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Lithium–sulfur (Li–S) battery is one of the most promising next-generation energy storage systems.

Nevertheless, owing to the high solubility of lithium polysulfides (LiPSs) in the ether-based electrolyte,

plenty of LiPSs shuttle between cathode and anode under an electric field. This shuttle effect corrodes

the lithium metal, and thus causes serious capacity fading, which is regarded as a major barrier to the

commercial application of Li–S batteries. Engineering the surficial structure of nanomaterials can

promote affinity between cathode and LiPSs, while simultaneously facilitating redox kinetics of LiPSs,

leading to a low concentration of LiPSs in electrolyte for restraining the shuttle effect. Herein, we review

recent progress in manipulating the electronic structure of nanomaterials featuring high conductivity,

strong absorption and catalytic properties for Li–S batteries. We first discuss the mechanism of the

conversion of LiPSs with different pathways. Moreover, we showcase the design strategies of

nanomaterials with the modulated surface, including heterostructures, deficiency strategy, heteroatom-

doping strategy and metal-single-atom catalyst. Future perspectives and challenges are also proposed

for constructing stable Li–S batteries with high energy density.
Introduction

Amid increasingly severe environmental concerns, electro-
chemical energy storage systems have greatly progressed.
Among numerous candidates in the next-generation energy
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storage arena, the lithium–sulfur (Li–S) battery has emerged as
particularly promising, which embraces high theoretical
energy density (z2600 Wh kg�1), low cost and environmental
friendliness.1,2 Despite these advantages, the commercializa-
tion of Li–S batteries depends on simultaneously solving many
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Fig. 1 Schematic of the uses of surface engineering strategy to
address the key challenges on Li–S batteries.
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underlying problems. During charge and discharge processes,
the volume change of sulfur (sulfur/lithium sulde) is up to
80%, leading to a structural collapse and pulverization of the
sulfur cathode.3,4 More importantly, the poor conductivity of
sulfur together with the shuttle effect of soluble lithium pol-
ysuldes (LiPSs), resulting in an unsatised active-sulfur
utilization and poor cycling stability.5–7 In addition, due to
the diffusion of LiPSs, undissolved Li2S2/Li2S are inhomoge-
neously deposited on the anode surface, which causes the
passivation of the anode and low coulombic efficiency.8,9

Consequently, the shuttle effect of LiPSs is regarded as one of
the critical points impeding the application of Li–S
batteries.10,11

Recently, considerable efforts have been devoted to hinder
LiPSs shuttling by means of increasing the affinity between
electrode and LiPSs (i.e., physical blocking, chemical adsorp-
tion) and accelerating the LiPS conversion kinetics.12–14 Owing
to the high conductivity and large surface area, various carbon
materials (i.e., graphene, carbon nanotube (CNT), carbon
nanober (CNF), porous carbon materials) have been employed
as the sulfur host in Li–S batteries.15–18 Furthermore, hetero-
atoms (i.e., B, N, P, S) are introduced into the surface of carbon
materials, which can produce strong chemical affinity, and then
suppress the diffusion of LiPSs more efficiently.19–21 In addition,
due to the high activation energy, the conversion from soluble
LiPSs to insoluble Li2S2/Li2S in electrode/electrolyte interface is
sluggish, which will aggravate the diffusion of LiPSs from
cathode to anode.22,23 Hence, accelerating the sulfur redox
reaction has recently emerged as a new frontier of research, and
many catalysts, such as transition-metal oxides, suldes,
nitrides, were employed as sulfur hosts in Li–S batteries.24–27

These catalysts could facilitate long-chain LiPSs (Li2S8, Li2S6,
Li2S4) reduced to short-chain Li2S2/Li2S via lowing energy
barriers or changing the sulfur redox pathways.28,29 Moreover,
catalysts also can produce abundant polar active sites on the
cathode surface, which will aggregate LiPSs with high concen-
tration at the electrochemical interface, leading to speeding up
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the reaction and enhance the reaction kinetics.27,30 Taken
together, the synergistic effect of adsorption and catalysis of
nanomaterials have opened a new gate to nally alleviate LiPSs
shuttling.

The ability of adsorption and catalysis with LiPSs is largely
determined by the local electronic structure of nano-
materials.31,32 It is notable that recently advanced cathode
materials were constructed via surface engineering strategies to
enhance the adsorption ability of the polysuldes and promote
their conversion kinetics, and thus achieve high-performance
Li–S batteries (Fig. 1). The aim of this review is to bring
together the mechanism of polysuldes conversion and recent
advanced strategies for surcial electronic structure modula-
tion of nanomaterials, including forming heterostructure,
Yan Yan is an associate
professor in School of Chemistry
and Materials Science at Jiangsu
Normal University. She earned
her BS degree in Materials
Chemistry at Henan University,
and later received her PhD in
Inorganic Chemistry from Sun
Yat-Sen University in 2014. She
studied at the Georgia Institute
of Technology as a visiting
scholar from 2019–2020. Her
research interests focus on

nanocarbon materials, advanced energy storage/conversion,
lithium–sulfur batteries, and catalysis.

This journal is © The Royal Society of Chemistry 2021

https://doi.org/10.1039/d1ta02741g


Fig. 2 (a) A typical charge/discharge profile for a Li–S battery. (b)
Schematic illustration of the proposed interaction mechanisms of
polysulfide and g-MnO2 on the surface. Reproduced with permis-
sion.29 Copyright 2017, Wiley-VCH.

Scheme 1 The reactions of thiosulfate and LiPSs.
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constructing surface defects, introducing heteroatoms and
decorating single metal atoms.

The mechanism of sulfur redox
reaction for Li–S battery

A typical Li–S battery undergoes an overall discharge reaction of
16Li + S8 / 8Li2S, which generates a series of intermediate
polysuldes (Li2Sx, 2 # x # 8), including soluble long-chain
polysuldes (Li2Sx, (4 # x # 8)) and insoluble short-chain
Li2S2 and Li2S.33 In this process, the conversion reactions
among these intermediates are complex with the considerations
of complicated reaction pathways of different kinetics
combined with twice-phase transformation (solid/liquid/
solid).34 Hence, various efforts have been dedicated to illumi-
nating the reaction mechanism of Li–S batteries from both
experiments and theoretical models. Up to now, a simplied
reaction sequence of S8 / Li2S8 / Li2S6/Li2S4 / Li2S2/Li2S has
been considered as a widely accepted illustration of the reaction
process of Li–S batteries, while other polysulde intermediates
This journal is © The Royal Society of Chemistry 2021
through disproportionation/decomposition reaction have also
been discovered.35

1. Polysulde redox pathway

Sulfur, which supplies more than 30 solid allotropes, always
exhibits in the most stable form of cyclic octasulfur (S8).36 In the
Li–S battery, a typical charge/discharge prole is shown in
Fig. 2a. It can be seen that S8 undergoes compositional and
structural changes during the redox process, which covers
a solid (S8) / liquid (Li2S8, Li2S6, Li2S4) / solid (Li2S2/Li2S)
phase transformation with a gradual decrease in the sulfur
chain length.37 With the battery potential decreasing and
special capacity increasing, the electrochemical reactions of Li–
S batteries are as follows:

S8 + 2e� + 2Li+ / Li2S8 (1)

3Li2S8 + 2e� + 2Li+ / 4Li2S6 (2)

2Li2S6 + 2e� + 2Li+ / 3Li2S4 (3)

Li2S4 + 2e� + 2Li+ / 2Li2S2 (4)

Li2S2 + 2e� + 2Li+ / 2Li2S (5)

Solid S8 is reduced to soluble Li2S8 and Li2S6, and subse-
quently to Li2S4 at the potential of 2.3–2.1 V (vs. Li/Li+), corre-
sponding to a theoretical capacity of 418 mA h g�1 with 0.5
electron transfer per S atom. Subsequently, soluble Li2S4 is
further reduced to insoluble Li2S2 at the potential of 2.1–1.9 V
(vs. Li/Li+), which corresponds to 0.5 electron transfer per S
atom, leading to the theoretical capacity of 1254 mA h g�1.
Finally, insoluble Li2S2 aggregates on the electrode surface and
causes further reduction of Li2S. In the above conversion
process, the high solubility of these long-chain lithium poly-
suldes shows fast reaction kinetics. Nonetheless, due to the
conversion reaction between solid Li2S2 and Li2S, the reaction
kinetics are much slower than the conversion of soluble poly-
suldes. During the subsequent charging process, Li2S recon-
verts to sulfur through the formation of intermediate LiPSs,
resulting in a reversible cycle. Besides, the reaction routes of
polysulde conversion with the formation of Li2S7, Li2S5 and
Li2S3 are also determined, but the regulation and mechanism of
electrode materials on the component and structure of poly-
sulde intermediates deserve further investigation.38,39

