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Abstract 

The lithium-sulfur (Li-S) battery is widely regarded as a promising energy storage device due 

to its low price and earth-abundant materials employed. However, the shuttle effect of lithium 

polysulfides (LiPSs) and sluggish redox conversion result in inefficient sulfur utilization, low 

power density, and rapid electrode deterioration. Herein, we address these challenges with 

two strategies (1) increasing LiPSs conversion kinetics through catalysis, and (2) alleviating 

the shuttle effect by enhanced trapping and adsorption of LiPSs. We achieve these 

improvements by constructing double-shelled hollow nanocages derived from core-shell 

metal organic frameworks, decorated with cobalt nitride catalyst. The N-doped hollow inner 

carbon shell not only serves as a physical trap and chemical absorber for LiPSs, but also 

improves the electrical conductivity of the electrode, resulting in a largely mitigated shuttle 

effect. Cobalt nitride (Co4N) nanoparticles, embedded in nitrogen-doped carbon in the outer 

shell, catalyze the conversion of LiPSs, leading to decreased polarization and fast kinetics 

during cycling. Density functional theory simulations of the Li intercalation energetics 

confirm the improved catalytic activity of the Co4N compared to metallic Co catalyst. 

Altogether, the double-shell hollow nanocage electrode shows large reversible capacity of 

1242 mAh g-1 at 0.1 C, robust stability (a capacity retention of 658 mAh g-1 at 5 C after 400 

cycles with low capacity fading of 0.04% per cycle), and superior cycling stability at high 

sulfur loading (4.5 mg cm-2).  
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carbon[25], carbon nanotubes (CNTs),[24, 29, 30] carbon fibers,[31] and porous carbon.[26] 

Generally, constructing three-dimensional (3D) porous carbon materials with abundant open 

access can effectively ensure high sulfur loading, efficient electrolyte infiltration, fast Li ion 

diffusion, and efficient electron transfer.[32-35]  

Nevertheless, the relatively weak interaction among carbon and LiPSs makes it difficult 

to trap the dissolved LiPSs.[36, 37] Heteroatom doping into carbon frameworks has been 

proved to be an effective technique to improve the interaction between carbon host and LiPSs, 

as well as to enhance the electrical conductivity of carbon by doping-increased electrical 

charge density.[5, 38-40] For example, Pan et al.[40] prepared nitrogen-doped (N-) graphene 

nanohollows with 3D electronically conductive frameworks and strong interaction of LiPSs, 

which could increase the adsorption of LiPSs and maintain the structural integrity during 

cycling. An N, P-codoped carbon framework[5] can effectively prevent LiPSs dissolution by 

physical trapping and chemical adsorption. An even stronger chemical adsorption of 

dissolved LiPSs can occur on polar metal-based compounds, such as metal oxides/sulfides.[37, 

41-44] However, these materials often have low electrical conductivities, which lead to poor 

electron transport.[34] In addition, the transformation of LiPSs during the charge/discharge 

process also has slow kinetics on these materials, which result in poor rate performance.[45] 

Additionally, some noble metals and metal phosphides as sulfur hosts are found to accelerate 

the reaction kinetics of LiPSs conversion.[46, 47]  

In this work, we introduce cobalt nitride (Co4N)[48, 49] as the catalyst to enhance the 

kinetics of LiPSs conversion. We embedded the Co4N nanoparticles in N-doped carbon, 

which forms the outer shell of a double-shelled hollow nanocage whose inner shell is N-

doped carbon (denoted as h-Co4N@NC). Such a hollow nanocage not only enhances the 

sulfur loading, but also buffers the volume expansion of sulfur. Moreover, the N-doped inner 

shell can effectively trap the LiPSs by physical confinement and chemical adsorption. 
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Additionally, the Co4N nanoparticles embedded in N-doped carbon outer shell can efficiently 

catalyze the reversible conversion of the polysulfide during charge/discharge cycling, as 

verified both experimentally and theoretically. The performances of the Co4N catalyst are 

benchmarked against a cobalt-free nanocage (denoted as h-NC), and a metallic Co catalyst 

(denoted as h-Co@NC). Lastly, the N doping in carbon support can boost the conductivity of 

the integrated electrode. As a consequence, the electrode displays remarkable catalytic 

activity (low overpotential, small Tafel slope, and fast redox kinetics), high specific capacity 

(1242 mAh g-1 at 0.1 C), and robust stability (a capacity retention of 658 mAh g-1 at 5 C after 

400 cycles), and excellent cycling stability at high sulfur loading. 
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composition of the composite was verified by the EDX elemental mapping, as shown in 

Supporting Figure S3b. All of the aforementioned characterizations suggest the successful 

formation of the ZIF-8@ZIF-67 structure.  

