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a b s t r a c t

Rechargeable magnesium batteries (RMBs) are promising candidates for large-scale energy storage due
to the low cost, abundant reserve, high volumetric capacity, and low redox potential of Mg anodes. Since
the high theoretical capacity and energy density originate from the rich valence states of vanadium
(from þ2 to þ5) and distortion of VeO polyhedrons, vanadium-based cathode materials are very
attractive for RMBs. This paper provides a comprehensive overview of vanadium-based cathode mate-
rials for RMBs including vanadium oxides, vanadates, vanadium chalcogenides, and vanadium-based
phosphates. The structure, electrochemical properties, optimization strategies, structureeperformance
relationship, and reaction mechanisms of various vanadium-based cathode materials are described.
The challenges, prospective, and future research directions of vanadium-based electrode materials are
discussed.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Green and renewable energy sources such as wind and solar
energy are vital to sustainable development [1,2]. However, since
their availability depend on nature, they are not as reliable as
traditional sources such as coal and gas in supplying continuous
electricity to the power grid. One solution is to build smart grids
based on large-scale energy storage systems (LSESSs) to store the
electricity generated by renewable energy sources [3e5]. Since
application of lithium-ion batteries (LIBs) to LSESSs is hindered by
the high price and limited natural lithium reserve, it is imperative
to identify suitable alternatives [6,7]. Because of the low cost and
abundant reserve of magnesium, rechargeable magnesium batte-
ries (RMBs) have garnered increasing interest as alternatives to LIBs
for LSESSs [8e10]. Moreover, Mg anodes have a high volumetric
capacity (3,833 mAh/cm3) and low redox potential (�2.37 V vs.
standard hydrogen electrode) [9e13].

The radius of Mg ions (0.72 Å) is similar to that of Li ions (0.76 Å),
but intercalation of Mg ions is more difficult in the same host due to
chuang46-c@my.cityu.edu.hk
the charge difference [11,14]. The large charge/radius ratio of
divalent Mg ions results in strong electrostatic interactions be-
tween Mg ions and cathode materials making intercalation and
diffusion sluggish [9e12,15]. As a result, most cathode materials for
RMBs exhibit a small degree of magnesiation, large voltage hys-
teresis, and low rates [11,16,17]. Therefore, it is important to identify
and develop new and high-performance cathode materials for
RMBs.

Different materials have hitherto been explored as cathode
materials for RMBs, for example, transition metal chalcogenides
[18e22], transition metal oxides [23e26], polyanionic compounds
[27e29], organic materials [30,31], and so on [32,33]. In particular,
vanadium-based materials have attracted much attention due to
the high theoretical capacity and energy density stemming from
the rich valence states of vanadium (þ2 to þ5) [34,35]. Many
vanadium-based materials have the layered structure or open
framework, which is favorable to intercalation and diffusion of Mg
ions. Furthermore, flexible distortion of VeO polyhedrons facili-
tates accommodation of intercalated Mg ions. Vanadium-based
cathode materials suitable for RMBs are primarily vanadium ox-
ides, vanadates, vanadium chalcogenides, and vanadium-based
phosphates. In this review, vanadium-based cathode materials
are reviewed. In addition to the electrochemical properties, the
reaction mechanisms, optimization strategies, and structure-
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properties relationship are described. Finally, the challenges and
outlook of vanadium-based electrode materials are discussed.

2. Vanadium oxides

Vanadium exists in different valence states in oxides including
V2O5, V2O5$nH2O, VO2, V3O7$H2O (H2V3O8), V6O13, and V2O3 (Fig.1).
The VeO polyhedrons in vanadium oxides can be square pyramids,
octahedrons, or both, whereas M�O polyhedrons in other transi-
tion metal oxides are usually octahedrons. This shows the facile
distortion nature of VeO polyhedrons. Some vanadium oxides such
as V2O5 and VO2 have multiple polymorphs and so the vanadium
oxide family is quite large. Common vanadium oxides that have
been studied as cathode materials for RMBs are described in this
section.

2.1. V2O5

Orthorhombic V2O5 (a-V2O5) has the layered structure in which
the layers consisting of alternating edge- and corner-sharing dis-
torted VO5 square pyramids are stacked along the c-axis with an
interlayer spacing of 4.37 Å (Fig. 1a). Owing to the unique structure,
orthorhombic V2O5 has attracted much attraction in the energy
storage field as an intercalation host for different ions. Pereira-
Ramos et al. have demonstrated that Mg ions can be intercalated
electrochemically into orthorhombic V2O5 at 150 �C [36]. Yu and
coworkers have also confirmed the electrochemical intercalation of
Mg ions into orthorhombic V2O5 in solid-state RMBs composed of
the metallic Mg anode, Mg-montmorillonite electrolyte and V2O5
cathode [37]. Gregory et al. have reported that 0.66 mol of Mg can
be intercalated into 1 mol of V2O5 by chemical intercalation in the
dibutylmagnesium/heptane solution at room temperature, corre-
sponding to a high capacity of 194 mAh/g [38]. This value is
consistent with the capacity determined electrochemically in the
1 M Mg(ClO4)2/tetrahydrofuran (THF) electrolyte. These early re-
sults demonstrate that V2O5 is a promising cathode in RMBs.

The water content in the electrolyte plays an important role in
the electrochemical properties and reaction mechanism of V2O5.
Nov�ak et al. first reported that the water content in Mg(ClO4)2/
acetonitrile (AN) electrolyte affects the magnesium storage
Fig. 1. Schematic illustration of the crystal structure of various vanadium oxides: (a) a
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capacity of V2O5 [39]. The V2O5 cathode shows a capacity of
170 mAh/g in 1 M Mg(ClO4)2/AN with 1 M H2O and the capacity is
higher than that in the dry 1MMg(ClO4)2/AN electrolyte (~25mAh/
g). However, the capacity of V2O5 in 1 M Mg(ClO4)2/AN with 1 M
H2O decays to ~50 mAh/g in 20 cycles. V2O5 also exhibits improved
capacity in Mg(ClO4)2/propylene carbonate (PC) and magnesium
bis(trifluoromethane sulfonyl)imide (Mg (TFSI)2)/diglyme (G2)
electrolytes containing the proper amount of water [40,41]. S-
doped V2O5 and MnO2/S-doped V2O5 reported by Inamoto et al.
show high reversible capacities of 300mAh/g and 420mAh/g in the
0.3 M Mg(ClO4)2/PC electrolyte containing 1.8 M H2O, respectively
[42]. Unfortunately, water produces passive layers on Mg anodes
consequently hindering reversible Mg plating/striping [40,41].
Meanwhile, the higher capacity of V2O5 in electrolytes containing
water may be caused by intercalation of protons. Lim et al. have
shown that the discharged product of a-V2O5 in 0.5 M Mg(ClO4)2/
AN and 2.0 M H2O is Mg0.17HxV2O5 (0.66 � x� 1.16), indicating that
the capacity is mainly attributable to proton intercalation [43].
Solid-state nuclear magnetic resonance (NMR) also indicates that
reversible proton insertion provides the main capacity of a-V2O5 in
an electrolyte with a large water content [41]. In fact, proton
intercalation consumes the electrolyte so that this system requires
more electrolyte in practice compared to the “rock-chair” type
RMBs, resulting in a decrease in the energy density. Therefore, the
water content in the electrolyte used in the study needs to be
characterized but has been ignored in many studies.

The reaction mechanism of a-V2O5 in RMBs with a dry electro-
lyte is not well understood. According to Verrelli et al., proton
intercalation dominates the reaction of a-V2O5 even in an anhy-
drous electrolyte and the intercalation of Mg ions is negligible [44].
However, Mukherjee et al. have observed Mg intercalation in a-
V2O5 by atomic-resolution transmission electron microscopy [45].
The co-existed a-V2O5 and ε-Mg0.5V2O5 phases are observed from
the discharged a-V2O5 and the observation is consistent with first-
principles calculation by Ceder and co-workers [46]. Recently, Fu
et al. have employed in situ synchrotron diffraction (Fig. 2a) and in
situ X-ray absorption near-edge spectroscopy (XANES) to study the
reaction mechanism of a-V2O5 cathodes in RMBs [47]. During dis-
charging, a-V2O5 changes to an Mg-poor phase (Mg0.14V2O5) via a
solid solution process and then undergoes a two-phase transition
-V2O5, (b) V2O5$nH2O, (c) VO2(B), (d) H2V3O8 (V3O7$H2O), (e) V6O13, and (f) V2O3.



Fig. 2. Magnesium storage mechanism of a-V2O5. (a) In situ synchrotron diffraction patterns and (b) Structural parameters and phase ratios for the first two cycles of V2O5 [47]. (c)
Formation energy of Mg intercalation in a-V2O5, ε-V2O5, and d-V2O5 at different concentrations and crystal structures of (d) ε-V2O5 and (e) d-V2O5 with intercalated metal ions (blue
balls) [48].
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between the Mg-poor phase and Mg-rich phase (Mg0.6V2O5)
(Fig. 2b). As the Mg0.6V2O5 phase retains the basic structure of a-
V2O5, it can be considered as the ε-Mg0.6V2O5 phase that is similar
to the ε-Mg0.5V2O5 phase. On account of the limited capacity
(144 mAh/g), the two-phase transition is not complete at the end of
discharging. Moreover, XANES and X-ray photoelectron spectros-
copy (XPS) demonstrate reduction of partial V5þ to V4þ during the
discharging process. Xiao et al. have observed that a-V2O5 trans-
forms to the ε-phase and then d-phase as the concentration of
intercalated Mg increases from 0 / 0.5 / 1 based on the first-
principles calculation (Fig. 2def) [48]. Yoo et al. have suggested
that the fully charged product (1 Mg per V2O5) of a-V2O5 at 110 �C is
not d-MgV2O5, but rather an unknown phase with a local electronic
environment of Mg2þ similar to d-MgV2O5 [49]. All in all, in spite of
these earlier studies, the magnesium storagemechanism of a-V2O5,
especially for high Mg intercalation concentration, is still not well
understood.

Besides the water content, the effects of the solvent and anions
in the electrolyte on magnesium storage of a-V2O5 have been
investigated. Attias et al. have suggested that the TFSI anion reacts
with the V2O5 electrode to form a surface film consisting mainly of
MgF2 to impedeMg intercalation [50].1, 2-dimethoxyethane (DME)
in theMg(ClO4)2/AN electrolytemitigates charge transfer across the
V2O5 and electrolyte interface because DME causes ACN-Mg2þ to be
replaced by more stable solvated 3DME-Mg2þ [51]. So far there
have few studies on the effects of solvents and anions on the
magnesium storage characteristics of vanadium-based materials.
The origin of the difference in the compatibility of vanadium oxides
with different electrolytes remains unclear.

The strong electrostatic interactions between bivalent Mg2þ and
lattice oxygen produce slow diffusion of Mg ions in a-V2O5 and this
is one of the major reasons for the unsatisfactory magnesium
storage properties. Nanostructures can increase the active surface
area and reduce the diffusion distance to improve the electro-
chemical properties of a-V2O5. For example, Amatucci et al. have
observed that a-V2O5 nanoparticles with diameters of 20e50 nm
3

have a reversible capacity of 180 mAh/g at 7.6 mA/g in 0.5 M
Mg(ClO4)2/PC [52]. Gershinsky et al. have fabricated V2O5 filmswith
nanoscale thickness and particle size [23]. In the 0.5 M Mg(ClO4)2/
AN electrolyte, the V2O5 thin film has an initial capacity of
180 mAh/g and it remains at 150 mAh/g after 36 cycles. Mukherjee
et al. have prepared a-V2O5 nanospheres with a reversible capacity
of ~190 mAh/g at 10 mA/g in 0.2 M Mg(ClO4)2/AN [53]. However,
the capacity of V2O5 nanospheres drops to ~40 mAh/g when the
current density is increased to 80mA/g. In addition, nanostructured
a-V2O5 has attractive magnesium storage capacity in electrolytes
compatible with metallic Mg anodes. Xiao et al. have reported that
V2O5 microflowers composed of 25 nm thick nanosheets show an
initial capacity of 126.2 mAh/g at 50 mA/g in 0.25 M Mg(Al-
Cl2EtBu)2/THF and it remains at 90.7 mAh/g after 80 cycles [54]. The
graphene oxide (GO)/V2O5 composite reported by Du et al. has an
initial capacity of 178 mAh/g in the 0.25 MMg(AlCl2EtBu)2/THF and
140 mAh/g after 20 cycles [55]. Sheha et al. have also prepared
V2O5/GO composites but the electrochemical properties are rela-
tively poor due to the mismatched electrolyte [56].

A higher temperature enhances diffusion of Mg ions and im-
proves the magnesium storage capacity of a-V2O5. Yoo et al. have
evaluated the electrochemical characteristics of a-V2O5 in 0.5 MMg
(TFSI)2/1-butyl-1-methylpyrrolidinium bis(trifluoromethyl sulfo-
nyl)imide (PY14TFSI) electrolyte at different temperature and found
that the magnesium storage capacity increases from 16 mAh/g to
295 mAh/g when the temperature is raised from 25 �C to 110 �C
[49]. At 110 �C and after cycling at 0.05C, the capacity of a-V2O5 is
150mAh/g at 2 C and capacity retention is 76% after 50 cycles at C/5.
After one conditioning cycle at 110 �C, the capacity of a-V2O5 at
25 �C increases to 96 mAh/g and remains stable for 20 cycles.
Johnson et al. have prepared the V2O5eTiO2 composite with an
average crystallite diameter of 25 nm and observed an enhanced
magnesium storage capacity of 310mAh/g at 110 �C which is higher
than that of V2O5 with an average crystallite diameter of 140 nm
(230 mAh/g) [57]. However, the solvents in most RMBs electrolytes,
including THF, DME, AN, and so forth, have a low boiling point
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(<90 �C), rendering their not suitable at a high temperature.
Meanwhile, the required high operating temperature also limits the
range of applications.