2. Thiosulfate redox pathway

Recently, some studies have claried that part of sulfur hosts
can oxidize polysuldes to thiosulfate (or sulfate), such as
transition metal oxides (i.e., MnO2, CuO), which have a redox
potential above 2.4 V based on the“Goldilocks” principle.40

Recent research studies suggest that suldes, nitrides and
carbon-based materials could also generate thiosulfate during
the discharge process of Li–S batteries (Scheme 1).41–43 The
electrochemical reactions of thiosulfate and LiPSs (reaction (6))
are as follows:
J. Mater. Chem. A, 2021, 9, 18927–18946 | 18929
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Table 1 Electrochemical properties of Li–S batteries with heterostructured materials

Catalysis
Sulfur loading
(mg cm�2) Redox intermediate

Performance

Ref.Special capacity (mA h g�1) Cycling stability

TiO–TiO2 2.4 Thiosulfate 1050 at 0.5C 1000 cycles (decay rate of 0.0406%/cycle
at 1C)

77

WS2–WO3 5 LiPSs 864 at 3C 500 cycles (decay rate of 0.06%/cycle at
0.5C)

71

WS2-Co9S8 1.5 LiPSs 1071 at 0.1C 1000 cycles (decay rate of 0.028%/cycle at
1C)

82

VTe2@MgO 1.6 LiPSs 1034 at 0.2C 1000 cycles (decay rate of 0.055%/cycle at
1C)

89

TiN-VN 5.6 Thiosulfate 650 at 5C 600 cycles (decay rate of 0.051%/cycle at
2C)

83

2D MoN-VN 3.0 LiPSs 708 at 2C 500 cycles (decay rate of 0.068%/cycle at
2C)

90

3D1T MoS2 10 LiPSs 1181 at 0.1C 500 cycles (decay rate of 0.08%/cycle at
1C)

55

MoO2–Mo3N2 3.2 Thiosulfate 450 at 0.5C 1000 cycles (decay rate of 0.018%/cycle at
0.5C)

91

SnS2/SnO2 — LiPSs 1558 at 0.2C 500 cycles (decay rate of 0.033%/cycle at
2C)

72

ReS2@NG 6.4 LiPSs 854 at 2C 800 cycles (decay rate of 0.064%/cycle at
2C)

92

uNiS2-ZnS 4 LiPSs 1106.2 at 0.1C 1000 cycles (decay rate of 0.033%/cycle at
1C)

78

VSe2-VG 9.6 LiPSs 1470 at 0.2C 800 cycles (decay rate of 0.039%/cycle at
5C)

93

V2O3/V8C7 8.1 Thiosulfate 587.6 at 5C 1000 cycles (decay rate of 0.017%/cycle at
5C)

76

TiO2–MXene 5.1 LiPSs 662 at 0.5C 1000 cycles (decay rate of 0.028%/cycle at
2C)

47

NiO–NiCo2O4 — LiPSs 950.4 at 0.1C 500 cycles (decay rate of 0.059%/cycle at
0.5C)

67

a-CoS/Co 4.8 Thiosulfate 1611.4 at 0.1C 800 cycles (decay rate of 0.042%/cycle at
0.5C)

43

NiCo-LDH/Co9S8 3.0 Thiosulfate 1339.1 at 0.1C 1500 cycles (decay rate of 0.047%/cycle at
0.5C)

42

Co3S4/MnS 3.2 LiPSs 937 at 0.5C 200 cycles (decay rate of 0.02%/cycle at
0.5C)

79

G@void@MoS2/C — LiPSs 1077 at 0.5C 1000 cycles (decay rate of 0.05%/cycle at
2C)

94

MoSe2/MoO2 7.8 LiPSs 848 at 0.5C 500 cycles (decay rate of 0.046%/cycle at
0.5C)

95
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Especially, it has been reported that g-MnO2 has catalytic
power in the conversion of polysuldes through thiosulfate.29

The redox interaction between polysuldes and the g-MnO2

host is shown in Fig. 2b. First, the soluble LiPSs are adsorbed on
the surface of g-MnO2, due to the strong polar active site of the
Mn atom. Subsequently, LiPSs are oxidised to SOx species via
the transfer of oxygen atoms from g-MnO2 surface to LiPS
molecules, coupled with the phase transformation from g-
MnO2 to Mn3O4. Then, polysuldes catenate to the thiosulfate
by inserting into the S–S single bond to create a polythionate
complex (I) and short-chain polysulde (i.e., Li2S2 or Li2S)
(reaction (6)) through an internal disproportionation reaction.
Compared with the traditional LiPSs redox pathway (S8/ Li2S8,
Li2S6, Li2S4 / Li2S2/Li2S), the polysuldes conversion process
with thiosulfate always couples with the redox reaction of the
18930 | J. Mater. Chem. A, 2021, 9, 18927–18946
sulfur host. Thus, it is dedicated to being a promising way to
realize a long-life Li–S battery by optimizing the structure of
materials for modulating redox potentials and facilitating
contact with LiPSs.
Strategies for surficial electronic
structure modulation
3. Heterostructures

Heterostructure refers to the composites formed by two or more
chemically bonded solid materials.44,45 Due to the synergistic
effects of each component/element, materials with hetero-
structure exhibit effective LiPSs adsorption/catalytic conversion
(at the cathode) and uniform Li nucleation/growth (at the
anode) properties, which provide an effective strategy to gure
This journal is © The Royal Society of Chemistry 2021
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out the long-standing inherent problems of lithium–sulfur
batteries, such as poor conductivity, sluggish redox kinetics,
poor cycling ability.46–48 Consequently, based on the reasonable
selection of solid materials with favorable synergistic effects,
the heterogeneous structure could be prepared with perfect
physical and chemical properties to satisfy the stringent
requirements for a high-performance Li–S battery.49 According
to recent research studies, potentially functional hetero-
structures for cathode host can be categorized as carbon-based
heterostructures, metal compound-based heterostructures, and
polymer-based heterostructures. Table 1 shows the electro-
chemical properties of Li–S batteries with heterostructures.

3.1 Carbon-based heterostructures. In previous studies,
carbon materials have become one of the most widely used
substrates for heterostructures construction due to their excel-
lent electrical conductivity, large specic surface area and
favorable mechanical stability.50 In this review, carbon-based
heterostructures mainly refer to hybrid materials, which
combinemetal compounds (i.e., metal oxides, suldes, nitrides,
phosphide) with conductive carbonaceous materials (i.e., gra-
phene, CNT, CNF, etc.). This direct combination supplies a large
surface area to accommodate S species. In addition, abundant
active sites could also be provided for LiPSs adsorption/catalytic
conversion.51

With a large special surface area, graphene is combined
with other compounds with 2D structures (i.e., MoS2, ReS2,
Fig. 3 (a) The conversion process of LiPSs on a graphene surface with
1T MoS2. (b) High-resolution TEM images of 3DG/TM. Reproduced
with permission.55 Copyright 2019, The Royal Society of Chemistry. (c
and d) Schematics of top and side views representing two Li diffusion
pathways on Sb2S3 nanosheets. (e) The corresponding energy profiles
for different diffusion pathways in (c) (black curve) and (d) (red curve).
Reproduced with permission.60 Copyright 2018, Wiley-VCH.

This journal is © The Royal Society of Chemistry 2021
VSe2, VS2, TiS2).52–54 As the most typical example for
graphene-based heterostructure, the independent three-
dimensional graphene/1T MoS2 (3DG/TM) heterostructure
was designed (Fig. 3a).55 A unique 3DG/TM nano-
architecture, constructed by few-layered 2D MoS2 nano-
sheets in situ grown on a porous 3D graphene network,
guarantees abundant active sites (Fig. 3b).56–58 Moreover,
both the 3D graphene framework and metal 1T MoS2 nano-
sheets exhibit high conductivity, which greatly promotes
electron transfer during charging and discharging process.
Furthermore, the edge sites of 3DG/TM with a high aspect
ratio, which possesses high catalytic ability, are benecial to
accelerate the redox reaction of sulfur. Taken together, the
cells with 3DG/TM show excellent electrochemical perfor-
mance, with a high reversible discharge capacity of
1181 mA h g�1 and a capacity retention rate of 96.3% aer
200 cycles. He et al. reported Nb2O5 nanocrystals/reduced
graphene oxide (Nb2O5/RGO) heterostructures with robust
polysulde traps and catalytic centers as a separator of Li–S
battery.59 Notably, thiosulfate detected in the discharge
process via XPS spectra, indicated that Nb2O5 could trigger
the thiosulfate redox pathway for Li–S batteries. Besides 2D
graphene, CNT could also construct heterostructures with
metal compounds. Kim and co-workers successfully
combined Sb2S3 with CNT (SSNSs/CNTs) based on van der
Waals' force.60 Using DFT calculations, they studied the
diffusion path and the corresponding energy distribution of
lithium ions on SSNS surfaces (Fig. 3c and d). Notably, the
lowest Li+ diffusion energy barrier is 0.189 eV for the SSNSs/
CNTs heterostructure with the bonding energy of LiPSs
increased (Fig. 3e), which is benecial for the rapid redox
conversion of LiPSs. As a result, the SSNSs/CNTs supply high-
reversible specic capacity and stable cycling performance.

