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A B S T R A C T   

The shuttle effect of lithium polysulfides (LiPSs) intermediates is mainly responsible for the poor cycling stability 
of lithium sulfur (Li-S) batteries. Accelerating the reaction kinetics of the LiPSs conversion is proved to be 
effective in suppressing the migration of LiPSs. Herein, we propose an effective KB/Mo2C-modified separator for 
enabling stable Li-S batteries. The Mo2C shows both favorable anchoring capability and catalysis activity for 
LiPSs conversion due to its strong chemical affinity with LiPSs. The reaction kinetics of LiPSs reduction are 
facilitated on the Mo2C surface, and the activation potential of lithium sulfide (Li2S) oxidation is reduced. The 
battery using the modified separator shows high active material utilization and long-term cycling stability with a 
low decay rate of 0.076% per cycle up to 600 cycles at 1C. Moreover, when the sulfur loading increases to 6.5 mg 
cm− 2, a high areal capacity of 5.2 mAh cm− 2 can be maintained after 60 cycles with a capacity retention of 87%, 
demonstrating the feasibility for practical applications in Li-S batteries.   

1. Introduction 

Rechargeable batteries with long cycle life and high energy density 
are in urgent need with the advances in electric vehicles (EV) and 
portable electronic devices [1,2]. In comparison to the conventional 
lithium-ion batteries (LIBs), the Li-S battery is a promising candidate for 
the next generation of energy storage system owing to its high energy 
density of 2600 Wh kg− 1, low cost and nontoxicity of sulfur [3,4]. 
However, despite the remarkable merits, the practical application of Li-S 
batteries is hindered by serious capacity fading, which is mainly caused 
by the shuttling of LiPSs in the electrolyte and the chemical side reaction 
between the lithium anode and LiPSs [5,6]. In addition, the sluggish 
conversion kinetics of LiPSs further aggravate the shuttle effect and 
reduce the utilization of active materials [7]. 

In the past two decades, many approaches have been proposed to 
solve the abovementioned problems. The various carbon materials 
[8–11] are reported as sulfur host, enabling improved performance for 
Li-S batteries due to their good electronic conductivity and immobili-
zation capability for sulfur species. However, the non-polar carbon 
materials suffer from a bottleneck in binding the polar LiPSs 

intermediates. Consequently, some polar materials are introduced to 
create a polar condition to strengthen the affinity between the host 
materials and the LiPSs by heteroatom doping or surface modification of 
carbon materials. These materials not only show strong affinity with 
LiPSs but also exhibit positive effect on LiPSs conversion. Arava and co- 
workers find that the metallic current collectors such as Pt, Ni and Au 
can efficiently convert long-chain LiPSs to short-chain LiPSs as well as 
the inverse process [12]. Subsequently, more polar materials have been 
explored and have shown catalysis for LiPSs conversion, such as simple 
metal substance (Ir [13]), metal sulfides (CoS2 [14]), metal oxides 
(Nb2O5 [15]), metal nitrides (TiN [16], Co4N[17]), metal phosphides 
(MoP [18], CoP[19]) and metal carbides (TiC [20]). These reported 
polar materials demonstrate effective improvement for electrochemical 
cyclability owing to the accelerated reaction kinetics of LiPSs. However, 
the introduction of inert substances both increases the cost and reduces 
the energy density. Therefore, a catalyst with high conductivity and low 
cost will be high-efficiency to realize a smooth anchoring-conversion of 
LiPSs and improve the energy density. Molybdenum carbide (Mo2C) 
which combines these two kinds of characteristics shows strong affinity 
with the LiPSs, effectively inhibiting the shuttle effect [21–25]. 
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However, the evolution of Mo2C and LiPSs during the charge/discharge 
process is still unclear and needs to be further study. 

In Li-S batteries, LiPSs will pass through the separator then react with 
the Li anode, resulting in poor cycling performance and low Coulombic 
efficiency. One efficient strategy to prevent this issue is to use a modified 
separator facing the sulfur cathode to prevent the permeation of LiPSs. 
Various carbon and polymer materials have been investigated as sepa-
rator coatings to block the dissolved LiPSs migrating to the anode side in 
Li-S batteries [26,27]. Moreover, the conductive matrix in the coating as 
a current collector is helpful to reutilize the trapped polysulfides species 
in the following electrochemical reaction [28,29]. However, it should be 
noted that only employing non-polar carbon materials as coatings for a 
separator is not enough to build a strong chemical bonding between the 
separator and LiPSs. The incorporation of aforementioned polar mate-
rials and carbon materials together as coating materials for the separator 
is a straightforward strategy to trap LiPSs and catalyze their conversion. 

