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 benefited from the characteristics of high 
energy density, high power  density and 
environmental friendliness.[7–10] Li has 
the lowest oxidation potential (−3.04  V vs 
SHE) among metals, thus Li metal is the 
most suitable anode to deliver the highest 
energy density for a battery system. How-
ever, the limited reserve of Li sources, 
safety issues and high cost restrict its 
further applications.[11,12] Therefore, the 
exploration of other battery systems based 
on earth-abundance elements with good 
safety to complement LIBs is necessary, 
especially in large-scale applications. Na, 
Mg, Zn, and Al as anodes in rechargeable 
batteries have a similar operating mecha-
nism as that of Li. Potential candidates 
as alternatives to LIBs can be recharge-
able sodium-ion batteries, rechargeable 
magnesium batteries (RMBs), recharge-
able zinc batteries and rechargeable alu-
minum-ion batteries. Metallic sodium 
is too active to handle safely and has 

the similar problem of dendrite formation as lithium.[13,14] In 
respect of multivalent batteries, the Mg, Zn, and Al metals are 
abundant in the earth and usually employed as the anode to 
deliver high specific capacity as well as energy density owing to 
the multielectron reactions.[15–20] In addition, they have many 
unique properties, such as small ionic radius, and reasonably 
low deposition potential (Table  1). Certainly, they also have  
special opportunities and challenges when used as an anode  
in counterpart batteries. At the present stage, they are uncom-
petitive with LIBs in many aspects, and methods are being 
explored to enhance the ions storage performance, such as 
the optimization of cathode, anode, and electrolyte. There is 
no denying that multivalent battery systems still require much 
time and effort before achieving satisfactory results to narrow 
the gap with LIBs, or even surpass them.[21]

Compared with Zn and Al metals, Mg metal possesses a 
lower redox potential (an advantage for high energy density). 
Moreover, the dendrite-free property (in specific conditions) 
and high coulombic efficiency in proper electrolytes make it 
more competitive.[27–31] However, the divalent Mg2+ ions exhibit 
sluggish kinetics which originates from the strong polarizing 
nature and results in low or even no capacity in most cathode 
materials established for Li-storage.[32–35] Choosing Mo6S8 as 
the cathode material is a breakthrough on the way to RMBs 
and it still surpasses many of cathodes even today, especially 
in cycling stability. The Chevrel phase (CP) compound was first 

Rechargeable magnesium batteries (RMBs) have been regarded as one of 
the promising electrochemical energy storage systems to complement Li-ion 
batteries owing to the low-cost and high safety characteristics. However, the 
various challenges including the sluggish solid-state diffusion of highly polar-
izing Mg2+ ions in hosts, and the formation of blocking layers on Mg metal 
surface have seriously impeded the development of high-performance RMBs. 
In order to solve these problems toward practical applications of RMBs, a tre-
mendous amount of work on electrodes and electrolytes has been conducted 
in the last few decades. Creative optimization strategies including the modi-
fication of cathodes and anodes such as shielding the charges of divalent 
Mg2+, expanding the layers of host materials, and optimizing the interface of 
electrode–electrolyte are raised to promote the technology. In this review, the 
detailed description of innovative approaches, representative examples, and 
facing challenges for developing high-performance electrodes are presented. 
Based on the review of these strategies, guidelines are provided for future 
research directions on improving the overall battery performance, especially 
on the electrodes.

1. Introduction

With the rapid growth of energy consumption, the depletion 
of fossil fuels is unavoidable and concerns over environmental 
pollution are growing.[1–3] Renewable and clean energies (solar, 
wind, and tidal energy) have become a crucial topic in recent 
decades, and are regarded as promising alternatives to conven-
tional fuels.[4–6] Nevertheless, the new energy sources are inter-
mittent and may not satisfy practical applications, leading to 
the urgent demand for advanced energy storage devices. Li-ion 
battery (LIB) technology has already achieved great success 
in the application of commercial portable electronic devices 
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introduced in LIB in 1985, and also demonstrated high mobility 
of various ions (Ni2+, Zn2+, and Mg2+).[36–38] Even the concept 
of RMB was raised in the early 1990, however, the prototype of  
Mg full cell was not demonstrated until 2000.[39–42] Assem-
bled with Mg metal anode in Mg(AlCl2BuEt)2/tetrahydrofuran 
(THF) electrolyte, CP Mo6S8 cathode exhibited stable long-
cycling performance (over 2000 cycles) and reasonable kinetics 
of Mg ions. The CP Mo6S8 had been the benchmark of cathode 
materials for RMBs despite its low operating voltage (about 1 V 
vs Mg2+/Mg) and specific capacity (about 120 mAh g−1) at low 
rate. Since then, many works (both experimental and theoret-
ical investigations) are reported to improve the Mg-ion storage 
performance of CP-based RMBs. The simple unit of Chevrel 
structure is Mo6T8 (T = S, Se, and Te) blocks, which is separated 
by three different cation locations and two of them can store 
the intercalated Mg2+ ions in different coordination environ-
ments.[11,43] The successful insertion of Mg2+ ions are benefited 
from the unique structure, and the changes of electron density 
can be easily compensated when the divalent Mg2+ is intro-
duced in this structure.[44–46] In the charging process, Mg trap-
ping occurs due to the S surroundings and some researchers 
proposed the substitution of Se to S to avoid the trapping.[11,47] 
Other types of CP compounds (MxMo6T8, M = metal, T = S, Se)  
have exhibited similar kinetics and reversible Mg2+ intercala-
tion/extraction when used as Mg host cathodes.[48–51] The CP 
compounds are promising cathode candidates, however, the 
low energy density and complex synthesis processes have ham-
pered their commercial applications.[34,44,47,52,53]

In recent years, many other compounds were also explored as 
the cathode materials of RMBs accompanied with optimization 
strategies. The transition metal oxides of V2O5,[54,55] MoO3,[56–60] 
MnO2,[61] and the Prussian blue analog of Na0.69Fe2(CN)6,[62] 
K0.86Ni[Fe(CN)6]0.954(H2O)0.766

[63] were specifically introduced 
as high voltage cathode materials for RMBs. The main prob-
lems of transition metal oxides and Prussian blue analog are 
sluggish electrode kinetics and the incompatibility with elec-
trolytes where Mg is reversibly deposited/stripped.[34,64,65] Most 
of the electrochemical tests were performed in three-electrode 
setups where the performance of Mg anode is overlooked. On 
the other hand, a number of transition metal chalcogenides 
(TiS2,[66,67] MoS2,[68,69] CuS,[70,71] TiSe2,[72] WSe2,[73,74] and so on) 
have been investigated as the electrode of RMBs. The soft anion 
(sulfur or selenium) lattice contribute greatly to a weaker cou-
lombic attraction between the intercalated Mg2+ ions and host 
structures.[41] However, the disadvantage of chalcogenides is 
their low energy densities due to the low working voltage and 

discharge capacity, leaving much room for improvement. The 
transition metal carbides such as Ti3C2 MXene[75] and V2C 
MXene[76] were employed as electrode materials for Mg-storage, 
and the shortcoming of them is also the low energy density.[77] 
Many polyanion materials were introduced as RMBs cathodes, 
like MgFePO4F,[78] Mg0.5Ti2(PO4)3,[79] and Na3V2(PO4)3.[80] The 
intrinsic problem of polyanion materials is the poor electronic 
conductivity. Many works have been carried out to improve the 
conductivity of polyanion materials and further improve the 
Mg-storage performance. Several organic materials were also 
used for Mg-storage, such as 3,4,9,10-perylenetetracarboxylic 
dianhydride,[81] 2,5-dimethoxy-1,4-benzoquinone,[82] and anth-
raquinonyl-based polymers.[83] Nevertheless, they suffer from 
either low specific capacity even at low current densities, or fast 
capacity fading during cycling.[3,83] In terms of the anodes, Mg 
metal is an ideal candidate and has been the most commonly 
used anode in RMBs. Some groups have also conducted the 
optimization of Mg metal by minimizing the particle size to 
achieve better performance.[33] Other anodes such as nanostruc-
tured Sn,[84,85] SnSb alloys,[86,87] Bi,[88–90] Bi-based composite,[91] 
and size-controlled Li4Ti5O12

[92] were also reported.
All these reported electrode materials are far from prac-

tical applications due to the low voltage, specific capacity, and 
 especially the sluggish Mg2+ kinetics.[93,94] CP compounds and 
transition metal chalcogenides possess more favorable Mg2+ 
intercalation/deintercalation kinetics, but exhibit low energy 
densities. Most of other cathodes are presented in a three- 
electrode cell system with very low current densities. For RMBs, 
low energy density is a significant and fundamental issue, espe-
cially for the full Mg cell system. Various innovative methods 
were proposed to overcome the remaining challenges. With a 
focus on the modification strategies for developing RMBs, we 
present the typical optimization approaches and the representa-
tive materials in the literature (Figure 1 and Table 2), especially 
on the optimization of electrodes.

2. Optimization Strategies

In most cases, the poor electronic and ionic conductivity 
are intrinsic problems which strongly impede the realiza-
tion of excellent performance, especially at high rates. Many 
approaches were employed to enhance the electrical conduc-
tivity and Mg2+ diffusivity to increase discharge capacity and 
rate performance. At the crystal structure level, optimization 
strategies such as doping ions, introducing vacancy defects, 
variation in the crystal form, and expanding the interlayer dis-
tance have been adopted to improve the electrochemical activity 
and obtain enhanced Mg-storage performance.[95–97] To modify 
the divalent Mg2+ ions, water molecules are introduced to 
shield the strong polarizing nature and accelerate the interca-
lation/deintercalation kinetics of Mg2+.[34,98–100] The traditional 
methods of nanostructure construction and fabrication with 
carbon are widely used to shorten the Mg2+ transport route 
and optimize the conductivity of host materials, respectively. 
Recently, the newly developed strategy about the modification 
of electrode–electrolyte interface can tackle the impermeable 
passivation layers on Mg anode in conventional nonaqueous 
electrolytes. All these strategies are effective for some specific 

Table 1. Theoretical key characteristics of Li, Mg, Zn, and Al.

Parameter Li Mg Zn Al

Valence + 2+ 2+ 3+

Atomic weight[22] 6.94 24.31 65.41 26.98

Ionic radius [Å][23,24] 0.76 0.72 0.74 0.54

Standard potential (V vs SHE)[25] −3.07 −2.35 −0.76 −1.68

Specific capacity [mAh g−1] 3862 2205 819 2980

Specific capacity [mAh cm−3] 2062 3832 5848 8046

Abundance [ppm][26] 18 23 000 79 82 000
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host materials. In this review, the comprehensive knowledge of 
these optimization strategies and representative examples are 
provided.

2.1. Doping Ions

Mo6T8 with CP structure is one of the very few cathodes which 
are compatible with most of the present electrolytes. Figure 2a 
shows the crystal structure of CP, which is composed of Mo6T8 
blocks. Inside each Mo6T8 unit, the molybdenum atoms form 
an octahedron on the cube faces and T anions take up the cor-
ners.[48,101,102] In this way, three types of intercalation locations 
are provided. However, just the cavity 1 (has a large distance 
from Mo atom) and 2 (share faces and edges with Mo6T8 unit) 
can accommodate metal ions because the cavity 3 is locked by 
the severe electrostatic repulsions of Mo atoms. Benefited from 
this unique structure, about two Mg2+ ions can be intercalated 
into each formula unit.[103] Moreover, the micro-sized Mo6S8 
also can deliver outstanding Mg ions storage performance when 
used as practical cathode material for RMBs.[40,104] Figure  2b 
shows the voltage profile with the intercalation of Mg2+ into 
Mo6S8. Two stages can be observed corresponding to two Mg2+ 
ions insertion. The first stage located on voltage plateau of 
about 1.4  V reflects the insertion of the first Mg2+ ion, which 
occupies the cavity 1 in the inner sites. The second stage located 
on voltage plateau of about 1.1  V exhibits the insertion of the 
second Mg2+ ion, which occupies the cavity 2 in the outer sites. 
Mitelman et  al. extensively investigated the diffusion of Mg2+ 
in the crystal structure of MgxMo6S8.[47] They gave the detailed 
theoretical evidence of Mg2+ trapping mechanism in the Mo6S8 
and demonstrated the excellent reversibility of Mg2+ intercala-
tion/deintercalation process with the substitution of Se to S. 
Before cavity 2 is filled, the inserted Mg2+ has an influence on 
the surrounded cation sites and causes a lower barrier for Mg2+ 
hop in the inner ring, and resulted in the easily trapped envi-
ronment, especially in the existence of sulfide. In the charging 
process, Mg2Mo6S8 is easily transformed to MgMo6S8 even at 
room temperature, however, the trapped Mg2+ in MgMo6S8 is 

 difficult to realize the extraction and only part of the them can 
be extracted even at elevated temperatures.[104] The sluggish Mg-
extraction kinetics can be promoted through the replacement 
of small amount of Se to S, which will affect the crystal struc-
ture through providing a lower activation barrier, and thereby 
release some of the trapped Mg2+.[105,106] Besides, the Se2− ion 
has a larger atomic radius than S2− ion, which will increase lat-
tice constants of the intercalation compounds and improve the 
ion movement.[107] In this respect, the Mo6S8−xSex host provides 
faster kinetics of Mg2+ compared with Mo6S8 in the charging 
process and reaches the theoretical capacity even at room tem-
perature. Furthermore, Aurbach et al. also revealed the Cu (left 
in synthesis process) in CuyMo6S8 can alleviate the Mg2+ trap-
ping in the binary phase of Mo6S8.[108] With the slow scan rate 
cyclic voltammetry test combined with theoretical analysis, they 
concluded that the unique coupling between Mg2+ intercalation 
and Cu extrusion/reinsertion process occurred, leading to the 
various phases of MgxCuyMo6S8. The new intercalation mech-
anism realizes the unusual high columbic efficiency of 100% 
without charge trapping limitations. Woo et al. also conducted 
experiments by doping Cu into Mo6S8 to enhance the electro-
chemical behavior.[109] They studied the effect of doping with 
various amount of Cu element and found that the best doping 
amount is 1.3 molar Cu per formula unit, which gives much 
closer to the theoretical capacity. The existence of Cu will intro-
duce Cu–Mg repulsion effect and result in improved reversible 
capacity. Apart from Chevrel structure, Cui et  al. introduced 
Cu+ as the charge carrier to decouple Mg2+ and improve the 
electrochemical reaction.[110] The Cu+ is generated from Cu3Se2 
during conditioning process, which participated in the Cu3Se2 
reaction as a charge carrier (reversible Cu+/Cu redox reaction) 
to accelerate the magnesiation of Cu2-xSe. Benefited from the 
positive effect of Cu+, the copper selenide cathode exhibits 
high reversible capacity and improved rate capability. They also 
reported Cu metal foam effects on trapping polysulfide (poly-
selenide) in Mg–SeS2 system, in which Cu was used as the 
interlayer between the SeS2 cathode and separator to promote 
reaction kinetics.[111] Mai et al. demonstrated that Ni0.75Fe0.25Se2 
exhibits more active sites and improved Mg2+ diffusion kinetics 

Figure 1. Energy densities and the corresponding modification strategies of the representative electrode materials.
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Table 2. Summary of the representative electrode materials in terms of their electrochemical performance after modification.

