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Supplementary Figure 1. (a) (c) (e) Low-magnification SEM image and (b) (d) (f) high-

magnification SEM image of PS@ZIF-1, PS@ZIF-2 and PS@ZIF-3. 
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Supplementary Figure 2. XRD pattern of PS@ZIF-1. 
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Supplementary Figure 3. Low-magnification (a) and high-magnification (b) SEM image of 

rGO@ZIF; Low-magnification (c) and high-magnification (d) SEM image of MnO2@ZIF; (e) XRD 

pattern of rGO and rGO@ZIF; (f) XRD pattern of MnO2 and MnO2@ZIF. 
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Supplementary Figure 4. SEM image of the CoSA-HC. 
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Supplementary Figure 5. (a, c) aberration-corrected HAADF-STEM images and (b, d) enlarged 

images of the CoSA-HC. 
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Supplementary Figure 6. TEM and EDS mapping images of nitrogen-doped hollow porous carbon 

(HC). 
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Supplementary Figure 7. TEM and EDS mapping images of cobalt nanoparticles/nitrogen-doped 

hollow porous carbon (CoNP-HC). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



9 
 

 

Supplementary Figure 8. XRD patterns of CoSA-HC (a), HC and CoNP-HC (b). 
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Supplementary Figure 9. N2 adsorption–desorption isotherms (a) and the corresponding pore size 

distribution (b) of CoSA-HC particles; (c) N2 adsorption–desorption isotherms of HC and CoNP-HC 

particles. 
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Supplementary Figure 10. Raman spectra of CoSA-HC, HC and CoNP-HC. 
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Supplementary Figure 11. (a) SEM image, (b) TEM image and (c) HAADF image and STEM 

element mapping images of Se@CoSA-HC. 
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Supplementary Figure 12. XRD patterns of Se and Se@CoSA-HC. 
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Supplementary Figure 13. TGA curves of Se@CoSA-HC, Se@HC, Se@CoNP-HC and Se@CoSA-

HC with high Se loading. 
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Supplementary Figure 14. C 1s XPS spectra of CoSA-HC. 
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Supplementary Figure 15. CV curves of Se@CoSA-HC at a scan rate of 2.0 mV/s after 10th and 

100th cycle. 
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Supplementary Figure 16. (a) Rate performance of Se@CoSA-HC at various current densities from 

0.1 to 50 C. (b) Rate performance of Se@HC and Se@CoNP-HC at various current densities from 0.1 

to 5 C. 
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Supplementary Figure 17. (a) The charge–discharge voltage profiles of Se@CoSA-HC at various 

current densities from 0.1 to 50 C. (b) The charge–discharge voltage profiles of Se@HC at various 

current densities from 0.1 to 5 C. (c) The charge–discharge voltage profiles of Se@CoNP-HC at 

various current densities from 0.1 to 5 C.  
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Supplementary Figure 18. Rate performance of Se/rGO and Se/MnO2 at various current densities 

from 0.1 to 2 C.  
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Supplementary Figure 19. Rate performances of CoSA-HC at various current densities from 0.1 to 

5 C. 
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Supplementary Figure 20. Cycling performance of Se@HC and Se@CoNP-HC at 0.5 C. 
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Supplementary Figure S21. Cycling performance and Coulombic efficiency for Se@CoSA-HC with 

areal loading of selenium about 5 mg/cm2 at 0.2 C for 100 cycles. 
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Supplementary Figure 22. Cycling performance of Se@CoSA-HC with high Se loading at 0.2 C (a) 

and 0.5 C (b). 
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Supplementary Figure 23. Long cycle performance and coulombic efficiency of Se@CoSA-HC at 5 

C. 
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Supplementary Figure 24. Long cycle performance and coulombic efficiency of Se@CoSA-HC at 

20 C. 
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Supplementary Figure 25. (a) C 1s, (b) Se 3d and (c) N 1s XPS spectra of Se@CoSA-HC electrode 

after the 1st discharge-charge cycle at 3.0 V. 
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Supplementary Figure 26. EIS measurements of Se@CoSA-HC composite for the Li-Se battery. (a) 

a typical discharge and charge profiles at 0.1 C (1st cycle, each point represents an EIS measurement). 

