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HIGHLIGHTS

® MoS,/CNT interlayer serves as both physical and chemical barrier for polysulfides.

® CNT film provides the electrodes with excellent conductivity.

® MoS, nanosheets form effective chemical interactions with the polysulfides.

® Li-S battery with the MoS,/CNT interlayer displays enhanced cycling and rate performances.

ARTICLE INFO ABSTRACT

Keywords: Ultrathin and lightweight MoS,/carbon nanotube (CNT) interlayers are developed to effectively trap polysulfides
Molybdenum sulfide/carbon nanotube in high-performance lithium-sulfur (Li-S) batteries. The MoS,/CNT interlayer is constructed by loading MoS,
Interlayer nanosheets onto a cross-stacked CNT film. The CNT film with excellent conductivity and superior mechanical

Polysulfides trapping

o g properties provides the Li-S batteries with a uniform conductive network, a supporting skeleton for the MoS,
Lithium sulfur batteries

nanosheets, as well as a physical barrier for the polysulfides. Moreover, chemical interactions and bonding
between the MoS, nanosheets and the polysulfides are evident. The electrode with the MoS,/CNT interlayer
delivers an attractive specific capacity of 784 mAh g~ " at a high capacity rate of 10 C. In addition, the electrode
demonstrates a high initial capacity of 1237 mAh g~ ! and a capacity fade as low as —0.061% per cycle over 500
charge/discharge cycles at 0.2 C. The problem of self-discharge can also be suppressed with the introduction of
the MoS,/CNT interlayer. The simple fabrication procedure, which is suitable for commercialization, and the
outstanding electrochemical performance of the cells with the MoS,/CNT interlayer demonstrate a great po-
tential for the development of high-performance Li-S batteries.

1. Introduction

Nowadays, lithium-ion (Li-ion) batteries are widely used in portable
electronic devices, electrical vehicles, and power grids. As these ap-
plications have developed over time, the energy requirements have
increased. Batteries with high energy, power density, and specific ca-
pacity are in great demand [1]. Li-S batteries, with a theoretical ca-
pacity of 1672mA h g ™! and specific energy density of 2600 Whkg™?,
have received extensive attention from many researchers. Sulfur cath-
odes display numerous advantages, such as high abundance of the raw
material, relatively low cost, and environmental benignity. However,

the application of Li-S batteries is hindered by the following challenges.
First, both the active material (sulfur) and the discharge products
(Li»So/Li5S) are electrically insulating. Second, the volume expansion
during cycling reaches up to 80%. Last, and most important, the in-
termediate polysulfides (Li»S,, 4 < n < 8) are highly dissolvable in the
electrolyte and the shuttling of them between the electrodes results in a
fast loss of capacity, i.e., the shuttle effect [2,3]. All these issues lead to
a low utilization of sulfur, fast capacity fading, poor rate capability, and
significant self-discharge behavior [4-6]. To overcome these difficul-
ties, various approaches have been proposed for the design of sulfur
composite cathodes. For example, various carbon matrices such as
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carbon nanotubes [7-9], carbon nanofibers [10,11], graphene [12],
and porous carbon [13,14] have been designed to provide cathodes
with high electrical conductivity and a porous structure to enhance the
electrical conductivity of the cathodes and suppress the shuttle effect.
Conductive polymers [15-17] and metal oxides [18,19] have also been
used to make composite sulfur cathodes. All these modifications can
promote the electrochemical properties, accommodate the volume ex-
pansion, and restrain the diffusion of polysulfides to some extent.
Nonetheless, the rapid capacity fading and severe self-discharge in-
duced by the shuttle effect have not been fully addressed.

