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Lithium-sulfur (Li-S) batteries have been investigated as promising next-generation electrical energy 

storage systems in view of their high energy density and low cost. The practical application of this 

battery, however, remains remote because of rapid capacity fade caused by the low conductivity of 

sulfur, dissolution of intermediate lithium polysulfides, severe volumetric expansion, and slow redox 

kinetics of polysulfide intermediates. Here, to address these obstacles, we design a new sulfiphilic 

and highly conductive honeycomb-like spherical cathode host constructed from hollow metallic and 

polar Co9S8 tubes. Co9S8 can effectively bind polar polysulfides for prolonged cycle life, due to the 

strong chemisorptive capability for immobilizing the polysulfide species. The hollow structure, as the 

sulfur host, can further prevent polysulfide dissolution and offer sufficient space to accommodate 

the necessary volume expansion. Well-aligned tubular arrays provide a conduit for rapid conduction 

of electrons and Li-ions. More importantly, the experimental results and theoretical calculations 

show that Co9S8 plays an important catalytic role in improving the electrochemical reaction kinetics. 

When used as cathode materials for Li-S batteries, the S@Co9S8 composite cathode exhibits high 

capacity and an exceptional stable cycling life demonstrated by tests of 600 cycles at 1 C with a very 

low capacity decay rate of only ~0.026 % per cycle. 

1. Introduction 

Traditional lithium-ion batteries (LIBs) based on intercalation reactions are not expected to satisfy 

the ever-growing demands of large-scale energy storage systems and electric vehicles due to their 

limited theoretical energy density and high price.[1-3] Lithium-sulfur (Li-S) batteries, based on 

multielectron redox conversion, are regarded as one of the most promising alternatives for LIBs in 
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view of their high theoretical specific capacity (1672 mA h g-1) and energy density (2600 W h kg-1).[4-6] 

Furthermore, advantages such as the natural abundance, low cost, and nontoxicity should help Li-S 

batteries become commercially competitive as compared to current LIBs.[7] However, Li-S batteries 

remain absent from practical applications due to several significant limitations. First, the poor 

conductivity of sulfur and lithium sulfides leads to a low utilization of the active material. Second, 

the severe volumetric expansion (~80%) during cycling results in rapid destruction of the electrode. 

Third, the dissolution of intermediate lithium polysulfides (LiPSs) into the electrolyte and the shuttle 

effect between the electrodes give rise to poor cycling stability and low Coulombic efficiency.[8-9] In 

addition, the slow redox kinetics associated with polysulfide intermediates is a serious issue.[10-13] 

Many strategies have been developed to overcome these challenges and to improve the 

electrochemical performance of Li-S batteries. One effective strategy is to use carbon materials with 

designed pore structures as encapsulation hosts for sulfur, including as porous graphene,[14,15] 

carbon spheres,[16,17] carbon nanotubes[18,19] and nanofibers.[20] These carbonaceous materials can 

accelerate the electron transfer of the electrode, but are not able to suppress polysulfide shuttling 

due to a weak chemical interaction between nonpolar carbons and the polar LiPSs (Figure 1a). The 

dissolved intermediate LiPSs deposit on the carbon hosts and the anode, thus reducing cycling 

stability. 

Recently, polar materials, such as TiO2,[21,22] MnO2,[23-25] SiO2,[26, 27] and α-Ni(OH)2,[28,29] have been 

demonstrated to strongly bind LiPSs and efficiently constrain LiPSs to the cathode and thus achieve 

cycling stability. However, most of these metal oxides and metal hydroxides are semiconductors, 

which could hinder electron transport and lead to inferior rate capabilities. An appropriate sulfur 

host should possess both strong polysulfide affinity and excellent conductivity.[30-32] Furthermore, 
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the solid structure of these materials is only able to fix a small amount of LiPSs on their surface 

because the interaction between polar materials and LiPSs is based on monolayer chemical 

adsorption.[5,33-35] The LiPSs far from the surface can still dissolve into the electrolyte and shuttle 

between the electrodes (Figure 1b). A promising design is to construct polar hollow tubules that can 

also physically block the outward diffusion pathways and thus encapsulate LiPSs in the internal void 

space at the cathode (Figure 1c). Therefore, hollow nanotubes can offer more efficient confinement 

of LiPSs than other forms, such as particles and sheets. 