Optimization 
strategy

Cathode ‖ anode Electrolyte Highest capacity  
[mAh g−1]

Average discharge  
voltage [V vs Mg2+/Mg]

Cycling stability [current 
density, cycle numbers, initial 

capacity/cycled capacity]

Ref.

Doping ions Cu3Se2 ‖ Mg BCM 310 ≈0.9 100 mA g−1, 500 cycles,
310/250 mAh g−1

[110]

SeS2/CMK3 ‖ Mg OMBB 1020 ≈1 1125 mA g−1, 230 cycles,
≈690/696 mAh g−1

[111]

Ni0.75Fe0.25Se2 ‖ Mg 0.25 m Mg(AlCl2EtBu)2 in THF 190 ≈0.9 20 mA g−1, 500 cycles,
190/148 mAh g−1

[112]

Ti0.78−0.22O1.12F0.40(OH)0.48 
‖ Mg

(PhMgCl)2–AlCl3 in THF 165 ≈0.5 20 mA g−1, 3 cycles,
165/155 mAh g−1

[114]

β-Cu2Se ‖ Mg 0.25 m Mg(AlCl2EtBu)2 in THF 230 ≈0.9 5 mA g−1, 4 cycles,
≈260/≈220 mAh g−1

[117]

Variation in the 
crystal form

TiS2 ‖ Mg 0.4 m (PhMgCl)2–AlCl3 in THF 270 ≈0.6 24 mA g−1, 40 cycles,
≈118/115 mAh g−1

[126]

Ti2S4 ‖ Mg 0.4 m (PhMgCl)2–AlCl3 in THF 
or G4

200 ≈1.2 24 mA g−1, 40 cycles,
≈188/140 mAh g−1

[41]

α-V2O5 ‖ AC 0.5 m Mg(ClO4)2 in ACN 180 ≈2.5 –, 15 cycles,
180/150 mAh g−1

[60]

ζ-V2O5 ‖ AC 0.2 m Mg(TFSI)2 in PC 140 1.65 308 mA g−1, 100 cycles,
140/90 mAh g−1

[134]

α-MnO2 ‖ Mg 0.2 m Mg-HMDS in THF 280 ≈1.4 9 mA g−1, 30 cycles,
280/≈83 mAh g−1

[142]

λ-MnO2 ‖ graphite 0.5 m MgCl2 in H2O 545.6 ≈0.5 136 mA g−1, 300 cycles,
≈330/155.6 mAh g−1

[147]

TiO2 anatase ‖ Mg 0.4 m (PhMgCl)2–AlCl3 in THF 67 ≈0.8 6.7 mA g−1, 5 cycles,
67/≈55 mAh g−1

[123]

Charge shielding Mg0.15MnO2 · 0.9H2O/C ‖ AC 0.5 m Mg(ClO4)2 + H2O 150 ≈2.4 500 mA g−1, 160 cycles,
150/≈45 mAh g−1

[139]

V2O5 · 1.42H2O @rGO ‖ AC 0.5 m Mg(TFSI)2 in can 330 ≈2.1 1000 mA g−1, 200 cycles,
≈120/≈97 mAh g−1

[164]

Charge shielding VOPO4 · 2H2O ‖ AC 0.1 m Mg(ClO4)2 in PC + H2O 91.7 ≈0.5 5 mA g−1, 50 cycles,
≈89/≈91.7 mAh g−1

[171]

Mg0.3V2O5 · 1.1H2O ‖ AC 0.3 m Mg(TFSI)2 in can 176 ≈2.2 100 mA g−1, 500 cycles,
164/164 mAh g−1

[173]

Mn0.04V2O5 · 1.17H2O‖ AC 0.3 m Mg(TFSI)2 in can 145 ≈2.0 50 mA g−1, 100 cycles,
≈145/≈145 mAh g−1

[174]

Birnessite MnO2 ‖ Mg 0.5 m Mg(ClO4)2 in  
ACN + H2O

231.1 2.8 500 mA g−1, 500 cycles,
≈164/128.5 mAh g−1

[167]

Organic molecules 
preintercalation

exTiS2 ‖ Mg 0.25 m (PhMgCl)2–AlCl3 +  
0.2 m PY14Cl in THF

239 ≈0.6 240 mA g−1, 400 cycles,
≈160/≈128 mAh g−1

[186]

PA-VOPO4 ‖ Mg 0.25 m (PhMgCl)2–AlCl3 in 
THF

310 ≈0.8 100 mA g−1, 500 cycles,
≈280/192 mAh g−1

[181]

Expanded VS2 ‖ Mg Mg(HMDS)2–4MgCl2/2THF–
PP14TFSI

249 ≈0.7 100 mA g−1, 100 cycles,
116/191.1 mAh g−1

[182]

VS2 nanosheet ‖ Mg 0.4 m (PhMgCl)2–AlCl3 + 
0.2 M PY14Cl in THF

350 ≈0.8 1000 mA g−1, 300 cycles,
≈260/200 mAh g−1

[188]

Expanded VS4@rGO ‖ Mg 0.25 m (PhMgCl)2–AlCl3 +  
0.25 m [BMP]Cl in THF

268.3 ≈0.8 50 mA g−1, 100 cycles,
268.3/147.2 mAh g−1

[189]

V2O5–PEO ‖ Mg 0.5 m Mg(ClO4)2 in can 125 ≈1.5 10 mA g−1, 35 cycles,
125/96 mAh g−1

[180]
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as well as electron transfer compared with NiSe2.[112] With the 
existence of Fe, Ni0.75Fe0.25Se2 displays much better Mg-storage 
performance. Zhu et al. also investigated the appropriate molar 
ratio of iron/manganese in MgFexMn2−xO4 on the Mg-storage 
performance.[113] With the varying of x (0.67, 1, 1.33, and 1.6), 
the authors concluded that MgFe1.33Mn0.67O4 can effectively 
prevent the hydrogen/oxygen evolution during charging– 
discharging and has the fastest Mg2+ diffusion kinetics. As a 
result, MgFe1.33Mn0.67O4 displays the best electrochemical per-
formance, such as long-cycling performance (88.3 mAh g−1 

after 1000 cycles) and rate performance (about 60 mAh g−1 at 
the current density of 2 A g−1).

In another case, through the doping of anions to introduce 
vacancies as active sites is also an effective method. Damien 
et al. conducted the experiments of introducing titanium vacan-
cies into TiO2. Through the doping of monovalent anions  
(F− and OH−), greatly enhanced capacities were achieved com-
pared to the pure TiO2.[114] First, they used the density functional 
theory (DFT) to calculate the intercalation mechanism of F-doped 
TiO2 and anatase TiO2. With the monovalent doping of F−,  

Optimization 
strategy

Cathode ‖ anode Electrolyte Highest capacity  
[mAh g−1]

Average discharge  
voltage [V vs Mg2+/Mg]

Cycling stability [current 
density, cycle numbers, initial 

capacity/cycled capacity]

Ref.

PEO2–MoS2 ‖ Mg 0.25 m [Mg2Cl3] + [AlPh2Cl2]− 
in THF

75 ≈0.5 5 mA g−1, 30 cycles,
75/70.5 mAh g−1

[176]

CuS–CTAB-2 ‖ Mg 0.3 m Mg[B(hfip)4]2 in DME 477 ≈1.1 560 mA g−1, 1000 cycles,
≈30/111 mAh g−1

[71]

Ti3C2Tx/CTAB ‖ Mg 0.4 m (PhMgCl)2–AlCl3 in THF 100 ≈0.5 50 mA g−1, 100 cycles,
100/74 mAh g−1

[75]

Nanostructure 
construction

WSe2 ‖ Mg 0.25 m Mg(AlCl2EtBu)2 in THF 203 1.6 50 mA g−1, 160 cycles,
203/203 mAh g−1

[74]

Mn3O4 ‖ graphite 0.4 m (PhMgCl)2–AlCl3 in THF 190 ≈1 308 mA g−1, 1000 cycles,
≈70/≈65 mAh g−1

[207]

Nanostructure 
construction

α-MoO3 ‖ AC 0.1 m Mg(TFSI)2 in can 220 1.8 –, 10 cycles,
≈170/210 mAh g−1

[60]

CoS ‖ Mg 0.25 m Mg(AlCl2EtBu)2 in THF 125.3 ≈1.0 50 mA g−1, 60 cycles,
125.3/105.9 mAh g−1

[208]

MgCoSiO4 ‖ Mg 0.25 m Mg(AlCl2EtBu)2 in THF 167 ≈1.65 30.57 mA g−1, 7 cycles,
≈124/≈163 mAh g−1

[210]

Bi ‖ Mg Mg(BH4)2 and LiBH4 in THF 335 ≈0.15 770 mA g−1, 150 cycles,
≈330/≈307 mAh g−1

[89]

Mo6S8 ‖ Mg 0.4 m (PhMgCl)2–AlCl3 in THF 123 ≈1.1 64 mA g−1, 500 cycles,
≈104/89 mAh g−1

[46]

G-MoS2 ‖ Mg Mg(AlCl3Bu)2 in THF 170 ≈1.8 20 mA g−1, 50 cycles,
170/161.5 mAh g−1

[68]

Decoration with 
carbon

MoS2/C ‖ Mg 0.4 m (PhMgCl)2–AlCl3 in THF 213 ≈0.4 50 mA g−1, 50 cycles,
213/84.3 mAh g−1

[221]

Na3V2(PO4)3/C ‖ AC 0.3 m Mg(TFSI)2 in MeCN 88.8 2.5 20 mA g−1, 100 cycles,
88.8/77 mAh g−1

[80]

MWNT/C/Mg1.03Mn0.97 
SiO4 ‖ Mg

0.25 m Mg(AlCl2EtBu)2 in THF 303.6 ≈1.55 63 mA g−1, 6 cycles,
≈155/300 mAh g−1

[222]

GO/V2O5 ‖ Mg 0.25 m Mg(AlCl2EtBu)2 in THF 178 ≈1.25 60 mA g−1, 20 cycles,
178/140 mAh g−1

[228]

Electrode-electrolyte 
interface optimization

S ‖ Mg 0.5 m Mg(TFSI)2 in DME 1165 ≈1.5 168 mA g−1, 10 cycles,
≈1165/≈548 mAh g−1

[231]

TiS2 ‖ Mg 0.4 m GeCl4 and 0.5 m 
Mg(TFSI)2 in DME

147 0.5 10 mA g−1, 30 cycles,
≈147/≈86 mAh g−1

[232]

Ti3C2 ‖ Mg 0.4 m GeCl4 and 0.5 m 
Mg(TFSI)2 in DME

162 ≈0.4 50 mA g−1, 30 cycles,
≈162/≈83 mAh g−1

[232]

V2O5 ‖ Mg 0.5 m Mg(TFSI)2/PC + H2O 140 ≈1.1 29.4 mA g−1, 40 cycles,
≈130/≈95 mAh g−1

[233]

Table 2. Continued.
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a great quantity of charge-compensating Ti vacancies will be 
introduced into the anatase TiO2. The VTi sites (F-doped TiO2) 
have much lower intercalation energy (−1.02 eV) for Mg2+ com-
pared with that of anatase TiO2 (−3.03 eV) and are promising for 

the intercalation of Mg2+. To test the hypothesis, the authors syn-
thesized the F−- and OH−-doped anatase TiO2 to substitute part 
of the O2−. With 22% cationic vacancies, the sample is predicted 
with the formula of Ti0.78−0.22O1.12F0.40(OH)0.48. Figure  3a–d  

Figure 3. a) High-resolution Cs-corrected TEM image of Ti0.78−0.22O1.12F0.40(OH)0.48 nanoparticles. b) The atomic-resolution image oriented along  
the [001] axis. c) Colored high-resolution transmission electron microscopy (HRTEM) image along a line of atoms. d) Calculated random HRTEM image 
of the structure. e,f) Charge/discharge profiles of TiO2 and the doped TiO2 at 0.02 A g−1. g) Mg2+ diffusion mechanism in the two structures. h) The 
change of unit cell parameters and volume. i) The occupancy of titanium vacancy site (4a) and octahedral interstitial site (4b) with Mg2+. Reproduced 
with permission.[114] Copyright 2017, Springer Nature.

