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Graphical abstract 

 

 

Metallic Mo nanoclusters promoted chemical trapping and fast conversion of 

polysulfides as well as regular deposition of lithium sulfides at the cathode, which 

contributed to stable cycling of Li-S batteries with a high areal capacity (4.74 mA h 

cm
-2 

after 100 cycles at 0.2 C) under a high sulfur mass loading (7.64 mg cm
-2

). 

 

 

 

 

 

 

 

 

 



Abstract:  

Rechargeable lithium-sulfur batteries have attracted tremendous scientific attention 

owing to their high energy density. However, their practical application is greatly 

hindered by the notorious shuttling of soluble lithium polysulfide (LPS) intermediates 

with sluggish redox reactions and uncontrolled precipitation behavior. Herein, we 

report a semi-liquid cathode composed of an active LPS solution/carbon nanofiber 

(CNF) composite layer, capped with a carbon nanotube (CNT) thin film decorated 

with metallic Mo nanoclusters that regulate the electrochemical redox reactions of 

LPS. The trace amount (0.05 mg cm
-2

) of metallic Mo on the CNT film provides 

sufficient capturing centers for the chemical immobilization of LPS. Together with 

physical blocking of LPS by the compact CNT film, free-diffusion of LPS is 

significantly restrained and the self-discharge behavior of the Li-S cell is thus 

effectively suppressed. Importantly, the metallic Mo nanoclusters enable fast catalytic 

conversion of LPS and regular deposition of lithium sulfide. As a result, the 

engineered cathode exhibits a high active sulfur utilization (1401 mAh g
-1

 at 0.1 C), 

stable cycling (500 cycles at 1 C with 0.06% decay per cycle), high rate performance 

(694 mAh g
-1

 at 5 C), and low self-discharge rate (3% after 72 h rest). Moreover, a 

high reversible areal capacity of 4.77 mAh cm
-2

 is maintained after 100 cycles at 0.2 

C for a cathode with a high sulfur loading of 7.64 mg cm
-2

. This work provides new 

insight into the structural and materials design of an advanced sulfur-based cathode 

that effectively regulates the electrochemical reactions of sulfur species in 

high-energy Li-S batteries.  



Keywords: Lithium-sulfur batteries, Semi-liquid cathode, Metallic Mo nanoclusters, 

Chemical immobilization, Catalytic conversion  

 

1. Introduction 

Rechargeable lithium-sulfur (Li-S) batteries feature high theoretical energy 

density (2567 Wh kg
-1

), low cost and abundance of raw materials, and have been 

regarded as one of the most promising next-generation energy storage systems for 

electric vehicles and grid-level storage.
1-3

 Nevertheless, the applications of Li-S 

batteries are still subject to their low practical energy density, limited power density, 

and short cycle life.
4-6

 The sulfur cathode suffers from high electronic/ionic resistivity 

of sulfur, “shuttle effect” of lithium polysulfide (LPS) intermediates, and noticeable 

volume fluctuation of sulfur species during the charge/discharge processes, which 

together lead to rapid capacity fading, low Coulombic efficiency, and severe 

self-discharge.
7-9

 To address these issues, various nanostructured sulfur/carbon (S/C) 

electrodes have been fabricated through a conventional slurry casting process and 

considerable achievement in electrochemical performance has been realized, 

including high specific capacity (> 1300 mA h g
-1

) and long cycle life (< 0.1% 

capacity fading per cycle) at low active mass loading of sulfur (e.g., < 2 mg cm
-2

).
10-12

 

However, electrode films on flat aluminum foil fabricated using a slurry casting 

method usually exhibit slow ionic/electronic migration at an industrial-level areal 

capacity (~3.5 mAh cm
-2

, corresponding to ~4 mg cm
-2

 of sulfur loading). Due to 

repeated volume expansion/contraction cycles, they also pulverize easily or detach off 



from the current collector, leading to low sulfur utilization and inferior cycling 

stability.  

Recently, “semi-liquid cathodes” have been widely investigated, which consists 

of a liquid LPS catholyte and a solid free-standing carbon structure, such as graphene, 

carbon nanotube, or carbon nanofiber.
13-15

 The semi-liquid electrode configuration 

enables uniform distribution of active materials throughout the conductive matrix, 

which not only facilitates kinetics of the Li-S redox reactions and increases the 

utilization of active materials, but also prevents pulverization of the entire electrode 

caused by the volume change during cycling.
16-18

 Compared with the traditional 

sulfur-based electrodes achieved by a slurry casting method, the semi-liquid 

sulfur-based cathodes often show higher specific capacities and gravimetric energy 

densities of Li-S batteries at high active mass loading (e.g., > 4 mg cm
-2

).
19-21 

However, they still suffer from inadequate capacity retention and rate capability, due 

to the weak confinement effect of polar polysulfide anions in non-polar carbon 

materials and the inferior contact between them (Figure 1a).  