(b) EIS data at various discharging/charging stages. (c) The ohmic (R0), charge transfer resistance 

(R1), interfacial layer (R2) resistances plotted versus various discharging/charging stages and inset is 

the equivalent circuit for fitting. 
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Supplementary Figure 27. Typical Nyquist plots collected at (a) fresh, (b) 1st discharge to 2.1 V, 

(c) 1st discharge to 1.9 V, (d) 1st discharge to 1.6 V, (e) 1st discharge to 1.0 V, (f) 1st charge to 1.8 

V, (g) 1st charge to 2.1 V, (h) 1st charge to 2.2 V, (i) 1st charge to 2.6 V and (j) 1st charge to 3.0 V. 
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Supplementary Figure 28. (a) (b) TEM images and (c) (d) (e) (f) STEM element mapping images 

of the Se@CoSA-HC cathode after cycling performance at 0.5 C for 1700 cycles. 
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Supplementary Figure 29. EIS spectra of Se@CoSA-HC at open-circuit potential before cycling, 

after 1st cycle, 2nd cycle, 5th cycle, 10th cycle and 50th cycle at 0.1 C.  
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Supplementary Figure 30. EIS spectra of Se@CoSA-HC at open-circuit potential after 1st cycle, 2nd 

cycle, 5th cycle, 10th cycle and 50th cycle at 2 C.  
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Supplementary Figure 31. EIS spectra of Se@CoSA-HC at open-circuit potential after 1st cycle, 2nd 

cycle, 5th cycle, 10th cycle and 50th cycle at 5 C.  
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Supplementary Figure 32. EIS spectra of Se@CoSA-HC at open-circuit potential after 1st cycle, 2nd 

cycle, 5th cycle, 10th cycle and 50th cycle at 20 C.  
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Supplementary Figure 33. (a) Galvanostatic intermittent titration technique (GITT) testing during 

the charge/discharge process. (b) The diffusion coefficients DLi
+ of Se@CoSA-HC and Se@HC 

cathode calculated from GITT plots. 
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Supplementary Figure 34. EIS spectra of Se@CoSA-HC and Se@HC at open-circuit potential.  
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Supplementary Figure 35. (a, c) aberration-corrected HAADF-STEM images and (b, d) enlarged 

images of the Se@CoSA-HC cathode after 1700 cycles. 
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Supplementary Figure 36. Visual observation of lithium polyselenide dissolution in the electrolyte 

before and after cycling (3 cycles) using two types of cycled cathodes for a comparison. (a) H-type 

cell for Li–Se batteries, (b) cycled bare Se@HC cathode before test, (c) cycled bare Se@HC cathode 

after test, (d) cycled Se@CoSA-HC cathode (after 1700 cycles) before test, (e) cycled Se@CoSA-HC 

cathode after test. 
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Supplementary Figure 37.  Structures of NC (a) and Co-NC (b) used in first-principles calculations. 
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Supplementary Figure 38. Schematic illustrations of the electrode reaction mechanism of 

Se@CoSA-HC.  
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Supplementary Table 1. EXAFS data fitting results of CoSA-HC and CoPc. 

Sample Path N R (Å) σ2(10-3 Å2) 

CoSA-HC Co-N 3.3 1.89 3.7 

CoPc Co-N 4 1.91 2.5 

N: coordination number; 

R: distance between absorber and backscatter atoms; 

σ2: the Debye-Waller factor value. 
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Supplementary Table 2.  Comparison of electrochemical performance of various carbon based Se 

cathodes reported for Li-Se batteries with the results of the present study. 

 

 

 

 

 

 

 

 

 

Sample Se 

Content 

(Wt.%) 

Reversible capacity (mAh 

g-1)/Rate)/Cycle number 

(a1C=675 mAh g-1)  

Rate capability (mAh g-1) 

/ Rate 

Reference 

Se/mesoporous 

carbon 

30 480/0.25C/1000th 490/0.1C, 225/5C, 1 

Se/CMK-3 49 600/0.1C/50th  

304/1C/500th 

486/1C, 311/5C 2 

Se/carbide derived 

carbon 

62 480/0.2C/150th 460/0.1C, 310/2C 3 

Se/porous carbon 

nanofibers 

52.3 643/0.075C/100th  

516/0.75C/900th 

637/0.15C, 306/6C 4 

Se/mesoporous 

carbon with 

graphene 

62 385/1C/1300th 650/0.1C, 274/3C 5 

Se/metal−organic 

framework derived 

hollow  

carbon spheres 

49 261/0.5C/500th 315/0.2C, 175/5C 6 

Se/ porous carbon 

microcubes 

50 308/0.2C/460th, 

231/0.5C/460th, 

166/2C/460th 

420/0.2C, 225/5C 7 

Se/dual-doped 

hierarchical porous 

carbon 

48 545/0.5C/1500th 575/0.5C, 358/20C 8 

Se/microporous 

carbon  

56 249/1C/3000th 500/0.1C, 241/5C 9 

Se/C composites 54 430/0.15C/250th 600/0.06C, 280/1.8C 10 

Se/metal−organic 

framework derived 

carbon  

60 588/0.5C/300th 696/0.5C, 568/10C 11 

Se/ porous carbon 

polyhedrons 

 

