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a b s t r a c t 

With wide application of electric vehicles and large-scale in energy storage systems, the requirement of 

secondary batteries with higher power density and better safety gets urgent. Owing to the merits of high 

theoretical capacity, relatively low cost and suitable discharge voltage, much attention has been paid to 

the transition metal sulfides. Recently, a large amount of research papers have reported about the appli- 

cation of transition metal sulfides in lithium ion batteries. However, the practical application of transition 

metal sulfides is still impeded by their fast capacity fading and poor rate performance. More well-focused 

researches should be operated towards the commercialization of transition metal sulfides in lithium ion 

batteries. In this review, recent development of using transition metal sulfides such as copper sulfides, 

molybdenum sulfides, cobalt sulfides, and iron sulfides as electrode materials for lithium ion batteries 

is presented. In addition, the electrochemical reaction mechanisms and synthetic strategy of transition 

metal sulfides are briefly summarized. The critical issues, challenges, and perspectives providing a fur- 

ther understanding of the associated electrochemical processes are also discussed. 

© 2018 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published 

by Elsevier B.V. and Science Press. All rights reserved. 
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. Introduction 

With growing consumption of non-renewable fossil fuels and

ncreasing demand for energy since 1900s, it is an urgent task

o explore and develop sustainable energy such as solar, wind,

uclear power. In this regard, the rechargeable battery systems

re playing a vital role in the storage of energy harvested from

forementioned renewable power. Since the commercialization of

ithium ion batteries (LIBs) in 1991, the LIBs have been widely ap-

lied in various electric devices due to the portability, no mem-

ry effect, high volume energy density, low self-discharge and

ong cycle life [1–3] . However, recent emergence of electric ve-

icles (EVs) and hybrid electric vehicles (HEVs) requests storage

ystems with higher energy density. The electrochemical perfor-

ances of batteries have a close relationship with the electrode

aterials, searching suitable electrode materials has become the

ey point to improve the energy density of batteries. Ever since the

IBs were commercialized, the commercial graphite has been the

rominent choice as the anode material. Although it exhibits many

dvantages, its shortcomings such as formation of lithium den-

rite cannot be neglected, impeding its further application in high-

ower electric devices. As an alternative to the graphite anode, the

i 4 Ti 5 O 12 with high structural stability has been widely investi-

ated. Nevertheless, the low theoretical capacity ( ∼175 mAh g −1 )

nd poor electrical conductivity of Li 4 Ti 5 O 12 hinder its widespread

se, which is far from the requirement of high energy density in

Vs and HEVs. Therefore, it is of significant necessity to exploit and

esearch new-type anode materials. 

As one of anode candidates, (de)intercalation/conversion

eaction-based transition metal sulfides (TMSs) have drawn grow-

ng attention because of their high theoretical capacity, low-cost

nd environmental-friendliness [4–8] . Compared to the graphite

node, the voltage platform of TMSs is usually above 1.0 V, which

voids the formation of lithium dendrite and ensures the high

afety. The theoretical specific capacity and electrical conductivity

f TMSs are much higher than those of Li 4 Ti 5 O 12 . Those attracting

dvantages show that the TMSs can be the competitive candidates

or next-generation anode materials. 

Despite these advantages, the strong structural re-organization

uring (de)lithiation causes large volume change, leading to pul-

erization and peeling off from the current collector. The loss of ac-

ive materials and side reactions with electrolytes also deteriorate

he performances of TMSs. The poor ionic/electronic conductivity

f TMSs, especially for the discharged product (Li 2 S), hampered

heir high-power performances. In order to solve these problems,
umerous effort s have been paid and many out st anding works

ave been reported [5,9] . In this review, we generalize the state-

f-art researches and progress of TMSs materials for the LIBs, par-

icularly focus on the discussion about the reaction mechanism, the

utline of synthesis methods and their application in LIBs. 

. Characteristic and electrochemical reaction mechanism of 

MSs in LIBs 

Although the TMSs are known as conversion reaction-based

aterials, there are still some confusing and disturbing points,

specially involving different cut-off voltages. It is different from

ost oxides that theoretical potentials of electrochemical reactions

f most TMSs usually take place above 1.0 V [10] . As anode mate-

ials, the capacity of TMSs can be fully released even if the cut-

ff voltage is set as 1.0 V. In fact, most researchers tend to choose

ower cut-off voltage to pursue higher capacity sacrificing the ini-

ial Coulombic efficiency (usually below 70%). As we know, there

s an intimate connection between the electrochemical properties

nd material structure. In this section, the lithium storage mech-

nism of TMSs will be briefly discussed according to the voltage

indows (1.0 ∼3.0 V and 0.01 ∼3.0 V). 

.1. Lithium storage mechanism of TMSs between voltage windows of 

.0 ∼3.0 V 

Since the (de)intercalation/conversion reaction-based TMSs are 

ainly discussed here, the discussion of (de)intercalation reaction-

ased TMSs such as Ti-S, W-S and V-S will be neglected, which can

e found in the specialized review [11] . 

It is well acknowledged that, even for the (de)intercalation/

onversion reaction-based TMSs, the lithiation processes are di-

ided into two parts: the (de)intercalation process ( Eq. (1) ) and the

onversion reaction ( Eq. (2) ). 

 a S b + x Li → Li x M a S b (1)

 a S b + 2b Li → aM + bLi 2 S (2)

The (de)intercalation process has been proved by many

esearchers via physical and electrochemical characterization 

12–16] . In this process, the transition phases (Li x MS) are formed

ith maintaining crystal phase. The capacity in this stage is de-

endent on the particle size of active material. The particles of

maller size with high specific surface area will provide more

de)intercalation sites, contributing to higher capacity. It is noted

hat there is a debate about the two-step reaction mechanism

f CuS. One argues that the Li x CuS is formed in the first step

hile the other proposes that the CuS is reduced to Cu 2 S [13,17] .

arly in 2002, Chung and Sohn studied the electrochemical behav-

or (mainly the initial discharge process) of CuS in two different

ut-off voltage ranges (1.5 ∼2.6 V and 1.8 ∼2.6 V) via ex-situ XRD

ethod [18] . They pointed out that, between 1.5 ∼2.6 V, the CuS

uffers from two-step reduction reactions. The first step happened

t about 2.1 V, ascribing to the formation of Li x CuS intermediate.

he other at around 1.7 V belonged to the further reduction of Cu x S

o Li 2 S and Cu. The cycling performance of CuS between 1.5 and

.6 V was dissatisfied because of the irreversible second step reac-

ion, whereas the electrochemical reaction became much more re-

ersible if discharged to 1.8 V. Recently, Kalimuldina and Taniguchi

lso investigated the behavior of CuS with high phase purity with

ifferent current collectors and with/without the interlayer [13] .

hey found that the severe capacity fading of CuS in the 1st cy-

le was ascribed to the difficulty in forming high-crystallinity CuS,

eading to lose some charge capacity. The following capacity fad-

ng was related with the dissolution of unreacted Li 2 S x in the elec-

rolyte. These problems could be well addressed using the current
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Fig. 1. Schematic illustration of the cell fabrication consisting of stoichiometric CuS 

cathode electrode coated on a Cu foil current collector, CFP interlayer, separator and 

lithium metal. Reproduced with permission Ref. [13] . Copyright 2017, Royal Society 

of Chemistry. 
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collector and introducing a carbon fiber paper (CFP) as an inter-

layer ( Fig. 1 ). 

Another fantastic TMS is Cu 2 S. A pair of flat charge and dis-

charge plateaus can be observed after cycling several cycles. Be-

sides, Cu 2 S is more electrochemically stable than that of CuS, as

discussed in the mechanism section [13] . The last but not the

least, since the ionic radius (0.077 nm) of Cu(I) ion is very close

to that (0.076 nm) of Li(I) ion, and the calculated cell volume of

Cu 2 S (Fm ̄3 m, fcc) is 0.17332 nm 

3 , which is very close to that

(0.18629 nm 

3 ) of Li 2 S (Fm ̄3 m, fcc) [21] .The similarity between

Cu 2 S and Li 2 S may give Cu 2 S special electrochemical properties

such as low volume expansion during charge and discharge ( Fig.