Introduction of oxygen vacancies is an efficient way to boost the
electrical conductivity and diffusion kinetics of metal oxides [6,61].
Wu et al. have fabricated honeycombed V2O5 with rich oxygen
vacancies on a Ti foil (TieV2O5-x) (Fig. 3a and b) [58]. In the 0.5 M
Mg(ClO4)2/AN electrolyte, TieV2O5-x shows magnesium storage
capacities of 250 mAh/g at 100 mA/g with a discharge plateau at
2.1 V (vs. Mg2þ/Mg) (Fig. 3c) and 195.4 mAh/g after 400 cycles. At
500 mA/g, the capacity of TieV2O5-x is still 148 mAh/g, which is
higher than that of TieV2O5 without rich oxygen vacancies
(57.2 mAh/g). The enhanced conductivity and Mg diffusion kinetics
are responsible for the better magnesium storage properties.

The interlayer regulation strategy has been employed to modify
a-V2O5. Yang et al. have carried out ab initio investigation on V2O5
pre-intercalated with Liþ, Naþ, and Al3þ as cathode materials for
RMBs and found that metal pre-intercalation improves the elec-
trical conductivity of V2O5 and reduces the diffusion barrier of Mg
ions [59]. Yao et al. have synthesized poly (3,4-
ethylenedioxythiophene) (PEDOT) intercalated V2O5 (VOP) with
an expanded interlayer spacing (9.86 Å) and in the 0.4 M
(PhMgCl)2eAlCl3/THF (APC/THF) electrolyte containing the cetyl-
trimethylammonium bromide (CTAB) additive, VOP displays a
reversible capacity of 288.7 mAh/g at 50mA/g and rate capability of
110.7 mAh/g at 500 mA/g [62]. After 500 cycles at 500 mA/g, the
capacity of VOP is 78mAh/g. CTAþ cations are intercalated in VOP to
enlarge the interlayer spacing during the first discharging cycle.
The good electrochemical characteristics are attributed to the large
interlayer spacing from intercalation of PEDOT and CTAþ cations,
consequently facilitating migration of the intercalated species
(Mg2þ and MgClþ) (Fig. 3d and e). Meanwhile, the conductive
PEDOT pillar not only improves the electrical conductivity, but also
stabilizes the layered structure. In future research, adjusting the
type and amount of intercalated species for interlayer regulation
may further improve the magnesium storage capability.
Fig. 3. V2O5-based cathode materials for RMBs. (a) The synthesis schematic and (b) Scannin
TieV2O5-x and TieV2O5 in 0.5 M Mg(ClO4)2/AN with AC as the anode at 100 mA g�1 [58]. (d)
VOP. (e) Diffusion barriers of Mg2þ and MgClþ in these structures [59]. (f) Schematic illustrati
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In addition to the thermodynamically stable phase (a-V2O5),
V2O5 exists in several metastable polymorphs such as b-, g0-, d-, ε-,
and z-V2O5 and some of them have potential in RMBs. Based on
first-principles calculation, Sai Gautam et al. have found that the
Mg diffusion barrier of d-V2O5 (~0.6e0.8 eV) is lower than that of a-
V2O5 (~0.975e1.1 eV) [63]. Kulish et al. have revealed that b-V2O5
has a smaller Mg diffusion barrier (0.65 eV) than a-V2O5 [64].
Trocoli et al. have recently reported that b-V2O5 has a large
discharge capacity of over 400 mAh/g in the 0.1 M Mg(ClO4)2/AN
electrolyte but large voltage hysteresis [65]. Banerjee et al. have
shown that ε-V2O5 and z-V2O5 in RMBs have higher average volt-
ages of 3.28 V and 2.92 V besides smaller Mg diffusion barriers of
0.62e0.86 eV and 0.21e0.24 eV, respectively, in comparisonwith a-
V2O5 (2.59 V, 1.15e1.23 eV) [66]. z-V2O5 nanowires are synthesized
by leaching Ag ions from b-Ag0.33V2O5 and the ability of z-V2O5 to
accommodate Mg ions has been demonstrated (Fig. 3f) [60,67]. In
the 0.2 M Mg (TFSI)2/PC electrolyte, z-V2O5 nanowires show a ca-
pacity of 90 mAh/g after 100 cycles at 6 mA/g and 50 �C [60].
However, large voltage hysteresis is observed even at small current
densities. In order to improve magnesium storage, Johnson et al.
have raised the temperature and reduced the size of z-V2O5 and the
nanoscale z-V2O5 (~100 nm) shows an enhanced capacity of
130 mAh/g in conjunction with reduced voltage hysteresis at
15 mA/g and 110 �C in the 0.5 M Mg (TFSI)2/PY14TFSI electrolyte
[68]. The research of metastable V2O5 polymorphs as cathode
materials is still in its initial stage and the magnesium storage
mechanism and optimization need more research in the future.

Amorphous V2O5 has been investigated as cathode materials for
RMBs. For example, Cheng et al. have fabricated amorphous V2O5
nanoclusters with a size below 10 nm on porous carbon and the
materials show attractive magnesium storage capacity in 0.2 M
[Mg2 (m-Cl)2 (DME)4][AlCl4]2/DME electrolyte with Mg being the
anode [69]. At low current density, the amorphous V2O5 nano-
clusters/porous carbon composite has a high initial capacity of
180 mAh/g, which is equivalent to ~350 mAh/g based on the mass
of V2O5. Even at 640 mA/g, the composite shows a capacity of more
g electron microscopy (SEM) image of TieV2O5-x. (c) Charging/discharging curves s of
Schematic of the structure of pristine a-V2O5 (bulk V2O5), expanded a-V2O5 (EVO) and
on of the synthesis of z-V2O5 and reversible chemical Mg-ion intercalation process [60].
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than 100 mAh/g. Unfortunately, the cycling stability is still unsat-
isfactory because of detachment of the nanoclusters from porous
carbon. Kim et al. have shown that amorphous V2O5 has higher
magnesium storage capacity (~180 mAh/g) than crystalline a-V2O5
(under 50 mAh/g) [70]. However, Henry et al. has demonstrated
improved capacity for a larger water content [71]. After dehydra-
tion in 120 �C for 12 h, the capacity of amorphous V2O5 thin film
decreases to less than 25 mAh/g even at a small current density of
18 mA/g. Whether the amorphous structure is beneficial to mag-
nesium storage for V2O5 needs to be confirmed.

2.2. V2O5·nH2O

V2O5$nH2O (hydrated V2O5) has a layered structure consisting of
two [VO6] octahedron layers and it is often referred to as bilayered
V2O5 (Fig. 1b). The presence of interlayered water (or residual
organic species) increases the interlayer spacing of V2O5$nH2O
giving rise to fast and reversible intercalation/deintercalation of
Mg-ions. Nov�ak et al. have reported electrochemical intercalation
of Mg ions in the V2O5 xerogel (V2O5$nH2O) [39]. The materials
show a high initial capacity of about 170 mAh/g in both the MgCl2/
AlCl3/EMIC melt and 1 M Mg(ClO4)2/AN, but the capacity decays
rapidly during cycling. Le et al. have studied chemical intercalation
of Mg ions in the V2O5 aerogel (V2O5$nH2O) with an interlayer
spacing of 1.25 nm using dibutylmagnesium [72]. Two moles of
Mg2þ can be chemically intercalated into 1 mol of V2O5 aerogel
(V2O5$nH2O) and the estimated energy density is as high as
1200 Wh/kg. Imamura et al. have synthesized a V2O5 xerogel/C
composite with a large interlayer spacing of 1.42 nm and demon-
strated that 1.84 mol of Mg can be intercalated into 1 mol of the
V2O5 xerogel in the 1 MMg(ClO4)2/AN electrolyte corresponding to
a specific capacity of 540 mAh (g-V2O5)�1 [73,74]. The capacity of
the V2O5 xerogel/C composite is 270mAh (g-V2O5)�1 after 35 cycles
at 17 A (g-V2O5)�1. Nonetheless, the mass loading of the V2O5
xerogel is too low (~0.25 mg/cm2) and some researchers have
question the current densities presented in this paper [75,76]. We
also believe that the unit of current density in the original paper is
wrong, it should be it should be mA/g instead of A g�1. The V2O5
xerogel and S-doped V2O5 xerogel prepared by Inamoto et al. also
have a high capacity of over 400 mAh/g albeit poor cycling stability
[77,78]. These early works demonstrate that V2O5$nH2O is a high-
capacity cathode materials for RMBs, although the cycling stabil-
ity needs to be improved.

The water content in V2O5$nH2O plays an important role in the
magnesium storage capacity and An et al. have investigated the
effects of water [24]. When n in V2O5$nH2O decreases from 1.35 to
0.43, the capacity at 100 mA/g diminishes from 210 mAh/g to
60 mAh/g, but the interlayer spacing only decreases from 11 Å to
10 Å (Fig. 4a). This is due to the shielding effect of interlayer water.
The V2O5$1.42H2O nanowire/graphene composite shows a capacity
of ~320 mAh/g at 50 mA/g (Fig. 4b), rate performance of ~100 mAh/
g at 2 A/g, and 80% capacity retention after 200 cycles in 0.3 M Mg
(TFSI)2/AN. The outstanding magnesium storage characteristics of
the V2O5$1.42H2O nanowire/graphene composite stems from the
shielding effect of water (Fig. 4c), good electrical conduction of
graphene, and short diffusion distance in the nanowires (Fig. 4d).
Ceder et al. have observed that each Mg atom is bonded to four Ow
atoms of crystal water and two Ox atoms of the VOx polyhedron in
magnesiated V2O5$nH2O (Mg0.5V2O5$nH2O) based on first-
principles calculation [80]. The Mg intercalation potential of
V2O5$nH2O in a wet electrolyte is calculated to be about 0.15 V
higher than that in an anhydrous electrolyte.

Although V2O5$nH2O has a high magnesium storage capacity,
the poor cycling stability hampers practical application. Pre-
intercalation can improve the stability of V2O5$nH2O by taking
5

advantage of the pillar effect of pre-intercalated cations. Consid-
ering that cation pre-intercalated V2O5$nH2O belongs to the vana-
date family, the related investigations are summarized in the
section of vanadates in this paper.

Organic-intercalated V2O5$nH2O has been investigated as
cathode materials for RMBs. Perera et al. have fabricated the poly
(ethylene oxide) (PEO) intercalated V2O5$nH2O composite in which
the intercalated PEO expands the interlayer spacing and shields the
interactions betweenMg ions and host to facilitate migration of Mg
ions [81]. The PEO-intercalated V2O5$nH2O composite exhibits a 5-
fold enhancement in the magnesium storage capacity and 2-fold
enhancement in the Mg diffusion coefficient compared to
V2O5$nH2O. However, excessive PEO in the interlayer may hinder
Mg diffusion and occupy Mg storage sites. Intercalation of PEO may
lower the electrical conductivity due to the insulating nature of
PEO. Zuo et al. have prepared conductive organic polymer poly-
aniline (PANI) intercalated V2O5$nH2O (Fig. 4e) [79]. The interca-
lated PANI not only increases the interlayer spacing, but also
improves the electrical conductivity. Consequently, the PANI-
intercalated V2O5$nH2O displays reversible capacities of over
270 mAh/g at 100 mA/g in 0.3 M Mg (TFSI)2/AN (Fig. 4f) and
80 mAh/g after 500 cycles at a high current density of 4 A/g. In the
0.2 M Mg(CF3SO3)2eMgCl2eAlCl3/DME electrolyte with Mg being
the anode, PANI-intercalated V2O5$nH2O shows a capacity of
115 mAh/g at 100 mA/g, but the average discharge voltage is lower
than 1.0 V. Yang et al. have studied the electrochemical properties
of PANI-intercalated V2O5$nH2O in the APC/THF electrolyte con-
taining 1 M LiCl with Mg being the anode [82]. A high reversible
capacity of 361 mAh/g is obtained at 20 mA/g and it remains at
249 mAh/g after 200 cycles. Yang et al. claimed that the main ca-
pacity is contributed by Mg intercalation/de-intercalation and Li
ions may also promote migration of Mg ions. However, this is
contradictory to the reactionmechanism of vanadium-based oxides
in the Mg2þ/Liþ hybrid electrolyte described by others [83e87] and
more in-depth investigations are needed to elucidate the
mechanism.

V2O5$nH2O shows a high capacity in the Mg (ClO4)2-based and
Mg (TFSI)2-based electrolytes but these electrolytes are incompat-
ible with Mg anodes. One solution is to replace Mg with other
materials. For instance, Tepavcevic et al. have prepared a battery
composed of the magnesiated V2O5$nH2O cathode, Mg(ClO4)2/AN
electrolyte, and Sn anode [88]. The battery has a capacity of over
100 mAh/g (based on the mass of V2O5$nH2O) after 50 cycles but
the design does not capitalize on the advantages of Mg anodes such
as the high capacity, low cost, and abundant resource. Other pos-
sibilities include better electrolytes and artificial interfaces on Mg
anodes in Mg/V2O5$nH2O batteries but more work is needed.

2.3. Other vanadium oxides

Similar to V2O5, VO2 has several polymorphs such as VO2(R),
VO2(M), VO2(T), VO2(A), VO2(B), and VO2(C). However, VO2 has
attracted little attention in the RMBs field. Kulish et al. have carried
out first-principles investigations on VO2(R) and VO2(B) as cathode
materials in RMBs and found that theMg diffusion barrier in VO2(R)
is only 0.33 eV, which is much lower than that in a-V2O5 (>1 eV)
[64]. This work reveals the potential of VO2(R) as cathode materials
in RMBs, although more evidence has not been reported. Luo et al.
have studied the electrochemical properties of VO2(B) nanorods
and nanosheets in 1 M Mg(ClO4)2/AN [89]. The VO2(B) nanorods
show higher capacity and better cycling stability than the nano-
sheets. At 25 mA/g, the initial discharge capacity of the VO2(B)
nanorods is 391 mAh/g, which corresponds to intercalation of
0.61 Mg per VO2(B). However, the capacity of VO2(B) is very low in
the 0.25 M APC/THF electrolyte [84].