Figure 2. a) The crystal structure of Mo6T8. Reproduced with permission.[48] Copyright 2006, American Chemical Society. b) The observed voltage curve 
and the insertion mechanism about two stages of Mo6S8 with the Mg insertion processes. Reproduced with permission.[192] Copyright 2013, The Royal 
Society of Chemistry.
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shows the aberration-corrected TEM images which give direct 
observation of the Ti vacancies. As displayed in Figure 3b, the 
variation of atomic column intensity demonstrates the exist-
ence of vacancies, and the result is also identified through the 
colored image (Figure  3c).[115] The calculated HRTEM image 
of Ti atomic occupancy with random distribution (Figure  3d) 
is corresponding well with the experimental image. The Mg-
storage performance was tested via a three-electrode cell with 
Mg as the counter and reference electrode in APC electrolyte 
(Figure  3e,f). Ti0.78−0.22O1.12F0.40(OH)0.48 delivers much higher 
reversible capacity (155 mAh g−1) when compared with the pure 
TiO2 (25 mAh g−1). The galvanostatic intermittent titration tech-
nique (GITT) results also indicate higher Mg2+ diffusion coef-
ficient (Figure 3g), which is comparable to that of Li+ diffusion. 
The authors conducted the pair distribution function (PDF) 
originated from the Fourier transformation of high-energy 
X-ray to give structural information about diffuse and Bragg 
intensities during magnesiation/de-magnesiation. Figure  3h 
shows the relative change of lattice constants and indicates little 
volume variation (less than 0.6%). Through the comparison of 
titanium vacancies and interstitial sites as hosting sites for the 
intercalated Mg2+ (Figure  3i), the authors concluded that the 
occupancy of Mg2+ ions in titanium vacancies are more prom-
ising during the whole insertion process. As a further step in 
the investigation of defects, Taniguchi et  al. reported that the 
difference between anion sublattice structures can greatly affect 
the Mg-storage performance of copper sulfides (Cu2−xS).[70,116,117] 
These works demonstrate a valuable approach to unlock the 
electrochemical activity in electrode materials for easy intercala-
tion of Mg2+.

2.2. Variation in the Crystal Form

In terms of a given electrode material, the specific capacity and 
charge/discharge curves are highly related to the crystal struc-
ture, especially the crystal form. Take the VO2 for example, 
VO2(B) demonstrates excellent Li[118–121] and Na[122] storage per-
formance, however, other structures of VO2 are rarely reported 
as electrode material for energy storage systems. When the 
selected material has several crystal forms, the control of crystal 
form is also an important factor on the Mg-storage perfor-
mance.[123] The intrinsic phase structures have significant influ-
ence on ions diffusion kinetics and migration barriers.[124,125] In 
this section, we will elaborate the typical comparison examples 
of different crystal structures about TiS2, V2O5, and MoO2.

2.2.1. TiS2

The sulfide-based electrode, TiS2 was first demonstrated for 
Mg-storage in Mg(ClO4)2/ACN electrolyte versus Mg anode by 
Tao et al. in 2004.[67] However, the authors just investigated the 
first discharge processes at various current densities due to the 
passivation of Mg metal anode, which will impede the Mg2+ 
transport during subsequent cycles. To test the  electrochemical 
performance of layered TiS2 in Mg-full cell, Aurbach et al. con-
ducted the experiments in Mg(AlCl2BuEt)2/THF electrolyte.[66] 
Nevertheless, it displays much lower capacity in the initial 

charge/discharge process (about 90 mAh g−1) and decays rapidly 
at the second cycle. In recent years, Nazar et al. studied the elec-
trochemical performance of layered TiS2 and thiospinel Ti2S4 as 
the cathode for Mg batteries in APC electrolyte at 60  °C.[41,126] 
Figure 4a,d shows the framework structure as well as the tet-
rahedral site and octahedral site of layered TiS2 and thiospinel 
Ti2S4.[127] When used as the cathode of Mg battery in APC elec-
trolyte versus the Mg metal anode, the thiospinel Ti2S4 has a 
higher discharge capacity and average operating voltage than 
that of the layered TiS2 at various rates (Figure  4b,e). In addi-
tion, the thiospinel Ti2S4 exhibits much more stable capacity 
(140 mAh g−1) compared to that of layered TiS2 (115 mAh g−1) 
within 40 charge/discharge cycles (Figure  4c,f). The improved 
electrochemical performance is related to the lower Mg migra-
tion barriers of thiospinel Ti2S4 (about 1200 meV) than that of 
layered TiS2 (about 800 meV).[43,128] The authors also investi-
gated the Mg-storage mechanism and confirmed the reversible 
intercalation of Mg2+ into layered TiS2 and thiospinel Ti2S4.

2.2.2. V2O5

V2O5 is a most extensively investigated oxide material for Li, 
Na, Zn, and Mg-ions insertion in the literature as well as var-
ious modification strategies. It is well known as a high-capacity 
cathode. The abundance of V–O phase diagram shows the pos-
sibility of various metastable polymorphs which can provide 
great potential for the intercalation of Mg2+ ions.[129,130] Among 
them, the orthorhombic phase of V2O5 is thermodynamically 
stable and can be easily obtained from the natural minerals.

The layered α-V2O5 was first compositionally isolated in 
1868, and attracted much interest from researchers since the 
first work on the application as cathode of LIBs reported by 
Whittingham and co-workers.[131] Figure 5a presents the struc-
ture of α-V2O5. It possesses many advantages to accommodate 
the inserted cations, such as a large interlayer spacing, the 
easily approached V–O couples and abundance of insertion 
sites. Pereira-Ramos et  al. first demonstrated the intercala-
tion of Mg2+ in V2O5 at elevated temperature of 150  °C from 
Mg(ClO4)2 dissolved in molten dimethylsulfone or sulfolane.[54] 
Aurbach et  al. used the vacuum deposition method to obtain 
the thin film V2O5 electrode and gave the detailed exploration 
of reversible reaction in nonaqueous electrolyte at room tem-
perature.[60] With the activated carbon (AC) cloth as reference 
and counter electrodes, the V2O5 exhibits a high capacity of  
150 mAh g−1 (with the formation of Mg0.5V2O5) in the electro-
lyte of 0.1 m Mg(TFSI)2/ACN. Energy dispersive X-ray spec-
troscopy (EDS) gives further evidence of Mg-insertion into 
V2O5. They also demonstrated the reversible structural changes 
of V2O5 during the Mg ions insertion/extraction processes 
through X-ray diffraction (XRD) and Raman. To achieve better 
electrochemical performance, some researchers turned to the 
δ-V2O5 and ζ-V2O5. Figure 5b,c shows the structure of δ-V2O5, 
which is obtained through the rotation of V2O5 layers along 
a-direction by a/2 of α-V2O5. Gautam et al. calculated Mg–V2O5 
intercalation phase diagram and combined the first-principles 
calculations to extensively investigate the Mg2+ intercalation 
properties in orthorhombic α-V2O5 and δ-V2O5 phases.[130] 
Compared with α-V2O5, the δ-V2O5 gets a moderate increase 
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in the voltage, and the Mg-mobility is much faster, leading to 
the insertion of 0.66 Mg2+ in per formula δ-V2O5. They also 
concluded that the original host structure has the ability to be 
stable or metastable even with higher Mg concentration. How-
ever, an experimental proof directly revealed a much lower Mg 
insertion level of around 0.17.[60,132] Several studies also identi-
fied that the excess capacity was caused by the intercalation of 
proton cations.[133] Banerjee et al. obtained a metastable ζ-V2O5 
through the topochemical leaching of β phase vanadium oxide 
bronzes (tunnel structure, Figure  6a).[134] After leaching, the 
one dimensional tunnel can be retained. The stabilized V–O 
framework can facilitate the kinetics of inserted ions and miti-
gate charge localizations. In this way, fast Mg2+ diffusion and 
polarons stabilization are realized (Figure  6b).[130,135–137] With 
regard to the electrochemical performance, up to 0.33 Mg2+ can 
be inserted into per formula V2O5 with the average operating 
voltage of about 1.65 V versus Mg2+/Mg. It also exhibits highly 

reversible intercalation of Mg2+ at various conditions, such as 
high voltage, nonaqueous, and aqueous electrolytes.

2.2.3. MnO2

On the way to search for high-performance host materials, 
MnO2 has been investigated as electrode material for various 
battery systems (Li, Na, Mg, Zn) and electronic supercapaci-
tors benefited from the properties of low-cost, non-toxicity and 
high energy density. It possesses several different structures 
for the various arrangement of MnO6 octahedra unit (shared 
by vertices and edges), such as layered structure, 1D, 2D, and 
3D tunnel-type structures.[138,139] As is known to all, the 
existed layer spacing in layered structure and the large tunnels 
can accommodate the inserted ions, offering much possibility 
for divalent Mg2+. As a result, a number of MnO2 polymorphs 

Figure 5. a) α and b) δ of orthorhombic V2O5 are displayed along the c-axis and c) along the a-axis. Reproduced with permission.[130] Copyright 2015, 
The American Chemistry Society.

Figure 4. a) Crystal structure, tetrahedral and octahedral sites of layered TiS2. b) The discharge–charge profiles of layered TiS2 at various rates in 
APC/tetraglyme. c) Capacity and coulombic efficiency of layered TiS2 at C/10 in APC/tetraglyme. Reproduced with permission.[126] Copyright 2016, The 
American Chemistry Society. d) Crystal structure, tetrahedral and octahedral sites of thiospinel MgTiS2. Reproduced with permission.[127] Copyright 2018, 
The American Chemistry Society. e) The discharge–charge curves of thiospinel Ti2S4 at different current densities in APC/THF. f) Cycling performance 
of thiospinel Ti2S4 at C/10 in APC/tetraglyme. Reproduced with permission.[41] Copyright 2016, The Royal Society of Chemistry.

Small 2021, 17, 2004108



2004108 (9 of 30)

www.advancedsciencenews.com

© 2020 Wiley-VCH GmbH

www.small-journal.com

have been introduced as the cathode of RMBs. According to the 
literature, most researchers focused on the α- and λ-MnO2.
Figure 7a shows the structure of α-MnO2 with equivalent a 

and b axes which is a promising host material of Mg2+ ions. 
However, the reversible Mg2+ intercalation is unable to realize. 
In the initial discharging process, the high specific capacity 
of about 280 mAh g−1 can be obtained with the operation 
voltage of 2.8 V versus Mg2+/Mg, but it decays rapidly to below  
50 mAh g−1 within 10 cycles.[140,141] The rapid capacity loss is 
due to the decrease of the crystallinity of α-MnO2. In order to 
perform a suitable optimization on α-MnO2 cathode, extensive 
investigations on the initial discharge process has been con-
ducted, including experimental and theoretical works. Matsui 
et al. pointed out that the irreversible capacity decay is resulted 
from the incomplete recovery of edge position of electrodes at 

different states, which was confirmed through the X-ray photo-
electron spectroscopy (XPS) and Mn K-edge X-ray absorption 
near edge structure (XANES) spectra.[142] They also performed 
the extended X-ray absorption fine structure (EXAFS) anal-
ysis and revealed the unrecoverable collapse of some channel 
structures. Arthur et  al. utilized the microscopic and spectro-
scopic techniques to determine the Mg-storage mechanism 
of α-MnO2 is different from that of Li.[143] They proposed a 
conversion reaction in magnesiation process for the unstable 
Mg0.5MnO2 (Figure  7b, initial product for the intercalation of 
Mg2+), i.e., the amorphous mixture of MgO, Mn2O3, and MnO 
are generated to form a core–shell product in the end. They 
concluded that the capacity loss can be attributed to the irrevers-
ible phase transformation reaction during magnesiation. Ling 
et al. revealed a more complicated mechanism in α-MnO2 with 

Figure 6. a) The topochemical leaching of vanadium oxide bronze with HCl to obtain the ζ-V2O5. b) The stabilized structure with the pseudo- 
square-pyramidal β site to accommodate inserted Mg2+. Reproduced with permission.[134] Copyright 2018, Elsevier.

Figure 7. a) The structure of α-MnO2. b) The structure of α-Mg0.5MnO2 with the intercalation of two Mg2+ in the same cavity. c) Two possible reaction 
routes. Reproduced with permission.[140] Copyright 2018, Elsevier.

Small 2021, 17, 2004108



2004108 (10 of 30)

www.advancedsciencenews.com

© 2020 Wiley-VCH GmbH

www.small-journal.com

the intercalation of Mg2+.[140] The authors used the DFT calcu-
lations to analyze the magnesiation mechanism (Figure  7c), 
and gave the detailed comparison of intercalation path (partial 
intercalation at first and then with a conversion reaction) and 
conversion path (direct conversion). The results demonstrated 
the feasibility of conversion routes in the thermodynamic view, 
in consistent with the reported experimental observation. Con-
sidering the troublesome reversibility of Mg intercalation, the 
α-MnO2 cannot be used as a practical RMBs cathode at present.

