedded between these MogSg
blocks and occupies two main interstitials [52,53]. The MogSg
structure of Chevrel phase is shown in Fig. 1b [54]. Due to the
high conductivity of the Chevrel phase at room temperature and

its high efficiency for embedding Mg2*, it is considered the pre-
ferred cathode material for RMBs.

In 2000, Aurbach conducted a study on MogSg material by re-
moving copper electrochemically from CuMosS, and the electro-
chemical performance of Chevrel phase MogSg with organic elec-
trolyte was studied for the first time. The results showed that the
Chevrel phase had a capacity attenuation of less than 15% after
2000 cycles at 100% discharge depth. The maximum specific dis-
charge capacity of the material was found to be 130 mAh/g and
its average discharge voltage was only 1.2V (vs. Mg/Mg2+). Despite
the low voltage level, its remarkable cycling performance stimu-
lated interest in the research of such materials. The series of char-
acterization methods including XRD have been applied to study
the diffusion mechanism of Mg+ and changes in crystal struc-
ture during Mg embedding [55,56]. Liu et al., for instance, discov-
ered through first-principles calculations that Chevrel phase com-
pounds could serve as electrode materials for rapid transport of
Mg?+. They also explored the embedding mechanism of Mg?*, re-
vealing a brand-new embedding mechanism.

However, the low specific capacity (~100 mAh/g) and low
charge/discharge voltage (~1.1V vs. Mg?*/Mg) of Chevrel-phase
MogSg can only be achieved by embedding two Mgt in each
structural unit after the first complete oxidation of the MogSg elec-
trode. At the same time, Mg2* cannot be completely removed dur-
ing charging due to the partial charge trapping effect of MogSg at
room temperature. Given that the migration potential of Mg2* de-
creases at high temperatures and the diffusion kinetics of Mg+
in the Chevrel phase is faster, the only way to obtain a higher
capacity is to charge and discharge the cell at high temperatures
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(60-80°C). Aurbach et al. [25] showed that when the cell was op-
erated at high temperature (~ 60°C), the complete de-embedding
of Mg%*+ could be achieved. For the partial charge trapping effect
of MogSg, the trapping effect of Mg?* can be reduced when S
in MogSg is replaced or partially replaced by selenium [57]. The
crystal structures of MogSeg and MogSg are shown in Fig. 1c [55].
Moreover, when selenium replaces part of sulfur, it causes trigo-
nal distortion in the crystal structure, which reduces the activation
barrier and accelerates Mg?+ embedding, making MogSeg more fa-
vorable for the diffusion migration of Mg+ in solid materials. It
is reported that sulfur/selenide has lower electrostatic interaction
force with magnesium ions compared to oxide, thus the diffusion
kinetics of magnesium ions in sulfur/selenide will be enhanced,
but the voltage plateau of the battery will be limited [58]. Besides,
the crystalline constructed by sulfur/selenide anions with large ra-
dius appears as loose structure, which results in the structural in-
stability during the electrochemical cycles [59]. According to recent
studies [60], the ion trapping phenomenon present in sulfides may
be related to the arrangement of cationic sites, while selenides can
change the geometry of the cationic site composition due to the
difference in the size of the anions, thus weakening the trapping
effect. Chevrel phase MogSg-ySey (0 <y <2) showed excellent cy-
cling and multiplicity performance when used as cathode materials
for RMBs. This improvement in the achieved performance is due to
the fact that the presence of selenium in the anionic backbone of
the Chevrel phase increases its polarizability, thus increasing the
kinetics of solid-state diffusion of Mg ions in the host. Moreover,
the presence of Se atoms in these hosts alters the geometry of
the inner and outer rings of the Mg insertion sites present in the
Chevrel phase. As a result, jumping of Mg ions between these sites
(a key condition for fast ion transport in these hosts) may be easier
than in pure sulfide Chevrel phases, which avoids charge trapping.

It is important to note that MogSg cannot be directly synthe-
sized. CuyMogSg can only be obtained through high temperature
solid phase hydrothermal or molten salt methods, followed by sev-
eral days of leaching to remove the Cu element [52,61,62]. Such
time-consuming process hinders it commercial application and
corresponding simplified synthesis has been explored [63-65]. The
synthesis process of Cu;MogSg is shown in Fig. 1d. Mao et al. pro-
posed a simpler solution chemistry method involving heat treat-
ment in a mixed atmosphere of H, and Ar to produce CuMogSg
crystals with sizes ranging from 1 to 1.5um. When cycled with
AICI3/THF at 0.4 mol 2 (PhMgCl) and 20 mA/g for 50 cycles, MogSg
exhibited a specific discharge capacity of 76 mAh/g [63]. As shown
in Fig. 1e, the additional capacity of CuxMogSg could be attained,
which attributed to the deposition/dissolution of Cu on the surface
of MogSg during Mg+ insertion and extraction. To achieve mass
production, Romain Berthelot developed a fast microwave synthe-
sis method for MogSg material which exerted reversible specific ca-
pacity exceeding 80 mAh/g in EtMgCI-Et,AICI-THF electrolyte [64].

In general, Chevrel phase is an excellent host material for Mg2+
due to its unique crystal structure that facilitates rapid deinterca-
lation of Mg?* whereas it has limitations such as low capacity and
voltage. Although many studies have improved upon these limita-
tions and achieved promising results, future research must focus
on further improving the discharge voltage and capacity of cath-
ode materials to meet the requirements for electronic devices with
high energy density.

3.2. Layered structure MT, (M= Mo, Ti, W, Cu; T=S or Se)

Since the proposal of nanotechnology in the early 1990s, it has
been fully demonstrated that nanomaterials can shorten ion dif-
fusion distance and accelerate ion and electron transfer kinetics.
Therefore, some researchers suggest using nanocrystalline materi-
als to enhance the performance of RMBs by speeding up embed-
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ding kinetics of Mg2* and obtaining high power and energy den-
sity [66]. Two-dimensional layered TiS, is a promising cathode ma-
terial for RMBs because of its orderly stacking structure with many
TiS, plates where Mg?* migrates between stable octahedral and
tetrahedral positions. It is worth mentioning that the optimal val-
ues of grain size are critical for crystal structures. On the one hand,
excessive reduction of the particle size would create more defects
which block the Mg2+ pathway [67], and increase the contact area
with the electrolyte along with the occurrence of enormous para-
sitic reactions, increasing the number of grain boundaries that hin-
der the diffusion of cations within the cell. On the other hand, the
oversized particles lead to long-range diffusion for Mg2t, which
exert the huge resistance at the electrode/electrolyte interface dur-
ing cycling and results in the deteriorated electrochemical perfor-
mance of the batteries [68].

