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Abstract: Lithium-sulfur (Li-S) batteries have attracted widespread attention due to their high 

theoretical energy density. However, their practical application is still hindered by the shuttle 

effect and the sluggish conversion of lithium polysulfides (LiPSs). Herein, monodisperse 

molybdenum (Mo) nanoparticles embedded onto nitrogen-doped graphene (Mo@N-G) were 

developed and used as a highly efficient electrocatalyst to enhance LiPS conversion. The 

weight ratio of the electrocatalyst in the catalyst/sulfur cathode is only 9%. The unfilled d 

orbitals of oxidized Mo can attract the electrons of LiPS anions and form Mo-S bonds during 

the electrochemical process, thus facilitating fast conversion of LiPSs. Li-S batteries based on 

the Mo@N-G/S cathode can exhibit excellent rate performance, large capacity, and superior 

cycling stability. Moreover, Mo@N-G also plays an important role in room-temperature (RT) 
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quasi-solid-state (QSS) Li-S batteries. These interesting findings suggest the great potential of 

Mo nanoparticles in building high-performance Li-S batteries. 

Keywords: Mo-based compounds, monodisperse Mo nanoparticles, electrocatalyst, Mo-S 

bond, quasi-solid-state, Li-S batteries 

 

Li-S batteries have been generally considered promising candidates for next-generation 

energy storage systems due to their high theoretical energy density (2600 Wh kg-1), 

environmental benignity, and low cost.1-3 Nevertheless, the commercial applications of Li-S 

batteries are still restrained by significant challenges, such as the dissolution of intermediate 

lithium polysulfides (LiPSs) into organic electrolytes (known as the “shuttle effect”), 

corrosion of Li metal, severe fading of capacity, and low Coulombic efficiency (CE).4-6 In 

addition, the low conductivity of S and its discharge products (especially Li2S) leads to 

sluggish electrochemical reaction kinetics and low S utilization.7, 8 

Tremendous efforts have been made in recent years. For example, carbonaceous material 

hosts can physically confine sulfur and thus effectively mitigate the poor electrical 

conductivity of S and the loss of soluble LiPSs.9, 10 Nevertheless, the electrochemical 

performance of these materials is mediocre, due mainly to the poor affinity of nonpolar 

carbon to the polarized LiPSs. To address this issue, a number of strategies have been 

developed, including heteroatom doping11-13 and using metal sulfide, oxide, nitride, and 

metal-organic framework (MOF) hosts.14, 15 Although considerable improvements have been 

achieved, these improvements fail to enhance the intrinsically sluggish reaction kinetics of 

LiPSs with limited host materials, especially the liquid-solid phase transformation of soluble 

Li2S4 to solid Li2S (which contributes 75% of the theoretical capacity of the Li-S battery).16-19 

For decades, Mo-based compounds (e.g., sulfides, carbides, nitrides, phosphides, borides) 

have been considered promising catalysts in electrochemical water splitting toward the 

hydrogen evolution reaction (HER).20, 21 Highly efficient catalyst activities for the HER were 
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reported, which endorse the potential of Mo-based compounds to replace costly platinum (Pt) 

catalysts.20, 21 Recently, Mo-based compounds were also investigated as highly effective 

catalysts for Li-S batteries; Mo-based compounds can enhance both the reduction of S and the 

oxidation of Li2S, trap dissolved LiPSs and promote LiPS redox kinetics. These effects 

together lead to much improved S utilization, rate performance, and cycling stability of Li-S 

batteries.22-25 However, these reported Mo-based catalysts have relatively large sizes and can 

only provide a limited number of active sites, thus requiring a large amount of catalyst in the 

S cathode, and the weight ratio of the catalyst in the catalyst/sulfur cathode is more than 

40%.22, 25 In addition to Mo-based catalysts, there are several other promising catalysts for Li-

S batteries, such as single atom-26 and defect-based catalysts.27 However, to date, no reported 

catalyst can suppress the growth of Li dendrites in all-solid-state (ASS) or quasi-solid-state 

(QSS) Li-S batteries28 Therefore, an ideal host material for sulfur should have excellent 

conductivity, a large number of active sites for effective LiPS adsorption, highly efficient 

conversion of LiPSs, a relatively low weight ratio of catalyst in the S cathode, and even the 

ability to catalyze the conversion of sulfur in ASS or QSS Li-S batteries. 