2 a–2 c). Due to the unique electrochemical behavior of copper sul-

fides, Jache and co-workers proposed that the reaction mechanism

of Cu 2 S was rather displacement than conventional conversion, as

shown in Fig. 2 (e) [20] . Using the in-situ TEM technique, McDow-

ell et al. also observed the extrusion of Cu when the cell was fully

discharged ( Fig. 2 f), further confirming the unique electrochemical

behavior of Cu 2 S compared with its other counterparts [22] . In our

previous study, we also demonstrated that adding excess amount

of copper was able to significantly improve the cycling stability of

copper sulfides despite of the current collector [23] . Another in-

teresting case is MoS 2 . Although it belongs to the family of two-

dimensional layered materials, it suffers from different lithiation

processes, depending on the cut-off voltages. At above 1.8 V, the

lithiating intermediate (Li x MoS 2 ) forms and the lower discharge

plateau at ∼ 1.2 V respects the formation of Li 2 S and metal Mo,

in which the conversion reaction is irreversible [16,24] . 

Based on the Eq. (2) , the theoretical specific capacities of dif-

ferent TMSs can be calculated [10] . Regarding to this process, the

conversion reaction seems to be affirmed via in/ex situ TEM/XRD

characterization [19,22,25,26] . One of intriguing phenomenon is

the formation of Cu dendrite [22] . Rather than the conventional

conversion reaction taking place in nano-domains, the behavior of

Cu 2 S with Li is more like displacement, in which the large copper

dendrites surround a Li 2 S matrix after fully discharge [19,20] . Mc-

Dowell et al. considered that this unique extrusion phenomenon

would emerge when two requirements were met: (1) a similar

structural relationship between initial and final phases to allow a

desirable kinetic transformation, (2) fast ion diffusion coefficient in

the matrix. In previous study, we analyzed the structural similar-

ity among CuS, Cu S and Li S, finding that both the space group
2 2 
nd cell volume of Cu 2 S and Li 2 S were surprisingly similar. This

imilarity may account for the impressive electrochemical perfor-

ances of Cu 2 S [23] . The biggest disadvantage of choosing the nar-

ow voltage window between 1.0 and 3.0 V is the low releasing

apacity compared with that of cycling between 0.01 and 3.0 V.

owever, the decomposition of electrolytes can also be avoided

nd the high initial Coulombic efficiency is achieved in this volt-

ge window, which is similar with that of Ti-based anode materials

27–30] . 

.2. Lithium storage mechanism of TMSs between voltage windows of

.01 ∼3.0 V 

In most cases, low cut-off voltages such as 0.1 or 0.01 V will

e preferably chosen for the TMSs [31–34] . Due to the deep dis-

harge, more capacity can be achieved, especially in the initial dis-

harge. Nevertheless, the inevasible large initial Coulombic ineffi-

iency is also observed [3] . Different from the (dis)charge plateau

elonged to conversion reaction at above 1.0 V, the long and sloped

lateau is usually considered to be related with: (1) the interfa-

ial charge between metallic nanoparticles and the Li 2 S matrix, (2)

he decomposition of electrolytes (forming SEI film). This behav-

or may resemble those of metal oxides behaving at low voltage

35–37] . The initial Coulombic efficiency is relatively low (usually

ower than 70%), which has become one of greatest problems hin-

ering the practical application. About the electrochemical behav-

ors at the low voltage, there is lack of sufficient and systematic

tudy, which deserves to draw on researches of TMSs. 

. Synthesis strategies for TMSs 

.1. Hydro/solvothermal methods 

The hydro/solvothermal methods can be defined as a synthetic

ethod of crystals that depends on the solubility of minerals in

ot water/solvent under high pressure. Owing to the advantage

f cost-efficient and environmentally friendly, the hydrothermal

r solvothermal methods have been intensively investigated. In

eneral, the materials synthesized by hydro/solvothermal meth-

ds manifest the features of high crystallinity, high phase purity,

arrow particle size distributions, controllable size and morphol-

gy etc. For example, MoS 2 nanoflowers, MoS 2 microspheres, MoS 2 
anoflakes, MoS 2 nanoplates, MoS 2 /C, MoS 2 nanosheets/CNT and

oS 2 /graphene composites have been successfully prepared by the

ydro/solvothermal methods [38–45] . 

Yuan et al. [38] applied a hydrothermal route to synthesize

D flowerlike MoS 2 powders with the assistance of ionic liq-

id 1–butyl–3-methylimidazolium tetrafluoroborate ([ BMIM ][BF 4 ]).

he MoS 2 nanoflowers showed lithiation/delithiation activity when

nvestigated as anode for LIBs. Feng et al . [39] prepared MoS 2 
anoflakes by a hydrothermal method. The MoS 2 nanoplates were

ynthesized by a scalable, simple, one-pot reaction using solvother-

al method by Hwang et al. [40] . As reported by Ding et al . [41] ,

ierarchical MoS 2 microspheres composed of ultrathin nanosheets

ere prepared by a hydrothermal method. As-prepared sample

xhibited promising lithium storage properties, showing excellent

ate capability and cyclic capacity retention. As reported by Wan

t al. [42] , the hierarchical MoS 2 quasi-hollow microspheres with

orous carbon embraced inside, which can also be described as

ore-shell C@MoS 2 microspheres, were synthesized by a facile

ydrothermal methods. As-prepared C@MoS 2 microspheres man-

fested outstanding cycling performance and rate behavior when

sed as anode material for lithium-ion batteries. The layered

oS 2 /graphene (MoS 2 /G) composites were synthesized by an l -

ysteine-assisted hydrothermal method, which was reported by

hang and Chen [43] . 
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Fig. 2. Structure of Cu 2 S along (a) [100] and (c) [001] directions associated, Li 2 S structures along (b) [110] and (d) [001] directions. Reproduced with permission Ref. [19] . 

Copyright 2006, Elsevier. (e) Schematic drawing of the difference between conversion and displacement reactions. Reproduced with permission ref. [20] . Copyright 2014, 

Elsevier. (f) Transformation of Cu 2 S before and after cycling. Reproduced with permission Ref. [22] . Copyright 2015, American Chemical Society. 

Fig. 3. (a) Microwave interactions with different types of materials: (A) conduc- 

tive material, (B) insulating material, and (C) absorbing material. Reproduced with 

permission [46] . Copyright 2014, DeepDyve. Two main heating mechanisms under 

microwave irradiation: (b) dipolar polarization; (c) ionic conduction mechanism. Re- 

produced with permission [47] . Copyright 2010, Royal Society of Chemistry. 
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Fig. 4. Schematic illustration of the formation of CuS-G. Reproduced with permis- 

sion [48] . Copyright 2016, Elsevier. 
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.2. Microwave-assisted synthesis 

The microwave irradiation is an electromagnetic radiation with

he frequency range 0.3 ∼300 GHz, corresponding to wavelengths of

 mm to 1 m. Microwave-assisted synthesis bases on the efficient

eating ability of specific material to absorb microwave energy and

o convert microwave energy into heat [46] . The heating mecha-

ism of microwave-assisted synthesis can be summarized into two

ifferent processes, namely dipolar polarization and ionic conduc-

ion ( Fig. 3 ) [47] . As is often the case, a polar solvent like water,

thanol or acetone is used as the reaction solvent, and the dipolar

olarization is the main heating mechanism of microwave-assisted

ynthesis [47] . The CuS/graphene (CuS-G) composite, binary α-NiS-

-NiS, binder-free CuS, FeS 2 and Ni 3 S 2 /NiS electrodes, MoS 2 /WS 2 -

GO composites etc. are rapidly synthesized by the microwave-

ssisted methods [48–51] . 

The binary α-NiS- β-NiS has been prepared by a rapid, one-pot

icrowave-assisted hydrothermal autoclave method within 15 min

s reported by Idris et al . [49] . According to Youn et al. [51] , the
oS 2 /WS 2 -rGO composites were fabricated by an ultrafast hybrid

icrowave annealing method. Xiao et al. [50] reported that the

inder-free CuS, NiS/Ni 3 S 2 , FeS 2 and Co 9 S 8 electrodes with various

orphologies were in situ synthesized on the according metal foils

n the presentence of sulfur by a simple microwave irradiation ap-

roach. In the paper of our group, the CuS/graphene (CuS-G) com-

osite was fabricated by one-pot microwave irradiation method

nder ambient conditions using a domestic microwave oven

 Fig. 4 ) [48] . 

.3. Spraying-related methods 

The spraying-related methods in this part include the spray

yrolysis, spray deposition and spray drying method. With spray

ozzles, the spraying-related methods can spray out liquids and

repare particles efficiently. The spraying-related methods are usu-

lly applied to prepare nanostructured metal sulfides with spher-

cal morphology [52] . Up to now, the non-stoichiometric Cu 2 S x ,

oS 2 /carbon/graphene composite, nickel sulfide and nickel sulfide-

arbon composites, WS 2 -carbon microspheres and so on have been

abricated successfully by the spray-related methods [44,53–55] . 