As a promising approach to alleviate the shuttle effect and
promote the performance of the Li–S battery, the nucleation
and deposition progress of Li2S during the discharge process
also draws much attention. Owing to the polarization effect and
low conductivity of sulfur host, the redox reaction of LiPSs
cannot undergo concurrently, leading to unevenly deposited
Li2S on the electrode during LiPSs redox from the electrolyte to
the electrode.23,61 Tian et al. reported that layered MoSe2 was
decorated on rGO (MoSe2@rGO) for Li–S cathode.62 Due to the
sulphilic MoSe2 and ultrahigh conductivity of rGO, the polar-
ization problem is effectively alleviated. Hence, MoSe2@rGO
not only facilitates the redox reaction of LiPSs but also promotes
nucleation and uniform deposition of Li2S, which display a high
initial capacity of 1608 mA h g�1 at 0.1C, a slow decay rate of
0.042% per loop at 0.25C, and a high reversible capacity of
870 mA h g�1 with an areal sulfur loading of 4.2 mg cm�2 at
0.3C.

3.2. Metal compound-based heterostructures. Generally,
the metal compound-based heterostructures could adjust the
electronic structure of metal compounds, accelerate the diffu-
sion of LiPSs from the capture site to the conductive matrix
during a redox reaction, and achieve strong chemical interac-
tion and high catalytic activity with LiPSs, thereby enhancing
kinetics of LiPSs conversion.
J. Mater. Chem. A, 2021, 9, 18927–18946 | 18931
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Fig. 4 (a) Schematic illustration of the synthesis process, the
adsorption of LiPSs and electron transport on MoO3/MoO2-CP. (b)
HRTEM image of MoO3/MoO2. Inset: SAED patterns of MoO3 and
MoO2. (c) Calculated binding strength for Li2S4 on graphene (G), MoO2,
MoOx and MoO3, respectively. (d) Schematic diagram of the in situ
phase transition to evolve into MoO3/MoO2 heterostructures and
working principle in Li–S batteries. O1: asymmetric oxygens, O2:
coordinated oxygens, O3: terminal oxygens. Reproduced with
permission.66 Copyright 2020, The Royal Society of Chemistry. (e) HR-
TEM image of WS2–WO3 heterostructures. (f) Symmetric cyclic vol-
tammogram of Li–S batteries with WS2–WO3 heterostructure.
Reproduced with permission.71 Copyright 2020, Wiley-VCH.
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Metal oxides-based heterostructures can boost the conver-
sion of LiPSs in the inverse charge/discharge process, due to the
strong polarity of the metal–oxygen bond.63–65 Gong et al. re-
ported an insulatingMoO3/conducting MoO2 heterostructure as
the host of sulfur for Li–S battery (Fig. 4a). In this
Table 2 Electrochemical properties of Li–S batteries with deficient mat

Catalysis
Sulfur loading
(mg cm�2) Redox intermediate

Performan

Special cap

OVs-TiO2@PP 7.1 LiPSs 1148 at 0.5
CMNC-10 h 2.7 LiPSs 829 at 1C
Fe/Co3O4 — LiPSs 902.4 at 1C
Fe2O3@N-PC/Mn3O4-S 5.1 Thiosulfate 1425 at 0.5
OVs-TiO2�x@NC 9.5 Thiosulfate 1372 at 0.2
Ti2O 2.5 LiPSs 1063 at 0.5
CNT@TiO2�x–S 8.6 LiPSs 1149 at 0.2
MnOx-CeO2@rGO 6 Thiosulfate 630 at 3C
MnO2 1.5 Thiosulfate 1053 at 0.5
CNTs@FeOOH — LiPSs 630.8 at 2C
La(OH)3 5.7 LiPSs 1160.4 at 0
CSUST-1/CNT 2 Thiosulfate 1468 at 0.1
SnS/PCNS 1.5 LiPSs 1270 at 0.5
SnS2/TiO2 — LiPSs 1064 at 0.5
MXene/1T-2H MoS2-C 1.0 LiPSs 1194.7 at 0
MoP/MoS2@C 4.0 Thiosulfate 517.1 at 5C
Co3S4-DHS 2.6 LiPSs 1090 at 0.1
3DOM N-Co9S8�x 6.5 LiPSs 812.8 at 5C
MoS2�x — LiPSs 826.5 at 8C
Ni3N0.85 1.5 LiPSs 1445.9 at 0
Co5.47Nx-C — Thiosulfate 850 at 0.5C

18932 | J. Mater. Chem. A, 2021, 9, 18927–18946
heterostructure, MoO3 and MoO2 coexist and form an articu-
lated interface as MoOx (Fig. 4b). Furthermore, compared with
pure MoO3 andMoO2, the adsorption capacity of MoOx for Li2S4
is stronger (Fig. 4c), which could attribute to the defective
structure of MoOx (Fig. 4d). As a consequence, the MoO3/MoO2

heterostructure delivers an initial specic capacity of
580.5 mA h g�1 at 2.5C with a capacity retention of 82.8% aer
850 cycles.66 Xu and co-workers combined NiO and NiCo2O4 to
produce NiO–NiCo2O4 heterostructure as a sulfur host for Li–S
batteries. They found that NiO–NiCo2O4 heterostructure could
signicantly promote polysulde conversion reactions and
improve the electrical conductivity during cycling.67 In addition,
metal oxide could also junction to suldes, nitrides even
carbide. For example, WS2–WO3 heterostructure could be
prepared by in situ vulcanization of WO3, resulting in a large
number of active interfacial active sites (Fig. 4e). As shown in
Fig. 4f, compared with WO3, the redox peak of symmetric
battery with WS2–WO3 electrode is narrower and the peak
separation is smaller,68,69 indicating that the conversion
capacity becomes higher due to the improved catalytic
ability.70,71 Similarly, SnS2/SnO2 heterostructures,72 SnS2/TiO2

heterostructures,73 Ti2CO/WS2 heterostructures74 also exhibit
high conductivity, strong adsorption for LiPSs and catalysis for
LiPSs conversion as a sulfur host for Li–S batteries. Interest-
ingly, recent research studies demonstrated that metal oxides
generating heterostructures with nitrides realized the smooth
trapping–diffusion–conversion of LiPSs for ultra-long life Li–S
batteries. Yang and co-workers constructed TiO2–TiN hetero-
structures, which combined the merits of highly adsorptive
TiO2 with conducting TiN. In this special heterostructure, TiO2

with high adsorption for LiPSs coupled with catalytic TiN to
erials

ce

Ref.acity (mA h g�1) Cycling stability

C 500 cycles (decay rate of 0.043%/cycle at 2C) 109
500 cycles (decay rate of 0.045%/cycle at 1C) 107
1000 cycles (decay rate of 0.017%/cycle at 1C) 129

C 100 cycles (decay rate of 0.076%/cycle at 0.1C) 46
C 3000 cycles (decay rate of 0.0123%/cycle at 5C) 130
C 500 cycles (decay rate of 0.04%/cycle at 0.5C) 131
C 300 cycles (decay rate of 0.042%/cycle at 1C) 97

1000 cycles (decay rate of 0.036%/cycle at 1C) 70
C 400 cycles (decay rate of 0.09%/cycle at 2C) 132

— 83
.2C 100 cycles (decay rate of 0.223%/cycle at 0.2C) 108
C 1200 cycles (decay rate of 0.037%/cycle at 2C) 110
C 800 cycles (decay rate of 0.039%/cycle at 1C) 120
C 500 cycles (decay rate of 0.064%/cycle at 0.5C) 122
.1C 300 cycles (decay rate of 0.07%/cycle at 0.5C) 118

500 cycles (decay rate of 0.065%/cycle at 0.5C) 133
C 400 cycles (decay rate of 0.17%/cycle at 1C) 134

500 cycles (decay rate of 0.04%/cycle at 1C) 115
600 cycles (decay rate of 0.083%/cycle at 0.5C) 69

.02C 1000 cycles (decay rate of 0.039%/cycle at 2C) 128
1000 cycles (decay rate of 0.04%/cycle at 2C) 127

