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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 application 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 further 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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1. Introduction
With growing consumption of non-renewable fossil fuels and
increasing demand for energy since 1900s, it is an urgent task
to explore and develop sustainable energy such as solar, wind,
nuclear power. In this regard, the rechargeable battery systems
are playing a vital role in the storage of energy harvested from
aforementioned renewable power. Since the commercialization of
lithium ion batteries (LIBs) in 1991, the LIBs have been widely applied in various electric devices due to the portability, no memory effect, high volume energy density, low self-discharge and
long cycle life [1–3]. However, recent emergence of electric vehicles (EVs) and hybrid electric vehicles (HEVs) requests storage
systems with higher energy density. The electrochemical performances of batteries have a close relationship with the electrode
materials, searching suitable electrode materials has become the
key point to improve the energy density of batteries. Ever since the
LIBs were commercialized, the commercial graphite has been the
prominent choice as the anode material. Although it exhibits many
advantages, its shortcomings such as formation of lithium dendrite cannot be neglected, impeding its further application in highpower electric devices. As an alternative to the graphite anode, the
Li4 Ti5 O12 with high structural stability has been widely investigated. Nevertheless, the low theoretical capacity (∼175 mAh g−1 )
and poor electrical conductivity of Li4 Ti5 O12 hinder its widespread
use, which is far from the requirement of high energy density in
EVs and HEVs. Therefore, it is of signiﬁcant necessity to exploit and
research new-type anode materials.
As one of anode candidates, (de)intercalation/conversion
reaction-based transition metal sulﬁdes (TMSs) have drawn growing attention because of their high theoretical capacity, low-cost
and environmental-friendliness [4–8]. Compared to the graphite
anode, the voltage platform of TMSs is usually above 1.0 V, which
avoids the formation of lithium dendrite and ensures the high
safety. The theoretical speciﬁc capacity and electrical conductivity
of TMSs are much higher than those of Li4 Ti5 O12 . Those attracting
advantages show that the TMSs can be the competitive candidates
for next-generation anode materials.
Despite these advantages, the strong structural re-organization
during (de)lithiation causes large volume change, leading to pulverization and peeling off from the current collector. The loss of active materials and side reactions with electrolytes also deteriorate
the performances of TMSs. The poor ionic/electronic conductivity
of TMSs, especially for the discharged product (Li2 S), hampered
their high-power performances. In order to solve these problems,

1537

numerous efforts have been paid and many outstanding works
have been reported [5,9]. In this review, we generalize the stateof-art researches and progress of TMSs materials for the LIBs, particularly focus on the discussion about the reaction mechanism, the
outline of synthesis methods and their application in LIBs.
2. Characteristic and electrochemical reaction mechanism of
TMSs in LIBs
Although the TMSs are known as conversion reaction-based
materials, there are still some confusing and disturbing points,
especially involving different cut-off voltages. It is different from
most oxides that theoretical potentials of electrochemical reactions
of most TMSs usually take place above 1.0 V [10]. As anode materials, the capacity of TMSs can be fully released even if the cutoff voltage is set as 1.0 V. In fact, most researchers tend to choose
lower cut-off voltage to pursue higher capacity sacriﬁcing the initial Coulombic eﬃciency (usually below 70%). As we know, there
is an intimate connection between the electrochemical properties
and material structure. In this section, the lithium storage mechanism of TMSs will be brieﬂy discussed according to the voltage
windows (1.0∼3.0 V and 0.01∼3.0 V).
2.1. Lithium storage mechanism of TMSs between voltage windows of
1.0∼3.0 V
Since the (de)intercalation/conversion reaction-based TMSs are
mainly discussed here, the discussion of (de)intercalation reactionbased TMSs such as Ti-S, W-S and V-S will be neglected, which can
be found in the specialized review [11].
It is well acknowledged that, even for the (de)intercalation/
conversion reaction-based TMSs, the lithiation processes are divided into two parts: the (de)intercalation process (Eq. (1)) and the
conversion reaction (Eq. (2)).

Ma Sb + xLi → Lix Ma Sb

(1)

Ma Sb + 2b Li → aM + bLi2 S

(2)

The (de)intercalation process has been proved by many
researchers via physical and electrochemical characterization
[12–16]. In this process, the transition phases (Lix MS) are formed
with maintaining crystal phase. The capacity in this stage is dependent on the particle size of active material. The particles of
smaller size with high speciﬁc surface area will provide more
(de)intercalation sites, contributing to higher capacity. It is noted
that there is a debate about the two-step reaction mechanism
of CuS. One argues that the Lix CuS is formed in the ﬁrst step
while the other proposes that the CuS is reduced to Cu2 S [13,17].
Early in 2002, Chung and Sohn studied the electrochemical behavior (mainly the initial discharge process) of CuS in two different
cut-off voltage ranges (1.5∼2.6 V and 1.8∼2.6 V) via ex-situ XRD
method [18]. They pointed out that, between 1.5∼2.6 V, the CuS
suffers from two-step reduction reactions. The ﬁrst step happened
at about 2.1 V, ascribing to the formation of Lix CuS intermediate.
The other at around 1.7 V belonged to the further reduction of Cux S
to Li2 S and Cu. The cycling performance of CuS between 1.5 and
2.6 V was dissatisﬁed because of the irreversible second step reaction, whereas the electrochemical reaction became much more reversible if discharged to 1.8 V. Recently, Kalimuldina and Taniguchi
also investigated the behavior of CuS with high phase purity with
different current collectors and with/without the interlayer [13].
They found that the severe capacity fading of CuS in the 1st cycle was ascribed to the diﬃculty in forming high-crystallinity CuS,
leading to lose some charge capacity. The following capacity fading was related with the dissolution of unreacted Li2 Sx in the electrolyte. These problems could be well addressed using the current
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and cell volume of Cu2 S and Li2 S were surprisingly similar. This
similarity may account for the impressive electrochemical performances of Cu2 S [23]. The biggest disadvantage of choosing the narrow voltage window between 1.0 and 3.0 V is the low releasing
capacity compared with that of cycling between 0.01 and 3.0 V.
However, the decomposition of electrolytes can also be avoided
and the high initial Coulombic eﬃciency is achieved in this voltage window, which is similar with that of Ti-based anode materials
[27–30].
2.2. Lithium storage mechanism of TMSs between voltage windows of
0.01∼3.0 V

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.