To circumvent the above issues, various metals and metal compounds have been 

incorporated into carbonaceous materials to construct composite polysulfide 

reservoirs (e.g., Pt/Graphene, TiO2/graphene, TiN/N-doped graphene, SnS2/graphene, 

and MXene/reduced graphene oxide) due to their strong chemical immobilization and 

catalytic conversion of polysulfides.
22-31

 Despite these exciting progress, several 

challenges still plague the further development and practical applications of the 

semi-liquid sulfur-based cathode: (1) The large proportion (>15 wt.%) of 

file:///C:/Users/sun/AppData/Local/Youdao/Dict/Application/7.5.0.0/resultui/dict/


electrochemical inert inorganic materials in the as-prepared cathodes considerably 

reduces the overall capacity of the cathodes.
22-28

 (2) These inorganic materials exhibit 

inferior electrical conductivity and large particle size, which might greatly impede the 

electron migration and lower the number of accessible active sites.
32-34 (3) Limited 

attention has been paid to the regulation of the deposition of insulating lithium sulfide 

on these composite matrixes, which plays an important role in achieving high sulfur 

utilization.
35-39

 The random deposition of lithium sulfide aggregates on the carbon 

current collector results in electrode passivation and consequent large polarization of 

the electrode, hindering the realization of high-rate Li-S batteries (Figure 1b). 

Herein, we fabricate a semi-liquid cathode composed of an active lithium 

polysulfide (Li2S6, LPS) solution/carbon nanofiber (CNF) composite layer capped 

with a carbon nanotube (CNT) thin film, decorated with metallic Mo nanoclusters that 

regulate the electrochemical reactions of sulfur species. The large interspace of the 

interwoven CNF substrate allows the uniform dispersion of active LPS solution. Its 

porous structure accommodates the volume changes during cycling, and its 

interconnected network affords continuous electronic contacts between the CNF and 

LPS. The interwoven CNF network, together with the compact and dense CNT cap 

upper layer, physically confines the active LPS at the cathode side. Meanwhile, the 

metallic Mo nanoclusters on the CNT film not only offer numerous chemical binding 

sites to trap the soluble LPS, but also propel the redox conversion from long-chain 

LPS to short-chain LPS, and then to Li2S. Due to the improved immobilization and 

redox conversion of LPS, the deposition of lithium sulfides is regulated and the 



accumulation of large agglomerates on the surface of the bottom CNF substrate is 

avoided (Figure 1c). It is worthwhile to note that only a small amount of metallic Mo 

nanoclusters is required (0.05 mg cm
-2

) in the composite electrode, which helps to 

remain high overall capacity of sulfur-based cathodes. Due to the advantageous 

design of cathode structure and composition, the as achieved cathode shows good 

electrochemical properties including stable cycling stability (0.06% capacity decay 

per cycle for 500 cycles at 1 C), superior rate capability (694 mAh g
-1

 at 5 C), as well 

as a low self-discharge rate. Even at a high sulfur loading of 7.64 mg cm
-2

, the 

electrode exhibits a high reversible areal capacity of 4.77 mAh cm
-2

 after 100 cycles 

at 0.2 C.  

 



 

Figure 1. Schematic illustration of the electrochemical behavior of the LPS catholyte 

with different electrode configurations: (a) CNF/LPS, (b) CNF/LPS/CNT, and (c) 

CNF/LPS/Mo/CNT cathodes. The designed CNF/LPS/Mo/CNT cathode could 

effectively address the free diffusion of LPS, catalyze their fast conversion and realize 

regular deposition of lithium sulfides (Li2S) nanoparticle during discharge.  

2. Results and Discussion 



 

Figure 2. (a) Fabrication of the CNF/LPS/Mo/CNT cathode. (b) Cross-section SEM 

images of the CNF/LPS/Mo/CNT cathode showing the CNT/Mo cap layer and the 

CNF/LPS layer. (c) Top-view SEM images of the CNF/LPS layer of the 

CNF/LPS/Mo/CNT electrode and the corresponding mapping of (d) C and (e) S 

elements. (f) Top-view SEM images of the CNT/Mo cap layer of the 

CNF/LPS/Mo/CNT electrode. (g) TEM images of CNT/Mo composites and the 

corresponding mapping of (h) C and (i) Mo elements. (j) Mo 3d XPS spectra of the 

CNT/Mo composites without and with LPS. (k) S 2p spectrum of CNT/Mo 

composites with LPS. 