Fig. 4. V2O5$nH2O-based cathode materials for RMBs. (a) Capacities and interlayer spacings of V2O5$nH2O containing different amounts of water, and (b) charging/discharging
curves of the V2O5$1.42H2O nanowire/graphene composite in 0.3 M Mg (TFSI)2/AN with AC as the anode. Schematic illustration of the structural advantages of V2O5$nH2O and
V2O5$nH2O nanowire/graphene composites [24]. (e) Schematic illustration of the synthesis and Mg storage process of PANI-intercalated V2O5$nH2O [79].
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H2V3O8 (V3O7$H2O) has a layered structure formed by stacking
V3O8 layers with corner- or edge-shared VO6 octahedrons and VO5
square pyramids (Fig. 1d). Hydrogen in the interlayer expands the
interlayer spacing to foster intercalation and migration of Mg ions.
Tang et al. have investigated magnesium storage in H2V3O8 nano-
wires [83]. In the 0.5 M Mg(ClO4)2/AN electrolyte, the H2V3O8
nanowires exhibit a high initial capacity of ~300 mAh/g at 50 mA/g
and the capacity remains at 261.2 mAh/g after 20 cycles. However,
Rastgoo-Deylami et al. have reported that the capacity of H2V3O8
nanowires at 10 mA/g and 25 �C is only 80 mAh/g in 0.5 M
Mg(ClO4)2/AN with a water concentration of 48 ppm, but the ca-
pacity increases to ~260 mAh/g when the water concentration is
increased to 5790 ppm [90]. By raising the temperature to 60 �C, the
capacities of H2V3O8 nanowires go up to 231 mAh/g at 10 mA/g and
132 mAh/g after 100 cycles at 40 mA/g. The discharged product is
Mg0.97H2V3O8, suggesting the Mg intercalation contributes to the
capacity and the unit-cell volume change of H2V3O8 after Mg
intercalation is only 0.35%.

V6O13 is composed of alternating single and double [VO6] oc-
tahedron layers (Fig. 1e) and has metallic properties such as high
electrical conductivity at room temperature. Bruce et al. have
observed that only 0.48 mol of Mg can be chemically intercalated
into 1 mol of V6O13, corresponding to a low capacity of ~50 mAh/g
[91]. Wang et al. have investigated the electrochemical perfor-
mance of V6O13 nanosheets in 1 M Mg(ClO4)2/AN electrolyte and
observed a high capacity of 324 mAh/g [92]. The V6O13 nanosheets
show a capacity of 200 mAh/g after 30 cycles at 40 mA/g, but the
average discharge potential is lower than 1.0 V (vs. Mg2þ/Mg)
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yielding a smaller energy density compared to other vanadium
oxides.

V2O3 has a rhombohedral corundum-type crystal structure with
a three-dimensional VeV framework and the V atoms form dis-
torted [VO6] octahedrons with surrounding O atoms (Fig. 1f). Pei
et al. have prepared V2O3@reduced graphene oxide (rGO) micro-
spheres [93]. In the 0.3 MMg (TFSI)2/AN electrolyte, the V2O3@rGO
microspheres show a high capacity of 291.3 mAh/g at 50 mA/g and
at 2000 mA/g, the capacity is still 185.3 mAh/g and superior to that
of pure V2O3 (~80 mAh/g). The V2O3@rGO microspheres exhibit
excellent cycling stability manifested by capacity retention of 88.5%
after 1000 cycles at 500 mA/g. In situ XRD and ex situ XPS disclose
that the magnesium storagemechanism of V2O3 is the single-phase
solid solution reaction based on the V3þ/V2þ redox couple.

Some non-stoichiometric vanadium oxides are suitable cathode
materials for RMBs. Jiao et al. have studied octadecylamine inter-
calated VOx nanotubes (VOx-NTs) in 0.25 M Mg(AlBu2Cl2)2/THF
[94,95]. The VOx-NTs have a low capacity of 75 mAh/g at a low
current density of 5 mA/g. Cu doping is performed to improve the
magnesium storage capacity of VOx-NTs and the Cu0.1-doped VOx-
NTs show an improved capacity of 120 mAh/g [96]. Kim et al. have
evaluated the electrochemical properties of VOx-NTs in 0.5 M
Mg(ClO4)2/AN as well as effects of octadecylamine [97]. The VOx-
NTs with a high concentration of octadecylamine (HT-VOx) have
lower charge transfer resistance and better cycling stability than
VOx-NTs with a low concentration of octadecylamine (LT-VOx) due
to the presence of V3þ in HT-VOx but not in LT-VOx. At 60 mA/g, HT-
VOx shows capacities of 218 mAh/g initially and 150 mAh/g after 20
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cycles. Christensen et al. have investigated the structural evolution
of dodecylamine-intercalated VOx nanotubes (C12-VOx-NTs) during
Mg intercalation/deintercalation by in situ XRD and in situ total X-
ray scattering [98]. Linear expansion/contraction of the interlayer
spacing during reduction/oxidation of vanadium is observed during
Mg intercalation/deintercalation. Intercalation of Mg ions is
incompletely reversible and responsible for the capacity decay.

In summary, investigations on vanadium oxides as cathode
materials for RMBs have mainly focused on V2O5 and V2O5$nH2O.
The layered structure is beneficial to diffusion and storage of Mg
ions. Theoretically, V2O5 and V2O5$nH2O can achieve high capac-
ities of more than 500 mAh/g based on complete utilization of the
V5þ/V4þ and V4þ/V3þ redox couples. Experimentally, some vana-
dium oxides have high capacities of over 300 mAh/g, but suffer
from the poor cycling stability and rate performance. In recent
years, efforts have been made to improve the electrochemical
properties of vanadium oxides. A cycling life of more than 200 or
even 500 cycles has been demonstrated but more improvement is
necessary for commercial applications. Notably, good cycling and
rates have been achieved fromvanadium oxides withMg anodes by
the interlayer regulation strategy. This demonstrates the possibility
of obtaining high-performance RMBs based on Mg metal anodes
and vanadium oxide cathodes, although the working voltage is still
smaller than the expected one. We believe that high-performance
Mg-vanadium oxide batteries can be produced in the future by
the proper cathode optimization, electrolyte design, and anode
modification.

3. Vanadates

Vanadates are derivatives of vanadium oxides comprising other
cations. Facile distortion of VeO polyhedrons and rich valence
states of V endow the VeO structure with the ability to combine
with different amounts and types of cations. Hence, there are many
members in the vanadate family. Based on the types of combined
cations, vanadates can be classified as alkali metal vanadates, alkali
earth metal vanadates, transition metal vanadates, and other van-
adates. In this section, recent research activities on vanadates as
cathode materials for RMBs are described.

3.1. Alkali metal vanadates

Nov�ak et al. first reported the electrochemical Mg intercalation
of NaV3O8$(H2O)y [99]. NaV3O8$(H2O)y has capacities of 80 mAh/g
and 210 mAh/g in 0.5 M Mg(ClO4)2/PC and 1 M Mg(ClO4)2 þ 2 M
H2O/AN, respectively, but the capacity decays rapidly during
cycling. LiV3O8$(H2O)y, NaV3O8$(H2O)y, and KV3O8$(H2O)y exhibit a
similar electrochemical Mg ion intercalation behavior in MgCl2/
A1Cl3/EMICmolten salt [39]. NaV3O8$(H2O)y has a capacity of about
110 mAh/g in the first cycle and >80 mAh/g during long-term
cycling. However, the detailed cycling performance of
NaV3O8$(H2O)y has not been reported. Rashad et al. have synthe-
sized NaV3O8$1.69H2O nanobelts and investigated the electro-
chemical properties in 0.4 M APC/THF [100]. At 10 mA/g, the
NaV3O8$1.69H2O nanobelts show a capacity of 110 mAh/g. The ca-
pacity is 40 mAh/g after 100 cycles at 50 mA/g and capacity
retention is about 80%. Sun et al. have studied the magnesium
storage performance of Na2V6O16$1.63H2O (Fig. 5a) nanowires
[101]. In 0.5 M Mg (TFSI)2/DME electrolyte, the Na2V6O16$1.63H2O
nanowires show a high capacity of 228 mAh/g at 20 mA/g (Fig. 5b)
and excellent cycling stability with a capacity retention of 71% after
450 cycles at 200 mA/g. In contrary, Na2V6O16 without interlayered
water has a capacity of less than 50 mAh/g and first-principles
calculation demonstrates that interlayer water facilitates Mg
intercalation. However, the rate performance is still unsatisfactory
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and the capacity decreases to less than 50 mAh/g when the current
density is increased to 300 mA/g.

Recently, Wang et al. have observed that NaV8O20$nH2O (Fig. 5c)
nanobelts show excellent electrochemical properties in the
ether�water electrolyte consisting of 1 M Mg(ClO4)2 in tetra-
ethylene glycol dimethyl ether (TEGDME) and water with a volume
ratio of 4:1 [102]. In the ether�water electrolyte, NaV8O20$nH2O
nanobelts have a high capacity of 350 mAh/g at 300 mA/g (Fig. 5d),
which is higher than that in 1MMg(ClO4)2/H2O and 1MMg(ClO4)2/
TEGDME (below 200 mAh/g). At a current density of 3 A/g, the
capacity is 94.3 mAh/g. Moreover, the capacity remains 81.7 mAh/g
after 1000 cycles at 1.5 A/g. In comparison, the NaV8O20$nH2O
nanobelts exhibit fast capacity decay in Mg(ClO4)2/H2O and low
capacity in Mg(ClO4)2/TEGDME. The excellent electrochemical
performance can be attributed to the synergistic effects of TEGDME
and water. TEGDME suppresses dissolution of NaV8O20$nH2O
(Fig. 5e) and ensures a wide electrochemical window by coordi-
nating with free water to suppress the reactivity. At the same time,
the shielding effect rendered by water enhances diffusion of Mg
ions. Although excellent magnesium storage properties have been
achieved using the ether-water electrolyte, this electrolyte system
may be incompatible with Mg anodes due to the high water con-
tent. Nevertheless, this work shows that electrolyte regulation is an
effective strategy to improve Mg storage in vanadates. Future
research should consider the compatibility between electrolytes
and both vanadium-based cathode materials and Mg anodes at the
same time.

Besides hydrated sodium vanadates, some anhydrous alkali
metal vanadates are suitable cathodematerials for RMBs. Tang et al.
have investigated the magnesium storage capacity of AV3O8 (A¼ Li,
Na, or K) in 0.5 M Mg(ClO4)2/AN [103]. At 100 mA/g, LiV3O8 shows
the highest capacity (252 mAh/g) despite fast capacity fading (ca-
pacity retention of 42.2% after 30 cycles). NaV3O8 has a slightly
smaller capacity (204 mAh/g) but better cycling stability (capacity
retention of 85.78% after 30 cycles) (Fig. 5f and g). Different from
LiV3O8 and NaV3O8, KV3O8 exhibits a low capacity (below 40 mAh/
g) due to the different layered structure. First-principles calculation
indicates that migration of Na in NaV3O8 is more difficult than that
of Li in LiV3O8 (Fig. 5h), implying better structural stability of
NaV3O8 compared to LiV3O8, which is responsible for the enhanced
cycling stability of NaV3O8. After 100 cycles at 500 mA/g, NaV3O8
shows capacity retention of 88.3%. Cabello et al. have studied
NaV6O15 as cathode materials in RMBs [104]. In the 1 MMg(ClO4)2/
AN electrolyte with Mg as the anode, NaV6O15 shows an initial
capacity of 90 mAh/g, but it decreases to almost 0 mAh/g after 25
cycles. In the three-electrode system with Mg as both counter and
reference electrodes, themaximum capacity increases tomore than
200 mAh/g, but the cycling stability is still poor on account of
passivation of the Mg electrode in Mg(ClO4)2/AN. Wu et al. have
studied NaV6O15 in 0.5 M Mg(ClO4)2/AN with AC as the anode and
good cycling stability is observed [105]. After 100 cycles at 20mA/g,
the capacity of NaV6O15 is 120 mAh/g but the rate of NaV6O15 is
poor. At 200 mA/g and 500 mA/g, NaV6O15 shows low capacities of
52.3 and 27.2 mAh/g, respectively. Reversible Mg intercalation/
deintercalation in NaV6O15 with minor layer spacing change is
revealed and density-functional theory (DFT) calculation demon-
strates that the intercalated Mg ions tend to occupy the semi-
occupied Na sites in NaV6O15. Compared to hydrated sodium van-
adates, anhydrous sodium vanadates usually have inferior electro-
chemical properties attributable to the smaller interlayer spacing.

Based on DFT calculations, Hannah et al. have found that the
CaFe2O4-type NaV2O4 and NaV1.25Ti0.75O4 have Mg diffusion bar-
riers below 0.4 eV after desodiation [106]. However, CaFe2O4-type
NaV2O4 is only stable at high pressure. On the contrary, Ti-
substituted NaV2O4 (NaV1.25Ti0.75O4) is stable in the CaFe2O4-type



Fig. 5. Alkali metal vanadates for RMBs. (a) Crystal structure of Na2V6O16$1.63H2O and (b) charge discharge curves of Na2V6O16$1.63H2O nanowires in 0.5 M Mg (TFSI)2/DME
electrolyte with AC as anode [101]. (c) Crystal structure of NaV8O20$nH2O. (d) Charging/discharging curves of NaV8O20$nH2O nanobelts at different current densities in the
Mg(ClO4)2/ether�water hybrid electrolyte (TEGDME: H2O ¼ 0.8: 0.2). Tests conducted on the three-electrode system with Pt as the counter electrode and Ag/AgCl as the reference
electrode. (e) Photographs of four different electrolytes after the rate test of NaV8O20$nH2O nanobelts: TEGDME, TEGDME/H2O ¼ 0.8:0.2, TEGDME/H2O ¼ 0.7:0.3, H2O-based
electrolyte [102]. (f) Charging/discharging curves of AV3O8 (A ¼ Li, Na, or K) at 100 mA/g in the 0.5 M Mg(ClO4)2/AN electrolyte with AC as both the counter and reference electrodes.
(g) (h) Diffusion energy barriers of Li, Na, and K in the corresponding AV3O8 [103].
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structure at ambient pressure. Sun et al. have synthesized CaFe2O4-
type NaV1.25Ti0.75O4 and determined the magnesium storage ca-
pacity of the desodiated product [107]. Na0.25V1.25Ti0.75O4 obtained
from NaV1.25Ti0.75O4 by chemical desodiation in the I2/AN solution
has an initial capacity of 80 mAh/g in 0.5 M Mg(CB11H12)2/tetra-
glyme with Mg metal being the anode at 5 mA/g and 60 �C, but the
capacity is only 40 mAh/g in subsequent cycles due to the elec-
trochemically inactive amorphous phase on the surface.