60 462/0.5C/1000th  564/0.5C, 409/15C 12 

Se@CoSA-HC 57 564/0.1C/100th, 

340/5C/1500th, 

237/20C/2500th 

267/50C/5000th 

613/0.1C,385/20C, 

311/50C 

This work 

Se@CoSA-HC 73 242/0.2C/100th  

220/0.5C/100th 

 This work 
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Supplementary Table 3. The resistance values obtained from the typical Nyquist plots collected at 

different discharge-charge state. 

Number State R0 (ohm) R1(ohm) R2(ohm) 

1 fresh 29 70 190 

2 1st discharge to 2.1 V 32 92.15 465 

3 1st discharge to 1.9 V 21 30 35 

4 1st discharge to 1.6 V 18 30 30 

5 1st discharge to 1.0 V 30 15 20 

6 1st charge to 1.8 V 27 20 20 

7 1st charge to 2.1 V 20 40 30 

8 1st charge to 2.2 V 20 35 35 

9 1st charge to 2.6 V 20 29 32 

10 1st charge to 3.0 V 21 35 30 
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Supplementary Table 4. Reaction energies (in eV) of each step for the Se8 and polyselenide Li2Sen 

electrochemical reduction on NC and Co-NC systems. 

 Step Reduction reactions 
Gibbs free energy 

ΔG(eV) 

NC 

1 Se8/NC+2Li=Li2Se8/NC -4.94 

2 Li2Se8/NC=Li2Se6/NC+0.25Se8 -0.06 

3 Li2Se6/NC=Li2Se4/NC+0.25Se8 0.11 

4 Li2Se4/NC=Li2Se2/NC+0.25Se8 0.45 

5 Li2Se2/NC=Li2Se/NC+0.125Se8 0.96 

Co-NC 

1 Se8/HC+2Li=Li2Se8/HC -2.36 

2 Li2Se8/HC=Li2Se6/HC+0.25Se8 -0.20 

3 Li2Se6/HC=Li2Se4/HC+0.25Se8 0.22 

4 Li2Se4/HC=Li2Se2/HC+0.25Se8 0.77 

5 Li2Se2/HC=Li2Se/HC+0.125Se8 0.85 
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Supplementary Table 5. DFT calculations of the configurations and Li-Se bond length (Å) of 

lithium polyselenides on NC and Co-NC supports. The brown, pink, green, blue, and cyan balls 

represent C, Se, Li, N, and Co atoms, respectively. 

NC Configurations and Li-Se bond 

length (Å) 

Co-NC Configurations and Li-Se bond length 

(Å) 
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Supplementary Note 1 

High-power lithium-selenium batteries enabled by atomic cobalt 

electrocatalyst in hollow carbon cathode 

Tian et al. 
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Galvanostatic intermittent titration technique (GITT) testing was employed to determine the diffusion 

coefficient in Li-Se batteries. In this characterization, GITT was carried out with a current pulse of 

50 mA g-1 for 1h followed by a 3 h relaxation process to achieve a balance state during the 

charge/discharge processes. The diffusion coefficient (DLi
+) was calculated based on the equation (1) 

as follows: 

22 24
( ) ( ) ( / )sB M

Li Li

B

Em V
D L D

M A E




+ +


= 


                         Supplementary Equation 1 

Where τ is the duration time of the current pulse, mB is the mass of the active material, VM is the 

molar volume (16.45 cm3 mol-1), MB is the molecular weight (78.97 g mol-1) and A is the total 

contacting area of electrode with electrolyte (1.13 cm2). ΔES is the difference between two 

consecutive stable voltages after relaxation, ΔEτ is the transient voltage-change during a single 

titration step and the L is the thickness of the cathode.  
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Supplementary Note 2 

High-power lithium-selenium batteries enabled by atomic cobalt 

electrocatalyst in hollow carbon cathode 

Tian et al. 
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The exchange current density i0 was calculated by the Butler–Volmer equation (2) as follows: 

          0 / cti RT nFAR=
                                   Supplementary Equation 2 

Where R is the gas constant (8.3145 J/mol/K) and T is the absolute temperature. The n is the number 

of transferred electrons; F is the Faraday constant (96485 C/mol). A is the surface areas and Rct is 

charge transfer resistance.  
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