Herein, we propose a multifunctional carbon/molybdenum carbide 
(KB/Mo2C) decorated separator for Li-S batteries and explore the effect 
of the Mo2C on the LiPSs conversion. As shown in Scheme 1, the KB/ 
Mo2C-modifide separator as a barrier with active trapping sites for dis-
solved LiPSs is proposed to effectively alleviate the shuttle effect and 
improve the cycling performance of Li-S batteries. The KB/Mo2C- 
modified separator has proved to be effective in hindering the diffusion 
of the LiPSs and further accelerating the conversion of LiPSs. In addition, 
the electron transfer between Mo and S, and the formation of stable C- 
Mo-S composite are confirmed by the synchrotron-based X-ray absorp-
tion spectroscopy (XAS) test. The Li-S battery with the KB/Mo2C- 
modified separator demonstrates a high utilization of the active material 
and excellent rate performance with good cycling stability. A high areal 
capacity of 5.2 mAh cm− 2 was maintained after 60 cycles with a capacity 
retention of 87%, demonstrating its promise for practical applications of 
Li-S batteries. 

2. Experimental section 

2.1. Material synthesis 

The KB/Mo2C composite was prepared by carburization process at 
high temperature. 300 mg (NH4)6Mo7O24 was first dissolved in 18 mL 
ultrapure water and 2 mL ethanol. Then 800 mg commercial KB (Ketjen 
Black EC600JD) was added to the solution. The mixture was dried at 80 
℃ in vacuum for 12 h after being magnetically stirred for 6 h and put 
under ultrasonic treatment for 2 h. Finally, the mixture was heated at 
800 ℃ for 3 h under Ar atmosphere with a heating rate of 5 ℃ min− 1. 
The KB/Mo2C composite was obtained after cooling to ambient 
temperature. 

2.2. Material characterization 

The morphology observation was conducted within a Zeiss field- 
emission scanning electron microscope (Merlin Compact). The as- 
prepared products were characterized by an X-ray powder diffractom-
eter with the range from 10◦ to 90◦ and Cu-Kα radiation source (λ =
0.154 nm). The content of sulfur or Mo2C in the samples was confirmed 
by thermogravimetric analysis (TGA) (DSC, Netzsch STA449F3) in air 
with a heating rate of 10 ℃ min− 1. Transmission electron microscope 
(TEM) and high-resolution TEM (HRTEM) images was recorded by 
Tecnai G2 F30 microscope at 200 kV. UV/Vis absorption spectra of the 
electrolyte were collected using a Perkin Elmer LAMBDA 1050 spec-
trophotometer. The N2 adsorption–desorption isotherms were recorded 
by 3H-2000PS1 gas adsorption analyzer. X-ray photoelectron spectra 
(XPS) were tested on a PHI model 5700 spectrometer. Ex-situ synchro-
tron-based X-ray absorption near edge structure (XANES) spectra was 
carried out at the Canadian Light Source (CLS). Sulfur K-edge was 
collected on the Soft X-ray Microcharacterization Beamline (SXRMB) by 
total electron yield (TEY) mode and the Mo K-edge spectra was collected 
on Hard X-ray Micro-Analysis (HXMA) beamline by fluorescent yield 
(FLY) mode. The tested separators were obtained by disassembling cells 
of different charge/discharge states in a glovebox under argon to avoid 
oxidation. Subsequently, the samples were transferred to different 
beamlines for testing. 

2.3. Preparation of KB/Mo2C-modified separators 

The modified separator was prepared using a doctor blade coating 
process. In a typical procedure, the homogeneously slurry combined 90 
wt% KB/Mo2C with 10 wt% PVDF binder in 1-Methyl-2-pyrrolidinone 
(NMP) was coated onto the Celgard 2400 PP separator. The modified 
separator was cut into circular discs with diameter of 16 mm after dried 
at 50 ℃ for 24 h. The mass loading of the KB/Mo2C on the separator was 
around 0.6 mg cm− 2. 