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 (a and b) Annular bright-field (ABF) images, (c) hologram, (d)
charge density map and (e) dielectric polarization field for CMNC-10 h.
Reproduced with permission.107 Copyright 2019, American Chemical
Society. (f) Schematic for the fabrication of OVs-TiO2@PP separator. A
mechanism for inhibiting the shuttle effect of the PP separator (g) and
OVs-TiO2@PP separator (h). Reproduced with permission.109 Copy-
right 2020, Wiley-VCH.
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achieve both high trapping efficiency and fast conversion. As
a result, the Li–S cell with TiO2–TiN as a sulfur host delivered
a capacity of 927 mA h g�1 aer 300 cycles under a low current
density of 0.3C.75 Lu et al. designed V2O3/V8C7 heterostructures
derived to suppress the shuttle effect and enhance the kinetics
of LiPSs, which was realized by forming thiosulfate for LiPSs
conversion.76

Recently, metal sulde-based heterostructures (i.e., MoS2–
Ni3S2, NiS2–ZnS, Co3S4–MnS) and nitride-based hetero-
structures (i.e., MoN–VN) are constructed to facilitate LiPSs
conversion and offer strong adsorption for LiPSs.77–81 Due to
their higher conductivity thanmetal oxides, metal sulde-based
heterostructures and nitride-based heterostructures exhibit
superb electron and ion transfer rates. Pan et al. reported
a novel 2D hexagonal WS2-rimmed Co9S8 heterostructure
nanosheet, which was loaded on the surface of CNF skeletons as
a sulfur host for Li–S battery. In this heterostructure, the WS2
component grew at the edge of hexagonal Co9S8 nanosheets and
optimized the synergistic effect on the electrochemical kinetics
of the composite cathode, which increased the capacity
(1175 mA h g�1 at 0.1C) and stability (a low decay rate of 0.061%
per cycle at 2.0C, even lower at 7.0C and 12.0C) of assembled Li–
S batteries.82 Yu et al. designed a conductive frame by inte-
grating independent carbon nanobers and TiN–VN hetero-
structure (TiN-VN@CNFs) into the high-level full battery as S
cathode and Li anode.83 As a sulfur host, TiN-VN@CNFs exhibits
advantages of strong anchoring ability and rapid conversion of
LiPSs, which greatly inhibit the shuttle of LiPSs. It is noted that
TiN-VN@CNFs can oxide LiPSs to thiosulfate during the
discharge process. Furthermore, as an anode, TiN-VN@CNFs
substrates with lithiophilic properties could reduce local
electron/ion ux when applied in Li substrates, thereby
achieving uniform Li deposition and inhibiting the growth of
dendrites. Taken together, the coupled Li–S full battery shows
perfect sulfur utilization and highly reversible lithium
dissolution/plating, resulting in excellent rating capacity
(650mA h g�1 at 5C) and a long cycle life of more than 600 cycles
(capacity decay only 0.051% per cycle).

3.3. Other heterostructures. Recently, conductive polymers
(polypyrrole (PPy), polyethylene glycol (PEG), polyaniline (PANI),
polyvinylidene uoride (PVDF)) and other conductive
compounds (i.e., MXene) have become an ideal platform for Li–
S batteries due to their inherent conductive nature, nitrogen-
containing functional groups and conjugated structure.84 Due
to the combination of excellent electronic conductivity and
considerable adsorption effect, hybridization of conductive
matrix/metal compound has become a common strategy for
constructing sulfur heterostructure hosts.

Chen et al. prepared an H-TiOx material with high conduc-
tivity and strong polarity properties through a simple magne-
sium thermal reduction method, and then this material was
combined with the conductive polymer PPy coating for the
preparation of Li–S battery cathode.85 Due to the synergistic
effect of H-TiOx (accelerating conversion and absorption of
LiPSs) and PPy (high conductivity), the diffusion of LiPSs can be
sufficiently inhibited by forming Ti–S bonds (Lewis acid–base
interaction), Li–N bonds (polar–polar interaction) and physical
This journal is © The Royal Society of Chemistry 2021
limitation of the PPy layer. This lead to a signicant prolonga-
tion of the Li–S battery cycle life. Notably, due to their excellent
conductivity, 2D structure, and Lewis acidic surface, MXene
exhibits great potentials in a wealth of energy storage applica-
tions.86–88 Yang and co-workers craed the TiO2–MXene
(Ti3C2Tx) heterostructures for Li–S batteries.47 They demon-
strated that the TiO2/MXene hetero-interface delivers rapid
diffusion of polysuldes from TiO2 to MXene, and the MXene
surface with a large special surface area is endowed with
abundant capturing centers to immobilize polysuldes high
catalytic activity toward polysulde conversion. Consequently,
Li–S batteries with TiO2–MXene heterostructures show a special
capacity of 800 mA h g�1 at 2C and an ultralow capacity decay of
0.028% per cycle over 1000 cycles at 2C.

4. Deciency strategy

Recent studies have revealed the great ability of defect engi-
neering in altering the physicochemical and electronic struc-
ture for enhanced adsorptive and catalytic features, which
provide a promising way to achieve strong polysuldes conr-
mation and simultaneously accelerate the conversion of LiPSs
in the Li–S system.96–99 Deciency strategy, including oxygen
vacancies, sulfur vacancy and nitrogen-vacancy, holds a great
promise in promoting practical applications of Li–S batteries as
well as enlightening the material engineering in related energy
storage and conversion areas.100 Table 2 exhibits the
J. Mater. Chem. A, 2021, 9, 18927–18946 | 18933
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electrochemical properties of Li–S batteries with deciency
nanomaterials.

4.1 Oxygen vacancy. Oxygen vacancy, a common type of
surface defect, has been widely concerned in the eld of catal-
ysis.101–103 First, oxygen vacancies with abundant localized elec-
trons are considered active sites for the adsorption and
activation of adsorbent molecules.104 In addition, the recombi-
nation of charge carriers is effectively suppressed due to the
strong electron and/or hole trapping ability of surface oxygen
vacancies, which could remarkably reduce the energy barrier for
interfacial charge transfer.105,106 Subsequently, oxygen vacancies
can signicantly promote electrochemical properties of Li–S
batteries by means of promoting affinity with LiPSs and
enhancing conductivity.

Currently, oxygen vacancies in metal oxides such as TiO2,
MnxOy, Fe2O3, and CoO, can generate rich electrons, leading
to high conductivity and promote the conversion rate of LiPSs.
Wang et al. synthesized dandelion-like Mn/Ni co-doped CoO/C
hollow microspheres (CMNC-10 h) with oxygen vacancies as
sulfur host (Fig. 5a and b).107 They found that the oxygen
vacancies in supercial regions of nanoparticles trigger
redistribution of charge (Fig. 5c). Concretely, the positive
charge accumulates on the outside surfaces of nanoparticles,
Fig. 6 (a) Schematic illustration of the fabrication process of MXene/1T
2018, Wiley-VCH. (b) S 2p spectral regions of MoP/MoS2@C modified
Copyright 2019, American Chemical Society. (c) Scheme of structural fea
and NG/SnS2/TiO2. Reproduced with permission.122 Copyright 2018, The
and Co5.47N. Reproduced with permission.127 Copyright 2020, The Roya
lations. (g) Orbital interactions between polysulfides and catalysts. Reprod

18934 | J. Mater. Chem. A, 2021, 9, 18927–18946
and the negative charge aggregate on internal surfaces (Fig. 5d
and e). This highly delocalized electronic structure can
remarkably improve the conductivity of nanoparticles,
resulting in enhancing electrochemical kinetics. Conse-
quently, CMNC-10 h provides a high capacity of 642 mA h g�1

aer 500 cycles at 1C. Sun and co-workers reported a yolk–
shell Fe2O3@N-PC/Mn3O4 sulfur host, in which oxygen
vacancy induced an interfacial charge eld. Intriguingly, pol-
ysulde was oxidised to thiosulfate on defective Fe2O3@N-PC/
Mn3O4 surface, leading to immobilizing and catalysing the
conversion of LiPSs.46 In addition to the above metal oxides,
oxygen vacancies are also discovered in metal hydroxides for
enhancing conductivity and catalytic properties. Tian et al.
synthesized oxygen-decient La(OH)3 composed of reduced
graphene oxide as a host material for sulfur with superb
conductivity.108 La(OH)3 nanorods with abundant oxygen
vacancies were employed to promote the reversibility of LiPSs.
Sun and co-workers reported a high catalytically active
CNTs@FeOOH composite with rich oxygen vacancies, which
could function as an electrocatalyst and promote the catalytic
conversion of intercepted LiPS.83 As a result, the optimized
CNTs@FeOOH interlayer contributed to a high reversible
capacity of 556 mA h g�1 over 350 cycles.
-2H MoS2-C composites. Reproduced with permission.109 Copyright
separator before and after 50 cycles. Reproduced with permission.118

tures of NG/SnS2/TiO2–S in Li–S batteries. (d) EPR spectra of NG/SnS2
Royal Society of Chemistry. (e) High-resolution XPS of N 1s for Co5.47Nx

l Society of Chemistry. (f) Crystal structure of Ni3N0.85 for DFT calcu-
uced with permission.128 Copyright 2020, American Chemical Society.

