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conversion-based cathode materials
for rechargeable magnesium batteries
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SUMMARY

Magnesium-ion batteries (MIBs) a strong candidate to set off the second-generation energy storage boom
due to their double charge transfer and dendrite-free advantages. However, the strong coulombic force
and thehugediffusion energybarrier betweenMg2+ and theelectrodematerial have led toneed for a cath-
odematerial that can enable the rapid and reversible de-insertion ofMg2+. So far, researchers have found
that the sulfur-converted cathode materials have a greater application prospect due to the advantages
of low price and high specific capacity, etc. Based on these advantages, it is possible to achieve the goal
of increasing the magnesium storage capacity and cycling stability by reasonable modification of crystal
or morphology. In this review, we focus on the application of a variety of sulfur-converted cathode mate-
rials in MIBs in recent years from the perspective of microstructural design, and provide an outlook on
current challenges and future development.

INTRODUCTION

With the gradual expansion of industrial scale, non-renewable energy sources have been consumed in large quantities, and human society’s

demand for energy hasbecomemore andmore intense.1–3 In this context, developinga clean andefficient energy storage systemhasbecome

a common goal for a large number of scientists.4 Among other things, battery technology fills a large number of gaps in the field of energy

storage.5 Decades of research process has achieved brilliant results, especially lithium-ion batteries (LIBs) due to its high energy density

and admissible cycle life make mobile phones, computers, and other portable mobile electronic devices. In particular, the current hot new

energy vehicles have been unexpected development speed.6–10 Unfortunately, the low lithium reserves and severe dendrite problems seri-

ously hinder the further application of LIBs.11–15 In an effort to break through long-dormant battery technology, an emerging metal-ion bat-

teries, magnesium-ion batteries (MIBs) has come to the forefront. Compared to LIBs, magnesium metal anodes have a higher earthly reserve

thus greatly reducing the cost of construction.16–19 Meanwhile, MIBs show excellent safety due to the non-dendritic (spherical or polyhedral)

anode depositionmorphologywith a highmelting point (648�C).17,20–22 In terms of energy density,Mg has a low electrode potential (�2.37 vs.

Standard Hydrogen Electrode (SHE)) with an excellent volume specific capacity (3833 mAh cm�3). Further, MIBs have a higher theoretical en-

ergy density than LIBs due to the two charges ofMg2+ during cycling.23–25 Based on the previous theoretical foundation,MIBs show unrivalled

development prospects, nevertheless the development of MIBs is still relatively slow compared to that of LIBs and is still in the primary devel-

opment stage. One of the reasons hindering their development is the compatibility of magnesium anode and electrolyte.26–28 It is well known

that the solid electrolyte interphase (SEI) film formed on the lithiummetal electrode in LIBs is electronically insulated and ionically conductive,

which can greatly reduce the occurrence of side reactions on the anode. In contrast, the SEI film formed by MIBs in most conventional non-

aqueous electrolytes is electrically and ionically insulating at the same time, resulting in the inability ofMg2+ tomigrateback and forth between

thecathodeandanode,which results inpassivation failureof theMgmetal anode.29–31Althoughseveral electrolytes havebeendeveloped that

can reversibly dissolveMg, issues such as corrosivity andenvironmental sensitivity have also hindered the further development ofMIBs.32 Apart

from that, anothermore important reason is the scarcity of cathodematerials.33 Mg2+ carries two charges on itself and has a larger ionic radius

compared to Li+, which results in a stronger coulombic interaction with the host and higher diffusion energy barriers during the insertion and

de-insertion process of Mg2+, whichmakes all conventional electrodematerials perform poorly in MIBs.34–36 In order to be able to find a cath-

odematerial with excellent performance and capable of reversibly insertion and de-insertionMg2+, many scientists have put in a lot of efforts.

In 2000, Aurbuch et al.37 developed a first prototype of MIBs withMo6S8 as the cathodematerial, Mg(AlCl2BuEt)2/Tetrahydrofuran(THF) as

the electrolyte, and Mg metal as the anode. The MIBs device possessed a good rate capability (0.1–1 mA cm�2) and a wide operating
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temperature (�20�C–80�C), as well as greater than 2000 depth of charge/discharge cycles with no more than 15% capacity degradation. Un-

fortunately, Chevrel-phaseMo6S8 as a first-generation cathodematerial only exhibits a low discharge capacity of less than 100mAh g�1 with a

low operating voltage (1.1 V vs. Mg2+/Mg), which is still far from our expectation. Nevertheless, the report of this innovative work immediately

inspired scientists to take a keen interest in the study ofMIBs. This day, researchers have studied the performance of various cathodematerials

inMIBs,which canbebroadly categorizedas layeredmetal oxides (vanadiumoxides,molybdenumoxides, etc.), layered transitionmetal sulfur/

selenides (molybdenum-based, titanium-based, tungsten-based), other layered cathodes (MXene), polyanionic compounds (phosphates, sil-

icates), and conversion type cathode materials (manganese oxides, and a large number of transition metal sulfur compounds).38–40 Among

them, intercalation-type cathode materials and conversion-type cathode materials are the types of cathode materials commonly used in

MIBs today.41 Mg2+ in intercalation-typematerials mainly achieves energy conversion by reversibly insertion and de-insertion between crystal

layerswithout involving the transformationof thephysical phase, sogenerally thismaterial ismore structurally stableduringcycling.42However,

the large electrostatic interactionsbetween thedivalentMg2+ anddiffusion channelsmakeMg2+ intercalation kinetics slower, so intercalation-

type cathodematerials are usually confronted with the problems of low discharge capacity and poor rate performance. Tirado et al.43 synthe-

sized prismatic microrods of h-MoO3 by a hydrothermal method and obtained only a low capacity of 20–50mAh g�1 in 0.5MMg(TFSI)2 in 1,2-

Dimethoxyethane(DME) electrolyte. P. Rhodes and co-workers44 prepared a V2O5 dry gel by a modified ion-exchange method with NaVO3

solution, which only obtained a discharge capacity of less than 20mAhg�1 at 10mAg�1 in 0.5MMg(ClO4)2 in acetonitrile (CH3CN) electrolyte.

The low specific capacity of these electrode materials is still far from meeting our requirements for high-performance MIBs.

Comparedwith intercalation cathodematerials, conversion cathodematerials based onmulti-step conversion reactions can fully utilize the

ultra-high capacity contributed by structural reorganization and chemical bond breaking during charging and discharging processes, and

have high theoretical capacities and energy densities due tomulti-electron contributions.45,46 Moreover, most of the conversion cathodema-

terials focus on chalcogen monomers (S, Se, Te) and transition metal sulfides. In addition, the low cost and easy-to-control preparation pro-

cess have also made the conversion cathode materials highly sought after by researchers.47 Pan et al.48 synthesized a CuS submicron sphere

as a cathode forMIBs by high-speed centrifugation at low temperature, which can provide a high discharge capacity of 396mAh g�1 at 20mA

g�1 and an excellent rate performance of 250 mAh g�1 at 1,000 mA g�1. Unfortunately, the discharge specific capacity rapidly decayed from

124 mAh g�1 to 35 mAh g�1 in 100 cycles at 100 mA g�1, which is attributed to the structural collapse of the electrode material caused by the

huge volume expansion brought about by the continuous crystalline phase transition. In order to alleviate this problem, researchers have

designed various experimental processes to synthesize conversion cathode materials with excellent structures, such as core-shell, hollow,

nanoflower, and other delicate structures through extensive research.49 In this paper, we review the reports on the application of various

sulfur-converted cathode materials for MIBs in recent years from the perspective of microstructure design, analyze the basic principles

and advantages of each structural modification. Moreover, we provide an outlook on the current challenges faced by the transition metal-

sulfides electrode materials and their future development directions, which is of inspiring significance for the structural design of the con-

verted cathode materials for MIBs in the future.
Structure design of metal chalcogenide conversion-based cathode materials

In recent years, designing electrode materials into a wide variety of nanostructures has become a mainstream way for scientists to improve

device performance.50 Metal-ion batteries storage energymainly through the repeated de-insertion of ions between the cathode and anode.