To further enhance mobility of Mg2*t, increasing working tem-
perature, introducing a small amount of water, or partially replac-
ing S in TiS, with Se are effective methods [69-71]. When a small
amount of H,O is introduced, hydrated magnesium ions can be
formed, and the charge shielding effect of H,O can reduce the
polarization strength of Mg2*, thus improving the electrochemi-
cal performance of the battery. Qualitative analysis showed that
adding Se would expand the diffusion channel of Mg+ and facili-
tate rapid migration while reducing interaction between Mg?* and
host material since Ti-Se bond is longer than Ti-S bond. The crystal
structures of TiS, and TiSe, are shown in Figs. 2a and b. Electro-
chemical cycling was performed at 60°C in THF (APC/THF) elec-
trolyte and Mg anode. Where the charge/discharge curves of the
cells are shown in Fig. 2c and cycling tests are shown in Fig. 2d. Liu
et al. developed WSe, nanowire thin film on tungsten foil directly
by chemical vapor deposition which exhibited specific discharge
capacity up to 203 mAh/g as cathode material for RMBs with
coulombic efficiency reaching 98.5% after 160 cycles. At a higher
current density of 800 mA/g, its specific capacity still remained at
a high level of 142 mAh/g (about 83.5% of total capacity), indicat-
ing excellent structural stability when adopted as cathode material
for RMBs [61]. As shown in Fig. 2e, TiS, was used as the model
compound. The diffusion behavior of Mg2*+ and MgCI* in the lay-
ered material was also calculated by first principles. The diffusion
of Mg2* in layered TiS, has been extensively investigated by the-
oretical modeling work, showing that the migration potential bar-
rier decreases significantly with lattice expansion. Therefore, fur-
ther expansion of TiS, has an effect on the Mg+ and MgCl*+ mo-
bility, and the Mg2* migration potential decreases from 1.06eV to
0.51 eV owing to the smaller total binding energy between Mg and
S in TiS,.

MoS, with layered structure provides a two-dimensional chan-
nel for Mg2+ diffusion and various shapes of MoS, host materi-
als are extensively applied as cathode materials in RMBs [72]. Re-
searches on synthesizing different forms of MoS, cathode materials
have been reported, such as hollow cage fullerene nanoparticles,
fiber flocculent, and spherical nanovesicles using Na,MoO,4 and
various vulcanizing agents through solution chemical reaction [73].
Electrochemical tests were also conducted with Mg(AICl3Bu), /THF
as the electrolyte, which showed low reversible capacity (5-
25 mAh/g), cycling efficiency of only 10%—40%, and voltage plat-
form at about 1.5V. To improve the reversible capacity of MoS,,
Chen et al. synthesized graphene-like layered MoS, (G-MoS,) by
the solvothermal method and used it as the cathode material for
RMBs and magnesium nanoparticles as the anode for electrochem-
ical performance testing. An operating voltage of 1.8V and a re-
versible discharge specific capacity of 170 mAh/g were observed
during this charging and discharging process [33]. The experimen-
tal results show that the monolayer of G-MoS, provides a more
efficient path for the migration of Mg2+, thus enhancing the elec-
trochemical performance of the cathode material. Further analysis
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Fig. 2. (a) Crystal structure of TiS,. Reproduced with permission [69]. Copyright 2016, American Chemical Society. (b) Crystal structure of TiSe,. Reproduced with permission
[70]. Copyright 2015, Springer Nature. (c) Crystal structure of discharge and charge profiles of layered TiS,. (d) Discharge (red) and charge (blue) capacity and Coulombic
efficiency (green) evolution at a C/10 rate. Reproduced with permission [69]. Copyright 2016, American Chemical Society. (e) Calculation of magnesium ion diffusion in TiS,

by first principles. Reproduced with permission [71]. Copyright 2017, Springer Nature.

reveals that compared to typical bulk MoS,, G-MoS, synthesized
via solvent-thermal method possesses a greater interlayer spacing.
Upon magnesium intercalation, this interlayer separation expands,
consequently offering more active sites. This enhancement not only
leads to an increase in cathode discharge specific capacity but also
mitigates capacity decay. Furthermore, in comparison to the previ-
ously mentioned full-cell with a discharge capacity of 35 mAh/g,
both the cathode and anode undergo corresponding morphologi-
cal optimizations. In addition, some researchers have improved the
electrochemical properties of MoS, by expanding the layer spacing
and improving the diffusion kinetics of Mg2t between MoS, lay-
ers. The addition of an appropriate amount of poly(ethylene oxide)
(PEO) to MoS, can expand the MoS, layer spacing from 0.62 nm to
1.45 nm, which provides a larger channel for the diffusion of Mg2*
and significantly improves the diffusion mobility of Mg2+ [34].
CuS have been recognized as one of the most promising cath-
ode materials for rechargeable magnesium batteries due to their
high theoretical capacity and unique conversion-type mechanism.
However, the solid-state diffusion of bivalent Mg2* jons in CuS
host lattice is subjected to huge electrostatic interaction and thus
sluggish kinetics. To overcome this problem, several strategies have
been reported, such as size reduction, morphology engineering, in-
terlayer expansion, and atomic substitution [74-77]. During the in-
tercalation of Mg2t at the CuS cathode, CuS has been partly re-
duced to Cu,S, and then transformed to Cu metal. According to the
magnesium storage mechanism of CuS, the theoretical specific ca-

pacity is as high as 560 mAh/g, which is much higher than that of
MogSg [78]. Du et al. adopted anion substitution strategy and crys-
tal engineering to regulate electrochemical reaction kinetics and
reinforce magnesium storage performances of tubular CuS cath-
odes. Benefitting from anion substitution and crystal facet regula-
tion, the lattice well-exposed Se-substituted CuS cathodes exhib-
ited excellent capacity (372.9 mAh/g at 100mA/g) and remarkable
cycling stability (1600 cycles at 2.0 A/g), and a good rate capability
(112.4 mAh/g 1 at 2.0 A/g). Electrochemical kinetics investigation
further suggests that anionic Se-substitution and crystal facet reg-
ulation can significantly optimize electrochemical reaction kinetics
and accelerate diffusion rate of Mgt ions [79].

At present, transition metal sulfides like Chevrel phase, TiS,
and MoS, are currently the most studied RMBs cathode materi-
als [80,81]. Among them, Chevrel phase has the lowest specific ca-
pacity and voltage while TiS, and MoS, exhibit relatively high ca-
pacity with excellent cycling performance. However, energy density
needs to be improved by optimizing microstructure regulation and
co-doping in future research.

4. Transition metal oxide
4.1. Vanadium oxide

Transition metal oxides have stable oxygen-metal bonds, high
ionic properties, and a high anodic oxidation potential. V,05 crys-
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tal structure is divided into «-V,0s and B-V,0s5 (Figs. 3a and
b) [82]. V5,05 is widely used in RMBs due to its ability to pro-
vide a high working voltage and excellent electrochemical perfor-
mance when used as the cathode material for lithium-ion bat-
teries (LIBs) [83,84]. The V,05 crystal consists of a polyhedral
layer composed of V,05 that is favorable for Mg?+ deintercala-
tion. As shown in Figs. 3¢ and d [85], the reversible electrochem-
ical process of Mg2* is revealed. The figure above reveals our ap-
proach to synthesizing the {-V,05 phase and the "topochemical
cycling" of the structure through initial magnesiation by reaction
with di-n-butylmagnesium in heptane and subsequent demagnesi-
ation by reaction with NOBF, in acetonitrile, each of which pre-
serves the framework of the original oxide. Pereira-Ramos et al.
reported on the reversible electrochemical reduction of Mgt in
Mg(ClO4),/fused dimethyl sulfone and Mg (CF3SOs),/sulfosulfone
electrolytes at 150 °C, showing that Mg2* embeds into V,0s to
form Mgy 5V,05. However, it exhibits poor cycling performance at
low current density (100 pA/cm).