This journal is © The Royal Society of Chemistry 2021
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Recent research works show that separator could play the
same catalytic function for LiPSs conversion as a sulfur host in
the Li–S battery. Mai and co-workers decorated a commercial
polypropylene (PP) separator with oxygen vacancy-rich TiO2

nanosheets (OVs-TiO2@PP) for the Li–S battery (Fig. 5f).109 They
found that OVs-TiO2 exhibits excellent ionic conductivity,
strong adsorption ability on polysuldes and robust catalytic
ability, due to abundant suspended unsaturated bonds on OVs-
TiO2 surface. Taken together, the OVs-TiO2@PP separator can
signicantly suppress the LiPSs shuttling (Fig. 5g and h), and
thus, show persistent cycling stability under a high current
density of 2.0C over 500 cycles. Jin et al. reported an oxygen
vacancy-rich cerium metal–organic framework (CSUST-1/CNT)
for the Li–S battery separator.110 The abundant oxygen vacan-
cies can remarkably accelerate the redox kinetics of polysuldes
and Li+ transportation. Consequently, the Li–S battery with the
CSUST-1/CNT-coated separator displayed a high initial specic
capacity of 1468 mA h g�1 at 0.1C and maintained long-term
stability for a capacity of 538 mA h g�1 aer 1200 cycles at 2C
with a decay rate of only 0.037% per cycle.

4.2 Sulfur vacancy. Transition metal suldes (TMSs) are
widely believed to play a signicant role in the catalysis of Li–S
batteries. For example, Xue and co-workers designed an inter-
calation–conversion hybrid cathode for Li–S batteries by using
Mo6S8 as a sulfur host, in which Mo6S8 could immobilize sulfur
species and unlock its high gravimetric capacity due to the
electrochemically active Chevrel-phase Mo6S8 with self-active
capacity contribution and strong LiPSs affinity.111,112 The other
TMSs (i.e., MoS2, FeS, VS2, TiS2) were also investigated as sulfur
hosts to propel the polysulde redox reaction process.52–54

Nevertheless, the electrical conductivity of TMSs is still not
sufficient.113,114 Sulfur vacancy is based on TMSs, which intro-
duce positive charge defects.115 These abundant positively
charged defects can not only effectively trap the polysuldes,
but also dynamically enhance polysulde redox reaction.

TMSs are usually composited with conductive matrix (i.e.,
graphene, CNT, MXene) for promoting electron transfer.116,117

Guo et al. proposed MXene/1T-2H MoS2-C nanohybrids with
sulfur vacancies for boosting the performance of Li–S batteries
(Fig. 6a).118 It is found that the plentiful positively charged
sulfur vacancies can serve as strong adsorption and activation
sites for polar polysulde intermediates, accelerate redox reac-
tions, and prevent the dissolution of polysuldes. As a conse-
quence, the MXene/1T-2H MoS2-C–S cathode delivers a high
initial capacity of 1194.7 mA h g�1 at 0.1C, and a high level of
capacity retention of 799.3 mA h g�1 aer 300 cycles at 0.5C.
Yang et al. introduced sulfur deciencies into MoS2�x to
enhance the conductivity. They proposed that sulfur de-
ciencies may enhance LiPSs reduction through some meta-
stable S radicals, which contribute largely to LiPSs reactions.69

In addition, Huang and co-workers reported sulfur vacancies in
ZnS composited with rGO (ZnS1�x/rGO) and sulfur deciencies
can act as active sites to adsorb and convert LiPSs by generating
S radicals.119 Moreover, as the inherent S vacancy, SnS provides
strong adsorption capability for LiPS, and thus delivers an
initial capacity of 1270mA h g�1 at 0.5C as well as the slow decay
rate of 0.039% per cycle at 1C.120
This journal is © The Royal Society of Chemistry 2021
Recently, sulfur vacancies are also introduced into TMSs
heterostructures, which is employed to promote the conduc-
tivity of TMSs, leading to modulating the electron description
and facilitating redox reactions. Wang and co-workers demon-
strated that the sulfur vacancies generated in MoP/MoS2 het-
erostructure also display the ability to incorporate lithiophilic
and sulfophilic sites for LiPSs connement and electrocatalysis
through thiosulfate and sulfate (Fig. 6b).121 In addition, Wang
et al. demonstrated that a controlled growth of sulfur-defects-
rich SnS2/TiO2 nanocrystals on nitrogen-doped graphene (NG/
SnS2/TiO) can serve as strong adsorption and activation sites for
polar polysulde intermediates, prevent their dissolution/
shuttling and accelerate their redox reactions (Fig. 6c and
d).122 Consequently, the resultant NG/SnS2/TiO2–S cathode
achieves a high capacity of 1064 mA h g�1 at 0.5C and superior
cyclability.

4.3 Nitrogen vacancy. Transition metal nitrides are used as
sulfur hosts in Li–S batteries with the best conductivity,
compared with oxides and suldes.123–125 Furthermore, recent
research works have conrmed that nitrogen vacancies in
nitrides could strongly affect local electronic structures and the
atoms around the vacancies will be reactive, thus effectively
catalyzing the conversion of LiPSs from Li2S8 to Li2S around the
nitrogen vacancies.126

Traditionally, transition metal nitrides are synthesized by
oxides transformation in ammonia at high temperatures. Wang
and co-workers synthesized cobalt nitride with nitrogen
vacancies in nanoparticles (Co5.47Nx-C) via annealing the zeolite
imidazole framework (ZIF-67) precursor in ammonia.127 They
found that during high-temperature calcination, several
nitrogen atoms were absent from the octahedral interstitial
sites, leading to abundant nitrogen-vacancy (Fig. 6e). It is noted
that LiPSs redox reaction kinetics of Co5.47Nx-C cathode with
nitrogen vacancies are faster than that of a Co5.47N cathode
without nitrogen vacancies and thus achieving a promising rate
and cycling performance for Li–S battery. In addition, Zhang
et al. proposed a reasonable strategy to adjust the catalyst d-
band of Ni3N to accelerate the conversion of polysulde via
nitrogen-vacancy (Ni3N0.85).128 Aer the formation of nitrogen
vacancies, more electrons migrate to the lowest occupied
molecular orbital of Li2S4, weakening the terminal S–S bond,
and suggesting that the conversion of polysuldes is accelerated
(Fig. 6f and g). As a result, the Ni3N0.85 cell displays an initial
capacity of 1200 mA h g�1 for up to 100 cycles at a high loading
of 5.2 mg cm�2.
5. Heteroatom doping strategy

Due to the excellent sulfur regulation ability and strong affinity
for LiPSs, the heteroatom doping strategy is widely used to
promote cycling ability and rate capability in Li–S
batteries.135–138 It is noted that the chemical affinity in polar–
polar interaction is more favorable with respect to anchoring
polysuldes.139 Hence, a large number of works have been done
on introducing polar sites into the sulfur host by heteroatom
doping, including non-metal atoms (i.e., O, N, S, B) and metal
atoms (i.e., Sn, Fe), to enhance the interaction between LiPSs
J. Mater. Chem. A, 2021, 9, 18927–18946 | 18935
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Table 3 Electrochemical properties of Li–S batteries with heteroatom doped nanomaterials

Catalysis
Sulfur loading
(mg cm�2) Redox intermediate

Performance

Ref.Special capacity (mA h g�1) Cycling stability

N, S-GO 4.6 LiPSs 645 at 2C 500 cycles (decay rate of 0.078%/cycle at
2C)

140

BOC@CNT 5.5 Thiosulfate 1077 at 0.2C 500 cycles (decay rate of 0.07%/cycle at
1C)

154

CNT/NPC-300 1.6 LiPSs 1065 at 0.5C 300 cycles (decay rate of 0.08%/cycle at
0.5C)

165

PONHC/G — LiPSs 533.0 at 3C 500 cycles (decay rate of 0.052%/cycle at
1C)

166

N-Co9S8 5 LiPSs 1233 at 0.2 A g�1 1000 cycles (decay rate of 0.037%/cycle at
1 A g�1)