Therefore, the insertion and de-insertion kinetics of metal ions in the electrode material have become an important indicator for evaluating

the electrode material. At present, researchers have been able to shorten the diffusion path of Mg2+ in the material by modulating the

morphology of sulfur-generic conversion analogues in various ways to achieve the effect of improving the mass transfer rate. Common nano-

structure morphology includes nanoparticles, nanowires, self-assembled nanosheets, hollow and core-shell structures, etc. Among them,

nanoparticles and self-assembled nanosheets have nanoscale particle sizes or ultrathin walls, which can not only shorten the ion diffusion

paths drastically, accelerate the ion diffusion rate, and improve the insertion and de-insertion kinetics, but also can greatly increase the spe-

cific surface area of the material, accelerate the penetration of the electrolyte, shorten the activation cycle of the battery, and expose larger

energy storage active sites to increase the actual discharge specific capacity of the material.51 Meanwhile, the self-assembled nanosheet

structure possesses more buffer space between the thin walls, which can greatly alleviate the volume expansion of the conversion cathode

material during the cycling process and prevent the collapse of the structure. Nazar et al.52 prepared several sulfide cathodematerials such as

layered TiS2 and CuS at micron and nanometer scales, respectively, by varying the synthesis process and explored their effect on the electro-

chemical performance. It was shown that the electrochemical properties were positively modulated when the material size was reduced from

micron to nanoscale. Specifically, the nanoscale WS-TiS2 exhibited a 294 mAh g�1 higher discharge capacity and high stable capacity of 269

mAhg�1 after cycling.Meanwhile,WS-TiS2 showed excellent stability in long-term cycling at 48mAg�1, maintaining 120mAhg�1 at the 200th

cycle. In comparison, the micron-scale TiS2 only reached an initial discharge capacity of 270 mAh g�1 at 12 mA g�1, which was substantially

decayed to 160 mAh g�1 after further cycling. All these data fully illustrate the positive modulation of the electrochemical properties of the

materials by nanosizing. Unfortunately, the nanoparticle morphology is prone to agglomeration during the preparation process due to

excessive reactivity and low dispersibility of its system, which greatly reduces the specific surface area of the material.53 In order to resolve

this problem, researchers composite these excellent structures with diverse conductive carbon-basic materials such as reduced graphene

oxide (rGO), carbon nanotubes (CNTs), etc., aiming to improve the electrical conductivity and accelerates the ionic conduction of the

materials while promoting the dispersion of the nanostructures. Currently, composite C materials are prepared by in situ growth, precursor

derivation, and carbon coating. Similarly, hollow, core-shell structures also have a special buffer space due to the large internal cavity with a
2 iScience 27, 109811, June 21, 2024



Figure 1. Schematic representation of sulphur-converted cathode materials in MIBs (design and construction of different micro-structures) overview
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rigid outer shell, and are promising for applications in enhancing magnesium storage properties. In the following, each sulfur-genus conver-

sion class cathode material is reported in detail in terms of structural design, and the advantages of each structure are analyzed in detail

(Figure 1). Table 1 summarizes the key parameters of some reported chalcogenide conversion cathode materials for MIBs.
Cathode materials for MIBs

S cathode

S has received a lot of attention from the battery community due to its high natural reserves and high theoretical conversion capacity. Since

2009, the numerous advantages of S cathodes have sparked the research interest of researchers.67 Initially, due to the more mature technol-

ogy of LIBs, researchers first tried to apply S in the cathodematerial of LIBs.With the rising research and the development of variousmetal-ion

batteries, a large number of research reports on the use of S cathode in other metal-ion batteries have appeared one after another, such as

Na-S batteries, Mg-S batteries, and so on. The use of S as the cathode material for MIBs usually undergo a conversion reaction of two elec-

trons with the theoretical capacity as high as 1684Wh kg�1.68,69 Unfortunately, the actual energy density of the S cathode falling far short of the

theoretical value due to the extremely slow conversion kinetics caused by the low intrinsic conductivity of S and the discharge product

MgS.70,71 In addition, the polysulfides produced by the S cathode during cycling pass through the diaphragm to the anode and form a passiv-

ation layer on the surface of theMg anode. Laskowski et al.72 demonstrated thatmagnesiumpolysulfide is reduced to aMgS passivation layer

at the anode thereby inhibiting the reduction of theMg anodeduring charging by using an Ag2S quasi-reference electrode in electrochemical

tests to probe the interaction between the Mg anode and polysulfide. In response to these problems, researchers have proposed the

following general solutions: (1) composite the S cathode with various conductive carbon substrates to increase the conductivity of the S

cathode and improve its conversion kinetics; (2) partial doping of atoms such as Se, Te, and other homologous elements due to the longer

covalent bonding lengths thereby broadening the charge transfer path, accelerating the ionic transport kinetics, and increasing the utilization

rate of the S cathode.73

Construction of S cathode and carbon substrate composites. In 2016, Fichtner et al.74 employed a strategy of reducing polysulfides with

formic acid topreparehigh sulfur-loadedS-rGOcompositeswith a sulfur loadingof 49wt%, followedbyheat treatment of theproduct in argon

gas to re-melte S into the interlayers and various pores of the rGO (Figure 2A). A high initial discharge capacity of 1024mAh g�1 with an excel-

lent reversible capacity of up to 448mAhg�1 was obtainedwithMg-C as the counter electrode. In addition, the device is stable at the 6th cycle

of 20mAg�1, and the discharge specific capacity only decayed from280mAhg�1 to 219mAhg�1 after 50 cycles, with a capacity retention rate

of 78.2% (Figure 2B). The rGOmatrix enhances the electrical conductivity of the composites and the abundant porosity provides a buffer space

for the volumeexpansion of S. In addition, the adsorption and confinement of polysulfides by rGOalso greatly improves the cycling ability of S.

Even so, such discharge capacity and cycling performance are still not enough to meet the requirements of high-performance MIBs, so re-

searchers have developed more excellent and novel structures based on this. Yu et al.75 used S-filled preactivated carbon nanofibers

(CNTs) as the cathode material and CNT-coated glass fiber membrane as a spacer for MIBs and obtained excellent electrochemical
iScience 27, 109811, June 21, 2024 3



Table 1. Summary of some key parameters of some reported chalcogenide conversion cathode materials for MIBs

Cathode

material Electrolyte

Current density

(mA g-1)

ReversibleCapacity

(mAh g-1)

Cycling

Performance Potential (V) Reference

S@MC 0.4 mol L�1 (PhMgCl)2/

AlCl3 + 1.0 mol L�1 LiCl/THF

10.026 224.7 0.16/200/368/37.5 0.5–1.7 Wang et al. 54

Te@CSs All-Phenyl Complex (APC) 100 350 0.1/500/229.7/77.1% 0.3–2.0 Chen et al. 55

Ag2S Mg-HMDS-AlCl3 50 120 0.2/400/60/80% 0.1–2.5 Zhang et al. 56

Ti3C2/CoSe2 0.4 M Mg2Cl3
+$AlPh2Cl2

�/THF 50 96 0.05/500/96/80% 0.01–2.0 Liu et al. 57

CuS-CTAB-2 0.3 M Mg[B(hfip)4]2/DME 100 455 0.56/1000/111/65.2% 0.01–2.4 Shen et al. 58

S-Cu2�xSe Mg-HMDS-AlCl3 100 200 0.2/300/109/65% 0.3–2.2 Chen et al. 59

Cu2�xSe-I OMBB electrolyte 200 200 1/3500/114.9/85% 0.01–2.3 Zhao et al. 60

Cu7.4S4 MgHMDS-AlCl3 100 314 1/1600/59.1/82.5% 0.1–2.1 Yang et al. 61

NiS@C NPs/CC APC-LiCl 100 437 0.2/250/214/61% 0.1–1.95 Zhu et al. 62

Fe0.5Co0.5S2 MACC electrolyte 20 154 0.02/100/154/77% 0.5–2.5 Mao et al. 63

CuCo2S4 MgHMDS-AlCl3 50 154 0.5/100/392/88.4 0.1–2.1 Wang et al. 64

Ex-Se-CuS NTs MgHMDS-AlCl3 100 350 2/1600/64/61 0.1–2.1 Du et al. 65

FeS2 0.3 N Mg[B(hfip)4]2/DME 50 679 0.4/1000/90/60 0.01–2.5 Shen et al. 66

Cycling Performance include: (1) Current density (A g�1); (2) Cycle number (n); (3) Reversible capacity (mAh g�1); (4) Capacity Retention (%).
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performance, as shown in Figure 2D. Compared with the spacer without CNT coating, the Mg//CNF-GF//S with CNT coating showed more

satisfactory discharge capacity and stability. Although both of them have similar discharge capacity in the first turn, from the second turn on-

wards, thedischarge timeper cycleofMg//CNF-GF//S is significantly larger than that ofMg//GF//Sand remains stable,whileMg//GF//S tends

to decay rapidly along with the short discharge time (Figure 2E). In addition to this, Mg//CNF-GF//S also showed unprecedented rate perfor-

mance, which exhibited similarly close to the ultra-high discharge specific capacity of 1000 mAh g�1 at different current densities C/50, C/20,

and C/10, and showed no significant capacity degradation over 20 charge/discharge cycles, which demonstrated a great potential for appli-

cation. In this study, the conductive CNF coating on the separator was used both as an absorber layer to adsorb the diffusedmagnesium poly-

sulfides and as a collector to electrochemically reuse the diffusedmagnesiumpolysulfides. This can be explainedby the energy disperse spec-

troscopy (EDS) images of the CNT-coated layer after 20 cycles, and it can be found that the CNT layer after cycling still has a small portion of

elemental S. Thisphenomenon indicates that theS in the cathodediffuses to theanode through the separatorduring thecyclingprocess,which

is additionally evidenced by a small amount of elemental S found on the surface of theMg anode (Figure 2F). In addition, the porous nature of

the CNT coating helped to absorb some of the polysulfides to enhance the cycling capacity of the Mg-S cell. Another benefit of the carbon

nanofiber coating is that the voids of the carbon nanofibers can release stress and accommodate the volume change of the sulfur cathode

during charging anddischarging. In addition,Wang et al.54 obtained the composite S@MC in 2018 bymelting sublimated sulfur into the pores

of commercial microporous carbon (MC) by a simple ball-milling followed by melt-diffusion method (Figure 2G). The S@NC showed a sulfur

content of up to 64.7%, which probably due to the high microporous distribution of MC. It was well known that high sulfur content is almost

mandatory in achieving high bulk energy density in sulfur/carbon cathodes, but high sulfur loading simultaneously causes severe polarization,

accelerates the shedding of S on the carbon substrate, and results in low active material utilization. Remarkably, S@NC achieves high sulfur

loading while the microporous and highly conductive MC substrate greatly improves the electrochemical kinetics and locks the polysulfides

well during cycling to prevent the infamous ‘‘shuttle effect’’. Based on these advantages, S@MC exhibited a high initial discharge capacity of