Novak et al. [86] found that reversible de-embedding of
Mg2*+ could only be achieved when water molecules were
present in the electrolyte. When an acetonitrile solution of 1 mol
Mg(ClO,4); + 1mol H,0 was used as the electrolyte, V,05 exhib-
ited a discharge capacity of about 170 mAh/g, which is a great im-
provement compared with that of pure V,05 (less than 50 mAh/g),
but the capacity rapidly decayed after 20 cycles. The reason is that
when a small amount of H,O is present in the electrolyte or ma-
terial, hydrated magnesium ions can be formed, which can reduce
the polarization strength of Mg2t by the charge shielding effect
of H,0, thus improving the electrochemical performance of V,0s.
However, when the anode material is magnesium metal, the in-
troduction of water will result in the formation of a passivation

film unfavorable to the diffusion of MgZ*. Subsequently, studies
on hydrated V,05 gels [87-90] and aerogels [91] have emerged.
Due to the different water content, the gels not only have strong
Mg de-embedding ability, but also have a large surface area of
porous structure, which is favorable for the de-embedding of Mg2+
in the host material. In addition, Son et al. [92] reported the re-
dox capacity of V,05 for the de-embedding process of Mg2* in a
non-aqueous electrolyte. Mg (TFSI),/PC at 0.5mol/L was used as
the electrolyte for a magnesium-ion battery, and magnesium metal
was used as the anode. The cell exhibited a discharge specific ca-
pacity of only 130 mAh/g, and the specific capacity decayed rapidly
after a few cycles [93]. Sanja et al. reported the performance of
nanostructured bilayer V,05 as cathode material, with magnesium
metal as an anode and an electrolyte of 1mol/L Mg(ClO4), dis-
solved in acetonitrile. The cell exhibited a discharge specific ca-
pacity of 160 mAh/g at a current density of 20mA/g. The electro-
chemical performance difference between the cells with aqueous
electrolyte and non-aqueous electrolyte demonstrates that the rea-
sonable choice of electrolyte helps to improve the comprehensive
performance of RMBs when magnesium metal is employed as an-
ode [94].

To improve the performance of the materials focusing on these
shortcomings such as slow diffusion kinetics and poor cycling per-
formance of V,05 cathode materials, structural design is consid-
ered as the common strategy. Yuan et al. studied the electrochemi-
cal properties of Cu-doped V,05 nanotubes as cathode materials in
organic electrolyte containing magnesium; they found that doping
Cu can enlarge the layer spacing which is conducive to rapid re-
moval of Mg+ ions from host material [95]. Yanan et al. developed
a high-performance cathode material Mgg3V,05-1.1H,0 with 1D
nanostructure, which endows the short Mg2+ diffusion length and
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large contact area between electrode and electrolyte (Fig. 3e). The
analysis shows that water molecules and pre-embedded Mg+ play
a crucial role in the electrochemical performance: Water not only
widens the lattice spacing of Mgg3V,05-1-1H,0, allowing Mg2+ to
embed and de-embed, but also shields the Mg2* charge, leading
to fast kinetics and rate performance [35]. Preper et al. investi-
gated the modification of the layer spacing and interlayer com-
position of hydrated V,05 dry gels by doping poly (ethylene ox-
ide) within the V,05 layer to improve the electrochemical storage
of magnesium ions within the structure. The synthesis process of
V,05-PEO is shown in Figs. 3f and g. The V,05-PEO nanocompos-
ites have a higher Mg2* diffusion coefficient compared to V,0s
dry gels. Owing to the structure of V,05-PEO nanocomposites, it
has about 5 times higher magnesium ion charge storage capacity
than V,0s5 dry gels. The reaction mechanism of V,05-PEO cath-
ode material is shown in Fig. 3h. Kim et al., on studying VOx nan-
otubes with vanadium in different oxidation states (V3+/V4+[vo+)
as RMBs cathode materials found that charge transfer resistance at
electrode/electrolyte interface was the smallest for VOx nanotubes
when vanadium was trivalent(V3+), resulting in better cycling per-
formances [96].

4.2. Manganese oxide

MnO, is widely applicated in batteries field because of its
rich resources, low toxicity, and polycrystalline merits. The spinel
phase LiMn,04 achieved the earliest commercial application in
LIBs due to its high energy density and superior rate perfor-
mance [97]. By replacing Lit in LiMn,04 with Mg2t and Zn2*,
the Mn ion at the octahedral site takes the form of Mn3+, which
is the same as the cubic spinel LiMn,04 twisted into tetragonal

spinel Li,Mn,0,4 with the insertion of excess Li ions. The struc-
ture diagram of LiMn,04 is shown in Fig. 4a, where MgMn,04
and ZnMn,0,4 remain spinel structure after the insertion of mag-
nesium and zinc ions. The results show that A-MnO, has large
specific capacity and good cycling performance, and can be used
for intercalation of Mg and Zn ions in water system [98,99]. In
1990, Gregory et al. reported the electrochemical debinding of Mg
in Mn,03 and Mn30,4 manganese oxide compounds using magne-
sium perchlorate/THF electrolyte. This unique polycrystalline MnO,
is often combined with organic magnesium halide or magnesium
perchlorate non-aqueous electrolyte solutions for application in
RMBs. Manganese can form multiple stable phases with oxygen
and research on manganese oxide compounds as cathode mate-
rials for RMBs mainly focuses on different phases of MnO, [11].
A specific capacity of 85 mAh/g was observed for Todorkite-type
Mgy21MnO, g3-0-24H,0 synthesized by hydrothermal treatment in
a 1mol/ L magnesium perchlorate electrolyte [100]. Zhang et al.
[101] reported the redox capacity of Hollandite-type o-MnO, dur-
ing Mg2t de-embedding in non-aqueous electrolyte. The initial ca-
pacity of «-MnO, is about 240 mAh/g, which can be charged and
discharged repeatedly, but the capacity of the material decreases
rapidly due to the dramatic deformation of the «-MnO, structure
from tetragonal to orthorhombic phases during magnesiation. It
has been reported that Hollandite-type MnO, has a high discharge
specific capacity of up to 280 mAh/g in the voltage range of 0.8V
to 3.0V (vs. Mg/ Mg2Zt) when 0.2mol/L (Mg,(u-Cl);-6(0C4Hg))-
((N(Si(CH3)3)2)nAlCly.,) (n=1, 2) (Mg-HMDS)/ THF is utilized as
the electrolyte [101]. When magnesium metal was used as the an-
ode material and magnesium perchlorate dissolved in acetonitrile
solution was used as the electrolyte, Hollandite-type MnO, exhib-
ited a specific capacity of discharge of only 85 mAh/g, and such
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decayed performance originates from the limited choice of proper
anode materials and electrolytes [38].