 

The fabrication of the CNF/LPS/Mo/CNT cathode is illustrated in Figure 2a. To 

prepare the cap layer (CNT/Mo nanocomposite film) of the CNF/LPS/Mo/CNT 

electrode, a CNT film was first achieved through a simple vacuum filtration method 

using a commercial polypropylene (PP) separator as the filter membrane and then 

ultrafine metallic Mo nanoclusters were deposited on the surface of the CNT layer 

through a magnetron sputtering process. Meanwhile, a free-standing CNF framework 

was prepared through vacuum filtration followed by an activation process in CO2 

atmosphere.
14, 39

 A CNF/LPS composite layer was achieved after the injection of the 



Li2S6 catholyte into the porous CNF film. After overlapping of the two layers, a 

CNF/LPS/Mo/CNT composite cathode was formed. The CNT-based layer has dense 

network structure to block the diffusion of LPS due to the small diameter (~15 nm) of 

CNTs, while the CNF layer has large void space due to the much larger diameter 

(~150 nm) of CNFs, which is beneficial for the trapping of LPS. Figure 2b shows the 

cross-section SEM images of a typical CNF/LPS/Mo/CNT cathode. The electrode 

consists of a CNT/Mo cap layer and a CNF/LPS layer with the thickness of ~5 µm 

and 50 µm, respectively. SEM image of the CNF/LPS composite exhibits a 

cross-linked 3D CNF network with large interspaces (0.2-2 µm) (Figure 2c). The 

results of energy-dispersive X-ray (EDX) elemental mapping indicate the uniform 

distribution of active sulfur species within the interspace of the CNF network (Figure 

2d and e). The top-view SEM image of the CNT film displays its interconnected and 

compact architecture (Figure S3). After decorating with the Mo metal, there is no 

obvious change in morphology, and the compact structure of the CNT/Mo films is 

beneficial for forming physical barrier to block polysulfide migration (Figure 2f). The 

CNT and CNT/Mo cap layers improve the electrolyte wettability (Figure S4), which 

is expected to facilitate Li-ion diffusion through the separator and propel the 

conversion of LPS. The scanning transmission electron microscopy (STEM) image 

and corresponding EDX elemental mappings of C and Mo of the CNT/Mo 

nanocomposites in Figure 2g-i also reflect the uniform distribution of metallic Mo 

nanoclusters on the surface of CNTs. X-ray diffraction (XRD) patterns further 

indicates a body-center cubic structure of Mo nanocrystal on the CNT film (Figure 



S5). Notably, the mass loading of the metallic Mo layer is as low as 0.05 mg cm
-2 

(5 

wt. % of the entire polysulfide reservoir), much lower than the typical values of 15-50 

wt. % for metal compounds in sulfur-based cathodes (Table S1). The low mass 

loading of the electrochemically inert material helps to achieve practical high energy 

density of Li-S batteries. 

The surface electronic state of elemental Mo was investigated by X-ray 

photoelectron spectroscopy (XPS). As shown in Figure 2h, the Mo 3d spectrum can 

be deconvoluted into four peaks. The first two peaks located at 228.8 and 231.9 eV 

are assigned to Mo-Mo bond for metallic Mo (Mo
0
).

 34, 40
 The other two peaks at 

233.0 and 236.1 eV suggests the presence of MoOx species, which probably results 

from the oxidation of metallic Mo in air. 
41

 After loading with LPS solution in the 

CNT/Mo composite, negative-shift for the peaks of MoOx species are observed in the 

high-resolution XPS Mo 3d spectra (Figure 2j), which suggests the electrons transfer 

from the electronegative S atoms of LPS species to the electropositive Mo atoms of 

MoOx species. The appearance of thiosulfate and polythionate signals in the 

high-resolution S 2p spectrum (Figure 2k) further confirms the ability of oxidized 

molybdenum species in chemically oxidizing polysulfide ions into thiosulfate and 

polythionate species.
 42, 43

 Such chemical interactions between the MoOx species and 

LPS also receive strong evidence from the Raman analyses (Figure S6), and have high 

chemisorption energy for polysulfides (4.07-7.51 eV). 
44-45 

Additionally, the metallic 

Mo (Mo
0
) peaks in the Mo 3d spectrum of the CNT/Mo-LPS composites exhibit a 

shift to higher binding energy in comparison with that of the pristine Mo 3d spectrum, 



which illustrates the interaction between the polysulfides and metallic Mo. The 

sulfur-passivated Mo metal surface possesses efficient binding sites for LPS with a 

binding energy between 0.5 to 2.5 eV.
34, 46

 The chemical immobilization of LPS on 

these Mo metallic nanoclusters, together with the physical blocking effect of the 

CNT/Mo layer, can suppress the diffusion of soluble LPS. Thus, enhanced capacity 

retention and Coulombic efficiency of the CNF/LPS/Mo/CNT cathode can be 

expected. 

 

Figure 3. (a) Optical images for the polysulfide diffusion test in glass cells with pure 

PP separator and PP separator with CNT, and CNT/Mo films, respectively. (b) 

Self-discharge rate tests of the CNF/LPS, CNF/LPS/CNT, and CNF/LPS/Mo/CNT 

cathodes with the resting time of 72 h at a full charge state after the 10th cycle at 0.1 

C. (c) Representative charge-discharge voltage profiles for the 10th, 11th and 12th 

cycles and average self-discharge rate of cells with a CNF/LPS/Mo/CNT cathode. (d) 

CV curve of symmetric cells employing CNF/Mo/CNT, CNF/CNT, and CNF 

electrodes at a scan rate of 5 mV s
-1

. (e) Current-time curves from the potentiostatic 

discharging from the open-circuit condition (2.2 V) to 2 V. (f) CV profiles of the 

CNF/LPS, CNF/LPS/CNT, and CNF/LPS/Mo/CNT cathodes at a scan rate of 0.1 mV 

s
-1

. (g) Potentiostatic polarization curves of CNF/LPS, CNF/LPS/CNT, and 



CNF/LPS/Mo/CNT cathodes at a scan rate of 0.1 mV s
-1

 for their reduction processes. 