Another type of MnO2 polymorphs, λ-MnO2, is an excellent 
alternative for Mg-cathodes owing to the high voltage, high dis-
charge capacity and good structural stability. It can be obtained 
from the spinel-type structure of AMn2O4 (A represents interca-
lation ion). A ions and Mn ions located at the tetrahedral sites 
and the octahedral sites coordinated by oxygen (Figure 8a).[144] 
Persson et  al. used the first-principles calculations to exten-
sively investigate the potential use of spinel structure in RMBs 
and concluded that Mn2O4 (one number of the λ-MnO2 family) 
is a superior alternative.[145] Mn2O4 displays a high theoretical 
working voltage of about 2.9 V with the high discharge capacity 
of 308 mAh g−1. Munichandraiah et al. reported the conversion 
of LiMn2O4 to MgMn2O4 through replacing of Li+ by Mg2+ in 
the aqueous Mg(NO3)2 electrolyte.[146] They conducted exten-
sive analysis on the cyclic voltammetry curves of LiMn2O4 
 electrode in LiNO3 and Mg(NO3)2 electrolytes. The results sug-
gest the deintercalation of Li+ ions occurred on anodic sweep 
(0.71 and 0.85  V), leading to the formation of λ-MnO2 and 
Mg2+ ions are inserted on the cathodic sweep, thus results in 
the formation of MgMn2O4. Further studies about the cycled 

electrodes were conducted through inductively coupled plasma 
(ICP), XRD, and XPS investigations, which demonstrated the 
conversion of LiMn2O4 to MgMn2O4. The obtained spinel-
MgMn2O4 displays the discharge capacity of ≈35 mAh g−1  
(≈11% of the theoretical capacity) over 20 cycles. Cao et  al. 
also studied the reaction process about the intercalation of 
Mg2+ into λ-MnO2.[147] They used an acid leaching method to 
remove the Li+ from LiMn2O4, and the main cubical structure is 
remained (Figure 8b,c). The intercalated Mg2+ ions occupy the 
octahedral sites (Figure 8d) with the valence change of Mn to 
coordinate the divalent charge. When employed as the cathode 
material of RMBs, it demonstrates a high discharge capacity of 
about 545 mAh g−1 in aqueous MgCl2 electrolyte, the obtained 
capacity is much higher than its theoretical capacity (may be 
stem from the higher voltage than water electrolysis, resulting 
in proton insertion). Similarly, Alcántara et  al. used the elec-
trochemical route to remove Mg2+ from MgMn2O4 in aqueous 
Mg(NO3)2 electrolyte to form λ-MnO2 and studied its electro-
chemical performance as Mg-cathode in aqueous/nonaqueous 
electrolytes.[148] In the 3 m Mg(NO3)2 aqueous electrolyte, it 
delivers the high specific capacity of about 150 mAh g−1 in the 
initial cycle, however, the capacity slowly decreases to about  
100 mAh g−1 within 20 cycles. In the nonaqueous electrolyte of 
0.5 m Mg(ClO4)2/ACN electrolyte, with the Pt as reference elec-
trode and V2O5 as the negative electrode, the reversible capacity 
based on the mass of MgMn2O4 is preserved at about  
120 mAh g−1 during 24 charge/discharge cycles. However, there 
are not enough structural characterizations to confirm the 
extraction of Mg from MgMn2O4.

Figure 8. a) λ-MnO2 crystal structure with the A atoms occupy the tetrahedral sites and Mn atoms occupy the octahedral sites. Reproduced with 
 permission.[145] Copyright 2015, The Royal Society of Chemistry. b) The crystal structure of LiMn2O4. c) λ-MnO2 after the removal of Li+ d) MgMn2O4 
after the intercalation of Mg2+. Reproduced with permission.[147] Copyright 2014, Elsevier.
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The strategy of variation in the crystal form most focus on 
the TiS2, V2O5, and MnO2, for which have various structures 
and demonstrate reversible intercalation of Mg2+ ions. By 
changing the crystal structure, the Mg-storage mechanism and 
reversible capacity can be affected. The examples above dem-
onstrate the importance of crystal form selection. Thus, the 
exploration of a most suitable crystal structure that can exhibit 
faster diffusion kinetics, higher specific capacity and operating 
voltage is of great importance.

2.3. Charge Shielding

The divalent charge of Mg2+ ions resulted in a strong electro-
static interaction between them and the host cathodes, which 
caused sluggish kinetics in the same host when compared 
with Li+ and Na+. For this reason, Mg2+ insertion is seriously 
impeded and results in sluggish kinetics in many cathodes 
which are usually used in LIBs. To promote the intercalation 
kinetics of Mg2+ associated with the strong polarizing nature, a 
number of approaches have been implemented to alleviate the 
slow diffusion kinetics of Mg2+.[149] Among the various strate-
gies, introducing a small amounts of highly polar molecules 
(e.g., H2O) within the electrolyte (through cointercalation with 
Mg2+) or host lattice (directly introduced in synthesis process) 
to shield the bivalency of Mg2+ ions is an effective way.[43,150] 
With the charge screening effect of dipole molecules, the 
ionic interaction between Mg2+ and hosts can be mitigated, 
which contribute greatly to the enhancement of Mg transport 
and intercalation chemistry.[151] The solvent shielding effect is 
also a well-known phenomenon in LIBs and NIBs.[152–155] In 
the following part, we have reviewed the research progress of 
the charge shielding effect in host structures for RMBs and 
discussed the influence of introduced polar molecules on the 
structure and electrochemical performance.

2.3.1. V2O5

As early as in 1993, Novák et  al. have already discovered that 
the Mg2+ insertion capability into metal oxides and sulfides is 
largely depending on the ratio of H2O with Mg2+ in Mg(ClO4)2 
contained organic solvents electrolytes.[55] The specific capacity 
of V2O5 in several organic solvents with different ratio of 
Mg(ClO4)2/H2O were studied. With 1 m Mg(ClO4)2 and 1 m 
H2O dissolved in ACN solution as electrolyte, V2O5 demon-
strates an improved Mg-storage performance of 170 mAh g−1 
at room temperature, but its cycling stability is far from being 
practical. They conducted some experiments to identify the 
higher capacity in H2O contained electrolyte and revealed that 
water molecules have a solvating effect on Mg2+ and then accel-
erate the insertion kinetics. Zhang et al. conducted the similar 
experiments on commercial V2O5 with various amount of H2O 
contained electrolyte of 0.1 m Mg(ClO4)2 in propylene carbonate 
(PC).[156] The same effect was also realized by using a specific 
amount of water in electrolyte to improve the discharge capacity 
and electrochemical performance of V2O5. However, although 
both of the two works combined theoretical analysis with the 
fundamental results of XRD, CV, discharge/charge curves to 

draw the conclusion, no specific evidence of cointercalation of 
H2O with Mg2+ was provided, as well as the functional role of 
water molecules in electrolyte. In these two aspects, a great deal 
of theoretical and experimental investigations is still needed to 
give more details.

There are some problems in using the water contained elec-
trolyte to shield the Mg2+ as cointercalation species, such as the 
undesirable reaction of H2O with Mg metal anode, the big ionic 
groups of H2O surrounded Mg2+, and the low intercalation 
level in some specific hosts.[34] For all these reasons, it is nec-
essary and theoretically needed to synthesis or search for new 
 structures which have already contained water. More impor-
tantly, the crystal water should be stable and will not leach out 
with the discharge/charge cycling processes in order to avoid 
the detrimental side effect. V2O5 xerogel has a chemical for-
mula of V2O5·xH2O and is stacked by [VO6] octahedron bilayers 
(Figure  9). The large distance of about 11.5 Å is the closest 
approach between bilayers and can accommodate the inter-
calated molecules. While, the bilayer is made up of two [VO6] 
octahedron monolayers and the interbilayer spacing is close 
to 2.9 Å. When the V2O5·H2O is heated to about 350  °C, the 
structural H2O will be cleared away with the irreversible phase 
transformation of xerogel to orthorhombic phase.[157] The rela-
tively stable structural water at room temperature in xerogel–
V2O5 provides much possibility for shielding the divalent Mg2+ 
with low risk of leaching out. Inanura et al. first evaluated the 
Mg intercalation properties of xerogel–V2O5 via the sealed 
three-electrode setup with Mg(ClO4)2 dissolved in CAN as elec-
trolyte, Mg ribbon as counter electrode, and Ag/AgNO3 as refer-
ence electrode.[158,159] Compared to Li, a higher capacity for Mg 
insertion is indicated by the comparison of corresponding CV 
curves. After the initial cathodic sweep by 0.1 mV s−1, the inser-
tion of Mg is about 1.84 mol for per formula V2O5 (confirmed 
by ICP test), which is equivalent to discharge capacity of 

Figure 9. The structure of V2O5 · nH2O which is revealed by PDF analysis. 
The distances and water molecules are shown. Reproduced with permis-
sion.[162] Copyright 2002, American Chemical Society.
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540 mAh g−1. When cycled at a high current, it displays a high 
discharge capacity in the first charge/discharge cycle, but rap-
idly decays in the following few cycles. The XRD pattern and 
FTIR spectra show the similar results with other experimental 
and theoretical studies which suggested the reversible intercala-
tion of Mg2+.[160,161] However, the detailed effect of crystal water 
is not mentioned.

To give more details about the water effect during the cycling, 
Tepavcevic et al. synthesized a unique bilayered V2O5 with large 
interlayer spacing and extensively investigated its influence on 
Mg intercalation properties.[160] First, the authors removed the 
absorbed and hydrogen bonded water through annealing the 
samples at about 120  °C in vacuum to obtain a stoichiometry 
product of V2O5·0.6H2O. The decrease of weakly bounded water 
results in the smaller interlayer distance from 13.5 to 12 Å.[162] 
The remained structural hydroxyl groups act as a lubricant for 
the divalent Mg2+ and is stable enough in the discharge/charge 
cycling. Thus, the cathode delivers a high  specific capacity of 
240 mAh g−1 against the Mg metal anode. The X-ray fluores-
cence (XRF) images give direct evidence for the Mg insertion 
into the V2O5 sample (Figure 10) and the XANES spectra shows 
the change of V-oxidation states. The high HRTEM, high-angle 
annular dark field (HAADF) imaging, scanning transmission 
microscopy (STEM) were conducted to give more evidence of 
intercalated Mg and the structural evolution. The interlayer 
water not only maintains the interlayer spacing to allow the 
insertion of bigger solvated Mg groups (at least 6 Å) but also 
accommodates the inserted Mg2+ by cointercalation of dipole 
interactions.[163] When the xerogel–V2O5 was annealed to above 
350 °C to get rid of the structural water, the two functions will 
be reduced and lead to poor electrochemical performance.[160] 
XRD, small-angle X-ray scattering (SAXS), and wide-angle X-ray 
scattering (WAXS) studies gave further investigation of the 
xerogel–V2O5 structure. The results indicate that V atomic sur-
roundings in the bilayers has little change and the only altered is 
the decreasing of interlayer spacing with the insertion of Mg2+, 
which is consistent well with the reported literature.[158]

However, the water content in the host is also an  important 
factor. Yao et  al. performed a facile reaction followed by 

 freeze–drying process and successfully synthesized the 
hydrated vanadium oxide/graphene nanowire composite.[164] 
The crystal water in the obtained sample was identified through 
thermogravimetric analysis (TGA) and the chemical formula 
of the sample is V2O5·1.42H2O. The shielding effect of water 
in crystal structure and the structural advantages for Mg-ion 
storage are displayed in Figure  11a,b. In order to study the 
influence of water on electrochemical performance, the sample 
was calcinated at 350 °C for 2 h in Ar (with much lower con-
tent of water) and air atmosphere (without water). The electro-
chemical performance of three samples were investigated via 
the  three-electrode tube cell with AC cloth as both counter and 
reference electrode in 0.5 m MgTFSI2/ACN electrolyte. The 
hydrated V2O5 shows an increased capacity from 210 to about 
280 mAh g−1 in the initial three cycles, the result is in accord-
ance with the increased peak intensity at CV curves. However, 
the samples with little and no crystal water demonstrate much 
lower capacity of about 80 mAh g−1 (Figure 11c,d). To give further 
evidence about the effect of crystal water, four samples (without 
graphene) treated at different temperatures in Ar atmosphere 
for 2 h were obtained. According to the TGA and XRD analysis, 
four samples had different content of crystal water (from 1.35 to 
0.43) and gradually decreased interlayer spacing (the main peak 
shifted to higher angles). With the increase of n in V2O5·nH2O, 
the specific capacity also improved from 60 to 210 mAh g−1 
(Figure 11e). In this way, the authors concluded that the content 
of crystal water can effectively reduce the diffusion barrier and 
further improving Mg-storage performance through shielding 
the divalent Mg2+.

Apart from the experimental results, Ceder et  al. first con-
ducted theoretical studies by combining the thermodynamic 
model with first-principles calculations to study the impor-
tant role of water during Mg2+ insertion into nanocrystalline 
xerogel–V2O5.[161] They used a Ni-intercalated bilayered V2O5 
structure (Figure  12a,b) with xMg  = 0.5 and nH2O  = 1 as tem-
plate to describe the Mg and H2O (corresponding to the oxygen 
and hydrogen atoms) positions. The grand-potential phase dia-
grams (Figure  12c,d) were employed to give a direct observa-
tion about the stable Mg–xerogel V2O5 phases versus the water 

Figure 10. The XRF maps of Mg, V and overlay of Mg with V about the sample discharged to 0.02 V. Reproduced with permission.[160] Copyright 2015, 
American Chemical Society.
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Figure 11. a) Shielding effect of Mg2+ in V2O5 · 1.42H2O. b) Schematic illustration of reversible Mg2+ insertion/extraction. c,d) Galvanostatic charge/
discharge profiles and cycling performance of three samples. e) Cycling performance of the samples treated at different temperatures in Ar atmosphere. 
Reproduced with permission.[164] Copyright 2015, Elsevier.