collector and introducing a carbon ﬁber paper (CFP) as an interlayer (Fig. 1).
Another fantastic TMS is Cu2 S. A pair of ﬂat charge and discharge plateaus can be observed after cycling several cycles. Besides, Cu2 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
Cu2 S (Fm3̄m, fcc) is 0.17332 nm3 , which is very close to that
(0.18629 nm3 ) of Li2 S (Fm3̄m, fcc) [21] .The similarity between
Cu2 S and Li2 S may give Cu2 S special electrochemical properties
such as low volume expansion during charge and discharge (Fig.
2a–2c). Due to the unique electrochemical behavior of copper sulﬁdes, Jache and co-workers proposed that the reaction mechanism
of Cu2 S was rather displacement than conventional conversion, as
shown in Fig. 2(e) [20]. Using the in-situ TEM technique, McDowell et al. also observed the extrusion of Cu when the cell was fully
discharged (Fig. 2f), further conﬁrming the unique electrochemical
behavior of Cu2 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 interesting case is MoS2 . Although it belongs to the family of twodimensional layered materials, it suffers from different lithiation
processes, depending on the cut-off voltages. At above 1.8 V, the
lithiating intermediate (Lix MoS2 ) forms and the lower discharge
plateau at ∼ 1.2 V respects the formation of Li2 S and metal Mo,
in which the conversion reaction is irreversible [16,24].
Based on the Eq. (2), the theoretical speciﬁc capacities of different 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
Cu2 S with Li is more like displacement, in which the large copper
dendrites surround a Li2 S matrix after fully discharge [19,20]. McDowell 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 similarity among CuS, Cu2 S and Li2 S, ﬁnding that both the space group

In most cases, low cut-off voltages such as 0.1 or 0.01 V will
be preferably chosen for the TMSs [31–34]. Due to the deep discharge, more capacity can be achieved, especially in the initial discharge. Nevertheless, the inevasible large initial Coulombic ineﬃciency is also observed [3]. Different from the (dis)charge plateau
belonged to conversion reaction at above 1.0 V, the long and sloped
plateau is usually considered to be related with: (1) the interfacial charge between metallic nanoparticles and the Li2 S matrix, (2)
the decomposition of electrolytes (forming SEI ﬁlm). This behavior may resemble those of metal oxides behaving at low voltage
[35–37]. The initial Coulombic eﬃciency is relatively low (usually
lower than 70%), which has become one of greatest problems hindering the practical application. About the electrochemical behaviors at the low voltage, there is lack of suﬃcient and systematic
study, which deserves to draw on researches of TMSs.
3. Synthesis strategies for TMSs
3.1. Hydro/solvothermal methods
The hydro/solvothermal methods can be deﬁned as a synthetic
method of crystals that depends on the solubility of minerals in
hot water/solvent under high pressure. Owing to the advantage
of cost-eﬃcient and environmentally friendly, the hydrothermal
or solvothermal methods have been intensively investigated. In
general, the materials synthesized by hydro/solvothermal methods manifest the features of high crystallinity, high phase purity,
narrow particle size distributions, controllable size and morphology etc. For example, MoS2 nanoﬂowers, MoS2 microspheres, MoS2
nanoﬂakes, MoS2 nanoplates, MoS2 /C, MoS2 nanosheets/CNT and
MoS2 /graphene composites have been successfully prepared by the
hydro/solvothermal methods [38–45].
Yuan et al. [38] applied a hydrothermal route to synthesize
3D ﬂowerlike MoS2 powders with the assistance of ionic liquid 1–butyl–3-methylimidazolium tetraﬂuoroborate ([BMIM][BF4 ]).
The MoS2 nanoﬂowers showed lithiation/delithiation activity when
investigated as anode for LIBs. Feng et al. [39] prepared MoS2
nanoﬂakes by a hydrothermal method. The MoS2 nanoplates were
synthesized by a scalable, simple, one-pot reaction using solvothermal method by Hwang et al. [40]. As reported by Ding et al. [41],
hierarchical MoS2 microspheres composed of ultrathin nanosheets
were prepared by a hydrothermal method. As-prepared sample
exhibited promising lithium storage properties, showing excellent
rate capability and cyclic capacity retention. As reported by Wan
et al. [42], the hierarchical MoS2 quasi-hollow microspheres with
porous carbon embraced inside, which can also be described as
core-shell C@MoS2 microspheres, were synthesized by a facile
hydrothermal methods. As-prepared C@MoS2 microspheres manifested outstanding cycling performance and rate behavior when
used as anode material for lithium-ion batteries. The layered
MoS2 /graphene (MoS2 /G) composites were synthesized by an lcysteine-assisted hydrothermal method, which was reported by
Chang and Chen [43].
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Fig. 2. Structure of Cu2 S along (a) [100] and (c) [001] directions associated, Li2 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 Cu2 S before and after cycling. Reproduced with permission Ref. [22]. Copyright 2015, American Chemical Society.

Fig. 4. Schematic illustration of the formation of CuS-G. Reproduced with permission [48]. Copyright 2016, Elsevier.

Fig. 3. (a) Microwave interactions with different types of materials: (A) conductive 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. Reproduced with permission [47]. Copyright 2010, Royal Society of Chemistry.

MoS2 /WS2 -rGO composites were fabricated by an ultrafast hybrid
microwave annealing method. Xiao et al. [50] reported that the
binder-free CuS, NiS/Ni3 S2 , FeS2 and Co9 S8 electrodes with various
morphologies were in situ synthesized on the according metal foils
in the presentence of sulfur by a simple microwave irradiation approach. In the paper of our group, the CuS/graphene (CuS-G) composite was fabricated by one-pot microwave irradiation method
under ambient conditions using a domestic microwave oven
(Fig. 4) [48].
3.3. Spraying-related methods

3.2. Microwave-assisted synthesis
The microwave irradiation is an electromagnetic radiation with
the frequency range 0.3∼300 GHz, corresponding to wavelengths of
1 mm to 1 m. Microwave-assisted synthesis bases on the eﬃcient
heating ability of speciﬁc material to absorb microwave energy and
to convert microwave energy into heat [46]. The heating mechanism of microwave-assisted synthesis can be summarized into two
different processes, namely dipolar polarization and ionic conduction (Fig. 3) [47]. As is often the case, a polar solvent like water,
ethanol or acetone is used as the reaction solvent, and the dipolar
polarization is the main heating mechanism of microwave-assisted
synthesis [47]. The CuS/graphene (CuS-G) composite, binary α -NiSβ -NiS, binder-free CuS, FeS2 and Ni3 S2 /NiS electrodes, MoS2 /WS2 rGO composites etc. are rapidly synthesized by the microwaveassisted methods [48–51].
The binary α -NiS-β -NiS has been prepared by a rapid, one-pot
microwave-assisted hydrothermal autoclave method within 15 min
as reported by Idris et al. [49]. According to Youn et al. [51], the