3.2. Alkali earth metal vanadates

Investigation of alkali earth metal vanadates as cathode mate-
rials for RMBs has primarily focused on magnesium vanadates.
Nov�ak et al. have studied the magnesium storage properties of
Mg(V3O8)2$(H2O)y in MgCl2/AlCl3/EMIC molten salt, which are
better than those of NaV3O8$(H2O)y [39,99]. Mg(V3O8)2$(H2O)y has
capacities of 150 mAh/g initially and 60 mAh/g after 50 cycles. In
addition, some MgxV2O5$nH2O materials have been synthesized
and used as cathodematerials for RMBs [108e110]. For example, Xu
et al. have prepared Mg0.3V2O5$1.1H2O nanowires with an inter-
layer spacing of 1.19 nm (Fig. 6a) [110]. In the 0.3 M Mg (TFSI)2/AN
electrolyte, the Mg0.3V2O5$1.1H2O nanowires show a reversible
capacity of 164 mAh/g at 0.1 A/g (Fig. 6b) and no obvious decay in
500 cycles, whereas the capacity of V2O5$nH2O drops quickly to
30 mAh/g in 200 cycles. Moreover, the Mg0.3V2O5$1.1H2O
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nanowires exhibit long cycling life of 10,000 cycles with capacity
retention of over 80%. The enhanced properties are related to the
shielding effect of interlayer water and better electrical conduc-
tivity (Fig. 6c). Highly reversible Mg intercalation/deintercalation in
Mg0.3V2O5$1.1H2O occurs with small structural variation as
revealed by in situ XRD, ex situ XANES, and NMR. This work dem-
onstrates the possibility of obtaining high-rate and long-life vana-
dium-based cathode materials for RMBs. Unfortunately, the high
capacity of vanadium-basedmaterials has not been exploited in the
work.

Recently, spinel MgV2O4 has received attention because it con-
tains extractable Mg-ions. DFT calculation predicts that spinel
MgV2O4 has aworking voltage of ~2.5 V, high volumetric capacity of
over 1100 Ah/L, as well as small volume change of 7% during
charging/discharging [114]. Kuganathan et al. have shown that the
Mg diffusion barrier in MgV2O4 is 0.52 eV (Fig. 6d) [111]. Hu and
coworkers have synthesized MgV2O4 nanocrystals and investigated
the electrochemical properties in the 0.5 M Mg (TFSI)2/PY14TFSI
electrolyte [112]. At 110 �C, the MgV2O4 nanocrystals show a
charging capacity of 280 mAh/g when charged to 3.6 V (vs. Mg2þ/
Mg), corresponding to extraction of 1 mol of Mg for each mole of
MgV2O4 (Fig. 6f). A discharging capacity of 235 mAh/g is also ach-
ieved and the average voltage is about 2.5 V as predicted by Liu et al.
[114], but large voltage hysteresis is observed. When the tempera-
ture is lowered to 25 �C, the capacity of the MgV2O4 nanocrystals



Fig. 6. Alkali earth metal vanadates for RMBs. (a) Crystal structure of Mg0.3V2O5$1.1H2O. (b) Charging/discharging curves of Mg0.3V2O5$1.1H2O, V2O5$nH2O and Mg0.3V2O5 at
100 mA/g in the 0.3 M Mg (TFSI)2/AN electrolyte with AC as the anode. (c) IeV curves of Mg0.3V2O5$1.1H2O, V2O5$nH2O and Mg0.3V2O5 tested by single nanowire devices (insert)
[110]. (d) Diffusion pathways and diffusion energy barrier of Mg-ion in spinel MgV2O4 [111]. (e) Schematic illustration of structural evolution of spinel MgV2O4 during Mg-ion
extraction/insertion process [112]. (f) Transmission electron microscopy (TEM) images of Mg(Mg0.5V1.5)O4 hierarchical microspheres, (g) charging/discharging curves at 100 mA/
g and (h) cycling characteristics at 1 A/g of Mg(Mg0.5V1.5)O4 hierarchical microspheres in the 0.3 M Mg (TFSI)2/AN electrolyte with AC as the anode [113].
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decreases to 45 mAh/g, but the Coulombic efficiency increases to
close to 100% and no obvious capacity decay is observed for 85 cy-
cles. The reversible magnesium extraction/insertion process of
MgV2O4 accompanied by V3þ/V4þ redox reaction is revealed
(Fig. 6e). Idemoto et al. have investigated the electrochemical
properties of Mg(Mg0.5V1.5�xNix)O4 (x ¼ 0, 0.1, 0.2, 0.3) [115]. In the
1 M Mg (TFSI)2/triglyme electrolyte at 90 �C, Mg(Mg0.5V1.4Ni0.1)O4
exhibits the highest capacity of 66 mAh/g. To improve the electro-
chemical properties, Zuo et al. have fabricated Mg(Mg0.5V1.5)O4 hi-
erarchical microspheres with nano-contacts consisting of small
particles with a size of 10 nm (Fig. 6f) [113]. In the 0.3 MMg (TFSI)2/
ANelectrolyte, theMg(Mg0.5V1.5)O4 hierarchicalmicrospheres show
a reversible capacity of 250 mAh/g (Fig. 6g). Even at 4 A/g, the ca-
pacity is 142mAh/g and a capacity of 100mAh/g is maintained after
500 cycles at 1 A/g (Fig. 6h). The Na2Ti3O7/Mg(Mg0.5V1.5)O4 full
batterywith the 0.3MMg (TFSI)2/AN electrolyte shows a capacity of
102mAh/g after100 cycles at 50mA/g. Cathodematerials containing
extractable Mg ions provide the possibility to construct the Mg-ion
batteries basedonMg-free anodematerials similar to LIBs.However,
suchMg-ion batteriesmay not be competitive compared to LIBs and
Na-ion batteries due to the loss of the advantages of Mg anodes.

3.3. Transition metal vanadates

There are different types of transition metal vanadates but only
a few are potential cathodematerials for RMBs. Kaveevivitchai et al.
have prepared the molybdenum vanadate (Mo2.48VO9.93) with a
microporous structure containing large open channels constructed
by three-, six-, and seven-membered rings of [MoO6] or [VO6] oc-
tahedrons (Fig. 7a), which facilitate intercalation and diffusion of
Mg ions [116]. Mo2.48VO9.93 has an initial capacity of 379mAh/g at a
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current density of 2 mA/g in 0.5 M Mg (TFSI)2/AN electrolyte, cor-
responding to intercalation of 3.49 mol of Mg for each mole of
Mo2.48VO9.93 (Fig. 7b). However, the capacity of Mo2.48VO9.93 decays
swiftly in the initial cycles and drops to 235 mAh/g after 15 cycles.
The capacity decay is caused by trapping of Mg ions in the three-
membered ring tunnels. The unit cell volume expansion of
Mo2.48VO9.93 is only 5% after intercalation of 3 Mg per unit. Miao
et al. reported that in the 0.4 M APC/THF electrolyte with Mg as the
anode, MoV2O8 shows a capacity of over 200 mAh/g in the first
cycles, but the capacity deteriorates rapidly to less than 50 mAh/g
after several cycles [117]. Both molybdenum and vanadium have
rich valence states and so molybdenum vanadates can achieve high
Mg storage capacity through multi-electron reactions. However,
the cycling stability of molybdenum vanadates needs to be
improved and the magnesium storage mechanism needs to be
studied systematically as well.

Tang et al. have observed transfer of crystalline FeVO4 to the
ordered/disordered composite structure during magnesium stor-
age (Fig. 7c) and the ordered/disordered structure enhances the
cycling stability [118]. As a result, FeVO4 has excellent cycling sta-
bility with capacity retention of ~85% after 1000 cycles at 1 A/g in
0.3 M Mg (TFSI)2/AN electrolyte. Fe5V15O39(OH)9$9H2O is also
suitable for RMBs. Tang et al. fabricated Fe5V15O39(OH)9$9H2O
nanosheet arrays on carbon cloth (FVO/CC) as flexible cathodes for
RMBs [119]. The carbon cloth provides fast charge transport path-
ways and prevents the aggregation of nanosheets (Fig. 7d).
Consequently, FVO/CC shows better capacity (300 mAh/g), rate
capability (120 mAh/g at 2000 mA/g), and cycling stability
(70 mAh/g after 5000 cycles) compared to FVO nanosheets.
Moreover, the single-phase magnesium storage mechanism with
both Fe (Fe3þ/Fe2þ) and V (V5þ/V4þ/V3þ) as redox centers is



Fig. 7. Transition metal vanadates for RMBs. (a) Crystal structure and (b) Charging/discharging curves of Mo2.48VO9.93 in the 0.5 M Mg (TFSI)2/AN electrolyte with AC as both the
counter and reference electrodes [116]. (c) Schematic of the structural change of FeVO4 during magnesiation [118]. (d) Schematic showing the synthesis and structural advantages of
FeVO/CC [119].
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revealed. However, the use of carbon cloth reduces the energy
density of the battery system due to the larger inactive component
proportion, especially when the loading of active materials is low.

Mn0.04V2O5$1.17H2O nanobelts considered as Mn pre-
intercalated V2O5$1.17H2O nanobelts have been synthesized by
Deng et al. [120]. Benefiting from the shielding effect of interlayered
water and pillar effect of Mn ions, the Mn0.04V2O5$1.17H2O nano-
belts show excellent rates (50 mAh/g at 4 A/g) and long cycling life
(10,000 cycles) in 0.3 M Mg (TFSI)2/AN electrolyte. Moreover, the
single-phase magnesium storage process of Mn0.04V2O5$1.17H2O
nanobelts with a small volume change is revealed. It is worth
noting that there are only a fewMn ions in theMn0.04V2O5$1.17H2O,
although this brings about better cycling stability than V2O5$nH2O.
Compared to Mg0.3V2O5$1.1H2O with a similar crystal structure
[110], Mn0.04V2O5$1.17H2O has a smaller interlayer spacing (10.9 Å
vs. 11.9 Å) and lower capacity (145 mAh/g vs.164 mAh/g), thereby
suggesting that the magnesium storage capacity of vanadate is
related to the interlayer spacing, even though the specific rela-
tionship needs to be studied in-depth in the future.

3.4. Other vanadates

Besides the aforementioned vanadates, other vanadates
including ammonium vanadate and aluminum vanadate have been
proposed as cathode materials for RMBs. Esparcia Jr. et al. have
investigated the Mg storage behavior of NH4V4O10 and found that
NH4

þ can be extracted from NH4V4O10 in the first charging process
which expands the interlayer spacing and increases the capacity in
subsequent cycles [121]. In 0.5 MMg(ClO4)2/AN, NH4V4O10 shows a
reversible capacity of 250 mAh/g in the second cycle at 0.2C
(1 C¼ 210.6mA/g) after extraction of NH4

þ in the first charging cycle.
However, extraction of NH4

þ results in fast capacity decay and the
capacity decreases to 36.8 mAh/g after 100 cycles at 1 C. After nar-
rowing the electrochemical window to prevent extraction of NH4

þ,
enhanced cycling stability with a capacity of 101 mAh/g after 100
cycles at 1 C is accomplished. These results demonstrate that NH4

þ

plays an important role in the structural stabilityofNH4V4O10during
Mg intercalation/intercalation. Wei et al. have prepared
(NH4)2V6O16$1.5H2O nanobelts as cathodematerials for RMBs [122].
In the 0.5 M Mg(ClO4)2/AN electrolyte, the (NH4)2V6O16$1.5H2O
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nanobelts show an initial capacity of 100 mAh/g, but the capacity
decreases to 63 mAh/g after 50 cycles. Interlayer water plays an
important role in magnesium storage in (NH4)2V6O16$1.5H2O. The
capacity of (NH4)2V6O16 without interlayer water is less than
10 mAh/g under the same conditions. Electrochemical analysis and
DFT calculation reveal that the interlayer water improves the Mg
diffusion kinetics in (NH4)2V6O16$1.5H2O.

Tang et al. have prepared urchin-like aluminum vanadate
(H11Al2V6O23.2) microspheres [123]. Similar to the other hydrated
layered vanadates, the pillar effect of Al ions in the interlayer of
H11Al2V6O23.2 improves the structural stability and the shielding
effect of interlayer water facilitatesMg diffusion. As a result, urchin-
like H11Al2V6O23.2 microspheres show a reversible capacity of
165 mAh/g at 0.1 A/g in 0.3 M Mg (TFSI)2/AN. The urchin-like
H11Al2V6O23.2 microspheres also have excellent capacity retention
of 87% after 3000 cycles at 1 A/g.

Compared to vanadiumoxides, layered vanadates usually exhibit
better cycling stability due to the “pillar effect” of cations in the
interlayer. In addition, the vanadium atoms in some vanadates have
mixed valences leading to better electronic conductivity and some
layered vanadates such as Mg0.3V2O5$1.1H2O nanowires have a long
lifetime of over 5000 cycles. However, in some vanadates like
NH4V4O10, the interlayered cations are extracted during charging
resulting in structural collapse and fast capacity decay. Excellent
electrochemical properties have been observed from vanadates in
electrolytes that are incompatible with Mg anodes, but the lack of
suitable electrolytes compatiblewithbothMganodes andvanadates
poses a challenge for future development of vanadate cathode ma-
terials for RMBs. So far, researches working on vanadate RMB cath-
odes have mainly screened the materials and there have only been
scattered reports on optimizing the electrochemical properties. In
the future, different optimization strategies are expected to improve
the magnesium storage characteristics of vanadates.

4. Vanadium chalcogenides

4.1. VS2

VS2 has a layered structure in which the sandwiched SeVeS
layers are stacked by weak van der Waals force. Gregory et al. have



X. Zhang, D. Li, Q. Ruan et al. Materials Today Energy 32 (2023) 101232
reported that 0.34 mol of Mg ions can be intercalated into 1 mol of
VS2 with an open-circuit potential of 1.71 V (vs. Mg2þ/Mg) [38].
Unfortunately, in some electrolytes with high Mg plating/stripping
efficiency, pristine VS2 has small reversible capacities [124e127].

