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Abstract
Lithium-sulfur batteries (LSBs) are considered to be one of the most promising candidates for becoming the post-lithium-
ion battery technology, which would require a high level of energy density across a variety of applications. An increasing 
amount of research has been conducted on LSBs over the past decade to develop fundamental understanding, modelling, 
and application-based control. In this study, the advantages and disadvantages of LSB technology are discussed from a 
fundamental perspective. Then, the focus shifts to intermediate lithium polysulfide adsorption capacity and the challenges 
involved in improving LSBs by using alternative materials besides carbon for cathode construction. Attempted alternative 
materials include metal oxides, metal carbides, metal nitrides, MXenes, graphene, quantum dots, and metal organic frame-
works. One critical issue is that polar material should be more favorable than non-polar carbonaceous materials in the aspect 
of intermediate lithium polysulfide species adsorption and suppress shuttle effect. It will be also presented that by preparing 
cathode with suitable materials and morphological structure, high-performance LSB can be obtained.
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Introduction

Various types of new energy storage technologies such as 
multi-ion batteries, sodium-ion batteries, metal-air batteries, 
ultra-capacitors, all-solid-state batteries, and redox-flow bat-
teries are currently under development. The lithium-sulfur 
battery (LSB) is one of the most promising candidates to 
be the next-generation rechargeable battery, i.e., the post-
lithium-ion battery [1–3]. When compared with the current 
forms of the lithium-ion battery (LIB), LSBs have higher 
specific energy (calculated to be approximately 6–7 times 
that of their LIB equivalent), superior safety, and lower unit 
cost due to the relatively high availability of sulfur [4–8]. As 
a result, there has been a significant amount of LSB research 
carried out over the past decade with a focus on develop-
ing fundamental understanding, modelling, and component 
materials. Although the LSB battery has not yet been com-
mercialized because of its undesirable high self-discharge 

rate and short cycle life, a tremendous number of challenges 
have been overcome in order to remedy these faults by clari-
fying the fundamental scientific mechanisms behind LSB 
cell behavior and component materials [9, 10]. In the follow-
ing sections, we will begin with a discussion of the advan-
tages of the LSB as well as its limitations, followed by a 
discussion of the development of materials and mechanisms 
designed to alleviate the current limitations of the battery.

LSB technology: advantages and limitations

The LSB is an electrochemical cell with a high gravimetric 
energy potential. Its theoretical specific capacity is 1675 
 mAhg−1 (2500 Wh  kg−1), a result of the 16-electron reduc-
tion of an  S8 molecule at the cathode:

The working mechanism underlying LSB functionality is 
highly complicated and is, in fact, still the subject of debate 
although the main principle can be summarized as follows. 
In general, the primary LSB components are the lithium-
metal anode, the sulfur-containing cathode, a carbon-based 
material, and a binder. There is also a separator and an elec-
trolyte between the anode and cathode [11].
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During discharge, the sulfur in the cathode dissolves into 
the electrolyte, forming S8. The liquid S8 is then electro-
chemically reduced at the cathode to form several intermedi-
ate products, referred to as lithium polysulfide (LiPS) spe-
cies  (Li2Sx), with an accompanying oxidation of Li metal 
into Li + ions at the anode. From the cathode side, the poly-
sulfide species  (Li2Sx, 2 < x ≤ 8) diffuse to the electrolyte/
separator side because they are soluble in the electrolyte 
liquid. As discharge reaction proceeds, the length of the pol-
ysulfide chains reduce, which affects the liquid electrolyte 
viscosity, mobility, and solubility of the  Li2Sx compounds.

After discharge is complete, the  S8 is fully reduced to 
 S2

−  (Li2S) and the anode is fully stripped of Li metal. The 
reverse reactions occur during the charging stage.  Li+ ions 
deposit at the anode as the Li metal and low-order poly-
sulfides oxidize from  S2

− up to  S2–8 and eventually become 
 S8. This process is illustrated in Fig. 1 [12–14].

Advantages of a lithium‑sulfur system

Sulfur, the raw material of the LSB cathode, is cheap, abun-
dant, and non-toxic; therefore, the LSB is a more environ-
mentally and economically friendly option than the heavy 
transition metal–based LIB. The cell cost of an LSB can also 
be lower than that of an LIB (approximately 100 USD per 
KWh) [4, 15, 143]. Another of its advantages is that an LSB 
can be discharged to a 0% charge state and does not need 
to be subsequently recharged for storage [144, 145]. This 
means that an LSB can be left in a discharged state for long-
term storage periods when it is not in use without serious 
capacity degradation. This is rather significant, as LIBs need 
to be recharged before long-term storage in order to prevent 
irreversible capacity loss. Furthermore, its component mate-
rials allow for a very light weight, as little as 1  gcm−3, which 
is much lighter than a typical LIB. This is another significant 

edge that LSBs have over LIBs, because aeronautical and 
submarine applications require rechargeable batteries to be 
as light as possible [16, 146, 147].

Limitations of lithium‑sulfur batteries

Despite its extremely high theoretical energy density, the 
LSB has a significantly lower practical energy density value, 
which is one of the key obstacles to the commercialization of 
LSBs. The complex working mechanism of the LSB is one 
of the reasons behind this. Specifically, the problem lies in 
the conversion of elemental sulfur  (S8) into the final reduc-
tion product, lithium-sulfide  (Li2S). A non-trivial amount 
of effort has been exerted to overcome this obstacle. Dur-
ing the discharge process, elemental sulfur is reduced into 
a soluble form of an intermediary, LiPS  (Li2Sx, 3 < x < 8), 
which is soluble in the electrolyte and can then diffuse out 
from the cathode.

As the discharge process continues, the length of the 
soluble polysulfide chains reduce, affecting electrolyte 
viscosity.  Li2S2 and  Li2S are the final discharge products, 
solid insulating substances that can enhance LSB resistance 
by passivating the conductive surface of the cathode. The 
charge process is also quite complicated, involving solid 
products  (Li2S2/Li2S) oxidizing back into the soluble form 
and ultimately converting into elemental sulfur. This last 
step depends on the charge cut of the voltage [17].

It is not possible to clearly distinguish individual poly-
sulfide species and the reaction varies greatly depending 
on the electrolyte/electrode combination. The physical and 
chemical properties, as well as the structure of the electrode 
and electrolyte (polysulfide affinity, reactivity to lithium 
metal, dielectric constant, viscosity, molecular structure of 
electrode, etc.), can critically affect the rate of each of the 
reaction steps inside an LSB [14, 18, 19]. For instance, a 
dense cathode may have a large surface area such that a 
high capacity would be expected, although a low-viscosity 
electrolyte would be necessary in that case; otherwise, the 
electrolyte would not be able to penetrate through the entire 
thickness of the cathode film, thereby suppressing the effi-
cient mass transport of species in the solution. This tendency 
is more severe in the case of an LSB compared to an LIB 
since the shuttling of  Li+ ions between the anode and the 
cathode is the major reaction for the latter one. Even this 
example is sufficient to make matters difficult for research-
ers, complicating the decision as to which material they 
should choose to make an LSB. The potential incompatibili-
ties between high-performance component materials also 
imply that experiments need to be performed individually 
and in an isolated environment for each material.

The use of lithium metal for the anode can also suffer 
from its own limitations, despite its high theoretical and 
gravimetric energy capacity. The short cycle life of an LSB Fig. 1  A typical charge/discharge profile for LSB
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is primarily attributable to the use of lithium metal. Lith-
ium is a highly electronegative element with a reduction 
potential of − 3.04 V. Because of this high potential, almost 
all organic solvents will spontaneously react with it, result-
ing in severe electrolyte degradation [20]. Furthermore, 
polysulfide formed at the anode surface reduces to a shorter 
polysulfide, lowering the coulomb efficiency and causing 
irreversible loss of the active material from the cathode.

The stripping and plating of lithium ions during charge 
and discharge gives rise to an uneven lithium metal anode 
surface as the reaction proceeds. This causes an inhomoge-
neous current density distribution across the LSB. This is of 
concern because an excessive proportion of uneven surface 
could impact the other cell components, most notably the 
cathode, leading to a short circuit [21–23].

Alternative materials such as graphite and silicon 
(Si)– and tin (Sn)–based materials have been tried as sub-
stitutes for lithium metal in LSB anodes [24–26]. It should 
be noted that these materials need to be lithiated in order to 
function as anode for LSB. However, the resulting anodes 
are less electronegative than Li, further reducing the battery 
potential; at ~ 2.1 V, this is already lower than Li-ion batter-
ies. Si or Sn is also more than an order of magnitude heavier 
than lithium metal, one of the lightest elements; therefore, 
the total weight of the Si or Sn-based negative electrode 
increases, negatively impacting the specific energy and 
gravimetric energy density of the final cell. In addition, the 
volume of a Si or Sn-based anode changes dramatically dur-
ing the charge–discharge cycle, ultimately deteriorating the 
LSB itself [27]. In light of this, lithium metal still appears to 
be the best anode material that actualizes the full potential 
of the Li–S multi-electron reduction.