The non-stoichiometric Cu 2 S x has been prepared via a spray

yrolysis method by Kalimuldina and Taniguchi [53] . When the

ynthetic material was coated on Cu foil current collector, it

howed fine cyclic performance and good rate capability. Liu

t al. [44] used a hydrothermal approach combined with the spray-

ng coagulation process and calcination step to get composite mi-

rospheres consisting of molybdenum disulfide, amorphous carbon,

nd reduced graphene oxide (MoS 2 -AC-rGO). Son et al. [54] pre-

ared nickel sulfide-carbon composites and bare nickel sulfide by

ne-pot spray pyrolysis method ( Fig. 5 ). In the case of nickel

ulfide-carbon composites, a few nanometers the nickel sulfide
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Fig. 5. Mechanisms of formation of the nickel sulfide-carbon composite powders in the spray pyrolysis system [54] . Copyright 2014, Elsevier. 

Fig. 6. Schematic illustration of the fabricated flexible and conductive paper using RGO/Co 9 S 8 . Reproduced with permission [56] . Copyright 2015, Royal Society of Chemistry. 
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nanocrystals were embraced inside the spherical carbon matrix.

The various types of yolk-shell-structured metal sulfide powders

can be fabricated by the simple two-step process. The WS 2 -carbon

composite powders were fabricated by a two-step spray pyrolysis

process by Choi et al. [55] . 

3.4. Other methods 

Other methods have also been developed to synthesize metal

sulfides. A ball mill is a type of grinder used to grind and blend

materials, and the ball milling method can be applied in mineral

dressing, paints, ceramics etc. The ball milling owns the strengths

of simple raw materials and high efficiency, and it can be used in

large scale production. Wang et al . [56] reported a simple high

energy ball-milling technique together with vacuum filtration to

fabricate a highly flexible, conductive and free-standing rGO/Co 9 S 8 
nanocomposite paper which could be directly used as a free-

standing anode for flexible LIBs ( Fig. 6 ). Han et al. [57] synthesized

nickel sulfide by ball milling method. As-prepared material was

tested by assembling LIBs, showing fine electrochemical perfor-

mance. Yersak et al. [58] demonstrated an all-solid-state electrode

with a maximum specific energy of 928 Wh kg −1 . The active ma-

terial used in this electrode is FeS 2 made by a ball milling method.

The electrospinning is also widely applied to fabricate porous ma-

terials with fiber- or tube-like morphologies. Zhu et al. [59] de-

veloped a FeS 2 @carbon fiber electrode with FeS 2 nanoparticles at-

tached to or embedded in the carbon fibers using an electrospin-
ing method. In the work by Zhang et al. [60] , the flexible hybrid

embranes with nickel sulfide (NiS) nanoparticles uniformly an-

hored on the electrospun carbon nanofibers (CNFs) were prepared

s binder-free anodes for high-performance LIBs. Through a combi-

ation of electrospinning, high-temperature carbonization and the

olvothermal reaction, the self-standing membranes of porous car-

on nanofiber (PCNF)@MoS 2 core/sheath fibers was facilely ob-

ained, which was reported by Miao et al. [61] . 

. TMSs application in LIBs 

.1. Copper sulfides 

As the member of TMSs, copper sulfides have been attracting

he attentions of researchers. Since copper sulfides contains a se-

ies of (non)stoichiometric formulas, CuS and Cu 2 S are chosen as

he typical copper sulfides in this review to further illustrate the

esearch progress [62] . 

.1.1. CuS 

Benefiting from the two-electrons electrochemical reaction

CuS + 2Li + + 2e −→ Li 2 S + Cu), the theoretical specific capacity of

uS reaches 560 mAh g −1 . To improve the electrochemical per-

ormance, two kinds of strategies are usually adopted to allevi-

te the issues such as volume expansion, electronic insulating na-

ure of discharge product (Li 2 S): nano-construction and complex-

ng. Constructing nano-structures has been a common way in the
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Fig. 7. SEM images of (a) Cu foam, (b, c) hybrid network CuS monolith cathode. (d) XRD pattern of CuS cathode. (e) Cycle performance at 0.2 C (112 mA g −1 ), along with 

a proposed schematic diagram of CuS cathode for improving capacity (the insets are SEM images of CuS cathode before cycling and after 100 cycles). (f) Rate capability at 

different current rates from 0.1 to 1 C. Reproduced with permission [63] . Copyright 2014, Elsevier. 
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ase of (de)intercalation/conversion reaction-based materials since

t can effectively address the volume expansion problem. Cheng et

l . [63] synthesized hybrid network CuS materials via in situ melt

iffusion method. The binder-free CuS cathode showed relatively

ow initial discharge capacity of 185.1 mAh g −1 , whereas a capac-

ty of 468.3 mAh g −1 was obtained after 100 cycles. The authors

roposed a model to explain that the recovering capacity was re-

ated with the stepwise utilization of active material and a reduced

issolution of polysulfides ( Fig. 7 ). 

One dimensional nanostructure is another option since it can

uarantee desirable electronic conduction along the axial direc-

ion and shorter ion diffusion pathway [64,65] . Besides, it al-

ows for better accommodation of volume change during reversible

harge and discharge processes [21] . Feng et al. [64] prepared

uS nanowire bundles via a template-free solvothermal method

 Fig. 8 a). The initial releasing capacity reached 831 mAh g −1 at

.2 C (1 C = 560 mA g −1 ) with corresponding Coulombic efficiency

f 62.3%. After 100 cycles, the reversible capacities were about 570

nd 200 mAh g −1 at 0.2 and 4 C ( Fig. 8 b), respectively. Likewise,

he CuS nanorod prepared by Li et al. ( Fig. 8 c) and Zhou et al.
 Fig. 8 e) also showed excellent cycling stability, as shown in

ig. 8 (d) and 8(f) [21,65] . 

Carbon materials such as carbon nanotube (CNT), graphene, re-

uced graphene oxide (rGO) are known to exhibit numerous chem-

cal and physical advantages including high electronic conductivity,

echanical strength and structural flexibility [66] . For the metal

ulfides suffering from volume change and poor electronic con-

uctivity nature, complexing with carbon materials seems a de-

ent choice to improve the electrochemical performance. Tao et al.

67] obtained CuS/graphene composite via a one-pot hydrothermal

ethod. Compared with the pristine CuS, the CuS/graphene com-

osite showed improved cycling stability and higher reversible ca-

ability. At the current density of 50 mA g −1 , the composite re-

ained about 296 mAh g −1 after 25 cycles, while the capacity

f pristine CuS dropped to 50 mAh g −1 after 10 cycles. Wang

nd co-workers [68] successfully prepared the CuS/rGO compos-

te. At 500 mA g −1 , the composite showed a reversible capacity

f 390 mAh g −1 after 200 cycles. Our group [48] also synthe-

ized the CuS/graphene ( Fig. 9 a and 9 b) via a facile microwave-

ssisted method. The CuS/graphene showed higher reversible
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Fig. 8. SEM images of (a) CuS nanowires and (b) corresponding cycling performance at 112 and 2240 mA g −1 . Reproduced with permission [64] . Copyright 2014, Elsevier. (c) 

CuS nanorods and (d) cycling performance at 100 mA g −1 . Reproduced with permission [21] . Copyright 2014, Wiley. (e) CuS rod and (f) cycling performance at 112 mA g −1 . 

Reproduced with permission [65] . Copyright 2016, Elsevier. 
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capacity compared with the pure CuS electrode ( Fig. 9 c). At the

high current density of 2 A g −1 , the CuS/graphene remained

at 348 mAh g −1 after 10 0 0 cycles, displaying excellent cycling

stability. Further measurements showed that the introduction of

graphene is beneficial to improve the reaction kinetics and to re-

duce the impedance of cells. Besides introducing graphene-like car-

bon materials, CNT is regarded as a good conductive network to

improve the performance. In our recent work, we prepared 3-

dimensional CNTs network/CuS (CuS/CNTs) composite ( Fig. 9 f) [69] .

Through introducing the CNT network, the utilization ( Fig. 9 g) and

the reaction kinetics of CuS were greatly improved, leading to im-

proved cycling stability and rate capability. After 450 cycles, the

CuS/0.5CNT released a reversible capacity of 558 mAh g −1 , whereas

the pristine CuS dropped to 295 mAh g −1 at the current density of

400 mA g −1 ( Fig. 9 h). 