Separators, as an essential part of batteries, play an important role
in blocking polysulfides at the cathode side and preventing them from
shuttling to the anode to react with the lithium metal. Various se-
parators and functional interlayers have been developed to suppress the
diffusion of the polysulfides in Li-S batteries. For example, Manthiram's
group revealed that a porous carbon interlayer between the sulfur
cathode and the separator could effectively inhibit the shuttle effect of
polysulfides, resulting in improved cycling performances of the elec-
trode [20]. Kim and his co-workers reported that the dissolved poly-
sulfides could be captured by introducing an acetylene black mesh; the
electrodes demonstrated an enhanced rate and cycling results [21]. In
fact, all these improvements can mainly be attributed to the excellent
conductivity of the interlayer. The physical confinement of the poly-
sulfides was not significant owing to the weak interaction between the
highly polar polysulfides and the nonpolar carbon interlayer. Therefore,
chemical interactions between the polysulfides and the separator or
interlayer were necessary. Considering this, researchers have been in-
vestigating materials that can establish chemical bonding with poly-
sulfides. For example, Nazar's group reported that ultrathin MnO, na-
nosheets formed surface-bound intermediates after reacting with
polysulfides [22]. TiO, was applied as a highly effective polysulfide
absorbent to improve the cycling performance by forming a Ti-S bond
to suppress the dissolution of polysulfide [23]. Moreover, metal oxides/
carbon and hydroxides/carbon interlayers such as ZnO nanowires/
carbon nanofiber mat, magnesium borate hydroxide (MBOH)/CNT
membrane, and NiFe layered double hydroxide (LDH) nanoplates/
graphene layer, were designed to take advantages of both carbon ma-
trix and metal oxides/hydroxides in improving the performance of Li-S
batteries [24-26]. Compared with metal oxides, metal sulfides with
metal-S bonds can bind polysulfides through the stronger S-S interac-
tion and dipolar interaction of metal-sulfur bonds on the polarized
surface. It has been reported in the literature that MoS, could effec-
tively trap the polysulfides owing to the strong chemical interaction
between MoS, and polysulfides [27-29]. However, it is still challenging
to introduce MoS, into the Li-S system to effectively suppress the
shuttle effect and improve the cell performance.

Herein, we report a simple and feasible strategy to develop MoS,/
CNT interlayers by uniformly loading MoS, nanosheets on a cross-
stacked CNT film and taking advantage of the properties of both MoS,
and CNTs. The MoS,/CNT interlayer was ultrathin (2 um) and light-
weight (0.25mgcm™2). The CNT film provided excellent electrical
conductivity for the sulfur electrode and a support skeleton for the
dispersion of MoS,, as well as a physical barrier for the diffusion of the
polysulfide. The MoS, nanosheets further suppressed the shuttling ef-
fect through their chemical interactions with the polysulfides. The
sulfur electrode with the MoS,/CNT interlayer possessed an initial ca-
pacity of 1237mAhg~'at 0.5C and demonstrated a superior cycling
stability with a decay of only 0.061% per cycle for 500 cycles at 0.2 C.
Furthermore, it also delivered an impressive rate capacity of
784 mAh g~ 'at 10 C. The fabrication process of the MoS,/CNT inter-
layer can be easily scaled up, and the method presents significant po-
tential for the development of high-performance Li-S batteries.
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2. Experimental section
2.1. Fabrication of CNT arrays and a MoS,/CNT functional interlayer

CNT arrays with a tube diameter of 10-20nm and a height of
300 um were synthesized on silicon wafers in a chemical vapor de-
position system with iron as the catalyst and acetylene as the precursor.
The details of the synthesis have been reported in previous publications
[30-32]. Continuous CNT films were directly drawn from the CNT ar-
rays by an end-to-end joining mechanism [30,31,33]. MoS, powder
(50 mg) (Sigma-Aldrich, USA) was dispersed in 200 mL N-methyl-2-
pyrrolidinone (NMP) by sonication. After centrifugation, the super-
natant containing the MoS, nanosheets was diluted with 30 mL alcohol
to form the MoS, suspension by sonication. The polypropylene film
(Celgard 2400) was fixed on a piece of flat glass and then covered with
a 2-layer cross-stacked CNT film. The MoS, suspension was deposited
uniformly onto the CNT film and a thin MoS,/CNT layer was obtained
after the evaporation of the alcohol. This procedure was repeated to
obtain the sandwich-structured MoS,/CNT interlayer with a 20-layer
CNT film. Finally, the separators covered with the MoS,/CNT interlayer
were punched into circular shapes with a diameter of 19 mm. Separa-
tors covered with a 20-layer CNT film were also prepared as a control
sample.

2.2. Preparation of the S cathode

Sulfur powder (Beijing Dk Nano Technology Co., Ltd), carbon black
powder (50nm in diameter, Timcal Ltd., Switzerland), N-methyl-2-
pyrrolidinone (NMP), and polyvinylidene difluoride (PVDF) were used
as the active material, conducting agent, dispersant, and binder, re-
spectively. The sulfur slurry was prepared by thoroughly mixing sulfur
powder, Super P, and PVDF at a weight ratio of 5:4:1 in an NMP so-
lution. They were ground in a mortar for approximately 30 min. The
resulting slurry was uniformly spread on an aluminum foil (20 um in
thickness). After drying at 50 °C for approximately 30 min, the electrode
sheets were punched into circular discs with a diameter of 10 mm.
Before assembly of the cells, all the electrodes were dried again in a
vacuum oven overnight at 35 °C. The loading weight of sulfur was about
1.4 mg cm ™~ 2, counting for 50 wt% of the electrode.