157

B-EEG 2.2 LiPSs 1476 at 0.1C 130 cycles (decay rate of 1.3%/cycle at 1C) 167
RM-S/G 8 LiPSs 1256 at 0.1C 200 cycles (decay rate of 0.0127%/cycle at

0.1C)
168

NPCNFT 17.1 Thiosulfate 737.1 at 5C 500 cycles (decay rate of 0.06%/cycle at
5C)

169

hSCNC 4.5 LiPSs 579 at 2 A g�1 400 cycles (decay rate of 0.07%/cycle at
2 A g�1)

170

N, B, S tri-doped ACNTs 2.5 LiPSs 1166 at 0.3C 1400 cycles (decay rate of 0.014%/cycle at
0.5C)

171

NCNS 6 LiPSs 716 at 1C 800 cycles (decay rate of 0.039%/cycle at
2C)

172

FSC/MoS2/CNTs 2.0 LiPSs 1313.4 at 0.1C 500 cycles (decay rate of 0.059%/cycle at
1C)

173

NGC 3.4 Thiosulfate 666 at 0.2C 1000 cycles (decay rate of 0.03%/cycle at
0.2C)

174

Sn0.063MoO3-S — LiPSs 1390.3 at 0.1C 500 cycles (decay rate of 0.04%/cycle at
1C)

164

P-Mo0.9Co0.1S2 — LiPSs 931 at 6C 600 cycles (decay rate of 0.046%/cycle at
1C)

162

Co–Fe–P 5.5 LiPSs 1243 at 0.1C 500 cycles (decay rate of 0.043%/cycle at
1C)

175

Co/N-PCNSs — LiPSs 1234 at 0.2C 400 cycles (decay rate of 0.036%/cycle at
5C)

176

HFeNG 5 LiPSs 810 at 5C 300 cycles (decay rate of 0.083%/cycle at
0.5C)

177

B, N-TiO2 — Thiosulfate 424 at 6C 700 cycles (decay rate of 0.04% cycle at
0.5C)

155
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and the sulfur host.140–144 Moreover, some researchers have
claried that heteroatom doping strategy not only generates
abundant polar sites for LiPSs absorption but also promotes the
conductivity of sulfur host, especially for transitionmetal oxides
and suldes,145 achieving a fast LiPSs conversion. Subsequently,
the LiPSs connement could be realized by the sulfur host with
ample polar sites that can simultaneously enhance the
adsorption ability for LiPSs and conductivity.146,147 Table 3
shows the electrochemical properties of Li–S batteries with
heteroatom doped nanomaterials.

5.1 Non-metal atom-doping strategy. Non-metal atom
doping in scaffolds mitigates diffusion of dissolved LiPSs via
strong chemical adsorption, which is favorable for the high
utilization of sulfur in the active material for Li–S batteries.148–150

Especially, non-metal atom doped carbon materials as sulfur
hosts have been widely used to improve the electrochemical
performance of Li–S batteries.151 Non-metal atom doping into
carbon materials not only modulates the uniform distribution
18936 | J. Mater. Chem. A, 2021, 9, 18927–18946
of electrons of nonpolar carbon surface to local electron accu-
mulation in heteroatom but also creates special surface func-
tional groups, which offer more active sites for LiPSs
adsorption.152 It has been proved that these changes synergis-
tically enhance the chemical adsorption of carbon to sulfur
species, and have been intensively investigated to sequestrate
soluble long-chain LiPSs in the cathode of Li–S batteries.153

It is widely accepted that introducing N, S, P and B atoms
into the carbon hosts could improve the performance of the Li–
S battery. These heteroatoms can generate rich polar sites and
produce sulfur radicals, thereby elongating the bond and even
catalyzing polysuldes conversion.140,152 Recent works have
conrmed that compared with a single kind of atom doping,
multiply atoms co-doped into a matrix could generate synergies
on LiPSs adsorption and conversion. Manthiram and co-
workers reported three-dimensional nitrogen/sulfur co-doped
graphene sponge as a Li–S battery cathode, in which thiourea
was employed as nitrogen/sulfur sources (Fig. 7a).140 They have
This journal is © The Royal Society of Chemistry 2021

https://doi.org/10.1039/d1ta02741g


Fig. 7 (a) Illustration of the formation process of the N, S-co-doped graphene electrode, and a schematic of the fabrication of a Li/dissolved
polysulphide cell with N, S-co-doped graphene electrode after adding polysulphide catholyte. Optimized configurations of LiSH binding to S-
doped graphene (b), N-doped graphene (c) and N, S-co-doped graphene (d), respectively. Insets: charge density difference isosurfaces; the blue
and yellow colours indicate the regions of charge gain and loss, respectively. Grey, white, blue, yellow and purple balls represent C, H, N, S, Li
atoms, respectively. Reproduced with permission.140 Copyright 2015, Nature Publishing Group. Schematics of the LiPSs anchoring-diffusion–
conversion processes on the N-Co9S8 (e), Co9S8 electrodes (f), and pure carbon paper (g). (h) Binding energy between LiPSs andmatrix with (311)
as well as (440) facets, respectively. (i) LiPSs adsorption ability of N-Co9S8 and Co9S8 nanoparticles in the Li2S6 solution. Reproduced with
permission.157 Copyright 2020, Wiley-VCH.
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conrmed that the doped N atom coupled with the S atom
provides stronger binding energies for anchoring polysuldes
than mono-doped (S or N) graphene (Fig. 7b–d). Moreover,
the N, S-co-doped graphene conductive framework provides
high electrical conductivity and rapid on-transport channels.
Taken together, the N, S-co-doped graphene electrode with
a high sulfur loading of 4.6 mg cm�2 exhibits fast reaction
dynamics, reduced polarization and stabilized cycling perfor-
mance with only 0.078% capacity decay per cycle up to 500
cycles. Moreover, in Wang's work, a new boron/oxygen co-doped
porous carbon (BOC) host material was successfully prepared by
This journal is © The Royal Society of Chemistry 2021
in situ organic condensation reaction on the exterior surface of
CNTs for high-performance Li–S batteries.154 The interface of
boron/oxygen co-doped carbon with hierarchical pore structure
designed from the molecular scale can not only increase the
electronic conductivity but also improves the sulfur activity and
capture polysuldes/sulfur by producing thiosulfate and poly-
thionate, which promotes electrochemical performance for Li–S
batteries, including a large reversible capacity of 1077 mA h g�1

aer 200 cycles at 0.2C and long cycling stability of 794mA h g�1

at 1C aer 500 cycles with only 0.07% attenuation per cycle.
J. Mater. Chem. A, 2021, 9, 18927–18946 | 18937
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Recently, besides carbon matrix, non-metal atoms are also
introduced in transition metal compounds (i.e., transition
metal oxides and suldes).155,156 Zhang et al. constructed
nitrogen-doped Co9S8 nanoparticles through the hydrothermal
reactions for Li–S batteries.157 Li–N bonds are more favorable
than Li–S bonds when anchored on LiPSs in Li–S batteries, thus
the notorious “shuttling effect” is inhibited by N-doped Co9S8
nanoparticles (Fig. 7e–g), which has been veried by DFT
calculations and LiPSs absorption experiments as shown in
Fig. 7h and i. Furthermore, introducing nitrogen atoms can
improve the catalytic capabilities of Co9S8 nanoparticles in Li–S
batteries. Consequently, N-doped Co9S8 nanoparticles provide
a series of enhanced electrochemistry properties, such as a high
reversible capacity (1245 mA h g�1 at 0.2 mA g�1), fast reaction
kinetics (a record value of 604 mA h g�1 at 20 A g�1), and a low
capacity decay of 0.037%/cycle over 1000 cycles. In addition, the
surface acidity of TiO2 was tailored by B and N atoms to fortify
the affinity between TiO2 and LiPSs.155
Fig. 8 (a) HRTEM images of Mo0.9Co0.1S2. (b) Potentiostatic charging of v
(c) potentiostatic discharging to 2 V. Reproduced with permission.162 C
process of Sn atoms into MoO3 nanoribbons. (e) Optimized adsorption c
Calculated binding strength for S8, Li2S4, and Li2S on graphene, MoO3 an
MoO3 slab (h), respectively. Reproduced with permission.164 Copyright 2

18938 | J. Mater. Chem. A, 2021, 9, 18927–18946
5.2 Metal atom-doping strategy. It is known that metal
atoms provide strong catalytic properties, thus, introducing
metal atoms into nanomaterials is supposed to be an effective
means to accelerate the sluggish conversion kinetics of poly-
suldes in high-performance Li–S batteries.158 Since metal ions
usually serve as the active sites to interact with polysuldes,
optimizing their electronic and valence states is vital to enhance
the catalytic activity, especially in sulfur redox reactions
involving multiple electrons.159 In addition, the metal atom-
doping strategy shows metallic characteristics and even super-
conductivity,160 which is very benecial to facilitate the redox
reaction kinetics and increase the sulfur utilization efficiency
for Li–S batteries. The single metal atom doped in carbon
matrix is widely known as single-atom materials, which will be
discussed separately in this review. Herein, we emphatically
introduce metal atom doped in the non-carbon matrix in this
topic.