The spraying-related methods in this part include the spray
pyrolysis, spray deposition and spray drying method. With spray
nozzles, the spraying-related methods can spray out liquids and
prepare particles eﬃciently. The spraying-related methods are usually applied to prepare nanostructured metal sulﬁdes with spherical morphology [52]. Up to now, the non-stoichiometric Cu2 Sx ,
MoS2 /carbon/graphene composite, nickel sulﬁde and nickel sulﬁdecarbon composites, WS2 -carbon microspheres and so on have been
fabricated successfully by the spray-related methods [44,53–55].
The non-stoichiometric Cu2 Sx has been prepared via a spray
pyrolysis method by Kalimuldina and Taniguchi [53]. When the
synthetic material was coated on Cu foil current collector, it
showed ﬁne cyclic performance and good rate capability. Liu
et al. [44] used a hydrothermal approach combined with the spraying coagulation process and calcination step to get composite microspheres consisting of molybdenum disulﬁde, amorphous carbon,
and reduced graphene oxide (MoS2 -AC-rGO). Son et al. [54] prepared nickel sulﬁde-carbon composites and bare nickel sulﬁde by
one-pot spray pyrolysis method (Fig. 5). In the case of nickel
sulﬁde-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/Co9 S8 . Reproduced with permission [56]. Copyright 2015, Royal Society of Chemistry.

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 WS2 -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/Co9 S8
nanocomposite paper which could be directly used as a freestanding 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 performance. Yersak et al. [58] demonstrated an all-solid-state electrode
with a maximum speciﬁc energy of 928 Wh kg−1 . The active material used in this electrode is FeS2 made by a ball milling method.
The electrospinning is also widely applied to fabricate porous materials with ﬁber- or tube-like morphologies. Zhu et al. [59] developed a FeS2 @carbon ﬁber electrode with FeS2 nanoparticles attached to or embedded in the carbon ﬁbers using an electrospin-

ning method. In the work by Zhang et al. [60], the ﬂexible hybrid
membranes with nickel sulﬁde (NiS) nanoparticles uniformly anchored on the electrospun carbon nanoﬁbers (CNFs) were prepared
as binder-free anodes for high-performance LIBs. Through a combination of electrospinning, high-temperature carbonization and the
solvothermal reaction, the self-standing membranes of porous carbon nanoﬁber (PCNF)@MoS2 core/sheath ﬁbers was facilely obtained, which was reported by Miao et al. [61].
4. TMSs application in LIBs
4.1. Copper sulﬁdes
As the member of TMSs, copper sulﬁdes have been attracting
the attentions of researchers. Since copper sulﬁdes contains a series of (non)stoichiometric formulas, CuS and Cu2 S are chosen as
the typical copper sulﬁdes in this review to further illustrate the
research progress [62].
4.1.1. CuS
Beneﬁting from the two-electrons electrochemical reaction
(CuS + 2Li+ + 2e− → Li2 S + Cu), the theoretical speciﬁc capacity of
CuS reaches 560 mAh g−1 . To improve the electrochemical performance, two kinds of strategies are usually adopted to alleviate the issues such as volume expansion, electronic insulating nature of discharge product (Li2 S): nano-construction and complexing. 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.

case of (de)intercalation/conversion reaction-based materials since
it can effectively address the volume expansion problem. Cheng et
al. [63] synthesized hybrid network CuS materials via in situ melt
diffusion method. The binder-free CuS cathode showed relatively
low initial discharge capacity of 185.1 mAh g−1 , whereas a capacity of 468.3 mAh g−1 was obtained after 100 cycles. The authors
proposed a model to explain that the recovering capacity was related with the stepwise utilization of active material and a reduced
dissolution of polysulﬁdes (Fig. 7).
One dimensional nanostructure is another option since it can
guarantee desirable electronic conduction along the axial direction and shorter ion diffusion pathway [64,65]. Besides, it allows for better accommodation of volume change during reversible
charge and discharge processes [21]. Feng et al. [64] prepared
CuS nanowire bundles via a template-free solvothermal method
(Fig. 8a). The initial releasing capacity reached 831 mAh g−1 at
0.2 C (1 C = 560 mA g−1 ) with corresponding Coulombic eﬃciency
of 62.3%. After 100 cycles, the reversible capacities were about 570
and 200 mAh g−1 at 0.2 and 4 C (Fig. 8b), respectively. Likewise,
the CuS nanorod prepared by Li et al. (Fig. 8c) and Zhou et al.

(Fig. 8e) also showed excellent cycling stability, as shown in
Fig. 8(d) and 8(f) [21,65].
Carbon materials such as carbon nanotube (CNT), graphene, reduced graphene oxide (rGO) are known to exhibit numerous chemical and physical advantages including high electronic conductivity,
mechanical strength and structural ﬂexibility [66]. For the metal
sulﬁdes suffering from volume change and poor electronic conductivity nature, complexing with carbon materials seems a decent choice to improve the electrochemical performance. Tao et al.
[67] obtained CuS/graphene composite via a one-pot hydrothermal
method. Compared with the pristine CuS, the CuS/graphene composite showed improved cycling stability and higher reversible capability. At the current density of 50 mA g−1 , the composite retained about 296 mAh g−1 after 25 cycles, while the capacity
of pristine CuS dropped to 50 mAh g−1 after 10 cycles. Wang
and co-workers [68] successfully prepared the CuS/rGO composite. At 500 mA g−1 , the composite showed a reversible capacity
of 390 mAh g−1 after 200 cycles. Our group [48] also synthesized the CuS/graphene (Fig. 9a and 9b) via a facile microwaveassisted 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.

capacity compared with the pure CuS electrode (Fig. 9c). 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 reduce the impedance of cells. Besides introducing graphene-like carbon materials, CNT is regarded as a good conductive network to
improve the performance. In our recent work, we prepared 3dimensional CNTs network/CuS (CuS/CNTs) composite (Fig. 9f) [69].
Through introducing the CNT network, the utilization (Fig. 9g) and
the reaction kinetics of CuS were greatly improved, leading to improved 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. 9h).
4.1.2. Cu2 S
Another typical copper sulﬁde is Cu2 S. The theoretical speciﬁc capacity of Cu2 S is 337 mAh g−1 , based on one-electron
electrochemical reaction. Although showing lower capacity compared with CuS, the Cu2 S still exhibits some fascinating advantages, as previously discussed. To improve the utilization of Cu2 S,
similar strategies are adopted. Han et al. [30] in-situ prepared a
Cu2 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 interaction between sulfur and copper (Ksp (Cu2 S) = 1.0 × 10−48 ) (Fig. 10a–
10c). Other several groups also prepared Cu2 S/carbon composite
to fabricate high-performance anode materials, which showed improved performance compared with the Cu2 S material without any
complexing (Fig. 10d–10j) [29,70,71].
Regarding to the copper sulﬁdes, our group is devoting to fabricating high-performance copper sulﬁde anode materials. For example, a two-step approach has been adopted to prepare Cux S/rGO
(Fig. 11a and 11b) [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 Li2 S
have been well addressed, showing stable cycling performances
(Fig. 11c). Further, utilizing the thermally decomposing properties