2.4. Li-S cell assembly and measurements 

Electrochemical performances were evaluated by 2025 type coin 
cells. The cathode slurry was prepared by mixing the DC/S, polyethylene 
oxide (PEO) binder and carbon black in weight ratio of 8: 8: 1 in 
deionized water. The well-mixed slurry was coated onto aluminum foil 
current collector and then dried at 50 ℃ for 12 h in a vacuum oven. The 
cathodes were punched into circular disks with diameter of 14 mm. The 
sulfur loading of the cathode used for the main electrochemical tests is 
around 1.2 mg cm− 2 and the high areal loading sulfur cathode (3.5 and 
6.5 mg cm− 2) was used to evaluate the effect of the areal density on 
performance. The lithium foil was used as the anode and the bare or 

Scheme 1. Schematic diagram of a Li-S battery with KB/Mo2C-modified separator.  
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modified separator was employed as separator. The functional coating 
side of the separator was facing to the cathode. The electrolyte used here 
was 1 M bis(trifluoromethane)sulfonamide lithium (LiTFSI, Sigma- 
Aldrich) and 0.4 M lithium nitrite (99.99% trace metals basis, Sigma- 
Aldrich) in a mixed solvent of DOL/DME (v/v = 1/1). The electrolyte 
without LiNO3 was also prepared to compare the Coulombic efficiency. 
The cells were assembled in an argon-filled glove box with moisture and 
oxygen levels less than 1 ppm. Galvanostatic cycling was tested on 
Neware test system (BST-5 V 10 mA) between 1.7 and 2.6 V. The elec-
trochemical impedance spectra (EIS) were conducted using an electro-
chemical workstation PARSTAT 2273 with a frequency range of 10 kHz 
to 10 mHz and an amplitude of 5 mV. Cyclic voltammetry curves were 
recorded using an AUTOLAB PGSTAT302N instrument at a scanning 
rate of 0.1 mV s− 1 between 1.5 and 3.0 V. 

3. Results and discussion 

The KB/Mo2C material was prepared by heat-treating the mixture of 
KB (Fig. S1) and molybdenum precursors. The as-synthesized composite 
materials maintain the original morphology without evident agglom-
eration after annealing (Fig. 1a), and the distribution of Mo2C in KB 
framework is homogenous as shown in the SEM-EDS elemental mapping 
(Fig. 1b). The oxygen element in the composite is mainly derived from 
the surface oxidation of the sample exposed in air [30]. The lattice 
fringes with a parallel distance of 0.226 nm can be well-distinguished in 
the HRTEM image (Fig. 1c, inset), which corresponds to the (101) 
planes of the Mo2C crystal. The XRD pattern reveals the hexagonal phase 
structure for Mo2C (PDF# 35–0787) (Fig. 1d). The mass loading of Mo2C 
in KB/Mo2C composite is approximate 24.8 wt% according to the TGA 
result (Fig. S2). The N2 isotherm validates that pristine KB has specific 
surface area of 1497 m2 g− 1 based on Brunauer-Emmett-Teller (BET) 
theory and an average pore size of 4 nm (Fig. 1e). The decreased specific 
surface area (870 m2 g− 1) and pore volume for KB/Mo2C are mainly 
caused by the blocking of the channel structure during the preparation 
process of Mo2C nanoparticles. The KB/Mo2C composite is coated on the 
surface of the separator by the doctor blade method, and the mass 

loading of the KB/Mo2C layer on the separator is about 0.6 mg cm− 2. 
The cross-section image of the KB/Mo2C-modified separator shows the 
coating with about 25 μm in thickness (Fig. 1f). The elemental mappings 
of C and Mo element for the cross-section are shown in Fig. S3. The KB/ 
Mo2C-modified separator shows good mechanical stability without any 
exfoliation of the composites even when it is wrinkled, bent or soaked in 
the electrolyte (Fig. S4). 