979.0 mAh g�1 and maintained a high capacity of 368.8 mAh g�1 after 200 cycles at 0.1 C, showing improved sulfur utilization and cycling sta-

bility. When the current density is increased to 0.2 C, the S@MC composite still provides a capacity of about 200 mAh g�1. Under the same

conditions, the S withoutMC substratemaintained only a discharge capacity of 210.4mAh g�1 after 50 cycles. These data can be used to visu-

alize the significant improvement of the electrochemical performance of the MC substrate (Figures 2H and 2I).

Atomic doping in S cathode. As we already know, S as a classical conversion cathode has excellent conversion capacity, but the develop-

ment of S cathode is facinggreat difficulties due to its low conductivity and headache shuttle effect. Since elements such as Se andTe are in the

same familywith S andhave similar propertieswith S, andhavehigher conductivity thanS, therefore, combiningSeorTewithS can theoretically

improve theelectrochemical performanceof S,whichprovides a newexplorationdirection for researchers.Wanget al.76 fusedelemental Seon

the basis of the previous S@MC by firstly mixing S and Se powders homogeneously by ball milling and thenmelting them in a sealed vacuum

glass tube toprevent accidentalOdopingand thusobtainingS-Se composites. Subsequently, the compositewasball-milledandcalcinedwith

orderedmesoporous carbonCMK3 at amass ratio of 4:1 to obtain the composite S0.96Se0.04@CMK3. The electronic conductivity of the cathode

material increasedby 18orders ofmagnitudeafter Sedoping from53 10�28 to 6.53 10�10 Sm�1. This is very important for the improvement of

electrochemical reaction kineticsof S cathode. It was found that the capacity of S0.96Se0.04@CMK3 is slightly lower compared to S@CMK3,which
4 iScience 27, 109811, June 21, 2024



Figure 2. The application of S cathode material for MIBs

(A) Preparation process of S-rGO; (B) Short cycle performance of S-rGO; (C) Electrochemical mechanism of S-rGO nanocomposite electrode. Copyright 2016,

Royal Society of Chemistry, Reproduced with permission.74

(D) Schematic diagram of Mg-S cell with activated CNF-coated septum; (E) Voltage-time curves of Mg//CNF-GF//S and Mg//GF//S cells at C/50 rate; (F) EDS

elemental (carbon and sulfur) plots of S/CNF electrode and CNF coating on the diaphragm after 20 cycles. Copyright 2016, American Chemical Society,

Reproduced with permission.75

(G) TGA curves of S@MC and S (H) Comparison of cycling performance; (I) Comparison of rate performance. Copyright 2018, Royal Society of Chemistry,

Reproduced with permission.54

(J) EWE vs. capacity in the first cycle; (K) KBS and cycling performance of KBS1-xSex cathodes in a two-electrode button cell. (L) Magnetization densities in the

initial, intermediate and final states of the minimum energy path for the diffusion of e’ polaritons in Se-doped MgSe2. Mg, S, and Se atoms are shown in

brown, yellow, and green. Copyright 2023, Wiley-VCH, Reproduced with permission.73
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is due to the lower theoretical capacity of Se compared to S. In spite of this, S0.96Se0.04@CMK3 is significantly better than S@CMK3 in terms of

stability. In a short cycleof 0.1C, the twomaterials showa similar decreasing trend in the first 40 cycles,with a slightly faster decreasing trend for

S@CMK3. From the 40th cycle, the discharge specific capacity of S@CMK3 began to decay rapidly, decaying to 223.4mAh g�1 after 110 cycles.

In contrast, theS0.96Se0.04@CMK3exhibitedextraordinary cyclingstability,maintainingahighdischargespecific capacity of 492.9mAhg�1 after

110 cycles, with a capacity retention rate of an astonishing 96.4% from lap 45 onwards. When the current density is increased to 0.5 C, the

S0.96Se0.04@CMK3 can still stabilize at 429.8 mAh g�1 after 100 cycles, while the S@CMK3 retains only 72.7 mAh g�1. Although the doping

amount of Se is small, the electronic conductivity of the S cathode is significantly improved, and its electrochemical kinetics is greatly improved.

Mesoporous carbon alsoprovides a conductive substrate for the S-Se cathodeandmitigates the volumeexpansionduring cycling.Combining

all of the aformentioned structural advantages, S0.96Se0.04@CMK3 material exhibits unprecedented performance.

Besides, Li et al.73 also prepared a series of KBS, KBS0.92Se0.08, KBS0.86Se0.14, KBS0.62Se0.38 doping models with different S/Se ratios based

on Ketjenblack (KB) by the classical ball milling and melting method, and discussed in detail the effect of Se as a modified additive on the S

body. In the electrochemical performance test, KBS0.86Se0.14 was determined to be the optimal combination due to the highest discharge

specific capacity and better cycling stability. In a galvanostatic charge/discharge (GCD) comparison at 0.1 C, KBS0.86Se0.14 shows a more pro-

nounced discharge plateau than KBS and exhibits a high discharge capacity of 1200mAh g�1 (Figure 2J). The KBS0.86Se0.14 could still maintain

200 cycles without short circuit after 200 cycles at 0.1 C. In contrast, the KBS cathode experienced early cell failure at the 10th cycle, which was

mainly related to the anodic process, in which the polysulfides occurred shuttle effect on the surface of the Mg anode inducing inhomoge-

neous deposition of the Mg metal resulting in soft short-circuit occurrence (Figure 2K). This result can be explained by using ex-situ X-ray

photoelectron spectroscopy (XPS) at both electrodes. During the first discharge of KBS0.86Se0.14 electrode, all the signal peaks typical of

Se-S interactions with a peak of 163.8 eV singlet S, and a peak of 162.2 eV disappeared and transformed into new double peaks of 161.9

and 160.9 eV, which correspond to the S-S interaction of Mg polysulfide (MgSn), S interactions and Mg-S interactions. The vanishing signals

of S0 and the formation ofMgS as themain product indicate the high utilization of S and hence the high capacity obtained. In contrast, there is

still a large number of S0 species remain for the KBS cathode after the first cycle of complete discharge. Furthermore, the conversion is mainly

limited to the polysulfide intermediate (strong S-S signal) rather than the final product (MgS), suggesting that S is only partially reduced. Den-

sity functional theory (DFT) calculations also demonstrated that the diffusion of the e0 polariton exhibits a lowmigration barrier of 0.45 eV (i.e.,

0.08 eV lower than that of the pureMgS2), which suggests that the (S-Se)2-dimer impurity may enhance the charge transport in MgS2. The low

migration potential barrier indicates a high diffusion energy barrier for charge in it, which improves the performance of the cell (Figure 2L).

Se and Te cathodes

Researchers havemade great efforts onMg-S batteries, while studying the S cathode, Se, Te of the same family has also been directly used as

the cathode active material of MIBs by researchers due to its superior conductivity and longer covalent bonding. Similar to the S cathode, the

structure of Se, Te cathode is still mainly dominated by the composite of carbon materials. Fichtner and co-workers77 used the melt-diffusion

method to composite Se and solid solution SeS2 with ordered mesoporous carbon CMK-3 to obtain SeCMK-3 and SeS2CMK-3 composites

and to investigate their electrochemical properties, respectively. As shown in Figure 3A, the SeCMK-3 cathode can provide a high specific

capacity of 450 mAh g�1 at 0.2 C. In terms of rate performance, the discharge specific capacity of SeCMK-3 does not undergo a substantial

decrease with increasing current density. Even at a high current density of 3C, the SeCMK-3 cathode can still provide 320mAh g�1. The excel-

lent rate performance is attributed to the high electrical conductivity of the Se element, which results in accelerated kinetics of electrochemical

reactions and higher utilization of active substances. ex situ Raman spectroscopy also demonstrated that the SeCMK-3 cathode underwent a

phase transition from an electrically insulating Se8 molecule encapsulated in a carbon matrix to a chained Sen molecule with high electrical

conductivity in the initial cycle and maintained its chain structure in the subsequent reversible conversion during the discharge/charge cycle

(Figure 3C). This phase transition dramatically accelerated the kinetics of the redox reaction. For SeS2CMK-3, an initial discharge specific ca-

pacity of about 600mAh g�1 was obtained in the voltage window of 0.5–2.5 V, which is higher than the initial capacity of the SeCMK-3 cathode

(Figure 3D), demonstrating a new strategy to combine S-group elements into a solid solution without limiting to atomic doping to further

increase the electrical conductivity and theoretical capacity.