The inset is the corresponding Tafel plots derived from the potentiostatic polarization 

curves.  

 

A visualized set-up was used to investigate the role of the functional CNT/Mo 

layer in blocking the transportation of LPS (Figure 3a and Figure S7). Glass cells 

were assembled with the right chamber containing bare ether-based electrolyte and 

left chamber containing LPS in the same electrolyte using a pristine PP separator, a PP 

separator with CNT, and a PP separator with CNT/Mo, respectively.
47, 48

 In the cell 

using the pristine separator, the bare electrolyte in the right chamber turned light 

yellow after only 5 minutes and became brown after 24 h, which suggests the easy 

diffusion of LPS through the regular separator. In contrast, the migration of LPS 

across the separator with CNT is retarded. Only a slight color change is observed for 

the electrolyte in the right chamber after 24 h, benefiting from physical interception 

by the dense CNT layer. When the separator with CNT/Mo is employed, nearly no 

color change is observed for the electrolyte in the left chamber after 24 h. Therefore, 

this conspicuous improvement in inhibiting Li2S6 diffusion using the CNT/Mo 

separator comes from both the chemical immobilization by metallic Mo nanoclusters 

and physical blocking by the compact CNT/Mo network, as discussed in Figure 2h 

and i. 

 The self-discharge behavior of Li-S cells using different cathodes was 

investigated under a current rate of 0.1 C. Typically, Li-S coin cells were fabricated 

using lithium metal as the anode, and CNF/LPS, CNF/LPS/CNT, or 

CNF/LPS/Mo/CNT electrode as the cathode, respectively. The sulfur mass loading for 



the cathodes was 1.92 mg cm
-2

 (10 µL of 0.5 M Li2S6 catholyte). The cells were 

continuously charged and discharged for 10 cycles, then rested for 72 h after they 

were fully charged to 2.8 V, and finally further cycled for 20 cycles.
49, 50

 During the 

interrupted rest period, the voltage of the cells with the CNF/LPS cathode and 

CNF/LPS/CNT cathode exhibited fast decline to 2.23 V and 2.32 V, respectively, 

while the cell with a CNF/LPS/Mo/CNT cathode sustained a more stable voltage 

during the rest, suggesting that the self-discharge of the cell is reduced (Figure S8). 

For more clarity, the self-discharge rate was calculated based on the ratio of the lost 

discharge capacity to the initial capacity [(Q10th–Q11th)/Q10th]. A significant loss of 

discharge capacity is observed for the 11th cycle of the CNF/LPS cathode, 

corresponding to a high self-discharge rate of 17% (Figure 3b and S9). The capacity 

loss is decreased for the cell with a CNF/LPS/CNT cathode due to physical blocking 

of the LPS by the CNT layer. Notably, the cell using CNF/LPS/Mo/CNT cathode 

affords a weak self-discharge rate of 3% after its storage at the fully charged state for 

72 h (Figure 3c), indicating that the self-discharge behavior is effectively retarded. 

The suppressed self-discharge behavior of the CNF/LPS/Mo/CNT cathode originates 

from the incorporation of CNT/Mo that acts as an efficient physical shield and 

chemical anchor of polysulfides.  

To identify the effect of the metallic Mo nanoclusters on the electrocatalysis of 

LPS intermediates, symmetric cells using CNF/Mo/CNT as the identical working and 

counter electrode were assembled with 0.5 M Li2S6 electrolyte. Its cyclic voltammetry 

(CV) profile in a voltage window of -0.8 to 0.8 V at a scan rates of 5 mV s
-1

 (Figure 



3d) displays four distinct peaks at -0.081 V (Peak A), -0.090 V(Peak B), 0.076 V(Peak 

C) and 0.092 V(Peak D), which can be assigned to the electrochemical reactions of 

Li2S6. Specifically, Peak A is due to the reduction of Li2S6 to Li2S, Peak B is 

accompanied by the oxidation of Li2S to reconstitute Li2S6, Peak C is associated with 

the generation of elemental S by the further oxidation of Li2S6, and Peak D arises 

from the reduction of S to Li2S6.
51

 In comparison, there are no peaks observed for the 

CNF/CNT and CNF counterparts in their CV profiles (Figure 3d). Thus, the metallic 

Mo affords remarkable electrocatalytic activity for propelling polysulfide conversion. 