In addition to the aforementioned strategies, employing catalysts to enhance LiPSs redox is 

another innovative way to suppress diffusion of LiPSs.[36-38] The electrochemical discharge/charge 

processes are kinetically sluggish due to the insulating nature of sulfur and LiPSs. For these non-

catalytic hosts, the conversion reaction of LiPSs is slow and the intermediate lithium polysulfides can 

easily diffuse into the electrolyte (Figure 1d). However, soluble long-chain LiPSs can be efficiently 

converted to solid phases of sulfur and Li2S2/Li2S due to the accelerated polysulfide redox kinetics 

when used as catalytic hosts (Figure 1e). Therefore, the application of catalytic materials as a sulfur 

host is a promising strategy to build advanced Li-S batteries. 

Here we have designed and prepared highly conductive sulfiphilic honeycomb-like spheres 

constructed from hollow, metallic, and polar Co9S8 tubules as the sulfur host. This cathode host 

enables a highly stable sulfur electrode for the following reasons. First, Co9S8 has polar 

chemisorptive capability for fixing the LiPSs and ensures fast charge migration during cycling due to 

its metallic nature.[39] Second, the one-dimensional tubular structure, with a high aspect ratio, acts as 

a conduit to accelerate the transport of electrons and ions, which is superior than isolated 

nanoparticles. Moreover, the elaborate structure of the aligned tubules is able to form a better 
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conductive framework at the nanoscale when compared to their random counterparts.[40] Third, the 

shell of nanotube acts as a gate to encapsulate the LiPSs in the internal void space. Therefore, these 

Co9S8 tubules prevent the loss of LiPSs via structural and chemical dual-encapsulation. In addition, 

the hollow tubular structure possesses large internal void space which effectively relieves the 

volumetric expansion of sulfur during cycling and provides the space to load a relatively high content 

of sulfur. More importantly, Co9S8 plays an important catalytic role in improving the electrochemical 

reaction kinetics. As a result, when used as a sulfur host for Li-S batteries, the synthesized composite 

enables high capacities and maintains a stable cycling performance. 

2. Results and Discussion 

The synthesis of the S@Co9S8 composites is illustrated in Figure 2a. In the first step, the precursor, 

with an urchin-like structure constructed from nanorods, has been prepared via a facile chemical 

process. Afterwards, we transform the nanorods into hollow structures of Co9S8 through a 

sulfidation reaction. Finally, sulfur is steamed into the Co9S8 nanotubes by a melting-diffusion 

process. 

Figure S1a and b show the FESEM and TEM image of the as-prepared precursor. It can be seen 

that the precursor displays an urchin-like morphology consisting of nanorods. The diameter of the 

urchin and the nanorod structures are estimated to be about 10 μm and 100 nm, respectively. The 

corresponding XRD pattern (Figure S2) confirms that the precursor is consistent with the 

Co(CO3)0.5OH·0.11H2O phase. The solid nanorod can be turned into a hollow tubular structure by an 

anion exchange reaction (Figure 2b-d).[41-43] The hollow tubular structure offers more active sites for 

electrochemical reactions as compared to their solid counterparts. As shown in Figure 2e, the XRD 

pattern of the product after sulfidation shows that the diffraction peaks are perfectly assigned to 
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Co9S8 (JCPDS No.86-2273). It is worth mentioning that the product still possesses the sphere-like 

morphology after sulfidation (Figure 2b). The morphology of the honeycomb-like spheres composted 

of hollow tubules provides a faster conduction pathway for electron and Li ion as compared with 

isolated nanoparticles and random tubules. Furthermore, the hollow Co9S8 tubules have an ultrahigh 

aspect ratio (Figure S3), which provides fast electron and Li ion migration during cycling. The 

composite structure was further characterized by energy-dispersive X-ray spectroscopy (EDS) 

mapping (Figure S4) revealing a homogeneous dispersion of Co and S throughout the samples; no 

other elements were observed (Figure S5). TEM images show the tubules with an internal diameter 

of 50 nm (Figure 2d), which is consistent with FESEM observations. HRTEM study shows a clear 

lattice spacing of 0.3 nm, corresponding to the (311) plane of Co9S8 (Figure 2d).[44,45] The selected 

area electron diffraction of Co9S8 suggests the obtained sample is polycrystalline substance (Figure 

S6). The nitrogen sorption measurement shows a specific surface area of 43 m2 g-1 and the existence 

of pores with diameters below 10 nm (Figure S7). 