2.3. Material analysis

The microstructure and morphology of the MoS,/CNT interlayer
were examined by a scanning electron microscope (Sirion 200, FEI) and
a transmission electron microscope (Tecnai G2F20, FEI). X-ray photo-
electron spectroscopy (XPS) analysis was carried out on a PHI Quantera
IT surface analysis equipment. The XPS spectra were deconvoluted into
Gaussian-Lorentzian-type peaks after applying a Shirley background.
The binding energy values were all calibrated using the C 1s peak at
284.8 eV [8,34,35].

2.4. Electrochemical measurement

All electrochemical characterizations were performed using CR2016
coin-type cells. The cell assembly was carried out in an Ar-filled glove
box (M. Braun Inert Gas Systems Co. Ltd.) with both moisture and
oxygen levels below 0.1 ppm. The S cathodes were the working elec-
trodes, and the lithium foils were used as the counter electrodes for all
measurements. The MoS,/CNT interlayer and CNT interlayer covered
with polypropylene film (Celgard 2400) were used as separators, in
which the side covered by the MoS,/CNT or CNT interlayer was to-
wards the S cathode. 1 M LiTFSI solution in dioxolane (DOL) and di-
methoxyethane (DME) mixed at a volume ratio of 1:1 with the addition
of 0.2 M LiNO; was used as the electrolyte. The ratio of electrolyte and
sulfur was 25uLmg ™! in the cells with the MoS,/CNT modified se-
parator, CNT modified separator, and the pristine separator. The visual
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Fig. 1. (a) Schematic diagram of a Li-S cell with the MoS,/CNT interlayer. (b) Schematic configuration of a Li— S cell with the MoS,/CNT-interlayer-coated separator
(top) and the pristine separator (bottom). (c, d) Photographs of a MoS,/CNT-interlayer-coated separator showing its high flexibility.
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Fig. 2. (a) SEM images of the top surface of a MoS,/CNT interlayer at low and high magnification (inset). (b) TEM and (c) HRTEM image of MoS, nanosheets. (d)

Cross-sectional SEM image of a MoS,/CNT interlayer.

examination of the polysulfide-trapping effect of the MoS,/CNT inter-
layer was carried out in a H-type glass cell, in which the right chamber
was filled with 0.05M Li,S¢ in DOL/DME (v/v = 1:1) solution, and the
left chamber was filled with pure DOL/DME. The electrochemical im-
pedance spectroscopy (EIS) measurements were performed using a
potentiostat/galvanostat instrument (Princeton PARStat 2273). The
charge/discharge measurements were carried on the Land battery test
system (Wuhan Land Electronic Co., China) within the voltage window
of 1.8-2.6 V at different charge/discharge rates. All the electrochemical

tests were performed at room temperature and under an ambient at-
mosphere.

3. Results and discussion

As illustrated in Fig. 1a, the ultrathin and lightweight MoS,/CNT
interlayer was coated on a separator facing the sulfur electrode in a Li-S
battery. For the conventional Li-S cells, the polypropylene/poly-
ethylene separator contained a porous matrix with a pore size of
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200-500 nm, which allowed easy infiltration of the electrolyte. How-
ever, the polysulfides generated during the charge/discharge processes
were highly soluble in the electrolyte. The porous structure could not
effectively prevent the polysulfides from shuttling to the anode, which
led to corrosion of the Li anode, as shown in the bottom panel of
Fig. 1b. To solve this problem, a MoS,/CNT interlayer was designed to
restrain the shuttling of the polysulfides (top panel in Fig. 1b). The
commercial MoS, powders were first dispersed into NMP under in-
tensive ultrasonication, and then the MoS, suspension was deposited
uniformly onto the CNT film. By repeating this procedure, a sandwich-
structured MoS,/CNT interlayer with a 20-layer CNT film was obtained.
The MoS,/CNT interlayer demonstrated excellent adhesion to the se-
parator and the interlayer-coated separator had a flat and shiny surface
(Fig. 1c). The diameter and areal density of the MoS,/CNT interlayer
(containing 20-layer CNT film) were 19 mm and 0.25mgcm 2, with
84 wt% of MoS,. The weight ratio of S/MoS, was 1.84, calculated from
the diameters and areal densities of the sulfur cathode (10 mm,
1.4mg cm~?) and the MoS,/CNT interlayer. The cross-stacked CNT
films were highly flexible and possessed a high tensile strength of
180 MPa [36]. Because of the uniform distribution of the MoS, na-
nosheets and the excellent mechanical properties of the CNT film, the
MoS,/CNT-interlayer-coated separator delivered high flexibility, as
shown in Fig. 1d. The goal of introducing the MoS,/CNT interlayer was
to alleviate the shuttle effect by both physical and chemical adsorption
of the polysulfides.