Interlayer regulation is an effective strategy to improve mag-
nesium storage performance of VS2. For example, Xue et al. have
found that 2-ethylhexylamine (2-EHA) intercalated VS2 nano-
flowers with an expanded interlayer spacing of 9.93 Å (Fig. 8a)
deliver enhanced electrochemical performance compared to VS2
nanoflowers without 2-EHA intercalation [125]. In the electrolyte
composed of magnesium hexamethyldisilazide and MgCl2 in a
mixture of THF and n-butyl-n-methyl-piperidinium bis((tri-
fluoromethyl)sulfonyl)imide (Mg(HMDS)2-4MgCl2/2THF-PP14TFSI)
and with Mg metal being the anode, the 2-EHA intercalated VS2
nanoflowers show a high reversible capacity of 245 mAh/g at
100 mA/g and a capacity of 103 mAh/g is observed at 2000 mA/g
(Fig. 8b). The 2-EHA intercalated VS2 nanoflowers also exhibit good
cycling stability such as a capacity of 90 mAh/g after 600 cycles at
1000 mA/g. Intercalation of 2-EHA not only facilitates diffusion of
intercalated Mg species by enlarging the diffusion channels and
alleviating undesirable electrostatic interactions between the
intercalation species and VS2, but also enhances the structural
stability by the pillar effect. Similarly, octylamine and/or NH4þ

intercalated VS2 with an expanded interlayer spacing of 10 Å has
good electrochemical properties [126]. Besides introducing organic
species into the interlayers during synthesis, intercalating organic
ions into the interlayers electrochemically can enlarge the inter-
layer spacing in layered compounds. Zhao et al. have investigated
the electrochemical properties of VS2 nanosheets in the APC/THF
Fig. 8. Vanadium dichalcogenides for RMBs. (a) Schematic illustration of the synthesis and cr
EHA intercalated VS2 in the Mg(HMDS)2-4MgCl2/2THF-PP14TFSI electrolyte with Mg metal as
VS2 in the APC/THF electrolyte with the PP14Cl additive [128]. (d) Charging/discharging cur
barriers of Mg-ion in layered (e) VO2, (f) VS2, and (g) VSe2 [124].
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electrolyte with the PP14Cl additive and found that PP14þ ions are
intercalated into VS2 in the first discharging cycle consequently
enlarging the interlayer spacing from 0.61 nm to 1.10 nm (Fig. 8c)
[128]. The PP14þ ions remain in the interlayer of VS2 during subse-
quent cycling. The VS2 nanosheets show a high reversible capacity
of 348 mAh/g at 20 mA/g in addition to a capacity of 214 mAh/g at
2 A/g. These results demonstrate that VS2 with expanded interlayer
spacing can have good magnesium storage properties. However,
the average discharge voltage of VS2 is lower than 1.0 V which
greatly limits the practical prospects.

4.2. VSe2

The crystal structure of VSe2 is similar to that of VS2. However,
different from the smaller capacity of pristine VS2 in the APC/THF
electrolyte, microscale VSe2 shows a reversible capacity of
120 mAh/g in APC/THF or Mg(AlCl2EtBu)2/THF electrolyte with Mg
being the anode (Fig. 8d) [124,129]. Mao et al. have reported that
the Mg diffusion barrier of VSe2 (346 meV) is lower than that of VS2
(593 meV), which is responsible for the difference in magnesium
storage between VSe2 and VS2 [124]. The Mg diffusion barriers in
MX2 compounds (M ¼ Ti or V, and X ¼ O, S or Se) with the same
layered structure display the decreasing trend of “oxi-
de�sulfide�selenide” (Fig. 8eeg) because of the different electro-
negativity (O > S > Se) and ionic radii (O2� < S2� < Se2�) of the
anions.

Nanometerization is an efficient way to improve magnesium
storage in VSe2. Tao et al. have reported that VSe2 nanosheet-
assembled hierarchical rods have higher magnesium storage
ystal structure of 2-EHA intercalated VS2 and VS2. (b) Charging/discharging curves of 2-
the anode [125]. (c) Schematic of the structural change during discharging/charging of
ves of VSe2 in the APC/THF electrolyte with Mg metal as the anode. Diffusion energy
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capacities than VSe2 microplates [130]. However, the capacity of
VSe2 nanosheet-assembled hierarchical rods decays rapidly from
over 300 mAh/g to about 100 mAh/g in only 30 cycles. Gao et al.
have synthesized the VSe2 nanoparticles/rGO composite as cathode
materials for RMBs [131]. In the 0.25 M APC/THF electrolyte with
Mg as the anode, the composite shows capacities of 235.5 mAh/g at
50mA/g,150mAh/g after 500 cycles, and 97.8 mAh/g at 1000mA/g.
4.3. VS4

VS4 has the unique chain-like structure with an interchain dis-
tance of 5.83 Å (Fig. 9a) and the open channels between chains
facilitateMg diffusion and storage.Wang et al. have investigated the
electrochemical properties of VS4 [132]. The VS4 nanodendrites
exhibit a high initial capacity of ~250mAh/g at 100mA/g in the 0.4M
APC/THF electrolyte with Mg metal as the anode. The capacity de-
creases quickly to 126mAh/g infive cycles but increases gradually to
177 mAh/g in subsequent cycles. At 500 mA/g, the VS4 nano-
dendrites showa capacity of 106mAh/g. During cycling at 500mA/g,
the capacity of the VS4 nanodendrites is 75.2mAh/g after 800 cycles.
The unique valence state change in VS4 is presented in Fig. 9d and e.
During discharging, S22� in VS4 is partially reduced to S2�, while V4þ

is partially oxidized to V5þ. Most of the V5þ and S2� change back to
V4þ and S22�, respectively, during charging. Li et al. have explained
this unique valence state change (Fig. 9b) [133]. The electronic
structure of VS4 can be simplified to the bonding and antibonding
orbitals of S2� partially overlapping the V 3 d band. Based on energy
level ordering, ten electrons occupy orbitals of S22� and one electron
occupies the orbital of V4þ. During Mg intercalation, two electrons
are transferred to the antibonding orbital of S2 s* causing an un-
stable state and breaking SeS bonds. Afterwards, the bonding and
antibondingorbitals of S22� transform to a single broad S3pband that
sits completely below the V3d band, leading to electron transfer
from V to S and oxidation of V4þ to V5þ. The reaction of can be
described as 1.5Mg2þ þ 3e� þ VS4 [V4þ, S22�]4Mg1.5VS4 [V5þ, S2�].
Dey et al. have provided new information about the magnesium
storagemechanism in VS4 based on the systematic characterization
[134]. As shown in Fig. 9c, at the beginning of discharging (fromA to
B), a part of VS4 is converted toMg3V2S8 [V5þ,S2�] by a cation�anion
redox-mediated process. In the next stage (from B to D), the inter-
calation reaction (xMg2þ þ 2xe� þ Mg3þxV2S8) and conversion re-
action (4Mg2þþ 8e�þVS44Vþ 4MgS) take place simultaneously.
In the last stage of discharging (fromD to E), the conversion reaction
becomes dominant.

Recently, efforts have been made to improve the electro-
chemical properties of VS4. Various VS4-based nanocomposites
have been proposed to be cathode materials for RMBs. For example,
Fig. 9. VS4 as cathode materials for RMBs. (a) Crystal structure of VS4 [132]. (b) Schematic of
illustration of the magnesium storage mechanism of VS4 and the corresponding charge/disc
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Li et al. have synthesized the VS4/rGO composite showing a ca-
pacity of 440 mAh/g at 50 mA/g in the magnesium tetrakis (hexa-
fluoroisopropanol)borate (Mg [B (hfip)4]2)/DME electrolyte with
Mg being the anode [133]. Zhu et al. have fabricated VS4 nanosheets
on carbon-coated Ti3C2 MXene (VS4@Ti3C2/C) and investigated the
electrochemical characteristics in 0.25 M APC/THF electrolyte with
Mg being the anode [135]. VS4@Ti3C2/C shows good cycling stability
such as a capacity of 147 mAh/g after 900 cycles at 500 mA/g and
capacity retention of 80%. Li et al. have reported the electrochemical
properties of the core-shell carbon nanotube (CNT)@VS4 nano-
composite in the 0.4 M APC/THF electrolyte with the Mg anode
[136]. The core-shell CNT@VS4 nanocomposite shows a capacity of
77.2 mAh/g at 2000 mA/g in addition to capacity retention of 68%
after 800 cycles at 500 mA/g.

Besides designing VS4-based nanocomposites, defect engineer-
ing has been employed to enhance the magnesium storage prop-
erties of VS4. Ding et al. have performed Mo doping to expand the
interchain distance of VS4 [137] and generate of sulfur vacancies for
better Mg diffusion. VS4 doped with 3% Mo exhibits a capacity of
140 mAh/g at 20 mA/g in 0.4 M APC/THF with Mg metal being the
anode and it is better than that of VS4 without Mo doping (78 mAh/
g). They have also synthesized Mo/O co-doped VS4 and Mo-doped
VS4/N-doped tubular graphene (N-TG) [138,139]. Mo/O co-doped
VS4 has a capacity of 75.2 mAh/g at 1000 mA/g together with
high capacity retention of 92% after 1000 cycles. These modified
VS4-based materials exhibit improved rate performance and
cycling stability but smaller reversible capacity, thus rendering
them less attractive.

Interchain regulation has been demonstrated to be an efficient
strategy to improve the electrochemical properties of VS4 as cath-
ode materials for RMBs. Pei et al. have conducted electrochemical
intercalation of PY14

þ in the APC/THF electrolyte with the PY14Cl
additive to expand the interchain distance of VS4 [140]. The
VS4@rGO composite after PY14

þ intercalation shows a reversible
capacity of 268.3 mAh/g at 50 mA/g. At 2000 mA/g, the VS4@rGO
composite after PY14

þ intercalation shows a capacity of 85.9 mAh/g.
Intercalation/deintercalation of MgClþ is the dominant mechanism
in PY14

þ intercalated VS4@rGO in the APC electrolyte during
charging/discharging. Ding et al. have reported the K-ion pre-
intercalated VS4 (K0.2VS4)/N-TG cathode materials for RMBs [141].
The pre-intercalated K ions not only enlarge the interchain spacing
to facilitate diffusion of Mg ions, but also act as pillars to enhance
the structural stability. Consequently, the K0.2VS4/N-TG composite
exhibits a good rate capability of 113 mAh/g at 500 mA/g and
excellent stability for 2000 cycles without obvious capacity decay.
Besides, the polyvinylpyrrolidone (PVP) intercalated VS4 also ex-
hibits enhanced rate performance and cycling stability [142].
the band structure of VS4 before and after intercalation of Mg ions [133]. (c) Schematic
harge curves in the Mg(AlCl2EtBu)2/THF electrolyte with Mg metal as the anode [134].
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Different from vanadium oxides and vanadates, vanadium
chalcogenides are compatible with APC-based electrolytes with
high magnesium plating/stripping efficiency. Various strategies
have been proposed to improve the magnesium storage charac-
teristics of vanadium chalcogenides, for example, nanocomposite
construction, interlayer/interchain regulation, and defect engi-
neering. The modified vanadium chalcogenides show high capac-
ities of more than 200 mAh/g and good stability for over 1000
cycles. However, the working voltage of vanadium chalcogenides is
below 1.5 V (vs. Mg2þ/Mg) thus limiting the energy density and
making them not favorable in practical applications. Nevertheless,
energy densities larger than 300 Wh/kg have been observed from
VS4-based cathodes due to the high capacity. It is larger than the
theoretical energy density of Chevrel phaseMo6S8 (135Wh/kg) [18]
that is the typical cathode material in RMBs.

5. Vanadium-based phosphates

Vanadium-based phosphates such as Li3V2(PO4)3 (A ¼ Li or Na),
Na3V2(PO4)2F3, and Na3(VO)2(PO4)2F are promising cathode mate-
rials for LIBs and SIBs due to merits such as the high voltage,
excellent structural stability, and open ion diffusion channels.
Recently, the feasibility of vanadium-based phosphates as cathode
materials in RMBs has been explored.

5.1. AxV2(PO4)3 (A ¼ Li or Na)

AxV2(PO4)3 (A ¼ Li or Na) has the Naþ superionic conductor
(NASICON) structure and an open framework for better ion inter-
calation and diffusion. Huang and coworkers have investigated the
electrochemical properties of Li3V2(PO4)3 in 0.5 M Mg (TFSI)2/AN
[143]. The Li3V2(PO4)3/C composite exhibits a high discharging ca-
pacity of 197 mAh/g at 0.05C (1 C ¼ 197 mA/g) and 55 �C. However,
the capacity is not entirely contributed by Mg intercalation and re-
intercalation of Li ions extracted from Li3V2(PO4)3 also contributes
to the capacity. To avoid the influence of Li ions, fully delithiated
Li3V2(PO4)3 (V2(PO4)3) is assembled in a three-electrode cell. At
0.05C (1 C ¼ 197 mAh/g) and 55 �C, a discharging capacity of
197 mAh/g is observed in the 5th cycle, but the cycling stability and
rate performance are not discussed. Li et al. have reported that
Li3V2(PO4)3/rGO delivers excellent electrochemical performance in
0.5 M Mg(ClO4)2/PC based on co-intercalation of Mg and Li ions
[144]. Li3V2(PO4)3/rGO shows a reversible capacity of 124 mAh/g at
100 mA/g, capacity of 61 mAh/g at 1000 mA/g, and capacity
retention of 80% after 300 cycles at 500 mA/g. The discharged
product after 10 cycles is Li1.86Mg0.54V2(PO4)3 thereby confirming
the Li/Mg co-intercalation mechanism. Wang et al. have reported
that Li3V2(PO4)3/C has good electrochemical properties in the 4 m
Mg (TFSI)2 aqueous electrolyte [145]. A capacity of 89.6 mAh/g is
observed after 1000 cycles at 100 mA/g and a capacity of 72.8 mAh/
g is still achieved at 3 A/g. The full aqueous Mg-ion battery
comprising the MgxLiV2(PO4)3 cathode shows outstanding cycling
stability such as capacity retention of 92% after 6000 cycles at 2 A/g.
However, the Li3V2(PO4)3/C composite has a smaller capacity of
20 mAh/g in the APC electrolyte with Mg being the anode [146].