4.1.2. Cu 2 S 

Another typical copper sulfide is Cu 2 S. The theoretical spe-

cific capacity of Cu 2 S is 337 mAh g −1 , based on one-electron

electrochemical reaction. Although showing lower capacity com-

pared with CuS, the Cu 2 S still exhibits some fascinating advan-

tages, as previously discussed. To improve the utilization of Cu 2 S,

similar strategies are adopted. Han et al . [30] in-situ prepared a

Cu 2 S/tubular mesoporous carbon composite by taking advantage of

electrochemical reactions between S C 

−1 composite and a copper

foil current collector. After 300 cycles, the composite still released

270 mAh g −1 besides the initial Coulombic efficiency of 92%. The

authors ascribed the excellent performances to the strong interac-

tion between sulfur and copper ( K sp (Cu 2 S) = 1.0 × 10 −48 ) ( Fig. 10 a–

10 c). Other several groups also prepared Cu 2 S/carbon composite

to fabricate high-performance anode materials, which showed im-

proved performance compared with the Cu 2 S material without any

complexing ( Fig. 10 d–10 j) [29,70,71] . 

Regarding to the copper sulfides, our group is devoting to fab-

ricating high-performance copper sulfide anode materials. For ex-

ample, a two-step approach has been adopted to prepare Cu x S/rGO

( Fig. 11 a and 11 b) [72] . Taking advantage of the desirable electronic

conductivity and strong mechanical strength of rGO, the problems

such as volume expansion and poor electronic conductivity of Li 2 S

have been well addressed, showing stable cycling performances

( Fig. 11 c). Further, utilizing the thermally decomposing properties
f CuS and thermal stability of coating materials (such as carbon),

e deliberately fabricated the Cu 2- x S@M hollow spheres ( Fig. 11 d)

nd the Cu 2- x S@C bamboo-like hollow nanorods ( Fig. 11 g) [73,74] .

enefit from the protection of coating shell and internal void space,

ot only the volume expansion was alleviated, but also the loss of

ctive material during long-term cycling was reduced, guarantee-

ng excellent cycling stability and rate performances ( Fig. 11 f and

1 i). 

.2. Cobalt sulfides 

Different stoichiometric cobalt sulfides (CoS x ) such as Co 9 S 8 ,

oS, Co 3 S 4 and CoS 2 have been widely researched because of their

xcellent physical and chemical properties. The CoS x [12,75,76] is

romising active materials due to their high electrical conductiv-

ty, good thermal stability, and high theoretical specific capaci-

ies (Co 9 S 8 : 545 mAh g −1 ; CoS: 589 mAh g −1 ; Co 3 S 4 : 702 mAh

 

−1 ; CoS 2 : 870 mAh g −1 ). Among the diverse crystal structures of

oS x , Co 9 S 8 , CoS and CoS 2 have been widely studied as anode elec-

rode materials in LIBs. Like the crystal structure of FeS, CoS has a

exagonal in nature with a space group of P6 3 /mmc ( a = b = 3.37 Å

nd c = 5.14 Å) [77] . Thepyrite CoS 2 with a space group of Pa ̄3

 a = b = c = 5.53 Å) is a cubic crystal arrangement, in which the sul-

ur atoms paired with the Co 2 + cations in the lattice as S 2 
2 − anions

76] . However, the C 9 S 8 is a cubic close-packed arrangement with

he Fm ̄3 m space group ( a = b = c = 9.927 Å) [78] , in which 1/9 of Co

toms are paired with the S octahedral and 8/9 of the Co atoms are

oordinated to the S tetrahedron [78–80] . 

Recently, a large number of studies on the use of Co 9 S 8 in

IBs have been reported. In order to improve the conductivity, ac-

ommodate the mechanical stress and electrochemical activity of

o 9 S 8 , the researchers have adopted many strategies. For exam-

le, a variety of carbon materials and carbon structures are used

o prepare various Co 9 S 8 composites, such as Co 9 S 8 nanoparticles

mbedded in threedimensional carbon nanosheet networks [81] ,

raphitic carbon nanocages [82] , porous carbon fibers [83] , one-

imensional MWCNT [84] , yolk-shell carbon sphere and graphene

anosheets [85] . Combining the advantages of carbon materials

nd carbon structures, the aggregation of Co 9 S 8 nanoparticles can

e retarded by providing abundant electrochemical active sites and

ccommodating the mechanical stress during the cycling of LIBs.
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Fig. 9. (a) SEM and (b) TEM images of CuS/graphene. (c) Comparison of cycling performance between pristine CuS and CuS/graphene at 0.2 A g −1 , (d) long-term cycling 

performance of CuS/graphene at 2.0 A g −1 . Reproduced with permission [48] Copyright 2017, Elsevier. SEM images of (e) pristine CuS and (f) CuS/0.5CNT composite. (g) 

Discharge capacities in the first 10 cycles and (h) long-life cycling performances at 400 mA g −1 . Reproduced with permission [69] Copyright 2018, Elsevier. 
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herefore, when estimated as an anode for LIBs, the as-obtained

o 9 S 8 composites electrodes exhibited superior electrochemical

erformance with a high reversible capacity. For further improve

he performance of carbon materials, heteroatoms are doped to

arbon materials. For example, Fang et al. [86] used N-rich carbon

ollow spheres to build a Co 9 S 8 composite material through in situ

yrolysis and sulfurization process. The composites exhibited ex-

ellent rate performance. At a current density of 1 C (544 mA g −1 ),
 discharge capacity of 784 mAh g −1 was obtained. Even at a cur-

ent density of 4 C, the composites could still show a discharge ca-

acity of 518 mAh g −1 . The excellent rate performance could be at-

ributed to the N-rich carbon encapsulation and the hollow struc-

ure. 

On the other hand, researchers also designed the structure

f Co 9 S 8 to improve its performance. Chen’s group fabricated

olycrystalline rose-like Co 9 S 8 hierarchical architectures [80] and
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Fig. 10. (a) Schematic of electrode with firmly anchored polysulfide ions, (b) long-term cycling performance and (c) rate capability of Cu 2 S/mesoporous carbon composite. 

Reproduced with permission [30] . Copyright 2014, Wiley. (d) SEM and (e, f) TEM images of Cu 2 S/C composite and (g) corresponding cycling performances of Cu 2 S and Cu 2 S/C 

composite. Reproduced with permission [70] . Copyright 2015, Elsevier. (h) SEM and (i) TEM images of SWCNT- n -Cu 2 S and (j) corresponding cycling performances of Cu 2 S 

and Cu 2 S/C composite. Reproduced with permission [71] . Copyright 2015, Elsevier. 
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Fig. 11. (a) Synthetic sketch, (b) SEM image and (c) cycling performance of Cu x S/rGO composite. Reproduced with permission [72] . Copyright 2016, Elsevier. (d) Schematic 

illustration, (e) morphologies, and (f) cycling performances of Cu 2- x S@M (M = C, TiO 2 and MoS 2 ) hollow spheres. Reproduced with permission [73] . Copyright 2017, Springer. 

(g) Synthetic scheme, (h) TEM images, and (i) cycling performances (1 C = 337 mA g −1 ) of Cu 2- x S@C bamboo-like nanorods. Reproduced with permission [74] . Copyright 2017, 

Elsevier. 
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Fig. 12. Schematic drawing showing the electrochemical lithiation process. (a) CoS 2 
particles anchored on rGO sheets show a core–shell conversion process; (b) pure 

CoS 2 particles show a side-to-side conversion process. Reproduced with permission 

[103] . Copyright 2014, American Chemical Society. 
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mesocrystal Co 9 S 8 hollow spheres [87] , respectively. These special

Co 9 S 8 architectures possessed high discharge capacities and good

cycling performance as cathode materials for application in LIBs.

This is because that such well-defined structure with high surface

area can effectively shorten the diffusion path of Li + and electrons,

leading to delithiation and lithiation very easily during the charge-

discharge process, resulting in good Li + storage performance.

Moreover, Long et al. [88] synthesized two-dimensional Co 9 S 8 
nanosheets with a thickness of ∼10 nm and lateral size of several

hundred nanometers and the Co 9 S 8 nanoparticles with a diame-

ter of 40 nm. In contrast, the Co 9 S 8 nanosheets exhibited cycling

stability and enhanced rate capability due to their unique two-

dimensional nanostructures. When discharging-charging at 1.0 A

g −1 , the Co 9 S 8 nanosheets showed a reversible capacity as high as

746.8 mAh g −1 after 300 cycles, while the Co 9 S 8 nanoparticles only

delivered 63.6 mAh g −1 . Qian et al. [89] successfully fabricated hol-

low nanospheres of mesoporous Co 9 S 8 . When discharging-charging

at 100 mA g −1 , these hollow Co 9 S 8 nanoparticles showed a re-

versible capacity of ∼ 1414 mAh g −1 after 100 cycles. In order to

further improve the reversible capacities at high rates, a carbon

shell had grown on the hollow nanospheres. When discharging-

charging at 2 A g −1 , it showed as high as ∼ 896 mAh g −1 after

800 cycles. 