The battery cycle life is also deteriorated by the deposition 
of poorly soluble/insoluble products (i.e.,  Li2S2 and  Li2S) at 
the cathode, formed due to the decomposition of the cathode 
carbon skeleton and polysulfide reaction with the electrolyte 
[28]. Sulfur is an active material in an LSB, although its 
intrinsic nature as an insulator necessitates a large amount 
of conductive carbon material to keep the cathode conduc-
tive. Thus, in general, LSBs require a much larger quantity 
of conductive carbon material to be introduced into their 
cathodes compared to LIBs, creating porous structures that 
can collapse under the repetitive charge–discharge cycles 
of deposition and dissolution of active materials, which are 
in the form of different lengths of LiPS. Researchers have 
been trying to solve this issue by modifying the cathode to 
allow for rapid mass transfer and redox reactions [29, 30]. A 
low-density electrolyte also facilitates rapid  Li+ diffusion. 
A sulfur cathode experiences large-volume change during 
charge–discharge cycles, which is also the main reason for 
the gradual destruction of the electrode because of eventual 
delamination from the current collector. In short, intermedi-
ate LiPS is the main cause of LSB deterioration.

Looking more closely into cathode materials, the carbon 
or carbonaceous materials used as the conductive material 
generally exhibit a non-polar surface. Non-polar surfaces 
usually have only weak interactions with highly polar LiPS, 
resulting in the dissolution of LiPS and severe capacity fade 
[31–33]. Thus, to suppress LiPS shuttle and improve cell 
cycle life, a cathode material that possesses a polar surface, 
such as an oxide, a nitride, or a carbide, would be more ideal 
for the suppression of LiPS dissolution through chemisorp-
tion and chemical anchoring.

It should be noted here that some carbonaceous materials 
can possess polar surface by nitrogen, sulfur, phosphor dop-
ing, or some transition metal doping such as cobalt, nickel, 
and iron. Additionally, different type of carbonaceous mate-
rials such as carbon nanotube, and graphene also should also 
show some non-polar surface depends on their morphology 
and surface edge [155–161].

Despite all these difficulties, however, the LSB is still the 
most promising candidate for the next-generation recharge-
able battery, largely owing to its high theoretical capacity.

In the following section, various types of cathode mate-
rial will be discussed in order to improve the electrochemi-
cal properties of LSB, classified by its material component.

Cathode materials

Sulfur‑metal oxide composite

Certain metal oxides exhibit electrocatalytic activity toward 
LiPS adsorption, and the strong interaction between a polar 
surface and LiPS during the electrochemical reaction is an 
important factor for this adsorption.  MnO2 [34],  WO3−x [35], 
 V2O5 [36],  LaMnO3−δ [37],  CeO2 [38],  SnO2 [39],  ZrO2 [40], 
 TiO2 [41], and other composites have all been applied to trap 
LiPS and improve LSB electrochemical reactions. Compared 
with pure sulfur, the S-TiO2 composite showed a better dis-
charge capacity retention of 58% after 50 cycles and a dis-
charge capacity of 530  mAhg−1 after 50 cycles, which can be 
ascribed to the adsorption of LiPS by  TiO2 [41].

An oxygen-deficient modified metal oxide–based cath-
ode generally shows enhanced electrocatalytic activity in 
various types of electrochemical reaction. Oxygen-deficient 
 WO3 was used as an electrode for LSBs. The sulfur and 
oxygen-deficient  WO3 composite cathode showed a capacity 
decay of only 0.13% per cycle at a 0.5 C rate owing to the 
suppression of LiPS accumulation on the cathode surface 
from the interaction of the  WO3 and LiPS [35]. A  CeO2 
and nitrogen-doped carbon composite material success-
fully mitigated LiPS dissolution and promoted rapid LiPS 
conversion reactions. The strong electrocatalytic effect also 
enhanced the LiPS redox reaction, which was confirmed 
by the positive and negative shifts in the reduction and 
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oxidation peaks of CV, respectively. The  CeO2-modified 
electrode exhibited a reversible capacity of 1064 mAh  g−1 
at a 0.2 C rate after 200 cycles [38]. Furthermore, owing to 
the strong interaction between the  Fe2O3 nanoparticles and 
graphene, their combination proved to be an effective way to 
suppress LiPS shuttle. The conversion of soluble LiPS into 
insoluble  Li2S2 and  Li2S was also accelerated. The adsorp-
tion energy of  Fe2O3 toward LiPS,  S8, and  Li2S was revealed 
to be higher than graphene through DFT calculations. As a 
result, the sulfur-Fe2O3 composite electrode demonstrated 
a high capacity of 565  mAhg−1 with a low-capacity decay 
of 0.049% per cycle for 1000 continuous charge–discharge 
cycles at a 5 C rate [42]. Other types of oxide material such 
as a Magnéli phase  Ti4O7 was also investigated, confirming 
the enhancement of the LiPS redox chemistry.  Ti4O7 mag-
néli phase is reported to behave as metallic due to delocali-
zation of 3d electrons [132]. Pang et al. studied that sulfur 
host material that possess inherent metallic conductivity 
can have ability to chemically bind LiPS on the surface and 
facilitate reduction to  Li2S. A high surface area Magneli 

phase  (Ti4O7) fulfills these requirements and demonstrates 
excellent cycle performance and high-rate capability. In 
addition, they have shown that polar O-Ti–O units in  Ti4O7 
have a high affinity for LiPS [43]. This concept is shown in 
Fig. 2. On a typical carbon support which is generally used 
as sulfur support material for LSB cathode, elemental sulfur 
experiences reduction to form LiPS then after dissolves into 
the electrolyte (Fig. 2a). Initial reduction offers  S8

2 that dis-
proportionates in solution to elemental sulfur and  S6

2. The 
soluble  S6

2 can either split to form soluble, reducible  S3; or 
further reduce to  S4

2 and ultimately precipitate  Li2S; and/
or reduce and disproportionate to form a higher order LiPS 
and  Li2S. In any case, these solution-mediated reactions are 
highly complex and high concentration of LiPS accumu-
lates that results in deposition of  Li2S with high interfacial 
impedance. In contrast,  S8 reduction on the metallic polar 
 Ti4O7, LiPS adsorbs on the surface and is reduced to  Li2S 
via surface-mediated reduction and in this case, interfacial 
impedance can stay low which is more favorable for LSB 
electrochemical performance. Based on these facts, the 

Fig. 2  Diagram illustrating 
surface-mediated reduction of 
 Li2S from LiPSs on  Ti4O7. a On 
reduction of  S8 on a carbon 
host, LiPSs  (Li2SX) desorb 
from the surface and undergo 
solution-mediated reactions 
leading to broadly distributed 
precipitation of  Li2S. b On 
reduction of  S8 on the metal-
lic polar  Ti4O7, LiPSs adsorb 
on the surface and are reduced 
to  Li2S via surface-mediated 
reduction at the interface
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 Ti4O7-S composite cathode exhibited a discharge capacity 
of 1070 mAh  g−1 at a moderate rate and delivered a stable 
cycle life of 500 cycles at a 2 C rate. It was suggested that 
when the sulfur/sulfide host is both sulfiphilic and metallic, 
redox is further facilitated [43, 132].

Besides particular oxides such as magnéli oxide material, 
perovskite, and cation vacancy oxide based on some transi-
tion metal such as copper, niobium, calcium, and vanadium, 
oxide have been studied to possess storage capacity against 
lithium, sodium, etc. [148–155].

Sulfur‑metal sulfide composites

Metal-based chalcogenide electrocatalysts are considered 
a potential LSB cathode material owing to their relatively 
cheap cost, as well as their high performance and chemical 
stability against sulfur-based materials. Moreover, they avoid 
overlap with the active-voltage region in an LSB because of 
their low lithiation potentials [33].

Sulfide-based electrocatalytic materials can be generally 
metallic or semi-metallic, which promotes electron trans-
fer during LiPS conversion reactions. The main reason for 
their superior electrocatalytic properties is their effective 
d-band structure, a product of the synergism between metal 
d-orbital and unsaturated S-heteroatoms. This results in 
similar properties to those determined by the d-band of Pt. 
Thus, the catalytic activity of the metal sulfide materials is 
correlated with the number of exposed edge sites [44]. Jara-
millo also reported that electrocatalytic activity for hydro-
gen evolution correlates linearly with the number of edge 
sites on the  MoS2 catalyst for example [133]. Karunadasa et 
al. also prepared a molecular modelling one of these edge 
sites, in which a triangular Mo-S–S unit was supported by 
metal coordination to five tethered pyridine rings, and dem-
onstrated that these edge sites were active toward electro-
chemical generation of hydrogen from water. They had also 
suggested that this type of materials can be a low-cost alter-
native to platinum for electrocatalytic hydrogen production 
[134]. Wu et al. had reported that the catalytic properties of 
monometals and binary alloys can be realized in terms of the 
electronic structures of the principal elements both experi-
mentally and theoretically (i.e., d-band theory) [135]. For 
example, deposition of platinum on the gold nanoparticle 
catalyst modulates its d-band electronic structures, with the 
electronic energy tunable between − 3.93 and − 4.24, approx-
imating that of chemically resistant gold (− 4.35 eV). This 
reaction will weaken the binding strength between Pt active 
sites and intermediate species which resulted in obtaining 
higher catalytic activity [136].