In addition, Wang et al. reported spinel-type Mn30,4 as a cath-
ode material for MIB with high coulombic efficiency and good cy-
cling stability. The reaction process of U-Mn30,4 and C-Mn30, is
shown in Fig. 4b. The spongy nano-Mn3;04 powder comprises an
interconnected mesoporous network with well-dispersed nanopar-
ticles (~10nm) and a large specific surface area (102 m?/g). Such
structural configuration facilitates electrolyte penetration, signifi-
cantly improves the utilization of electroactive materials, gener-
ates high ion fluxes channel at the electrode-electrolyte interface,
and provides more active sites for electrochemical reactions [41].
The mechanism of layered MnO, as a cathode material for MIBs is
shown in Fig. 4c [102].

Furthermore, Sun et al. synthesized layered MnO, polycrystals
(Birnessite phase) as a nanostructured phase supported by con-
ductive carbon cloth and compared its electrochemical and struc-
tural changes when cycled as cathode material in MIBs under non-
aqueous or aqueous conditions. Figs. 4d and e illustrate the trans-
formation of Mn30,4 electrode into Mg-B electrode and the inser-
tion of Mg2* hydration and mixing of Mg/Mn during battery dis-
charge. Nam et al. investigated an unconventional method of in-
corporating crystalline water into the layered structure of MnO,,
as crystalline water can effectively shield the electrostatic inter-
action within Mg2t and the host anion. In aqueous solution, the
reduced interfacial energy loss due to Mg?+ hydration resulted in
large reversible capacity (231.1 mAh/g) and excellent cycling per-
formance (62.5% retention after 10,000 cycles) of Birnessite MnO,
at high operating voltages, revealing the importance of effective
charge shielding in the host and rapid Mg2+t transfer across the
cathodic interface [39]. Meanwhile, in the aqueous electrolyte of
MIBs, co-insertion of H* and Mg2t may occur, which contributes
significantly to the capacity of the aqueous battery. MnO, can ex-
ist in Hollandite (¢-MnO,), water-MnO, layered §- and A-spinel
phases (revision: MnO, can exist in Hollandite (¢-MnO,), layered
Birnessite structure (§-MnO,), Spinel phases (A-MnO,) and tun-
nel structure under the Ramsdellite family (R-MnO,)) as shown in
Fig. 4f [103]. The §-MnO, layered oxide is reported to be a hy-
drated layered oxide used to insert polycrystalline cations. The lay-
ered structure of Birnessite §-MnO, provides a two-dimensional
channel for ion de-embedding. The electrochemical properties of
Birnessite §-MnO, cathodes were investigated using magnesium
metal as the anode and acetonitrile solution of magnesium per-
chlorate as the electrolyte, which was also combined with acety-
lene black. The capacity of the «-MnO, composite was almost
zero after 20 cycles, while the Birnessite §-MnO, composite had
a 50% retention of the initial capacity after 25 cycles [104]. Re-
cently, Wang et al. expanded the layer spacing of Birnessite MnO,
from 0.70nm to 0.97 nm by introducing K* and H* plasma which
nearly doubled its capacity from 58.6 mAh/g to 110.8 mAh/g. This
expansion also enhanced the diffusion channel of Mg2*, resulting
in an improvement in electrochemical performance [105], which
sheds light on a novel idea for improving Mg?* reactivity. More-
over, we investigated the charging and discharging mechanism of
6-MnO, as cathode material for aqueous magnesium-ion batteries.
Our results show that there is a two-step process during the dis-
charge of §-MnO,, including the subsequent insertion of H* and
Mg2+ [106]. Two pairs of redox peaks based on manganese oxide
as the cathode in aqueous MIB have been frequently observed be-
fore, which may be attributed to the co-insertion of H* and Mg2+
[107]. Huang et al. [108] show that proton co-insertion into tunnel-
ing materials is determined by a combination of interfacial deriva-
tion and internal diffusion. At the interface, the insertion kinetics
of hydrated magnesium ions are poor and thus accumulate and hy-
drolyze to produce protons; in tunneling, the co-insertion/lattice
water molecules impede the diffusion of magnesium ions while
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MoOyq
octahedra

Fig. 5. Crystal structure of the syngonal octahedron o-MoO;, with molybdenum
atoms in purple and oxygen atoms in red. Reproduced with permission [111]. Copy-
right 2018, Elsevier Inc.

facilitating the diffusion of protons. The overall capacity contribu-
tion of proton insertion to aqueous cells is significant. Proton co-
insertion is widespread in aqueous magnesium ion batteries and
enables high performance in divalent ion aqueous batteries. Lee et
al. demonstrated that under low pH conditions (pH < 3.0), proton
insertion can precede the insertion of divalent ions. The number
of protons in the electrolyte is no longer negligible under low pH
conditions, so the overall redox potential and capacity may be af-
fected by protons. In addition to pH, the relative ratio between the
mass of the cathode material and the amount of electrolyte ap-
pears to be another important parameter to consider when evalu-
ating the effect of protons in aqueous batteries [109].

4.3. Molybdenum oxide

Compared to molybdenum sulfide, molybdenum oxide is less
frequently studied in the context of RMBs. Spahr et al. were among
the first to investigate Lit and Mg2t migration in layered MoOs,
reporting on the embedding behavior of Mg+ within such ma-
terial [110]. Their findings suggest that battery capacity attenua-
tion primarily results from changes to the host material’s inter-
nal structure during cycling and the impurity peak appears on CV
curves caused by irreversible reactions between electrolytes and
electrode materials. Moreover, the crystal structure of «-MoOj3 is
shown in Fig. 5 [111]. Pandey et al. introduced a magnesium ion
conducting gel polymer which exerts a reversible specific capacity
of 175 mAh/g after 10 cycles using MoOs. It can be found that us-
ing MoO3 as the cathode material and Mg ion-conducting gel poly-
mer as the electrolyte can obviously reduce the capacity degrada-
tion of the battery after long cycles [112]. Gershinsky et al. pre-
pared a thin film of orthorhombic MoO3 as cathode material for
RMBs. In a non-aqueous electrolyte system, a discharge specific ca-
pacity of 210 mAh/g was observed at an operating voltage of 2.2-
2.8V when 0.1 mol/L MgTFSI, was used as the electrolyte [113].
MoOs3 has attracted much attention from researchers because of its
stable layered structure for Mg?*de-embedding. Recently, Incorvati
et al. attempted to investigate the embedding behavior of Mg+ by
adding some fluorine to layered o-MoO5 by fluorination. In gen-
eral, the proper fluorination of ®-MoO3 can decrease the lattice en-
ergy of MoOs, thus improving the electronic conductivity and the
diffusion rate of Mg?*. Unlike most layered materials, -MoO, gFg
can maintain its layered structure. The introduction of fluorine can
free the electrons between Mg-O layers, thus enhancing the ion
diffusion kinetics in «-Mo0O, gFg,. The addition of fluorine can also
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regulate the volumetric changes resulting from Mg2+ diffusion and
decrease the diffusion potential of Mg2* [114].

