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strongly with Mg2+.6 In contrast to the valence change of the 

transition-metal in inorganic cathodes, the redox reaction is 

based on the charge state change of the electroactive organic 

group or moiety in organic cathodes.165-168 The abundance and 

diversity of organic materials, benefiting from their flexible 

structure and tunability, can provide an opportunity for high-

capacity and high-rate organic cathodes for RMBs, especially in 

terms of the resource sustainability and environmental 

friendliness.  

An typical organic material is quinone.169 2,5-dimethoxy-

1,4-benzoquinone (DMBQ) was reported to have low solubility 

in electrolyte,170 high theoretical capacity (319 mA h/g),171 and 

much slower capacity decaying upon cycling in LIBs.170 However, 

when used as cathodes for RMBs, its capacity faded fast, and 

low discharge voltage and large overpotential (~1 V) were 

observed, which was likely due to the non-compatibility of 

electrolytes with metal Mg.172 

Another two magnesium electrolytes (Mg(TFSI)2-

MgCl2/DME and Mg(TFSI)2/diglyme) were applied to study 

DMBQ.171 Mg(TFSI)2-2MgCl2/DME, which were capable of 

plating/stripping Mg (Fig. 39a), enabled Mg-DMBQ batteries 

with a discharge potentials of ~2.0 V (Fig. 39b), higher than the 

previously reported potential (1.1 V).169, 172 However, a 

considerable capacity loss, caused by electrode dissolution, was 

observed upon cycling.171  

In addition to DMBQ, two new quinone-base polymers, 2,6-

polyanthraquinone (26PAQ) and 1,4-polyanthraquinone 

(14PAQ) (Scheme 1) are reported.173 In contrast to the slow 

capacity fading of 26PAQ, 14PAQ showed the best cycling 

stability in the Mg(HMDS)2æ4MgCl2/THF electrolyte. Beyond the 

considerable capacity loss in the first few cycles, more than 

1000 cycles with slight loss of capacity and good rate capacity 

of 14PAQ were achieved (Fig. 40a).173 Unlike the structurally 

rigid polymer chain of 26PAQ, the redox-active quinonyl 

moieties in 14PAQ lies on the side of the main polymer chain 

(Scheme 1), which allows the rotation flexibility of 

anthraquinonyl groups along the polymer chain. The rotation 

flexibility helps to minimize the space hindrance and relax the 

structural stress of the polymer, which in turn provides better 

structure stability for 14PAQ.173 In addition, upon discharging, 

the inserted Mg2+ species can be better stabilized by the two 

adjacent carbonyl (C=O) groups via the chelating effect, which 

have also been demonstrated to account for the enhanced 

cycling performance.174 

PAQS was also investigated as the cathode for RMBs with 

three different non-nucleophilic electrolytes: [Mg2Cl3-6THF] 

[HMDSAlCl3] in THF (MHCC), MgCl2-AlCl3 in THF (MACC), MgCl2-

Mg(TFSI)2 in a mixture of THF and glyme (MTCC). Capacities 

between 150 and 200 mA h/g at 1.5-2.0 V were obtained (Fig. 

40b).175 Among the three electrolytes, MTCC showed the best 

performance in terms of capacity and rate capability, but 

without significant improvement in long-term cycling over 

MHCC and MACC.175 

In summary, benefit from low cost and environmentally 

benign, organics can be promising cathodes for RMBs. Yet, 

some challenges remain: the development of electrolyte 

systems to suppress electrode dissolution, discovery of more 

�(.�]�v���o����}���]À�����µ��µ���U�µv������v�]vP�}(��Z��P�l]}v�

transport mechanism, and approaches to improve electrode 

stability. 

4. Water co-intercalation 

As discussed above, kinetics of intercalation cathodes with 

organic electrolytes are limited by slow interfacial charge 

transfer and sluggish diffusion. Studies have revealed that trace 

water in organic electrolyte can co-intercalate with Mg2+, which 

could accelerate both interfacial ion transfer and ionic diffusion 

because of screening effect.29, 30, 60, 149, 150, 176 

The important role of water in wet electrolyte during Mg2+ 

intercalation i�� ]vÀ���]P����� ]v� r-V2O5 without H2O in the 

���µ��µ��X� r-V2O5 could achieve the capacity of 260 mA h/g 

using 1 M Mg(TFSI)2/G2 with 2600 ppm water in the electrolyte 

(Fig. 41a), much higher than 60 mA h/g in the dry electrolyte 

system (with 15 ppm H2O) (Fig. 41b).60 NMR results indicate that 

protons might participate in the intercalation process. However, 

the content of intercalated protons, as well as the relationship 

between the proton intercalation and the water concentration 

in electrolyte, are to be explored. 