On the other hand, in energy storage applications, there have been a few investigations 

on Mo2S-based Li-ion batteries.29 The lithiation of MoS2 is believed to first undergo Li+ 

intercalation and then the conversion reaction to Mo nanoparticles and Li2S. After the initial 

lithiation, the conversion is S + 2Li+ + 2e– → Li2S. The as-formed Mo nanoparticles can 

increase the electronic/ionic conductivities, interact strongly with LiPSs via the Mo-S bond, 

and therefore improve the battery performance.30, 31 Now, the interesting question is whether 

pristine Mo nanoparticles with extremely small sizes (not derived from Mo-based compounds) 

can be used as highly efficient catalysts for Li-S batteries. If the answer is yes, then the 

maximal utilization of Mo catalysts at the atomic scale will shed light on the development of 

Li-S batteries. 
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In this work, we provide evidence that monodisperse Mo nanoparticles (with an average 

diameter of 1.24 nm and embedded onto nitrogen-doped graphene, Mo@N-G) can be used as 

a highly efficient catalyst for Li-S batteries. The weight ratio of the Mo@N-G catalyst in the 

Mo@N-G/S cathode is only 9%. The unfilled d orbitals of oxidized Mo can attract the 

electrons of LiPS anions and form Mo-S bonds during the electrochemical process, thus 

facilitating a fast conversion of LiPSs. As a result, the Li-S battery with the Mo@N-G/S 

composite electrode exhibits excellent catalytic activity, enhanced cycle stability and rate 

capability. Furthermore, when using the Mo@N-G-coated PVDF-HFP/LiTFSI electrolyte in 

RT QSS Li-S batteries, the overpotential, specific capacity, and stability are significantly 

improved to levels that are even comparable with the level of their organic electrolyte-based 

counterparts. 

 

Results and Discussion 

Structural and Morphological Characterization of the Mo@N-G 

The Mo@N-G composite was prepared by in situ pyrolysis (see experimental section),32, 33 

which is illustrated in Figure 1a. First, dicyandiamide (DICY), glucose, and ammonium 

molybdate salt solutions were dissolved in deionized water, stirred and heated under the 

protection of N2 to form a monodisperse distribution of Mo+. After freeze-drying, the 

dicyandiamide was condensed onto the layered graphitic carbon nitride (g-C3N4) and bonded 

with the aromatic carbon intermediate (from calcined glucose) at approximately 600 ℃. 

Meanwhile, monodisperse metal (Mo) nanoparticles were trapped in the framework of g-C3N4. 

Then, at elevated temperatures, Mo nanoparticles were transferred to the graphene matrix via 

the chemical coupling of the nitrogen lone-pair electrons, accompanied by the thermal 

decomposition of the g-C3N4 template. Finally, the monodisperse Mo nanoparticles were 

completely assembled onto N-doped graphene (900 ℃).32, 34, 35 
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Figure 1. Structural and morphological characterizations of the Mo@N-G composite. (a) Schematic of 

the synthesis for the Mo@N-G. XPS analysis of the (b) C 1s spectrum, (c) N 1s and Mo 3p3/2 spectrum, 

and (d) Mo 3d spectrum. (e) TEM and (f) the corresponding elemental mapping images, (g) the 

HAADF-STEM image, (h) HRTEM, the inset is the Mo particle size distribution curve. 

 

To gain insight into the compositional and chemical environment of Mo@N-G, high-

resolution X-ray photoelectron spectroscopy (XPS) was performed, as shown in Figure 1b-1d. 