When transition metal oxides are used as cathode materials for
RMBs, their smaller interlayer van der Waals force facilitates Mg2+
deintercalation. Magnesium intercalation kinetics depend largely
on ion mobility within these materials, which is influenced by
three structural factors: (1) Connectivity between conductive sites;
(2) size differences between diffusion channels/cavities and equi-
librium points; and (3) interaction intensity between equilibrium
sites and host structures. Substituting oxygen for sulfur or sele-
nium in layered materials can increase Mg2+ mobility by expand-
ing its diffusion channel while weakening its interaction strength
with the main lattice. Additionally, layered transition metal ox-
ides typically have greater voltages than transition metal sulfides
or selenides, making them more energy-dense overall despite poor
cycling performance thus far. Future work may improve cycling
performance through non-aqueous electrolyte introduction, shorter
Mg+ diffusion paths, or auxiliary material additions.

5. Polyanionic compound

Polyanionic compounds are emerging as cathode materials for
RMBs. These compounds have large anionic structural units and
a strong covalent bond between their elements, resulting in a 3D
frame-structure that gives space for other highly coordinated metal
ions to occupy. Polyanionic compounds exhibit higher voltage and
discharge capacity, as well as better cyclic stability compared to
sulfides and oxides.

5.1. Transition metal silicate

Li;MSiO4 (M = transition metal) materials have a high en-
ergy density as each transition metal atom transmits two electrons
[115]. These materials also exhibit structural stability, allowing re-
versible embedding of Mg+ without causing significant damage
to the lattice structure and magnesium ion capturing. Addition-
ally, silicate is an environment friendly and low-cost material. Con-
sequently, researchers have explored the electrochemical proper-

ties of Mgy 93 Mngg7-Si04, MgFeSiO,4, and MgCoSiO4 [116,117]. The
crystal structure of MgCoSiO,4 is shown in Fig. 6a [118]. From pre-
vious researchers, we know the 2D skeleton of Li,FeSiO4 and the
3D skeleton of FeSiO4 and MgFeSiO4. The 3D frame can bind Mg
ions in the void (Fig. 6b) and lattice structure diagram of MgMSiO4
is shown in Fig. 6¢c [13,119]. Typical charge/discharge curves of
MgCoSiO4 nanoparticles at C/50 current rate are shown in Fig.
6d. Furthermore, Fig. 6e shows that the average Coulombic effi-
ciency steadily increases during electrochemical cycling and can
reach 99%. Nuli et al. prepared olivine structure silicate cathode
material using sol-gel method and solid phase reaction technol-
ogy to study its electrochemical performance in RMBs [120]. The
results showed that the cathode material had a discharge voltage
platform of 1.6V and a discharge capacity of 244 mAh/g when pre-
pared by sol-gel method. Mesoporous Mgig3Mngg7-Si04 was syn-
thesized using mesoporous silicon dioxide as the precursor and sil-
icon source [121,122]. Compared with non-porous materials, this
kind of mesoporous material facilitates diffusion and migration of
Mg2*, which results in higher discharge capacity and working volt-
age when utilized as RMB cathode material. Chen et al., in recent
years, synthesized MgMSiO4/C (M = Fe, Mn, Co) composite mate-
rial through sol-gel method and molten salt method while using
PhMgCl,-AICl3/THF solution (APC) as electrolyte along with AZ31
magnesium alloy as anode material to conduct research on its elec-
trochemical properties [13,116,123,124]. However, the results indi-
cated that the large diffusion barrier for Mg?t in MgMSiO; ma-
terials exists and diffusion process is difficult at room tempera-
ture. Furthermore, the MgMSiO4/C in APC electrolyte exerts poor
electrochemical performance on account of the incompatibility be-
tween MgMSiO4/C and APC electrolyte. Therefore, future studies
should focus on reducing the diffusion and migration barriers of
Mg2* accompanied by increasing its ion mobility.

5.2. NASICON compound
Na3V,(POg4)3 with a rhomboid NASICON structure provides up

to 3V voltage, which is higher than the MgMSiO, and Chevrel
phases. Although its open three-dimensional channel facilitates
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rapid diffusion of Mg2*, its electrical conductivity requires fur-
ther improvement. Researchers typically compound it with car-
bon to enhance its electronic conductivity [125,126]. Zhao et al.
prepared mesoporous NazV,(PO4)3/C microspheres and then ob-
tained NasV,(PO4)3/C phase (ED-NV ratio P/C) through electro-
chemical Sodium removal [127]. The process of embedding Mg+
in ED-NVP/C at 0.3 mol/L Mg (TFSI);/MeCN was also studied. The
electrochemical reaction is well reversible, where the reversible
processes of sodium and magnesium ions are shown in Fig. 7a.
Fig. 7b shows the NVP/C preparation process. Figs. 7c and d
demonstrate the reversible electrochemical process from the char-
acterization of XPS and XRD respectively. Alcantara et al. inves-
tigated the charging and discharging mechanism of Na3V,(POy4);
in a 0.5mol/L [Mg(NTf;),]/C4H190, solution and found that dur-
ing sodium/magnesium insertion, magnesium partially replaces
sodium, stabilizing the crystal structure [128], thus improving cy-
cle stability. Polyanionic compounds with unique structures, good
thermal stability, high energy density, and without obvious mag-
nesium ion capture phenomenon have been widely studied as
RMBs cathode materials. Transition metal silicate materials gener-
ally exhibit high theoretical specific capacity, high working voltage,
and excellent cycling performance; however, their diffusion bar-
rier for Mg%* jons are relatively high due to lack of suitable one-
dimensional diffusion channels resulting in lower actual capacity
compared to theoretical capacity. To improve electrochemical per-
formance, grain size reduction or introduction of nano conductive
carbon materials can be considered along with operating at higher

10

temperatures for transition metal silicates material. NASICON com-
pounds have a higher working voltage but require improved kinet-
ics for Mg2+ ion diffusion within host material; therefore, intro-
ducing a suitable second phase to improve conductivity is feasible
but requires further exploration of its mechanism.