Furthermore, the Nyquist plots (Figure S10) indicate a lower charge transfer 

impedance of 8.1, 28.6, and 36.9 Ω for the CNF/Mo/CNT, CNF/CNT, and the CNF 

symmetric cells, respectively. These results suggest the good electrical conductivity of 

CNF/Mo/CNT and favorable charge and ion transfer kinetics at CNF/Mo/CNT 

interface.
 51, 52

 Current-time response from the potentiostatic discharge measurement 

is usually used to verify the superiority of catalyst to promote the Li2S precipitation.
52, 

53
 As shown in Figure 3e, the CNF/Mo/CNT electrode presents the highest 

precipitation current among the three tested samples, indicating the improvement of 

the Li2S precipitation kinetics for the electrode with the decoration of Mo 

nanoclusters.
52, 53

 The above results confirm the catalytic effect of the metallic Mo in 

polysulfide conversion and Li2S precipitation. 

We further investigated the fast sulfur transformation chemistry on 

CNF/LPS/Mo/CNT cathode in actual Li-S coin cells through CV measurement. From 

the CV profiles in Figure 3f, two cathodic peaks located at 2.28 and 2.05 V could be 



observed, which are attributed to the electrochemical transformation from soluble 

long-chain LPS to short-chain LPS and the subsequent insoluble Li2S. In the 

oxidation process, there exists a significant anodic peak at 2.40 V, which is known to 

be the reversible conversion of Li2S to LPS and finally to elemental sulfur.
23, 54

 A 

distinguishable positive shift in the cathodic peak and a negative shift in the anodic 

peak are observed for the CNF/LPS/Mo/CNT cathode along with a much higher 

current density compared to that of the CNF/LPS and CNF/LPS/CNT cathodes, 

revealing the improved reaction kinetics of the CNF/LPS/Mo/CNT cathode due to the 

catalytic effect of the metallic Mo nanoclusters. Recent studies demonstrated that the 

liquid-solid reactions from short-chain LPS to Li2S have significant influence on the 

sulfur utilization.
31,55

 Here potentiostatic polarization experiments were carried out to 

further investigate the effect of metallic Mo nanoclusters on the charge-transfer 

kinetics during the short-chain LPS lithiation process.
56,57

 Polarization curves 

demonstrate that the CNF/LPS/Mo/CNT cathode possesses an onset potential of 2.11 

V, which were higher than 2.07 V for the CNF/LPS cathode and 2.08 V for the 

CNF/LPS/CNT cathode (Figure 3g and S12 ). Furthermore, the CNF/LPS/Mo/CNT 

cathode presents a Tafel slope of 60 mV dec
-1 

and
 
an exchange current density of 75 

μA cm
-2

. In contrast, the CNF/LPS electrode has a Tafel slope of 90 mV dec
-1 

and an 

exchange current density of 24 μA cm
-2

, and the CNF/LPS/CNT cathode shows a 

Tafel slope of 65 mV dec
-1 

and an exchange current density of 35 μA cm
-2

. These 

results again suggest the improved liquid-solid reactions for the CNF/LPS/Mo/CNT 

cathode with the assistance of metallic Mo nanoclusters (Figure S12).  



 

Figure 4. First-cycle charge and discharge curves of the (a) CNF/LPS, (b) 

CNF/LPS/CNT, and (c) CNF/LPS/Mo/CNT cathodes at 0.1 C. SEM images of (d) the 

PP separator for the cell with the CNF/LPS cathode, (e) the CNT layer of the 

CNF/LPS/CNT cathode, and (f) the CNT/Mo layer of the CNF/LPS/Mo/CNT cathode 

after the first discharge process. SEM images of the CNF layer of the (g) CNF/LPS, 

(h) CNF/LPS/CNT, and (i) CNF/LPS/Mo/CNT cathode after the first discharge 

process. 

Figure 4 a-c compares the first-cycle galvanostatic discharge/charge voltage 

profiles of the CNF/LPS, CNF/LPS/CNT and CNF/LPS/Mo/CNT cathodes at 0.1 C (1 

C=1675 mA g
-1

), respectively. All the electrodes display two characteristic discharge 

plateaus of sulfur cathodes. The CNF/LPS/Mo/CNT electrode has a higher discharge 

capacity (1401 mAh g
-1

) with higher active material utilization (84%) than the 

CNF/LPS (1037 mAh g
-1

, 62%) and the CNF/LPS/CNT (1320 mAh g
-1

, 79%) 

cathodes, suggesting effective LPS immobilization and enhanced reaction kinetics. 

After the first discharge process, abundant solid lithium sulfides (Li2S/Li2S2) 

aggregates with the size of several micrometers emerge on the surfaces of the PP 



separator for the Li-S cell with the CNF/LPS cathode and the CNT layer of the Li-S 

cell with the CNF/LPS/CNT cathode (Figure 4d and e, areas demarcated in red). In 

contrast, the lithium sulfide particles with much smaller particle sizes (< 250 nm) can 

be found on the surface of the CNT/Mo layer of the Li-S cell with the 

CNF/LPS/Mo/CNT cathode (Figure 4f, marked by red arrows). These results 

highlight the important role of metallic Mo nanoclusters in the uniform deposition of 

the discharge product. The CNT/Mo cap layer is critical for promoting the efficient 

electron and ion transport across the electrode/electrolyte interfaces, in accordance 

with the EIS analyses as shown in Figure S13 and S14, which is beneficial for 

long-term cycling stability.
58

 
59 

Moreover, the CNF layers of CNF/LPS and 

CNF/LPS/CNT cathodes both present irregular micrometer-sized agglomerations 

(Figure 4g and h, marked in red) while the CNF layer of the CNF/LPS/Mo/CNT 

cathode exhibited no obvious change after the first discharge process (Figure 4i). 