of CuS and thermal stability of coating materials (such as carbon),
we deliberately fabricated the Cu2- x S@M hollow spheres (Fig. 11d)
and the Cu2- x S@C bamboo-like hollow nanorods (Fig. 11g) [73,74].
Beneﬁt from the protection of coating shell and internal void space,
not only the volume expansion was alleviated, but also the loss of
active material during long-term cycling was reduced, guaranteeing excellent cycling stability and rate performances (Fig. 11f and
11i).
4.2. Cobalt sulﬁdes
Different stoichiometric cobalt sulﬁdes (CoSx ) such as Co9 S8 ,
CoS, Co3 S4 and CoS2 have been widely researched because of their
excellent physical and chemical properties. The CoSx [12,75,76] is
promising active materials due to their high electrical conductivity, good thermal stability, and high theoretical speciﬁc capacities (Co9 S8 : 545 mAh g−1 ; CoS: 589 mAh g−1 ; Co3 S4 : 702 mAh
g−1 ; CoS2 : 870 mAh g−1 ). Among the diverse crystal structures of
CoSx , Co9 S8 , CoS and CoS2 have been widely studied as anode electrode materials in LIBs. Like the crystal structure of FeS, CoS has a
hexagonal in nature with a space group of P63 /mmc (a = b = 3.37 Å
and c = 5.14 Å) [77]. Thepyrite CoS2 with a space group of Pa3̄
(a = b = c = 5.53 Å) is a cubic crystal arrangement, in which the sulfur atoms paired with the Co2+ cations in the lattice as S2 2− anions
[76]. However, the C9 S8 is a cubic close-packed arrangement with
the Fm3̄m space group (a = b = c = 9.927 Å) [78], in which 1/9 of Co
atoms are paired with the S octahedral and 8/9 of the Co atoms are
coordinated to the S tetrahedron [78–80].
Recently, a large number of studies on the use of Co9 S8 in
LIBs have been reported. In order to improve the conductivity, accommodate the mechanical stress and electrochemical activity of
Co9 S8 , the researchers have adopted many strategies. For example, a variety of carbon materials and carbon structures are used
to prepare various Co9 S8 composites, such as Co9 S8 nanoparticles
embedded in threedimensional carbon nanosheet networks [81],
graphitic carbon nanocages [82], porous carbon ﬁbers [83], onedimensional MWCNT [84], yolk-shell carbon sphere and graphene
nanosheets [85]. Combining the advantages of carbon materials
and carbon structures, the aggregation of Co9 S8 nanoparticles can
be retarded by providing abundant electrochemical active sites and
accommodating 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.

Therefore, when estimated as an anode for LIBs, the as-obtained
Co9 S8 composites electrodes exhibited superior electrochemical
performance with a high reversible capacity. For further improve
the performance of carbon materials, heteroatoms are doped to
carbon materials. For example, Fang et al. [86] used N-rich carbon
hollow spheres to build a Co9 S8 composite material through in situ
pyrolysis and sulfurization process. The composites exhibited excellent rate performance. At a current density of 1 C (544 mA g−1 ),

a discharge capacity of 784 mAh g−1 was obtained. Even at a current density of 4 C, the composites could still show a discharge capacity of 518 mAh g−1 . The excellent rate performance could be attributed to the N-rich carbon encapsulation and the hollow structure.
On the other hand, researchers also designed the structure
of Co9 S8 to improve its performance. Chen’s group fabricated
polycrystalline rose-like Co9 S8 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 Cu2 S/mesoporous carbon composite.
Reproduced with permission [30]. Copyright 2014, Wiley. (d) SEM and (e, f) TEM images of Cu2 S/C composite and (g) corresponding cycling performances of Cu2 S and Cu2 S/C
composite. Reproduced with permission [70]. Copyright 2015, Elsevier. (h) SEM and (i) TEM images of SWCNT-n-Cu2 S and (j) corresponding cycling performances of Cu2 S
and Cu2 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 Cux S/rGO composite. Reproduced with permission [72]. Copyright 2016, Elsevier. (d) Schematic
illustration, (e) morphologies, and (f) cycling performances of Cu2- x S@M (M = C, TiO2 and MoS2 ) 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 Cu2- x S@C bamboo-like nanorods. Reproduced with permission [74]. Copyright 2017,
Elsevier.
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mesocrystal Co9 S8 hollow spheres [87], respectively. These special
Co9 S8 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 chargedischarge process, resulting in good Li+ storage performance.
Moreover, Long et al. [88] synthesized two-dimensional Co9 S8
nanosheets with a thickness of ∼10 nm and lateral size of several
hundred nanometers and the Co9 S8 nanoparticles with a diameter of 40 nm. In contrast, the Co9 S8 nanosheets exhibited cycling
stability and enhanced rate capability due to their unique twodimensional nanostructures. When discharging-charging at 1.0 A
g−1 , the Co9 S8 nanosheets showed a reversible capacity as high as
746.8 mAh g−1 after 300 cycles, while the Co9 S8 nanoparticles only
delivered 63.6 mAh g−1 . Qian et al. [89] successfully fabricated hollow nanospheres of mesoporous Co9 S8 . When discharging-charging
at 100 mA g−1 , these hollow Co9 S8 nanoparticles showed a reversible 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 dischargingcharging 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 application as anode materials in LIBs, but their mechanism and electrochemical 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 storage mechanism of Co9 S8 /Co nanowire-ﬁlled CNTs material by in
situ transmission electron microscopy. The study found that for the
closed CNT, the lithiation Co9 S8 nanowire showed a radial expansion 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 Co9 S8 nanowire showed an axial 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 Co9 S8 . 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 Co9 S8 exhibited a reversible
transformation between Co nanograins and Co9 S8 . Their observations 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 effective 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 combination of the hybrid structure. Likewise, graphene is also used
as the framework for fabricated CoS/G composites to solve the agglomeration 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 electrochemical 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. Simultaneously, some researches on the use of CoS2 in LIBs have

Fig. 12. Schematic drawing showing the electrochemical lithiation process. (a) CoS2
particles anchored on rGO sheets show a core–shell conversion process; (b) pure
CoS2 particles show a side-to-side conversion process. Reproduced with permission
[103]. Copyright 2014, American Chemical Society.