Na3V2(PO4)3 is another candidate as cathode materials for RMBs
(Fig. 10a). Cabello et al. have studied the electrochemical properties
of Na3V2(PO4)3 in 0.5 M Mg (TFSI)2/DME with Mg metal being the
reference electrode [148]. At 10 mA/g, Na3V2(PO4)3 shows an initial
discharging capacity of over 100 mAh/g with two plateaus at 1.6 V
and 1.2 V (Fig.10b) corresponding to intercalation of Na andMg ions,
respectively. Theworkingvoltage is less than the expectedvaluedue
to the potential shift of Mg as the reference electrode in such
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electrolyte [151]. During cycling, the plateau at 1.6 V becomes nar-
rower and that at 1.2 V is wider. After 140 cycles, the capacity is
60 mAh/g. The magnesium storage mechanism of desodiated
Na3V2(PO4)3 (Na1.3V2(PO4)3) is a two-phase reaction between
Na1.3V2(PO4)3 and Mg0.8Na1.3V2(PO4)3. Zeng et al. have synthesized
the mesoporous Na3V2(PO4)3/C composite and investigated the
electrochemical properties in 0.3 M Mg (TFSI)2/AN after electro-
chemical desodiation [149]. The desodiated mesoporous
Na3V2(PO4)3/C (Na1.12V2(PO4)3/C) composite exhibits an initial dis-
charging capacity of 88.8 mAh/g at 20mA/g (Fig.10c). It increases to
95.3 mAh/g in the second cycle and remains at 77 mAh/g after 100
cycles. The average discharge voltage of Na1.12V2(PO4)3/C is 2.5 V (vs.
Mg2þ/Mg) and the discharged and charged products of
Na1.12V2(PO4)3 are Mg0.79Na1.02V2(PO4)3 and Mg0.04Na1.08V2(PO4)3,
respectively, indicative of reversible Mg intercalation/dein-
tercalation. Ex situ XPS demonstrates that the charging/discharging
process accompanies the redox process of V3þ 4 V4þ. The interca-
lated Mg ions trend to occupy the 18e sites of desodiated
Na3V2(PO4)3 and the volume change is 6.2% after intercalation of
0.75 Mg per formula (Fig. 10d and e) [148,150]. Arag�on et al. have
shown that the NaV2(PO4)3/C composite obtained from
Na3V2(PO4)3/C by chemical desodiation has a capacity of over
100 mAh/g in 0.1 M Mg (TFSI)2/AN [152]. In addition, desodiated
Na3V2(PO4)3/C also has a capacity of over 100 mAh/g in Mg(BF4)2/
DME [147]. However, these electrolytes are incompatible with Mg
anodes. DesodiatedNa3V2(PO4)3/C shows a small capacity of 7mAh/
g in 0.2 M [Mg2 (m-Cl)2][AlCl4]2/DME which is compatible with Mg
anodes [153]. Therefore, identifying electrolytes that are compatible
with both the Na3V2(PO4)3 cathode and Mg anode is crucial to
further development of Na3V2(PO4)3 as cathodes. However, neither
delithiated Li3V2(PO4)3 nor desodiated Na3V2(PO4)3 can be synthe-
sized directly by conventional methods consequently hampering
practical applications. One possible solution is to synthesize
Mg1.5V2(PO4)3. Although Mg1.5V2(PO4)3 has not been reported,
recently reported Zn3V4(PO4)6 (Zn1.5V2(PO4)3) [154] suggests that
synthesis of Mg1.5V2(PO4)3 is possible because Zn and Mg ions have
the same charge and similar radii.

5.2. VOPO4·2H2O

VOPO4$2H2O has a layered structure with a large interlayer
spacing of 7.41 Å, making it promising in metal-ion batteries. Ji et al.
have investigated the effects of structural water and electrolytic
water on the electrochemical properties of VOPO4$2H2O in the
Mg(ClO4)2/PC electrolyte [155]. VOPO4$2H2O shows an initial ca-
pacity of 89 mAh/g in the wet electrolyte (0.1 M Mg(ClO4)2$6H2O/
PC) and it is higher than that of VOPO4$2H2O in the dry electrolyte
(0.1 M Mg(ClO4)2/PC) (11.2 mAh/g), VOPO4 in the wet electrolyte
(13.8 mAh/g), and VOPO4 in the dry electrolyte (8.0 mAh/g)
(Fig. 11a). Meanwhile, VOPO4$2H2O in the wet electrolyte exhibits a
higher open circuit voltage (OCV) and lower voltage hysteresis
(Fig. 11b). The high capacity of VOPO4$2H2O in thewet electrolyte is
ascribed to the synergistic effects of electrolytic water and struc-
tural water (Fig. 11c). Electrolytic water can co-intercalate with Mg
ions by partial desolvation which facilitates Mg intercalation,
whereas structural water facilitates Mg diffusion in the interlayer
by the shielding effect. To improve magnesium storage in
VOPO4$2H2O, Zhou et al. have expanded the interlayer spacing to
1.42 nm by replacing interlayered water with phenylamine
(Fig. 11d) [28]. In the 0.25 M APC/THF electrolyte with Mg metal as
the anode, phenylamine-intercalated VOPO4 (PA-VOPO4) shows
capacities of 310 mAh/g at 50 mA/g and 109 mAh/g at 2000 mA/g,
which is much higher than that of pristine VOPO4$2H2O (40 mAh/



Fig. 10. NaxV2(PO4)3-based phosphates for RMBs. (a) Crystal structure of Na3V2(PO4)3 [147]. (b) Charging/discharging curves of Na3V2(PO4)3 at 10 mA/g in 0.5 M Mg (TFSI)2/DME
with Mg metal being the anode [148]. (c) Charging/discharging curves of the desodiated mesoporous Na3V2(PO4)3/C composite in 0.3 M Mg (TFSI)2/AN with AC as the anode at
20 mA/g [149]. (d) Lattice parameters and unit cell volume of Na3V2(PO4)3, desodiated Na3V2(PO4)3 (Na0.98V2(PO4)3), and desodiated Na3V2(PO4)3 after Mg intercalation
(Mg0.75Na0.98V2(PO4)3). (e) Schematic of the structural change of Na3V2(PO4)3 during desodiation and subsequent Mg intercalation/deintercalation [150].
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g). After 500 cycles at 100 mA/g, the capacity of PA-VOPO4 is
192 mAh/g. The intercalated species in PA-VOPO4 are MgClþ rather
than Mg2þ and DFT calculation indicates that the diffusion barrier
of MgClþ in PA-VOPO4 is lower than that of Mg2þ (Fig. 11f). The fast
kinetics of MgClþ in PA-VOPO4 is responsible for the excellent rate
performance. Notably, the discharge plateau of PA-VOPO4 is located
at about 1.0 V (vs. Mg2þ/Mg), which is lower than that of
Fig. 11. Layered VOPO4$nH2O as cathode materials for RMBs. (a) Charging/discharging curves
the three-electrode system with carbon as the counter electrode and Ag/AgCl as the refere
Schematic illustration for the role of electrolytic and structural water on Mg storage of VOPO4

VOPO4 as RMBs cathode materials [28].

14
VOPO4$2H2O as reported by Ji et al. [155] and the expected value.
The reason is unclear and needs more study.

5.3. Other vanadium-based phosphates

In addition to the aforementioned vanadium-based phosphates,
some vanadium-based fluorophosphates are promising cathode
of VOPO4 and VOPO4$2H2O in dry and wet 0.1 M Mg(ClO4)2/PC electrolyte at 5 mA/g in
nce electrode, and (b) Corresponding OCV, voltage hysteresis and specific capacity. (c)
$nH2O [155]. (d) Schematic illustration of the formation and reaction mechanism of PA-



Fig. 12. Other vanadium-based phosphates for RMBs. (a) Crystal structure of NaV2O2(PO4)2F. (b) Charging/discharging curves of NaV2O2(PO4)2F/rGO in the 0.3 M Mg (TFSI)2/AN
electrolyte with AC as the anode. (c) Changes of the cell parameters of NaV2O2(PO4)2F during the intercalation/deintercalation of Mg ions [27]. (d) Crystal structure of KVPCH, and (e)
charging/discharging curves of KVPCH in the 0.1 M Mg(ClO4)2/PC electrolyte with AC as the counter electrode and Ag as the reference electrode. (f) Elemental ratios of KVPCH in
different charging/discharging states [157].
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materials for RMBs. Wang et al. have studied NaV2O2(PO4)2F/rGO
(desodiated Na3V2O2(PO4)2F/rGO) as high-voltage cathode mate-
rials for RMBs (Fig. 12a) [27]. In 0.3 M Mg (TFSI)2/AN electrolyte,
NaV2O2(PO4)2F/rGO shows a reversible capacity of 83.4 mAh/g with
an average working voltage of ~3.3 V (vs. Mg2þ/Mg) at 100 mA/g
(Fig.12b). At high current densities of 2 A/g and 5 A/g, the capacities
are still 50.6 mAh/g and 30.3 mAh/g, respectively. NaV2O2(PO4)2F/
rGO also has excellent cycling characteristics such as capacity
retention of 76% after 9500 cycles at 500 mA/g. The magnesium
storage mechanism of NaV2O2(PO4)2F is single-phase intercalation/
deintercalationwith a volume change of only 1.79% (Fig. 12c). Rubio
et al. have reported that the desodiated Na5V(PO4)2F2 (Na3V(-
PO4)2F2) has a capacity of 136 mAh/g based on the multi-electron
reaction of the V5þ/V4þ and V4þ/V3þ redox couples in the
0.5 M Mg (TFSI)2 þ 0.4 M H2O/DME electrolyte with Mg as the
anode [156]. However, large voltage hysteresis is observed and the
average voltage is less than the calculated value.

Li et al. have reported K2(VO)2(HPO4)2(C2O4),4.5H2O (KVPCH)
with the layered structure (Fig. 12d) as cathode materials in RMBs
[157]. In the 0.1 M Mg(ClO4)2/PC electrolyte, KVPCH has a capacity
of 121 mAh/g at 1 C (109 mA/g) with an average working voltage of
3.2 V (vs. Mg2þ/Mg) based on the V5þ/V4þ redox couple (Fig. 12e).
After 1500 cycles at 5 C, the capacity of KVPCH remains at 87% of the
maximum capacity. Co-intercalation of K and Mg ions in KVPCH is
revealed and the capacity is mainly contributed byMg intercalation
(Fig. 12f). Dongmo et al. have reported that Na3V4(P2O7)4(PO4)
(desodiated Na7V4(P2O7)4(PO4)) shows a high discharge plateau at
~3.45 V (vs. Mg2þ/Mg) in the 0.5 M Mg(ClO4)2/AN electrolyte [158].

Some amorphous vanadium-based phosphates have been
employed as cathodes in RMBs. Arthur et al. have synthesized
amorphous V2O5eP2O5 with different V2O5/P2O5 ratios [143]. In the
Mg(ClO4)2/AN electrolyte with Mg being the anode, amorphous
V2O5eP2O5 (75 : 25) exhibits the highest capacity of 121 mAh/g but
the capacity decays rapidly to 57 mAh/g after 5 cycles. In addition,
Wally et al. have prepared Na2SeV2O5eP2O5 glass-ceramic nano-
composites but they have relatively poor electrochemical proper-
ties [159].
15
Compared to vanadium oxides, vanadates, and vanadium chal-
cogenides, vanadium-based phosphates usually have higher
working voltages of over 2.5 V (vs. Mg2þ/Mg) due to the inductive
effect of phosphate groups. For example, NaV2O2(PO4)2F/rGO has a
working voltage of 3.3 V and long lifetime of 9500 cycles. However,
the capacity of vanadium-based phosphates is limited due to the
large mass of phosphate. Nonetheless, larger capacities can be ob-
tained by taking advantage of the multi-electron reaction of va-
nadium, although this task is still challenging. Better vanadium-
based phosphate cathode materials may be obtained by optimal
composition design, phase regulation, and defect engineering in
the future. In addition, it is necessary to identify the suitable elec-
trolytes that are compatible with both Mg metal anodes and
vanadium-based phosphates.

6. Optimization strategies for vanadium-based cathode
materials for RMBs

In order to obtain better vanadium-based cathode materials for
RMBs, various optimization strategies have been employed to
improve magnesium storage. Optimization strategies that have
been proposed mainly include the following.

(1) Nanostructure design - The sluggish solid-state diffusion ki-
netics of divalent Mg ions is one of the major obstacles for
vanadium-based RMBs cathode materials to have good
electrochemical properties. The problems are the large
voltage hysteresis, poor rate performance, and low magne-
sium storage capacity. The proper nanostructure can shorten
the diffusion distance and increase the specific surface area.
It is noted that almost all previously reported high-
performance vanadium-based cathode materials are
nanostructured.

(2) Composite construction - Most vanadium-based cathode
materials for RMBs, especially vanadium-based phosphates,
suffer from poor electrical conductivity. In this case,
combining vanadium-based materials and carbonaceous



Table 1
Electrochemical properties of vanadium-based cathode materials for RMBs.

Categories Materials Electrolytes CE/RE Voltage range (V
vs. Mg2þ/Mg)

Capacity (mAh/g)/current density (mA/g) Cycle number/capacity retention/
current density (mA/g)

Ref.