Besides, a Te composite MC sphere cathode material was prepared by Zhi et al.55 The microporous carbon sphere (CSs) was synthesized

by emulsion polymerization of a super-crosslinked polystyrene sphere precursor and followed by carbonization at high temperature. Subse-

quently, Te powder and CSs were wet ball milled with high temperature calcination to obtain Te@CSs composites. According to the results of

thermogravimetric tests (Figure 3E), the Te loading of the composites reached 68.2%, which was attributed to the excellent microporous

structure in the CSs host, and the high loading could greatly improve the energy density of the materials. As shown in Figure 3F, Te@CSs

exhibits a high initial discharge capacity of 447.6 mAh g�1 at 0.1 A g�1, which stabilizes at 387 mAh g�1 after the second cycle. It remained

at 331.8 mAh g�1 after 100 cycles, and the capacity retention rate reached 85.5%. It is worth noting that Te@CSs can maintain a capacity of

165.4 mAh g�1 at 5 A g�1, with good rate performance (Figure 3G). Moreover, the Te@CSs electrode can maintain a discharge capacity of

229.7 mAh g�1 after 500 cycles at 0.5 A g�1, and the capacity retention rate is as high as 77.1%. In contrast, the pure Te electrode experienced

a sharp decline in capacity after 200 cycles, with a retention rate of only 17.5% (Figure 3H). The excellent cycling performance is due to the high

conductivity of Te and well-structured CSs substrate. In addition, the two-step transformation process of Te-MgTe2-MgTe was revealed using

advanced in situ X-ray diffraction (XRD) techniques (Figure 3I). Furthermore, the elementmapping image after 100 cycles can be seen that the

material still presents a regular spherical shape, indicating that the structure does not collapse during the cycle, and the uniform distribution

of Mg elements also represents the effective embedding of Mg (Figure 3J).
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Figure 3. The application of Se and Te cathode material for MIBs

(A) Constant current discharge/charge curves of Mg-Se cells with different multiplicities in the voltage range of 0.8–2.8 V.

(B) First cycle discharge/charge curves of SeCMK-3 electrode at 20 mA g�1.

(C) Raman spectra of Se cathode in different electrochemical states.

(D) Discharge curves of SeS2 cathode in magnesium-based cells in the initial 2 cycles. Copyright 2016, Elsevier, Reproduced with permission.77

(E) TGA curves of CSs and Te@CSs; electrochemical performance of Mg//Te cells:(F) GCD curves from 1 to 100 cycles at 0.1 A g�1.

(G) Rate performance at different current densities (H) cycling performance and coulombic efficiency of Te@CSs and bulk Te; (I) GCD curves at 0.1 A g�1 with ex

situ XRD spectra at selected potentials and (J) elemental mapping of Te and Mg for Te@CSs electrode after 100 cycles. Copyright 2022, American Chemical

Society, Reproduced with permission.55
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Overall, although pure sulfur genus monomers have ultra-high specific capacity, severe polysulfide shuttling effects tend to cause a

rapid decrease in their energy storage capacity. In order to better confine the abnormally shuttled polysulfides/polyselenides and improve

the magnesium storage capacity of sulfur genus elemental monomers, we can enhance the suppression of the volume expansion of the

active materials by designing fine carbon encapsulation structures to improve the adsorption capacity of the polysulfides/polyselenides

formed in the cycle. Besides, we cannot limit our vision to the modification of electrode materials, the functional design of separator

and collector is also a good research direction. Synthesis of carbon-hybridized separator or introduction of adsorbent materials into

the separator can also greatly enhance the adsorption capacity of polysulfides/polyselenides and improve the magnesium storage capacity

of sulfur monomers.

Copper (Cu)-based chalcogenide cathodes

Cu-based chalcogenides (CuxTy, T = S, Se) have attractedmuch attention due to their high theoretical capacity, stable charge-discharge plat-

form and low cost. Since the development of MIBs, various Cu-based chalcogenides with excellent morphology have been synthesized and
iScience 27, 109811, June 21, 2024 7



Figure 4. The nanoscale design of copper (Cu)-based chalcogenide cathodes for MIBs

(A) GCD curves of CuS cycled at each: 150�C, initial discharge close to the theoretical capacity (550 mAh g�1); (B) room temperature vs. 60�C, the inset shows the

trend of reversible capacity.

(C) XRD spectra of CuS cathode in different electrochemical states. Copyright 2016, Royal Society of Chemistry, Reproduced with permission.79

(D and E) comparison of the Transmission Electron Microscopy (TEM) images (D) and DLS (E) of CuS-I, CuS-II.

(F) cycling performance graphs of CuS-I; (G) cycling performance graphs of CuS-II. Copyright 2018, Royal Society of Chemistry, Reproduced with permission.80

(H) TEM images of CuS submicron spheres; (I) multiplicity performance graphs of CuS submicron spheres and (J) cycling ability at different current densities.

Copyright 2023, Elsevier, Reproduced with permission.81
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applied to MIBs cathodes, becoming the most popular conversion cathodes.78 At present, the common CuxTy compounds are CuS, Cu2S,

CuSe, Cu2Se, CuSe2, and so on. Due to the high charge density ofMg2+, the coulombic force betweenMg2+ and S2� is very large, which leads

to the very slow magnesium storage reaction kinetics of CuS cathode, and the actual discharge capacity is far less than the theoretical capac-

ity. Earlier, Duffort and co-workers79 applied CuS cathodes in MIBs and explored their energy storage mechanism (Figures 4A–4C). They syn-

thesized CuS nanoparticles with particle sizes of 5–10 mmbymulti-step heat treatment of Cu powder with S powder. ex situ XRD revealed the

electrochemical processes of two stable discharge platforms, which producedCu2S andMgS, andCu andMgS, respectively (Figure 4C). Their

capacities obtained at room temperature were negligibly low, and only about 10% of the theoretical capacity of the discharge capacity (�60

mAh g�1) was obtained even when the temperature was raised to 60�C (Figure 4B). However, when the temperature was raised to 150�C, an
initial discharge capacity close to the theoretical capacity was obtained, indicating that the high temperature environment accelerated the

electrochemical reaction rate (Figure 4A). It can be seen that there is still a great potential to improve the performance of CuS in MIBs, and

researchers need to put a lot of efforts for the application of CuS cathodes. By comparison, elemental Se has better electrical conductivity and

smaller diffusion energy barriers for Mg2+ in selenide materials, and the coulombic interactions between the anions and cations of MgSe in-

termediates produced by Mg embedded in selenides are also smaller relative to MgS, which implies that less energy is required for detach-

ment of Mg2+ during the charging process, greatly enhancing the reversibility of the insertion and de-insertion of Mg2+ in the materials. Thus,

copper selenides show wider application prospects.

Unfortunately, copper-based sulfides still have problems such as low capacity, severe volume expansion due to constant reversible con-

version reactions, and poor cyclic stability. Structural design is considered to be an effective way to solve these problems, and the general
8 iScience 27, 109811, June 21, 2024
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solutions proposed by researchers are as follows: (1) employing various preparation strategies, such as hydrothermal/solvent-thermal, micro-

blogging-assisted synthesis, precipitation, and templatemethods to synthesizematerials with excellentmorphology (hollow structures, nano-

flowers, etc.) to improve the specific surface area and mechanical properties of the materials and thus improve their electrochemical prop-

erties; (2) the use of partially doping with homologous anions, which is the most common way to improve the electrochemical properties of

copper-based sulfides. Part of the same group anion doping such as Se, Te, and other homologous elements due to longer covalent bond

lengths thus broadening the charge transfer path, indirectly reduces the Mg2+ embedded in the host lattice when the coulombic force be-

tween the release, accelerating the reaction kinetics; (3) cation doping; (4) CuS nanostructures composite with a variety of conductive carbon

substrate to improve the dispersion of its own electrical conductivity to enhance the conductivity. In addition, excellent carbon substrate struc-

tures can be designed to give the active materials enough buffer space to prevent rapid structural collapse caused by volume expansion dur-

ing cycling. The previous aspects will be listed and discussed in detail in the following.