also been reported. Like other TMSs, limiting CoS2 to various carbon materials is an effective way to improve its electrochemical
performance, such as CNTs [94,95], graphene [94, 96-99] and hollow C microspheres [100–102]. Furthermore, in order to explore
the electrochemical behaviors and mechanism of CoS2 during the
charge anddischarge, Su et al. [103] investigated its electrochemical
process using in situ transmission electron microscopy. Ultimately,
they proposed two mechanisms. As shown in Fig. 12(b), the pure
CoS2 particles exhibited the formation of cracks and fractures due
to large and anisotropic size expansion (47.1%) caused by a sideto-side conversion process. Compared the pure CoS2 particles, the
CoS2 particles anchored on reduced graphene oxide (rGO) sheets
showed few fractures due to small and homogeneous size expansion (28.6%) caused by a core-shell conversion process, which was
attributed to the superior Li+ conductivity of rGO and accounted
for the enhanced cyclability. After the ﬁrst discharge, single crystalline CoS2 particle converted to 1∼2 nm Co nanocrystals embedded within Li2 S matrix. The follow cycle was a reversible phase
transition between CoS2 nanocrystals and Co/Li2 S (Fig. 12a).
4.3. Molybdenum disulﬁdes
The molybdenum disulﬁde has a layered structure, where a
plane of molybdenum atoms is sandwiched by planes of sulﬁde
ions. The bulk MoS2 consists of stacked MoS2 monolayers, which
are held together by weak van der Waals force. MoS2 has been intensively investigated as electrode materials for LIBs because Li+
ions can easily intercalate/extract from these kinds of layer materials [104,105]. As anode materials for LIBs, the MoS2 shows many
other advantages, for instance, the capacity of MoS2 (as high as
1300 mAh g−1 ) is much higher than that of commercial graphite
anodes (372 mAh g−1 ). On the other hand, the MoS2 generally display better rate performance and low degradation rate compared
to other emerging negative electrode materials such as silicon or
germanium [106].
The lithium storage property and lithium storage mechanism
of commercial bulk MoS2 were investigated by Fang et al. [107].
It is found out that although the bulk MoS2 showed outstanding
cycling stability in different voltage ranges, the structural transition of bulk MoS2 in the initial cycling was irreversible. Unlike
other metal oxides or sulﬁdes, the metallic Mo as the ﬁnal production of discharge reaction, was found as electrochemically inert
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Fig. 13. Molecular models of (a) 2H–MoS2 . (b) Lithiated 2H–MoS2 showing a 5% lattice expansion in the c-direction and a-direction due to intercalation. (c) Lithiated 1T–MoS2
showing lithium ions occupying octahedral interstices. (d) 3R–MoS2 , (e) Li2 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 MoS2 electrodes at different DODs and SOCs.
Reproduced with permission [112]. Copyright 2011, Wiley-VCH.

and Li2 S/S was the redox couple in a deeply discharged MoS2 /Li
battery (0.01 V vs. Li/Li+ ) [19,23,108–111]. The metallic Mo did not
participate in the subsequent electrochemical lithium storage process. When the MoS2 /Li battery was charged back to 3.0 V, the
products were Mo and S instead of MoS2 (Fig. 13a–e). Xiao et al.
[112] reported the ex-situ XRD of MoS2 /Li battery, similar conclusion was drawn that discharge product of metallic Mo is inert
and Li2 S/S is the redox couple afterwards (Fig. 13f). After charged
to 3.0 V, only the XRD lines of metallic Mo and S could be observed from the XRD pattern. The presence of metallic Mo could
help to suppress the dissolution of Li2 Sx which tended to dissolve in the electrolyte and spoilt the cyclic performance. It is
well known that the most popular strategy to improve the performance of lithium-sulfur batteries is to encapsulate S into meso–
pores of carbon or adsorb S on the surface of nanoﬁbers or nanotubes. This strategy can also be applied in the MoS2 /Li battery
system. Yu et al. [113] reported a rational design and synthesis of novel nanosheets-on-box nanostructure composed of ultrathin MoS2 nanosheets on N-doped carbon nanoboxes (C@MoS2
nanoboxes). The ultrathin MoS2 nanosheets were stuck on or embedded in the well-deﬁned carbon nanoboxes. Used as anode materials for LIBs, the C@MoS2 nanoboxes showed outstanding electrochemical performance: these C@MoS2 nanoboxes manifested
high speciﬁc capacity of around 10 0 0 mAh g−1 at a current density of 0.1 A g−1 , excellent cycling stability up to 200 cycles, and
ﬁne rate performance. The enhanced lithium storage property was
attributed to their unique structure, especially to the high conductivity of N-doped carbon nanoboxes substrate. The hollow structure
of carbon nanoboxes effectively relieved the strain caused by large
volume change during lithiation. The ultrathin MoS2 nanosheets
possessed high surface area for electrode interface and decreased
Li ions diffusion length. All these merits contributed to the electrochemical performance of as-prepared C@MoS2 nanoboxes. Li et
al. [45] prepared MoS2 /graphene hybrid nanoﬂowers by a simple
hydrothermal route. The material characterization showed that the
3D hierarchical composite had large amount of MoS2 nanopetals
with expanded interlayer spacing (Fig. 14). As-prepared composite
delivered a reversible capacity of about 1150 mAh g−1 at a current
density of 100 mA g−1 . As a comparison, the pristine MoS2 and
MoS2 –C composite displayed a lower speciﬁc capacity and worse
cyclic performance. The better performance of MoS2 –C composite
was due to 2-dimensional conductive rGO and effective inhibition
of the MoS2 degeneration during lithiation/delithiation process. In
addition, the increased layer distance between MoS2 layers provided suﬃcient space for Li ions to insert.