Top-surface SEM images of the MoS,/CNT interlayer are shown in
Fig. 2a, which revealed uniform dispersion of the MoS, nanosheets on
the CNT film. The interlayer was also characterized by energy dis-
persive X-ray (EDX) spectroscopy. The elemental mapping results
showed that Mo, S, and C were uniformly distributed, which further
confirmed the homogeneous dispersion of MoS, in the interlayer (Fig.
S1). Fig. 2b and ¢ shows the TEM and high-resolution TEM (HRTEM)
images of MoS, nanosheets, which illustrate their typical lamellar
morphology and highly crystalline structure. A lattice fringe of 0.27 nm
was indexed to the (100) plane of MoS,. The cross-sectional SEM image
in Fig. 2d shows that the MoS,/CNT interlayer was ultrathin and had a
thickness of only 2 pm. In the MoS,/CNT interlayer structure, the cross-
stacked CNT film played important roles as a flexible scaffold for an-
choring the MoS, nanosheets and providing abundant electrical con-
ductive pathways. The MoS, nanosheets uniformly dispersed in the
CNT film were expected to form chemical bonding with polysulfides
and thus alleviate the shuttle effect. With the dual functions of both the
CNT film and the MoS, nanosheets, electrodes with the MoS,/CNT in-
terlayer demonstrated improved electrochemical performances.

The cycling performances of the sulfur electrodes with the MoS,/
CNT-interlayer-coated separator, CNT-film-coated separator, and pris-
tine separator at 0.2C (1C = 1672mA g~ ') are compared in Fig. 3a.
The preparation details of the sulfur electrode can be found in a pre-
vious paper [37]. The areal density of the sulfur was 1.4 mgcm ™2 and
the sulfur content in the electrode was 50 wt%. The electrode with the
pristine separator showed an initial specific capacity of 1057 mAhg~*,
with fast capacity decay to only 327 mAhg™"' after 200 cycles. The
capacity retention was only 31.0%, indicating a severe shuttle effect
and irreversible loss of the active materials. In addition, the deposition
of the insulating Li,S/Li,S, aggregates could also reduce the redox ki-
netics owing to the lack of conducting pathways. With the introduction
of the CNT film, the cycling performance was improved. The electrode
exhibited a reversible capacity of 581 mAhg™! after 200 cycles. The
improved cycling stability was attributed to the homogenous con-
ductive network provided by the CNT film and, accordingly, the effi-
cient electron transfer and fast redox kinetics. Moreover, the shuttling
of the polysulfides was physically restrained by the CNT film to a cer-
tain extent. The electrode with the MoS,/CNT-interlayer-coated se-
parator delivered the best electrochemical performance, with an im-
pressive initial capacity of 1205mAhg~! and a capacity of
770mAhg~! after 200 cycles. With the introduction of the MoS,
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nanosheets, more efficient polysulfide trapping was achieved, which
might be owing to the strong chemical interactions between the MoS,
nanosheets and the polysulfides. Combining the advantages of both the
CNT film and the MoS, nanosheets, the cycling performance of the
sulfur electrode with the MoS,/CNT interlayer was significantly im-
proved. It should be noted that even with the MoS,/CNT modified se-
parator, sharp capacity decay occurred in the initial cycles, which
might be related to self-discharge and shuttle reactions. During the rest
period and initial cycles, polysulfides dissolved in the electrolyte and
mitigated toward the anode, resulting in a decrease in specific capacity.
Approaches to alleviating the fast capacity decay in the initial cycles
will be investigated in the future.