For the heteroatom doped into the non-carbon matrix, some
directly replace the original atom in the matrix, leading to a new
ariously dopedMoS2 from the open circuit condition (2.2 V) to 2.4 V and
opyright 2019, Wiley-VCH. (d) Schematic illustration of intercalation
onfiguration for Li2S4 on MoO3 slab and Sn-MoO3 slab, respectively. (f)
d Sn intercalated MoO3. DOS for Li2S4 adsorbed on MoO3 (g) and Sn-
018, Wiley-VCH.

This journal is © The Royal Society of Chemistry 2021
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phase.161 Lee et al. reported new cobalt and phosphorous co-
doped MoS2 for improved catalytic properties on LiPSs conver-
sion in Li–S batteries.162 First, by introducing cobalt atoms in
MoS2, the semiconductor 2H phase of MoS2 with common
honeycomb lattice geometry (trigonal prismatic coordination) is
transformed to metallic 1T phase with trigonal lattice geometry
(octahedral coordination), which promotes the electrical
conductivity of MoS2 (Fig. 8a). Furthermore, partial sulfur
atoms exposed on the surface of MoS2 were replaced by phos-
phorous atoms, in which the lone-pair electrons in the 3p
orbitals and vacant 3d orbitals cause an increasing local elec-
tron density, resulting in a high activity in polysulde conver-
sion reactions. All these advantages for LiPSs conversion were
also veried via the current–time responses from potentiostatic
charging (Li2S6 oxidation) and potentiostatic discharging (Li2S6
reduction) of lithium-catalyst cells, corresponding to the
Table 4 Electrochemical performance for Li–S batteries with single-ato

Catalysis
Sulfur loading
(mg cm�2)

Redox
intermediate

Performa

Special c
(mA h g�

Fe–N/MHCS 5.4 LiPSs 1097 at 0

SAFe@g-C3N4 2.3 LiPSs 1379 at 0

FeSA-CN 1.4 LiPSs 1123 at 0

Fe-PNC 1.3 LiPSs 1138.6 at

Fe@NG 1.1 LiPSs 1616 at 0

NC:SAFe — LiPSs 1052 at 1

Fe/NG 4.5 LiPSs 1000 at 0

FeNSC 1 LiPSs 550.2 at

Co-N/G 6 LiPSs 1210 at 0

CoSA-N–C 4.9 Thiosulfate 1574 at 0

2D NC@SA-Co 7.2 LiPSs 1160 at 0

B/2D MOF-Co 7.8 LiPSs 921 at 0.

Co@C3N4 2 LiPSs 1400 at 1

C:SACo — LiPSs 441 at 10

Ni@NG 6 LiPSs 1598 at 0

ZnS, Co–N–C 6 LiPSs 800 at 20

Zn1-HNC 7.8 LiPSs 989 at 10

S@Mn/C–(N, O) 4 Thiosulfate 900 at 1C

SA-Zn-MXene 5.3 LiPSs 1136 at 0

This journal is © The Royal Society of Chemistry 2021
polysulde oxidation and reduction currents increased signi-
cantly aer phosphorus doping (Fig. 8b and c). Consequently,
a sulfur cathode with P-Mo0.9Co0.1S2-2 exhibits a low capacity
fade rate of 0.046% per cycle (over 600 cycles at 1C rate).

Besides replacing the original atom in the matrix, some
heteroatoms insert into the structure gap in the matrix.163

Zhang et al. successfully inserted tin atoms into van der Waals'
gap of 2D layered a-MoO3 (Fig. 8d), resulting in enhancing the
intrinsic the conductivity of MoO3.164 Moreover, the DFT
calculation demonstrated that the binding energy with sulfur
species was enhanced aer the insertion of Sn atoms. This can
be attributed to abundant electrons of the intercalated Sn
atoms, which were lled in the conduction bands of MoO3 and
further tuned the electronic structures (Fig. 8e and f). In addi-
tion, aer absorbing Li2S4 on Sn-doped MoO3, the lower state
electrons transferred into upper levels, which is near the Fermi
m catalysts

nce

Ref.
apacity
1) Cycling stability

.1C 1000 cycles (decay rate of 0.018%/cycle at
1C)

180

.1C 200 cycles (decay rate of 0.05%/cycle at
0.2C)

192

.2C 500 cycles (decay rate of 0.06%/cycle at
4C)

188

0.1C 300 cycles (decay rate of 0.2%/cycle at
0.1C)

193

.1C 200 cycles (decay rate of 0.15%/cycle at
2C)

194

C 1000 cycles (decay rate of 0.06%/cycle at
5C)

195

.5C 750 cycles (decay rate of 0.022%/cycle at
0.5C)

196

4C 1000 cycles (decay rate of 0.047%/cycle at
1C)

189

.2C 100 cycles (decay rate of 0.029%/cycle at
0.2C)

185

.05C 120 cycles (decay rate of 0.068%/cycle at
0.2C)

186

.1C 700 cycles (decay rate of 0.058%/cycle at
2C)

184

1C 600 cycles (decay rate of 0.07%/cycle at
1C)

182

.6 mA cm�2 200 cycles (decay rate of 0.09%/cycle at
1.6 mA cm�2)

197

C 1500 cycles (decay rate of 0.04%/cycle at
2C)

198

.1C 500 cycles (decay rate of 0.06%/cycle at
10C)

187

0 mA g�1 100 cycles (decay rate of 0.077%/cycle at
0.6C)

199

C 700 cycles (decay rate of 0.015%/cycle at
10C)

200

1000 cycles (decay rate of 0.05%/cycle at
1C)

201

.2C 400 cycles (decay rate of 0.03%/cycle at
1C)

191

J. Mater. Chem. A, 2021, 9, 18927–18946 | 18939
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level and easier to get involved in reactions, thus propel the
redox of Li2S4 and promoting the electrochemical performance
(Fig. 8g and h).

6. Single atoms catalysts

Single atoms (SAs) catalysts, which refer to single metal atoms
anchored by surrounding coordination species (M-Nx species),
are proposed to obtain the maximum utilization and catalytic
activity at the atomic level.178–180 SAs catalysts with tunable local
environments can be precisely engineered and synthesized for
optimal catalytic performance.181 In addition, SAs catalysts
showcase great potential to elucidate the relationship between
their structures and catalytic activity, as well as the mechanism
of catalysis at the molecular level. Recently, SAs catalysts with
unique atomic structures have been introduced in Li–S
batteries, which exhibit excellent performance in catalytic
conversion of LiPSs and the suppression of lithium dendrite
Fig. 9 (a) Illustration of themultifunctional interlayer of NC@SA-Co and C
(b) HAADF-STEM images of Co-N/G. (c) Structures of Co-N/G used in DF
cycling. Reproduced with permission.185 Copyright 2019, American Chem
Ni@NG in the electrochemical process. Reproduced with permission.187 C
NSC (f), FeNC (g), and FeNSC (h) (insets are the initial, transition, and final
Chemical Society.

18940 | J. Mater. Chem. A, 2021, 9, 18927–18946
growth.179,182,183 Currently, the application of SAs catalysts in Li–
S batteries is still in the primary stage, and the reported metal
atoms in single-atom moieties mainly include iron, cobalt,
nickel, zinc, copper, etc. According to different matrixes, SAs
catalysts are divided into carbon-based catalysts and non-
carbon-based single-atom catalysts in this review. Table 4
shows the electrochemical properties of Li–S batteries with
single-atom catalysts.

6.1 Carbon-based single atoms catalysts. Currently, carbon
materials (i.e., graphene, CNT, CNF, g-C3N4, hollow carbon
sphere, porous carbon) have been regarded as common SA
matrices due to their high electric conductivity, which could
provide a favorable environment for electron transfer in sulfur
redox reactions. In addition, on account of the controllable
structures and components, the carbon matrix could offer
abundant coordinate sites and various coordination atoms,
leading to a high loading mass of metal atoms and stable SAs
NT-CNF. Reproducedwith permission.184 Copyright 2020, Wiley-VCH.
T calculations. (d) Evolution of S K-edge XANS during electrochemical
ical Society. (e) The catalytic mechanism of the LiPSs on the surface of
opyright 2019, Wiley-VCH. Energy profiles of Li2S2 decomposition on
structures). Reproduced with permission.189 Copyright 2021, American

This journal is © The Royal Society of Chemistry 2021
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Fig. 10 (a) The HAADF-STEM images of SA-Zn-MXene. (b) Visual
adsorption tests of SA-Zn-MXene, MXene, and super P with their
corresponding UV/vis spectra. (c) The Gibbs free energy profiles of
LiPSs on SA-Zn-MXene and MXene. Reproduced with permission.179

Copyright 2020, Wiley-VCH.
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structure. Therefore, SAs combined with electronic conductivity
carbon have been proposed to be a promising way for advanced
Li–S batteries.