Thus far, a number of sulfide-based catalysts have been 
investigated with a focus on LiPS conversion reactions, 
including  WS2,  MoS2,  SnS2,  CoS2, and binary sulfides [45]. 
Zhang et al. used  CoS2 as an electrocatalyst in an LSB in an 

attempt to achieve efficient LiPS conversion.  CoS2 is semi-
metallic and has a conductivity of 6.7 ×  103  Scm−1 at 300 K, 
which is relatively high compared to first-row transition 
metal sulfides such as  Ni3S2 and  FeS2. Due to the sulfiphi-
lic nature and high electron conduction of  CoS2, the LiPS 
redox reactions were indeed accelerated [46]. It was found 
that the  WS2 enhanced the charge transfer kinetics in the LSB 
due to the catalytic active edge sites of  WS2. The interac-
tion between LiPS and  WS2 edge sites was investigated with 
scanning electron microscopy (SEM), XPS, and UV–Vis 
spectroscopy. The results demonstrated that the unsaturated 
edge atoms of the transition metal dichalcogenide experi-
enced significant LiPS adsorption due to the polarity and 
inherent catalytic activity. As a result, a specific capacity of 
590 mAh  g−1 and catalytically driven stable Coulombic effi-
ciency of 99% for 350 continuous charge–discharge cycles 
were obtained [47].

MoS2 and its oxygen-deficient form, as well as their 
graphene oxide composite, were tested as electrodes 
for an LSB [9]. Cyclic voltammetry (CV) was measured 
to understand the catalytic effect of  MoS2−x on the LiPS 
redox reactions. As presented in Fig. 3, the catalytic effect 
of  MoS2−x on the polysulfide redox reactions was investi-
gated by CV in symmetric cells with identical working and 
counter electrodes in a 0.2 M  Li2S6 electrolyte.  MoS2/rGO 
and rGO prepared under the same conditions were used as 
the experimental controls. To clarify capacitive contribu-
tion, the CV of a  Li2S6-free electrolyte was also analyzed 
for correction. The CV of the  MoS2−x/rGO electrode in the 
 Li2S6 electrolyte clearly indicated high reversibility with 
four distinct peaks at − 0.047 V, − 0.39 V, 0.047 V, and 
0.39 V respectively (Fig. 3A). On the other hand, the  MoS2/
rGO electrode showed these peaks as broad redox features 
at − 0.31 V, − 0.61 V, 0.31 V, and 0.61 V (Fig. 3B). For 
the rGO electrode, only a very drawn-out reduction peak 
at − 1.22 V and a another drawn-out oxidation peak at 1.22 V 
were observed (Fig. 3C). At these measurements, only  Li2S6 
was the electrochemically active species in the electrolyte so 
that one can deduce that  Li2S6 was reduced to  Li2S (or  Li2S2) 
on the working electrode, and oxidized to sulfur on the coun-
ter electrode. The narrow peak separation and distinctive 
individual peaks clearly prove that stable electrochemical 
reversibility and facile polysulfide conversion is possible 
only for oxygen-deficient form  MoS2 [9].

Cho et al. also experimented with nitrogen-doped  MoS2 
as an LSB cathode. The nitrogen-doped  MoS2 increased 
the chemisorption energy of LiPS and promoted electron 
transfer, resulting in improved cycle stability and electro-
chemical properties. In addition, it amplified the redox 
kinetics of the LiPS by acting as a catalyst for the cathode. 
The nitrogen-doped  MoS2 accelerated the reaction rates by 
reducing the activation energy barrier of  Li2Sn to  Li2S con-
version and inhibited the shuttle effect by rapidly reducing 
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the highly soluble  Li2Sn. Ultimately, a high cycle stability 
with a low-capacity decay rate of 0.025% per cycle after 
1000 cycles was observed [48].

Sulfur‑metal carbide composites

Transition metal carbide–based hydrophilic materials are 
another strong candidate material that can bind to LiPS and 
enhance LSB redox reactions. The intrinsic electrochemi-
cal activity of transition metal carbide originates from the 
number of electrons in the 3d subshell of their atoms and the 
strong interactions between the metals and the electroactive 
species. It should be mentioned that the surface reactivity 
of transition metal carbide can behave in a similar manner 
to noble metals under certain conditions [49–51]. In addi-
tion, metal carbides inherently possess large interlayer chan-
nels that are known to shorten the ionic/electronic transport 
pathways, which could improve electrochemical properties. 
For example, tungsten carbide (WC)– and titanium carbide 
(TiC)–based cathodes were prepared and evaluated for use 
in an LSB. Spin-polarized DFT calculations were performed 
to examine the details of the adsorption state of  Li2S8 on 
metal carbide. It was found that  Li2S8 dissolved on the metal 
carbide upon adsorption, whereas it did not dissolve on the 
carbonaceous materials. WC and TiC exhibited higher bind-
ing energies with  Li2S8 compared to graphene because of the 
polar metal carbon bonds of the former and the non-polar 
carbon–carbon bonds of the latter.

Binding energies against  Li2S8 was 3.56  eV/S atom 
and 3.68 eV/S atom for WC and TiC, respectively. It was 
0.11 eV/S atom for graphene which clearly demonstrates 
that different way of chemical bonding toward  Li2S8 criti-
cally influences the binding energy.

UV–Vis spectroscopy confirmed that the adsorption 
strength of W and Ti edge sites with LiPS was high. Owing 
to these advantages, the battery capacity was 1156  mAhg−1, 
and excellent reversibility was confirmed when TiC was used 
as the electrode material [52]. The role of conductive polar 
TiC on LiPS against  Li2S precipitation was further confirmed 
by comparing the results with those of a non-polar carbon 
and  TiO2 surface via first principles calculation. The bind-
ing energies between the TiC surface and  Li2S4 and  Li2S 
were − 1.89 eV and − 2.75 eV, respectively, much greater than 
that with non-polar carbon. This confirmed that the high con-
ductivity of TiC was effective for transforming LiPS [53].

Choi et al. investigated the properties of a WC-based cath-
ode founding that it not only offers strong sulfiphilic surface 
moieties but also provides an efficient catalysis to promote 
polysulfide fragmentation, thereby drastically improving the 
electrode kinetics. WC can be a superb anchoring material 
for long-chain polysulfide and promote the dissociation of 
short-chain polysulfide. The effectiveness of WC on promot-
ing the dissociation of short-chain polysulfides more clearly, 
they designed a chronoamperometric experiment for the solu-
tion containing  Li2S4 polysulfides using the glassy carbon 
and polycrystalline WC electrodes. UV–vis spectroscopy was 
measured to visualize the change of  S4

2− species concentration 

Fig. 3  Cyclic voltammograms of symmetric cells with identical elec-
trodes of (A)  MoS2x/rGO, (B)  MoS2/rGO, and (C) rGO in electrolytes 
with and without 0.2 M  Li2S6 at 3 mV/s
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by the chemical disproportionation. Measurement indicates 
that WC has a significant influence on accelerating the  Li2S4 
disproportionation of (Fig. 4a, b), as the absorption peak cen-
tered at 410 nm (which is associated with  Li2S4) for the WC 
electrode decreases much faster along with reaction time than 
the glass carbon electrode. This phenomenon was also visu-
ally proved in Fig. 4c and d, where much thinner color was 
observed for the solution treated with the WC electrode. As 
a result, LSB delivered an enhanced discharge capacity of 
780 mA h g.−1 at a current rate of 0.5 C (Fig. 5) [54].

In addition, boron carbide nanowires were investigated as 
an LSB cathode material. The surface of boron carbide was 
revealed to be an effective trap for LiPS, and DFT calcula-
tions further revealed that the boron carbide had a high bind-
ing energy (3.84–12.51 eV) with  Li2S4 compared with the 
non-polar graphite surface (1.18 eV). Bader charge analysis 
elucidated that the electron density increased between sulfur 
and boron carbide, which was the main cause for chemi-
cal bond formation between  Li2S4 and boron carbide. The 
results also indicated that the intrinsic catalytic property 
of boron carbide could lower the over potentials as well as 
promote LiPS conversion. A boron carbide–based electrode 
could eliminate the need for an additional current collec-
tor or binder, thereby enabling the utilization of more sul-
fur content. The boron carbide nanowire–based electrode 

exhibited an initial capacity of 1024  mAhg−1, which reduced 
to 815  mAhg−1 after 500 cycles [55].

Sulfur‑metal nitride composites

Carbon is a good host material for sulfur, and cathodes made 
of a composite of the two materials have been applied in 
the past. However, low tap densities of this composite often 
result in low volumetric energy density because it allows 
only a small amount of sulfur to be loaded. In this regard, 
a conductive porous vanadium nitride/sulfur composite 
without any carbonaceous material was used as the cathode 
material for an LSB. It obtained a reversible capacity of 790 
mAh  g−1 at 1 C after 200 cycles and 145.2 mAh  g−1 at 15 
C after 500 cycles. The use of porous laminated vanadium 
nitride as a sulfur host provides both the merits of a multi-
scale stacking structure and the attractive intrinsic properties 
of vanadium nitride. As an effective sulfur host, the porous 
laminated stacking network provides more space for sulfur 
storage, improves the tap density of the cathode, and pro-
motes the rapid transfer and diffusion of lithium ions. The 
strong chemical anchoring of polar vanadium nitride with 
polysulfide also effectively inhibits exorbitant dissolution 
of LiPS. In addition, the excellent conductivity and cata-
lytic activity of vanadium nitride enhance the conversion of 

Fig. 4  UV–vis spectra measured with (a) carbon and (b) WC in the electrolyte containing 50 mM  Li2S4; photographs of the electrolyte with (c) 
carbon and (d) WC
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Fig. 5  a  Schematic image of electrochemical reaction of lithium polysulfide on sulfide on tungsten carbide composite cathode material. 
b Charge–discharge profiles of the bare, WC,  WO3-loaded cell at (a) 0.5 C, (b) 1 C, (c) 2 C, and (d) 5 C
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 Li2S to soluble LiPS, improving the redox reaction kinetics. 
Overall, the vanadium nitride cathode exhibited excellent 
LSB cycling performance (Fig. 6) [56].