Nanoscale design. Xu et al.80 investigated the effect of particle size on the MIBs performance by using two CuS (CuS-I, CuS-II) nanopar-

ticles with different particle sizes. Both nanoparticles have particle sizes close to 100 nm, but a relatively large average particle size (148.9 nm)

was observed for CuS-II. It was found that the smaller particle size provided a larger specific surface area (10.8675 m2 g�1 for CuS-I, 6.6503 m2

g�1for CuS-II), which contributed to the full exposure of the active sites to enhance the reactivity (Figures 4D and 4E). By comparison, theCuS-I

with smaller particle size exhibits a stable capacity of around 200 mAh g�1 at 50 mA g�1 after some activation process. In contrast, CuS-II only

showed a capacity of�120mAh g�1 and poor cycling performance, decaying to 90mAh g�1 after 100 cycles, which is more prone to agglom-

eration during cycling leading to the hiding of active sites, resulting in the rapid decay of the capacity (Figures 4F and 4G).

Recently, Pan et al.81 prepared a CuS nanorods with a particle size of 250 nm by low-temperature synthesis method using copper nitrate

and sodium thiosulfate in ethylene glycol with low-temperature stirring. The acicular morphology of the surface greatly improved the specific

surface area of the material, which led to excellent rate properties (Figure 4H). The high specific capacity of 396 mAh g�1 at 20 mA g�1 and a

remarkable rate capacity of 250 mAh g�1 at 1000 mA g�1 are attributed to the excellent morphology features (Figure 4I). Thus, the effect of

nanosizing the convertedmaterial on the electrochemical properties cannot be underestimated, and small particle size has a significant effect

on the physical properties of the material. Moreover, nanosizing the material also reduces the agglomeration phenomenon of the material

during cycling, which is an effective material modification strategy.

Nanoflower and nanosheet self-assembly. Generally, changing the solvent (water) in the hydrothermal system to other organic solvents

can change the morphology of the product to a certain extent. Therefore, many researchers have synthesized a large number of microstruc-

tures with the morphology of nanoflowers or self-assembled nanosheets and spheres using solvothermal reaction. Commonly used solvents

in the reaction include ethanol, ethylene glycol, dimethyl formamide (DMF), oleylamine, etc., and common surfactants are polyvinyl pyrro-

lidone (PVP), cetyltrimethylammonium bromide (CTAB), sodium dodecyl sulfate (SDS), etc. The main mechanism for the formation of this

morphology is that the micelles formed by the surfactant in water cover the surface of the nuclei, resulting in a change in the growth

rate of the individual crystal surfaces, with the faster-growing orientations becoming outwardly protruding and forming many folds. The

wrinkled surface and vertically oriented nanosheets provide the material with a huge specific surface area, which facilitates the rapid pene-

tration of the electrolyte and shortens the activation time of the material. On the other hand, the large specific surface area also exposes a

large number of active sites, which improves the reactivity of the material and increases the actual discharge capacity. In addition, the dense

vertical nanosheets also provide rigid support for the structure, avoiding the structural collapse of the nanostructures under long-term high-

current impact.

Cao’s group82 used different solvents and reaction conditions to prepare conventional CuS nanoparticles and CuS with exquisite nano-

flower ball morphology using solvothermal reaction, and further investigated the effect of morphology on the electrochemical properties of

the materials. Firstly, CuS nanoparticles was synthesize without surfactant using Cu(NO3)2$6H2O as a copper source and sulfur powder as a

sulfur source, as well as ethylene glycol as a solvent. Exquisite single crystal CuS nanorods were synthesized using a mixture of acetone and

water as mixed solvent and thiourea as sulfur source in the presence of dual surfactants (PVP and CTAB) (Figure 5A). The large number of

vertical nanosheet arrays enabled the CuS nanoflower spheres to have a large specific surface area (9.3 m2 g�1, 4.69 m2 for CuS nanoparticles)

with a large number of microporous mesoporous structures. Based on these structural features, the CuS nanoflower spheres shown in Fig-

ure 5D exhibited a high specific capacity of 252 mAh g�1 at 0.1 A g�1 and a reversible specific capacity of 171.2 mAh g�1 at 0.5 A g�1. In

addition, the CuS nanoflower spheres still possessed a specific capacity of 91.7 mAh g�1 at a high current of 1 A g�1 and could be stable

for 500 cycles with a capacity retention rate of 83.3%. In contrast, the CuS nanoparticles only exhibited a low discharge capacity of less

than 100 mAh g�1 at 0.2 A g�1 (Figure 5F). The large pores between the nanosheets in the CuS nanoflower spheres provided buffer space

for the cathode material during cycling, which greatly improved its cycling stability. In addition, Cao et al.83 synthesized single-crystalline

CuSe nanosheet self-assembled spheres with high (110) crystallographic orientation by advancedmicrowave-assisted synthesismethod using

Cu(CH3COO)2$H2O as a copper source, SeO2 as a selenium source, and oleylamine as a solvent (Figures 5G–5I). The prepared CuSe nano-

sheet spheres presented an initial discharge capacity of up to 600 mAh g�1 at a current density of 0.2 mA g�1, which was maintained at 204

mAhg�1 after stabilization (Figure 5J). Moreover, a specific capacity of 48mAhg�1 at 1 A g�1 was still achieved after 700 cycles, with a capacity

decay of only 0.095% per cycle. Compared to polycrystalline nanoparticles, the CuSe nanosheet spheres show more excellent rate perfor-

mance with higher capacity at each current density. In addition, TEM tests were carried out on single-crystal CuSe nanoflower spheres after

cycling for ten cycles, and the flower-like morphology was not damaged under the fully discharged state, and the initial morphology was well
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Figure 5. The nanoflower and nanosheet self-assembly copper (Cu)-based chalcogenide cathodes for MIBs

(A) SEM images, (B) TEM images and (C) selected electron diffraction image of CuS nanoflowering spheres.

(D) GCD curves, (E) rate performance and (F) the cycling performance of CuS material. Copyright 2021, Elsevier, Reproduced with permission.82

(G and H) SEM images of CuSe nano flowering spheres at different magnifications (G) and TEM images (H).

(I) selected electron diffraction images and (J) GCD curves with different number of cycling turns in comparison with the cycling performance of CuSe

nanoparticles.

(K and L) TEM images after 10 times of deep charging and discharging with (L) selected electron diffraction images. Copyright 2021,Wiley-VCH, Reproducedwith

permission.83
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maintained (Figure 5K-5L). Selected electron diffraction also strongly confirms that the CuSe still presents a good single-crystal structure after

cycling, which proves the role of single-crystal structure in the maintenance of thematerial morphology, and provides an effective suggestion

for the structural design of electrode materials.

Hollow structures. In addition to the nanoflower morphology discussed in the previous section, the hollow structure is considered to be

one of the effective strategies to improve the cycling performance of electrode materials due to the feature that the huge volume cavities

provide a huge buffer space for volume expansion and can withstand the stresses generated during larger cycling. For Cu-based chalcogen-

ides, researchers have obtained a series of hollow nanosheet self-assembled nano cubes with excellent morphology by using Cu2O precursor

as a hard template, and growing CuS, CuSe nanosheets and other structures on its outer surface through in situ selenide sulfurization and

other strategies, and then removing the hard template by chemical treatment, which have obtained satisfactory electrochemical perfor-

mances. This provides a simple yet ingenious morphology preparation strategy for the preparation of sulfur genus compounds.

Xu et al.84 utilized sodium citrate as a soft template to produce Cu(OH)2 cube precursors by precipitation of Cu2+ with a base in a dilute

solution, and then added ascorbic acid as a mild reducing agent to gradually reduce the Cu(OH)2 cube to a Cu2O template during stirring.

Cu+ has high reactivity and can react with S2�, Se2�, etc. to generate corresponding compounds easily at room temperature. Then, Cu2O was

dispersed in different concentrations of Na2S solution to form a CuS capping layer on the outer side by stirring, and then the template in the

center was removedbyNH3$H2O to obtain the CuS hollow cubes (Figure 6A). By comparison, it was found that the higher the concentration of

the sulfur source solution, the larger the particle size of the formed product (Figure 6D). The (Brunauer–Emmett–Teller) BET results showed
10 iScience 27, 109811, June 21, 2024



Figure 6. The hollow structures of copper (Cu)-based chalcogenide cathodes for MIBs

(A–C) Preparation schematic(A) and SEM image(B) and TEM image(C) of CuS hollow cubes.

(D) particle size comparison curves of different CuS; (E and F) GCD curve(E) (CuS-I) and long cycling performance (F). Copyright 2019, Royal Society of Chemistry,

Reproduced with permission.84

(G) Preparation schematic of CuSe nanosheet self-assembled hollow cubes; (H) SEM image; (I) TEM image and (J) selected electron diffraction; (K) comparison of

cycling performance with CuSe nanoparticles; (L) long cycling performance. Copyright 2021, Royal Society of Chemistry, Reproduced with permission.85
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that the CuS-I with the small particle size possessed the large specific surface area of 198.474 m2 g�1. Thus, CuS-I showed the excellent elec-

trochemical performance with a reversible capacity of about 200 mAh g�1 at 0.1 A g�1, which also shows the positive effect of large specific

surface area and small particle size on the energy storage capacity (Figure 6E). It is noteworthy that all three CuS have good cycling stability

with almost no capacity loss in 50 cycles. Among which, CuS-I can be stably cycled for 200 cycles with almost no capacity loss at 1 A g�1, and

this excellent cycling performance is attributed to its excellent hollow structure (Figure 6F).