The visualized adsorption tests were carried out to evaluate the 
chemical adsorption between the Li2S6 and the Mo2C. The KB/Mo2C and 
KB with the same weight were immersed into the Li2S6 solution, 
respectively. As shown in Fig. 2a, the colour of the solution with only KB 
shows a slight change compared with the pristine Li2S6 solution, while 
the solution containing KB/Mo2C is almost colourless. It is confirmed 
that although the specific surface area of KB/Mo2C decreases, the Mo2C 
provides plenty of adsorption site to immobilize the LiPSs. To further 
reveal the intrinsic affinity between LiPSs and Mo2C, XPS testing of KB/ 
Mo2C before and after LiPSs adsorption was employed, as shown in 
Fig. 2b-c. The KB/Mo2C immersed in the Li2S6 solution reveals S 2p 
signals at around 162.0 eV as shown in Fig. 2b. The Mo 3d spectrum of 
pristine KB/Mo2C in Fig. 2c (top) shows the characteristic peaks of Mo 
3d5/2 and 3d3/2. The two peaks at 228.9 and 231.9 eV are ascribed to 
Mo2+ 3d5/2 and 3d3/2 in the carbide phase, respectively. The other peaks 
at 230.4 eV and 232.0 eV are attributed to Mo4+ and Mo6+ 3d5/2, which 
is associated with the molybdenum oxide on Mo2C surface [30]. After 
Li2S6 adsorption, the sulfur signal at 227.4 eV for S 2s is distinct [31], 
and the new peak corresponding to Mo-S at 229.1 eV [32] indicates 
strong affinity between Mo2C and LiPSs. In S 2p spectrum, the peaks at 
163.0 eV and 164.2 eV correspond to the S 2p3/2 and 2p1/2 for S− 1

T, and 
the peak at 163.6 eV attributes to the S 2p3/2 for S0

B (Fig. 2d). The peak 
at 167.5 eV is attributed to thiosulfate species [33]. As demonstrated by 
the visualized absorption test and XPS characterization, the “sulfiphilic” 
surface of Mo2C can significantly retain the dissolved LiPSs in the 
cathode region and inhibit their diffusion through the separator to the Li 
anode. 

To investigate the catalysis effect of Mo2C on liquid LiPSs conversion, 
the symmetric cells with different electrodes (KB or KB/Mo2C) in Li2S6 

Fig. 1. (a) SEM image and (b) energy dispersive spectroscopic (EDS) elemental mappings of the KB/Mo2C. (c) TEM and HRTEM (inset) images of the KB/Mo2C. (d) 
XRD pattern of the composites. (e) N2 adsorption–desorption analysis and corresponding pore size distributions (inset) of the materials. (f) Cross-section SEM image 
and digital picture of the KB/Mo2C-modified separators. 

M. He et al.                                                                                                                                                                                                                                      



Chemical Engineering Journal 411 (2021) 128563

4

electrolyte were assembled. Cyclic voltammetry (CV) testing was carried 
out within the voltage range of − 0.8 to 0.8 V at a sweep rate of 20 mV 
s− 1. As shown in Fig. 3a, the polarization current of the symmetric cell 
based on the KB/Mo2C electrode shows a significant increase with two 
pairs of redox peaks. On the other hand, there is no obvious current 
response in the KB-Li2S6 system or the KB/Mo2C electrodes in the con-
ventional electrolyte without Li2S6. Furthermore, CV tests at different 
sweep rates were performed. The current peaks still present at lower 
sweep rates and augment with increasing sweep rates (Fig. S5a). The 
equation (1) is usually used to characterize the kinetics data, where i is 
the measured peak current and υ is the sweep rate.  

i = aυb                                                                                           (1) 

The measured peak current follows a power-law relationship with 
the sweep rate υ. The b value can be derived from the slope of the plot of 
logi vs. logυ. The b-values of 0.5 and 1 are two well-defined conditions. 
In particular, b = 1 indicates a capacitive behavior via a surface- 
controlled process, whereas b = 0.5 implies a reaction controlled by 
semi-infinite linear diffusion [34]. As shown in Fig. S5b, the plot of logi 
vs. logυ demonstrates a good linear relationship, and the calculated b 
value is 0.44 for cathodic current peaks, indicating that the current 
response is derived from the redox of the Li2S6. It demonstrates that the 
Mo2C can not only trap the LiPSs, but also improve the reaction kinetics 
of LiPSs. Fig. 3b presents the chronoamperometry curves of the sym-
metrical cells at an overpotential of 250 mV. There is almost no current 
response on the KB electrode surface or the cell without Li2S6 active 
material, while the KB/Mo2C electrode shows much higher current 

response (3 mA). This further implies that the redox reactions dominate 
the current responses instead of double-layer capacitance [35]. This 
high current response is mainly attributable to the synergy of adsorp-
tion, conductivity, and catalysis for LiPSs on Mo2C surface. 