Carbon nitride was also used as the cathode material in 
an LSB. A silica-template nano-casting method was used 
to synthesize mesoporous carbon nitride–based materials. 
The capacities of 1284.5 and 1107.1 mA h  g−1 at 0.1 and 
0.5 C, respectively, were initially observed. After 100 cycles, 
1107.1 mA h  g−1 was confirmed at 0.5 C. These high per-
formances are due to the crosslinked mesoporous structure 
and the strong chemical interactions between sulfur and the 
carbon- and nitrogen-based material framework, which pro-
vided polysulfide reservoirs and transport channels for the 
transportation of ions and electrons. They were also effective 
in restraining polysulfide migration [57].

A TiN-S composite cathode demonstrated excellent elec-
trochemical properties due to its relatively high electrical 

conductivity and strong N-S surface bonding. It also pos-
sessed a strong ability to capture soluble intermediate spe-
cies [58]. Another TiN study demonstrated the preparation 
of nanostructured titanium nitride (TiN) and graphene 
composite electrodes by combining ultrasonication with the 
melt-diffusion of elemental sulfur. TiN nanoparticles and 
tube arrays were mechanically mixed with the graphene sub-
strate and a porous composite structure with enhanced elec-
trical conductivity was formed. Such a cathode promoted 
the accessibility of the electrolyte and the rapid transfer of 
charges, resulting in 1229 and 1085 mAh  g−1, respectively, 
at 1 st cycle and after 180 cycles under a 0.1 C rate [59].

Conductive hollow cobalt nitride–carbon  (Co5.47Nx-C) 
spheres with nitrogen vacancies were used as a cathode 
material. Dopamine was coated on porous silica template 
and carbonized under argon flow at 800  °C. To obtain 
hollow carbon spheres, aqueous HF solution etching was 

Fig. 6  a  Schematic of the conductive porous laminated VN and VN 
/ S’s internal structure. b, c  Different magnification SEM images of 
laminated  V2O5 microsheets. d, e Different magnification SEM images 

of porous laminated VN microsheets. f, g  Different magnification 
TEM images of porous laminated VN microsheets. g (inset) HRTEM 
image of VN nanoparticles [56]



822 Journal of Solid State Electrochemistry (2023) 27:813–839

1 3

performed to remove silica. Acidification of hollow carbon 
spheres were achieved by refluxing with  HNO3 and  H2SO4 
mixture at 70 ℃. Then, this acidified hollow carbon was 
added to  CoCl3 and 2-methylimidazole solution to synthe-
size ZIF-67 together, then annealed in ammonia at 600℃ 
to obtain final hollow  Co5.47Nx-C spheres. Due to its Co–N 
bonds and nitrogen-vacancy sites, the  Co5.47Nx-C composite 
can achieve strong anchoring of the polysulfides, fast poly-
sulfide conversion, and accelerated lithium-ion transport. 
The strong anchoring effect of the  Co5.47Nx was confirmed 
experimentally and by DFT calculations. Its high conductiv-
ity and nitrogen vacancies of the  Co5.47Nx cathode improved 
the effectiveness of the redox reaction kinetics and lowered 
the polarization compared with a  Co5.47Nx cathode, show-
ing excellent rate and cycling performance, with a capac-
ity of 850 mA h  g−1 at 0.5 C and a rate performance of 
320 mA h  g−1 at 10 C [60].

Sulfur‑MXene composites

Since the discovery of graphene and its excellent proper-
ties, two-dimensional (2D) materials became the focus of an 
aggressive research program in materials science [61–63]. 
Recently, a new family of 2D materials has emerged, which 
consists of transition metal carbides, nitrides, and carboni-
trides; these are collectively known as MXenes [64, 65]. These 
novel materials can be prepared by selectively etching layers 
of sp elements from their corresponding three-dimensional 
(3D) MAX phases. These MAX phases are layered ternary 
metal carbides, nitrides, or carbonitrides, with the general for-
mula of  Mn + 1AXn (n = 1, 2, 3), where M, A, and X represent 
early d-block transition metals, main-group sp elements (pre-
dominantly IIIA or IVA), and either or both C and N atoms, 
respectively. Thus far, more than 70 MAX phases have been 
presented [66]. The major forms of MXene are  Ti3C2 [67], 
 Ti2C [68],  (Ti0.5,  Nb0.5)2C,  (V0.5,  Cr0.5)3C2,  Ti3CN [69],  Ta4C3, 
 Nb2C,  V2C, and  Nb4C3, and some additional MXene materi-
als are expected to be developed in the future. One interesting 
feature of this material is that the outer surfaces of the exfo-
liated layers always terminate with F, OH, and/or O groups 
during the etching process. Thus, these terminated MXene 
species are referred to as  Mn + 1XnTx, where T represents the 
surface groups (F, OH, and/or O) and “x” is the number of 
terminations. MXenes have been reported to possess excep-
tional properties. For example, the conductivity of MXenes 
is comparable to that of multilayered graphene [70]. They are 
also considerably stiff, with in-plane elastic constants exceed-
ing 500 GPa [71].

These fascinating properties could lead to impor-
tant applications and have attracted much attention from 
researchers in multiple fields. In the field of energy storage 
specifically, MXenes are considered to be strong candidates 
as materials for electrodes [72, 73]. MXenes are also an 

extremely interesting and potential material for LSB cath-
odes because of their inherent high conductivity and highly 
active 2D surface that can chemically bond with intermedi-
ate LiPS via metal-sulfur interaction.

MXene phase  Ti2C was shown to be an effective sulfur 
host material for LSBs. This type of material has high 2D 
electron conductivity and exposed terminal metal sites that 
can bind LiPS. It was clarified that the Ti–OH groups in 
MXene  Ti2C nanosheets are replaced by Ti-S at elevated 
temperatures during sulfur infusion. One study found that 
the electronegative S atoms decreased the electron density 
of Ti atoms, resulting in a higher binding energy for the 
Ti-S bond compared with that for the Ti-C bond. There-
fore, the anchoring of LiPS to the  Ti2C surface was higher 
because of the Lewis acid–base interactions between Ti and 
S. The composite material demonstrated excellent cycling 
performance with a specific capacity of approximately 
1200 mA h  g−1 at a 5-h charge–discharge (C/5) current rate. 
A capacity retention of 80% was achieved over 400 cycles at 
a 2-h charge–discharge (C/2) current rate [74].

The surface terminations of MXene are a critical factor in 
the adsorption of LiPS. The type and number of functional 
groups and their specific mechanisms to suppress shuttling 
of LiPS are the key issue. Rao et al. investigated the effect 
of the interaction between  Ti2C without surface terminations 
and LiPS [75]. The DFT calculations clarified that a strong 
Ti-S bond formed by the S elements in LiPS and the Ti ele-
ment in  Ti2C was a major obstacle to reversible reaction. The 
introduction of terminations  Ti2CF2,  Ti2C(OH)2, and  Ti2CO2 
improved the LSB properties by weakening the Ti-S bond. 
Thus, it is critical to examine MXene surface terminations. 
 Ti2CO2 and  Ti3C2O2 MXenes with -O terminations exhibit a 
dual adsorption mechanism in LSBs, namely Li–O adsorp-
tion and Ti-S adsorption. The negatively charged O atoms 
combine with the positively charged Li + in LiPS, which 
results in a binding energy of 1–2 eV [76]. Additionally, the 
presence of Li–O bonds weakens the Li–S interactions in 
higher order LiPS, converting it to lower orders and accel-
erating the reaction process.

The anchoring behavior of O/F-functionalized  Ti2C 
MXene on LiPS was also investigated through DFT calcula-
tions by Sim and Chun [77]. They suggested that neither a sin-
gle O-functionalized surface nor a single F-functionalized sur-
face were as strong in LiPS adsorption as multiple functional 
group-functionalized MXene. The elimination of surface 
functional group vacancies had a more dramatic effect. More-
over,  Ti2CS2 MXene with S terminations showed a stronger 
anchoring ability to LiPS than O/F-surface-terminated  
MXene (Fig. 7a).