6. Prussian blue analogue

In recent years, researchers have shown great interests in Prus-
sian blue analogues, a type of metal-organic framework mate-
rial with an open and adjustable crystal structure [129,130]. In
Fig. 8, we summarize the structure of Prussian blue in different
states, including Prussian blue analogues (PBAs) with a 3D open
frame lattice (Fig. 8a), two vacancies involved transition metal ions
and their six-C lect N-ligands (Fig. 8b), diffusion of inserted ions
through channels (100) (Fig. 8c), and Fig. 8d shows that the linked
vacancies can provide an alternative method for metal ion dif-
fusion. Cupric ferricyanide hydrate (Kq;Cu[Fe(CN)glo7-3.6H,0) or
nickel ferricyanide hydrate (KygNij,Fe (CN)g-3.6H,0) are the most
commonly used Prussian blue analogues in electrochemical stud-
ies. Kim et al., for instance, prepared a nano-Prussian blue com-
pound NagggFe,(CN)g as the cathode material for RMBs. When us-
ing an acetonitrile solution of 0.3mol/L Mg (TFSI), as the elec-
trolyte, they observed a voltage platform of 3.0V (vs. Mg/Mg?*),
a reversible discharge capacity of 70 mAh/g, and higher retention
rates after 35 cycles [131]. In addition, the Prussian blue analogs
could also be used as cathode materials in water-based recharge-
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able batteries [132,133]. Mizuno et al. found that in aqueous elec-
trolyte, Mg+ can be reversibly in Ky;Cu[Fe(CN)g]o7-3-6H,0, and
the discharge specific capacity of 50 mAh/g was investigated with
current density of 0.1 A/g [134]. At the same time, in the MIBs
aqueous electrolyte, there may be a co-insertion of H* and Mg+,
By synthesizing nickel ferricyanide (NiHCF), Wang et al. showed a
long cycle life and excellent rate performance in Mg (NO3), elec-
trolyte. After 2000 cycles, the specific capacity was 60 mAh/g and
the Coulombic efficiency was about 99% [135]. PBAs not only have
excellent cycling and rate performance properties, but also work
in water-based electrolytes. Water-based electrolytes are known to
be safer and more environment friendly than organic electrolytes.
In recent years, water-based electrolytes have been used in the re-
search of PBAs batteries. Similar to the effect of water molecules in
V,05 hydration, the presence of water molecules in the structural
interval of PBAs helps to reduce the polarization effect of Mg2+.
When using a water-based electrolyte, an oxide film forms on the
surface of the magnesium metal anode hindering diffusion of Mg2+
and reducing battery performance. This is a key problem that fu-
ture PBAs batteries must address.

The open frame structure of PBAs allows for the release of
Mg2*+, which has high voltage, cycle stability, and rate perfor-
mance [136]. The current battery energy density of mobile phones
is generally 300-500 Wh/kg [137]. However, to meet the demand

1
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for high energy density of electronic devices, its specific capacity
needs further improvement. However, the further development of
PBAs still faces some challenges that hinder their practical applica-
tion and commercialization. They are summarized as follows: (1)
PBA materials undergo irreversible phase changes during deep dis-
charge/charging; (2) Owing to the fact that PBAs are prepared in
aqueous solutions, vacancies and coordination water in their crys-
tal frameworks inevitably remain in the PBAs, thus weakening the
crystallinity and contributing to the reduction of capacity retention
and cycling stability; (3) Owing to the application of aqueous elec-
trolytes and the narrow electrochemistry of aqueous electrolytes
window, side reactions (oxygen precipitation reaction, dissolution
of PBAs) can occur. (4) The electrochemical reaction mechanism
of the PBA cathode is complex and varies with the intercalation
ion species, PBA composition and electrolyte system. The above is
shown in Fig. 8e [138].

Currently, research on RMBs is in its initial stages with many
theoretical mechanisms not yet mature or unified. The develop-
ment of RMB is severely hampered by the slow diffusion kinetics
of Mg2+ in the cathode, the lack of high-performance electrolytes,
and the hardship of applying Mg anodes. Due to the unique com-
plex interactions and incompatibilities of cathode, anode and elec-
trolyte, it is challenging to choose the appropriate solution to en-
hance the whole performance of RMB.

7. Organic polymers

Organic cathodes, due to their high theoretical capacity, flexible
molecular structure, and abundance of raw materials, are regarded
as promising cathode materials. Among these, carbonyl compounds
(with the general chemical formula 2R-C=0, where R=H, CH,,
and phenyl group, etc.) have garnered widespread attention in
recent years. For instance, carbonyl compound DMBQ based on
benzoquinone exhibits higher room-temperature discharge capac-
ity compared to most inorganic cathode materials. Liao et al. in-
vestigated the electrochemical performance of DMBQ, revealing
a discharge voltage of 2.0V and a first-cycle discharge capac-
ity of 226 mAh/g at 0.2 C rate, demonstrating excellent room-
temperature magnesium storage capability [139,140]. Sano et al.
indicate that using DMBQ as the active material for recharge-
able magnesium batteries, the electrode exhibits a discharge ca-
pacity of 260 mAh/g and an average voltage of 0.9V compared
to the reference magnesium electrode [141]. Senoh et al. em-
ployed magnesium anode, ethylene diamine-based electrolyte, and
DMBQ cathode to construct rechargeable batteries, achieving a dis-
charge capacity of 260 mAh/g, which remains high even after
20 cycles. However, during discharge, carbonyl small molecules
tend to dissolve in the electrolyte, hampering the cycling per-
formance of DMBQ, which calls for improvement. Polymerizing
organic small molecules can effectively prevent their dissolution
[142]. Liao et al. synthesized 2,6-polyanthraquinone (26PAQ) and
1,4-polyanthraquinone (14PAQ) via polymerization, both exhibit-
ing initial capacities exceeding 100 mAh/g, with 14PAQ retain-
ing 83% of its initial capacity after 1000 cycles, demonstrating
superior cycling stability. This may be attributed to the place-
ment of the redox-active quinone groups on one side of the
polymer chain in 14PAQ, providing rotational flexibility and re-
ducing steric hindrance, thereby enhancing the structural stabil-
ity of the polymer. Additionally, due to carbonyl groups being
located on the same side of the polymer chain, MgZt can be
chelated by adjacent carbonyl groups, ensuring stability [143]. An-
other effective approach involves constructing a membrane layer
between the cathode and the separator to mitigate the dissolu-
tion of organic small molecules. Yao et al. modified a layer of
graphene oxide between the separator and the cathode, capturing
soluble intermediate Mg1PTO on the cathode side, effectively in-
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hibiting the dissolution of organic cathode pyrene-4,5,9,10-tetrone
(PTO), achieving electrode cycling for over 700 cycles with a dis-
charge capacity of 315 mAh/g [144]. Furthermore, the choice of
electrolyte significantly affects the performance of organic cath-
odes. For instance, Yao et al’s investigation into the magnesium
storage mechanism of carbonyl compounds DMBQ, 14PAQ, and
P(NDI,OD-T,) in electrolytes with and without chlorine revealed
differences. In fluorine-containing electrolytes, due to the higher
dissociation barrier of Mg-Cl, carbonyl groups preferentially react
with MgCl*, leading to significant electrolyte consumption, while
in electrolytes containing only magnesium salt, carbonyl groups
only react with Mg™, resulting in comparable specific capacities to
those in fluorine-containing electrolytes, with the type of charge
carriers not affecting the actual discharge capacity of organic elec-
trodes [145].