The specific capacities of the electrodes with the MoS,/CNT-inter-
layer-coated separator and the pristine separator were also investigated
at various discharge rates while being charged at a constant rate of
0.2 C. Electrodes with the MoS,/CNT-interlayer-coated separator de-
monstrated excellent rate performance (Fig. 3b). They possessed high
reversible capacities of 1449, 1066, 986, 923, 902, and 784 mA h g_1 at
0.2C, 0.5C, 1C, 2C, 5C, and 10C, respectively. In comparison, elec-
trodes with the pristine separator displayed inferior capacities of 981
and 304mAh g’1 at 0.2C and 0.5C, respectively, and completely
failed as the rate increased to 1 C. Moreover, when the discharge rate
was decreased to 0.2 C, the reversible capability of the electrodes with
the MoS,/CNT interlayer and the pristine separator recovered to 961
and 489 mAh g~ !, respectively. The extraordinary rate performance of
the electrodes with the MoS,/CNT-interlayer-coated separator arose
because of two factors. First, with the help of highly conductive CNT
network, fast charge-transfer kinetics was achieved and the conversion
between the insulating discharge products Li»S/Li»S, and the sulfur
materials was accessible. Second, both the CNT film and the MoS, na-
nosheets played important roles in restricting the polysulfide dissolu-
tion in the sulfur electrode through physical and/or chemical interac-
tion, so that high reversible capacities were maintained even at high
rates.

The galvanostatic charge/discharge curves of the electrodes with
the MoS,/CNT-interlayer-coated separator and the pristine separator in
the 1st, 10th, 50", 100™, 150", and 200" cycles are shown in Fig. 3¢
and d. Two typical discharge plateaus were observed, corresponding to
the redox reaction from elemental Sg to polysulfides (Li,S,, n = 4-8) at
2.3V and short-chain Li,S,/Li,S at 2.1 V. Electrodes with the MoS,/
CNT interlayer showed overlapping upper discharge plateaus from the
1st cycle to the 200™ cycle, demonstrating excellent polysulfide re-
tention and electrochemical stability (Fig. 3c). Moreover, the lower
plateau was very flat, indicating a uniform deposition of Li»S,/Li»S with
little kinetic barriers despite their insolubility and low Li™ diffusivity.
The voltage hysteresis between the charge and discharge plateaus was
approximately 0.16 V. In contrast, electrodes with the pristine separator
displayed shorter upper discharge plateaus as the cycle numbers in-
creased (Fig. 3d), and the capacity retention at the 50 cycle was only
38% of its original value. This demonstrated a relatively large voltage
hysteresis of 0.32 V and a severe degree of polarization. In general, the
voltage hysteresis is related to the redox reaction kinetics and the re-
versibility of the system. The low voltage hysteresis in the electrode
with the MoS,/CNT interlayer suggested the fast redox reaction kinetics
and high reversibility of the electrode, which were primarily attributed
to the following aspects. The CNT film provided a well-connected
conductive network for the insulating Li»S>/Li»S and built a physical
barrier for the soluble polysulfides. More importantly, the interaction
between MoS, and the polysulfides further contributed to the high
polysulfide retention and stable reversibility of the electrode.

The MoS,/CNT interlayer also made a great contribution to the
prolonged cycling stability of the S cathode. The electrode was charged
and discharged at 0.5 C for 500 cycles. The initial specific capacity was
1237mAhg™?, and a capacity of 648 mAhg~! was obtained at the
500" cycle, with an average capacity decay of 0.061% per cycle
(Fig. 3e). Moreover, the extraordinary Coulombic efficiency of 97.3% at
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Fig. 3. (a) Cycling performances of the electrodes with a MoS,/CNT-interlayer-coated separator, CNT film coated separator, and pristine separator at 0.2 C. (b) Rate
performances of the electrodes with a MoS,/CNT-interlayer-coated separator and a pristine separator. Charge/discharge curves of the electrodes with (c) the MoS,/
CNT-interlayer-coated separator and (d) the pristine separator at 0.2 C. (e) Extended cycling performance of the electrode with the MoS,/CNT-interlayer-coated
separator at 0.5 C. (f) EIS spectra of the fresh cells with the MoS,/CNT-interlayer-coated separator and pristine separator. The inset of (f) is an enlarged view of the

high frequency region.

the 500" cycle demonstrated the efficient polysulfide blocking cap-
ability of the MoS,/CNT interlayer [38,39]. As reported in the litera-
ture, sulfur electrodes often have a low Coulombic efficiency of less
than 90% owing to the serious shuttle effect of polysulfides [40,41]. In
this work, with the introduction of the MoS,/CNT interlayer, the sulfur
electrodes exhibited extraordinary long-term cycling performances and
high Coulombic efficiency.