Theoretical calculations of single-layer  Ti2C and  Ti2CS2 
without adsorbed LiPS showed that  Ti2CS2 retains its metal-
lic properties, therefore enhancing its electrochemical proper-
ties [78]. Titanium nitride MXene  (Ti2N) is also regarded as 
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a promising cathode host material for LSBs. Lin studied the 
interaction of O-functionalized and F-functionalized  Ti2N 
with LiPS using first principles calculations. They found that 
both  Ti2NO2 and  Ti2NF2 showed moderate LiPS adsorption 
energies [79]. The anchoring behavior of six -O-terminated 
MXenes to LiPS  (Cr3C2O2,  V3C2O2,  Nb3C2O2,  Hf3C2O2, 
 Zr3C2O2, and  Ti3C2O2) was also investigated by Li et al. [80]. 
The results indicated that  Cr3C2O2 had the strongest anchor-
ing effect with  Li2S4 and  Li2S8 (Fig. 7b, c).

Apart from computational simulation study, Soni et al. 
had prepared N-Ti3C2/CNT microspheres by the simple 
spray drying method with HCl-treated melamine as carbon 
and nitrogen source, and applied as LSB cathode [144]. 
MXene nanosheet connects with CNT to form porous 
and conductive network. It was also found that nitrogen-
doped MXene and CNT were effective in LiPS capturing 
to prevent shuttle effect. As indicated in Fig. 8, the cycling 
performance of 0.2C and 1C was measured and nitrogen-
doped  Ti3C2/CNT microspheres/S cathode demonstrated 
initial capacity of 1124.6 mAh  g−1 and reversible capac-
ity of 1025.3  mAhg−1 after 200 cycles which means high 
capacity retention up to 91.2%. This is much higher than 
that of nitrogen-doped  Ti3C2/S cathode (598.5 mAh  g−1 
after 200 cycles, capacity retention: 63.6%). In addition, 
nitrogen-doped  Ti3C2/CNTs/S cathode also indicated good 
cycling stability although this cycling stability difference 
was more obvious at 1 C (Fig. 8b). Even though nitrogen-
doped  Ti3C2/CNT microspheres/S cathode presented highly 
stable cycling performance up to 1000 cycles. The cathode 
delivers initial capacity of 927.5  mAhg−1 and reversible 
capacity of 775.6 mAh  g−1 after 1000 cycles with low fad-
ing rate of 0.016% per cycle.

Impedance analysis was also performed to confirm 
improved electrochemical characteristics. Nyquist plots 

present one depressed semicircle and a sloped line before 
cycling (Fig. 8c), which correspond to charge transfer resist-
ance (Rct) and charge diffusion resistance (W), respec-
tively [137]. Rct was lowest for nitrogen-doped  Ti3C2/CNT 
microspheres/S cathode owing to enhanced conductivity. 
Another semicircle appears at high-frequency region after 
cycling (Fig. 8d). It was suggested that this is due to the 
resistance of insulating  Li2S layers (Rg) originated from 
unreacted chemicals during electrochemical reaction [138]. 
In any case, nitrogen-doped  Ti3C2/CNT microspheres/S 
cathode demonstrated lowest resistance among 3 types of 
electrodes, indicating an efficient electrochemical redox 
reaction owing to high conductivity and positive interaction 
effects between CNT and MXene as sulfur host materials.

In short, MXenes possess advantageous properties includ-
ing metallic conductivity, mechanical toughness, structural 
diversity, and strong LiPS adsorption. This not only pro-
motes redox reaction kinetics through high electron mobility 
but also suppresses the shuttle effect through functionalized 
MXene terminations. In addition, its partially functionalized 
terminations enable MXene to retain metallic properties that 
two-dimensional materials such as graphene cannot possess. 
Thus, MXenes are a promising material for LSBs.

Sulfur‑graphene, carbon nanotube composites

As one of a kind carbonaceous material, graphene has been 
intensively studied as an intermediate LSB layer to over-
come the aforementioned problems of the LSB, owing to 
its large surface area, good chemical stability, and excel-
lent electrical conductivity. Graphene-based materials have 
been receiving considerable attention in recent years. The 
application of graphene-based materials in LSB production 
has mainly involved graphene, heteroatom-doped graphene, 

Fig. 7  a Comparison of bind-
ing energies between lithium 
polysulfide and  Ti2CTxwith dif-
ferent surface terminations [78]. 
The binding energies (b) and 
differential charge density (c) 
for  Li2S8 and  Li2S4 as a function 
of lattice constants of  M3C2O2 
(M = Zr, V, Ti, Nb, Hf, and Cr) 
MXenes [80]
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and graphene-based composite materials [81]. Highly sym-
metrical hexagonal honeycomb carbon structure of graphene 
has gained a wide array of attention owing to its unique 
structure and excellent physicochemical properties, which 
includes excellent conductivity. This is mainly because the 
π-electrons derived from the pz orbital of the adjacent atom 

in the plane move freely, endowing graphene with excellent 
electrical and thermal properties [82, 83]. Owing to these 
excellent properties, graphene also has been studied as cath-
ode materials for LSBs.

LSB with multidimensional cathode architecture consist-
ing of nano-sulfur, graphene nanoplatelets, and multi-walled 

Fig. 8  Cycling performance of three type of cathodes at (a) 0.2 C and (b) 1 C. EIS spectra of sulfur cathodes (c) before and (d) after cycles
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carbon nanotubes (MWCNT) was prepared and its electro-
chemical properties were investigated. Prepared LSB exhib-
ited a high specific capacity (1067 mAh  g−1 at 50 mA  g−1), 
rate performance (539 at 1 A  g−1), Coulombic efficiency 
(~ 95%), and cycling stability (726 mAh  g−1 after 100 
cycles at 200 mA  g−1). These high electrochemical per-
formances were suggested to be due to the encapsulation 
of nano-sulfur between the individual layers of graphene 
nanoplatelets with high electronic conductivity, and effective 
LiPS trapping by multi-wall carbon nanotube [84]. Sulfur 
cathodes containing 5 wt% (GNS58-CNT5) and 10 wt% 
(GNS58-CNT10) of MWCNT compositions were tested 
and compared with GNS58 (graphene 58%—sulfur-CNT 
hybrid cathode) (Fig. 9a). As predicted, the CBS58 (sulfur-
carbon composites containing 58% of carbon particles and 
sulfur nanoparticles) exhibited the lowest rate performance 
due to the use of carbon black instead of graphene. GNS58 
(MWCNT-free cathode) delivered a lower specific capacity 
than those of GNS58-CNT5 and GNS58-CNT10 at identical 

testing conditions. The influence of the MWCNT additive 
on the long-term cycling stability was tested at a current 
density of 200 mA  g−1 (Fig. 9b). GNS58 showed poor capac-
ity retention than MWCNT contained cathode. It is obvious 
that MWCNT additive improved specific capacities, rate 
performance, Coulombic efficiency and cycling stability. 
Electrochemical impedance spectroscopy (EIS) measure-
ments are performed to further study the MWCNT additive 
influence (Fig. 9c, d). Charge transfer resistances of GNS58 
and GNS58-CNT10 electrodes are 75 and 65 Ω, respec-
tively. The improved charge transfer of GNS58-CNT10 can 
be attributed to enhanced conductivity and contact with the 
electrolyte solution by adding MWCNT. After 10 times of 
charge–discharge cycles, Rct of GNS58 increased to 123 
Ω, and that of GNS58-CNT10 decreased to 47 Ω. It was 
deducted that the MWCNT additive effectively trap LiPS 
which led to reducing shuttling and accumulation of LiPS 
on the surface, resulted in reducing charge transfer resistance 
during galvanostatic cycling [84].

Fig. 9  a Galvanostatic rate performance. b Cycling performance of GNS58, GNS58-CNT5, and GNS58-CNT10 cathodes. Cole–cole plots of (c) 
GNS58 and (d) GNS58-CNT10 cathodes. Inset: equivalent circuit model used for fitting the EIS spectra
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Liu et al. reported that carbon or carbon nanotube form 
composite with graphene oxide through the π-stacking inter-
action, thus causing carbonaceous materials to stably disperse 
and fractionate in aqueous media. They had also presented 
that graphene oxide sheets are prone to stabilize carbon nano-
tube with larger diameters. In addition, they suggested that 
hydrophilic oxygen groups of graphene oxide were effec-
tive for dispersing in water [85]. On the other hand, Wang 
et al. studied the synthesis of a graphene-sulfur composite 
material by wrapping polyethyleneglycol (PEG)–coated 
submicron sulfur particles with oxidized graphene oxide 
sheets modified by carbon black [86]. Oxidized graphene 
oxide was used to prepare sulfur composite materials and 
carbon black nanoparticles were loaded onto graphene oxide 
by sonication method in order to increase the graphene oxide 
sheets conductivity and the final composite material. This 
composites were further dispersed in water favorably since 
graphene oxide possess both hydrophobic aromatic parts 
to interact with carbon black and hydrophilic parts (oxy-
gen functional groups) for dispersion in water as suggested 
above. Sulfur particles were synthesized by reacting sodium 
thiosulfate with hydrochloric acid in an aqueous solution of 
surfactant. These materials were then mixed together to make 
the final sulfur-graphene oxide composite (Fig. 10). PEG and 
graphene-coated materials were effective in enhancing con-
ductivity, trapping soluble LiPS and against sulfur volume 
expansion. The resulting graphene-sulfur composite showed 
high and stable specific capacities up to ~ 600mAh  g−1 over 
more than 100 cycles [86]. These studies imply that by uti-
lizing useful feature of individual materials such as conduc-
tivity, LiPS adsorption, and the dispersibility in the liquid 
for electrode coating ink, prepared composite materials can 
perform high LSB electrochemical properties.