The C 1s spectrum shows a major peak at 284.48 eV, corresponding to the sp2C–C bond, 

while the peaks at 286.17 and 289.16 eV correspond to the sp2C–N and sp3C–N bonds, 

respectively.36 This result confirms the successful nitrogen doping of graphene.33, 36 Two 

peaks centered at 397.3 and 399.8 eV in the N 1s spectrum are assigned to pyrrolic-N and 

pyridinic-N, respectively, and the peak at 395.5 eV can be assigned to the N 1s signal related 

to the N-Mo bond (Figure 1c).32, 37, 38 The peak located at 393.3 eV is assigned to Mo 3p3/2.
39, 

40 The Mo 3d XPS shows three intense peaks, which are deconvoluted into three separate 

doublets with a separation of approximately 3.15 eV. The doublet peaks at 227.78 eV and 
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230.93 eV (Mo0), 228.54 eV and 231.69 eV (Mo4+), and 231.71 eV and 234.86 eV (Mo6+) 

correspond to different oxidation states of Mo 3d5/2 and Mo 3d3/2 (from a low oxidation state 

to a high oxidation state), respectively.41-43 The variety of Mo valences provides feasibility for 

further oxidation/reduction. For comparison, the XPS spectrum of the N-G sample is shown in 

Figure S1a-b, where the C 1s and N 1s data are similar to the data of the Mo@N-G sample 

but without the presence of the Mo spectrum. 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were 

carried out to study the morphology of Mo@N-G (Figure S2 and Figure 1e-h). The SEM 

image displays the sheet-like morphology of Mo@N-G, which is similar to graphene. Figure 

1e shows the rippled surface of the Mo@N-G nanosheets. The element mapping analysis 

reveals the homogeneous dispersion of the Mo element throughout the N-doped graphene 

(Figure 1f). To further reveal the atomic-level structure of Mo@N-G, HAADF-STEM and 

HRTEM were performed. The HAADF-STEM image shows the uniform distribution of 

individual Mo nanoparticles (bright spots in Figure 1g) on the graphene nanosheet without 

any aggregation. HRTEM shows clear lattice stripes and Mo nanoparticles with an average 

diameter of 1.24 nm, which clearly proves the isolated feature of the Mo nanoparticles (Figure 

1h). This feature is crucial in achieving highly efficient catalysis at the atomic scale. 

Interestingly, the size distribution of the Mo nanoparticles in Mo@N-G is similar to the size 

distribution of the Mo nanoparticles derived from the Li-MoS2 battery (after lithiation).44 

Furthermore, the specific surface area (SSA) of Mo@N-G was also calculated by N2 

adsorption/desorption isotherms, which showed a large value of 489 m2 g-1 (Figure S3). The 

morphology of the reference N-G sample is similar to the morphology of Mo@N-G but 

without the presence of Mo nanoparticles (Figure S1c-f). 

Electrocatalytic Effect of Mo@N-G toward LiPSs Conversion 
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To show the electrocatalytic effect of Mo@N-G for LiPSs, the kinetics of LiPS conversion 

reactions were studied. Figure 2a shows the charge/discharge profiles of the Mo@N-G/S, N-

G/S, and KB/S electrodes (KB: Ketchen black). The Mo@N-G/S electrode shows a higher 

capacity contribution from S8 to Li2S4, which illustrates that the Mo nanoparticles have 

effectively improved the conversion of solid S8 at the initial stage. Interestingly, the discharge 

capacity of the N-G/S electrode from the second plateau is much larger than the discharge 

capacity of the KB/S electrode (from Li2S4 to Li2S) because polar N-doped graphene has a 

stronger interaction with LiPSs than nonpolar KB, and these results agree with previous 

studies.45, 46 The low overpotential demonstrates the high catalytic activity of Mo@N-G 

toward LiPS conversion.18 In contrast, the other two electrodes show large voltage hysteresis, 

especially for the KB/S electrode during deep lithiation/delithiation (between the soluble 

LiPSs and insoluble Li2S2/Li2S). From the enlarged curves during the charging process 