Recently, the research has shown that except for composition
and arrangement of atoms, the dimensionality also plays an important role in the property and performance of a certain material. Over the past few years, two-dimensional (2D) graphene has
been extensively studied. The graphene exhibits unique properties
that are absent in bulk graphite, such as mechanical strength, optical properties. The success of graphene sparks the investigation of
other 2D materials. Particularly, the 2D transition metal dichalcogenides with layer structures that are similar with graphene have
received signiﬁcant attention. The 2D monolayer or few layer MoS2
has been studied for energy related applications due to the unique
properties of layered structure, including batteries, fuel cells, photoelectrochemistry and so on [114]. And Wang et al. [115] prepared
few-layered MoS2 and covalently sulfur-doped graphene (MoS2 /SG)
by a facile solvothermal. The covalent bond of sulfur atoms and
graphene sheets effectively bridging 2D few-layered MoS2 and
graphene enable high robustness of the composite materials. Moreover, the compact contact of MoS2 and highly conductive graphene
provided electron transfer pathways through the electrode, while
the high surface area allowed fast access to active materials. Such a
unique architecture ensured the electrode with the superior cycling
stability and excellent rate capability, which was also interpreted
by the density functional theory (DFT) calculations. At the current
density of 100 mA g−1 , an initial discharge capacity of 1670 mAh
g−1 was obtained with a high initial Coulombic eﬃciency of 96.5%.
After 20 0 0 cycles at a high current density of 10 A g−1 , a capacity
retention up to 92.3% could be achieved. Even at the current density of 20 A g−1 , the MoS2 /SG electrode could still possess a speciﬁc capacity of 766 mAh g−1 . Jiang et al. [116] synthesized a novel
2D hybrid nanosheet structure consisting of alternatively overlapped single layer MoS2 and mesoporous carbon with as-made
oleic acid (OA) functionalized MoS2 nanosheet as a template. The
ultrathin hierarchical nanosheet structure formed perfect atomic
interface contact between single layer MoS2 and mesoporous carbon sheets, providing enough space and interface area for Li ions
to react with MoS2 (Fig. 15). Compared with the annealed MoS2
nanosheets (483 mAh g−1 ), the exfoliated graphene (487 mAh g−1 )
and the MoS2 /G composites (744 mAh g−1 ), as-prepared single
layer MoS2 -mesoporous carbon nanosheets (MoS2 /m-C) showed
much higher capacity (1113 mAh g−1 ) at 400 mA g−1 with excellent rate performance (943 mAh g−1 at 6400 mA g−1 ). Moreover, the MoS2 /m-C nanosheets also exhibited stable cycling performance, where the speciﬁc capacity could be well-maintained
at 1023 mAh g−1 at the current density of 400 mA g−1 after 500
cycles. Interestingly, the synthetic material manifested excellent
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Fig. 14. SEM and TEM images of the pristine MoS2 and MG composite. (a and b) The SEM images of the pristine MoS2 in low and high magniﬁcations. (c and d) TEM and
HRTEM images of the pristine MoS2 . (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-MoS2 , pristine
MoS2 , and MG composite, respectively. Reproduced with permission [45]. Copyright 2015, American Chemical Society.

capacity, rate ability and excellent cyclic stability at low temperature (3 °C) and high temperature (50 °C). The ﬁrst-principle DFT
calculation of lithium storage on MoS2 /m-C nanosheet structure
further supported that there was an enhancement for Li ion intercalation in the MoS2 /G atomic interface system, compared with
the separated MoS2 layer interface. Especially, the MoS2 /m-G interface with a carbon vacancy possessed a more prominent capacity to adsorb Li atoms. The enhancement could be ascribed to the
synergetic effect from mesoporous carbon and single-layered MoS2
nanosheets.
4.4. Iron sulﬁdes
The iron sulﬁdes contain a series of compounds, including stoichiometric FeS, FeS2 and nonstoichiometric Fex S (1 < x < 2) and so
forth. Among these compounds, the pyrite (cubic-FeS2 ) has gained
much attention as a promising electrode material for rechargeable

LIBs. The pyrite owns the advantages of high theoretical energy
density (∼ 1313 Wh kg−1 ), good thermal stability, low cost, earth
abundant, nontoxic etc. Compared with other metal sulﬁdes, the
pyrite has been applied in Li-FeS2 primary batteries long and successfully, and it would be more viable to develop commercial FeS2 based LIBs compared with other metal sulﬁdes [59,117,118].
The charge and discharge mechanism of Li/FeS2 batteries were
studied by in situ X-ray diffraction (XRD) and in situ 57 Fe Mössbauer spectroscopy by Fong et al. [119]. It is supposed that the
discharge process included a two-step reaction, where the FeS2
converted into layer structured Li2 FeS2 ﬁrstly, and then the metallic Fe and Li2 S were formed after fully discharge process. In the
charge process, however, after the reversible conversion of Li2 FeS2 ,
a hexagonal Li2- x FeS2 (0 ≤ x ≤ 0.8) was formed as the intermedia, and then hexagonal Li2- x FeS2 convert into nonstoichiometric
pyrrhotite FeSy and elemental S instead of pyrite FeS2 . The supposed 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 MoS2 /m-C nanosheet super-structure; (b) the amidation
reaction equation of OA and PDA; (c) XRD patterns of the MoS2 /m-C nanosheet superstructure, the fresh MoS2 nanosheets, and the annealed MoS2 nanosheets; SEM images
of (d) the fresh MoS2 nanosheets, (e) the MoS2 /m-C nanosheet superstructure, and (f) the annealed MoS2 nanosheets. Electrochemical and LIB performance: (g) CV curves
and (h) charge/discharge curves of the MoS2 /m-C nanosheet superstructure for the ﬁrst three cycles at 0.2 mV s−1 , (i) the capacities retention of the MoS2 /m-C nanosheet
superstructure, MoS2 /graphene composites, exfoliated graphene, and the annealed MoS2 nanosheets at current densities from 200 to 6400 mA g−1 , (j) cycling performance of
the MoS2 /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 MoS2 /m-C hybrid nanosheet superstructure at low temperature (3 °C) and high temperature (50 °C). Reproduced with permission [116]. Copyright 2015, Wiley-VCH.

Discharge:

FeS2 + 2Li+ + 2e− → Li2 FeS2

(3)

Li2 FeS2 + 2Li+ + 2e− → 2Li2 S + Fe

(4)

Charge:

Fe + 2Li2 S → Li2 FeS2 + 2Li+ + 2e−

(5)

Li2 FeS2 → Li2- x FeS2 + xLi+ + xe−

(6)

Li2- x FeS2 → FeSy + (2-y)S + (2-x)Li+ + (2-x)e−

(7)

Similar conclusion is drawn by Zhang and Tran [111], where
ex-situ XRD and energy dispersive X-ray (EDX) analysis were
conducted to study the reaction mechanism of FeS2 /Li batteries
(Fig. 16). Zhang et al. found that during the charge-discharge process, the polysulﬁdes Li2 Sn (2 ≤ n ≤ 8) were formed and dissolved
in the electrolyte. Like lithium-sulfur batteries, the FeS2 /Li batteries would also suffer from so called shuttling effect and cause
capacity decline. Certain electrolyte addictive and the coating of
active materials could relieve the decay of FeS2 /Li batteries from
some extent. Son et al. [120] embed phase pure natural pyrite in
a stabilized polyacrylonitrile (PAN) matrix. The PAN matrix could
conﬁne FeS2 ’s electroactive species (Fe0 and Sn2− ) for good reversibility and eﬃciency. In addition, the PAN matrix could accommodate the 160% volume change during the discharge process because the PAN coating was not fully carbonized. Using high
resolution transmission electron microscopy (HRTEM), it was conﬁrmed that the FeS2 particles were embedded in the PAN matrix
and the FeS2 ’s electroactive species were well conﬁned during cycling. After 50 cycles, the capacity of PAN-FeS2 electrode maintained at 470 mAh g−1 with a Coulombic eﬃciency up to 99.25%.
The core-shell nano-FeS2 @N-doped graphene was prepared by Tan
et al. [121]. The nano-sized FeS2 had a short Li ion diffusion distance, and the N-doped graphene shell had optimized electronic