To investigate the electrochemical reactions that occurred on the 
electrode, the symmetric cells with KB/Mo2C electrode was dis-
assembled during the CV test to analyze the cycled electrolyte on elec-
trode surface. Fig. 3c shows the UV–visible absorption spectra of 
electrolyte samples at different stages during the CV scan. In the original 
solution, the strong absorption at around 270–280 nm is considered to 
be the Li2S6 [36]. After the occurrence of the first cathodic peak, the 
absorption signal of the Li2S6 decreases noticeably, indicating the con-
sumption of the Li2S6. After the second cathode peak, the signal of the 
Li2S6 further decreases, while a new absorption peak at 310 nm appears, 
corresponding to the S3

2− species [36]. It demonstrates that Li2S6 is 
smoothly reduced to short-chain sulfides species on the KB/Mo2C sur-
face. Electrochemical impedance spectra (EIS) were carried out to 
analyze the charge transfer resistance (Rct) at the electrode/electrolyte 
interfaces. The Nyquist plots of the symmetrical cells are shown in 
Fig. 3d. It is shown that the KB/Mo2C electrode system exhibits a much 
smaller Rct than the bare KB electrode, suggesting the accelerated 
electron transfer and reaction kinetics of Li2S6 in the KB/Mo2C elec-
trode/electrolyte interphase. 

The catalytic effect of Mo2C on the LiPSs conversion in real Li-S cells 
is also investigated. The cells were assembled with different working 
electrode (KB, KB/Mo2C), lithium counter/reference electrode and Li2S6 
electrolyte. CV curves at different sweep rates are shown in Fig. S6. Two 

Fig. 2. (a) Photograph of the Li2S6 adsorption test. (b-d) XPS analysis of metal carbides before and after the adsorption test. (b) Wide-scan XPS spectra, (c) Mo 3d 
spectra and (d) S 2p spectrum. 
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distinct peaks during the cathodic process represent the conversion of 
Li2S6 to short-chain LiPSs and the further reduction to solid Li2S2/Li2S, 
respectively. The anodic peak corresponds to the oxidation process of 
Li2S/Li2S2 to sulfur [37]. It can be seen that the polarization increases on 
the KB electrode with the increasing sweep speed, whereas the redox 
potentials corresponding to the LiPSs conversion shifts slightly in the 
KB/Mo2C system under the scanning. Meanwhile, the Rct of the LiPSs 
conversion on the KB/Mo2C electrode interface reduces compared with 
the KB electrode (Fig. S6c). The higher reaction currents and the smaller 
polarization indicate an easier conversion of LiPSs in the KB/Mo2C 
system. The charging process of the cell is equally important. It is well 
known that the Li2S suffers from sluggish kinetics, leading to a high 
overpotential at the initial charging [38]. The cells with Li2S electrode 
and different separators were assembled to investigate the catalysis ef-
fect of Mo2C on Li2S activation. The conventional Li2S electrode exhibits 
a high potential barrier at about 3.64 V (Fig. S7), indicating a sluggish 
activation process. However, the cell with the KB/Mo2C-modified 
separator shows a lower potential barrier of 2.7 V, revealing kinetic 
promotion for the oxidation of Li2S on the Mo2C surface. It can be 
concluded that the Mo2C is an excellent catalyst that can provide active 
sites for the LiPSs reduction and the Li2S oxidation. 

The Mo2C exhibits strong chemical adsorption and catalysis for the 
LiPSs, which is expected to inhibit the shuttle effect and improve the 
cycling performance. To directly explore the effect of Mo2C on electro-
chemical performance, Li-S cells with KB/Mo2C-modified separator, KB- 
modified separator and bare PP separator were assembled. The sulfur 
host employs a kind of dual-shell carbon (DC) material, which is syn-
thesized by a one-pot sol–gel process and subsequent carbonization 
process. The DC, with an average diameter of 230 nm (Fig. 4a and 