(Figure 2b), both the N-G/S and KB/S electrodes exhibit a relatively high potential barrier at 

approximately 2.29 V (due to the oxidation of Li2S2/Li2S), indicating a sluggish activation 

process due to the high charge transfer resistance. The Mo@N-G/S electrode, however, shows 

a distinct voltage jump, suggesting the highest catalytic activity and fastest kinetics among the 

three samples.17 This result is extremely important for sulfur utilization and capacity 

contribution. The improved electrochemical kinetics of Mo@N-G can be attributed mainly to 

the presence of Mo nanoparticles. 
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Figure 2. Electrocatalytic effect of Mo@N-G toward LiPS conversion. (a) Charge/discharge profiles 

of Mo@N-G, N-G and KB electrodes (the second cycle), (b) the overpotentials for conversion 

between insoluble Li2S2/Li2S and soluble LiPSs (the second cycle), (c) CV curves of symmetric cells 

with Mo@N-G, N-G, and KB electrodes in electrolytes with 0.2 M Li2S6 at 20 mV s−1, (d) CV curves 

of the Mo@N-G symmetric cell at 20 mV s−1 at various cycles. LSV curves of the (e) reduction 

process and (f) oxidation process for the Li–S cells with Mo@N-G, N-G, and KB electrodes at a scan 

rate of 0.1 mV s−1. The inset curves are the corresponding Tafel plots. 

 

To further understand the electrocatalytic effect of Mo@N-G for LiPS conversion, cyclic 

voltammetry (CV) of symmetric cells with identical working and counter electrodes was 

investigated (with 0.2 M Li2S6 electrolyte). For comparison, the electrocatalytic effects of N-

G and KB were also tested under the same conditions. As shown in Figure 2c, the CV curve 

of the Mo@N-G electrode exhibits two pairs of redox peaks at 0.02, -0.34, -0.15, and 0.36 V, 

respectively. These redox peaks can be attributed to the electrochemical conversion of Li2S6. 

Peaks R1 and R2 are the reduction of long-chain LiPSs to short-chain LiPSs and then to Li2S. 

In the cathodic scan, the Li2S was oxidized to the LiPSs and then to S (peaks O1 and O2).
47, 48 

In sharp contrast, the CV curve of the N-G electrode displays significantly lower current 
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densities, no obvious redox peaks, and a much larger voltage hysteresis. For the KB electrode, 

the redox peaks are almost invisible. These results are unambiguous evidence for the 

significant improvement of the electrochemical kinetics of Mo@N-G toward LiPS conversion. 

Another finding is that even after 50 cycles, the Mo@N-G electrode still shows well-

overlapped CV curves, which further confirms the outstanding stability of the Mo@N-G 

electrocatalyst (Figure 2d). The Tafel plots were also calculated according to linear sweep 

voltammetry (LSV) (Figure 2e, f). The cell with the Mo@N-G electrode exhibits the smallest 

slope during both the cathodic and anodic processes (27.8 mV/dec and 78.8 mV/dec, 

respectively), indicating the enhanced electrochemical kinetics of the LiPS conversion, which 

can be clearly attributed to the superior electrocatalytic effect of the Mo nanoparticles in 

Mo@N-G. These results are consistent with the CV results. Mo@N-G also shows a strong 

chemical affinity for LiPSs. When Mo@N-G was added to the Li2S6 solution, the color of the 

solution changed from dark yellow to clear after 2 hours, indicating the complete adsorption 

of Li2S6 by Mo@N-G (Figure S4). 

Electrochemical Performance of the Mo@N-G/S Cathode (in the Organic Electrolyte) 

Encouraged by the superior electrocatalyst effect and chemical affinity of Mo@N-G to LiPSs, 

the electrochemical performance of Li-S batteries was further evaluated by using Mo@N-G/S 

cathodes (elemental S was impregnated in the Mo@N-G catalyst through a melt diffusion 

process under an Ar atmosphere). For comparison, the N-G/S and KB/S electrodes were also 

prepared under the same conditions. Figure 3a shows the SEM of the Mo@N-G/S electrode 

after being coated onto the carbon paper current collector. The corresponding element 

mappings reveal the uniform distribution of N, C, Mo, and S elements in the Mo@N-G/S 

electrode (Figure 3b). Moreover, TEM characterization was also performed for the Mo@N-