Therefore, the designed CNF/LPS/Mo/CNT cathode affords strong polysulfide 

chemisorption, fast redox reaction kinetics of the sulfur species, and good structural 

stability, which contribute collectively to the enhanced electrochemical performance. 



 

Figure 5. (a) Rate capability of the CNF/LPS, CNF/LPS/CNT, and 

CNF/LPS/Mo/CNT cathodes. (b) Charge-discharge profiles of the CNF/LPS/Mo/CNT 

cathode at different current densities. (c) Polarization potentials of the CNF/LPS, 

CNF/LPS/CNT, and CNF/LPS/Mo/CNT cathodes at different current densities. (d) 

Long-term cycling performance of the CNF/LPS, CNF/LPS/CNT, and 

CNF/LPS/Mo/CNT cathodes at 1 C. (e) Cycling performance of the 

CNF/LPS/Mo/CNT cathode with high sulfur mass loading of 7.64 mg cm
-2

 at 0.2 C. 

 

The rate capabilities of different cathodes were probed at various current 

densities (Figure 5a). With the increased current density, the CNF/LPS/Mo/CNT 

cathode delivers discharge capacities of 1278, 1124, 1044, 953 and 694 mAh g
-1

 at 0.2, 

0.5, 1, 2, and 5 C, respectively. Moreover, after switching the current density back to 

2, 1, 0.5, and 0.2 C after the measurement at 5 C, the discharge capacities of the 

CNF/LPS/Mo/CNT electrode revert close to their initial values, suggesting good 

reversibility. In contrast, the CNF/LPS/CNT and CNF/LPS cathodes depict inferior 

capacity retention with increasing C rate in comparison to the CNF/LPS/Mo/CNT 

electrode, suggesting the improved stability of the CNF/LPS/Mo/CNT cathode. 

Figure 5b displays the charge-discharge profiles of the CNF/LPS/Mo/CNT cathode at 

different current densities, showing the well-defined voltage plateaus with small 

polarization potential. The comparison of voltage hysteresis of CNF/LPS/Mo/CNT 



cathode with the CNF/LPS and CNF/LPS/CNT cathodes was summarized in Figure 

5c and Figure S15. The drastic decrease of the polarization potential for 

CNF/LPS/Mo/CNT cathode suggests improved redox reaction kinetics benefiting 

from the enhanced chemical immobilization, and catalytic conversion of polysulfide 

redox enabled by metallic nanoclusters on the CNT film. 

The long-term cycling stability of Li-S cells with different cathodes was 

measured at a current density of 1 C (Figure 5d). The CNF/LPS cathode delivered a 

discharge capacity of 722 mAh g
-1

 for the first cycle and 261 mAh g
-1

 for the 500th 

cycle with a low Coulombic efficiency of 95%. The CNF/LPS/CNT cathode showed 

better capacity retention and higher Columbic efficiency than the CNF/LPS cathode. 

It demonstrated a discharge capacity of 470 mAh g
-1 

for the 500th cycle with a 

Coulombic efficiency of 98%. The capacity retention of the CNF/LPS/CNT cathode 

was 58%, better than 36% for the CNF/LPS cathode (Figure S15). Remarkably, a high 

reversible discharge capacity of 744 mAh g
-1

 with ~99.6% Columbic efficiency was 

achieved for the CNF/LPS/Mo/CNT cathode after 500 cycles at 1 C with an average 

capacity decay of 0.06% per cycle. These data outperform most of the recently 

reported advanced semi-liquid sulfur-based cathodes (see Table S1 for details). To 

demonstrate the stability of metallic Mo nanocrystal during cycling, the battery was 

disassembled after 100 cycles at 0.5 C at the charge state and the CNF/LPS/Mo/CNT 

electrode was analyzed using XPS (Figure S17). In the high-resolution Mo 3d XPS 

spectra, the electrodes before and after cycling show peaks at the same locations. The 

peaks at 229.0 and 231.9 eV can be are assigned to Mo-Mo bond for metallic Mo 



(Mo
0
), while the peaks at 232.8 and 235.9 eV suggest the presence of MoOx species. 

Moreover, the Raman spectra and XRD patterns of CNT/Mo film show same peaks 

before and after cycling. These results indicate that the initial metallic Mo particles 

are stable during long-term cycling. Notably, the Li metal foil from 

CNF/LPS/Mo/CNT-based Li-S cell after cycling shows roughly compact surface than 

those from CNF/LPS/CNT and CNF/LPS-based Li-S cells (Figure S18), further 

demonstrating the superiority of metallic Mo nanocrystal in relieving the LPS shuttle 

effect in Li-S batteries, which accounts for the great cycling performance. 