Heteroatoms element doping such as nitrogen, boron, 
phosphorous, and sulfur doping to carbonaceous material 
is the one of effective method to improve electrochemical 

properties of graphene. This type of doped graphene dem-
onstrates a variety of characteristics, including ferromag-
netism, superconductivity, and certain electrochemical and 
mechanical properties [87]. Especially the nitrogen atom is 
considered to be one of the best heteroatom to enhance the 
electrical conductivity of graphene, together with its sur-
face catalytic properties and the control of local chemical 
features. This enhancement is deducted to be mainly due to 
the transfer of electrons from the highly electronegative N 
atom to the adjacent C atom [88].

Jia et  al. prepared nitrogen-doped graphene  aero-
gel  (N-GA) by hydrothermal method. Thereafter, sulfur 
was encapsulated in N-GA by chemical deposition to syn-
thesize sulfur encapsulated in N-GA (N-GA/S) composites. 
When sulfur content was 75.5%, specific capacity reached 
723.9 mAh  g−1 after 100 cycles at 0.7 C, and the capacity 
retention rate is up to 87.4% while the Coulombic efficiency 
still remains 98%. It was inferred that this excellent elec-
trochemical property was due to conductivity enhancement 
of graphene by nitrogen doping as well as the strong LiPS 
adsorption ability [89].

Three-dimensional N-doped reduced graphene oxide 
nanosheets were modified with a uniform distribution of 
Co–Ni-S nanoparticles to form composite material to be 
used as a sulfur host material for LSB. Co–Ni-S nanopar-
ticles and composite materials interact with LiPS, whereas 
graphene enhanced the electrical conductivity. This type of 
cathode delivered an initial discharge capacity of 1430 mAh 
 g−1 at 0.1C and demonstrated 685 mAh  g−1 at 0.5 C even 
after 300 cycles, with a Coulombic efficiency of 98% [90].

The B atom is another heteroatom that can create defects 
in bare graphene so that C atom can modulate the electron 
donors/receptors which would result in enhancing the electro-
chemical properties [91]. Boron-doped graphene aerogel was 
prepared by hydrothermal treatment and applied as cathode 
for LSBs. Boron was positively polarized in the graphene 

Fig. 10  Schematic of the 
synthesis steps for a graphene-
sulfur composite, with a 
proposed schematic structure of 
the composite [87]
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framework which resulted in enhanced capturing ability of 
negative LiPS species. Compared with nitrogen and undoped 
graphene aerogel, boron-doped graphene-based cathode dem-
onstrated a higher capacity of 994 mAh  g−1 at 0.2 C after 100 
cycles, as well as a superior rate capability [92].

Shi et al. also made boron-doped graphene sheets by 
electrochemical exfoliation of graphite in a 1.0 mol  L−1 Li 
bis(oxalato)borate (LiBOB)/dimethyl methylphosphonate 
(DMMP) electrolyte. Prepared cathode containing 72.5% of 
sulfur by this procedure exhibited initial discharge capacity 
of 1476 mAh  g−1 at 0.1 C. At 1 C, the capacity of 1018 mAh 
 g−1 and excellent retention capability of 838 mAh  g−1 after 
130 cycles were observed. These superior electrochemical 
properties were suggested to be owing to the few defects and 
big planar size of cathode, which is helpful for increasing the 
conductivity and suppressing long-chain LiPS shuttle effect. 
In addition, the doped boron atoms as active sites could effi-
ciently trap LiPS by chemical adsorption [93].

Sulfur‑quantum dot composites

When a solid substance exhibits a distinct variation of 
optical and electronic properties with a variation of parti-
cle size < 100 nm, it can be considered a nanostructure or 
quantum dot (QD) [94]. QDs are general semiconductor 
particles a few nanometers in size and have optical and elec-
tronic properties that differ from larger particles due to the 
operation of quantum mechanics. QDs are zero-dimensional 
relative to the bulk substance, and the limited number of 
electrons results in discrete quantized energies in the density 
of states (DOS) [95]. Recently, QDs have attracted exten-
sive attention as materials for electrochemical energy due to 
their large specific surface area, adjustable size, short ion/
electron transport paths, non-toxicity, low cost, adjustable 
photoluminescence, and easy surface functionalization [96, 
97]. The surface of a QD is rich in hetero-atomic functional 
groups, providing a wide range of active sites. They can 
be used as composite materials for current collectors and 
active electrodes, possessing superior ionic conductivity, 
a high kinetic rate, large capacity, and cycle stability, sig-
nificantly improving the performance of electrochemical 
energy storage devices [98–100]. With regard to LSBs, a 
QD provides an abundance of active sites for the adsorp-
tion and localization of LiPS. It can achieve a high sulfur 
load, thereby reducing LiPS shuttle and the accompanying 
volume expansion of the sulfur particles.

For example, Han et  al. prepared CdS quantum dots 
carbon nanotube/S composite materials as LSB cathode. 
Multi-walled CNTs were purified with  H2SO4/HNO3 (1:3, 
volume ratio) at 80 °C. Then after, CdS quantum dot powder 
was dissolved in hexane and stirred together with purified 
MWCNT in three necked flask at 80 °C for 5 h. Vacuum 
freeze-drying method was performed to obtain CNT/CdS 

quantum dots powder and mixed with sulfur. This type of 
cathode material demonstrated high LiPS adsorption abil-
ity and kinetics reaction owing to synergic catalytic effect 
of cadmium and heteroatoms. Consequently, the specific 
capacity was 1237.8 mA h  g−1 at 0.2C and 918.1 mA h  g−1 at 
2.0C, indicating a high-rate performance. In addition, capac-
ity was 820.6 mA h  g−1 at 0.5C for over 150 cycles proving 
high Coulombic efficiency of over 98.0% [101].

ZnO quantum dot–modified reduced graphene oxide was 
prepared and applied for LSB cathode. Zn foil was immersed 
in a graphene oxide solution at room temperature. Graphene 
oxide could be reduced by Zn to form a uniform film on the 
surface of Zn foil because the reduction potential of Zn/
Zn2+ is lower than that of reduced graphene oxide/graphene 
oxide. Then, ZnO nanoparticles deposited on the graphene 
oxide flakes as a result of the redox reaction. Following 
HCl etching and heat treatment procedure would make 
final reduced graphene oxide/ZnO quantum dot composite 
(Fig. 11). Owing to its catalysis effect, enhanced reaction 
kinetics, low surface impedance and efficient adsorption of 
LiPS, prepared ZnO quantum dot–based cathode presented 
excellent rate capacity even at a high rate of 4C and stable 
cycle performance. An initial discharge capacity of 998.8 
mAh  g−1 as delivered, of which 73.3% was retained even 
after 400 cycles at a high rate of 1C [102].

Zhao et al. had synthesized core shell ZnSe quantum dot/
CNT/S/Ni(OH)2 and applied as LSB cathode. Ni(OH)2 was 
prepared in layered form. CNT (carbon nanotube) network 
decorated with ZnSe quantum dots was supportive materials 
for sulfur loading and also worked as conductive framework 
for effective electron and ion transfer. It also had role to 
suppress LiPS diffusion. Layered Ni(OH)2 as wrinkled cap-
sulation materials was also effective in terms of electron/
ion transfer. They are also helpful materials to buffer sulfur 
expansion and keeping the active materials in cathode. When 
ZnSe quantum dot/CNT/S/Ni(OH)2 was used as LSB cath-
ode, specific capacity was 1021.9 mAh  g−1 and 665.0 mAh 
 g−1 at 0.2 C and 2 C, respectively. At 0.5C, initial capac-
ity was 926.7 mAh  g−1 which became 789.0 mAh  g−1 after 
150 cycles. These studies indicate that quantum dots can be 
promising cathode materials for LSBs [103].

Artchuea et al. synthesized CuZnS quantum dots deco-
rated with nickel–cobalt-sulfide mixed with reduced gra-
phene oxide/oxidized carbon nanotube composites and 
applied as LSB cathode. This CuZnS quantum dot–based 
cathode delivered an initial capacity of 1344.18  mAhg−1 at 
0.1C with Coulombic efficiency of 97.62% which is approxi-
mately 1.16 times higher compared to the absence of the 
Cu–Zn-S quantum dot [104].

CoNiP quantum dot–modified graphene oxide composite 
was prepared and utilized as a sulfur host in LSBs. CoNiP 
quantum dot was synthesized a unique solvothermal reac-
tion and subsequent sintering. Uniformly dispersed CoNiP 
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quantum dots on graphene oxide nanosheets were confirmed 
by SEM and TEM. Density functional theory (DFT) calcu-
lations elucidated the high activity and metallic property 
of CoNiP quantum dot. Reduced graphene oxide further 
improved the electronic conductivity of cathode. By combin-
ing these 2 materials, prepared LSB exhibited 598.2 mA h  g-1 
at 3C. Cycle performance test elucidated capacity decay rate 
of 0.08% after 600 cycles at 1C rate [105].