The effect of the MoS,/CNT interlayer on the electrochemical per-
formances of the sulfur electrodes was also studied by EIS. The EIS
spectra of the sulfur electrodes with the MoS,/CNT interlayer and the
pristine separator shared a common feature: there was a depressed
semicircle in the high to medium frequency region and an inclined line
in the low-frequency region (Fig. 3f). The intersections with the real
axis in the high-frequency region were related to the electrolyte re-
sistance R, and the diameters of the semicircles represented the charge
transfer resistance R The inset of Fig. 3f shows the enlarged view of
the high-frequency range. The R, values of the sulfur electrodes with
the MoS,/CNT interlayer and the pristine separators were 4.6 Q and

7.1 Q, respectively. The larger R, of the electrode with the pristine se-
parator was owing to the increasing viscosity of the electrolyte that
derived from the soluble polysulfides [42], further proving the effective
polysulfide trapping capability of the MoS,/CNT interlayer. The elec-
trode with the MoS,/CNT interlayer demonstrated a R, of 36.6 Q,
compared with 331.7 Q for the electrode with a pristine separator. The
reduced charge-transfer resistance in the electrode with the MoS,/CNT
interlayer suggested that the highly conductive CNT film together with
the MoS, nanosheets could effectively enhance the redox kinetics of
polysulfides, facilitate sufficient conversion accessibility of discharge
products, and thus promote faster charge transfer [43].

H-type glass cells were employed to visually evaluate the ability of
the MoS,/CNT interlayer to prevent the diffusion of polysulfides. As
shown in Fig. 4, the left and right sides of the cell were filled with pure
DOL/DME and 0.05M Li,S¢ in DOL/DME, respectively. Driven by the
concentration gradient, Li,Se tended to diffuse through the separator
from the right side to the left side. In Fig. 4a—c, two glass cells were
separated by the MoS,/CNT-interlayer-coated separator. There was no
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Fig. 4. Photographs of the H-type glass cells with pure DOL/DME (left chamber) and polysulfides (Li»Sg) in DOL/DME (right chamber), separated by the MoS,/CNT

interlayer (a—c) and the pristine separator (d-f).

obvious color change in the left cell even after 16 h, indicating that
polysulfide diffusion was effectively restrained by the MoS,/CNT in-
terlayer. For comparison, two cells were separated by the pristine se-
parator (Fig. 4d-f). The left cell became light yellow after 8 h (Fig. 4e)
and then dark yellow after 16 h (Fig. 4f). These results indicated that
the polysulfides were able to diffuse easily across the pristine separator
in a Li-S system and reach the lithium metal, leading to severe loss of
the active materials and corrosion of the lithium metal.

XPS analysis of the MoS,/CNT interlayer before and after cycling at
0.2 C was performed to investigate any chemical interaction between
the MoS, nanosheets and the polysulfides. In the Mo 3d spectrum of the
MoS,/CNT interlayer before cycling, the doublets at 229.8 eV and
232.9 eV were assigned to Mo 3d,,5 and Mo 3d,,5 of Mo**, respectively
(Fig. 5a). The peak located at 226.6 eV corresponded to the S 2s of the
divalent sulfide ions (S*7) [28]. For the MoS,/CNT interlayer after
cycling, the binding energies of Mo 3d,,5 and Mo 3d,,5 of Mo** slightly

shifted to lower values of 229.2eV and 232.3eV, suggesting the
Mo-S,2~ chemical interaction [44,45]. The XPS results directly proved
the chemical interaction between the MoS, nanosheets and the poly-
sulfides, which effectively entrapped the polysulfides during cycling
and contributed to the enhanced electrochemical performances of the
sulfur electrodes.