Figure 12. a) Structure of Mg0.5V2O5 · H2O and b) V2O5 · H2O. c) Grand-potential phase diagram at 0 K of Mg-xerogel V2O5 in a different amount of 
water contained electrolyte. d) The average Mg intercalation voltage with low (red line) and high (blue line) Mg concentrations. Reproduced with 
permission.[235] Copyright 2016, American Chemical Society.
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levels in electrolyte. The authors concluded that the water 
shielding effect is thermodynamically preferable in wet elec-
trolytes (aH2O is set to about 1) and water cointercalation only 
happens with xMg < 0.25 in dry electrolytes (aH2O is about 10−4). 
However, there would be a strong driving force that stimulates 
all the H2O in the structure leaching out and causes a slight 
change of the phase behavior on the whole system in the super 
dry electrolyte (aH2O < 10−7).[161] In the condition of H2O cointer-
calation with Mg2+, first-principles calculations demonstrate the 
increase of Mg intercalation voltage along with the increasing 
of aH2O, which is well consistent with the experimental 
results.[162,165] The extent and reversibility of H2O/Mg coinser-
tion into V2O5 based cathodes, such as Mg0.1V2O5·nH2O, also 
showed improved performance for the interlayer water, which 
is stable during cycling and shield the charge of Mg2+ ions.[166]

2.3.2. MnO2

The shielding effect of a much lower H2O content in electrolyte 
or crystal structure based on V2O5 cathode has been experimen-
tally and theoretically investigated, so it provides an alternative 
strategy to another high performance cathode of MnO2. Lee 
et al. first demonstrated that the reversible Mg2+ insertion into 

nanostructured MnO2 can be enhanced in water containing 
electrolyte.[151] The electrochemical performance was tested in 
three-electrode system with the synthesized free standing MnO2 
nanowire as the cathode, Ag/AgCl as the reference electrode, 
and platinum as the counter electrode in Mg(ClO4)2/PC con-
taining water electrolyte. The authors determined the improved 
performance by CV curves (Figure  13a) in electrolytes with 
various water contents. Ex situ XPS (Figure  13b), STEM map-
ping and electron energy loss spectroscopy (EELS) (Figure 13c) 
give direct evidence about insertion of Mg2+ into MnO2 and the 
uniformly distribution. The amount of intercalated Mg2+ ions 
with the cointercalated water molecules are determined via 
the combination of inductively coupled plasma-atomic emis-
sion spectroscopy (ICP-AES) and electrochemical quartz crystal 
microbalance (EQCM) techniques. The coinserted mole ratio 
of H2O and Mg2+ is in agreement with that of V2O5 (about 
3:1).[167] The difference in MnO2 system is that the improved 
Mg2+ insertion behavior can be maintained even transferred to 
dry electrolyte after the initial cycling in water contained elec-
trolyte, while the enhanced capacity is no longer observed in 
V2O5 system. The schematic of Mg2+ insertion mechanism into 
MnO2 is presented in Figure 13d–f. In terms of cycling perfor-
mance, it displays high specific capacity of about 160 mAh g−1 
in the first cycle and the capacity retention of is 67% after 

Figure 13. a) CV curves of MnO2 in various water contained electrolytes i) 0.1 m dry Mg(ClO4)2, ii) 0.1 m Mg(ClO4)2 · 6H2O with 0.4 m dry Mg(ClO4)2,  
iii) 0.1 m Mg(ClO4)2 · 6H2O with 0.1 m dry Mg(ClO4)2, iv) 0.1 m Mg(ClO4)2 · 6H2O. b) Mg 1s XPS spectra for MnO2 at different states. c) STEM map-
ping of Mn, Mg, and Mg mapping image analyzed by EELS at a fully discharged state. d) Mg2+ insertion process in a dry electrolyte. e) Mg2+ insertion 
process in a wet electrolyte. f) Mg2+ insertion process in dry electrolyte after cycling in a wet electrolyte. Reproduced with permission.[151] Copyright 
2012, The Royal Society of Chemistry.
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200 cycles at 1.6 C (1 C = 0.616 A g−1) in 0.1 m Mg(ClO4)2·6H2O/
PC electrolyte, much better than previously reported results.

Subsequently, extensive investigations about the effect of 
water in electrolyte on the reversible insertion of Mg2+ was con-
ducted by Aurbach et  al.[167] The authors initially galvanostati-
cally cycled the spinel-Mn3O4 in aqueous electrolyte dissolved 
1 m MgSO4 by using the reverse process of layered-to-spinel 
transition to obtain the MnO2 with crystal water (being impor-
tant on the stability of MnO2 layered structure). The chemical 
formula of sample after 50 cycles is MnO2·0.94H2O. The elec-
trochemical performance was measured by the three-electrode 
system in Mg(ClO4)2/ACN electrolytes containing different 
amount of water. With the increase of water content from  
0.5 to 10 m, the discharge capacity has a continuous increase 
from 56.8 to 227.6 mAh g−1. With high concentration of water 
(10 m) in the electrolyte, layered MnO2 exhibits a high discharge 
capacity (about 230 mAh g−1) and high working voltage (2.8 V 
vs Mg2+/Mg) at 0.1 A g−1. It also displays outstanding rate per-
formance (48.6% capacity retention at 2 A g−1) and long-cycling 
stability (37.5% capacity loss after 10 000 cycles). Furthermore, 
XRD, ABF-STEM, and fast-Fourier-transform (FFT) images 
give the details about the insertion of hydrated Mg2+ and water 
position rearrangement during cycling. However, it should be 
excluded that the higher capacity and improved Mg-storage 
performance are caused by proton intercalation. Lee et al. pre-
sented a complicated process about the water-stimulated Mg2+ 
insertion mechanism with the H2O to Mg ratio of 6:1 based 
on the amorphous MnO2.[168] They conducted ex situ XPS and 
angle-resolved XPS (AR-XPS) experiments to study the surface 
reactions and concluded the insertion/conversion mechanism 
at the surface of MnO2. There is the formation of Mg(OH)2 at 
the MnO2 surface along with the cointercalation of Mg2+ and 
H2O. However, further experiments (as the authors suggested) 
are needed to confirm the results. The extent and reversibility 
of H2O/Mg coinsertion into manganese based cathodes such as 
Mn2O4,[169,170] MgMn2O4,[98] and Mg0.15MnO2 · 0.9H2O[139] were 
also studied and similar results were also obtained.

2.3.3. Other Conditions

Wang et  al. demonstrated that the capacity of VOPO4 can be 
activated through introducing water both in the structure and 
electrolytes.[171] The water contained in structure or electrolyte 
(larger than 10−2) can not only lubricate the kinetics of Mg2+ 
but also reduce the charge transfer process, leading to much 
higher capacity. Mg(V3O8)2 · nH2O is one of the premier mate-
rials which demonstrate reversible Mg insertion properties.[172] 
With the enhancement of crystal water, it delivers the discharge 
capacity of about 150 mAh g−1 at the first cycle and >80 mAh g−1  
after 60 cycles. Mai et  al. reported on the preintercalation of 
Mg2+ or Mn2+ ions into xerogel–V2O5 and used as positive elec-
trode versus AC cloth in 0.3 m Mg(TFSI)2/AC electrolyte.[173,174] 
The Mg2+ or Mn2+ ions have an effect on the structural stability 
and electronic conductivity. Combined with the shielding effect 
of H2O in the crystal structure, the obtained Mg0.3V2O5·1.1H2O 
and Mn0.04V2O5·1.17H2O demonstrate excellent cycling perfor-
mance (little capacity decay after 10 000 cycles at 2 A g−1). How-
ever, vanadium based cathodes are not compatible with full Mg 

cell electrolytes, they can only be used in conventional electro-
lyte solutions (ACN, PC, and so on) which are not compatible 
with Mg anode. So, there is the question that whether the water 
content (a very small amount) influences the Mg2+ deposition 
in the Grignard reagent dissolved THF electrolyte (compatible 
with Mg anode). Ichikawa et al. investigated the Mg2+ deposition 
with different water in Grignard reagent based electrolyte through 
the CV measurements and concluded that the concentration of 
water will destroy the electrolyte, which is known to all.[175] The 
excessive content of water will increase the overpotential of 
Mg deposition which leading to the change of deposition mor-
phology. Therefore, the water content should be as low as pos-
sible and it would be best to leave the electrolyte several hours 
or use the activated molecular (3 Å) to absorb some water.

However, every coin has two sides. Accompanied with the 
positive effect, there are some undesirable or harmful effects 
such as the incompatible of polar molecules with Mg metal 
anode, electrolytes, and so on. So, researchers should focus 
on the investigation of highly stable molecules (contained in 
electrolytes or host lattice) which can not only promote Mg2+ 
mobility but also avoid the serious side reactions.

2.4. Organic Molecules Preintercalation

Organic molecules also have the similar role with the water 
in the host structures, and offer better electrochemical per-
formance. Compared with the crystal water, the preinterca-
lated organic molecules are more stable and inactive, which 
just worked as a pillar to expand the layers accompanied by 
enhanced Mg2+ diffusion kinetics and improved Mg-storage 
performance. However, up to now, only several organic mole-
cules have been reported as effective intercalants to improve 
the Mg-storage performance. In this section, we will review the 
experimental and computational investigations on preintercala-
tion organic species and effects.

2.4.1. Preintercalation During the Synthesis

Yao et al. synthesized the interlayer-expanded MoS2 by inserting 
a specific amount of PEO ([CH2CH2O]n) through the modi-
fied chemical delamination-reassembly method.[176] First, they 
performed the DFT calculations to identify the possibility of 
interlayer expansion and gave a direction on material synthesis. 
The results indicate that the Mg diffusion barrier decreases 
(from 1.12 to 0.38 and then to 0.22  eV) with the increase of 
interlayer spacing (from 0.65 to 0.8 and 0.9 nm) (Figure 14a,b). 
At the same time, the chemical bond between Mg and S atoms 
is stretched and then broken to one side (Figure 14c–e). In order 
to achieve a low Mg diffusion barrier which is comparable with 
that of Li+ (about 0.49 eV, d = 0.618 nm), the interlayer distance 
should be as large as 0.772 nm (about 25% increase).[177] On the 
other hand, PEO is highly stable and ionically conductive when 
introduced into the MoS2 layers. More importantly, the inserted 
PEO just functions as a pillar without side effect and the prop-
erties of MoS2 can be reserved. Based on the theoretical anal-
ysis, the authors conducted various amount of PEO intercalated 
into the MoS2 lattice to expand the interlayer spacing. Figure 15 
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Figure 15. a) The synthesis process of interlayer expanded MoS2 with the different molar ration of MoS2 to PEO (original, 1:0, 1:0.5, and 1:1) and b) the 
corresponding TEM images. Reproduced with permission.[176] Copyright 2015, American Chemical Society.

Figure 14. a) The calculated Mg diffusion energy barrier along with the decrease of interlayer spacing. b) Potential energy diagram and c–e) bonding 
interaction conditions between Mg and S atoms when the interlayer distance is 0.65, 0.8, and 0.9 nm. Reproduced with permission.[176] Copyright 2015, 
American Chemical Society.
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shows the synthesizing processes and the obtained interlayer 
expanded MoS2 structure.[178] The XRD, TEM measurements 
were used to give a specific value of interlayer distance (0.62, 
1.22, and 1.40 nm) with different molar ratios of MoS2 to PEO 
(1:0, 1:0.5, and 1:1) and infrared spectroscopy was performed 
to identify the insertion of PEO. The Mg-storage performance 
was investigated with Mg metal anode in APC electrolyte. As 
expected, the specific capacity continuously increases with the 
expansion of interlayer (from 0.61 to 1.40) at various current 
densities. The interlayer expanded MoS2 demonstrates much 
higher discharge capacity and improved rate capability. The 
GITT results gave further evidence about the improved Mg 
diffusivity in expanded MoS2 which is at the same level with 
that of Mo6S8.[38,176,179] Similarly, Rhodes et al. introduced PEO 
during the synthesizing process of V2O5 sol–gel to increase 
the V2O5 interlayer spaces and reduce the interaction barrier 
of divalent Mg ions.[180] As a result of the V2O5–PEO structure, 
the composite demonstrated about fivefold increasing of Mg-
storage capacity, enhanced rate performance and improved 
cycling stability compared with V2O5 xerogels. Both of the two 
works point out a new direction for RMBs and even other mul-
tivalent-ion batteries.