Beyond that, Cao et al.85 in 2021 used a similar approach to synthesize hollow CuSe by replacing the sulfur source with a selenium source.

They reduced the Se powder to highly reactive Se2� using NaBH4, and under stirring Se2� quickly combined with the Cu2O template to

generate a CuSe nanosheet self-assembled shell layer in the outer layer. Finally, the self-assembled morphology of the hollow CuSe sin-

gle-crystalline nanosheets was obtained after treatment by dilute hydrochloric acid (Figures 6G–6J). It obtained a stable high discharge ca-

pacity of 252mAhg�1 at 0.2 A g�1 and still maintained 170mAhg�1 after 100 cycles. In contrast, CuSe nanoparticles only obtained a discharge

capacity of 177.7 mAh g�1 and rapidly decayed to 40 mAh g�1 in 100 cycles (Figure 6K). The excellent cycling stability of the CuSe nano cubes

was attributed to the dual modulation of their huge cavities and nanosheetmorphology, where the nanosheets improved the contact with the

electrolyte and the large cavities mitigated the stress damage. In addition, the CuSe nano cubes activated to a maximum capacity of 122.7

mAh g�1 after 46 cycles at 2 A g�1 and remained at 52.6 mAh g�1 after 600 cycles, with only 0.115% decay per cycle (Figure 6L).
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Figure 7. The Atomic doping of copper (Cu)-based chalcogenide cathodes for MIBs

(A) Schematic of CuS1-xTex preparation. SEM images of (B and C) CuS0.96Te0.04, (D and E) CuS0.78Te0.22, (F and G) CuS0.77Te0.23.

(H) Cycling properties at 0.2 A g�1. Copyright 2022, American Chemical Society, Reproduced with permission.86

(I and J) Schematic of the synthesis route of pristine and Te-substituted Cu7.2S4 nanotubes (I) and TEM images (J). Copyright 2023, Elsevier, Reproduced with

permission.87

(K) Long cycling performance of Co cation co-doped CuS nanosheet cathode compared with pristine CuS. Copyright 2023, Elsevier, Reproduced with

permission.88
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Atomic doping. After a long period of exploration, researchers have found that modulating the chemical properties of anions is an impor-

tant process for improving the electrochemical properties of converted sulfur compound cathode materials. Anion substitution using some

larger anionswith higher polarization rates can greatly improve the electrical conductivity of the rawmaterial, andwidening the lattice spacing

makes the ion diffusion barrier lower. Among the chalcogen elements, Se, Te, and other elements are often used as anion doping sources due

to their large size and high conductivity, and the anion-substituted cathodematerials have shown satisfactorymagnesium storage properties.

Cao et al.86 used thioacetamide (TAA) as a sulfur source, Na2TeO3 as a tellurium source, and CuCl2 as a copper source in ethylene glycol to

rapidly synthesize Te-substituted CuS nanoflowers by an advancedmicrowave-assisted synthesis method (Figure 7A). By characterization, the

micro sheets on the surface of thematerial become smaller and densely arranged as the substitution of Te increases, which is conducive to the

increase of the specific surface area of thematerial. HRTEMand XRD show that Te substitution leads to a small enlargement of the (102) crystal

plane spacing and a significant reduction of the (110) crystal planes, which is a powerful crystal structure tuning strategy (Figures 7B–7G). The

Te-substituted CuS1-xTex nanoflowers exhibited a high stable capacity of about 270 mAh g�1 at 0.2 A g�1 and can be stably cycled for 80

cycles. Its capacity was higher than that of pure CuS nanoflakes in all 300 cycles at 0.5 A g�1, only decaying from 336.9 mAh g�1 to 114.8

mAh g�1 with a capacity retention of 34% (Figure 7H).

In recent years, Cao et al.87 did a similar research work based on the previous work. They chose a cation-rich Cu7.2S4 as the main cathode

material, and the fast and efficient Cu+ migration rate makes Cu7.2S4 more promising. On this basis, Cao et al. likewise attempted to change
12 iScience 27, 109811, June 21, 2024



ll
OPEN ACCESS

iScience
Review
the crystal structure of the initial material through the anionic substitution of Te to obtain more prominent electrochemical properties. In the

presence of microwaves, ethylenediamine was used as an etchant to evolve Cu(TU)Cl$0.5H2O precursor nanorods into Te-substituted Cu7.2S4
hollow nanotubes (Figure 7I). It exhibited an ultra-high discharge capacity of about 350 mAh g�1 after stabilization at 0.1 A g�1 and could be

stable for 60 cycles. Among them, 0.2Te-Cu7.2S4 with a molar ratio of 1:5 exhibited the highest discharge capacity and rate performance. Be-

sides, 0.2Te-Cu7.2S4 still maintains a high capacity close to 50 mAh g�1 after 2000 cycles at 2 A g�1, indicating that the anionic substitution

strategy of Te greatly enhances the long cycling capability of Cu7.2S4. In addition to anion substitution to adjust the lattice structure,

Cao’s group also explored the effect of cation co-doping on themagnesium storage properties of CuS nanoflowers during the sameperiod.88

Co-substituted Cu1-xCoxS nanosheets were synthesized by dissolving cobalt and copper salts in ethylene glycol as a bimetallic source and

adding thiourea as a sulfur source under the powerful energy of microwave. Compared with undoped CuS, Cu1-xCoxS showed shorter acti-

vation cycle with higher specific capacity. Especially, Cu0.97Co0.03S obtained the highest capacity of 300mAhg�1 after 15 cycles of activation at

0.2 A g�1, whereas undoped CuS showed 200 mAh g�1 discharge capacity only after 45 cycles. The co-doping of Co greatly improves the

Mg2+ magnesium storage kinetics of CuS and shortens the activation cycle. In the cycling test, Cu1-xCoxS exhibits a high stable capacity of

nearly 150 mAh g�1 at 1 A g�1 and maintains a high capacity of 50 mAh g�1 after 1000 cycles, showing excellent cycling performance

(Figure 7K).

Iron (Fe)-based sulfides

Pyrite (FeS2), with high natural reserves, simple synthesis, and a theoretical capacity of up to 896mAhg�1, is considered to be a very promising

high energy density cathode material for MIBs. However, there are relatively few reports on FeS2 in MIBs, and the magnesium storage mech-

anism of FeS2 is scarce. Therefore, it is necessary to develop high-performance FeS2 cathode materials and reveal the energy storage mys-

teries. Unfortunately, the FeS2 cathode material prepared by Mao et al.63 in 2020 only obtained a stable discharge capacity close to 40 mAh

g�1, exhibiting low electrochemical activity. Currently, researchers are mainly focusing on the enhancement of the electrochemical perfor-

mance of the materials through atomic doping, which is usually achieved by adjusting the ratio of precursor to dopant, and controllable

and quantitative doping can be achieved during hydrothermal or thermal treatments. Xu et al.89 hydrothermally synthesized Fe1-xCoxS2
with different Co doping ratios in a mixed solvent of DMF and ethylene glycol by adjusting the ratio of iron and cobalt sources (Figure 8A).

Various characterizations revealed that the Fe1-xCoxS2 particle size gradually decreases with increasing Co doping, the lattice spacing grad-

ually expands and the crystallinity gradually decreases. This structural evolution is conducive to increasing the electrochemically active area of

the cathode material and enhancing the electrochemical performance (Figure 8B). Meanwhile, the report proposed a non-nucleophilic

phenol-based magnesium complex (PMC) electrolyte with high sulfur genus compound matching, and the modified material obtained an

ultra-high discharge capacity of 700mAhg�1 in PMCelectrolyte system, which has exceeded themajority ofMIBs cathodematerials reported

so far, and it is of great significance for research (Figure 8C). With the increase of Co doping, the capacity was gradually increased and the

cycling ability was gradually improved. In which, Fe0.5Co0.5S2 showed a high discharge capacity of 249 mAh g�1 after more than 400 activated

process at 1 A g�1 and retained a high capacity of about 200 mAh g�1 after nearly 600 subsequent cycles, with a capacity retention rate of

80.3% (Figure 8D). It can be seen that the effect of cation doping on the modification of electrode materials is immediate, which provides

excellent modification ideas for the development of high-performance electrode materials. Most critically, the authors monitored the

Cu1.8S physical phase in the post-cycling electrodes through a series of in situ characterizations, which strongly suggests that the Cu species

on the Cu collector gradually infiltrate into the electrodematerial, providing thematerial with a continuous favorable electronic pathway. This

also provides a brand new idea for researchers to study the energy storagemechanism of sulfur genus compounds. In addition, the matching

of electrolyte and electrodematerials is a crucial issue for the development of high-performanceMIBs, and both should be taken into account

in the development of MIBs. Thus, the development of high-performance electrodematerials needs to be thought about in the development

of matching electrolyte system at the same time.90

In addition to this, Wang et al.91 synthesized FeS2 porous nanosheets by the solvothermal reaction of iron acetylacetonate with TAA in

isopropanol, and then calcined at high temperature to obtain the final S-FeS2 product (Figure 8E). According to multiple physical character-

izations, the material undergoes a partial phase transition from mica to pyrite during the calcination process with increased grain size and

enhanced crystallinity. This phase transition simultaneously gives the material both the high electrical conductivity of martensitic FeS2 and

the strong stability of pyrite FeS2, mitigating the stronger shuttle effect of the pristine FeS2 and greatly enhancing the material’s magnesium

storage properties (Figures 8F and 8G). The heat-treated S-FeS2 obtained an ultra-high discharge capacity of 580 mAh g�1 after 60 cycles at a

current density of 25 mA g�1 and remained stable for the next 20 cycles (Figure 8H). In contrast, the uncalcined FeS2 experienced an over-

charge short-circuit at 31 cycles and was less stable, while the commercial pyrite FeS2 only obtained a capacity of less than 10 mAh g�1, which

further illustrates the reported great impact on the excellent structural design of FeS2.