The CNT-encapsulated TMSs are promising candidates for appli-

cation as anode materials in LIBs, but their mechanism and elec-

trochemical properties still remain unclear. In order to design and

develop high-performance materials of this type of composites, a

comprehensive understanding its mechanism at nanoscale of will

be must. Therefore, Su et al. [90] investigated the lithium stor-

age mechanism of Co 9 S 8 /Co nanowire-filled CNTs material by in

situ transmission electron microscopy. The study found that for the

closed CNT, the lithiation Co 9 S 8 nanowire showed a radial expan-

sion of 32.4% and an axial elongation of 4.5%, while the lithiation

nanowire core was still confined inside the CNT. Contrastively, for

an open CNT, during lithiation, the Co 9 S 8 nanowire showed an ax-

ial elongation of 94.2% and was squeezed out from the open CNT.

Especially, the study found that a thin graphite shell was drawn

out from the CNT wall by the squeezed lithiation Co 9 S 8 . The thin

graphite shell confined the squeezed filler and protected the filler

from pulverization in the following cycle. During many cycles, the

Co segment remained intact while the Co 9 S 8 exhibited a reversible

transformation between Co nanograins and Co 9 S 8 . Their observa-

tions provided directly mechanism and electrochemical behavior

that governed the CNT-based anode performance in LIBs. 

Similarly, some studies on the use of CoS in LIBs have been

reported. Wang et al. [91] demonstrated a simple and effec-

tive solvothermal method to prepare CoS/CNTs nanocomposites,

in which CoS nanoparticles coated on the CNTs. When evaluated

as anode materials for LIB at the current density of 100 mA g −1 ,

the CoS/CNTs nanocomposites showed excellent cycle stability and

kept a high discharge capacity of 780 mAh g −1 after 50 cycles.

The superior electrochemical performances were ascribed to better

electron transportation originated from CNTs and the good com-

bination of the hybrid structure. Likewise, graphene is also used

as the framework for fabricated CoS/G composites to solve the ag-

glomeration and electrical conductivity issues of the CoS materials.

Furthermore, graphene can also buffer the volume expansion and

mitigate pulverization of CoS nanostructures during lithiation and

de-lithiation processes. For example, both the CoS/rGO [92] and

CoS/GN [93] are reported. They all showed excellent electrochemi-

cal performance. When cycling at 100 mA g −1 , the CoS/rGO showed

a capacity as high as 939 mAh g −1 after 100 cycles and remained

Coulomb efficiency above 98%. And when charging-discharging at

200 mA g −1 , the CoS/GN delivered a reversible capacity as high

as 890 mAh g −1 without any capacity fading after 80 cycles. Si-

multaneously, some researches on the use of CoS 2 in LIBs have
lso been reported. Like other TMSs, limiting CoS 2 to various car-

on materials is an effective way to improve its electrochemical

erformance, such as CNTs [94,95] , graphene [94, 96-99] and hol-

ow C microspheres [100–102] . Furthermore, in order to explore

he electrochemical behaviors and mechanism of CoS 2 during the

harge anddischarge, Su et al. [103] investigated its electrochemical

rocess using in situ transmission electron microscopy. Ultimately,

hey proposed two mechanisms. As shown in Fig. 12 (b), the pure

oS 2 particles exhibited the formation of cracks and fractures due

o large and anisotropic size expansion (47.1%) caused by a side-

o-side conversion process. Compared the pure CoS 2 particles, the

oS 2 particles anchored on reduced graphene oxide (rGO) sheets

howed few fractures due to small and homogeneous size expan-

ion (28.6%) caused by a core-shell conversion process, which was

ttributed to the superior Li + conductivity of rGO and accounted

or the enhanced cyclability. After the first discharge, single crys-

alline CoS 2 particle converted to 1 ∼2 nm Co nanocrystals embed-

ed within Li 2 S matrix. The follow cycle was a reversible phase

ransition between CoS 2 nanocrystals and Co/Li 2 S ( Fig. 12 a). 

.3. Molybdenum disulfides 

The molybdenum disulfide has a layered structure, where a

lane of molybdenum atoms is sandwiched by planes of sulfide

ons. The bulk MoS 2 consists of stacked MoS 2 monolayers, which

re held together by weak van der Waals force. MoS 2 has been in-

ensively investigated as electrode materials for LIBs because Li + 

ons can easily intercalate/extract from these kinds of layer mate-

ials [104,105] . As anode materials for LIBs, the MoS 2 shows many

ther advantages, for instance, the capacity of MoS 2 (as high as

300 mAh g −1 ) is much higher than that of commercial graphite

nodes (372 mAh g −1 ). On the other hand, the MoS 2 generally dis-

lay better rate performance and low degradation rate compared

o other emerging negative electrode materials such as silicon or

ermanium [106] . 

The lithium storage property and lithium storage mechanism

f commercial bulk MoS 2 were investigated by Fang et al. [107] .

t is found out that although the bulk MoS 2 showed outstanding

ycling stability in different voltage ranges, the structural transi-

ion of bulk MoS 2 in the initial cycling was irreversible. Unlike

ther metal oxides or sulfides, the metallic Mo as the final pro-

uction of discharge reaction, was found as electrochemically inert
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Fig. 13. Molecular models of (a) 2H–MoS 2 . (b) Lithiated 2H–MoS 2 showing a 5% lattice expansion in the c-direction and a-direction due to intercalation. (c) Lithiated 1T–MoS 2 
showing lithium ions occupying octahedral interstices. (d) 3R–MoS 2 , (e) Li 2 S (domains of this phase would be interspersed with molybdenum nanoparticles). Dimensions 

are shown in Angstroms. Reproduced with permission [106] . Copyright 2014, Royal Society of Chemistry. (f) Comparison of MoS 2 electrodes at different DODs and SOCs. 

Reproduced with permission [112] . Copyright 2011, Wiley-VCH. 
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nd Li 2 S/S was the redox couple in a deeply discharged MoS 2 /Li

attery (0.01 V vs. Li/Li + ) [19,23,108–111] . The metallic Mo did not

articipate in the subsequent electrochemical lithium storage pro-

ess. When the MoS 2 /Li battery was charged back to 3.0 V, the

roducts were Mo and S instead of MoS 2 ( Fig. 13 a–e). Xiao et al .

112] reported the ex-situ XRD of MoS 2 /Li battery, similar con-

lusion was drawn that discharge product of metallic Mo is inert

nd Li 2 S/S is the redox couple afterwards ( Fig. 13 f). After charged

o 3.0 V, only the XRD lines of metallic Mo and S could be ob-

erved from the XRD pattern. The presence of metallic Mo could

elp to suppress the dissolution of Li 2 S x which tended to dis-

olve in the electrolyte and spoilt the cyclic performance. It is

ell known that the most popular strategy to improve the perfor-

ance of lithium-sulfur batteries is to encapsulate S into meso–

ores of carbon or adsorb S on the surface of nanofibers or nan-

tubes. This strategy can also be applied in the MoS 2 /Li battery

ystem. Yu et al. [113] reported a rational design and synthe-

is of novel nanosheets-on-box nanostructure composed of ultra-

hin MoS 2 nanosheets on N-doped carbon nanoboxes (C@MoS 2 
anoboxes). The ultrathin MoS 2 nanosheets were stuck on or em-

edded in the well-defined carbon nanoboxes. Used as anode ma-

erials for LIBs, the C@MoS 2 nanoboxes showed outstanding elec-

rochemical performance: these C@MoS 2 nanoboxes manifested

igh specific capacity of around 10 0 0 mAh g −1 at a current den-

ity of 0.1 A g −1 , excellent cycling stability up to 200 cycles, and

ne rate performance. The enhanced lithium storage property was

ttributed to their unique structure, especially to the high conduc-

ivity of N-doped carbon nanoboxes substrate. The hollow structure

f carbon nanoboxes effectively relieved the strain caused by large

olume change during lithiation. The ultrathin MoS 2 nanosheets

ossessed high surface area for electrode interface and decreased

i ions diffusion length. All these merits contributed to the elec-

rochemical performance of as-prepared C@MoS 2 nanoboxes. Li et

l. [45] prepared MoS 2 /graphene hybrid nanoflowers by a simple

ydrothermal route. The material characterization showed that the

D hierarchical composite had large amount of MoS 2 nanopetals

ith expanded interlayer spacing ( Fig. 14 ). As-prepared composite

elivered a reversible capacity of about 1150 mAh g −1 at a current

ensity of 100 mA g −1 . As a comparison, the pristine MoS 2 and

oS 2 –C composite displayed a lower specific capacity and worse

yclic performance. The better performance of MoS 2 –C composite

as due to 2-dimensional conductive rGO and effective inhibition

f the MoS 2 degeneration during lithiation/delithiation process. In

ddition, the increased layer distance between MoS 2 layers pro-

ided sufficient space for Li ions to insert. 
Recently, the research has shown that except for composition