To identify which species (e.g., desolvated magnesium ions, 

protons, hydronium ions, water- or solvent-solvated 

magnesium ions, or any combination of these) are intercalated 

Fig. 41 '�oÀ�v}����]���Ç�o]vP�}(�r-V2O5 vs carbon coin cell in 1 M Mg(TFSI)2/G2 (a) 

with 2600 ppm H2O, (b) 15 ppm H2O at 20 mA/cm2. Reproduced from ref. 60 with 

permission from Elsevier, Copyright 2016. 
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Mg(I3)2, have high solubility in ether-based electrolytes, while 

its final reduced product, MgI2, is insoluble.215 The reaction 

mechanism for the magnesium/I2 batteries is proposed as 

follows: 
� �

� � o �
2

2 3 23I 2e Mg Mg(I )         2.8 2.0 V     (5)
� �

� � o �
2

3 2 2Mg(I ) 4e 2Mg 3MgI    2.0 1.3 V   (6)  

A rechargeable Mg/I2 battery provided a high capacity of 

~200 mA h/g with an average voltage of 2.0 V at C/4 (Fig. 49a), 

corresponding to 400 Wh/kg, and excellent long-cycle stability 

with a capacity retention of 94.6% after 120 cycles at C/2 (Fig. 

49b).215 The rate capability of this battery is remarkable, which 

demonstrate the potential of enhancing Mg batteries 

performance by bypassing the solid state diffusion. The 

electrolyte is 2M Mg-HMDS in tetraglyme, in which the 

Coulombic efficiency for deposition/stripping of Mg is 94.5 % 

with the overpotential of 0.34 V. Therefore, the high Coulombic 

efficiency and stable cycling performance for Mg/I2 full cells are 

achieved with the excess of Mg. 

The success of this proof-of-concept Mg/I2 may open an 

avenue towards utilizing soluble redox couples not relied on 

solid-state Mg2+ diffusion for high-performance cathodes of 

RMBs. 

6. Hybrid System 

As discussed above, RMBs suffer much from sluggish solid-

state diffusion of Mg2+, leading to the absence of viable  

cathodes, which has severely restricted the development of 

RMB.216 One potential approach is to circumvent the 

intercalation of clumsy Mg2+ by coupling the Mg metal anode 

with a mature LIB cathode in a mixed Mg2+/Li+ electrolyte. Thus, 

the hybrid battery chemistry simultaneously combines the high-

capacity/high-voltage LIB cathodes, fast Li+ intercalation, and 

the high-capacity/dendrite-free Mg anode.216, 217 During 

discharge, Li+ is inserted into cathodes and Mg is dissolved from 

Mg foil into electrolyte, while during charge Li+ is extracted from 

lithiated cathodes and Mg is deposited onto Mg foil (Fig. 50a). 

A list of intercalation compounds have been used for this 

hybrid battery concept (Figure 50).216-229 In addition to hybrid 

MLIBs, hybrid Mg2+/Na+ and Mg2+/K+ ion batteries are also 

reported based on the similar reaction mechanism with MLIBs, 

and achieved some progress.230-236 They all show significant 

performance improvement compared to a pure Mg system, 

which are mainly attributed to the insertion of Li+. To unravel 

the origin of the electrochemical properties of hybrid systems 

at the atomistic and macroscopic levels, theoretical and 

experimental investigations were conducted.237 Energetically 

preferable occupation sites for the first ion (either Mg2+ or Li+) 

were calculated in the primitive Mo6S8 crystal structure at 

multiple stage of discharge, and based on that, various paths of 

Mg2+ and Li+ could be predicted (Fig. 51).237 The insertion 

chemistry at the cathode strongly depends on the Li+ activity in 

the electrolyte. Increasing in Li+ ���]À]�Ç� ~r>]+) lead 

thermodynamically more favorable lithiation in Mo6S8 rather 

than magnesiation. 

The chemical composition of the deposit in the Mg2+/Li+ 

mixed-ion electrolyte was examined.216, 238 All XRD peaks of the 

deposition can be assigned to Mg, and no peaks can be indexed 

to Li or Mgt>]� �oo}ÇU�ÁZ]�Z� Á��� (µ��Z��� À��].��� �Ç� �o����}v�

energy loss spectroscopy (EELS). Although Li+ might 

electrochemically react with the deposited Mg to form LitMg 

alloy in the potential range of Mg depositing, results of several 

�Æ���]u�v��o� Á}�l� �}v.�u� �Z��� �Z�� ���}�]�]}v� Á��� �µ���

magnesium with no detectable lithium.216, 238 

Despite the significantly enhanced kinetics due to Li 

insertion in the hybrid system, an intrinsic limitation exists for 

this concept. In traditional rechargeable battery, electrolyte 

only functions as an ion conductor so its weight does not 

compromise the overall energy density of the full cell. In the 

hybrid system, however, the electrolyte also works as an ion 

reservoir, i.e. storing the Li+ needed for the cathode 

intercalation. For this reason, when evaluating the energy 

density of hybrid systems, it is necessary to consider the amount 

of electrolyte to make a fair comparison. 