Sulfur can infiltrate into hollow Co9S8 tubules using the melt-diffusion method. Figure 2i shows the 

XRD pattern of the composite after sulfur loading at 155 °C, indicating highly crystalline cubic sulfur 

(JCPDS No. 08-0247) and Co9S8 (JCPDS No.86-2273). TGA was used to determine that the content of 

sulfur in the composite was as high as 70 wt% (see Figure S8). The S@Co9S8 composite maintains a 

spherical structure (Figure 2f and g). No sulfur is observed on the outer surface of the Co9S8 tubules 

(Figure 2g and h), indicating efficient sulfur removal when the tubules are immersed in a CS2 and 

ethanol mixture. The boundaries between the cavity and the shell become blurry, indicating the 

successful diffusion of sulfur into the tubule. More importantly, no large sulfur particles were 

recorded. EDX mapping (Figure S9) showed a homogeneous distribution of Co and S in the cavity of 
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Co9S8 tubules. The EDS spectrum of the S@Co9S8 composite (Figure S10) shows that the S intensity is 

much higher than that of pure Co9S8, indicating an increase of sulfur in the Co9S8 tubules. 

Here we used a combination of visual discrimination, XPS analysis and first-principles surface 

calculations to investigate the interaction between Co9S8 tubules and LiPSs. The synthesized LiPSs are 

dissolved in dimethoxymethane (DME) to form a yellow solution. As displayed in Figure 3a, the color 

of the solution is maintained after the addition of carbon. However, the yellow solution turns 

colorless after several hours with the addition of Co9S8 (Figure 3b), demonstrating the strong 

adsorption capability of the polar Co9S8. XPS was used to investigate the difference of the chemical 

state of Co between pristine Co9S8 and Co9S8+Li2S4. As displayed in Figure 3c, the Co 2p3/2 XPS 

spectrum of pristine Co9S8 tubules can be described by a spin-orbit doublet and a shake-up satellite. 

The peaks of the spin-orbit doublet, located at ~781.1 and ~778.5 eV, are consistent with literatures 

values for Co9S8.[46] After contact with Li2S4, the peaks shift to ~778.9 and ~777.6 eV (Figure 3d). The 

variation of the peak positions can be attributed to electron transfer from Li2S4 to the Co atoms, 

indicating a strong chemical interaction between Co9S8 and the LiPSs.[34,47] To further understand the 

mechanism of the visual discrimination (Figure 3b) and XPS results (Figure 3d), we performed first-

principles calculations of the binding energies of intermediate LiPSs (Li2S4, Li2S6, and Li2S8) on both 

the (311) and (440) surfaces of Co9S8, as shown in Figure 3e and f. Figure 3e shows atomic structures 

of Li2S4 adsorbed on the (311) and (440) surfaces of Co9S8, showing that Li can make bonds with S on 

the Co9S8 surfaces, and that S can also make bonds with Co on Co9S8 surfaces because of Coulomb 

interactions between the cations and anions. Based on the formations of the bonds, these three 

LiPSs are likely to be adsorbed on the both Co9S8 surfaces based upon the positive binding energies 
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in each case (Figure 3f). Interestingly, binding energies on the (311) surface have larger values than 

those on the (440) surface, suggesting that the (311) surface more effectively captures LiPSs. 

A combination of cyclic voltammetry (CV), galvanostatic discharge-charge tests and DFT 

calculations were used to investigate the catalytic effect of Co9S8 on LiPS redox reactions. Figure 4a 

shows the CV profiles of pure S and Co9S8+S electrodes at a scan rate of 0.1 mV s-1. The CV curves of 

the pure sulfur and Co9S8+S electrode both display two cathodic peaks and one anodic peak. 