nd arrangement of atoms, the dimensionality also plays an im-

ortant role in the property and performance of a certain mate-

ial. Over the past few years, two-dimensional (2D) graphene has

een extensively studied. The graphene exhibits unique properties

hat are absent in bulk graphite, such as mechanical strength, opti-

al properties. The success of graphene sparks the investigation of

ther 2D materials. Particularly, the 2D transition metal dichalco-

enides with layer structures that are similar with graphene have

eceived significant attention. The 2D monolayer or few layer MoS 2 
as been studied for energy related applications due to the unique

roperties of layered structure, including batteries, fuel cells, pho-

oelectrochemistry and so on [114] . And Wang et al. [115] prepared

ew-layered MoS 2 and covalently sulfur-doped graphene (MoS 2 /SG)

y a facile solvothermal. The covalent bond of sulfur atoms and

raphene sheets effectively bridging 2D few-layered MoS 2 and

raphene enable high robustness of the composite materials. More-

ver, the compact contact of MoS 2 and highly conductive graphene

rovided electron transfer pathways through the electrode, while

he high surface area allowed fast access to active materials. Such a

nique architecture ensured the electrode with the superior cycling

tability and excellent rate capability, which was also interpreted

y the density functional theory (DFT) calculations. At the current

ensity of 100 mA g −1 , an initial discharge capacity of 1670 mAh

 

−1 was obtained with a high initial Coulombic efficiency of 96.5%.

fter 20 0 0 cycles at a high current density of 10 A g −1 , a capacity

etention up to 92.3% could be achieved. Even at the current den-

ity of 20 A g −1 , the MoS 2 /SG electrode could still possess a spe-

ific capacity of 766 mAh g −1 . Jiang et al. [116] synthesized a novel

D hybrid nanosheet structure consisting of alternatively over-

apped single layer MoS 2 and mesoporous carbon with as-made

leic acid (OA) functionalized MoS 2 nanosheet as a template. The

ltrathin hierarchical nanosheet structure formed perfect atomic

nterface contact between single layer MoS 2 and mesoporous car-

on sheets, providing enough space and interface area for Li ions

o react with MoS 2 ( Fig. 15 ). Compared with the annealed MoS 2 
anosheets (483 mAh g −1 ), the exfoliated graphene (487 mAh g −1 )

nd the MoS 2 /G composites (744 mAh g −1 ), as-prepared single

ayer MoS 2 -mesoporous carbon nanosheets (MoS 2 /m-C) showed

uch higher capacity (1113 mAh g −1 ) at 400 mA g −1 with ex-

ellent rate performance (943 mAh g −1 at 6400 mA g −1 ). More-

ver, the MoS 2 /m-C nanosheets also exhibited stable cycling per-

ormance, where the specific capacity could be well-maintained

t 1023 mAh g −1 at the current density of 400 mA g −1 after 500

ycles. Interestingly, the synthetic material manifested excellent
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Fig. 14. SEM and TEM images of the pristine MoS 2 and MG composite. (a and b) The SEM images of the pristine MoS 2 in low and high magnifications. (c and d) TEM and 

HRTEM images of the pristine MoS 2 . (e and f) The SEM images of MG composite in low and high magnifications. (g and h) TEM and HRTEM images of MG composite. Inset 

in (g) is the FFT pattern of the red square obtained from the HRTEM image. (i) First three galvanostatic charge/discharge profiles of MG composite; (j) cyclic voltammograms 

of MG electrode at a scanning rate of 0.5 mV s −1 during the first three cycles; (k) and (l) cycling behaviors and rate capabilities of the three structures: C-MoS 2 , pristine 

MoS 2 , and MG composite, respectively. Reproduced with permission [45] . Copyright 2015, American Chemical Society. 
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capacity, rate ability and excellent cyclic stability at low temper-

ature (3 °C) and high temperature (50 °C). The first-principle DFT

calculation of lithium storage on MoS 2 /m-C nanosheet structure

further supported that there was an enhancement for Li ion in-

tercalation in the MoS 2 /G atomic interface system, compared with

the separated MoS 2 layer interface. Especially, the MoS 2 /m-G in-

terface with a carbon vacancy possessed a more prominent capac-

ity to adsorb Li atoms. The enhancement could be ascribed to the

synergetic effect from mesoporous carbon and single-layered MoS 2 
nanosheets. 

4.4. Iron sulfides 

The iron sulfides contain a series of compounds, including stoi-

chiometric FeS, FeS 2 and nonstoichiometric Fe x S (1 < x < 2) and so

forth. Among these compounds, the pyrite (cubic-FeS 2 ) has gained

much attention as a promising electrode material for rechargeable
IBs. The pyrite owns the advantages of high theoretical energy

ensity ( ∼ 1313 Wh kg −1 ), good thermal stability, low cost, earth

bundant, nontoxic etc. Compared with other metal sulfides, the

yrite has been applied in Li-FeS 2 primary batteries long and suc-

essfully, and it would be more viable to develop commercial FeS 2 -

ased LIBs compared with other metal sulfides [59,117,118] . 

The charge and discharge mechanism of Li/FeS 2 batteries were

tudied by in situ X-ray diffraction (XRD) and in situ 

57 Fe Möss-

auer spectroscopy by Fong et al. [119] . It is supposed that the

ischarge process included a two-step reaction, where the FeS 2 
onverted into layer structured Li 2 FeS 2 firstly, and then the metal-

ic Fe and Li 2 S were formed after fully discharge process. In the

harge process, however, after the reversible conversion of Li 2 FeS 2 ,

 hexagonal Li 2- x FeS 2 (0 ≤ x ≤ 0.8) was formed as the interme-

ia, and then hexagonal Li 2- x FeS 2 convert into nonstoichiometric

yrrhotite FeS y and elemental S instead of pyrite FeS 2 . The sup-

osed reaction mechanism is listed below: 
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Fig. 15. Synthesis process and morphology characterization. (a) Schematic illustration on the synthesis process of the MoS 2 /m-C nanosheet super-structure; (b) the amidation 

reaction equation of OA and PDA; (c) XRD patterns of the MoS 2 /m-C nanosheet superstructure, the fresh MoS 2 nanosheets, and the annealed MoS 2 nanosheets; SEM images 

of (d) the fresh MoS 2 nanosheets, (e) the MoS 2 /m-C nanosheet superstructure, and (f) the annealed MoS 2 nanosheets. Electrochemical and LIB performance: (g) CV curves 

and (h) charge/discharge curves of the MoS 2 /m-C nanosheet superstructure for the first three cycles at 0.2 mV s −1 , (i) the capacities retention of the MoS 2 /m-C nanosheet 

superstructure, MoS 2 /graphene composites, exfoliated graphene, and the annealed MoS 2 nanosheets at current densities from 200 to 6400 mA g −1 , (j) cycling performance of 

the MoS 2 /m-C hybrid nanosheet super-structure at 400 mA g −1 for 500 cycles. (k) The capacity retention at different current densities, and (l) cycling stability at 800 mA g −1 

of the MoS 2 /m-C hybrid nanosheet superstructure at low temperature (3 °C) and high temperature (50 °C). Reproduced with permission [116] . Copyright 2015, Wiley-VCH. 
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Discharge: 

eS 2 + 2Li + + 2e − → Li 2 FeS 2 (3)

i 2 FeS 2 + 2Li + + 2e − → 2Li 2 S + Fe (4)

Charge: 

e + 2Li 2 S → Li 2 FeS 2 + 2Li + + 2e − (5)

i 2 FeS 2 → Li 2- x FeS 2 + x Li + + x e − (6)

i 2- x FeS 2 → FeS y + (2- y )S + (2- x )Li + + (2- x )e − (7)