Guo and co-workers designed single-atom cobalt-anchored
nitrogen-doped carbon nanosheets (NC@SA-Co) and the dual
network of carbon nanotube–cellulose nanober (CNT–CNF)
hybrid as an interlayer for Li–S batteries (Fig. 9a).184 Notably,
numerous well-dened single sites of Co–N4 in the NC@SA-Co
structure accelerate the liquid–liquid conversion of LiPSs. As
a result, the Li–S battery with this interlayer exhibits a high
reversible specic capacity of 1160 mA h g�1 at 0.1C, and an
ultralow capacity decay of 0.058% per cycle over 700 cycles. In
addition, Wan et al. proposed an experimental case of a Co
single atoms catalyst as a sulfur host in Li–S batteries, which
had a signicant impact on the development of high-
performance Li–S batteries and other electrochemical energy
storage devices.185 As shown in Fig. 9b, the monodispersed Co
atoms were embedded in the lattice of N-doped graphene (Co-N/
G), in which Co atoms coordinated with N atoms to form Co–N4

coordination centers. The results of DFT calculation (Fig. 9c)
and operando X-ray absorption spectroscopy (Fig. 9d) indicated
that the Co–N4 coordination center can be used as a bifunc-
tional electrocatalyst, which can promote the formation and
decomposition of Li2Sx during discharging and charging
process. Subsequently, Co-N/G exhibits high utilization of
sulfur at an ultrahigh sulfur mass ratio (90 wt%), resulting in
a gravimetric capacity of 1210 mA h g�1 and only the capacity
decay rate of 0.029% over 100 cycles. Furthermore, Sun and co-
workers conrmed that Co–N4 active sites can oxidize LiPSs to
thiosulfate with a surface redox reaction between sulfur host
and LiPSs.186 Similarly, Niu et al. reported that high-density
single Ni atoms could be embedded in N-doped graphene
matrix (Ni@NG) by pyrolysis approach.187 They found that the
oxidized Ni sites in Ni–N4 structure can accommodate the
electrons of polysulde ions by forming strong S2–X/Ni–N
bonding, which could decline the energy barrier required for
the Li–S bond decomposition (Fig. 9e), and thus enhance the
dynamic transformation of LiPSs in Li–S batteries effectively.

Based on a large special surface area, porous carbon-based
single-atom catalyst not only could accelerate the LiPSs
conversion but also promote the chemical adsorption process of
LiPSs; meanwhile, inhibit the shuttle effect of polysulde. Liu
et al. proposed a MOF-derived Fe-SA catalyst (FeSA-CN) as
a sulfur host for stable and efficient Li–S batteries.188 It has been
veried that FeSA-CN can promote the chemical adsorption of
LiPSs, inhibit the shuttle effect of LiPSs, achieve effective Li+/e�

transfer and accelerate the redox reaction. As a result, even
under high charge and discharge rate conditions, the capacity
of the FeSA-CN/S electrode was still maintained as high as 70%
aer 500 cycles of 4.0C. Chen et al. proposed a Fe single atom
located on N-doped mesoporous hollow carbon spheres (N/
MHCS), which could remarkably alleviate the shuttle effect.180

Furthermore, Li and co-workers introducing sulfur atoms into
the Fe–N4 coordination center for modulating the electronic
structure of the Fe atom in coordination active sites.189 Inter-
estingly, the Fe–N3S active site exhibits the lowest energy barrier
than that of N, S active sites, and Fe–N4 active site (Fig. 9f–h),
This journal is © The Royal Society of Chemistry 2021
thus the S-doped Fe single-atom catalyst can dramatically
promote the LiPSs redox rate and exhibit 0.047% capacity decay
per cycle over 1000 cycles at 1C.

6.2 Non-carbon-based single atoms catalysts. The non-
carbon material used as the matrix of single atoms should
possess high conductivity properties and active surface with
ample unsaturated bonds, so the available options are really
fewer, especially for the metal compound. At present, limited
research works are focused on non-carbon-based single-atom
catalysts for Li–S batteries. Mxene, which can provide more
ions transport channels, large volume and area capacitance, has
been regarded as a potential non-carbon matrix.190 The unique
properties of MXenes immobilized by single-atom metal can
greatly promote the redox reaction of LiPSs, resulting in the
promoted the electrochemical performance of Li–S batteries.

Yang et al. designed a single Zn atom dopedMXene layer (SA-
Zn-MXene) (Fig. 10a).191 As a sulfur cathode, SA-Zn-MXene
realizes the strong interaction with LiPSs due to the high elec-
tronegativity of atomic zinc on MXene (Fig. 10b). Furthermore,
as shown in Fig. 10c, the conversion of LiPSs can be effectively
facilitated by reducing the energy barrier from Li2S4 to Li2S2/
Li2S. Moreover, the SA-Zn-MXene layer can effectively promote
nucleation of solid-state Li2S2 and Li2S on their large-scale
exposed 2D surface. Taken together, SA-Zn-MXene cathode
exhibits high area capacity (5.3 mA h cm�2), high rate capability
(640 mA h g�1 at 6C), and good cycle stability with 80% capacity
retention aer 200 cycles at 4C.
Conclusions and outlook

For Li–S batteries, LiPSs shuttling in an electrolyte between the
cathode and anode could corrode the lithium anode, which is
considered to be the main reason for capacity fading. Thus, an
ideal cathode material is required to possess not only high
conductivity and high sulfur-loading mass but also a strong
J. Mater. Chem. A, 2021, 9, 18927–18946 | 18941
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affinity for LiPSs and the ability to propel LiPSs conversion,
which is expected as one of the most feasible methods for
suppressing LiPSs diffusion. In this aspect, catalytic materials
including catalytic metal-based materials (metals and their
oxides, suldes, nitrides) and some metal-free materials with
catalytic activities are considered the optimal sulfur host, which
could offer abundant polar active sites for LiPS absorption and
conversion overwhelmingly. At the current stage, plenty of novel
catalytic materials have been rationally designed and con-
structed based on surface engineering in order to enhance the
affinity for LiPSs and facilitate LiPS conversion in state-of-the-
art energy storage devices. To further enhance the sulfur reac-
tion kinetics and promote the overall performance, there is a lot
of room for investigations in sulfur host design.

(1) Generally, sulfur hosts were designed as hollow or porous
structures with large specic surface areas, which could expose
plentiful electrochemical active sites and supply ample spaces
for sulfur volume explosion. Nonetheless, recent studies have
demonstrated that a large specic area correlates with low
cathode density and thus low volumetric energy density.202

Furthermore, cathodes with a large specic area should need
more electrolytes to be wet, which also compromises the full-
cell gravimetric energy density.203 Thus, cathode design
strategy should strike a balance between the specic area of
sulfur host and energy density of Li–S batteries.

(2) High sulfur loading of cathode causes high LiPSs
concentration in electrolyte, resulting in severe corrosion to the
lithium anode. Moreover, the lean electrolyte is easily to be
consumed by reactive lithium and thus leads to battery failure.
Therefore, the shuttling effect is more serious in lean electro-
lytes and high sulfur loading. It is necessary to evaluate all
advanced materials for suppressing LiPSs shuttle under high
cathode loading and lean electrolyte.

(3) Introducing deciency into heterostructure or decorating
heteroatoms in single atom moieties could deliver a synergistic
effect for strengthening the adsorption and catalytic on LiPSs.
Therefore, the combination of multiple surface engineering
strategies may point an inspiring new direction for developing
novel materials, which could alleviate LiPSs shuttling and
improve the stability of Li–S cathode.

(4) Advanced in situ characterization techniques used in Li–S
batteries provide deep, atomic-level mechanistic insights into
the battery chemistry and reveal the nature of catalysts in their
strong interactions with LiPSs, which will guide us to design
better Li–S batteries.

(5) Apart from the sulfur cathode, the commercial separator
with catalytic interlayer could also facilitate the LiPSs conver-
sion in an electrolyte. Moreover, functional anode materials
could regulate Li nucleation and guide Li metal deposition.
Thus, reasonable designing and modulation of the structure of
interlayer and anode materials could deliver high energy
density and stable cycling properties for Li–S batteries.
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