Organic sulfides (with the general chemical formula R-S-S-
R, where R phenyl group and cyclopentane, etc.) can also
achieve magnesium storage through reversible cleavage and for-
mation of disulfide bonds (S-S). Nuliyana et al. for the first
time utilized 2,5-dimercapto-1,3,4-thiadiazole (DMcT) as a non-
polymeric cathode material in MIBs, with a first-cycle dis-
charge capacity of 16.8 mAh/g [146]. Moreover, using poly(2,2’-
dithiobisbenzeneamine) (PDTDA) containing S-S bonds as an or-
ganic cathode can achieve a specific capacity of 78mAh/g [147].
Dominko et al. synthesized polyhydroquinone benzodioxathiolane
(PHBQS) via solvent-thermal synthesis using sulfur and hydro-
quinone as raw materials, achieving a discharge voltage of approx-
imately 2.0V compared to Mg and a maximum specific capacity
of 158 mAh/g in MgCl,—Mg (TFSI), tetraglyme:1,3-dioxolane elec-
trolyte [148]. Wiik et al. utilized organic sulfur compound di(5-
methylene-2-thioxo-1,3-dithiolan-4-ylidene) malononitrile (PMTT)
as a source of redox-active sulfur and achieved a high initial dis-
charge capacity of 295 mAh/g in its pristine form with carbon
black as a conductive additive, maintaining 76% of the capacity af-
ter 100 cycles. This is attributed to the unique chemical properties
of PMTT and the molecular mixture of active and inactive com-
ponents it generates [149]. However, organic sulfur cathodes are
still limited by their poor cycling performance, requiring further
research for improvement. Additionally, organic radicals with redox
activity can also be used as cathode materials for MIBs, with the
general chemical formula N-3R (R=H, O, phenyl, etc.). For exam-
ple, poly(2,2,6,6-tetramethylpiperidin-1-oxyl methacrylate) (PTMA)
due to its fast electron transfer characteristics was initially applied
in lithium-ion batteries and has recently been attempted in MIBs
to address the issue of sluggish Mg?* diffusion. Nuliyana et al. used
PTMA/graphene nanocomposites as cathodes in MIBs, which exhib-
ited a rapid decline in capacity to one-fourth of the initial capac-
ity after only 5 cycles, with a low first-cycle discharge capacity
of 81.2 mAh/g and a low operating voltage window of 0.3-1.8V
[150]. This is largely due to the solubility of organic radicals in the
electrolyte or side reactions with the electrolyte, resulting in poor
stability [151]. Choi et al. attempted to study PTMA in a 0.3 mol/L
Mg(TFSI),/glycine and diglyme electrolyte system, successfully in-
creasing the electrochemical stability window of PTMA/Mg cells to
1.75-3.4V, thereby improving the energy density of organic radical
cathodes to some extent, but their cycling stability has not been
significantly improved [152].