Similar conclusion is drawn by Zhang and Tran [111] , where

x-situ XRD and energy dispersive X-ray (EDX) analysis were

onducted to study the reaction mechanism of FeS 2 /Li batteries

 Fig. 16 ). Zhang et al. found that during the charge-discharge pro-

ess, the polysulfides Li 2 S n (2 ≤ n ≤ 8) were formed and dissolved

n the electrolyte. Like lithium-sulfur batteries, the FeS 2 /Li bat-

eries would also suffer from so called shuttling effect and cause

apacity decline. Certain electrolyte addictive and the coating of

ctive materials could relieve the decay of FeS 2 /Li batteries from

ome extent. Son et al. [120] embed phase pure natural pyrite in

 stabilized polyacrylonitrile (PAN) matrix. The PAN matrix could

onfine FeS 2 ’s electroactive species (Fe 0 and Sn 

2 −) for good re-

ersibility and efficiency. In addition, the PAN matrix could ac-

ommodate the 160% volume change during the discharge pro-

ess because the PAN coating was not fully carbonized. Using high

esolution transmission electron microscopy (HRTEM), it was con-

rmed that the FeS 2 particles were embedded in the PAN matrix

nd the FeS 2 ’s electroactive species were well confined during cy-

ling. After 50 cycles, the capacity of PAN-FeS 2 electrode main-

ained at 470 mAh g −1 with a Coulombic efficiency up to 99.25%.

he core-shell nano-FeS 2 @N-doped graphene was prepared by Tan

t al. [121] . The nano-sized FeS 2 had a short Li ion diffusion dis-

ance, and the N-doped graphene shell had optimized electronic
onductivity in addition to mechanical strength that could main-

ain the structural stability of active materials. As-prepared cells

ad superior electrochemical performance with a high reversible

apacity of 484.7 mAh g −1 at 0.5 A g −1 , corresponding to a spe-

ific energy density of 713.5 Wh kg −1 . The FeS 2 cells also exhibited

utstanding fast rechargeable performance, at a current density of

 A g −1 , the capacity stood at 281.4 mAh g −1 (543 Wh kg −1 ). Ad-

itionally, the cells with core-shell nano-FeS 2 @N-doped graphene

lectrode had excellent long-term stability and high specific en-

rgy density, conducting 401.1 mAh g −1 (613.7 Wh kg −1 ) at 0.5 A

 

−1 after 400 cycles. Xu et al. [122] successfully fabricated a hierar-

hical porous carbon (HPC) with inter-connected macro-pores and

icroporous shells using dual template method ( Fig. 17 ). The HPC

ould provide a good conductive network, accommodate the vol-

me change of pyrite FeS 2 , and inhibit the growth of FeS 2 to get

ano-sized FeS 2 particles as well as prohibit the loss of electroac-

ive species through cycling. The as-prepared FeS 2 @HPC structure

howed enhanced electrochemical performance, a high specific ca-

acity of 720 mAh g −1 could be obtained after 100 cycles, which

s much higher than the capacity of pristine FeS 2 . 

Generally, one-dimensional (1D) nanostructures show unique 

roperties, making them favorable to be used as active materi-

ls for LIBs. The application of 1D structured electrode materials

wns many merits. Firstly, 1D structure allows the accommoda-

ion of the volume change of lithium insertion/extraction along a

pecific orientation. Secondly, the interval space formed between

eighboring structures can act as a pathway for electrolyte, making

iffusion of electrolyte into the inner region of the electrode eas-

er, ultimately prolonging the lifespan of batteries. Thirdly, a much

arger surface-to-volume ratio of 1D nanostructure arrays with re-

pect to the bulk counterparts can provide more active sites and

bviously shorten the diffusion route of Li ions [123] . Zhang et

l. [124] prepared large-scale 1D FeS 2 @C nanowires using organic-

norganic hybrid S-amine/FeS 2 -amine (amine = ethylenediamine)

SAFA) nanowires. The FeS 2 @C nanowires inherited the advantages

f both 1D nanostructure and the thin amorphous carbon lay-

rs. Based on the merits of shortened Li ion diffusion distance,
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Fig. 16. (a) ex-situ XRD pattern of FeS 2 cathode at different cycling state: (1) pristine cathode, (2) after 1st discharging to 1.0 V, ( 3 ) after 1st recharging to 2.6 V, and ( 4 ) 

after 200 cycles at charged state (2.6 V). Reproduced with permission [111] . Copyright 2016, The Electrochemical Society. (b) Cyclic voltammetry curves (from 1st to 4th cycle 

at 0.2 mV s −1 ), (c) cycling curves from the 2nd to the 100th cycle at 0.5 A g −1 , (d and e) schematic diagram for reaction mechanism. Reproduced with permission [120] . 

Copyright 2016, Royal Society of Chemistry. 

Fig. 17. (a) The formation process of FeS 2 nanocrystals in hierarchical porous carbon capsules. TEM images of (b) HPC and (c) FeS 2 @HPC composite; (d) high-resolution 

TEM image; (e) scanning TEM image with phase mapping of the FeS 2 @HPC composite. (f) Cycling performance and columbic efficiency (charge/discharge) of the FeS 2 @HPC 

composite electrode at the rate of 1 C (1 C = 894 mA g −1 ). (g) Charge and discharge curves of pristine FeS 2 and FeS 2 @HPC. (h) Voltage profiles. (i) Cyclic voltammograms of 

FeS 2 @HPC composite electrode. Reproduced with permission [122] . Copyright 2016, Elsevier. 
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improved electrical conductivity and precluded dissolution of poly-

sulfides, the as-prepared FeS 2 @C nanowires exhibited high re-

versible capacity up to 889 mAh g −1 . Excellent rate capability

could be obtained, where the capacity could be maintained at

552 mAh g −1 at a high current density of 5 A g −1 . Addition-

ally, superior cycling performance was manifested in FeS 2 /Li bat-

teries. After 100 cycles at a current density of 0.1 A g −1 , the

reversible capacity of 570 mAh g −1 was kept with a Coulom-

bic efficiency of over 98%. The self-supported hierarchical FeS 2 /C

composite nanotubes arrays were synthesized by a hydrolysis-

sulfurization method, which was reported by Pan et al. [125] .
he electrochemical performance of hierarchical FeS 2 /C compos-

te nanotubes was characterized by assembling FeS 2 /Li batteries.

he FeS 2 /Li batteries showed noticeable improvement in the ca-

acity, and the FeS 2 /C nanotubes arrays showed initial specific ca-

acity of 865 mAh g −1 , which was much higher than the bare

eS 2 electrodes. The rate performance of FeS 2 /C nanotubes was

lso impressive, at a high rate of 1.5 C, and the capacity was

82 mAh g −1 . When the rate was changed to 0.25 C, the ca-

acity could be go back to 721 mAh g −1 . Furthermore, superior

ycling stability was obtained by the FeS 2 /C nanotubes array. It

howed a capacity of 689 mAh g −1 at 0.25 C and 390 mAh g −1 
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Fig. 18. (a–c) TEM images and EDS elemental mapping for (d) iron and (e) sulfur for the FeS 2 @carbon fiber shown in (c). Electrochemical performance for the Al 2 O 3 -coated 

FeS 2 @carbon fiber electrode tested in the solvent-in-salt electrolyte in the voltage range of 1.0 ∼3.0 V (vs Li/Li + ). (f) Capacity retention test. (g) Lithiation − delithiation curves 

at different cycles. (h) Discharge energy density vs cycling number at the material level ( ∼ Wh kg-FeS 2 
−1 ) and the electrode level ( ∼ Wh kg-FeS 2 

−1 electrode). (i) Schematic 

illustration of mechanisms for the enhanced cycling stability by Al 2 O 3 coating in the voltage range of 1.0 ∼3.0 V (vs Li/Li + ). Reproduced with permission [59] . Copyright 2016, 

American Chemical Society. 
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t 1.0 C after 100 cycles, respectively. In addition, the 3D

tructure of the electrode was basically maintained at 0.25 C

fter 100 cycles, indicating that the stable structure was favorable

or achieving enhanced cycles. In the study by Zhu et al. [59] ,

sing an electrospinning method, an FeS 2 @carbon fiber elec-

rode was fabricated with FeS 2 nanoparticles either attached to

r embedded in carbon fibers. By applying this free-standing

eS 2 @carbon fiber electrode in FeS 2 /Li batteries, the electrochem-

cal performance and redox reaction mechanisms for the FeS 2 /Li

atteries were revealed ( Fig. 18 ). The FeS 2 @carbon fiber electrode

howed stable electrochemical performance in both the solvent-in-

alt-type Li-S battery electrolyte and the conventional carbonate-

ased electrolyte in the voltage range of 1.5 ∼3.0 V. The authors

oncluded that after the charge-discharge process, the FeS 2 /Li bat-

ery system transformed into a hybrid of a Li-FeS 2 and a Li-

 system system. The improved electrochemical performance in
he solvent-in-salt electrolyte compared with the carbonate elec-

rolyte could be ascribed to the stabilized Li-S system perfor-

ance using the solvent-in-salt electrolyte. By further coating a

hin layer ( ∼ 5 nm) of Al 2 O 3 on the FeS 2 @carbon fiber electrodes,

he electrodes manifested improved electrochemical properties in

he extended voltage range of 1.0 ∼3.0 V. In this voltage range,

he FeS 2 @carbon fiber electrode showed a reversible capacity of

00 mAh g −1 (electrode) with an energy density reaching 10 0 0 Wh

g −1 (electrode) and maintained at 840 Wh kg −1 (electrode) af-

er 100 cycles, showing potential to be applied in energy storage

ystem. 