Cobalt-based sulfides

In addition to iron-based sulfides, cobalt-based materials also show strong application prospects in MIBs due to their abundant natural re-

serves and high electrical conductivity. In recent years, there are relatively few reports on cobalt-based materials, and a lot of research is

needed to explain their deeper mechanisms. At present, the development of electrode materials for cobalt-based sulfides mainly focuses

on nanosizing, surfactant-induced morphology formation, and compositing with carbon materials.

Cai et al.92 first applied spinel-structured Co3S4 in MIBs. They used the solvothermal reaction of Co (OAc)2$4H2O with TAA to synthesize

nanoflower spheres (Co3S4-F) in a laminated nanosheet self-assembled structure, and the thickness of the nanosheets was small at only
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Figure 8. The application of iron (Fe)-based sulfides cathode for MIBs

(A) Schematic diagram of Fe1-xCoxS2 preparation.

(B) TEM images corresponding to different doping amounts of Fe1-xCoxS2.

(C and D) cycling performance of Fe0.5Co0.5S2 at 0.1 A g�1(C) and 1 A g�1(D). Copyright 2022, Wiley-VCH, Reproduced with permission.89

(E–G) SEM images of S-FeS2 (E) and Raman spectra (F) and XPS spectra (G) of S-FeS2 and FeS2; (H) cycling performance of S-FeS2 at 25 mA g�1. Copyright 2024,

Elsevier, Reproduced with permission.91
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10 nm, which considerably shortened the diffusion of Mg2+ pathway (Figure 9A). The strategy of heat-treating the sulfurized Co3O4 pre-

cursor was also used to synthesize hierarchically mounted nanorods (Co3S4-T) and explore the Mg storage properties separately (Figure 9B).

As shown in Figure 9C, the Co3S4-F electrode obtained an excellent initial discharge capacity of 779.8 mAh g�1 in the APC/LiCl electrolyte

system at 100 mA g�1, and still maintained a 399.5 mAh g�1 even after 100 charge/discharge cycles, with a high-capacity retention rate of

51.2%. Interestingly, the capacity of Co3S4-T was only 16.9 mAh g�1 after 100 cycles. The experimental results show that the nanoscale plays

an important role in the storage capacity of Mg2+, which provides an important guideline for the preparation and development of conver-

sion cathode materials.

In addition to changing the solvent and temperature of the solvothermal reaction and using precursors to adjust the crystal morphology,

the inducing effect of surfactants in the crystal growth process is often twice as effective. Gao and co-workers93 reported a method to induce

the growth of Co0.85Se nanosheets by using CTAB as a surfactant. The Co0.85Se addedwith CTAB evolved from a bulk morphology to a nano-

sheet morphology compared with the comparison sample, and the particle size was reduced while the dispersibility was greatly increased,

which led to a significant increase in the electrolyte wettability of the material, and made a positive contribution to the enhancement of the

magnesium capacity for storage and rate performance. It is a positive contribution to the improvement of magnesium storage capacity and

rate performance. As shown in Figures 9E and 9F, Co0.85Se-CTAB showed a high capacity of 93 mAh g�1 at 0.05 A g�1, whereas the compar-

ison sample, Co0.85Se, only showed a capacity of 53mAh g�1. This result confirms our prediction based on the surfactant-modulated structure

and reveals the universality of surfactants for the performance enhancement of electrode materials.
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Figure 9. The application of cobalt-based sulfides cathode for MIBs

(A and B) SEM images of granular Co3S4-F(A) and rod Co3S4-T samples (B).

(C and D) GCD curves of granular Co3S4-F (C) and rod-like Co3S4-T (D). Copyright 2022, Elsevier, Reproduced with permission.92

(E and F) Constant-current charge-discharge curves of Co0.85Se (E) and Co0.85Se-CTAB (F) at 50 mA g�1.

(G) ex situ XRD patterns of the Co0.85Se-CTAB cathode under different charging and discharging states; (H) Schematic representation of the Mg storage

mechanism of Co0.85Se. Copyright 2022, Elsevier, Reproduced with permission.93

(I) Schematic representation of the preparation of hollow Co0.85Se/CNTs.

(J) TEM, HRTEM, and selected electron diffraction images of Co0.85Se/CNTs.

(K) GCD curves of Co0.85Se/CNTs at 50 mA g�1.

(L) Comparison of cycling performance of Co0.85Se/CNT and Co0.85Se at 50 mA g�1.

(M) Long cycling performance of Co0.85Se/CNT and Co0.85Se at 200 mA g�1. Copyright 2022, Elsevier, Reproduced with permission.94
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Metal-organic frameworks (MOF) are widely used as ideal precursors for the preparation of composites of metal compounds with car-

bon materials due to their controllable morphology and the homogeneous dispersion of metal atoms within the organic matrix,95–99 it is

reflected in many types of batteries. For example, Xu et al.100 prepared three carbon-coated metal selenides by a simple two-step calci-

nation method using octahedral Cu-MOF, rod-shaped Fe-MOF, and hollow spherical Ni-MOF, respectively, and obtained satisfactory

properties in SIBs. Hu et al.101 creatively grew a layer of ZIF-67 on the surface of ZIF-8, which was converted to a ZnSe-NC@CoSe-NC

core-shell structure during high-temperature selenation and obtained excellent performance in SIBs and PIBs, which are sufficient to

show the irreplaceable advantages of MOF as precursors. Chen and co-workers94 also attempted to compound the carbon material

with Co0.85Se in a unique way to enhance its properties (Figure 9I). They innovatively added carbon nanotubes (CNTs) to the cobalt

salt precursor solution of ZIF-67, and after aging obtained a composite structure of carbon nanotubes interspersed in ZIF-67, which main-

tained the original morphology of polyhedral cages during liquid-phase salinization and transformed into hollow Co0.85Se penetrated by

carbon nanotubes (Figure 9G). As shown in Figures 9K–9M, the Co0.85Se/CNTs composite in MIBs obtained a high discharge capacity

close to 200 mAh g�1 after 20 activations at 50 mA g�1 and could be stably cycled for 500 cycles at 200 mA g-1 with a capacity retention

of 76%, which was much higher than that of the Co0.85Se without CNTs.
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Figure 10. The application of nickel (Ni)-based sulfides cathode for MIBs

(A and B) TEM image (A), HRTEM image of Ni3Se4 nanoparticles (B).

(C) Comparison of cycling capacity between Ni3Se4 and Ni3Se4-Py.

(D) The calculated diffusion barrier and diffusion path of Mg2+ in Ni3Se4.

(E) The total state density (TDOS) of Ni3Se4 and MgNi3Se4. Copyright 2020, American Chemical Society, Reproduced with permission.108

(F–H) TEM image (F), HRTEM image (G), EDS element mapping(H) of NiS2.

(I and J) GCD curves at different stages at 50 mA g�1(I) and different current densities (G).