8. Conclusion and prospect

Molybdenum sulfide is the most extensively studied anode ma-
terial among common RMBs cathode materials, exhibiting bet-
ter cycling performance than oxides due to its smaller structural
rigidity. However, it still suffers from Mg2t trapping effect and
slow diffusion kinetics. Although nanostructure design and high-
temperature cycling can improve Mgt diffusion rate, they do not
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meet current requirements. Transition metal sulfides are the most
widely studied RMBs cathode materials, and TiS, and MoS, have
relatively large capacity and well cycling performance. Neverthe-
less, the energy density of transition metal sulfides still needs to
be improved, and the performance can be optimized in terms of
microstructure regulation and co-doping to improve the reactiv-
ity in the future. Layered vanadium oxides have high capacity and
working voltage and the transfer performance of Mg2t could be
enhanced by refining grain size, increasing specific surface area,
and adding water. Manganese oxides with layered Birnessite type
or spinel structure exhibit better cycling performance than Bollan-
dite type materials with tunnel structure. The orthogonal structure
of molybdenum oxide has a charge trapping effect, and prolonged
ion de-embedding may lead to irreversible changes in the structure
of the material, but the thin film ameliorates these problems. The
overall electrochemical performance of the transition metal oxides
is still poor and can be improved in future studies by introduc-
ing non-aqueous electrolytes, shortening the Mg2+ diffusion path,
and adding auxiliary materials. To achieve satisfactory energy den-
sity of MIBs, the cathodes with high operating voltage with oxide
frameworks companied with Mg metal are urgently pursued. How-
ever, the limited choices of electrolytes (such as non-aqueous elec-
trolytes) could simultaneously meet the needs of matching high
voltage cathodes as well as preferable compatibility with metal-
lic magnesium anode, which restricts the cathode functionality in
MIBs. For transition metal silicate materials, the material has a
mesoporous structure that is more conducive to enhancing the
electrochemical properties of RMBs, but the grain size requires fur-
ther reduction, which will result in a notable improve in the elec-
trical conductivity of Mg2t. NASICON-type compounds have higher
operating voltages than transition metal silicate materials, but the
diffusion rate of Mg2* in the host material needs to be improved,
for which the introduction of a suitable second phase to improve
its electrical conductivity is a feasible option. The Prussian blue
materials have open and adjustable ion channels, which can realize
the rapid migration of Mg2*. However, the oxide film formed on
the anode surface of magnesium metal will hinder the diffusion of
Mg2* and reduce the electrochemical performance of the material,
which can be improved by introducing a suitable second phase to
enhance its electrochemical performance, and the mechanism can
be investigated more deeply. Despite unique advantages over other
rechargeable batteries, finding suitable cathode materials for RMBs
remains challenging owing to the bivalence of Mg2+. Current re-
search mainly focuses on changing internal structural characteris-
tics or introducing carbon materials to improve electrical conduc-
tivity without exploring electrochemical mechanisms thoroughly.
To develop RMBs cathode materials with higher energy density
and cycling stability for mobile electronic devices and electric ve-
hicles, it requires further improvements in the design of structure
and composition: (1) Furthermore, the design of micro/nano com-
posite cathode materials with optimized particle morphology rep-
resents a critical approach to further enhancing the performance
of magnesium-ion batteries. By carefully tailoring the particle size
and morphology of the composite materials, it is possible to retain
the advantageous short diffusion distances associated with nano-
sized materials while mitigating the electrochemical accumulation
issues typically observed with micron-sized materials. This opti-
mization involves the integration of nano-scale active materials
within a micro-scale matrix, ensuring a well-balanced combina-
tion of high surface area and structural stability. By minimizing
the diffusion pathways for magnesium ions and electrons, these
composite cathode materials can exhibit improved ion transport
kinetics and enhanced electrochemical reversibility. Additionally,
the controlled morphology helps to alleviate mechanical stress dur-
ing cycling, thereby prolonging the operational lifespan of the bat-
tery. Through the strategic design of micro/nano composite cath-
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ode materials, magnesium-ion batteries can achieve superior per-
formance characteristics, including enhanced energy density, cy-
cling stability, and overall efficiency, thereby advancing their appli-
cation in emerging energy storage technologies. (2) Compounding
nano-materials with conductive carbon, such as carbon nanotubes
(CNTs) or graphene, represents a highly effective strategy for fur-
ther enhancing the electrochemical performance of magnesium-ion
batteries. The incorporation of conductive carbon additives serves
to improve electronic conductivity within the electrode material,
facilitating more efficient electron transfer during charge and dis-
charge processes. Additionally, carbon-based materials can act as
a structural support, helping to maintain the integrity of the elec-
trode structure and mitigate mechanical degradation caused by re-
peated cycling. Importantly, the use of conductive carbon addi-
tives helps to inhibit the agglomeration of nano-materials, ensur-
ing a more uniform distribution and optimized utilization of active
materials within the electrode. By synergistically combining nano-
materials with conductive carbon, magnesium-ion batteries can
achieve enhanced electrochemical performance, including higher
specific capacities, improved rate capabilities, and prolonged cy-
cling stability, thereby accelerating their commercial viability for
diverse energy storage applications. (3) In conjunction with the
aforementioned strategies, constructing new nanostructures such
as hollow, mesoporous, or core-shell architectures represents a
promising avenue for enhancing the performance of magnesium-
ion batteries. These innovative nanostructures offer several advan-
tages, including increased surface area, enhanced electrolyte per-
meability, and improved mechanical stability. By adopting hollow
or mesoporous structures, the effective contact area between the
electrolyte and electrode material is maximized, facilitating rapid
ion diffusion and electron transport. Furthermore, core-shell con-
figurations provide an additional level of protection against vol-
ume expansion during cycling, thereby mitigating electrode degra-
dation and ensuring long-term cycling stability. Through the in-
tegration of these advanced nanostructures, magnesium-ion bat-
teries can achieve higher capacities while simultaneously address-
ing challenges associated with volume changes, ultimately advanc-
ing the development of next-generation energy storage devices.
(4) In addition to the introduction of anion groups co-embedded
with Mg?*, the advancement of magnesium-ion battery technol-
ogy further hinges upon the design of multi-component materi-
als capable of facilitating multi-electron transfer processes during
electrochemical cycling. This entails the development of electrode
materials with tailored nanostructures and compositions that en-
able efficient and reversible conversion reactions involving multi-
ple electron transfers per active site. Furthermore, the utilization
of matched non-corrosive electrolytes is imperative to ensure long-
term stability and compatibility with the electrode materials. By
meticulously engineering both the electrode and electrolyte com-
ponents to synergistically promote multi-electron transfer mech-
anisms while minimizing detrimental side reactions, the perfor-
mance and durability of magnesium-ion batteries can be signifi-
cantly enhanced, paving the way for their widespread adoption in
various energy storage applications. (5) The incorporation of anion
groups co-embedded with Mg2* plays a pivotal role in mitigating
solvation effects within the electrolyte, thereby significantly en-
hancing the diffusion kinetics of magnesium ions. By strategically
embedding anion groups alongside Mg2*, the coordination envi-
ronment surrounding the magnesium ions is effectively modified.
This modification reduces the propensity for solvent molecules to
form stable solvation shells around the Mg?*, thereby facilitat-
ing their more rapid migration within the electrolyte and at the
electrode-electrolyte interface. Consequently, this tailored design
not only promotes faster ion transport but also enhances the over-
all electrochemical performance of magnesium-ion batteries, lead-
ing to improved charge/discharge rates, enhanced cycling stabil-
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ity, and increased energy efficiency. (6) In the holistic optimiza-
tion of magnesium-ion battery cathode design, simultaneous con-
siderations are given to both the anode and electrolyte to en-
sure comprehensive performance enhancement. This approach ac-
knowledges the interconnectedness of various components within
the battery system, recognizing that improvements in the cath-
ode must be complemented by advancements in the anode and
electrolyte to achieve optimal overall performance. By integrat-
ing design strategies that address the requirements and challenges
across all battery components, such as electrode morphology, in-
terfacial stability, and ion transport properties, a synergistic en-
hancement of the battery system’s efficiency, capacity, and lifes-
pan can be achieved. Consequently, this holistic approach not only
facilitates the realization of high-performance magnesium-ion bat-
teries but also contributes to the advancement of next-generation
energy storage technologies. (7) The selection and design of new
cathode materials can be significantly augmented by leveraging
advanced computational techniques such as artificial intelligence
(Al), big data analysis, and theoretical calculations. These compu-
tational approaches offer powerful tools for accelerating the dis-
covery and optimization of cathode materials by providing insights
into their structure-property relationships and guiding the syn-
thesis process. Through Al algorithms and machine learning mod-
els trained on vast databases of material properties and synthe-
sis parameters, researchers can efficiently identify promising candi-
date materials with desirable electrochemical properties. Addition-
ally, big data analysis enables the extraction of valuable knowledge
from large datasets of experimental and theoretical data, facilitat-
ing the identification of trends and correlations that inform the
design of novel cathode materials. Furthermore, theoretical calcu-
lations, including density functional theory (DFT) simulations and
molecular dynamics (MD) simulations, offer valuable insights into
the atomic-scale mechanisms governing material behavior, aiding
in the rational design of cathode materials with tailored properties.
By integrating these computational approaches into the material
design workflow, researchers can accelerate the discovery of high-
performance cathode materials while optimizing synthesis routes
and experimental conditions, ultimately enhancing the efficiency
and effectiveness of material synthesis for magnesium-ion batter-
ies and beyond. (8) To enhance the cycle life of cathode materials,
future development strategies should focus on mitigating degrada-
tion mechanisms that occur over prolonged cycling. This may in-
volve the optimization of electrolyte formulations to minimize side
reactions at the electrode-electrolyte interface, the engineering of
stable electrode-electrolyte interfaces through surface coatings or
interfacial modifications, and the design of robust electrode archi-
tectures to accommodate volume changes during cycling. Addition-
ally, advancements in material synthesis techniques, informed by
computational modeling and data-driven approaches, can lead to
the discovery of cathode materials with improved structural stabil-
ity and cycling performance. (9) Enhancing the operating voltage
of cathode materials is essential for maximizing the energy out-
put and efficiency of magnesium-ion batteries. Future research ef-
forts should aim to increase the redox potential of cathode ma-
terials through the exploration of novel chemistries and compo-
sitional modifications. This may involve the incorporation of el-
ements with higher oxidation states or the development of new
crystal structures that enable higher voltage operation. Addition-
ally, strategies to stabilize high-voltage phases and prevent voltage
fade over cycling will be critical for extending the operational lifes-
pan of magnesium-ion batteries. In summary, the problems faced
by several different types of magnesium ion battery cathode mate-
rials and the solutions are summarized in Fig. 9.

Continued exploration can lead to the development of RMBs
cathode materials with high capacity, voltage, and stability for fu-
ture massive energy storage.
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Fig. 9. Problems and solutions faced by four types of magnesium ion batterys cath-
ode materials.
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