Fig. S8a) and a large specific surface area of 708 m2 g− 1 (Fig. S9), pro-
vides a physical barrier for the LiPSs and guarantees a high electronic 
conductivity. The DC/S composites maintain spheroidal morphology 
without agglomeration (Fig. 4c) and exhibit uniform distribution of 
sulfur (Fig. 4d-e). A sulfur content of 76 wt% in the DC/S composite was 
determined by thermal gravimetric analysis (Fig. S11). The CV tests 
were performed between 1.5 and 3.0 V at a scan rate of 0.1 mV s− 1. As 
shown in Fig. S12, two distinct peaks at around 2.25 V (Peak I) and 1.95 
V (Peak II) during the cathodic scanning process represent the reduction 
of sulfur to high-order LiPSs (Li2S6/Li2S4) and the formation of solid- 
phase Li2S2/Li2S, respectively. During the anodic scanning process, 
there exists one anodic peak at around 2.45 V (Peak III), which repre-
sents the oxidation process of Li2S/Li2S2 to sulfur [39]. It is noteworthy 
that the cell with a KB/Mo2C separator shows earlier onset potentials for 
redox reaction peaks, suggesting a decreased polarization and acceler-
ated kinetics for the LiPSs conversion. Furthermore, CV tests under 
different sweep rates were performed to study the lithium ion diffusion 
coefficient. From the CV curves at different sweep rates (Fig. S13), the 
lithium ion diffusion coefficient can be calculated with the equation:  

Ip = (2.69 × 105) n1.5 S DLi+
0.5 CLi ν0.5                                                 (2) 

Where Ip is the peak current, S is the geometric area of the active 
electrode, n is the charge transfer number, DLi+ is the lithium ion 
diffusion coefficient, CLi is the concentration of lithium ions in cathode, 
and ν is the sweep rate [40]. The cathodic and anodic peak currents have 
a linear relationship with the square root of scanning rates (Fig. S13c-d). 
The slope value of the curve (Ip/ν0.5) represents the diffusion rate of 
lithium ions. The higher slope value in the cell with the KB/Mo2C- 

Fig. 3. (a) CV curves and (b) chronoamperometry curves of the symmetric cell with and without Li2S6. (c) UV–visible absorption spectra of electrolyte samples on the 
electrode at different stage. (d) EIS spectra of the symmetric cell. 
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modified separator demonstrates faster diffusion of lithium ions 
compared with the system based on the KB-modified separator. The fast 
transfer of electrons and lithium ions on the Mo2C surface are favorable 
for the acceleration of the LiPSs redox reactions. 

Li-S batteries with the KB/Mo2C-modified separator exhibit 
improved electrochemical performance owing to obvious kinetic accel-
eration in the LiPSs conversion. It delivers an initial discharge capacity 
of 1221 mAh g− 1 at 0.2C and remaining 898 mAh g− 1 after 100 cycles 
with a capacity retention of 74% (Fig. 4f), which is higher than those 
with pristine PP (58%) and KB-modified PP (58%) separators. The rate 
performance of the cell was evaluated at increasing current rates from 
0.1 to 3.5C (Fig. 4g). It can be observed that the cell using the KB/Mo2C- 
modified separator shows specific capacities of 1299, 879, 796, 733, 
664, 581, 536, 483, and 437 mAh g− 1 at 0.1, 0.2, 0.3, 0.5, 1, 2, 2.5, 3, 

and 3.5C, respectively. After recovering the rate to 0.2C, a reversible 
capacity of 762 mAh g− 1 still can be achieved, suggesting the excellent 
reversibility at different rates. However, the cell using KB-modified 
separator only delivers discharge capacities of 1123, 756, 684, 627, 
564, 494, 458, 349 and 256 mAh g− 1 at corresponding discharge rate. 
Fig. 4h shows the corresponding charge/discharge curves at varied 
current rates. There exist two discharge platforms and one charge 
platform corresponding to the redox peaks in CV curves. Although the 
voltage polarization increases with the increasing current density, there 
still exist two obvious discharge plateaus even at 3.5C. 