conductivity in addition to mechanical strength that could maintain the structural stability of active materials. As-prepared cells
had superior electrochemical performance with a high reversible
capacity of 484.7 mAh g−1 at 0.5 A g−1 , corresponding to a speciﬁc energy density of 713.5 Wh kg−1 . The FeS2 cells also exhibited
outstanding fast rechargeable performance, at a current density of
5 A g−1 , the capacity stood at 281.4 mAh g−1 (543 Wh kg−1 ). Additionally, the cells with core-shell nano-FeS2 @N-doped graphene
electrode had excellent long-term stability and high speciﬁc energy density, conducting 401.1 mAh g−1 (613.7 Wh kg−1 ) at 0.5 A
g−1 after 400 cycles. Xu et al. [122] successfully fabricated a hierarchical porous carbon (HPC) with inter-connected macro-pores and
microporous shells using dual template method (Fig. 17). The HPC
could provide a good conductive network, accommodate the volume change of pyrite FeS2 , and inhibit the growth of FeS2 to get
nano-sized FeS2 particles as well as prohibit the loss of electroactive species through cycling. The as-prepared FeS2 @HPC structure
showed enhanced electrochemical performance, a high speciﬁc capacity of 720 mAh g−1 could be obtained after 100 cycles, which
is much higher than the capacity of pristine FeS2 .
Generally, one-dimensional (1D) nanostructures show unique
properties, making them favorable to be used as active materials for LIBs. The application of 1D structured electrode materials
owns many merits. Firstly, 1D structure allows the accommodation of the volume change of lithium insertion/extraction along a
speciﬁc orientation. Secondly, the interval space formed between
neighboring structures can act as a pathway for electrolyte, making
diffusion of electrolyte into the inner region of the electrode easier, ultimately prolonging the lifespan of batteries. Thirdly, a much
larger surface-to-volume ratio of 1D nanostructure arrays with respect to the bulk counterparts can provide more active sites and
obviously shorten the diffusion route of Li ions [123]. Zhang et
al. [124] prepared large-scale 1D FeS2 @C nanowires using organicinorganic hybrid S-amine/FeS2 -amine (amine = ethylenediamine)
(SAFA) nanowires. The FeS2 @C nanowires inherited the advantages
of both 1D nanostructure and the thin amorphous carbon layers. Based on the merits of shortened Li ion diffusion distance,
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Fig. 16. (a) ex-situ XRD pattern of FeS2 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 FeS2 nanocrystals in hierarchical porous carbon capsules. TEM images of (b) HPC and (c) FeS2 @HPC composite; (d) high-resolution
TEM image; (e) scanning TEM image with phase mapping of the FeS2 @HPC composite. (f) Cycling performance and columbic eﬃciency (charge/discharge) of the FeS2 @HPC
composite electrode at the rate of 1 C (1 C = 894 mA g−1 ). (g) Charge and discharge curves of pristine FeS2 and FeS2 @HPC. (h) Voltage proﬁles. (i) Cyclic voltammograms of
FeS2 @HPC composite electrode. Reproduced with permission [122]. Copyright 2016, Elsevier.

improved electrical conductivity and precluded dissolution of polysulﬁdes, the as-prepared FeS2 @C nanowires exhibited high reversible 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 . Additionally, superior cycling performance was manifested in FeS2 /Li batteries. 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 Coulombic eﬃciency of over 98%. The self-supported hierarchical FeS2 /C
composite nanotubes arrays were synthesized by a hydrolysissulfurization method, which was reported by Pan et al. [125].

The electrochemical performance of hierarchical FeS2 /C composite nanotubes was characterized by assembling FeS2 /Li batteries.
The FeS2 /Li batteries showed noticeable improvement in the capacity, and the FeS2 /C nanotubes arrays showed initial speciﬁc capacity of 865 mAh g−1 , which was much higher than the bare
FeS2 electrodes. The rate performance of FeS2 /C nanotubes was
also impressive, at a high rate of 1.5 C, and the capacity was
482 mAh g−1 . When the rate was changed to 0.25 C, the capacity could be go back to 721 mAh g−1 . Furthermore, superior
cycling stability was obtained by the FeS2 /C nanotubes array. It
showed 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 FeS2 @carbon ﬁber shown in (c). Electrochemical performance for the Al2 O3 -coated
FeS2 @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-FeS2 −1 ) and the electrode level (∼ Wh kg-FeS2 −1 electrode). (i) Schematic
illustration of mechanisms for the enhanced cycling stability by Al2 O3 coating in the voltage range of 1.0∼3.0 V (vs Li/Li+ ). Reproduced with permission [59]. Copyright 2016,
American Chemical Society.

at 1.0 C after 100 cycles, respectively. In addition, the 3D
structure of the electrode was basically maintained at 0.25 C
after 100 cycles, indicating that the stable structure was favorable
for achieving enhanced cycles. In the study by Zhu et al. [59],
using an electrospinning method, an FeS2 @carbon ﬁber electrode was fabricated with FeS2 nanoparticles either attached to
or embedded in carbon ﬁbers. By applying this free-standing
FeS2 @carbon ﬁber electrode in FeS2 /Li batteries, the electrochemical performance and redox reaction mechanisms for the FeS2 /Li
batteries were revealed (Fig. 18). The FeS2 @carbon ﬁber electrode
showed stable electrochemical performance in both the solvent-insalt-type Li-S battery electrolyte and the conventional carbonatebased electrolyte in the voltage range of 1.5∼3.0 V. The authors
concluded that after the charge-discharge process, the FeS2 /Li battery system transformed into a hybrid of a Li-FeS2 and a LiS system system. The improved electrochemical performance in