Compared to a pure sulfur electrode, the peaks of S@Co9S8 electrodes are sharper with a higher 

intensity. Figure S11a shows a comparison of the peak potentials of the two electrodes for the redox 

reactions. For the pure sulfur electrode, two deformed and widened cathodic peaks are located at 

2.21 and 1.98 V and the anodic peak is at 2.44 V. Two sharp cathodic peaks located at 2.26 and 2.04 

V and the anodic peak located at 2.38 V for the Co9S8+S electrode are also seen. Both cathodic peaks 

for Co9S8+S have a positive shift and the anodic peak has a negatively shift, indicating that Co9S8 can 

significantly suppress the electrochemical polarization. This finding can be attributed to the catalytic 

effect of Co9S8 on the oxidation/reduction of Li2S/S.[48-50] A comparison of onset potentials is also 

studied to further analyze the effect of Co9S8. The onset potential of the Co9S8+S electrode (Figure 

S11b) in the oxidation reaction is 2.14 V, which is different from that of pure sulfur (2.33 V). For the 

reduction reaction, the onset potentials for Co9S8+S are 2.37 and 2.11 V, compared with 2.32 and 

2.08 V for the pure sulfur electrode. It is clear that the Co9S8+S electrode shows a higher onset 

reduction potential and a lower onset oxidation potential than pure sulfur. Figure 4b shows 

discharge/charge voltage profiles of pure S and the Co9S8+S electrode at 0.2 C. The Co9S8+S electrode 

has a discharge capacity of 847 mAh g-1 and a reversible charge capacity of 856 mAh g-1, both much 

larger than that of the pure sulfur electrode. Moreover, the Co9S8+S electrode possesses a relatively 
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low polarization value of 225 mV between the charge and discharge plateaus, which is much lower 

than that of 310 mV for the pure sulfur electrode.[51] The improved discharge capacity and reductive 

polarization show that Co9S8 is able to boost the electrochemical reaction kinetics during the 

discharge/charge processes in Li-S batteries. 

To elucidate details of the chemisorptive capability of LiPSs on the Co9S8 surfaces, we used the 

CINEB method with DFT to calculate the dissociation barriers between Li and S of LiPSs on both the 

(311) and (440) Co9S8 surfaces (Li2Sx → LiSx + Li+ + e-). From these calculations, we determine the 

decomposition mechanism as the Li ion moves far away from the S ions in LiPSs. Previous studies 

reported that the chemical interaction between Li ions and graphene is weak and the dissociation 

barrier is very high (around 1.81 eV).[48] As shown in Figure 4c and d, the height of all the dissociation 

barriers for Li2S4, Li2S6, and Li2S8 on both (311) and (440) surfaces of Co9S8 are lower than 0.6 eV, 

demonstrating that the decomposition reaction kinetics of LiPSs on Co9S8 surfaces is more facile than 

on graphene. For this enhanced catalytic activity of Co9S8, delithiation reaction kinetics of Co9S8 in 

the electrochemical profiles can be facilitated as shown in Figure 4a and b. These results show that 

the transformation efficiency of soluble LiPSs to final insoluble products is enhanced, which 

substantially decreases LiPSs shuttling into the electrolyte.[52] Figure 4e and 4f show the process of 

Li-S dissociation into relaxed structures for Li2S4 on (311) and (440) surfaces of Co9S8, respectively. 

We next evaluated the electrochemical performance of the S@Co9S8 nanocomposite as a cathode 

material for Li-S batteries. Figure 5a shows the rate capabilities of the S@Co9S8 composite at various 

current densities from 0.2 to 2 C. Benefitting from the high conductivity and fast reaction kinetics, 

the S@Co9S8 cathode delivers reversible capacities of ~1136, ~1011, ~893, ~842, and ~806 mAh g-1 at 

0.2, 0.5, 1, 1.5, and 2 C, respectively. After high-rate cycling, when the current density returns to 0.2 
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C, a reversible capacity of 1093 mAh g-1 is recovered, indicating excellent stability of the S@Co9S8 

composite structure. Figure 5b shows the charge/discharge voltage profiles at various current rates. 