Vanadium oxide V2O5 1 M Mg(ClO4)2/DMSO Li/Li 1.9e2.9 ~140/- (150 �C) e [36]
Vanadium oxide V2O5 1 M Mg(ClO4)2/THF Mg/Mg e 194/- e [38]
Vanadium oxide V2O5 1 MMg(ClO4)2 þ 1 M H2O/AN Mg/Ag 0.6e2.5 ~170/- 20/~30%/- [39]
Vanadium oxide V2O5 nanocrystals 0.5 M Mg(ClO4)2/PC AC/Ag 1.9e3.4 ~180/7.6 e [52]
Vanadium oxide V2O5 0.1 M Mg(ClO4)2 þ 1.79 M

H2O/PC
Mg/Mg 0.7e1.6 158.6/ 9/~32%/- [40]

Vanadium oxide V2O5 thin-film 0.5 M Mg(ClO4)2/AN -/Pt 2.0e3.15 ~180/- 34/~83%/- [23]
Vanadium oxide S-doped V2O5 0.3 M Mg(ClO4)2 þ 1.8 M

H2O/PC
Pt/Mg 0.9e2.4 ~300/60 e [42]

Vanadium oxide MnO2/S-doped V2O5 0.3 M Mg(ClO4)2 þ 1.8 M
H2O/PC

Pt/Mg 0.9e2.4 ~420/60 e [42]

Vanadium oxide V2O5 1 M Mg (TFSI)2/G2 with 2600
ppm H2O

AC/AC 0.6e4.2 ~260/- e [41]

Vanadium oxide V2O5 0.5 M Mg (TFSI)2/PY14TFSI AC/AC 1.3e3.5 295/15, ~275/30, ~250/60, ~215/150, ~180/300, ~150/600,
~110/1500 (110 �C)

50/76%/150 (110 �C) [49]

Vanadium oxide Flower-like V2O5

microspheres
0.25 M Mg(AlCl2EtBu)2/THF Mg/Mg 0.1e2.0 126.2/50, 92/100, 80/150, 62/200 80/71.9%/50 [54]

Vanadium oxide V2O5 nanospheres 0.2 M Mg(ClO4)2/AN AC/AC 1.6e2.6 ~225/10, ~100/30, ~60/50, ~40/80 100/~46%/50 [53]
Vanadium oxide V2O5eTiO2 nanocomposite 0.5 M Mg (TFSI)2/PY14TFSI AC/AC ~0.9e3.3 ~310/15 (110 �C) 20/>100%/15 (110 �C) [57]
Vanadium oxide GO/V2O5 composites 0.25 M Mg(AlCl2EtBu)2/THF Mg/Mg 1.0e2.8 178/- 20/~78.7%/- [55]
Vanadium oxide V2O5/graphene MgNO3$6H2O/succinonitrile

þ TEGDME
Mg/Mg 0.5e1.6 ~86/- e [56]

Vanadium oxide TieV2O5-x 0.5 M Mg(ClO4)2/AN AC/AC 1.75e3.35 245.4/100, 205.8/200, 174.8/300, 157.0/400, 148.0/500 400/~81%/100 [58]
Vanadium oxide PEDOT intercalated V2O5 0.4 M (PhMgCl)2-AlCl3/THF

with CTAB additive
Mg/Mg 0.01e2.3 288.7/50, ~230/100, 153.8/300, 110.7/500 500/~65%/500 [62]

Vanadium oxide b-V2O5 0.1 M Mg(ClO4)2/AN AC/AC 0.1e3.6 ~450/23.5 15/>100%/23.5 [65]
Vanadium oxide z-V2O5 nanowires 0.2 M Mg (TFSI)2/PC AC/AC 0.2e3.4 ~140/6 (50 �C) 100/~65%/6 (50 �C) [60]
Vanadium oxide Nanoscale z-V2O5 0.5 M Mg (TFSI)2/PY14TFSI AC/AC ~0.75e3.25 ~130/15 (110 �C) 15/>100%/15 (110 �C) [68]
Vanadium oxide Amorphous V2O5 0.3 M Mg (TFSI)2/glyme þ

DME
AC/AC 0.9e3.4 183/30 40/-/30 [70]

Vanadium oxide Amorphous V2O5 thin-film 0.1 M Mg(ClO4)2 þ 0.6 M
H2O/PC

AC/AC 1.6e3.0 ~125/18, ~70/54, ~35/540, ~30/1,020, ~25/1800 90/~65%/18 [71]

Vanadium oxide Amorphous V2O5

nanocluster/porous carbon
0.2 M [Mg2 (m-Cl)2 (DME)4]
[AlCl4]2/DME

Mg/Mg 0.5e2.8 ~225/40, ~180/80, ~140/160, ~120/320, ~100/640 100/~62.5%/320 [69]

Vanadium oxide V2O5$nH2O 1 M Mg(ClO4)2/AN
MgCl2/AlCl3/EMIC

Mg/Ag
Al/Al

1.6e3.5
1.7e3.2

~170/-
~170/- (80 �C)

e [39]

Vanadium oxide V2O5$nH2O 0.3 M Mg(ClO4)2/PC SeV2O5/AgeAgCl 0.9e2.4 463/60 e [77]
Vanadium oxide S-doped V2O5$nH2O 0.3 M Mg(ClO4)2 þ 1.8 M

H2O/PC
Pt/AgeAgCl 0.9e2.6 450/21 e [78]

Vanadium oxide V2O5$nH2O/C compositea 1 M Mg(ClO4)2/AN Mg/Ag ~2.0e3.5 ~600/1 35/~66%/17 [73]
Vanadium oxide V2O5$1.42H2O nanowire/

graphene composite
0.3 M Mg (TFSI)2/AN AC/AC 1.6e3.4 ~320/50, ~220/200, ~150/500, ~120/1,000, ~100/2000 200/81%/1000 [24]

Vanadium oxide PEO intercalated V2O5$nH2O 0.5 M Mg(ClO4)2/AN C/Mg 1.0e3.0 125/10 35/~77%/10 [81]
Vanadium oxide PANI intercalated

V2O5$nH2O
0.3 M Mg (TFSI)2/AN AC/AC 1.2e3.4 275/100, 250/200, 220/500, 175/1,000, 155/2,000, 130/4000 500/~70%/4000 [79]

Vanadium oxide VO2(B) nanorods 1 M Mg(ClO4)2/AN C/Ag 1.65e2.95 391/25, 370/50, 341/100 60/41.9%/60 [89]
Vanadium oxide H2V3O8 nanowires 0.5 M Mg(ClO4)2/AN AC/AC 1.2e3.1 304.2/50 20/85.9%/50 [83]
Vanadium oxide H2V3O8 nanowires 0.5 M Mg(ClO4)2/AN AC/AC 1.1e3.6 231/10, 201/20, 170/40, 97/80 (60 �C) 100/77%/40 (60 �C) [90]
Vanadium oxide V6O13 nanosheets 1 M Mg(ClO4)2/AN Mg/Mg 0.3e2.3 324/20, 278/40, 244/60, 214/80 30/71.9%/40 [92]
Vanadium oxide V2O3@rGO microspheres 0.3 M Mg (TFSI)2/AN AC/AC 1.4e3.9 291.3/50, 280.1/100, 259.1/200, 232.5/500, 210.4/1,000,

185.3/2000
1000/88.5%/500 [93]

Vanadium oxide VOx-NTs 0.25 M Mg(AlBu2Cl2)2/THF Mg/Mg 0.2e0.8 ~75/5 e [94]
Vanadium oxide Cu0.1-doped VOx-NTs 0.25 M Mg(AlBu2Cl2)2/THF Mg/Mg 0.2e0.9 120.2/10 e [96]
Vanadium oxide HT-VOx 0.5 M Mg(ClO4)2/AN AZ31 Mg alloy/Ag 1.5e3.4 218/60 20/70.8%/60 [97]
Vanadium oxide C12-VOx-NTs 1 M Mg(ClO4)2/AN Mg/Mg 0.2e3.2 146 ± 35/5 10/15%/5 [98]
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Vanadate NaV3O8$(H2O)y 0.5 M Mg(ClO4)2/PC
1 MMg(ClO4)2 þ 2 M H2O/AN

Mg/Ag
e

1.6e3.6
e

80/10
210/-

26/~20%/10
e

[99]

Vanadate NaV3O8$1.69H2O nanobelts 0.4 M (PhMgCl)2-AlCl3/THF Mg/Mg 0.05e2.0 ~110/10, ~50/20, ~35/50, ~25/100, ~15/200, ~7/500 100/~80%/50 [100]
Vanadate Na2V6O16$1.63H2O

nanowires
0.5 M Mg (TFSI)2/DME AC/AC 1.4e3.7 228/20, 193/30, 145/50, 105/80, 91/100, ~50/200, ~30/500 450/71%/200 [101]

Vanadate NaV8O20$nH2O nanobelts 1 M Mg(ClO4)2/TEGDME-H2O
(v/v ¼ 4/1)

Pt/AgeAgCl 1.9e3.8 350.6/300, 264.3/500, 211.0/800, 185.5/1,000, 155.6/1,500,
126.3/2,000, 110.1/2,500, 94.3/3000

1000/~50%/1500 [102]

Vanadate NaV3O8 0.5 M Mg(ClO4)2/AN AC/AC 1.4e3.1 260/50, 184/100, 123.9/200, 86.6/500, 62.4/1000 100/88.3%/500 [103]
Vanadate NaV6O15 1 M Mg(ClO4)2/AN Mg/Mg 0.1e2.3 ~230/- 50/~20%/- [104]
Vanadate NaV6O15 0.5 M Mg(ClO4)2/AN AC/AC 1.65e2.95 210.1/10, 137.0/20, 111.7/50, 80.2/100, 52.3/200, 27.2/500 95/~95%/20 [105]
Vanadate Na0.4V1.25Ti0.75O4 0.5 M Mg(CB11H12)2/

tetraglyme
Mg/Mg 0.1e3.0 ~80/5 (60 �C) e [107]

Vanadate Mg(V3O8)2$(H2O)y MgCl2/AlCl3/EMIC Mg/Al 1.3e2.5 150/- (80 �C) 60/~40%/- (80 �C) [99]
Vanadate Mg0.1V2O5$1.8H2O 0.5 M Mg(ClO4)2/AN Pt/Ag 1.7e3.7 300/30 7/93.3%/30 [108]
Vanadate Mg0.1V2O5$2.35H2O 0.5 M Mg (TFSI)2 þ 0.5 M

dipro-glyme/AN
C/Ag 2.1e3.9 143/- 10/>100%/- [109]

Vanadate Mg0.3V2O5$1.1H2O
nanowires

0.3 M Mg (TFSI)2/AN AC/AC 1.4e3.4 162/100, 145/200, 134/500, 120/1,000, 85/2,000, 50/4000 500/>100%/100, 10,000/>100%/
1,000, 10,000/80%/2000

[110]

Vanadate MgV2O6 Mg(AlBu2Cl2)2/THF Mg/Mg 0.2e2.1 120/- 15/~25%/- [160]
Vanadate MgV2O6 1 M Mg(ClO4)2/AN Mg/Mg 0.0e2.0 120/- 10/~33.3%/- [161]
Vanadate Mg(Mg0.5V1.4Ni0.1)O4 1 M Mg (TFSI)2/triglyme AZ31 Mg alloy/

AZ31 Mg alloy
~1.35e2.85 66/5 (90 �C) 19/>100%/5 (90 �C) [115]

Vanadate MgV2O4 nanocrystals 0.5 M Mg (TFSI)2/PY14TFSI AC/AC 0.6e3.5
0.9e3.4

~235/- (110 �C)
~175/- (110 �C)

e [49]

Vanadate Mg(Mg0.5V1.5)O4

hierarchical microspheres
0.3 M Mg (TFSI)2/AN AC/AC 1.4e3.9 250/100, 223/200, 201/500, 184/1,000, 165/2,000, 142/4000 100/92.1%/100, 1000/~70%/4000 [113]

Vanadate Mo2.48VO9.93 0.5 M Mg (TFSI)2/AN AC/AC 1.73e3.33 397/2 15/~60%/2 [116]
Vanadate FeVO4 nanorods 0.3 M Mg (TFSI)2/AN AC/AC 0.9e3.3 366/50, ~260/100, ~225/200, ~190/500, 165.1/1000 (50 �C) 100/74%/50, 1000/85%/1000 (50

�C)
[118]

Vanadate FVO@CC 0.3 M Mg (TFSI)2/AN AC/AC 1.4e3.6 298/50, 277/100, 229/200, 178/500, 144/1,000, 120/2000 100/89%/100, 5000/~60%/2000 [119]
Vanadate Mn0.04V2O5$1.17H2O

nanobelts
0.3 M Mg (TFSI)2/AN AC/AC 1.4e3.4 145/50, 131/100, 110/200, 108/500, 97/1,000, 80/2,000, 60/

3,000, 50/4000
10,000/82%/2000 [120]

Vanadate NH4V4O10 0.5 M Mg(ClO4)2/AN AC/AC 1.87e3.47
1.97e3.07

174.8/42.1, ~130/105.3, ~110/210.6, 68.9/421.2
101/210.6.