The electrochemical performance of a CNF/LPS/Mo/CNT cathode with a high 

sulfur mass loading was further investigated in consideration of the practical 

applications (Figure 5e). With a sulfur mass loading of 7.64 mg cm
-2

 (40 µL 0.5 M 

Li2S6 catholyte), corresponding specific capacity could reach up to 782.7
 

(corresponding to an areal capacity of 5.98 mAh cm
-2

) at the 1st cycle and sustained a 

capacity of 621.4 mAh g
-1 

(corresponding to an areal capacity of 4.77 mAh cm
-2

) after 

100 cycles at 0.2 C (Figure 5e). The capacity based on all the weight of the all the 

components of electrodes including CNF, LPS and CNT/Mo is still as high as 548.5 

mAh g
-1

 after 100 cycles at 0.2 C, which is comparable to commercial Li-ion battery, 

highlighting the effectiveness of well-designed CNF/LPS/Mo/CNT cathode. It 

demonstrated a high capacity retention stabilized at ~80%, which is considerably 

higher than many recently reported advanced sulfur-based cathodes with sulfur mass 

loading higher than 6 mg cm
-2

 (Table S2). The gravimetric energy densities of the 

CNF/LPS/Mo/CNT cathode-based Li-S cell is 138.8 Wh kg
-1 

based on the mass of 



active LPS and solvent (see details in Table S3), which is superior to recently reported 

advanced sulfur cathode (Table S4). From the above discussion, the metallic Mo 

clusters on the CNT film significantly improved the electrochemical performance of 

the sulfur-based cathode. We further compared the electrochemical performance of 

CNF/LPS/Mo/CNT cathodes with different mass loadings of metallic Mo. As shown 

in Figure S20, the electrode with Mo mass loading of 0.05 mg cm
-2

 show higher 

overall capacity than those with Mo mass loadings of 0.01 and 0.1 mg cm
-2 

during the 

measured cycles. Importantly, the metallic Mo nanocrystals only constitutes the 5% 

weight of CNF/LPS/Mo/CNT cathode, which still enables excellent electrochemical 

performance that are comparable with those reported in sulfur-based cathodes with a 

much higher content of metal compounds (15-50 wt.%), definitely highlighting the 

preponderance of our CNF/LPS/Mo/CNT cathode.  

3. Conclusion 

In summary, we have successfully fabricated a novel semi-liquid cathode 

composed of an LPS solution/CNF composite layer and a CNT cap layer decorated 

with metallic Mo nanoclusters for high-performance Li-S batteries. The conductive 

CNF network accommodates the LPS catholyte, and the compact CNF/Mo cap layer 

works as a physical barrier to suppress the shuttle effect of LPS. In spite of its low 

weight loading, the metallic Mo nanoclusters decorated on the CNT films provided 

chemical binding sites for LPS, enables faster redox kinetics, and regulates the 

deposition behaviors of the discharge product. Therefore, the Li-S cell with the 

CNF/LPS/CNT/Mo cathode delivered a high utilization of active sulfur species (1401 



mAh g
-1

 at 0.1 C), stable long-term cycling stability (a low decay rate of 0.06 % per 

cycle for 500 cycles at 1 C), remarkable rate capability (694 mAh g
-1

 at 5 C), and low 

self-discharge rate. In addition, a high reversible areal capacity of 4.77 mAh cm
-2

 was 

achieved after 100 cycles at 0.2 C for a CNF/LPS/CNT/Mo electrode with a high 

sulfur loading of 7.64 mg cm
-2

. Our work sheds light on a new strategy toward 

rational design and structural engineering of electrode materials for high-energy 

batteries beyond Li-ion technologies.  

 

4. Experimental section  

Preparation of carbon nanofiber (CNF) paper: The freestanding porous CNF 

paper was prepared via a vacuum filtration and CO2 activation process. Typically, 200 

mg of commercial CNF (Showa Denko, a diameter of 150 nm 

and a length to diameter ratio of 16 ~18) was dispersed in a mixture (100 mL) of 

deionized water and isopropyl alcohol (4:1, vol) by ultrasonication for 30 min. Then, 

a certain volume of the obtained CNF suspension was vacuum filtered through nylon 

film (0.45 mm) to form a CNF paper. After dried at 50 °C, the CNF paper was further 

cut into small disks with diameters of 8 mm and treated under a flowing CO2 

atmosphere for 2 h at 875 ºC with a heating rate of 10 °C min
-1

. 

Preparation of carbon nanotube (CNT) film: The CNT film was prepared via 

a vacuum filtration process. Typically, 100 mg of commercial CNT (Showa Denko, a 

diameter of 15 nm and a length to diameter ratio of 100 ~1000) was dispersed into 

100 mL ethanol solution by ultrasonication. To achieve the CNT film, 5 mL of the 



as-prepared dispersion was vacuum filtered on the PP separator and vacuum dried at 

60 °C. 