the solvent-in-salt electrolyte compared with the carbonate electrolyte could be ascribed to the stabilized Li-S system performance using the solvent-in-salt electrolyte. By further coating a
thin layer (∼ 5 nm) of Al2 O3 on the FeS2 @carbon ﬁber electrodes,
the electrodes manifested improved electrochemical properties in
the extended voltage range of 1.0∼3.0 V. In this voltage range,
the FeS2 @carbon ﬁber electrode showed a reversible capacity of
600 mAh g−1 (electrode) with an energy density reaching 10 0 0 Wh
kg−1 (electrode) and maintained at 840 Wh kg−1 (electrode) after 100 cycles, showing potential to be applied in energy storage
system.
4.5. Other metal sulﬁdes
Besides the above mentioned candidates, other TMSs, especially
two-dimensional (2D) materials, such as TiS2 , WS2 and VS2 , have
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also been reported as promising anode for LIBs. Ti2 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, TiS2 is mainly studied in
high power batteries [126,127]. Lee et al. [128] demonstrated that
TiS2 was a suitable cathode material even in all-solid-state lithium
battery. Constructing TiS2 in all-solid state battery, the power density 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 TiS2 is in-between voltage of 2.1 V vs. Li+ /Li. Finding 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 TiS2 as anode
in WIS to pair with LiMnO2 cathode. The result showed that the
LiMnO2 /TiS2 full cell could deliver energy density of 78 Wh kg−1
at a high discharge voltage of 1.7 V, revealing the possibility of using TiS2 in WIS electrolyte LIB.
WS2 is one of the two-dimensional layered transition-metal
dichalcogenides. It has the same crystal structure as MoS2 , 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 reaction WS2 and insulating nature of discharge products Li2 S lead to
a slow kinetics. Therefore, many efforts have been made to improve the electric conductivity. The strategies, such as synthesizing
mono- or few-layer WS2 , nanosized WS2 and WS2 /C composites,
have been put forward. Beneﬁting from its graphene-like structure, mono- or few-layer WS2 usually exhibited outstanding electron transfer properties [130]. So far, various techniques have been
developed, such as mechanical or chemical exfoliation [130–132].
Though monolayer WS2 shows unique physiochemical properties,
the high surface energy of WS2 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 synthesized. Beneﬁting from the large surface area and shorter Li+ diffusion pathway of nanostructure, building nanostructure exhibited a
promising strategy to enhance the Li+ intercalation and deintercalation. Even though, the bulk WS2 still suffers from low electron transfer. Adding additional carbon-based materials can significantly improve the conductivity of electrode material of WS2 . Recently, the studies showed that the combinations of nanostructure
WS2 and carbon-based materials could synergistically enhance the
electrochemical performances of WS2 . Thus, a number of carbonaceous materials, such as graphene, CNTs, and amorphous carbon,
have been reported to fabricate WS2 /C composites material [137–
143]. For example, Zhang et al. [141] made the WS2 nanosheets
grown on graphene-wrapped carbon nanoﬁbers (WS2 /GCNF). The
obtained WS2 /GCNF possessed large surface area, high electrical conductivity and good structure integrity. As a result, the
WS2 /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 hybrid nano-architecture composed of WS2 nanosheets and CNT-rGO
aerogel with microchannel three-dimensional (3D) scaffold structure. The WS2 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 WS2 /CNTrGO 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 WS2 @CMK-3 nanocomposites through a one-step
hydrothermal method. The CMK-3 had high electronic conductivity and volume conﬁnement effect. Also, combined with the fewlayered nanostructure of WS2 , the WS2 @CMK-3 maintained a high

capacity of 720 mAh g−1 after 100 cycles at 100 mAh g−1 . Even at
high current density of 2 A g−1 , a reversible capacity of 307 mAh
g−1 could still be achieved.
The VS2 is another 2D material, which is well known for its
high rate performance as the electrode material for LIBs. But low
discharge capacity was shown in the initial research. A breakthrough was made by Feng et al. [144], who obtained ﬁve S-V-S
single layers by exfoliating bulk VS2 ﬂake, revealing the metallic
nature of few-layered VS2 . Since then, much attention has been
drawn to the mono- or few-layer VS2 . For example, utilizing the
coincident interaction of VS2 nanosheets with rGO, Fang et al.
[145] synthesized VS2 /graphene nanosheets (VS2 /GNS), exhibiting
excellent high-rate capability and great cycling stability. Even at
20 C, a high capacity of 114.2 mAh g−1 could still be obtained.
Zhou et al. [146] prepared hierarchical VS2 nanosheet assemblies,
which consisted of ultrathin nanosheets with a few atomic layers
thickness. The results showed that this unique structure enabled
rapid and durable storage for alkali metal ions. When assembled as
anode material for LIB, the reversible speciﬁc capacity could reach
up to > 10 0 0 mAh g−1 . Zhou et al. [147] prepared VS4 nanoparticles rooted by amorphous carbon coated multi-walled carbon nanotubes via a simple solvothermal reaction. It delivered much better
cycling stability and rate capability. It exhibited a reversible capacity of 922 mAh g−1 after cycled at 0.5 A g−1 for 100 times. Even after 10 0 0 cycles at 2 or 5 A g−1 , it still delivered a capacity of 576 or
401 mAh g−1 . Apart from experiment data, recent ﬁrst-principles
calculations based on density functional theory also revealed that
the 2D VS2 monolayers could be the prospect anode materials for
LIB, showing its promising application [148, 149].
5. Conclusions and perspectives
In summary, the review presents the recent advances in the
modiﬁed TMSs for LIBs. The recent developments in structure and
material design have made signiﬁcant strides for LIBs, especially
in the various structures of the carbon-based materials wrapped
TMSs composites, which structures can solve the agglomeration
and electrical conductivity issues of the TMSs. Furthermore, the
carbon-based materials can also buffer the volume expansion and
mitigate pulverization of the TMSs nanostructures during lithiation and de-lithiation processes. However, despite some signiﬁcant
strides have been achieved, the development of next-generation
LIBs based on TMSs is still in its infancy, but the future outlook
will be highlighted here.
In order to be practical, there are several issues that need to
be further improved. First, there are some diﬃculties in the current methods of preparation. For example, the reaction process of
the hydrothermal method is diﬃcult to control and understand,
the energy consumption of the microwave method is relatively
high, and the eﬃciency and the yield of spray-related methods is
not enough. Therefore, it is necessary to ﬁnd a simple, low-cost
and high-eﬃciency synthetic method for large-scale production of
TMSs. In order to ensure the development of energy storage devices, the trend of using earth-abundant and non-toxic raw materials and green manufacturing processes has to be established without compromising on cost-effectiveness and environmental issues.
Second, the ultimate goal of developing TMSs is to develop energy
storage systems with high energy and power density. However, the
energy density of a full battery depends on the operating voltage,
in addition to the speciﬁc capacity of the positive and negative materials. Compared to the graphite anode, the voltage platform of
TMSs is usually above 1.0 V, and therefore, it is a necessary to ﬁnd
a high-voltage cathode material that can match with TMSs to assemble a high voltage full battery. In addition, to match TMSs with
the cathode material, the problem of compatibility with carbonate
electrolytes needs to be addressed.
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