The small potential differences between the charge/discharge voltage plateaus at various current 

densities and long second-discharge plateau confirm that the S@Co9S8 electrode possesses small 

polarization and fast reaction kinetics, which is consistent with the CV result (Figure S12). Figure 5c 

shows the long-term cycling performance of the S@Co9S8 composite electrodes at a current density 

of 1 C. A discharge capacity of 893.7 mAh g-1 is obtained in first cycle, and more importantly, a 

capacity of 756.6 mAh g-1 is maintained after 600 cycles, with a low decay rate of 0.026% per cycle. 

The excellent stability of the S@Co9S8 cathode can be due to polar Co9S8 that can fix LiPSs by strong 

chemical action and the unique hollow structure that can physically block the outward diffusion 

pathways. Moreover, high Coulombic efficiency above 98.5% is maintained throughout long-term 

cycling, which further indicates that the Co9S8 host effectively prevents the dissolution of polysulfide 

to the electrolyte. The outstanding stability and high Coulombic efficiency show that the LiPSs are 

not able to poison the Co9S8 during cycling. S@carbon black (S@CB) composite was prepared as a 

comparison (Figure S13). The S@CB electrode delivers low Coulombic efficiency and rapid capacity 

decay (Figure S14). The Coulombic efficiency is only 92.2% after 100 cycles and the rate of capacity 

decay is 0.41% per cycle. It is worth mentioning that pure Co9S8 does not contribute to capacity 

under the same conditions (Figure S15). The corresponding discharge-charge curve is displayed in 

Figure S14. 

To explore the relationship between the structure and electrochemical properties, we performed 

a postmortem study by FESEM. As shown in Figure 5d and e, the honeycomb-like morphology of the 

S@Co9S8 composite is retained after cycling, indicating that the internal void space of Co9S8 
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nanotube offers sufficient room to accommodate the volume expansion of sulfur during the 

lithiation process. The separators of the S@Co9S8 and S@CB electrodes after 600 cycles at 1 C are 

also studied (Figure S16). The separator for the S@Co9S8 electrode shows less color than the S@CB 

electrode, confirming that the polar Co9S8 effectively restricts LiPSs dissolution into the electrolyte. 

To the best of our knowledge, the decay rate per cycle of the S@Co9S8 electrode is much lower than 

that of other cobalt sulfide@S composites. Furthermore, there is no trace of LiPSs after cycling in 

Figure 5d and 5e, which means that although Co9S8 has higher binding energies with LiPSs (Figure 

3f), LiPSs would not fully poison Co9S8 after cycling due to the superior catalytic activity (Figure 4d 

and 4e). This point also can be brought up by stable electrochemical profiles after 2nd, 5th, 10th, 

and 20th cycles (Figure S18a) and retained Co9S8 after cycling (Figure S18b). 

3. Conclusion 

In summary, we have fabricated uniform honeycomb-like spheres constructed from hollow metallic 

and polar Co9S8 tubules as a hollow sulfur host for Li-S batteries. The honeycomb-like spheres 

enhance conduction of electrons and Li ions and inhibit LiPS diffusion. Experiment and simulation 

show that Co9S8 is a polysulfide immobilizer and electrocatalyst in Li-S batteries. Benefiting from 

excellent conductivity, strong LiPSs adsorption capability, and high catalytic activity, the S@Co9S8 

composite cathode delivers a stable cycle life with a high discharge capacity for Li-S batteries. 

4. Experimental Section  

Synthesis of honeycomb-like spheres constructed from hollow, metallic, and polar 

Co9S8 tubules: In a typical synthesis, 1 mmol of Co(NO3)2.6H2O, 2.5 mmol of NH4F, and 

5 mmol of urea were dissolved in 20 ml of deionized water. The solution was 
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transferred into a 40 ml Teflon-lined autoclave and kept at 120 °C for 6 h. After 

cooling down to room temperature, the pink precursor was taken out and washed 

several times with deionized water. Then, the as-prepared precursor and 0.96 g 

Na2S·9H2O were added into 20 ml water under magnetic stirring. The solution was 

transferred into a 40 ml Teflon-lined autoclave and maintained in an oven at 120 °C 

for 6 h. Finally, the black Co9S8 was collected by filtration, washed with deionized 

water, and dried overnight at 60 °C under vacuum. 