G/S cathode, which shows a uniform distribution of these four elements without any obvious 

accumulation (Figure S5). To confirm the S ratio in the Mo@N-G/S composite, 
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thermogravimetric analysis (TGA) was carried out, as shown in Figure 3c, which shows an 

extremely high mass ratio of approximately 91 wt % for S in the cathode. To the best of our 

knowledge, this value of the S mass ratio is the highest in recent Mo-based compound 

catalysts in Li-S batteries (Table S1), and some of the values are less than 60%.22, 25 This high 

S utilization will significantly improve the energy density of the cell. The electrochemical 

performance of the Mo@N-G/S electrode was investigated by CV (Figure 3d). The CV curves 

exhibit two pairs of pronounced reduction and oxidation peaks. The cathodic scan 

corresponds to the reduction of S to soluble long-chain LiPSs and then to insoluble Li2S, 

while the anodic scan corresponds to the oxidation of Li2S to S, which is consistent with the 

symmetric cell. The redox peaks almost overlap from the second cycle, indicating the 

excellent reversibility of the Mo@N-G/S electrode. In sharp contrast, both N-G/S and KB/S 

electrodes exhibit smaller current densities, and the reduction/oxidation peaks shift 

significantly, illustrating the sluggish kinetics inside these two electrodes (Figure S6). 

 

Figure 3. Electrochemical performance of the Mo@N-G/S cathode. (a) SEM and (b) corresponding 

elemental mapping images of the Mo@N-G/S electrode, (c) TGA curve of the Mo@N-G/S cathode, 
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(d) CV curves (0.1 mV s-1), (e) charge/discharge profiles of the Li-S battery at different current 

densities, and (f) cycling performance of the Mo@N-G/S, N-G/S and KB/S electrodes (S loading: 1 

mg cm-2, current density: 0.2 C), (g) Long-term stability of Mo@N-G/S, N-G/S, and KB/S electrodes 

with high S mass loading (5 mg cm-2) under a large current density (1C). 

 

The voltage profiles of the Li-S battery show typical charge/discharge plateaus even under a 

large current density of 10 C (Figure 3e). In addition, the Mo@N-G/S electrode also delivers 

excellent rate capability― the discharge capacity is 1365, 1195, 1025, and 842 mAh g-1 at 0.2 

C, 1 C, 2 C, and 5 C, respectively. Even under a large current density (10 C), the Mo@N-G/S 

electrode still delivers a large reversible capacity of 676 mAh g-1 (Figure S7). The rate 

performance of the Mo@N-G/S electrode is much better than the rate performance of the N-

G/S and KB/S electrodes, and the enhanced kinetics process can be attributed to the Mo 

electrocatalyst and the good conductivity of Mo@N-G. The enhanced electrochemical 

kinetics of Mo@N-G/S can also be verified by electrochemical impedance spectroscopy (EIS) 

measurements. As shown in Figure S8, the Mo@N-G/S electrode displays the lowest charge 

transfer resistance in its Nyquist plot compared to the N-G/S and KB/S electrodes. 

The cycling performance is shown in Figure 3f. The Mo@N-G/S electrode delivers the 

highest initial discharge capacity of 1359 mAh g-1 (corresponding to 81% sulfur utilization) 

compared to 1092 mAh g-1 for the N-G/S electrode (65% sulfur utilization) and 531 mAh g-1 

for the KB/S electrode (32% sulfur utilization). After 100 cycles, the Mo@N-G/S electrode 

still maintains 1261 mAh g-1, and the capacity retention is much better than the capacity 

retention of both the N-G/S and KB/S electrodes. Furthermore, the long-term stability 

performance of these three cathodes was also measured with a higher sulfur mass loading (5 

mg cm-2) and a larger current density (1C). The Mo@N-G/S cathode can still maintain a 

stable cycling performance (615 mAh g-1 after 500 cycles), while the N-G/S and KB/S 

cathodes show dramatic capacity decay under this stringent condition (Figure 3g). We also 
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noticed another interesting effect. The separator and lithium metal in the after-cycled KB/S 

cell show a yellow surface, indicating a severe shuttle effect and thus the corrosion of the Li 

metal (Figure S9). Moreover, the morphology of the Mo@N-G/S and N-G/S electrodes after 