 

Figure 2 (a, b) TEM images of h-Co4N@NC. (c, d) Typical HRTEM images of h-Co4N@NC. 

(e) TEM image and SEAD pattern (inset) of h-Co4N@NC/S. (f) HRTEM image of h-

Co4N@NC/S. (f) EDX element mapping images of h-Co4N@NC/S. The shape of the particle 

is labeled with dotted polygons. 

After pyrolysis, the core-shell structure turned into a hollow structure with abundant 

CNT grown on the surface catalysed by Co during pyrolysis, as shown in Supporting Figure 

S4. The polyhedral structure of the h-Co@NC remained but the crystal became smaller. The 
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XRD patterns of the h-Co@NC are shown in Supporting Figure S5a. One broad peak 

located at 26o is attributed to amorphous carbon, and two diffraction peaks centered at 44.25o 

and 51.55o match well with the (111) and (200) planes of metal Co[51] (JCPDS#15-0806). 

There are no diffraction peaks of Zn-based compounds, indicating that Zn atoms were 

evaporated during high-temperature pyrolysis or Zn-based compounds may exist in 

amorphous state. After the acid etching, the diffraction peaks of Co metal in the h-Co@NC 

disappear (Supporting Figure S5b), indicating that the Co metal was completely removed. It 

is worth noting that the morphology has no apparent change compared with that of the h-

Co@NC. TEM images of the h-Co@NC depicted in Supporting Figure S6 show the double-

shelled nanocage formation, which is in agreement with the SEM images. The inner shell is 

amorphous carbon, derived from ZIF-8. The outer shell of pyrolysed ZIF-67 is composed of 

CNT decorated with sub-10-nm Co nanoparticles (Supporting Figure S6d). After the 

nitridation process, the double-shelled morphologies of the polyhedral structure remained, as 

shown in Supporting Figure S7. TEM images of the h-Co4N@NC are shown in Figure 2a, 

2b, which also display double-shelled structure with the N-doped carbon (inner shell) 

wrapped by the nanoparticle-decorated CNT (outer shell). The diameter of the N-doped CNT 

is about 5.6 nm (Figure 2c), which are uniformly distributed on the outer shell. The sub-10-

nm nanoparticles on the outer shell are composed of Co4N with lattice distance of about 

0.207 nm (Figure 2d and Supporting Figure S8), corresponding to the (111) plane of 

Co4N.[52] After sulfur injection, the morphology remains unchanged (Supporting Figure S9 

and Figure 2e). The HRTEM image and its corresponding EDX elemental mapping in the 

dashed polygon (Figure 2f) show the distribution of N, C, Co and S elements. It is worth 

noting that N, C, and Co elements are homogeneously distributed in the box, however, S 

element distribution shows regular polygon shape, corresponding to the geometry of the 
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particle. This difference in element distribution suggests that sulfur nanoparticles are mainly 

confined inside the hollow nanocages.  

XRD patterns of the h-Co@NC/S composite show the typical characteristic peaks of S8 

(JCPDS#08-0243) besides that of metal Co, compared with the patterns of the h-Co@NC 

(Supporting Figure S10). Also, the results of the XRD patterns of the h-Co4N@NC/S have 

the same traits with that of the h-Co@NC/S composite (Supporting Figure S11a). The 

content of the sulfur in the h-Co4N@NC/S is evaluated to be about 75.5wt% according to the 

TGA curve of the h-Co4N@NC/S composite (Supporting Figure S11b). The BET specific 

surface area of the h-Co4N@NC material is characterized to be around 576 m2 g-1 

(Supporting Figure S11c), and the pore distribution ranges from 1 to 4 nm with the 

coexistence of micropores and mesopores (Supporting Figure S11d). After sulfur injection, 

the surface area of the composite decreases to 30 m2 g-1, and the fingerprint features of 

mesoporous structure disappear, suggesting that sulfur is filled into the hollow nanocages and 

mesopores. The Raman spectrum of the h-Co4N@NC composite (Supporting Figure S12a) 

shows the presence of CNTs (RBM peak below 200 cm-1), Co4N (Eg, F2g and A1g peaks 

between 450 and 700 cm-1), and doped/defective carbon (D and G peaks between 1200 and 

1500 cm-1). The XPS spectra of the h-Co4N@NC sample confirm the presence of the Co, N, 

and C elements in the composite (Supporting Figure S12b). As shown in Supporting 

Figure S12d, the N 1s spectrum of the h-Co4N@NC/S composite can be deconvoluted into 

pyridinic (398.6 eV), and graphitic N (401.8 eV).[50] The presence of the N element could 

facilitate the LiPSs adsorption and accelerate the redox kinetics of the LiPSs, then favor the 

energy storage of the Li-S batteries.[53, 54] In addition, the LiPSs adsorption capability of h-

NC, h-Co@NC, and h-Co4N@NC composites are compared in Supporting Figure S13. The 

quantitative comparison among the UV-vis spectra of the three solutions after the adsorption 

test is presented in Figure S14, with the bare Li2S6 solution as the reference. The UV-vis 
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spectra of the solution with added h-Co4N@NC after the adsorption test shows that the h-

Co4N@NC sample has the highest adsorption capability. The much better adsorption 

capability of the h-Co4N@NC composite than the rest can be seen from the colorless solution, 

which also demonstrates the strong chemical affinity between LiPSs and Co4N nanoparticles. 