Synthesis of S@Co9S8: The as-prepared Co9S8 nanotubes and sublimed sulfur (1:4, weigh ratio) were 

well mixed and heated at 155 °C for 12 h in a tube furnace under an Ar atmosphere. In order to 

remove the excrescent sulfur outside the Co9S8 nanotubes, the product was immersed in a 10 ml CS2 

and ethanol solution (1:4, volume ratio) at room temperature for 10 min. 

Synthesis of S@CB: The carbon black (CB) and sublimed sulfur (3:7, weigh ratio) were well mixed and 

heated at 155 °C for 12 h in a tube furnace under an Ar atmosphere. 

Fabrication of the Co9S8+S and pure S electrode:The Co9S8+S electrode was synthsized by simply 

mixing sulfur, Co9S8, CB, and polyvinylidene fluoride (PVDF) binder with a weight ratio of 60:20:10:10. 

The pure S electrode was prepared by simply mixing sulfur, CB, and PVDF binder with a weight ratio 

of 60: 20: 20. 

Materials characterization: The morphology and microstructure were examined by field emission 

scanning electron microscopy (FESEM, JSM-6700F, Japan), energy dispersive spectroscopy (EDS, 

JEOL-6300F) and transmission electron microscopy (TEM, JEM-2100, Japan). The crystal structures 
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were characterized by powder X-ray diffraction (XRD, MAXima-X XRD-7000) with Cu Ka radiation (λ = 

1.5406 nm). Thermogravimetric analysis (TGA, Q50, USA) was performed to estimate the content of 

S in the prepared composite. The specific surface area and analysis of the pore size distribution of 

products were performed by Brunauer-Emmett-Teller (BET) method (Quantachrome Instruments, 

USA). X-ray photoelectron spectroscopy (XPS) measurements were conducted by Thermo Scientific 

ESCALAB 250Xi electron spectrometer. 

Electrochemical measurements: The working electrode was prepared by a slurry coating procedure. 

The electrodes were fabricated by mixing active materials (S@Co9S8), Super-P carbon black, and 

PVDF binder with a weight ratio of 75:15:10 in N-Methyl-2-pyrrolidone (NMP). The slurry was then 

uniformly deposited onto a clean and polished aluminum current collector. Finally, the electrodes 

were dried under vacuum at 60 °C for 12 h to remove the NMP solvent. CR3025 coin cells were 

assembled in an argon-filled glove box. Li foil was used as the counter electrode. The electrolyte was 

1 M bis(trifluoromethane) sulfonimide lithium salt (LiTFSI) dissolved in a mixture of 1,3-dioxolane 

(DOL) and dimethoxymethane (DME) (volume ratio of 1:1) with 0.1 M LiNO3 as the electrolyte 

additive. All cells were aged for several hours before cycling to ensure an adequate penetration of 

the electrolyte into the electrode. The coin cells were galvanostatically cycled at different current 

densities between 1.7 and 2.8 V (vs. Li/Li+) on a Land cycler (Wuhan Kingnuo Electronic Co., China). 

The cyclic voltammetry (CV) test was recorded on a CHI 660c electrochemical workstation (Shanghai 

Chenhua, China) at a scanning rate of ~0.1 mV s-1. The specific capacities were calculated based on 

the sulfur mass. 