100/~20%/210.6,
100/>100%/210.6

[121]

Vanadate (NH4)2V6O16$1.5H2O
nanobelts

0.5 M Mg(ClO4)2/AN AC/AC 2.0e3.1 V 123/50, 110/100, 95/200, 73/500, 56/1000 50/63%/50 [122]

Vanadate H11Al2V6O23.2 microspheres 0.3 M Mg (TFSI)2/AN AC/AC 1.4e3.5 165/100, 127/200, 98/500, 75/1,000, 60/2,000, 47/4000 50/98%/50, 3000/87%/1000 [123]
Vanadium

chalcogenide
2-EHA intercalated VS2
nanoflowers

Mg(HMDS)2-4MgCl2/2THF-
PP14TFSI

Mg/Mg 0.2e2.2 249/100, 212/300, 179/500, 140/1,000, 102/2000 100/78%/100, 600/~70%/1000 [125]

Vanadium
chalcogenide

Expanded VS2 nanosheets
assemblies

0.4 M (PhMgCl)2-AlCl3/THF Mg/Mg 0.25e2.0 237/100, 222/200, 208/400, 189/800, 179/1,000, 147/2000 200/94.9%/100, 1000/86%/1000 [126]

Vanadium
chalcogenide

VS2 nanosheets 0.4 M (PhMgCl)2-AlCl3 þ 0.2
M PP14Cl/THF

Mg/Mg 0.01e2.0 299/50, 299/100, 292/200, 280/500, 257/1,000, 214/2000 68/~98%/200, 300/~70%/1000 [128]

Vanadium
chalcogenide

VSe2 0.25 M Mg(AlCl2EtBu)2/THF Mg/Mg 0.2e1.8 122/10 60/~90%/10 [129]

Vanadium
chalcogenide

VSe2 (PhMgCl)2-AlCl3/THF Mg/Mg 0.5e2.0 ~130/5 40/~66%/5 [124]

Vanadium
chalcogenide

VSe2 hierarchical rods 0.2 M Mg(HMDS)2-MgCl2-
2AlCl3/THF

Mg/Mg 0.1e2.5 ~350/50, 85/100, 74/200, 57/500 30/~28%/50 [130]

Vanadium
chalcogenide

VSe2 nanoparticles/rGO 0.25 M (PhMgCl)2-AlCl3/THF Mg/Mg 0.2e1.7 235.5/50, 213.9/200, 175.5/500, 121.0/800, 97.8/1000 500/62.8%/50 [131]

Vanadium
chalcogenide

VS4 nanodendrites 0.4 M (PhMgCl)2-AlCl3/THF Mg/Mg 0.2e2.2 137/50, 130/150, 123/300, 106/500 180/~85%/100, 800/71.6%/500 [132]

Vanadium
chalcogenide

Flower-like VS4
microspheres

0.4 M (PhMgCl)2-AlCl3/THF Mg/Mg 0.2e2.2 95/10, 80/20, 75/50, 70/100, 65/200, 60/300 400/90%/50 [162]

Vanadium
chalcogenide

VS4@rGO 0.25 M (PhMgCl)2-AlCl3 þ
0.25 M PY14Cl/THF

Mg/Mg 0.2e2.0 268.3/50, 157.9/100, 132.8/200, 116.2/500, 101.4/1,000,
85.9/2000

100/~55%/50, 200/63.7%/500 [140]

Vanadium
chalcogenide

VS4/rGO 0.4 M Mg [B (hfip)4]2)/DME Mg/Mg 0.01e2.5 440/50, ~320/100, ~220/200, 119/500 50/~50%/100 [133]

(continued on next page)
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Table 1 (continued )

Categories Materials Electrolytes CE/RE Voltage range (V
vs. Mg2þ/Mg)

Capacity (mAh/g)/current density (mA/g) Cycle number/capacity retention/
current density (mA/g)

Ref.

Vanadium
chalcogenide

Core-shell CNT@VS4 0.4 M (PhMgCl)2-AlCl3/THF Mg/Mg 0.2e2.2 214.8/50, 170.4/100, 149.2/200, 124.6/500, 100.3/1,000,
77.2/2000

800/68%/500 [136]

Vanadium
chalcogenide

VS4@Ti3C2/C 0.25 M (PhMgCl)2-AlCl3/THF Mg/Mg 0.01e2.0 492/50, 388/100, 285/200, 176/500, 129/1000 900/80%/500 [135]

Vanadium
chalcogenide

3%Mo-doped VS4 hollow
microspheres

0.4 M (PhMgCl)2-AlCl3/THF Mg/Mg 0.2e2.1 140/20, 125/30, 112/50, 101/100, 88/200, 80/300, 70/500 350/~99%/50, 350/~96%/500 [137]

Vanadium
chalcogenide

Mo/O co-doped VS4 hollow
microspheres

0.4 M (PhMgCl)2-AlCl3/THF Mg/Mg 0.2e2.1 144/50, 137.5/100, 121.1/200, 92.5/500, 75.2/1000 500/>100%/50, 1000/92%/1000 [138]

Vanadium
chalcogenide

Mo-doped VS4/N-TG 0.4 M (PhMgCl)2-AlCl3/THF Mg/Mg 0.2e2.1 151.7/20, 136.8/30, 124.3/50, 113/100, 99/200, 89.5/300,
76.6/500

600/>100%/50, 1200/80.6%/500 [139]

Vanadium
chalcogenide

K0.2VS4/N-TG 0.4 M (PhMgCl)2-AlCl3/THF Mg/Mg 0.2e2.1 188.6/50, 174.9/80, 155.8/100, 144.0/200, 124.9/300, 113.0/
500, 98.6/1000

200/>100%/50, 2000/~100%/1000 [141]

Vanadium
chalcogenide

PVP-intercalated VS4 0.4 M (PhMgCl)2-AlCl3/THF Mg/Mg 0.2e2.1 140/50, 120/100, 108/200, 90/500, 73/1,000, 60/2,000, 45/
5000

500/~100%/50, 1500/80%/5000 [142]

Vanadium-based
phosphate

Amorphous V2O5eP2O5 (75 :
25)

1 M Mg(ClO4)2/AN Mg/Ag 1.2e3.3 121/5 5/47%/5 [163]

V-based
phosphate

V2(PO4)3/C 0.5 M Mg (TFSI)2/AN Mg/Ag 1.5e3.9 197/~10 (55 �C) e [143]

Vanadium-based
phosphate

Li3V2(PO4)3/rGO 0.5 M Mg(ClO4)2/PC AC/Ag 2.04e3.84 124/100, 106/200, 85/500, 61/1000 300/80%/500 [144]

Vanadium-based
phosphate

Li3V2(PO4)3/C 4 m Mg (TFSI)2/H2O AC/AgeAgCl 2.4e3.6 102/100, ~93/200, ~83/500, ~80/1,000, ~75/2,000, 72.8/3000 1000/88%/100 [145]

Vanadium-based
phosphate

Na3V2(PO4)3/C 0.5 M Mg (TFSI)2/DME Mg/Mg 0.5e2.2 ~110/10 140/~55%/10 [148]

Vanadium-based
phosphate

Mesoporous Na1.12V2(PO4)3/
C

0.3 M Mg (TFSI)2/AN AC/AC 2.05e3.05 95.3/20 100/81%/20 [149]

Vanadium-based
phosphate

NaV2(PO4)3/C 0.1 M Mg (TFSI)2/AN AC/AC 0.85e1.9 ~110/~2, ~75/~5 e [152]

Vanadium-based
phosphate

NaV2(PO4)3/C 0.3 M Mg(BF4)2 in EC/DEC (v/
v ¼ 1/1),

AC/Ag 1.5e3.5 103/5 20/~85%/5 [147]

Vanadium-based
phosphate

honeycomb-like
NaV2(PO4)3/C/G

Mg (TFSI)2/AN AC/AC 2.05e3.05 87/10, 78/20 60/85%/20 [150]

Vanadium-based
phosphate

Na3VCr(PO4)3/C 0.5 M Mg (TFSI)2 (16% H2O)/
DME
0.1 M Mg (TFSI)2 (16% H2O)/
AN

Mg/Mg
AC/AC

0.2e2.55
0.01e3.8

79.2/2 (�15 �C)
~82/20 (�15 �C)

20/~75%/2 (�15 �C)
23/~60/20 (�15 �C)

[164]

Vanadium-based
phosphate

VOPO4$2H2O 0.1 M Mg(ClO4)2 þ 0.6 M
H2O/PC

C/AgeAgCl 2.2e3.8 89/5 50/~80%/5 [155]

Vanadium-based
phosphate

PA-VOPO4 nanosheets 0.25 M (PhMgCl)2-AlCl3/THF Mg/Mg 0.3e2.4 310/50, 275/100, 220/200, 175/500, 140/1,000, 109/2000 500/~70/500 [28]

Vanadium-based
phosphate

NaV2O2(PO4)2F/rGO 0.3 M Mg (TFSI)2/AN AC/AC 1.8e3.9 97.2/20, 95.4/50, 90.8/100, 83.9/200, 70.9/500, 61.5/1,000,
50.6/2,000, 30.3/3000

9500/76%/500 [27]

Vanadium-based
phosphate

Na3V(PO4)2F2 0.5 M Mg (TFSI)2 þ 0.4 M
H2O/DME

Mg/Mg 0.2e2.5 136/5 e [156]

Vanadium-based
phosphate

KVPCH 0.1 M Mg(ClO4)2/PC AC/Ag 2.6e3.9 121/109, 93/218, 78/327, 69/436, 62/545 1500/87%/545 [157]

Vanadium-based
phosphate

NaV2(PO4)3/
Na3V4(P2O7)4(PO4)/C

0.5 M Mg(ClO4)2/AN AC/AC 1.47e3.865 53.3/2 (50 �C) e [158]

CE: counter electrode, RE: reference electrode.
a We believe that the unit of current density in the original paper is wrong, it should be mA/g instead of A/g.
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materials with good conductivity to fabricate composites can
improve the electronic conductivity and enhance magne-
sium storage performance. The proper composite structure
can also prevent agglomeration of nanostructured
vanadium-based materials and produce large electrode-
electrolyte interfaces with high utilization of the active
materials.

(3) Defect engineering - Defect engineering such as doping and
vacancy introduction is another effective strategy to improve
the electrical conductivity. The impurity energy levels in the
bandgap generated by the suitable dopants can reduce the
electron transition energy to improve the conductivity.
Anionic vacancies can lead to partial reduction of vanadium
by the charge compensation effect and mixed-valence va-
nadium shows better conductivity. Anionic vacancies also
facilitate diffusion of Mg ions.

(4) Interlayer regulation - Many vanadium-based cathode ma-
terials possess the layered crystal structure but the relatively
small interlayer spacing hinders intercalation and diffusion
of Mg ions. Therefore, interlayer regulation, that is, intro-
ducing ions or molecules into interlayers, is an effective
method to facilitate diffusion of Mg ions by enlarging the
interlayer spacing. The added ions and molecules also act as
pillars to stabilize the layered structure. Introducing cations
into interlayers can produce mixed valence states of vana-
dium to improve the conductivity. Similarly, interchain
regulation is an effective strategy to improve the magnesium
storage properties of vanadium-based cathode materials
with the chain-like crystal structure.

(5) Electrolyte regulation e Electrolytes affect the magnesium
storage properties of vanadium-based materials. For
example, many vanadium-based materials have excellent
magnesium storage performance in Mg (TFSI)2 or Mg(ClO4)2-
based electrolytes but low storage in APC-based electrolytes.
Adjusting the composition of electrolyte can change the
solvation shell of Mg ions to regulate the Mg intercalation
behavior in vanadium-based cathode materials, for instance,
the desolvation energy. In addition, adding Li/Na salts to
electrolytes change the intercalation species from divalent
Mg ions to monovalent Li/Na-ion can improve the electro-
chemical kinetics of vanadium-based materials. However,
such battery systems with electrolytes containing Li/Na salts
are hybrid-ion batteries (Daniel type) rather than “real
RMBs” (rocking-chair type) and therefore are not discussed
in this review. Besides, cations of some electrolyte additives
such as PP14þ and CTAþ can be co-intercalated into vanadium-
based materials during the first discharging step to accom-
plish interlayer/interchain regulation. All in all, different
optimization strategies can be applied to the vanadium-
based cathode materials at the same time to produce syn-
ergistic effects.

7. Conclusions and outlook

Vanadium-based materials constitute an important class of
cathode materials for RMBs. Herein, we provide a comprehensive
overview of vanadium-based cathode materials for RMBs including
vanadium oxides, vanadates, vanadium chalcogenides, and
vanadium-based phosphates. The structure, electrochemical
properties, optimization strategies, structureeproperties relation-
ship, and reaction mechanisms of various vanadium-based cathode
materials are described. In order to provide guidance to future
research in this important area, both the virtues and shortcomings
of the different materials are summarized here.
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Vanadium oxides have a high capacity (over 300 mAh/g) and
intermediate voltage (2.0e2.5 V vs. Mg2þ/Mg) but poor cycling
stability (Table 1). In comparison, some vanadates have excellent
cycling stability (over 1000 cycles) due to the pillar effect of cations
at the interlayer as well as structural stability. Vanadium oxides and
vanadates containing structural water usually exhibit better Mg
diffusion kinetics stemming from the shielding effect rendered by
water molecules which reduce the electrostatic interactions be-
tween Mg ions and host materials in addition to those among Mg
ions. Some vanadium oxides and vanadates have excellent elec-
trochemical characteristics in Mg(ClO4)2- or Mg (TFSI)2-based
electrolytes, but these electrolytes are usually incompatible with
Mg metal anodes due to the passivation effect. Moreover, most
vanadium oxides and vanadates deliver poor electrochemical per-
formance in complex electrolytes because of efficient Mg plating
and stripping. On the other hand, vanadium chalcogenides have
high capacities and good cycling properties in some complex
electrolytes that are compatible with Mg anodes, but their average
working voltages are restricted (below 2.0 V vs. Mg2þ/Mg). Some
vanadium-based phosphates can function at a high voltage of over
3.0 V (vs. Mg2þ/Mg) and exhibit excellent cycling stability (over
1000 cycles). However, the magnesium storage capacity of
vanadium-based phosphates is typically less than 150 mAh/g and
they are also incompatible with common complex electrolytes.

Although some high-performance vanadium-based cathode
materials have been designed for RMBs, there are still shortcomings
and challenges. For instance, most vanadium-based materials
except vanadium chalcogenides have poor electrochemical prop-
erties in electrolytes that possess high Mg plating/stripping effi-
ciency. Therefore, suitable electrolytes that are compatible with
both vanadium-based materials and Mg anodes are critical to the
development of RMBs. In this respect, constructing an artificial
surface on Mg anodes can facilitate reversible Mg plating/stripping
in Mg(ClO4)2- or Mg (TFSI)2-based electrolytes to overcome one of
the obstacles.

In spite of recent advances, the reaction mechanism of some
vanadium-based materials is still unclear or even controversial, for
example, whether the intercalated species are Mg ions or protons.
Therefore, more in-depth investigations are required. The mass
loading of vanadium-based cathode is typically less than 2 mg/cm2

and does not meet practical requirements. In comparison with that
the areal capacity of commercial LIBs is over 3.0 mAh/cm2, themass
loading should exceed 10 mg/cm2 if the vanadium-based cathode
has a capacity of 300 mAh/g. However, the magnesium storage
performance of vanadium-basedmaterials with highmass loadings
is not well studied. Prior to commercial adoption, large-scale syn-
thesis of high-performance vanadium-based cathode materials
must be demonstrated and this is certainly one of the future
research directions. In summary, although vanadium-based cath-
ode materials have large potential in RMBs, more work must be
done to enrich our understanding and bring the technology to
fruition.
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