In addition, the cell with KB/Mo2C-modified separator exhibits a 
high active material utilization and Coulombic efficiency at 0.5C even in 
LiNO3-free electrolyte (Fig. S14). Generally, the shuttle effect can be 
suppressed in the electrolyte with LiNO3 additive by passivating lithium 

Fig. 4. (a) SEM and (b) TEM image of the as-synthesized DCs. (c) SEM image of the DC/S and the elemental mappings of (d) C, (e) S. Electrochemical performance of 
Li-S batteries with typical separator, KB-modified and KB/Mo2C-modified separators: (f) Cycle performance at 0.2C; (g) Rate performance and (h) the corresponding 
galvanostatic discharge–charge profiles at different current densities; (i) Long cycling performance at a current density of 1C. (j) Cycling performance of Li-S battery 
with KB/Mo2C-modified separator at 0.2C with a S loading of 3.5 mg cm− 2. (k) Cycling performance of Li-S battery with KB/Mo2C-modified separator at 0.1C with a 
high S loading of 6.5 mg cm− 2 and (l) the corresponding discharge–charge curves. (m) Comparison of areal energy densities with other references. 
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metal surface and it becomes aggravated in the LiNO3-free electrolyte 
[41]. The high Coulombic efficiency of the battery with LiNO3-free 
electrolyte and modified separator demonstrates that the shuttle effect is 
effectively suppressed by the KB/Mo2C layer. The long cycling stabilities 
of the cells at 1C are shown in Fig. 4i. The cell with the KB/Mo2C- 
modified separator exhibits an initial reversible discharge capacity of 
813 mAh g− 1 at 1C after three-cycle activation at 0.1C, and it still retains 
reversible capacity of 439 mAh g− 1 after 600 cycles with a low capacity 
decay of 0.076% per cycle, demonstrating outstanding cycling stability. 
However, the cell using KB-modified separator only delivers 716 mAh 
g− 1 at 1C and the discharge capacity rapidly decays to 464 mAh g− 1 after 
100 cycles. The improved cycling stability and rate performance are 
resulted from the multifunctional modified separator which can anchor 
and catalyze the LiPSs. Meanwhile, the effect of Mo2C amount on per-
formance was also investigated. Increasing the Mo2C amount to 50%, 
the cell shows reduced specific capacity and lower capacity retention of 
64% at 0.2C (Fig. S15). The increasing Mo2C may cause the agglomer-
ation of materials, thus reducing the catalytic active surface area, and 
leading to a low utilization of active material. 

It is very important to attain the practical high energy–density of Li-S 
batteries by adopting high areal loading electrodes. Therefore, the 
cathode with a high sulfur loading of 3.5 and 6.5 mg cm− 2 were further 
prepared. The cathode with 3.5 mg cm− 2 loading shows a remarkable 
discharge capacity of 812 mAh g− 1 at 0.2C and high capacity retention 
of 81% after 100 cycles (Fig. 4j). When the sulfur loading increases to 
6.5 mg cm− 2, the cell with the KB/Mo2C-modified separator delivers a 
specific capacity of 929 mAh⋅g− 1 at 0.1C and a remarkable capacity 
retention of 805 mAh g− 1 (corresponding to an areal specific capacity of 
5.2 mAh cm− 2) after 60 cycles (Fig. 4k). The charge/discharge curves 
(Fig. 4l) exhibit typical two discharge platforms and one charging 
platform, corresponding to the CV curves. The Coulombic efficiency in 
the first cycle is a little lower than those in the following cycles. In high 
sulfur loading cathode, plenty of LiPSs form during the discharging/ 
charging process. The self-discharge and the shuttle effect will cause the 
over charge of Li-S batteries[42]. Some Mo2C inside the modified layer 
may be constantly activated during cycling, and the increased utilization 
of Mo2C will accelerate the conversion efficiency of LiPSs, effectively 
suppressing the shuttle effect of LiPSs. Therefore, the Coulombic effi-
ciency of the lithium sulfur battery increases in the following cycles. The 
excellent capacity of high-loading electrode is higher than those in the 
reported works [39,43–52], as shown in Fig. 4m. The KB/Mo2C- 

modified separator plays an important role on intercepting, anchoring 
and catalyzing LiPSs to inhibit the shuttling effect in Li-S battery. 
Therefore, the cells based on the KB/Mo2C-modified separator demon-
strate higher Coulombic efficiency, improved rate capability and 
excellent cycling stability. Furthermore, the cell with a high sulfur 
loading of 6.5 mg cm− 2 exerted a high areal specific capacity and 
excellent cycling stability. 

