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1. Experimental  

Synthesis ZIF-67 cube. 580 mg of Co(NO3)2ꞏ6H2O was dissolved in 20 mL deionized 

water containing 30 mg CTAB as surfactant. Afterwards, the obtained solution was rapidly 

added into 140 mL aqueous solution with 9.08 g of 2-methylimidazole and vigorously 

stirred at room temperature for 60 min. The purple precipitate was collected by 

centrifugation and washed with ethanol and deionized water repeatedly.  

 

Synthesis of CPZ composite fabric. 0.2 g of the as-synthesized ZIF-67 powder was 

dispersed in 7.38 mL of dimethylformamide (DMF) solvent via sonication for 2 h, which 

was followed by the addition of different amounts of polyacrylonitrile (PAN, average MW 

15 w). The mixture was stirred over 24 h to form a homogeneous purple suspension. Then, 

the mixture solution was loaded into a syringe (10 mL) with a stainless-steel nozzle, which 

was connected to a high-voltage power supply. The high voltage, feeding rate, temperature 

and distance between the anode and cathode are controlled at 19 kV, 1.1 mL h-1, 25 °C and 

18 cm, respectively. The electrospun PZ composite fabric was then vacuum dried at 80 °C 

overnight, and subsequently carbonized at 900 °C with a ramping rate of 2 °C min-1 under 

the Ar atmosphere. The weight ratio of PAN to ZIF is varied from 10:1, 5:1, 3:1 to 2:1. 

 

Synthesis of CPZC composite fabric. The CPZC fabric was obtained by applying a 

Chemical Vapor Deposition (CVD) technology process following the thermostatic 

carbonization process of PZ composite fabric at 900 oC by using ethylenediamine as the 

gas precursor without any additional catalyst. The ethylenediamine gas velocity was 

controlled at 3 mL h-1 for CNT growth, while the CVD time was controlled by varying the 

amount of ethylenediamine (1 mL, 2 mL and 3 mL). The optimized CPZC fabric (PAN to 

ZIF ratio of 2:1 and ethylenediamine dosage of 3 mL) shows a density around 0.28 g cm-3. 

 

Fabrication of sulfur electrodes. Sulfur composites (S@CP, S@CPZ, and S@CPZC) 

were prepared by adding the 0.5 M S/CS2 solution into the obtained carbonaceous fabrics, 

which were dried under 60 oC for 6 h and further thermally treated at 155 oC for 12 h. The 

areal sulfur loading was around 1.5 mg cm-2 for regular electrodes, while higher sulfur 

loadings of 2.8, 5.1, 9.2, and 13.5 mg cm-2 were also prepared for higher energy density.  



 

Structural characterization. SEM (LEO FESEM 1530) and TEM (JEOL2010F 

TEM/STEM) were performed to investigate the morphologies and microstructures of the 

obtained samples. The XRD patterns were recorded by MiniFlex 600 Rigaku 

diffractometer. The pore structure was studied by nitrogen sorption (ASAP 2020 

micromeritics) based on Brunauer-Emmett-Teller theory. The Raman spectrometry was 

performed with a DXR Raman microscope. XPS spectra were collected by Thermo 

Scientific K-Alpha spectrometer to study the surface chemistry of the obtained samples. 

The UV-vis spectra were collected by Thermo Scientific GENESYS 10S 

spectrophotometer. The TGA study was performed by TA instruments Q500 at a heating 

rate of 5 °C min-1 under N2 atmosphere. 

 

Electrochemical characterization. The CR2032 coin cells were assembled by using 

sulfur composite electrode as cathode, Celgard 2325 membrane as separator, and lithium 

foil as anode in Ar-filled glove box with moisture and oxygen level lower than 0.5 ppm. 

The electrolyte contains 1M lithium bis(trifluoromethane) sulfonamide (LiTFSI) in a 

binary solvent of dimethoxymethane/1,3-dioxolane (DME/DOL, 1:1 by volume) with 2 

wt.% LiNO3 as additive. The electrolyte addition is 12 mL g-1
S for regular cells, while 

lower E/S ratios of 6, 4.5, and 3 mL g-1
S were also applied to pursue higher energy density. 

Galvanostatic and multi-rate cycling were performed on a LAND. The current density and 

specific capacity are calculated based on the mass of sulfur. The CV data was recorded by 

a Gamry 5000E workstation within the voltage range of 1.8-2.6 V (vs. Li+/Li) at a scanning 

rate of 0.1 mV s-1. The EIS study was also performed by Gamry 5000E workstation in 

frequency range of 0.1 Hz to 100k Hz with an amplitude of 5 mV. The symmetrical cells 

were assembled by using the obtained fabric as both cathode and anode with the electrolyte 

containing 0.5 M Li2S6. The CV curves of the symmetrical cells were recorded at a 

scanning rate of 50 mV s-1 in the potential range of -0.6 to 0.6 V. 