The nanoscale interfacial interactions between MoS, and lithium
polysulfides were further validated from a computational perspective.
First-principles calculations were performed using the projector aug-
mented wave method as implemented in the Vienna ab initio simulation
package (VASP) [46,47]. The Perdew-Burke-Ernzerhof functional was
used to treat the electron exchange and correlations [48]. The con-
vergence criterion for the total energy and the Hellmann-Feynman force
were 10~ eV and 0.01 eV/A, respectively. More calculation details are
specified in the supporting information. The binding geometries and
energies of a Li»S4 molecule on CNT and MoS, were obtained. CNT,
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pristine separator and (d) the MoS,/CNT-interlayer-coated separator at 0.2 C before (5th cycle) and after (6th and 7th cycles) rest.

mainly formed by nonpolar C— C bond, only provided a limited binding
energy of 0.46eV (Fig. 5b). In contrast, a higher binding energy of
1.50 eV (top view in Fig. 5c and side view in Fig. S2) was generated
between MoS, and Li,S4, implying the strong chemical interaction be-
tween the MoS, nanosheets and the polysulfides [3,45,49].
Self-discharge resulting from the shuttle effect is one of the major
drawbacks in Li-S batteries. In general, about 30% of the capacity self-
discharges within several hours, which hinders the practical utilization
in various devices [50,51]. The problem of self-discharge can be alle-
viated by the MoS,/CNT interlayer. Electrodes with the MoS,/CNT-
interlayer-coated separator and the pristine separator were rested for
72 h after the 5th cycle at 0.2 C, followed by the subsequent discharge/
charge at 0.2C. Fig. 6a depicts their open-circuit voltage profiles. For
the cell with the pristine separator, there was obvious voltage decay
from 2.38 to 2.18 V during the 72h rest, implying the severe sponta-
neous reduction from the high-order polysulfides to the low-order
polysulfides [51]. In contrast, the self-discharge was sufficiently in-
hibited by the MoS,/CNT interlayer, and the voltage only experienced a
small decrease from 2.38 to 2.34V during the 72h rest. The corre-
sponding cycling performances after the 72 h rest are shown in Fig. 6b.
After rest (at the 6th cycle), the capacity of the electrode with the
pristine separator sharply dropped by 60.7% of the original capacity,
whereas for the electrode with the MoS,/CNT-interlayer-coated se-
parator, the decline rate was only 15.6%. Even though there was an
increasing tendency in the discharge capacities at the 7th cycle for both
cells after rest, the reversibility of the high voltage plateau was poor
and the retention of the specific capacity was low (54% of the capacity
before rest) for the cell with the pristine separator (Fig. 6¢) because of
the inferior redox kinetics owing to the dissolution of polysulfides and
the deposition of the insulating Li»S/Li»S, [40]. In contrast, the high
voltage plateau for the 7th cycle (after rest) nearly overlapped with that
of the 5th cycle (before rest) for the cell with the MoS,/CNT interlayer
(Fig. 6d). The capacity retention reached 94%, which resulted from the
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suppression of the self-discharge, effective trapping of the polysulfides,
and excellent conductivity of the CNT film. Moreover, the high voltage
plateau after rest became slightly smaller for the electrode with the
MoS,/CNT interlayer (Fig. 6d), whereas it almost vanished for the
electrode with the pristine separator (Fig. 6¢) owing to the conversion
from the high-order polysulfides to low-order polysulfides during the
self-discharge process. The significant suppression of the self-discharge
resulted from the excellent conductivity, physical barrier, and chemical
interaction of the MoS,/CNT interlayer.

The morphologies of the cycled lithium anodes were further studied
by SEM to investigate the ability of the MoS,/CNT interlayer to sup-
press the dissolution of polysulfides. As shown in Fig. 7a and b, the
cycled Li anode in the cell with the MoS,/CNT interlayer had a rela-
tively smooth surface. In contrast, the cycled Li anode in the cell with
the pristine separator had a rough surface with fiber-like reaction
products (Fig. 7d-e). The insets in Fig. 7b and e display the EDX results
of the lithium foils. The intensity of the sulfur peak for the cell with
MoS,/CNT interlayer was much smaller than that with the pristine
separator, suggesting that the deposition of Li,S and Li,S, on the Li
anode was greatly reduced in the cell with the MoS,/CNT interlayer.
The cross-sectional SEM images of the cycled Li anodes in the cells with
the MoS,/CNT interlayer and the pristine separator in Fig. 7c and f
show the passivation layers with a thicknesses of 25 and 81 um, re-
spectively. The passivation layer on the Li anode surface was formed
owing to the fast dissolution/deposition of polysulfides and Li>S/Li»S>
and the reaction between the lithium polysulfides and electrolyte ad-
ditive [2,52,53]. With the introduction of the MoS,/CNT interlayer, the
repeated cracking and reforming of the passivation layer on the Li
anode was significantly restrained and the pulverization of the Li anode
was significantly depressed, leading to a thinner passivation layer [54].
The SEM images of the cycled Li anodes indicated that the MoS,/CNT
interlayer could effectively suppress the shuttle effect and side reac-
tions, and thus, dramatically improved the electrochemical
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Fig. 7. SEM images of the cycled Li anodes with (a—c) the MoS,/CNT-interlayer-coated separator and (d—f) the pristine separator. (a, b, d, e) are the top surface
images and (c, f) are the cross-sectional images. Insets of (b, e) are the corresponding EDX spectra.