Inspired by the work described above, Mai et  al. synthe-
sized interlayer expanded VOPO4 by the ultrasonicated exfo-
liation and self-assembly method.[181] First, they synthesized 
bulk VOPO4·2H2O by a hydrothermal method (denoted as 
OH-VOPO4), and then through displacement reaction with PA 
(C6H7N) molecules to realize the interlayer expanding (labeled 
as PA-VOPO4). The presented XRD patterns (Figure  16a) 
show that the (001) plane shifted to a lower angle, confirming 

the interlayer distance is expanded from 0.74 (OH-VOPO4) to 
1.42 nm (PA-VOPO4). With Mg metal anode in APC electrolyte 
(Figure  16c,d), the PA-VOPO4 demonstrates relatively lower 
polarization and superior specific capacity compared with  
OH-VOPO4 at various current densities. Even at the high rate 
of 2 A g−1, the expanded VOPO4 exhibits high specific capacity 
of 109 mAh g−1 which is quite remarkable among the reported 
cathodes.[181] The fabricated PA-VOPO4 exhibits a high specific 
capacity of 192 mAh g−1 after 500 cycles at 0.1 A g−1, demon-
strating outstanding long-term cycling performance. Moreover, 
the ex situ XRD results at different charge/discharge condi-
tions illustrate the reversibility of PA-VOPO4 structure. Take the 
complexity of APC electrolyte into consideration, the authors  
conducted XPS (Figure  16b), EDS and ICP tests to give more 
investigation to further identify the intercalated species. After 
careful analysis of these results, the reversible intercalation of 
MgCl+ into PA-VOPO4 (large interlayer distance of 1.42  nm) 
instead of Mg2+ was confirmed. While, only Mg2+ ions inter-
calated into OH-VOPO4 due to the limited interlayer lattice 
of 0.74  nm. Theoretical analysis of Mg2+ and MgCl+ diffusion 
behaviors was also provided with the first-principles computa-
tions based on DFT calculations (Figure  16e,f). There are two 
possible pathways (P1 and P2) for the diffusion of intercalated 
ions (Mg2+ and MgCl+). However, the MgCl+ diffusion possesses 
a much lower energy barrier along with the P1 pathway and the 
calculated diffusivity is about 1.5 × 1013 faster than that of Mg2+. 
As a result, reversible intercalation of MgCl+ with fast kinetics 
is preferable in the expanded VOPO4 host, which is in agree-
ment with experimental investigations. The reversible intercala-
tion of MgCl+ in the expanded VOPO4 structure  possesses lower 

Figure 16. a) XRD patterns. b) XPS spectra of Mg 1s and Cl 2p for PA-VOPO4 at fully charged/discharged states. c) Charge/discharge profiles of PA-
VOPO4 and OH-VOPO4 at 50th cycle. d) Rate performance of PA-VOPO4 and OH-VOPO4. e) The possible diffusion routines for Mg2+ and MgCl+ in 
VOPO4. f) The diffusion barrier curves of Mg2+ and MgCl+ transport through different pathways. Reproduced with permission.[181] Copyright 2018, Wiley.
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migration barrier and faster diffusion kinetics. In another piece 
of work, 2-ethylhexylamine was introduced as a pillar to expand 
the interlayer spacing of VS2 during the process of synthesis.[182] 
The interlayer distance of (001) lattice plane is expanded from 
0.573 to 0.993  nm. XPS and EDS analyses indicate the inter-
calation of MgCl+ and desolvated Mg2+ ions, which is different 
from that of PA pillared VOPO4 (only MgCl+ ions intercala-
tion). With enhanced Mg-ion  diffusion, expanded VS2 displays 
high discharge capacity (245 mAh g−1 at 0.1 A g−1), outstanding 
rate performance (103 mAh at 2 A g−1) and outstanding long-
cycling performance (90 mAh g−1 after 600 cycles). However, 
the reaction mechanism is intercalation pseudocapacitance with 
little contribution of conversion reaction, and pseudocapacitive 
contribution is about 64% at 1 mV s−1. Instead of Mg2+ storage  
chemistry, the intercalation of MgCl+ will lead to the larger con-
sumption of electrolyte and lower specific energy of the battery.[94]

On the other hand, the intercalated organic ions may have an 
effect on the host surface. 2D Ti3C2 MXene has been success-
fully used as the electrode in LIBs, NIBs, and supercapacitors 
owing to the advantages of outstanding electrical conductivity 
and high volumetric capacity.[183,184] However, it demonstrated 
a negligible capacity when introduced in RMBs in the previous 
study.[185] Yan et al. used the cetyltrimethylammonium (CTAB) 
as a cationic surfactant to preintercalate it into the Ti3C2Tx  
(Tx represents the surface functional groups) and make it pos-
sible to improve the Mg-storage performance.[75] The inter-
calated CTA+ has an effect on inducing the charge transfer 
from CTA+ to Ti3C2Tx, in this way, reducing the Mg2+ diffu-
sion barrier on Ti3C2Tx surface. It also expanded the interlayer 
spacing, however, this is not the main reason for the enhanced 
performance in this system. When coupled with Mg anode in 
APC electrolyte, CTA+ preintercalated Ti3C2Tx displays high 
specific capacity of 100 mAh g−1 at 0.05 A g−1, excellent long-
term cycling stability (above 30 mAh g−1 at 0.2 A g−1 even after  
250 cycles) and outstanding rate capability (45 mAh g−1 at 2 A g−1).

In summary, these works really give a new modification 
method on Mg-storage electrode materials; however, the selec-
tion of organic molecules and corresponding specific layered 
materials is full of difficulties. The extension of this approach 
is still a problem for the compatibility of selected organic pillar 
with cathode, anode and electrolyte.

2.4.2. In Situ Preintercalation in the First Discharge Process

Recently, Yao and co-workers performed the preintercalation 
of Py1,4

+ (1-butyl-1-methylpyrrolidinium chloride, denoted as 
Py1,4Cl) into TiS2 structure and obtained improved electro-
chemical performance.[186] Due to the moisture-sensitive prop-
erty of TiS2, they introduced the Py1,4

+ as an organic pillar to 
expand the layers during discharge process (in situ method). 
The structural evolution of TiS2 in the first two cycles and the 
insertion of Py1,4

+ were investigated through the in operando 
XRD, high-energy XRD and ex situ STEM measurements 
(Figure 17a,b). In the initial activation process (first discharging 
to 1.0 and 0.2 V), the (001) plane with c = 5.69 Å is expanded to 
10.87 and 18.63 Å. With further discharging to 0  V, the inter-
layer distance is not expanded anymore. Combining a series of 
techniques including EDS, ICP optical emission spectrometry 

(ICP-OES), XPS, and EELS, the intercalating species of Py1,4
+ 

and MgCl+ were confirmed (Figure  17c). The specific value of 
Py1,4

+ (0.2 m) for per formula of TiS2 when discharged to 0  V 
is calculated through TGA. Through further analysis of the 
obtained results, they concluded the preintercalation of Py1,4

+ 
and its irreversible intercalation after the activation process, 
while MgCl+ intercalation is reversible in the following cycles. 
The electrochemical performance is shown in Figure  17d–f. 
The expanded TiS2 shows a high specific capacity of about 
240 mAh g−1, indicating the intercalation of 1  mol MgCl+ for 
per formula of TiS2 (based on the mass of TiS2). The obtained 
cathode also demonstrates outstanding long-term cycling per-
formance (80% capacity retention after 400 cycles at 1 C) and 
outstanding temperature adaptability (from −45 to 60  °C). As 
the authors mentioned at the beginning, the lower polarity of 
MgCl+ possesses faster diffusion kinetics than Mg2+ and quan-
titative evidence was provided by computational calculations.[187] 
The expanded interlayer distances further reduced the migra-
tion barrier and lead to faster kinetics. For these two reasons, 
with the preintercalation of Py1,4

+, the expanded TiS2 displays 
excellent electrochemical performance. The structural evolu-
tion during initial discharge is shown in Figure  17g. The first 
inserted Py1,4

+ worked as pillars to expand the interlayer dis-
tance and make it ready for the intercalation of MgCl+. The 
intercalated MgCl+ further expanded the distance and made it 
possible for the reversible intercalation of MgCl+. During the 
cycling, Py1,4

+ stays inside the structure, whereas the highly 
reversible of MgCl+ is achieved. Similarly, the Mg2+ desolvation 
energy in VS2 is reduced from 3.0 to 0.67 eV with the addition 
of 1-butyl-1-methylpiperidinium chloride (denoted as PP14Cl) 
into 0.4 m APC electrolyte.[188] Furthermore, PP14

+ intercalates 
into VS2 during the initial discharge process to expand the 
interlayer distance, in this way, Mg2+ diffusion coefficient is 
increased by three orders of magnitude. Both the two aspects 
contribute greatly to the Mg-storage performance of VS2. The 
similar experiments were also performed to expand the inter-
chain distance of chain-like structure VS4 and the Mg-storage 
performance is significantly improved when compared with the 
unexpanded VS4 structure.[189]

In summary, expanding the layers through preintercala-
tion of organic molecules is a feasible strategy to enhance the 
electrochemical performance for layered materials. Choi et  al. 
have given an extensive description about the reported works 
of which introducing water or organic molecules as intercalated 
components into materials and the enhanced performance 
when they are employed as electrodes of LIBs and post-LIBs.[190] 
However, just as the authors presented, the studies about the 
use of water intercalated materials in RMBs are mostly focused 
on vanadium oxide based and manganese oxide based com-
pounds. In terms of intercalated organic molecules, only sev-
eral related works (PEO into MoS2 and V2O5, Py1,4

+ into TiS2, 
PA into VOPO4, and CTAB into Ti3C2Tx) are reported. Although 
the intercalation process and resulted effects of organic mole-
cules on materials are experimentally and theoretically ana-
lyzed in the literature, the extension of this strategy is still full 
of challenges because it is difficult to select a specific organic 
pillar and the corresponding layered structures. In this respect, 
the extensive investigation is needed to guide the direction in 
developing this strategy.
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2.5. Nanostructure Construction

Much time and effort has been dedicated to the research and 
development of Mg battery in the last few decades.[191] As men-
tioned earlier, one of the biggest challenge in developing Mg 
battery cathodes is how to overcome the negative effect caused 
by the divalent Mg2+ in the diffusion pathway. Benefited from 
the devoted efforts, there are three well-known representative 
approaches have been proposed to improve the Mg diffusivity 
or decrease the diffusion pathway. The first is by introducing a 
small amount of strong dipoles to shield the divalent Mg2+ ions. 

With the charge shielding effect of highly polar molecules, the 
Mg2+ is converted into much less polarizing ion accompanied 
with improved diffusivity. The second is through the expansion 
of interlayer distance to improve the Mg2+ diffusion kinetics 
or even change the intercalation species. The details are dis-
cussed in the charge shielding section and preintercalation sec-
tion, respectively. The third is drastically decreasing the particle 
size of the electrodes.[192–195] As reported in LIBs and NIBs, the 
nanostructured materials have several important advantages 
compared with the bulk ones, such as increased contact inter-
face of electrolyte and electrode, and shorter diffusion lengths 

Figure 17. a) High energy XRD patterns of TiS2 at different stages (stages 0–3 corresponding to the pristine TiS2, discharged to 1, 0.2, and 0 V, respec-
tively). b) STEM images when recharged to 2 V (stage 4). c) EDS spectra for stages 1–4. d) Charge/discharge profiles of expanded TiS2 at 24 and 
240 mAh g−1. e) Cycling performance at 240 mAh g−1. f) GITT curve and MgCl+ diffusivity (inset). g) The schematic of structural evolution about the 
interlayer expanding process with the discharge went on. Reproduced with permission.[186] Copyright 2017, Springer.
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for electrons and ions.[196–199] In RMBs, using nanostructured 
composites is also an effective way to obtain a decreased route 
for Mg2+ diffusion with better performance. In this section, 
the advances of nanostructure construction method for cath-
odes and anodes of RMBs that have been recently reported are 
presented.

2.5.1. Nanostructured Cathodes

Among the various cathode materials, Mo6S8 is often amenable 
to excellent Mg-storage performance. However, it suffers from 
some intrinsic limitations, resulting in Mg trapped in its host 
at room temperature. In order to reduce the diffusion distance, 
Aurbach et  al. decreased the particle size by milling the pris-
tine Mo6S8.[200] They conducted the experiment both in air and 
Ar atmosphere with different milling time (from 1 to 15 min). 
The SEM and nitrogen isothermal adsorption results indicate 
that the sample milled in pure Ar has a smaller particle size 
and higher surface area, and hence, higher rate capability and 
specific capacity. Similarly, Kim et al. synthesized various mean 
particle sizes of Mo6S8 through the molten salt method and 
examined their electrochemical performance.[201] When the 
particle size is decreased from 750 to 570  nm, the higher dis-
charge capacity and better rate performance are achieved owing 
to the shorter diffusion length. However, further decrease from 
570 to 240 nm will lead to unwanted side reaction. The results 
indicate that the sample with 570  nm demonstrates the best 
electrochemical properties although it is not the smallest size. 
As described earlier, the commonly strategy of minimizing the 
particle size to nanoscale is not necessary for Mo6S8 due to its 
unique structure. The mobility of Mg in the Mo6S8 is highly 
related to the temperature and Mg trapping happens at room 
temperature. By increasing the temperature or reducing the 
particle size, part of the trapped Mg can be released.

Layered oxides. Aurbach et  al. explored the electrochemical 
and structural changes of thin film cathode materials of layered 
V2O5 and MoO3.[60] V2O5 and MoO3 film with nanoscale thick-
ness and particles size were fabricated via vacuum deposition 
and electrodeposition approach, respectively. The CV curves 
of thin film V2O5 cathode indicate highly reversible electro-
chemical insertion and deinsertion of Mg2+ ions (efficiency of 
about 100%). The high capacity of 150 mAh g−1, corresponding 
to about 0.5 Mg2+ for per formula of V2O5 is displayed in the 
typical galvanostatic titration measurement at 0.5 µA cm−2. 
They used the same approach to study the insertion mecha-
nism of Mg2+ into MoO3. After the necessary conditioning 
process,[59,202] the thin film MoO3 shows the specific capacity 
of 220 mAh g−1 in galvanostatic titration test (0.3 µA cm−2). 
Both the thin film samples can be cycled with high coulombic 
efficiency (about 100%) and demonstrate highly stable specific 
capacity during cycling.