(K and L) ex situ XRD pattern of NiS2(K) and (L) Schematic diagram of DFT results. Copyright 2022, Elsevier, Reproduced with permission.109
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Nickel (Ni)-based sulfides

As a new generation of emerging batteries, there are relatively few reports on the cathode materials for MIBs, and a large portion of the sub-

stances that have been widely used in other fields have not been verified for their feasibility in MIBs. For example, nickel-based sulfides are

known to have a wide range of applications in catalysis,102,103 LIBs,104,105 and supercapacitors (SCs),106,107 but there are only a few reports on

nickel-based sulfides as cathode materials in MIBs, which need to be further explored and investigated by researchers. In 2020, Wei et al.108

used Ni3Se4 as the cathode material for MIBs for the first time, which used alkaline hydrothermal method to prepare Ni3Se4 with a small par-

ticle size (10–20 nm) (Figures 10A and 10B). For comparison purposes, Ni3Se4 with a slightly larger particle size (Ni3Se4-Py) was prepared by

replacing the solvent with pyridine. As shown in the Figure 10C, Ni3Se4 nanoparticles show a stable specific discharge capacity of 80 mAh g�1

at 50 mA g�1, and can be stable 100 cycles. In contrast, Ni3Se4 (Ni3Se4-Py) has a much lower discharge capacity, only <10 mAh g�1. The huge

difference in discharge capacity directly illustrates the great changes brought about by nanoization inMIBs electrodematerials. First-principle

calculations show that when Mg2+ is embedded in Ni3Se4 crystals, the diffusion energy barrier of 1.35 eV must be overcome, which results in
16 iScience 27, 109811, June 21, 2024
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slow intercalation kinetics. Nanoization can greatly reduce the diffusion distance ofMg2+ and greatly reduce the energy required for diffusion,

which is a very effective and feasible strategy (Figures 10D and 10E).

In addition, Wang et al.109 used hollow spheres assembled from NiS2 nanoparticles as cathode materials for MIBs. DFT calculation shows

that the theoretical magnesium storage capacity is as high as 436 mAh g�1, which has a very broad application prospect (Figure 10L). They

formed a homogeneous solution of nickel acetyl acetone and TAA in ethanol, whichwas then curedby solvothermal reaction throughOstwald

to form a particle self-assembled NiS2 hollow sphere (Figures 10F–10S). The nanoparticles provide a large contact area with the electrolyte,

while the hollow structure provides a large buffer space for the volume expansion of thematerial during circulation. As shown in the Figure 10I,

the NiS2 hollow sphere still exhibits up to 300 mAh g�1 after 100 cycles at 50 mA g�1, reaching 68.8% of the theoretical capacity, which is

enough to show the great advantages of its structure.

Overall, unlike the severe shuttle effect of sulfur monomers, the main reason for the slow Mg storage kinetics of transition metal sulfur

compounds cathode materials are due to the strong Coulombic forces between the high charge density and the host material making the

insertion/de-insertion and diffusion of Mg2+ into the host material exhibit sluggish and slow kinetics. This is subjectively usually manifested

with the extraordinarily long activation period of MIBs, which also greatly increases the degree of difficulty in the development of MIBs. To

alleviate this problem, we can often employ the synthesis of nanoscale materials with small particle sizes to reduce the total diffusion path of

Mg2+ through the material and reduce the amount of energy required to drive Mg2+. This can often be achieved using reduced solution con-

centrations for hydrothermal/solvent thermal. In addition to this, more advanced gas phase deposition methods can be applied to prepare

small particle size transition metal sulphides. In addition to particle size reduction, the preparation of ultrathin microchip materials may also

achieve such results. However, themost suitable particle size for magnesium storagematerials is still vague, with no specific studies reported,

and requires in-depth exploration by researchers.
SUMMARY AND OUTLOOK

In summary, we reviewed the recent reports on the application of a variety of sulfur conversion cathodematerials (S, Se, Te, Cu-based and Fe-

based sulfides, etc.) for MIBs cathode materials from the perspective of microstructure design. Sulfur conversion cathode materials with low

preparation cost and excellent conversion capacity are considered as the key conversion cathode materials to achieve high energy density

MIBs. However, the low coulombic efficiency and rapid capacity decay of chalcogenide cathode materials are usually due to their poor elec-

trical conductivity and volume expansion caused by repeated phase conversion during cycling. In order to solve these intractable problems,

researchers have made a lot of attempts frommany aspects, among which the modification of microstructure is found to be a low-cost, quick

effect modification strategy, the specific conclusions are as follows: (1) nanoscale; due to the strong coulombic force between Mg2+ and the

cathode material due to the large radius of Mg2+ and the structural characteristics of carrying two charges, the diffusion of Mg2+ needs to

overcome the huge diffusion energy barrier, which leads to the slow kinetics and low capacity of MIBs. By changing the experimental con-

ditions (such as the solvent in the solvent-thermal reaction, etc.), the researchers prepared nanoparticles with small particle size, greatly

reduced the diffusion path ofMg2+, reduced the energy required forMg2+ diffusion, and greatly improved the reaction kinetics. (2) Nanosheet

self-assembly; by introducing surfactants or changing solvents in the liquid phase reaction system, the growth rate of the crystal surface can be

partially inhibited, and the nanoflowermorphology with a large number of folds can be obtained. Due to a large number of exposed folds, the

contact between the morphology and the electrolyte becomes more fully, which greatly activates the active sites that are usually difficult to

react. At the same time, because the folds are usually ultra-thin nanosheets, this has a supporting effect on the structure, and also plays a

similar role to the nanoparticles, shortening the diffusion path of Mg2+. (3) Atomic doping; researchers have found that the chemical prop-

erties of cations and anions are important factors to improve the electrochemical properties of converted sulfur compound cathodematerials.

The conductivity of raw materials can be greatly improved by anion substitution with some large volume and high polarizability cations, and

the ionic diffusion barrier can be reduced by widening the lattice spacing. Among chalcogenides, Se, Te, and other elements are often used

as anion doping sources due to their large volume and high conductivity, and the cathode materials replaced by ions also show satisfactory

magnesium storage performance. (4) Hollow structure; researchers usually use the template method or Oswald curing to prepare the hollow

structure of sulfides, hollow structure because of the huge volume cavity provides a huge buffer space for the volume expansion, can with-

stand the characteristics of large cycle stress, is considered to be one of the effective strategies to improve the cycle performance of electrode

materials. In addition, special morphologies such as nanosheets may appear in the process of sulfuration/selenization on the surface of the

template, so that the excellent morphology of the hollow cage assembled by the nanosheets can be obtained after the removal of the tem-

plate. The large cavity and the morphology of the nanosheets can double regulate the function, so the nanosheets can improve the contact

with the electrolyte, and the large cavity can alleviate the stress damage. (5) Composite with carbonmaterials; based on the previous excellent

structure and a variety of conductive Cmaterials, such as rGO, carbon nanotubes (CNTs), etc., to improve the dispersion of the nanostructure

at the same time, improve the electrical conductivity of the material, accelerate the ion conduction of the material. At present, the main prep-

aration methods of C composites include in situ growth, precursor derivation, carbon coating, and so on.

In short, the wide application of sulfur conversion cathode materials in MIBs and various modification strategies make it a key material to

achieve high energy density. Based on the high specific capacity and cyclic stability of sulfur conversion materials, the future modification can

be carried out from the following aspects: Firstly, the nanoparticles can greatly shorten the diffusion path ofMg2+, but it faced serious agglom-

eration problems during the preparation process, which makes it difficult to obtain the desired structure. To solve this problem, researchers

can try to prepare metal chalcogenides quantum dots for magnesium storage. The ultra-small size of quantum dots can greatly improve the

utilization rate of electrodematerials. At present, there are very few reports onmagnesium storage of quantumdots.110 Secondly, the types of
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electrolytes currently used for MIBs are too rare recently, and they are extremely sensitive to air and water, have high requirements for the

battery assembly environment, and low the matching degree with the cathode material, which seriously limits the further improvement of

the performance of sulfur conversion cathode materials. Thus, researchers should focus on the development of electrolytes that are highly

matched with sulfides. In the development of MIBs, both electrode and electrolytes should be considered carefully. In the development

of high-performance electrode materials, it is also necessary to consider the development of matching electrolytic liquid system. In addition

to this, most of the MIBs cathode materials are currently prepared in small systems with stringent reactions, which greatly hinders the large-

scale production and commercialization of MIBs. So, we have to shift the research focus toward the preparation method with high yield, re-

searchers can try to prepare transition metal sulfur compounds by one-step calcination of precursors. Chitosan, PVP, etc. can be used as the

precursor of carbon in thematerial, and by controlling the amount of metal salts and non-metal sources added, it is possible to prepare foam-

ing porous carbon substrate loaded with transition metal sulfur compounds of composites. This preparation method not only allows easy

nanosizing of the compound particles, but also provides a conductive network and rigid protection for the cycling of the compounds at

the same time, which may be an optimal solution for high volume production. However, there are few relevant reports in MIBs, which are

worthy of researchers’ design and attempts.

Besides, if we look beyond the traditional electrode materials to the whole battery system, we will find that the Cu collector is also an

important component of the energy storage of sulfur compounds, and the Cu species in the Cu collector reacts with polysulfides/polysele-

nides to generate copper sulfide or copper selenide into the activematerial, which gradually and reversibly transformswith the activematerial

to stimulate the electrochemical performance of the electrode material. Therefore, in terms of motivation we place our research focus on the

system of collector and active material. It is possible to design the surfacemicromorphology of Cu collector to stimulate the magnesium stor-

age performance of sulfur compounds to a great extent.

The development of MIBs is still in the exploratory stage, and there are many challenges to be explored and solved. The current research

progress shows that researchers can effectively modify the structure of chalcogenide and transition metal chalcogenides to achieve excellent

magnesium storage properties.
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