In summary, great demonstrations of hybrid systems have 

been shown in literature using different electrolytes and 

intercalation compounds. Nevertheless, the influence of 

electrolyte amount needs to be thoroughly studied to justify the 

potential of this concept. In addition, the influence of Li 

intercalation on Mg diffusion also needs to be examined, as co-

intercalation could have positive effect on Mg diffusion, which 

has never been investigated before. 

7. Conclusion and perspective 

The dawn of the 21th century has witnessed the great 

success of LIBs, which now power a spectrum of applications in 

our daily life including portable devices, power tools, and EVs. 

As LIBs approach its limit, new technologies are inevitable to 

meet growing demands on energy storage. Despite LIBs will 

continue to dominate many applications due to its good 

combination of several performance indexes including energy 

density, power density and cycling stability, we believe other 

chemistries will become more competitive in certain 

applications where one or two performance indexes are critical. 

Rechargeable magnesium battery, coupling the high volumetric 

capacity of Mg metal with the safety benefit due to lack of 

dendrite formation, is highly suitable for applications where 

volumetric energy density is critical, e.g. portable electronics. 

In this review, we have retrospected the latest progress of 

RMBs cathodes, generally categorized by intercalation 

compounds, conversion materials, elemental redox chemistry, 

and new mechanisms/concepts including water co-

intercalation and hybrid systems.  

Among these, intercalation compounds (with 3D, 2D, and 

1D diffusion channel) are most studied. Charge transfer kinetics 

and Mg diffusion in the solids, especially the latter, are limiting 

the performance of intercalation compounds. The Mg diffusion 

in the intercalation compounds highly depends on their 

structure and chemistry, manifested in 1) connectivity between 

sites; 2) sizes of the diffusion channel/cavity and intercalant; 

and 3) interaction strength between the intercalant and host 
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structure. Chevrel phase shows the best kinetics because of the 

highly delocalized electrons effectively shielding the charge of 

Mg2+, and facilitated charge transfer due to the catalyst effect 

of surface Mo atoms. For a given structure, the chemistry of 

compounds plays the determining role. Taking spinel 

compounds as an example, in which Mg migrates along tet � 

oct � tet pathway, both experiments and calculations show 

sulfides have better kinetics than oxides due to the lower 

migration barriers of Mg ion, because larger sulfur anion leads 

to increasing size of the diffusion channel and the smaller 

electronegativity induces the less interaction between Mg2+ and 

host anion lattices. Such structural and chemical effects on 

intercalation kinetics are generalizable to other intercalation 

compounds including layered structure. 

For polyanions, due to thermodynamic instability of 

magnesiation products and high Mg2+ migration barriers, 

magnesiation of olivine phosphate is prohibited by surface 

amorphorization. While several reports on olivine silicate 

(MgFeSiO4, MgCoSiO4 etc.) achieve reversible Mg2+ 

intercalation, which needs to be validated by more 

experimental and theoretical investigations. With the potential 

of good Mg2+ diffusion kinetics and high energy density, the 

possible utility of olivine silicates is worth pursuing further. 

To improve the kinetics of Mg intercalation, measures can 

be taken including: 1) choosing structures with large diffusion 

channels; 2) Replacing anions with soft ones (S or Se) or 

incorporating monovalent anions (F, Cl et al) to decrease the 

interaction between hosts and intercalants; 3) Utilizing mixed 

transition metal ions (Mo, V et al) in inorganic compounds to 

enhance charge redistribution brought by Mg2+ intercalation. (4) 

Reducing particle sizes to decrease the Mg2+ migration length, 

and elevating temperature to improve the mobility of Mg2+. In 

addition, more understanding on the charge transfer process at 

the cathode/electrolyte interface is necessary for engineering 

the surface of intercalation compounds for better interfacial 

reaction kinetics. Further systematic investigation is also 

���µ]����}v�}Æ]����~�-MnO2) and polyanions to clear confusions 

due to some inconsistent results in the literature. 