To verify the general applicability of KB/Mo2C-modified separator in 
Li-S batteries, the cells combining KB/S cathode and modified separators 
were assembled. As shown in Fig. S16, the cell using KB/S cathode and 
KB/Mo2C-modified separator exhibits a specific capacity of 678 mAh 
g− 1 after 100 cycles with a capacity retention of 60%. It is indicated that 
the incorporation of Mo2C catalyst in the modified separator is benefi-
cial to improve the utilization of active material. Furthermore, the 
electrochemical performance of sulfur cathode with the KB/Mo2C as 
host material was evaluated. The XRD pattern of the KB/Mo2C/S shows 
obvious diffraction peaks of sulfur and Mo2C as shown in Fig. S17a. The 
sulfur content of 73.5% in composites is confirmed according to the TGA 
curves (Fig. S17b). The KB/S/Mo2C cathode delivers an initial discharge 
capacity of 921 mAh g− 1 at 0.2C, remaining 659 mAh g− 1 after 100 
cycles with a high Coulombic efficiency of 99% (Fig. S18a). However, 
the KB/S cathode exhibits low active material utilization and its 
Coulombic efficiency reduces to 96% during cycling. The KB/Mo2C/S 
cathodes with the increased sulfur loading to 4.8 mg cm− 2can still 
deliver a high discharge capacity of 889 mAh g− 1 at 0.1C as shown in 
Fig. S18b. After 70 cycles, it remains a specific capacity of 761 mAhg− 1 

with a capacity retention of 86%. The improved specific capacity and 
Coulomb efficiency is derived from the efficient adsorption and catalytic 
conversion of LiPSs on Mo2C. 

X-ray absorption near edge structure (XANES) was further conducted 
to illuminate the reaction mechanism of Mo2C and LiPS during the 
charge/discharge process. Fig. 5a shows the Mo K-edge spectra at 
different charge/discharge states. The Mo K-edge of the pristine KB/ 
Mo2C exhibits two peaks at 20022 eV and 20035 eV [53]. The peak at 
20035 eV shifts to higher energy and shows a higher intensity during 
discharge process, which may be caused by the strong affinity between 
LiPSs and Mo to partially form Mo-S bond on the Mo2C surface [54,55]. 
In addition, the pre-edge peak at about 20005 eV corresponds to the 
Mo6+ structure [56], indicating that the electron transfers from Mo to 
LiPSs. The peak at 20035 eV shifts back partially after the cell is charged 
to 2.6 V, and then changes to a higher energy after 50 cycles, which 

Fig. 5. Ex-situ XANES of (a) Mo K-edge and (b) S K-edge for the separator at certain states of charge/discharge during the first cycle and after 50 cycles. (c) The 
corresponding discharge–charge curves. 
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suggests that a stable C-Mo-S bonding may form on the Mo2C surface. 
The S K-edge at different states of charge/discharge is shown in Fig. 5b. 
For the S K-edge, the peak at 2471.9 eV and 2479.8 eV can be attributed 
to the S-S bond in elemental S and the COSO2

− in LiTFSI [57]. The in-
tensity of the S-S bond decreases in the discharge process, which rep-
resents the reduction of the S8. The peak at 2478 eV corresponding to 
S2− in sulfide appears and becomes stable after 50 cycles [55,58], 
demonstrating strong interaction between Mo and S. In conclusion, the 
electron transfer occurs between Mo and S during the charge/discharge 
process, and stable C-Mo-S bonding may form on the Mo2C surface after 
several cycles owing to the strong affinity between Mo2C and LiPSs. 

4. Conclusion 

In summary, we demonstrate a KB/Mo2C-modified separator for 
high-performance Li-S batteries. The KB/Mo2C is prepared by depositing 
Mo2C particles on KB through a simple carburization method. The Mo2C 
nanoparticle as adsorption and catalytic sites trap the dissolved LiPSs 
and accelerate the reaction kinetics of LiPSs conversion, improving the 
utilization of sulfur and suppressing the shuttling effect. The Li-S bat-
teries with the KB/Mo2C-modified separator exhibit high sulfur utili-
zation and excellent electrochemical performance. Outstanding cycling 
stability at a relatively high rate of 1C with a low capacity decay rate of 
0.076% per cycle is achieved in the tested Li-S batteries. The cathode, 
with a high sulfur loading of 6.5 mg cm− 2, shows a high areal specific 
capacity of 5.2 mAh cm− 2 after 60 cycles at a current rate of 0.1C. The 
multifunctional modified separator, combining the intercepting/ 
anchoring LiPSs and catalyzing LiPSs conversion, is an effective strategy 
to improve the electrochemical performance of Li-S batteries. 
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