Layered diselenides. WSe2 has attracted much attention for 
its extraordinary properties of low thermal conductivity, efficient 
p-type field effect performance and high hydrophobic sticky sur-
face.[203–205] However, the application of WSe2 in energy storage 
systems is rarely reported. Shen et al. synthesized a novel nano-
structured WSe2 via chemical vapor deposition approach and 
used as the potential cathode material for RMBs.[74] The SEM, 

TEM and selected-area electron diffraction (SAED) measure-
ments (Figure 18a,b) indicate that the synthesized WSe2 nano-
wires have a diameter of about 100 nm with high crystallinity. 
The electrochemical performance of WSe2 nanowire-assembled 
film cathode was performed in Mg(AlCl2BuEt)2/THF electro-
lyte with Mg as the anode in the voltage range of 0.3 and 3 V 
(Figure  18c–f). It exhibits a high platform at about 1.6  V with 
the capacity of 220 mAh g−1 at 0.05 A g−1, and excellent cycling 
performance of about 203 mAh g−1 after 160 cycles. However, 
WSe2 bulk sample shows poor cycling stability with a high 
capacity loss of 90% after 100 cycles. Furthermore, the WSe2 
nanowire cathode delivers enhanced rate performance with the 
discharge capacity of 142 mAh g−1 at 0.8 A g−1. It also shows 
superior cycling performance without obvious decay in capacity 
for 50 cycles at high rate (120 and 103 mAh g−1 at 1.5 and  
3 A g−1). The authors conducted first-principles DFT to give the 
theoretical analysis, together with experimental results, exten-
sively investigated the reason for excellent Mg-storage behavior 
of WSe2 nanowire. It should be pointed out that the employed 
voltage window (0.3–3 V) was beyond the anodic limit of elec-
trolyte (about 2.5  V), thus promoted the undesired side reac-
tions of electrolyte.

Tunnel structures. Compared with layered structures, MnO2 
with the tunnel structures is attractive due to its high theoretical 
voltage (2.8 V vs Mg2+/Mg) and specific capacity (≈310 mAh g−1).  
In order to achieve better Mg-storage capacity, Matsui et  al. 
synthesized the nanosized MnO2 cathode. The electrochemical 
performance is tested with Mg foil as counter and reference 
electrode in hexamethyldisilazide magnesium chloride elec-
trolyte.[142] α-MnO2 nanoparticles has an average size of 20 nm 
and displays high capacity of 280 mAh g−1, much higher com-
pared with that of 100  nm particles (170 mAh g−1). Doo et  al. 
synthesized nanostructured λ-MnO2 and α-MnO2 by using 
acid treatment of spinel MgMn2O4.[206] The electrochemical 
performance is tested with Ag/AgNO3 as reference electrode 
in Mg(ClO4)2 electrolyte. The nanostructured λ-MnO2 shows 
higher capacity (330 mAh g−1) and cyclability due to the facile 
interfacial reaction. However, why the capacity is higher than 
that of theoretical is not mentioned. Yin et al. synthesized the 
MgMn2O4 nanoparticles through the modified Pechini method 
with different annealing temperatures to change the crystalline 
size.[98] With smaller crystallite size and higher surface area, 
the sample annealed at 400  °C (12  nm) delivers much higher 
capacity of 220 mAh g−1 than that of annealed at 550 °C (42 nm) 
of 70 mAh g−1 in Mg(TFSI)2/ACN electrolyte.

Other structures. Vullum-Bruer et al. fabricated the sponge-
like porous Mn3O4 nanoparticles with a small size of 10  nm 
and a high surface area of 102 m2 g−1.[207] When assembled 
with Mg anode in APC electrolyte, the Mn3O4 cathode delivers 
a high specific capacity of 190 mAh g−1 at 0.1 C, and a stable 
capacity around 60–70 mAh g−1 lasted for 1000 cycles at 1 C. 
Wu et al. reported the flower-like CoS with nanostructure which 
prepared through solvothermal method.[208] The CoS cathode  
displays a plateau at 1.1  V with high discharge capacity of  
120 mAh g−1 at 0.05 A g−1 in the Mg(AlCl2BuEt)2/THF electro-
lyte against the Mg metal anode. It also displays an enhanced 
cycling stability with the capacity of 120.6 and 105.9 mAh g−1 
after 40 and 60 cycles, respectively. Luo et al. synthesized VO2 
nanorods and nanosheets through the facile hydrothermal 

Small 2021, 17, 2004108



2004108 (21 of 30)

www.advancedsciencenews.com

© 2020 Wiley-VCH GmbH

www.small-journal.com

method.[209] The nanorods structure has the effect on reducing 
the diffusion pathway and improving the Mg2+ diffusion rate, as 
a result, VO2 nanorods deliver higher capacity of 391 mAh g−1  
than nanosheets of 356 mAh g−1, as well as better cycling 
stability of 94.7% than 42% after 10 cycles at 0.025 A g−1 in 
Mg(ClO4)2/ACN electrolyte.

Designing specific structure with mesoporous morphology 
(no matter nanometer sized or micrometer sized) can also 
achieve the same effect of nanostructure. NuLi et  al. synthe-
sized a MgCoSiO4 cathode with mesoporous structure through 
the mixed solvothermal approach.[210] In comparison, they also 
prepared the MgCoSiO4 bulk (a few micrometers in size) and 
the well-defined crystalline particles (500–800 nm) through the 
high temperature reaction and molten salt method,  respectively. 
The BET test confirmed the mesoporosity of MgCoSiO4 and 
indicated the average mesoporous size of 3.7  nm and the 
high surface areas of 13.3 m2 g−1. The battery performance of 

MgCoSiO4 cathode was examined against a Mg metal anode in 
Mg(AlCl2BuEt)2/THF electrolyte. The mesoporous MgCoSiO4 
exhibits a higher plateau (1.65  V) and much higher discharge 
capacity (167 mAh g−1) compared with the well-defined crystal-
line particles (1.55  V, 123.3 mAh g−1) and bulk forms (1.55  V,  
70.2 mAh g−1). The mesoporous structure can effectively accel-
erate the ionic conductivity and alleviate the structural damage 
during charge/discharge cycling process.[211,212] Meng et  al. also 
investigated the morphology influence on the electrochem-
ical performance of VS4.[213] Three controllable morphologies 
(solid sphere, flower-like microsphere and ultrathin nanosheets  
surrounded solid sphere) are obtained through the simple hydro-
thermal method. Among the three samples, the flower-like micro-
sphere VS4 has great quantity of interspace between nanosheets, 
higher surface area and active sites. Therefore, flower-like VS4 
exhibits much better electrochemical performance (lower capacity 
decay of 10% after 400 cycles) than that of other samples.

Figure 18. a) SEM images of the synthesized WSe2 nanowires. b) TEM image and SAED pattern. c) Schematic illustration of the assembled cell.  
d) The discharge/charge profiles of WSe2 nanowire-assembled film at the current density of 0.05 A g−1. e) The cycling performance and f) corresponding 
Coulombic efficiency of WSe2 nanowire-assembled film and WSe2 bulk. Reproduced with permission.[74] Copyright 2013, American Chemical Society.
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2.5.2. Nanostructured Anodes

In primary and secondary batteries, Mg metal has been 
regarded as the ideal anode attributed to the low-cost, envi-
ronmental friendliness, and low oxidation potential proper-
ties. For this reason, studies on the other anode materials have 
rarely been reported. In primary batteries, the low utilization 
of Mg metal anode and the formation of passivation film on 
Mg surface have impeded its widespread commercial applica-
tion. Chen et  al. employed a specific amount of NaNO2 as an 
inhibitor in Mg(NO3)2 electrolyte and investigated the effect of 
Mg with different particle sizes on the Mg/MnO2 primary bat-
tery performance.[214] Through the vapor deposition process at 
different deposition temperatures of 240, 270, and 300 °C, the 
authors synthesized microspheres and micro/nanospheres 
mixed Mg products. The average diameters increased from 
1.0–5.0 to 3.0–6.0  µm with the temperature increased from  
240 to 270  °C, and a mixed diameter of 1.5–3.0  µm and 
50–100 nm (abundance) was obtained when the deposition tem-
perature further increased to 300 °C (Figure 19a). With smaller 
particle size and higher specific surface area (1.92 m2 g−1), the 
product prepared at 300 °C shows more negative property and 
higher current density in the linear sweep voltammograms 
(LSV) test (Figure  19b). The galvanostatic discharge profiles  
of four samples at 0.025 A g−1 are displayed in Figure  19c. 
The product prepared at 300 °C exhibits the highest discharge 
capacity of 768 mAh g−1, it is worth to mention that all the sam-
ples synthesized in this work display much higher capacity 
than commercial Mg powder. For another example, through 
the ionic liquid-assisted chemical reduction method, they pre-
pared the ultrasmall Mg particles with an average diameter of 
2.5 nm and then fabricated the RMBs with grapheme-like MoS2 

cathode in Mg(AlCl2BuEt)2/THF electrolyte.[68] In comparison, 
the battery with bulk Mg anode is also assembled. The battery 
with the ultrasmall Mg nanoparticles anode shows a one-fold 
capacity increase (170 mAh g−1) than the battery with bulk Mg 
anode (about 85 mAh g−1), and excellent cycling stability with 
95% capacity retention after 50 cycles. However, the manufac-
turing operation of the ultrasmall Mg particles is so complex 
that it restricts the practical application.

Up to now, some cathode materials have demonstrated 
 excellent Mg-storage performance, however, most of the elec-
trochemical performance are performed in conventional elec-
trolytes which are not compatible with Mg anode. In order to 
make practical use of these cathodes, it is necessary to inves-
tigate other anode systems. Liu et al. developed the nanostruc-
tured Bi anode for RMBs.[215] The Bi nanotubes with the diam-
eter of around 8 nm were synthesized through a  hydrothermal 
method. For comparison, the Bi microparticles (about 100 µm) 
and Bi nanoparticles (30–50 nm) were also prepared. The elec-
trochemical performance was tested in Mg(BH4)2 and LiBH4 
dissolved diglyme electrolyte against the Mg cathode. As 
expected, the Bi nanotubes demonstrate much better cycling 
performance of 92.3% capacity retention (303 mAh g−1) after 
200 cycles and the best rate performance of 350 and 216 mAh g−1  
at 0.05 and 5 C, respectively. The authors concluded that the 
Mg-storage performance is significantly influenced by the mor-
phology and size of Bi.

2.6. Decoration with Carbon

Several optimization strategies have been described in the above 
sections and all these methods are focused on facilitating the 

Figure 19. a) SEM images of the Mg products deposited at 240, 270, and 300 °C. b) The LSV of Mg anode with different particle sizes at 20 mV s−1.  
c) The discharge profiles of Mg/MnO2 batteries at the current density of 0.025 A g−1. Reproduced with permission.[214] Copyright 2009, Springer.
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diffusion kinetics of Mg2+ in the host materials. However, on 
the other hand, the improvement of electron conductivity of the 
electrodes is also an important aspect. At present,  decorating 
the electrodes with highly conductive agents, such as carbon 
materials, is always a facile and effective approach to ensure the 
efficient and fast access of electrons. In this section, the latest 
advances in fabrication of carbon-based composites to improve 
the electrochemical performance are discussed.