Many conversion cathodes are investigated, including 

transition metal oxides (MnO2 etc.), sulfides and selenides (CuS, 

Cu2Se etc.) and chloride (AgCl etc.). Due to the thermodynamic 

instability of the magnesiation products, amorphization occurs 

on the surface of various manganese oxide after initial 

intercalation, despite the existence of open tunnel for diffusion 

in their structures. Such amorphous film prevents Mg2+ further 

intercalation, causing low capacity and huge irreversibility. The 

amorphization does not occur in layered oxides (V2O5, MoO3 

etc.), and whether it will happen in other transition metal oxides 

with open tunnel need to be further investigated. Sulfides (TiS2, 

Ti2S4, and TiS3 etc.) and selenides (TiSe2, WSe2 etc.) with layered 

and spinel structure have been reported to undergo an 

intercalation reaction. While CuS and Cu2Se without Mg2+ 

diffusion channels demonstrates a displacement reaction, 

which enables fast magnesiation kinetics as a result of the high 

mobility of copper ions. Such great performance suggests that 

displacement reaction could be a promising direction to explore 

conversion cathode materials with fast kinetics. Chlorides 

undergoes a solid-liquid two-phase reaction during 

magnetisation because the formed MgCl2 can dissolve into the 

electrolyte. The two-phase reaction can significantly increase 

the kinetics due to circumvent of solid state Mg diffusion, which 

comes at the cost of fast capacity fading. Such ultrafast kinetics 

permits chloride suitable for special applications requiring high 

rates. 

Organic materials (DMBQ, 26PAQ, 14PAQ, and PAQS) are 

reported to show faster kinetics than inorganic compounds, due 

to the weak interaction between Mg2+ and organic molecules. 

The severe dissolution and low electronic conductivity are 

limiting their performance, which can be mitigated by 

developing new electrolytes, organic polymerization, and 

improving the structure stability. 

Mg/O2 and Mg/S can provide high theoretical capacity and 

energy density. Mg/O2 suffer from high overpotential and 

irreversibility due to the inert discharged products (MgO). Some 

redox mediators are introduced to catalyze the decomposition 

of MgO, which can improve the reversibility of Mg/O2 systems, 

but the reaction with Mg metal anode needs carefully 

investigated. Methods can be taken to enhance the reversibility, 

including increasing oxygen pressure, reducing operation 

temperature, and developing electrolytes with higher O2 

solubility to produce more reversible MgO2 et al. For Mg/S 

system, significant progress regarding electrolyte development 

has been made. The fundamental understanding of reaction 

mechanism have been achieved, in which a three stage reaction 

mechanism corresponding to long chain polysulfide formation, 

chain shortening to MgS2 and formation of MgS has been 

revealed, with the kinetics and thermodynamics of each stage 

carefully investigated. Yet low sulfur loading and short cycling 

stability remain major challenges to convert this promising 

chemistry into usable technology. To address these issues, 

lessons can be learn from Li/S chemistry, which includes using 

additives, high concentrated electrolyte, customized separators 

and special current collector (chemo or physio adsorption). 

Water co-intercalation has achieved improved 

magnesiation kinetics in some oxides (alfa-V2O5, Xerogel V2O5, 

and Birnessite MnO2). Proton cycling has been widely 

demonstrated. Some fundamental questions remain to be 

addressed: the amount of intercalated protons; whether 

hydrated Mg2+ are cycled; how co-intercalation improves the 

kinetics by increasing Mg2+ mobility or reducing the desolvation 

energy. 

Regarding hybrid systems, prototype cells have been 

demonstrated to work reversibly with different intercalation 

compounds. Further investigations needs to examine carefully 

how electrolyte amount compromises the energy density of the 

system, given the fact that electrolyte needs to store sufficient 

ions for hybrid systems to work. In addition, the influence of Li 

intercalation on Mg diffusion needs to be clarified. Considering 

the limited energy density, hybrid systems may be good choice 

in some certain applications where safety and fast discharge 

and charge are the priority. 

Compared with the success of LIBs, rechargeable Mg 

batteries are still at the infant stage. Despite some remaining 

challenges, the last decade has witnessed significant progress in 
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the understanding of reaction mechanism and kinetic 

limitations of many cathode materials, which provides precious 

insights and guidelines for future research. Fortunately, the vast 

chemical space of new structures and chemistries remains 

unexplored, which provides possibilities for feasible cathodes 

with better kinetics and higher energy density. We hope this 

review will act as a call for more efforts into rechargeable 

magnesium battery, an emerging and exciting new direction in 

energy storage research, especially in cathode materials. 
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impact of structure and composition on magnesiation kinetics. 
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