Preparation of metallic Mo decorated CNT cap layer: The decoration of 

metallic Mo nanoclusters on the CNT film was carried out at room temperature via 

magnetron sputtering system (JCP500, Beijing Technol Science Co., Ltd.). A 

cylindrical Mo target with 99.99% purity and size of 3 inches was used. The working 

atmosphere was Ar with 99.99% purity and the pressure was set at 0.45 Pa, after reach 

to the base pressure below 8 × 10
-4

 Pa. DC power was used and was set at 30W for a 

low speed to obtain a more uniform coating. The sputtering time was set at 7.5 min 

with a speed of ~6 nm/min. The thickness and mass loading of metallic Mo is ~50 nm 

and 0.05 mg cm
-2

, respectively. 

Preparation of electrolyte and LPS catholyte: The blank electrolyte was 

prepared by dissolving 10 mmol of lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI, Sigma-Aldrich) and 2 mmol of lithium nitrate (LiNO3, Sigma-Aldrich) in 10 

mL of dioxolane (DOL, Sigma-Aldrich) and 1,2-dimethoxyethane (DME, 

Sigma-Aldrich) (1:1, vol). The polysulfide catholyte (0.5 M Li2S6) was prepared by 

chemically reacting sublimed sulfur (S, Aladdin) and lithium sulfide (Li2S, 

Sigma-Aldrich) in the blank electrolyte under stirring at 50 °C in an Ar-filled glove 

box overnight.  

Materials Characterization: The surface chemical composition of CNT/Mo 

composites were characterized by X-ray photoelectron spectroscopy (XPS, 

AXIS-ULTRA DLD-600W), Raman spectroscopy (Horiba JobinYvon, LabRAM 



HR800). The crystal structure was performed by XRD on a PANalytical B.V. 

Empyrean operating at 40 kV voltage and 40 mA current with Cu Kα radiation (λ = 

0.15406 nm). Field emission scanning electron microscopy (FESEM, GeminiSEM300) 

and transmission electron microscopy (TEM, Talos F200X) were performed to 

identify the surface morphology and structure. To observe the surface morphology 

and structure of the cycled electrodes, the samples were first extracted from the coin 

cells in the Ar-filled glove box and followed by gentle rinse with DOL to remove Li 

salt residues, and then were hermetically sealed inside an aluminum plastic bag before 

quickly transferred into the instrument to minimize the exposure to ambient 

conditions.  

Electrochemical Measurements: Standard CR2032 coin-type cells were 

assembled in an argon-filled glove box with moisture and oxygen contents below 0.1 

ppm. Li metal was used as the anode. 1 M LiTFSI with 2% LiNO3 in DOL/DME (1:1, 

vol) was used as the electrolyte.10 μL of Li2S6 catholyte (0.5 M), corresponding to a 

sulfur loading of 1.91 mg cm
-2

, was added into the porous CNF substrates to form a 

CNF/LPS composite as the basis for the design of various cathodes. A regular 

polypropylene (PP) separator, CNT film supported PP separator and CNT/Mo film 

supported PP separator were used for the Li||CNF/LPS, Li||CNF/LPS/CNT, 

Li||CNF/LPS/Mo/CNT cells, respectively. 40 μL of Li2S6 catholyte (0.5 M) was used 

for the high sulfur loading cathode. Apart from the catholyte, extra 20 µL of blank 

electrolyte was used for each cell. The galvanostatic charge/discharge tests were 

conducted from 1.7 V to 2.8 V (vs. Li/Li
+
) using a LAND 8-channel battery tester. 



The cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 

measurements were performed on a Biologic VMP3 electrochemical workstation. 

Cyclic voltammetry (CV) curves were collected at a scan rate of 0.1 mV s
-1

. 

Electrochemical impedance spectroscopy (EIS) analysis was measured in the 

frequency range from 100 kHz to 0.01 Hz with 5 mV amplitude.  

Symmetric Electrochemical Cell Assembly and Measurements: Symmetric 

electrochemical cells were assembled by two identical polysulfide hosts (including 

CNF, CNF/CNT, and CNF/Mo/CNT) with 20 µL of Li2S6 catholyte (0.5 M). The CV 

measurement was performed with a voltage window between -0.8 and 0.8 V under a 

scan rate of 5 mV s
-1

. The EIS measurement was conducted at open-circuit voltage the 

frequency ranges from 100 kHz to 0.1 Hz with a sinusoidal voltage of an amplitude of 

5 mV. 

Li2S Nucleation Tests. Li-catalysts electrochemical cells were assembled by the 

polysulfide hosts (including CNF, CNF/CNT, and CNF/Mo/CNT) and Li metal 

anodes with 20 µL of Li2S6 catholyte (0.5 M). For Li2S nucleation tests, the cells were 

galvanostatically discharged at 50 mA g
-1

 from the open circuit condition to 2.0 V. 
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