Besides metallic-based quantum dot, Park et  al. had 
introduced graphene quantum dots for LSB cathode and 
increased sulfur/sulfide utilization in order to enhance elec-
trochemical performance. Graphene quantum dots were 
synthesized by modified Hummer’s method from carbon 
fiber,  H2SO4, and  HNO3 as raw materials. The graphene 
quantum dots improved the structural integrity of the sulfur-
carbon electrode composite via its oxygen-rich functional 
groups. This hierarchical architecture enabled rapid charge 
transfer while minimizing the loss of lithium polysulfide 
[106]. They had analyzed graphene quantum dot with vari-
ous types of microscopic and spectroscopic tools includ-
ing high-resolution transmission electron image (Fig. 12a, 
b). Prepared graphene quantum dot was found to be highly 
polycrystalline (Fig. 12c). Some vibrational modes of oxy-
gen functional groups were clearly observed as -OH at 
3434  cm−1, C = O at 1725  cm−1, C-O in 1024–1180  cm−1, 
and C–O–C at 1200  cm−1. In addition, sp2-hybridized C = C 
bonds (in-plane stretching) was seen at 1629  cm−1 [139]. 
Sulfur and graphene quantum dot composite materials were 
also observed with SEM, TEM, and EDS mapping of C, 
S, and S. One could find that sulfur particles were homo-
geneously coated with graphene quantum dots (Fig. 12d, 
e). Such a uniform graphene quantum dot distribution was 
possible due to their extreme small size, as well as the oxy-
gen functional groups on the particles, which led to elec-
trostatic interactions with sulfur. Raman spectroscopy was 
also applied and peaks were observed at (D and G at 1350 
and 1590  cm−1) for carbon and (the four characteristic peaks 
below 600  cm−1) for sulfur (Fig. 12d, e) [140]. In addition, 
they have prepared graphene quantum dot/S/carbon black 
composite material via van der Walls interactions [141]. 
It was confirmed that carbon blacks were tightly bound to 

graphene quantum dot/S composite and C, O, and S were 
homogenously distributed (Fig. 12g). Figure 12 h and i 
show the graphene quantum dot is uniformly distributed 
on the sulfur surface and bonded to carbon black strongly. 
In order to confirm graphene quantum dot/S/carbon black 
composite stability, sulfur was dissolved by CS2 solution 
from graphene quantum dot/S/carbon black composite. It 
was found that even without the sulfur, composite struc-
ture was robust and remain intact (Fig. 12j–l). Owing to 
their robust nature of graphene quantum dot/S/carbon black 
composite materials, when used as LSB cathode, they pre-
sented superior cyclability and stable Coulombic efficiency 
compared with sulfur/carbon black cathode. A discharge 
capacity reached ~ 1000 mAh  g−1 even after 100 cycles. In 
contrast, sulfur/carbon black cathode indicated a discharge 
capacity of only 459.6 mAh  g−1. It was also elucidated that 
the C-S bonding supplied by graphene quantum dot was 
also critical point to enhance LSB performance. The sche-
matic illustration in Fig. 13 presents a conventional LSB 
with metallic lithium anode and sulfur-carbon composite 
cathode. The structure of the cathode had a great impact 
on the irreversible loss of high-order LiPS during repeated 
LSB charge–discharge cycles. When graphene quantum 
dots were applied as cathode, because graphene quantum 
dots possess both hydrophobic aromatic and hydrophilic 
defective parts, they could interact with carbon and sulfur, 

Fig. 11  Schematic illustration of 
the synthesis of rGO@ZnO QDs

Fig. 12  Materials characterization of GQDs-S/CB and S/CB compos-
ites. a, b High-resolution TEM images of GQDs; the inset shows a his-
togram of the GQD size distribution. c FT-IR spectra of GQDs and CB. 
The peaks in this figure correspond to the various functional groups 
in the GQDs and CB. SEM images of (d) GQDs-S and (g) GQDs-S/
CB. e  High-resolution transmission electron microscope (HRTEM) 
images of the GQDs-S composites and GQD pattern (yellow circle). A 
Moiré pattern (red circle) is clearly visible in these TEM images, which 
was created by a superposition of the GQDs and S crystalline lattices. 
f Raman spectra of GQDs-S and GQDs-S/CB composites, which show 
that the GQDs were formed on the sulfur particles. The strong peaks 
at 218.16 and 472.75  cm−1 arise from sulfur, and the D (disorder) and 
G (graphitic) peaks arise from the GQDs. Schematic diagrams show 
(h) the structure and (i) the magnified structure of GQDs-S/CB. j, 
k HRTEM images and (l) SEM image of the shell structures of GQDs-
S/CB after rinsing with a CS2 solution

◂
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respectively [142]. Owing to these natures, graphene quan-
tum dot can capture LiPS effectively to improve LSB elec-
trochemical performance.

In summary, QDs are an interesting potential material for 
LSB cathodes owing to their size, extremely large surface 
area, and quantity of surface functional sites.

Sulfur‑metal organic framework composites

Metal organic frameworks (MOFs) have been attracting 
increasing attention as a possible promising material for 
batteries. The typical MOF is an organic–inorganic hybrid 
material formed through the self-assembly of a coordination 
bond having a central metal ion and an organic ligand. MOF 
research has grown remarkably over the years [107–109]. 
Compared with weak bonds, such as van der Waals bonds 
and hydrogen bonds, MOFs have a stronger coordination 
bond energy (generally 60–350 kJ  mol−1), which endow 
them a certain stability. Furthermore, the structure and 
physical and chemical properties of MOFs are highly cus-
tomizable so that researchers have created more than 20,000 
types of MOFs so far, and that number is still growing [110]. 
This is possible because the use of different center metal 
ions forms a wide variety of MOF compounds with different 
organic ligands such that the number of possible combina-
tions is enormous [111–113]. The research of on MOF appli-
cations has included drug delivery systems for biomedical 
use [114], gas storage and separation [115], catalysis [116], 
water treatment [117], and more recently, in the field of 
electrochemistry [118, 119]. The fixation and anchoring of 
sulfur and LiPS by MOFs are possible due to their large pore 
volumes, adjustable structures, and extremely high specific 
surface area as well as their customizability which would 
results in promoting LSB performance. These are the main 
reasons for applying MOFs to LSBs [120, 121].

Gao et al. synthesized large surface area mesoporous 
chromium MIL-101 (Cr) metal organic framework by 
hydrothermal method and prepared composite material 
with CNT as the host of sulfur for LSB cathode. MIL-101/
CNT/S cathode demonstrated the excellent electrochemi-
cal performance. Especially when the weight of CNT is 5% 
against the weight of pure MIL-101 (Cr), cathode delivered 
an initial discharge capacity of 1236.7 mAh  g−1 at 0.1 C 
and capacity retention rate reaches 53.4% after 200 cycles. 
Discharge capacity was multiple times higher than when 
MIL-101 (Cr)/S cathode, indicating favorable combination 
of CNT and MOF [122].

Different from just simply mixing MOFs with sulfur for 
designing sulfur cathodes, Liu et al. took another strategy to 
improve the cycle stability by introducing covalently bonded 
sulfur in MOFs. Compared with an LSB using the simple 
blend of sulfur and MOFs as the cathode, LSB with the 
cathode consisting of sulfur covalently connected with the 
MOF exhibited outstanding long-cycling stability. Specifi-
cally, the LSB with CNT/UIO66-S delivered high capacity 
retention of 80.19% even after 900 cycles at the current of 
2C. It was suggested that introducing sulfur in MOFs by 
covalent connection may be new strategy to further improve 
LSB performance compared to just simply mixing MOF 
with sulfur [123].

Chen et al. studied the two-dimensional porphyrin-like 
square MOF-based LSB cathode with first principle DFT cal-
culation. The DFT results show that among 7 kinds of transi-
tion-metal organic framework (TM-MOF) they have studied, 
V-MOF and Ru-MOF were able to demonstrate remarkable 
chemical interactions with  S8 and LiPS in both vacuum and 
in electrolytic solvents, demonstrating higher capturing per-
formance compared to other transition metal–based MOF. 
When V-MOF-based cathode was applied, prepared LSB pre-
sented a relatively constant open-circuit voltage of about 1.92 

Fig. 13  Schematic diagrams 
of sulfur/carbon black and 
graphene quantum dot/sulfur/
carbon black in LSB. The sulfur 
(yellow) was wrapped with 
carbon black and graphene 
quantum dot. LiPS were dis-
solved into the solvent and the 
color changed to orange
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to 1.95 V. In addition, volume expansion of V-MOF during 
discharge was elucidated to be about 34%, much smaller than 
80% for solid sulfur. The band structure and density of states 
of V-MOF were suggested to be metallic properties or a small 
band gap for bare surface. These results indicate that two-
dimensional (2D) V-MOFs can behave as high-performance 
cathode material with enhanced capturing influence to block 
LiPS dissolution in order to reduce shuttle effect to attain 
excellent LSB performance [124].

Qu et al. also had applied first principle DFT calculation 
for MOF-based LSB cathode study. They applied cobalt-
metal organic framework (Co-MOF) to prepare composite 
materials with sulfur to prepare LSB cathode. They had 
confirmed higher capacity retention of Co-MOF-S cathode 
than pure sulfur cathode by 87.18% after 100 cycles at 0.1C. 
Qu et al. had investigated detail mechanism with XPS and 
DFT calculation to confirm the covalent bond connection 

between Co-MOF and S. They had found that the C 1 s spec-
trum of the Co-MOFS2 material indicated three peaks with 
binding energies of 284.5, 285.7, and 288.6 eV that corre-
spond to carbon atoms in different functional groups of the 
MOF structure. There were also fourth peak with binding 
energy of 286.5 eV which was suggested to be related to 
the structure of MOF as a result of sulfur binding. They had 
confirmed that this 286.5 eV peak was absent with pris-
tine Co-MOF XPS result. DFT calculation elucidated that 
this 286.5 eV as additional fourth peak is suggested to be 
assigned to the [O = C –  S]− group [125].