.5. Other metal sulfides 

Besides the above mentioned candidates, other TMSs, especially

wo-dimensional (2D) materials, such as TiS , WS and VS , have
2 2 2 
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also been reported as promising anode for LIBs. Ti 2 S is well-known

as its high electronic/ionic conductivity, satisfying well with the

demand of high-energy-density and high power. Therefore, many

efforts have been paid since its proposal in 1970 ′ s. Benefiting from

the advantage of fast Li + diffusion rate, TiS 2 is mainly studied in

high power batteries [126,127] . Lee et al . [128] demonstrated that

TiS 2 was a suitable cathode material even in all-solid-state lithium

battery. Constructing TiS 2 in all-solid state battery, the power den-

sity could reach the top of 1400 W Kg −1 at 10 C, and maintained

over 10 0 0 W kg −1 after 50 cycles. Like most other TMSs, the most

challenging of TiS 2 is in-between voltage of 2.1 V vs. Li + /Li. Find-

ing suitable material to match with or new application system is

viable strategy. For example, such voltage value is well stable in

“Water-in-Salt” (WIS) electrolyte. Suo et al. [129] use TiS 2 as anode

in WIS to pair with LiMnO 2 cathode. The result showed that the

LiMnO 2 /TiS 2 full cell could deliver energy density of 78 Wh kg −1 

at a high discharge voltage of 1.7 V, revealing the possibility of us-

ing TiS 2 in WIS electrolyte LIB. 

WS 2 is one of the two-dimensional layered transition-metal

dichalcogenides. It has the same crystal structure as MoS 2 , which

possesses S-W-S layers through a van der Waals interaction. Such

structure is favorite for Li + intercalation, promising its prospect

application in energy storage. The semiconductor nature of reac-

tion WS 2 and insulating nature of discharge products Li 2 S lead to

a slow kinetics. Therefore, many efforts have been made to im-

prove the electric conductivity. The strategies, such as synthesizing

mono- or few-layer WS 2 , nanosized WS 2 and WS 2 /C composites,

have been put forward. Benefiting from its graphene-like struc-

ture, mono- or few-layer WS 2 usually exhibited outstanding elec-

tron transfer properties [130] . So far, various techniques have been

developed, such as mechanical or chemical exfoliation [130–132] .

Though monolayer WS 2 shows unique physiochemical properties,

the high surface energy of WS 2 sheets makes them easy to restack.

It is still challenging to fabricate stable mono- and few-layer with

large scale. Besides, various morphologies, such as nanosheets

[133] , nanoflowers [134] , nanotubes [135,136] have been synthe-

sized. Benefiting from the large surface area and shorter Li + diffu-

sion pathway of nanostructure, building nanostructure exhibited a

promising strategy to enhance the Li + intercalation and deinter-

calation. Even though, the bulk WS 2 still suffers from low elec-

tron transfer. Adding additional carbon-based materials can signif-

icantly improve the conductivity of electrode material of WS 2 . Re-

cently, the studies showed that the combinations of nanostructure

WS 2 and carbon-based materials could synergistically enhance the

electrochemical performances of WS 2 . Thus, a number of carbona-

ceous materials, such as graphene, CNTs, and amorphous carbon,

have been reported to fabricate WS 2 /C composites material [137–

143] . For example, Zhang et al . [141] made the WS 2 nanosheets

grown on graphene-wrapped carbon nanofibers (WS 2 /GCNF). The

obtained WS 2 /GCNF possessed large surface area, high electri-

cal conductivity and good structure integrity. As a result, the

WS 2 /GCNF exhibited high initial charge capacity of 1128.2 mAh

g −1 at 100 mA g −1 , maintaining 95% capacity after 100 cycles. To

simplify fabricating process, Wang et al. [142] utilized a simple

solvothermal method and ice-template process to fabricate a hy-

brid nano-architecture composed of WS 2 nanosheets and CNT-rGO

aerogel with microchannel three-dimensional (3D) scaffold struc-

ture. The WS 2 nanosheets had large surface area. The 3D structure

not only provided excellent electronic pathway, but also great ionic

channels. When acted as anode material for LIB, the WS 2 /CNT-

rGO could deliver a reversible capacity of 749 mAh g −1 at 100 mA

g −1 with high initial Coulombic efficiency of 53.4%. Pang et al.

[140] fabricated WS 2 @CMK-3 nanocomposites through a one-step

hydrothermal method. The CMK-3 had high electronic conductiv-

ity and volume confinement effect. Also, combined with the few-

layered nanostructure of WS 2 , the WS 2 @CMK-3 maintained a high
apacity of 720 mAh g −1 after 100 cycles at 100 mAh g −1 . Even at

igh current density of 2 A g −1 , a reversible capacity of 307 mAh

 

−1 could still be achieved. 

The VS 2 is another 2D material, which is well known for its

igh rate performance as the electrode material for LIBs. But low

ischarge capacity was shown in the initial research. A break-

hrough was made by Feng et al. [144] , who obtained five S-V-S

ingle layers by exfoliating bulk VS 2 flake, revealing the metallic

ature of few-layered VS 2 . Since then, much attention has been

rawn to the mono- or few-layer VS 2 . For example, utilizing the

oincident interaction of VS 2 nanosheets with rGO, Fang et al.

145] synthesized VS 2 /graphene nanosheets (VS 2 /GNS), exhibiting

xcellent high-rate capability and great cycling stability. Even at

0 C, a high capacity of 114.2 mAh g −1 could still be obtained.

hou et al. [146] prepared hierarchical VS 2 nanosheet assemblies,

hich consisted of ultrathin nanosheets with a few atomic layers

hickness. The results showed that this unique structure enabled

apid and durable storage for alkali metal ions. When assembled as

node material for LIB, the reversible specific capacity could reach

p to > 10 0 0 mAh g −1 . Zhou et al. [147] prepared VS 4 nanoparti-

les rooted by amorphous carbon coated multi-walled carbon nan-

tubes via a simple solvothermal reaction. It delivered much better

ycling stability and rate capability. It exhibited a reversible capac-

ty of 922 mAh g −1 after cycled at 0.5 A g −1 for 100 times. Even af-

er 10 0 0 cycles at 2 or 5 A g −1 , it still delivered a capacity of 576 or

01 mAh g −1 . Apart from experiment data, recent first-principles

alculations based on density functional theory also revealed that

he 2D VS 2 monolayers could be the prospect anode materials for

IB, showing its promising application [148, 149] . 

. Conclusions and perspectives 

In summary, the review presents the recent advances in the

odified TMSs for LIBs. The recent developments in structure and

aterial design have made significant strides for LIBs, especially

n the various structures of the carbon-based materials wrapped

MSs composites, which structures can solve the agglomeration

nd electrical conductivity issues of the TMSs. Furthermore, the

arbon-based materials can also buffer the volume expansion and

itigate pulverization of the TMSs nanostructures during lithia-

ion and de-lithiation processes. However, despite some significant

trides have been achieved, the development of next-generation

IBs based on TMSs is still in its infancy, but the future outlook

ill be highlighted here. 

In order to be practical, there are several issues that need to

e further improved. First, there are some difficulties in the cur-

ent methods of preparation. For example, the reaction process of

he hydrothermal method is difficult to control and understand,

he energy consumption of the microwave method is relatively

igh, and the efficiency and the yield of spray-related methods is

ot enough. Therefore, it is necessary to find a simple, low-cost

nd high-efficiency synthetic method for large-scale production of

MSs. In order to ensure the development of energy storage de-

ices, the trend of using earth-abundant and non-toxic raw materi-

ls and green manufacturing processes has to be established with-

ut compromising on cost-effectiveness and environmental issues.

econd, the ultimate goal of developing TMSs is to develop energy

torage systems with high energy and power density. However, the

nergy density of a full battery depends on the operating voltage,

n addition to the specific capacity of the positive and negative ma-

erials. Compared to the graphite anode, the voltage platform of

MSs is usually above 1.0 V, and therefore, it is a necessary to find

 high-voltage cathode material that can match with TMSs to as-

emble a high voltage full battery. In addition, to match TMSs with

he cathode material, the problem of compatibility with carbonate

lectrolytes needs to be addressed. 
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