50 cycles was also studied by SEM. Impressively, the Mo@N-G/S electrode maintains good 

integrity without any obvious morphology change. In contrast, the N-G/S electrode shows 

many holes, due to the weak interaction between the N-G and LiPSs and, consequently, the 

inverse dissolution of the LiPSs in the electrolyte and the shuttle effect (Figure S10). These 

results further confirm that Mo@N-G can effectively anchor and catalyze LiPS conversion, 

thus improving the electrochemical performance of Li-S batteries. 

Ex situ XPS Study of Cycled Mo@N-G/S Electrodes 

Ex situ XPS analysis of the electrodes (with different depths of discharge/charge, Figure 4a) 

retrieved from cycled cells was also performed. For the XPS spectrum of Mo (Figure 4b), 

three separate doublets correspond to Mo 3d5/2 and Mo 3d3/2 of Mo@N-G. The Mo6+ and 

Mo4+ peaks downshift during discharge compared with the pristine sample, and we also 

observe a peak at 225 eV attributed to the formation of the Mo-S bond49, 50 because the 

unfilled d orbitals of oxidized Mo can attract electrons from LiPS anions and form Mo-S 

bonds, thus promoting the conversion of LiPSs. Importantly, these doublets of Mo@N-G 

show reversible upshifts toward their original positions, and the Mo-S bond disappears after 

the full charge reaches 2.7 V. These results demonstrate the chemical stability of the Mo@N-

G catalyst during LiPS conversion. 
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Figure 4. Ex situ XPS study of cycled Mo@N-G/S electrodes. (a) Mo@N-G/S electrode at different 

charge/discharge states, (b) Mo 3d spectrum, and (c) S 2p spectrum at different states. 

 

The S 2p spectra are shown in Figure 4c. For clarity, only the 2p3/2 component of the S 

2p3/2/2p1/2 spectra in the range of 158–166.5 eV was selected for fitting because the peaks at 

binding energies over 166.5 eV are dominated by contributions from LiTFSI.51, 52 During 

discharge, the characteristic peak of LiPSs appears and is located at 162.9 eV at D1 = 2.1 V. 

This peak downshifts (160.2 eV) at D2 = 1.7 V, which is ascribed to the final products of 

lithium sulfide.53 In the subsequent charging process (C1 = 2.3 V), the characteristic peak of 

LiPSs is again detected. When charged to C2 = 2.7 V, the LiPSs were reversibly oxidized to 

neutral sulfur at 164.2 eV. The evolution of the S 2p spectra proves superior reversibility 

during the electrochemical process. However, N doping can also improve the electrochemical 

performance of Li-S batteries by reducing the intrinsic activation barriers during LiPS 

conversion, as demonstrated in our recent work.18 Therefore, the chemical affinity and 

catalytic effect between Mo@N-G and LiPS could be attributed to the synergistic effect of the 

monodisperse Mo nanoparticles combined with N doping. However, after assembling the Mo 

nanoparticles, electronic structure analysis reveals that metal-sulfur (Mo-S) pairs dominate the 

adsorption of sulfur species during the catalysis process.48, 52, 54 Thus, the improved capacity 

of the Mo@N-G catalyst is attributed mainly to the Mo nanoparticles. 
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Mo@N-G Catalyst for RT QSS Li-S Batteries 

Inspired by the previous results, the Mo@N-G catalyst was also investigated in RT QSS Li-S 

batteries (with 60 μm PVDF-HFP/LiTFSI electrolyte, see Experimental Section and Figure 

S11). Although the QSS electrolyte can inhibit the dissolution of LiPSs and avoid the growth 

of Li dendrites, the practical application of QSS Li-S batteries is hindered by the high 

interfacial resistance and instability at high temperatures (usually ≥ 60 ℃). Here, the Mo@N-