When sulfur is embedded in the pores of an MOF, the MOF 
then plays an important role in the packaging and conversion 
of the sulfur and sulfide. However, when MOFs are used as 
active substances for electrode materials, it might be more 
ideal to combine MOFs with conductive polymers because 
the intrinsic nature of MOFs is insulator. Jiang et al. studied a 
new method to promote the conductivities of MOFs by 5 to 7 
magnitudes. Their method combines the polarity and porosity 
advantages of MOFs with the conductive polymers, polypyr-
role (ppy), and used as LSB cathode. The electrochemical 
performance of these ppy-sulfur-MOF composite was supe-
rior to their MOF and ppy counterparts specifically at high 
charge–discharge rates. As a result, the ppy-sulfur-in-PCN-224 
electrode delivered a high capacity of 670 and 440 mAh  g−1 at 
10.0 C after 200 and 1000 cycles, respectively [126].

Wang et al. had introduced conductive MOFs to promote 
LiPS transformation owing to its excellent conductivity. 
A nickel-catecholates–based conductive MOF, Ni-HHTP 
(HHTP = 2,3,6,7,10,11-hexahydroxytriphenylene), was 
designed to control the surface chemistry of self-supported 
carbon paper for LSB cathode. Owing to porous structure 

Fig. 14  Conductive MOFs which possess strong LiPS adsorption and 
excellent electronic conductivity are conducive to promoting LiPS 
transformation in LSB

Fig. 15  Synthesis procedure of 
iron single-atom catalyst/nitrogen-
doped carbon/sulfur composite
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Table 1  Comparative performances of LSB with different cathode

Sulfur host material Sulfur content
(wt %)

Current density
(C, 1675  mAg−1)

Cycle number Discharge capacity
(mAhg−1)

Capacity retention
(Fadeing rate)

Reference

Metal oxide/sulfur
    MnO2 75 2000 1300 0.036%/cycle [34]
    WO3−x 4 100 693.2 0.049%/cycle [35]
    V2O5 70 1000 0.049%/cycle [36]
    LaMnO3−δ 0.1 1346 400 0.1/cycle [37]
    CeO2/MMNC nanospheres 63.6 1 500 836 0.076%/cycle [38]
    SnO2/reduced graphene oxide 1 200 734 [39]
   Hollow-CNT/S/ZrO2 10 200 870 [40]
    TiO2 nanofibers/S 50 530 0.8%/cycle [41]
   α-Fe2O3 0.3 1000 1571 0.049%/cycle [42]
    Ti4O7/S 70 0.2 100 1070 0.12%/cycle [43]

Metal sulfide/sulfur
    CoS2 0.5 2000 1368 0.034%/cycle [46]
    WS2 0.5 350 590 [47]
    MoS2 1000 0.025%/cycle [48]

Metal carbide/sulfur
    W2C 0.2, 1 500 1200 (0.2C) 605 (1C) 0.06%/cycle [51]
   WC 5 789 [54]
    B4C nanowire 70 4 500 0.04%/cycle [55]

Metal nitride/sulfur
   VN 1, 15 200, 500 790 mAh (1C)

145.2 (15C)
[56]

   CN 66.7 0.5 100 828.4 [57]
   TiN nanoparticles/graphene 0.1 180 1229 0.07%/cycle [59]
    Co5.47Nx-C 0.5 850 [60]

MXene/sulfur
    Ti2C 70 0.2 400 1200 0.05%/cycle [74]
   Nitrogen-doped  Ti3C2/CNT 1000 927.5 0.016%/cycle [144]

Graphene, carbon nanotube/sulfur
   Graphene-sulfur-CNT 200 100 726 [84]
   Nitrogen-doped graphene aerogel 75.5 0.7 100 723.9 0.13%/cycle [89]
   N-doped reduced graphene oxide 

nanosheets
0.5 300 685 [90]

   3D boron-doped graphene aerogel 0.2 100 994 [92]
   Boron-doped graphene sheet 72.5 1 130 1018 1.38%/cycle [93]

Quantom dot/sulfur
   Cd/S quantum dot 0.5 150 820.6 [101]
   ZnO quantum dot/graphene oxide 73.3 1 400 998.8 [102]
   ZnSe quantum dots (QDs) and 

layered Ni(OH)2
0.5 150 926.7 0.1%/cycle [103]

   CoNiP quantum dot -rGO/S 3 600 598.2 0.08%/cycle [105]
   Graphene quantum dot/carbon 

black
1000 100 [106]

Metal organic framework/sulfur
   MIL-101/carbon nanotube 1 200 1236.7 0.23%/cycle [122]
   UiO 66/carbon nanotube 1 450 608 0.017%/cycle [123]
   The ppy-S-in-PCN-224 10 1000 440 [126]
   Single-atom catalyst derived from 

MOF
4 500 605 0.06%/cycle [129]
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and high conductivity of conductive MOF, Ni-HHTP–based 
cathode was able to strengthen the adsorption of LiPS and 
accelerated the reaction kinetics which resulted in enhancing 
LSB electrochemical performance (Fig. 14) [127].

Creating heteroatoms (e.g., N, S, B, P) doped carbon with 
MOF is one of another effectively way to improve LSB cath-
ode performance. Chen et al. prepared MOF-derived nitrogen-
doped porous carbon which was anchored on graphene sheets 
and applied as a sulfur host for LSB cathode. It was found out 
that the large surface area of nitrogen-doped carbon mate-
rial originated from MOF nature was also effective regarding 
immobilizing LiPS. In their study, highly conductive graphene 
offered a conductive network to further promote fast charge 
transfer, which resulted in enhancing LSB performance. 
Eventually, MOF-derived cathode delivered a high specific 
capacity of 1372 mAh  g−1 with good cycling stability over 
300 cycles [128].

Furthermore, single-atom catalyst was applied to LSB 
cathode. Nitrogen-rich MOF-derived carbon modified with 
an iron single-atom catalyst was prepared and applied as 
LSB cathode. Iron (III) acetylacetonate, zinc nitrate hexahy-
drate, and 2-methyl imidazole were used as raw materials to 
synthesize iron contained ZIF-8. It was further carbonized 
in inert atmosphere at 900 °C and combined with sulfur 
(Fig. 15). Synergetic influence of iron single-atom catalyst 
and nitrogen-doped porous carbon considerably enhanced 
the electrochemical performance and prepared LSB indi-
cated a specific capacity of 1123 mAh  g−1 at 0.2C, and 
exhibited an excellent rate performance of 605 mA h  g−1 at 
4.0C with an ultralow capacity fading rate of 0.06% per 
cycle for 500 cycles. They had shown new strategy to com-
bine the function of a nanoporous material host and single-
atom catalyst for LSB cathode [129].

As above, we have looked at the LSB performance 
especially depending upon what type of cathode material 
is applied and summarized in Table 1. Compared to non-
polar carbonaceous materials in general, polar material in 
the table was more preferable in terms of LiPS capturing and 

demonstrated better LSB electrochemical performance. Each 
materials have advantage and disadvantage. However, com-
bining those materials or preparing conductive carbon-based 
composite materials is also important factors to enhance 
properties such as cathode conductivity and stability.

The author’s group has enhanced the capacity and cyclic 
stability of an LSB by optimizing the cathode structure 
and electrolyte composition, as well as the separator [130]. 
For the cathode, we applied silicon as a coupling agent to 
improve the adhesive force between the cathode ink and 
the cathode aluminum base. We also utilized a polar mate-
rial surface to enhance adsorption of LiPS to suppress the 
shuttle effect (Fig. 16) [131]. For the separator, we coated a 
MOF-derived ink to improve cyclic stability. Details will be 
provided in our forthcoming paper.

Conclusions

We have discussed the advantages and drawbacks of LSBs 
and possible strategical electrochemical property enhance-
ments that can be obtained from the selection of the cath-
ode material. Metal oxides, carbides, nitrides, MXenes, gra-
phene, carbon nanotube, quantum dots, and metal organic 
frameworks were all considered. One important point raised 
was that polar material should be preferred because carbo-
naceous materials possess non-polar surface in general. This 
will improve adsorption of LiPS and suppress the shuttle 
effect. Conductivity was also another critical point in order 
to obtain LSB cathode with high electrochemical perfor-
mance. It should also be realized the structure of the elec-
trode and in some case, electrolyte (LiPS affinity, reactivity 
to lithium metal, dielectric constant, viscosity, molecular 
structure of electrode, etc.) can critically affect the rate of 
each of the electrochemical reaction steps inside LSB. Even 
though, by optimizing the material and combining it with 
sulfur, LSBs should prove themselves as a practical battery 
device and become the post-lithium-ion battery.

Fig. 16  Schematic illustration 
of the comparison effect of 
LiPS on LSB cathode with non-
polar and polar surface
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