 

Figure 3 (a) First cycle charge voltage profiles of the h-NC/S, h-Co@NC/S, and h-

Co4N@NC/S electrodes. (b) The first CV curves of the h-NC/S, h-Co@NC/S, and h-

Co4N@NC/S electrodes. (c) Onset potential and (d) Peak voltage of the h-NC/S, h-

Co@NC/S, and h-Co4N@NC/S electrodes from the first CV curves. (e, f) Tafel slopes of the 
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h-NC/S, h-Co@NC/S, and h-Co4N@NC/S electrodes from the cathodic peaks of the first CV 

curves. 

The aforementioned material characterizations confirm that we have successfully 

synthesized the double-shelled hollow nanocages with N-doped carbon as the inner shell, and 

Co4N nanoparticle-embedded N-doped CNTs as the outer shell. Next, we discuss the 

electrochemical performance of the electrode. To verify the different activation barriers on 

the three composites, the first charge process is shown in Figure 3a. The h-Co4N@NC/S 

electrode shows the lowest activation barrier as seen from the activation peak that is the 

potential peak at the beginning of the first charge process[55, 56], suggesting the highest 

catalytic ability and the fastest redox kinetics. Figure 3c shows the onset potentials of the 

three electrodes according to the first CV curves (Figure 3b). The h-Co4N@NC/S electrode 

shows the cathodic onset potentials of 2.42, and 2.07 V respectively, which are larger than 

those of the h-NC/S and h-Co@NC/S electrode. Furthermore, the anodic onset potential of 

the h-Co4N@NC/S is 2.30 V, smaller than those of the h-NC/S and h-Co@NC/S electrode. 

Also, the trend of the peak potentials is similar to those of onset potentials (Figure 3d). In 

addition, the Tafel slopes of the three electrodes are shown in Figure 3e and 3f, derived from 

the CV curves. During the cathodic and anodic processes, the h-Co4N@NC/S electrode has 

the lowest Tafel slope among the three electrodes. The above results demonstrate that the h-

Co4N@NC can efficiently catalyze the conversion of the LiPSs and enhance the redox 

kinetics of LiPSs. 

The catalytic effects of Co4N were verified using density functional theory calculations. 

We investigated Li intercalation into S covered Co (101), Co4N (111), and Co4N (100) 

surfaces. Co(101) is the most abundant facet of metallic Co,[57] while Co4N(111) and Co4N 

(100) are the Co4N facets with the lowest surface energies (Supplementary Table 1).  All 

three facets were highly reactive, and S8 rings spontaneously dissociate completely to 
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Co4N or Co catalyst and the surrounding S covered N-doped graphene host material will 

build up. We hypothesize that this gradient equilibrates through Li diffusion and subsequent 

lithiation/de-lithiation via LiPS formation on the host material. This way, cycling will pass 

through the usual lithiation stages of S which is evident from the typical LiPS based cell 

potential profile. The better catalytic activity of Co4N over Co may arise from the presence of 

N at the surface, which has unsaturated bonds that bind more strongly to the LiPS 

intermediates.  

 

Figure 5 Electrochemical properties of Li-S batteries. (a) Cyclic voltammograms of h-

Co4N@NC/S electrodes for the first four cycles at 0.2 mV s-1. (b) Representative charge-

discharge voltage profiles. (c) Cycling at 0.1 C over 100 cycles of the h-NC/S, h-Co@NC/S, 

and h-Co4N@NC/S electrodes with sulfur loading of 1.5 mg cm-2. (d) Charge-discharge 

curves of the h-Co4N@NC/S composites at various current densities from 0.1 C to 8 C. (e) 

Rate performance of the composites. (f) Cycling performance of the h-Co4N@NC/S 

composite at high rates. 

The electrochemical storage properties of the h-NC/S, h-Co@NC/S, and h-Co4N@NC/S 

electrodes for Li-S batteries were characterized by coin cells employing a lithium plate as 

counter electrode. CV curves of the h-Co4N@NC/S electrode are shown in Figure 5a. There 






