G-based QSS Li-S battery exhibits a large specific capacity and small polarization (1193 mAh 

g-1 and 127 mV, respectively), which are even comparable with the specific capacity and 

polarization of organic electrolyte-based Li-S batteries (Figure 5a, Figure S12). However, the 

N-G- and KB-based cells delivered only 884 and 441 mAh g-1, with polarizations of 191 and 

473 mV, respectively. In addition, the QSS electrolyte without wetting was also tested in Li-S 

batteries, which shows an electrochemical performance similar to the electrochemical 

performance of the wetted electrolyte, as shown in Figure S13. To further understand the 

catalytic effect of Mo@N-G for the QSS electrolyte, the EIS of Li-S cells was measured after 

three cycles (Figure 5b). Clearly, the Mo@N-G cell has considerably lower resistance than 

the N-G and KB cells, which indicates the fastest Li-ion diffusion in the Mo@N-G cell. 
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Figure 5. Mo@N-G catalyst for the RT QSS Li-S battery. (a) Charge/discharge profiles, (b) Nyquist 

plots of the impedance spectra, (c) cycling performance (S loading: 1 mg cm-2, current density: 0.2 C), 

and (d) rate performance. 

 

After 100 cycles, the cell with Mo@N-G still maintains a capacity of 980 mAh g-1 with an 

average CE of 99.5%. In contrast, the cells with N-G and KB showed fast decay and delivered 

only 399 and 83 mAh g-1, with average CEs of 98.9% and 98.6% after 100 cycles, 

respectively (Figure 5c). The rate capability also demonstrates the same result. The cell with 

Mo@N-G exhibits large capacities even under an ultrahigh current density of 10 C (Figure 

5d), and these capacities are considerably higher than the capacities of the other two 

electrodes. In addition, the long-term stability of the cell (with Mo@N-G) under a higher 

sulfur mass loading (3 mg cm-2) and a larger current density (1 C) was also tested, as shown in 

Figure S14. Compared with previous PVDF-HFP-based Li-S batteries,55 the electrochemical 

performance of this Mo@N-G/S cell shows significant improvement, illustrating the 

importance of the Mo@N-G catalyst for LiPS conversion in the QSS electrolyte. 

Compared with other studies on Mo-based compound catalysts for Li-S batteries, this 

work further used the Mo-based catalyst on RT QSS Li-S batteries.56 The well-known 

problems of large interface resistance and sluggish reaction kinetics have been addressed.28, 57 

The excellent electrochemical performances in this work demonstrate the unobstructed 

electronic/ionic pathways in the Mo@N-G/S cathode and further confirm the highly efficient 

catalytic effect of Mo@N-G. 

 

Conclusions 

In summary, monodisperse Mo nanoparticles embedded onto N-doped graphene were 

successfully fabricated. As a highly efficient electrocatalyst, Mo@N-G facilitates fast LiPS 

conversion and suppresses the shuttle effect. The ex situ XPS results demonstrate that the 
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unfilled d orbitals of oxidized Mo can attract the electrons of LiPS anions and form Mo-S 

bonds, thus promoting the conversion of LiPSs. Therefore, the Li-S battery with Mo@N-G 

(under a low catalyst ratio) exhibits a large capacity (1359 mAh g-1), superior cycling stability 

(92.7% capacity retention over 100 cycles), and enhanced reaction kinetics under large 

current densities (676 mAh g-1 under 10 C). Moreover, thanks to the superior electrocatalytic 

effect and good conductivity of Mo@N-G, the developed RT QSS Li-S batteries exhibit 

capacity and overpotential that are even comparable with their organic electrolyte-based 

counterparts. This work provides an exploration of transition metal monodisperse nanoparticle 

(e.g., W)-based electrocatalysts for high-performance metal-sulfur batteries. 

 

Experimental Section 

Materials 

Dicyandiamide, glucose, lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and 

poly(vinylidene fluoride-cohexafluoropropylene) (PVDF-HFP) were purchased from Sigma–

Aldrich. Ammonium molybdate (para) tetrahydrate (99%) was purchased from Alfa-Aesar. 