Table 1
Comparison of the electrochemical performances of sulfur electrodes with various interlayers or modified separators reported in the literature.
Samples Areal density/mg cm ™2 S content/wt% Capacity at high rate/mA h  Capacity at low rate/mA h g~? Reference
g—l
MoS,/CNT interlayer 0.25 50% 784 (10C) 1237 (0.5C) —0.061% (500th) decay per This work
1.4mgcm™2 cycle
Nafion 0.7 50% 533 (5C) 781 (1C) —0.08% (500th) decay per [55]
0.53mgem 2 cycle
B-rGO coated separator 0.2-0.3 56% 1.45-1.56 mg em™2 <600 (3C) 1228 (0.1C) —0.1532% (300th) decay [56]1
per cycle
CNF-T as interlayer 0.5-0.6 60% 630 (20) 1328 (0.2C) [57]
0.8 mgem™2 —0.121% (500th) decay per cycle
PEDOT:PSS coated separator 0.07 64% 0.9-1.1 mgcm ™2 690 (2C) 985 (0.25C) —0.0364% (1000th) decay  [58]
per cycle
CNTs network interlayer 1.69 70% 0.974 mg cm ™2 466 (2.5C) 1658 (0.25C) —0.665% (100th) [59]
N/P dual doped graphene coated ca. 1.0+ 0.1 70% 634 (2C) 1158.3 (1C) - 0.0898% (500th) [60]
separator
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performances of the electrodes.

A comparison of the electrochemical performance of the sulfur
electrode with the MoS,/CNT interlayer and other sulfur electrodes
with different interlayers or separators reported in the literature is
shown in Table 1 [55-60]. The electrode with the MoS,/CNT interlayer
possessed the best rate performances (784 mAhg~?) at a high rate of
10C and also delivered better long-term cycle stability
(1237 mAh g~ ! at 0.5 C with a capacity decay of 0.061% per cycle for
500 cycles) than those reported in the literature. The excellent elec-
trochemical properties of electrode with the MoS,/CNT interlayer can
be attributed to the following aspects. First, the cross-stacked CNT film
provided a homogeneous and conductive network for the efficient
electron transfer and built a physical barrier against polysulfide dis-
solution. Moreover, the MoS, nanosheets formed effective chemical
bonding with the polysulfides, thus reducing the shuttle effect and
improving the electrochemical performances of the electrode.

4. Conclusion

We demonstrated a simple and feasible approach to improve the
electrochemical performances of Li-S batteries. An interlayer consisting
of MoS, nanosheets and cross-stacked CNT film was introduced be-
tween the sulfur cathode and the pristine separator. The ultrathin and
lightweight MoS,/CNT interlayer not only provided the integrated
conductive pathways for electrons, but also built a physical barrier to
prevent the diffusion of polysulfides. More importantly, it also fa-
cilitated the chemical interaction and binding between the polysulfides
and the MoS, nanosheets. The electrode with the MoS,/CNT interlayer
exhibited a high initial capacity of 1205mAhg~!at 0.2C and an im-
pressive rate capability of 784 mAhg~!at 10 C. Remarkably, the su-
perior cycling stability was delivered at 0.5 C, with a capacity decay as
low as 0.061% per cycle for 500 cycles. Moreover, the self-discharge
problems associated with sulfur electrodes was dramatically suppressed
by the MoS,/CNT interlayer. The introduction of the MoS,/CNT in-
terlayer greatly improved the utilization of the active materials and
efficiently suppressed the shuttle effect of the polysulfides.
Furthermore, the fabrication procedure of the MoS,/CNT interlayer was
easy to implement and feasible. Therefore, the use of a MoS,/CNT in-
terlayer in sulfur electrodes has a great potential to enhance the elec-
trochemical performances of Li-S batteries.
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