Carbon, as highly conductive agents, has various types and 
has been widely used in improving the conductivity of the 
materials. When preparing the electrodes, almost all of the 
materials need a specific amount (usually >10  wt%) of con-
ductive agents (such as super-P carbon, acetylene black and so 
on). However, the effect is much inferior compared with that 
of fabricated with electrode in the synthesizing process.[216] To 
enhance the conductivity of materials, researchers have pre-
pared various carbon decorated composites and achieved better 
electrochemical performance. Imamura et  al. used the acety-
lene black as a surfactant to prepare a homogeneous V2O5/
carbon composite and achieved an improved Mg-storage perfor-
mance.[158] With the weight ratio of 1:3 (V2O5 to carbon), spher-
ical carbon particles were coated by the thin layer of V2O5.[217] 
In this way, the composite exhibits enhanced electronic conduc-
tivity and higher reaction areas through the combination with 
carbon. The electrochemical measurements were conducted via 
the three- electrode cell with Mg(ClO4)2/ACN electrolyte. The 
high discharge capacity of about 600 mAh g−1 is obtained at  
1 A g−1 based on the weight of V2O5, while it is far more higher 
than that of the commonly V2O5 displays (150 mAh g−1) in 
the same conditions. Although ICP results are unable to sup-
port the high capacity, however, the reaction mechanism is 
still unclear and the authors attributed it to the side reactions. 
Liu et  al. synthesized the composite of highly dispersed V2O5 
supported by porous carbon frameworks through the ambient 
hydrolysis deposition (AHD) method, and it demonstrated good 
reaction kinetics when used as the electrode of RMBs. [32,218] 
The porous carbon was synthesized through the resorcinol 
and formaldehyde precursors (RFC). The weight ratio of V2O5 
to porous carbon can be controlled with different numbers of 
AHD cycles, and the authors focused on the amount of V2O5 at 
about 45% (confirmed by TGA) to obtain the best Mg-storage 
performance.[218] The authors conducted a series of measure-
ments including XRD, Raman, TEM, EDS, STEM, NMR, and 
XPS to give enough information for the successful fabrication 
of V2O5 within the composite and the interaction between V2O5 
and the carbon support. The AHD obtained V2O5 nanoclusters 
supported by RFC frameworks have various dimensional struc-
tures and can offer numerous reactive sites to react with Mg 
ions. This reaction is mostly surface oriented which leads to 
excellent capacitive behavior. When assembled with Mg anode 
in magnesium aluminum chloride complexes (MACC) elec-
trolyte, the V2O5 nanoclusters deliver a high pseudocapacitive 
capacity of about 350 mAh g−1 (about 180 mAh g−1 base on the 
composite) at 0.04 A g−1.[218–220] In comparison, both the bulk 
V2O5 and RFC alone exhibits much lower capacities in the 
same conditions. The pseudocapacitive behavior of the com-
posite offers outstanding rate performance of about 100 mAh g−1 
at high rate of 0.64 A g−1. Nevertheless, inferior cycling stability 
is reflected by a low capacity of about 90 mAh g−1 after 50 cycles 

at 0.32 A g−1. Jiao et  al. reported on the sandwich-structured 
MoS2/C with preferable electrochemical performance as the 
anode of RMBs.[221] Through a hydrothermal method followed 
by calcinations, the sandwich-structured MoS2/C microspheres 
(graphene-like nanosheets on the surfaces) was successfully 
synthesized. In the calcination process, the amount of glu-
cose is of great importance for the formation of graphene-like 
structure, which has a high contact area with electrolyte and 
thereby accelerating the mobility of Mg2+ from electrolyte to 
the active surface of MoS2. In addition, the existence of car-
bonaceous materials can effectively improve the conductivity 
of MoS2, resulting in enhanced Mg-storage performance. The 
electrochemical performance of MoS2/C was performed via the 
two-electrode cell against Mg metal anode in the APC electro-
lyte. At 0.05 A g−1, the MoS2/C electrode exhibits a high spe-
cific capacity of 213 mAh g−1 (much closer to the theoretical 
capacity of 223.2 mAh g−1) and the capacity of 118.8 mAh g−1 is 
remained after 20 cycles.

Multiwalled carbon nanotubes (MWNTs) are effective 
 conductivity agents to guarantee the mechanical integrity 
and convenient routes for the mobility of Mg2+ ions and elec-
trons. Chen et  al. synthesized the MWNT/C/Mg1.03Mn0.97SiO4 
 nanocomposite using the one step CVD method.[222] Firstly, the 
authors prepared the Mg1.03Mn0.97SiO4 nanocomparticles with 
the average diameter of 80–100  nm and then added a carbon 
layer coating on the particles to form a Mg1.03Mn0.97SiO4@C 
core–shell structure. Finally, the MWNTs were deposited on 
Mg1.03Mn0.97SiO4@C nanoparticles as the network among 
Mg1.03Mn0.97SiO4 nanoparticles through the CVD approach. 
The coated carbon layer and hierarchical nanostructure of 
MWNTs can improve the conductivity, and provide larger 
electrode/electrolyte contact surface. When used as cathode 
in Mg(AlCl2BuEt)2/THF electrolyte against the Mg anode, 
the MWNT/C/Mg1.03Mn0.97SiO4 nanocomposite demon-
strates a higher specific capacity of 300 mAh g−1, better rate 
capability and outstanding cycling stability compared with 
the pure Mg1.03Mn0.97SiO4 nanoparticles and carbon coated 
Mg1.03Mn0.97SiO4 composite.

Graphene is another conductive agent which has been suc-
cessfully used to improve the low electronic conductivity of 
materials benefited from its excellent electrical, thermal, and 
mechanical properties.[223,224] Furthermore, graphene is prone 
to functionalize with other molecules and worked as a sup-
porting matrix with the active materials distributed on the 
surface or between the nanosheets.[225–227] The graphene deco-
rating process is sometimes performed by a hydrothermal or 
solvothermal reaction. For example, Wang et al. synthesized the 
graphene wrapped V2O5 microparticles by solvothermal reac-
tion.[228] When used as cathode in Mg(AlCl2BuEt)2/THF elec-
trolyte against the Mg foil counter and reference electrodes, the 
prepared composite delivers a high capacity of 178 mAh g−1 in 
the initial discharge, and 140 mAh g−1 even after 20 cycles. V2O5 
cathode with the presence of graphene demonstrates remark-
able enhanced performance as a full Mg cell cathode, whereas, 
most of the previous works are performed in the three-electrode 
system. In this work the graphene decorating effect was con-
firmed. Jiao et al. presented the MoS2 microspheres supported 
by graphene by using the hydrothermal method and subse-
quent heat treatment.[226] During the synthesizing  process, 
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graphene nanosheets act as substrates which provide new sites 
for the nucleation and following growth of MoS2.[226,229] With 
the stacking of graphene and the growth of MoS2 layers, the 
distinct MoS2/graphene sandwich structure was formed to 
offer more channels for the reversible intercalation of Mg2+. In 
order to confirm the enhanced conductivity, the electrochem-
ical measurements of MoS2 with different content of graphene  
(0, 3.21, 10.07, and 20.48 wt%, respectively) were performed in 
APC electrolyte against a Mg anode. All the graphene decorated 
samples exhibit higher discharge capacity and outstanding 
cycling performance compared with the pure MoS2, and the 
composite with 10.07 wt% carbon shows the best performance 
(104.2 and 74.1 mAh g−1 after 30 and 50 cycles at 0.02 A g−1). 
The results indicate that a proper amount of graphene can 
really improve the conductivity of MoS2 and promote the trans-
portation of Mg2+.

2.7. Electrode–Electrolyte Interface Optimization

The biggest advantage of Grignard reagents based electrolytes, 
such as Mg(AlCl2BuEt)2/THF and APC is their compatibility 
with Mg anode. In these electrolytes, the formation of blocking 
layers on Mg surface can be prevented, so that the reversible 
Mg deposition/stripping on the Mg anode side can be real-
ized.[39,230] However, these electrolytes are expensive, toxic and 
difficult to be synthesized. The most important limitation of 
these electrolytes is their low anodic stability (≤3.0 V vs Mg2+/
Mg), which restricts the energy density of assembled batteries. 
High-voltage electrolytes based on conventional solvents and 
simple Mg salts are not compatible with Mg anode due to 
the poorly conductive or even nonconductive blocking layers 
formed on Mg surface. To solve this problem, a new strategy 
through the modification of electrode–electrolyte surface is 
recently proposed, especially by controlling the formation of 
solid electrolyte interface (SEI).

For example, Wang et al. conducted the experiments through 
the addition of iodine into electrolyte to form a conductive mag-
nesium iodide layer instead of passivation layer.[231] XPS results 
indicate the formation of MgI2 layers on the Mg electrode 
when the iodine concentrations in Mg(TFSI)2/dimethoxyethane 
(DME) electrolyte is higher than 5 × 10−3 m. The EIS measure-
ments of Mg anode show that the overall resistance (Rct and 
RSEI) drops by 3 orders of magnitude, which gives direct evi-
dence of the reduced overpotential for Mg electrode. To give 
further information about the effect of iodine on cathode, the 
Mg/S full cell is fabricated. By the comparison of charge/dis-
charge curves, the battery with iodine in the electrolyte displays 
a much lower voltage hysteresis of 0.67 V (1.69 V in the blank 
electrolyte), which can be ascribed to the lower Mg deposition/
stripping overpotential. This work demonstrates that the Mg 
anode performance as well as the overall battery performance 
is largely influenced by the surface chemistry and the compo-
sition of SEI. Luo et  al. fabricated a Ge-based protection layer 
on Mg anode surface through the addition of GeCl4 in ether 
electrolyte.[232] This protection layer can effectively avoid the 
formation of passivation layer on Mg anode and the revers-
ible Mg dissolution–deposition is realized. It is worth noting 
that the composition of the layer is stable during long charge/ 

discharge cycling. The authors also assembled the Mg/TiS2 and 
Mg/Ti3C2 full cell in Mg(TFSI)2/DME electrolyte with GeCl4 
addition. A deeper investigation and more direct evidence on 
the importance of electrode-electrolyte surface have been pre-
sented by Ban and co-workers.[233] They conducted an artificial 
Mg2+-conducting interface (originated from polyacrylonitrile 
and Mg trifluoromethanesulfonate) on the Mg anode surface, 
which was elastic and can accommodate the drastic volumetric 
change, therefore, leading to an enhanced reversibility of Mg 
deposition/stripping kinetics. The STEM, HAADF, and EDS 
mapping results indicate the successful coating of the artificial 
interphase and give a direct observation of the thin film with 
about 100 nm in thickness. In comparison, the reversibility of 
Mg deposition/stripping on bare Mg and coated Mg were per-
formed in four different electrolytes (Figure 20). In APC elec-
trolyte, both the coated Mg and uncoated Mg show reversibility 
of Mg deposition/stripping process (Figure  20a). However, in 
Mg(TFSI)2/PC system, the bare Mg exhibits a high increased 
overpotential (>1.0  V) due to the formation of blocking layers 
(Figure 20b,c). The electrochemical performance of coated Mg 
was tested at very low current density (0.01 mA cm−2) and low 
specific capacity was obtained. The authors gave an analysis 
about the structure of artificial interphase by the time-of-flight 
secondary-ion mass spectrometry and TGA, however, the ade-
quate structure or component is not given. The EIS analysis 
shows that the artificial interphase has a high ionic conductivity 
of about 1.19 × 10−6 S cm−1 which has not much difference with 
that of Li+-polymer electrolytes.[234] The electrochemical perfor-
mance was performed in Mg(TFSI)2/PC electrolyte (with and 
without water) against an orthorhombic V2O5 cathode. More 
importantly, the coated Mg/V2O5 full cell shows much better 
cycling stability, especially in Mg(TFSI)2/PC + H2O electro-
lyte (Figure 20d,e). The coated Mg demonstrates much higher 
capacity and superior cycling stability than that of pristine Mg 
anode. Specifically, more experiments should be conducted 
to exclude the reversible proton insertion rather than Mg2+ in 
such high water content electrolyte.[133] The above works make 
it possible to use a Mg anode in conventional electrolytes with 
both fast kinetics and better reversibility of the divalent Mg2+ 
deposition/stripping. It is a big step for the development of 
high energy density and high power density RMBs. However, 
it is challenging to synthesize the desired SEI layer on Mg sur-
face, which should guarantee the reversible Mg2+ deposition 
and stripping, prevent the reduction of electrolyte, and main-
tain the structure stability during cycling.

3. Summary and Perspectives

In summary, RMBs are a promising candidate owing to the 
high safety, low-cost, and high natural abundance of Mg metal. 
However, the development of RMBs is strongly impeded by 
the slow solid-state-diffusion of Mg2+ in cathodes, the lack of 
high-performance electrolytes and the difficulty of using Mg 
anodes. In this review, we have presented seven optimization 
strategies proposed in the literature, including the modifica-
tion of cathodes and anodes. Generally, doping ions, nano-
structure construction and composite fabrication are frequently 
effective modification methods to improve the electrochemical 
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 performance of RMBs. The approaches of changing the crystal 
form and charge shielding are widely adopted in V-, Ti-, and 
Mn-based cathodes, and rarely reported for other material 
systems. Although numerous of experimental and computa-
tional investigations have been conducted on organic molecule 
 preintercalation, the selection of specific organic materials and 
the corresponding host structures are still full of challenges. The 
newly developed modification strategy of electrode– electrolyte 
interface optimization can realize the Mg plating/stripping on 
Mg anode in simple Mg salt electrolyte, but the construction 
of the ideal protection layer on Mg surface is rather difficult. 
It is challenging to select an adequate strategy to improve the 
overall performance of RMBs due to the complex interplay and 
incompatibility of unique cathode, anode and electrolyte. On 
the other hand, combining two or three of these strategies is 

another promising direction. The application of multiple strate-
gies in oxides (V2O5, MnO2), sulfides (TiS2, CuS) has proved to 
be an effective method, more effort are still needed to improve 
the Mg-storage performance of organic materials, polyanions, 
Prussian blue analog and so forth. We suggest future emphasis 
should focus on the development of new innovative approaches 
toward the utilization of Mg metal anode and the extension of 
existed strategies to high voltage materials. Furthermore, the 
high energy density magnesium–sulfur battery is a promising 
direction due to the high capacity, acceptable operating voltage 
of S cathode. In addition, the investigation of novel electrolytes 
with noncorrosive properties is also critical, for which govern 
the select of electrode materials and current collectors. More 
experimental and theoretical efforts on the above mentioned 
aspects are still needed to realize high-energy RMBs.

Figure 20. a) The reversible of Mg deposition/stripping test of both coated Mg and pristine Mg in APC electrolyte and b) in Mg(TFSI)2/PC electrolyte. 
c) The long cycling reversibility for 1000 h of Mg deposition/stripping in Mg(TFSI)2/PC electrolyte. d) Full-cell cycling performance of Mg–V2O5 in 
different electrolytes, the content of H2O is 3 m. e) Voltage profiles of coated/bare Mg–V2O5 in 0.5 m MgTFSI2/PC + 3 m H2O electrolyte. Reproduced 
with permission.[233] Copyright 2018, Springer.
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