All chemical reagents were used without further purification. 

Preparation of Mo@N-G and Mo@N-G/S 

Then, 5 g dicyandiamide and 0.25 g glucose were dissolved in deionized water, and 2 mL 

ammonium molybdate salt solution (0.025 M) was added dropwise into the above solution 

under the protection of N2. The mixture was stirred and heated at 80 ℃ for 2 h. After cooling 

and freeze-drying, the precursor was annealed at 600 ℃ for 2 h and then rose to 900 ℃ for 

another 2 h (at a rate of 3 ℃/min). As a comparison, nitrogen-doped graphene (N-G) was also 

prepared using the same method without the addition of the ammonium molybdate salt 

solution. Mo@N-G/S was prepared by mixing excess sulfur and Mo@N-G and heating at 
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155 ℃ under an Ar atmosphere for 12 h, after which the composite was further heated at 200 ℃ 

for 2 h. N-G/S and KB/S were prepared using the same method. 

Preparation of the QSS Electrolyte 

The solid electrolyte was fabricated by mixing LiTFSI and PVDF-HFP (with a mass ratio of 

1:1) in N-methyl-2-pyrrolidone (NMP) and drying at 120 °C in a vacuum oven for 24 h (the 

thickness of this electrolyte was approximately 60 μm). Then, the slurry of Mo@N-G and 

PVDF-HFP (with a mass ratio of 9:1) in NMP was coated onto the solid electrolyte and dried 

again, and the areal loading of Mo@N-G was approximately 0.1 mg cm-1. The N-G- and KB-

modified solid electrolytes were prepared by the same method. 

Materials Characterization 

The morphology, microstructure, and composition of the samples were characterized by 

emission scanning electron microscopy (FE-SEM, JEOL JSM-6700F) and transmission 

electron microscopy ((HR)TEM, JEOL JEM-2010F) with an energy-dispersive X-ray 

microanalysis system. XPS analysis was performed with a hemispherical analyzer of 100 mm 

radius (Leybold Heraeus). The BET specific surface area was obtained using an ASAP2050 

instrument (Micromeritics Instrument Corp). Thermogravimetric analysis (Mettler Toledo 

TGA/DSC 3+) was conducted under an N2 atmosphere by heating from RT to 750 ℃ at 5 ℃ 

min-1. 

Electrochemical Measurements 

The sulfur electrodes were prepared using the as-fabricated composites (Mo@NG/S, NG/S, 

and KB/S) mixed with carbon black and polyvinylidene difluoride (PVDF) at a ratio of 8:1:1 

in N-methyl-2-pyrrolidone (NMP) to form a slurry, uniformly coated onto carbon paper and 

dried in a vacuum oven at 60 °C over 24 h. The electrochemical performances of the 
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electrodes were evaluated by a CR2032 coin cell, sulfur electrode used as the cathode, with Li 

foil as the anode, Celgard 2400 membrane as the separator, and 1.0 M LiTFSI in DOL/DME 

(volume ratio 1:1) with 2 wt % LiNO3 additive as the electrolyte. The electrolyte/sulfur ratio 

is approximately 4 μl mg−1. For the QSS Li-S batteries, the solid electrolyte was wetted by 

organic electrolyte and cast on the lithium anode and then assembled with sulfur electrodes. 

Galvanostatic discharge/charge measurements were performed with a LAND CT 2001A 

charge/discharge system in the voltage range of 1.7 − 2.7 V. The CV curves were conducted 

using Metrohm Autolab at a scan rate of 20 mV/s with a voltage range of -1.0 − 1.0 V 

(symmetric cells), and 0.1 mV s−1 for LSV curves with a voltage range of 2.48 – 2.32 V 

(reduction process) and 2.10 – 2.35 V (oxidation process), respectively. The EIS was 

measured in the frequency range from 100 kHz to 10 mHz with 10 mV amplitude using the 

Metrohm Autolab. 
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