Density functional theory surface calculations: To provide a fundamental 

understanding of LiPSs capture in Co9S8, we have carried out DFT calculations of the 
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interaction and dissociation of LiPSs on the (311) and (440) surfaces of Co9S8. The 

Vienna Ab-initio Simulation Package was used to perform spin-polarized DFT 

calculations,[53] with a plane-wave basis set and the projector augmented-wave 

method.[54] A generalized gradient approximation functional, parameterized by 

Perdew-Burke-Ernzerhof, was used to described electronic exchange and 

correlation.[55] The cut-off energy and k-point meshes for each structures were 

determined by energy convergence tests to within 0.2 meV/atom. All bulk 

calculations, providing the basis of our surface models, were performed using fully 

relaxed structures; the surface calculations were conducted at fixed volume. For the 

bulk atomic model, cubic Co9S8 (Space group: Fd-3m, a=9.8045 Å) consisting of 36 Co 

and 32 S atoms was used as shown in Figure S19a. LiPSs (Li2S4, Li2S6, and Li2S8) were 

used as represented in Figure S19b-d. Stoichiometric (311) and (440) surface models 

for Co9S8 were developed using 136 and 68 atoms, respectively, with a vacuum layer 

(>10 Å) on the cleaved (311) and (440) surfaces as described in Figure S19e and 19f. 

The climbing image nudged elastic band (CINEB) method was used to calculate 

dissociation energy barriers.[56,57] Van der Waals interactions between the Co9S8 

surface and the LiPSs were included using the vdW-DF2 functional.[58] Finally, binding 

energies Eb between LiPSs and Co9S8 surfaces were calculated as 
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Figure 1 Schematic illustration of the advantages of honeycomb-like spheres constructed from 

hollow, metallic, and polar Co9S8 tubules as sulfur hosts. a) Nonpolar tubular materials are not able 

to suppress the dissolution of LiPSs due to weak interaction. b) For solid polar materials, LiPSs far 

away from the polar surface can easily diffuse into the electrolyte. c) For hollow polar tubular 

structure, it is difficult for the LiPSs to diffuse out from the cathode into the electrolyte due to 

structural and chemical encapsulation. d) For non-catalytic host, the LiPSs can easily diffuse into the 

electrolyte because of slow kinetics. e) Catalytic Co9S8 accelerates polysulfide conversion and 

reduces diffusion. 
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Figure 2 Characterization of Co9S8 and S@Co9S8. a) Schematic illustration of the fabrication of 

S@Co9S8 composites. FESEM and TEM images and XRD patterns of b-e) the honeycomb-like Co9S8 

and f-i) S@Co9S8 composites. 
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Figure 3 The strong interaction between Co9S8 and LiPSs. Polysulfide entrapment by a) carbon and b) 

Co9S8. High-resolution XPS spectra of Co 2p3/2 of c) the pure Co9S8 and d) Co9S8+Li2S4 composite. e) 

Relaxed Li2S4-adsorbed structures on both (311) (upper) and (440) (lower) surfaces of Co9S8 

calculated with DFT. Blue atoms are Co, yellow are S, and green are Li. f) Calculated binding energy 

between LiPSs (Li2S4, Li2S6, and Li2S8) and Co9S8 surfaces. 
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Figure 4 Improved electrochemical reaction kinetics of Co9S8. a) CV curves of S and Co9S8+S 

electrodes. b) Discharge-charge curves of S and Co9S8+S electrodes. c,d) Dissociation barriers 

between Li and S in Li2S4, Li2S6, and Li2S8 on both the (311) and (440) surfaces. e,f) The decomposition 

process of Li-S dissociation in relaxed Li2S4-adsorbed structures; purple atoms are migrating Li atoms. 

Blue atoms are Co, yellow are S, and green are Li. 
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Figure 5 Electrochemical performance of the S@Co9S8 nanocomposite. a) Rate capabilities and b) 

discharge-charge curves at 0.2, 0.5, 1, 1.5 and 2 C. c) Cycling performance at 1 C over 600 cycles. d,e) 

FESEM images of the S@Co9S8 composite after cycling. f) Comparison of the decay rate per cycle 

with other Li-S cathode materials reported in the literature. 
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Highly conductive sulfiphilic honeycomb-like spheres constructed from hollow, metallic, and polar 

Co9S8 tubules have been synthesized. Experiment and simulation show that Co9S8 is a polysulfide 

immobilizer and electrocatalyst in Li-S batteries. Benefiting from excellent conductivity, strong LiPSs 

adsorption capability, and high catalytic activity, the S@Co9S8 composite cathode delivers a stable 

cycle life with a high discharge capacity for Li-S batteries. 
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