 

 

  



 

2. Figures and Tables  

 

 

Figure S1. SEM images of the obtained ZIF-67 nanocubes. 

  



 

 

Figure S2. XRD pattern of the obtained ZIF-67 nanocubes. 

  

10 20 30 40
(1

34
)

(2
22

)(0
1

1
)

(0
0

2
)

In
te

n
si

ty
 (

a
.u

.)

2Theta (degree)

ZIF-67

(0
11

)



 

 

Figure S3. Optical photographs of the obtained PAN (a), PZ (b), and CPZC (c) fabrics. 

  



 

 

Figure S4 SEM images of PAN (a, b) and PZ composite (c, d) fibers.  

  



 

 

Figure S5. XRD patterns of the obtained PAN and PZ composite fibers. 
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Figure S6. SEM images of PZ composite fiber with PAN to ZIF ratio of 10:1 (a, b), 5:1 (c, 
d), and 3:1 (e, f). 

 

  



 

 

Figure S7. SEM and TEM images of CPZ composite fibers with PAN to ZIF ratio of 10:1 
(a-c), 5:1 (d-f), and 3:1 (g-i). 

 

  



 

 

Figure S8. SEM images of CPZC composite fibers with different EDA usage of 1 mL (a), 
2 mL (b), and 3 mL (c).  

 

  



 

 

Figure S9. The increase of CNT content in CPZC composite fabric upon the EDA usage in 
the CVD process. The CNT weight content is calculated based on the mass variation before 
and after CVD process.  
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Figure S10. High-resolution TEM images showing the bamboo-like morphology and the 
highly graphitized carbon walls of the CNTs in CPZC composite fabric.  

 

  



 

 

Figure S11. SEM images showing the CNTs intertwining at the junctions of CPZC fibers. 

 

  



 

 

Figure S12. TEM images showing the high graphitized carbon in CPZ composite fabric.  

 

  



 

 

Figure S13. Electrical conductivities of the obtained CP, CPZ, and CPZC fabrics as well 
as their according sulfur composites. 
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Figure S14. Isotherm curves and pore distributions of CP (a, b) and CPZ (c, d) fabrics.  
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Figure S15. XPS survey spectrum of the obtained CPZC fabric. 
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Figure S16. Element mapping of the CNTs grown in the CPZC composite fabric.  

 

  



 

 

Figure S17. XPS spectra of S2p (a) and Li1s (b) for polysulfide adsorbed by CPZC.  
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Figure S18. The UV-vis spectra and optical images of polysulfide solution after adsorption 
by CP, CPZ, and CPZC fabrics. It should be noted that the solvent selection could affect 
the adsorption behavior since the polysulfide status varies in different solvent system.1-3 
However, such effect does not affect the conclusion here that the CPZC is the most 
polysulfide adsorptive, because the comparison was conducted in the same solvent system. 
The purpose of such solvent selection, namely, the DME/DOL binary system, is to simulate 
the real battery operational environment as far as possible. 

 

  



 

 

Figure S19. XRD pattern of the S@CPZC composite. 
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Figure S20. N2 adsorption/desorption isotherm of CPZC before and after sulfur loading. 
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Figure S21. Element mapping of S@CPZC composite. 

 

  



 

 

Figure S22. TGA analysis of S@CPZC composite. 
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Figure S23. The potential gaps in voltage profile and CV curve for different sulfur 
electrodes. The potential gap in voltage profile is defined as the potential difference 
between charge and discharge curves at their respective half-capacity (a); the CV-Low 
Voltage and CV-High Voltage refer to the potential gaps of the sulfur redox pairs at lower 
and higher potentials respectively (b). 
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Figure S24. Cycling performances of S@CPZ electrodes with different PAN to ZIF ratios 
at C/5 rate.  
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Figure S25. Cycling performances of S@CPZC electrodes with different EDA usages at 
C/5 rate. 
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Figure S26. (a, b) SEM images of the cycled S@CPZC electrode; (c,d) SEM and (e, f) 
TEM images of S@CPZC after washing by THF and CS2 to remove the sulfur species. 

 

  



 

 

Figure S27. EIS spectra of different sulfur electrodes. 
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Figure S28. CV curves of different polysulfide (PS)-based electrodes in symmetrical cells.  
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Figure S29. SEM images of thicker S@CPZC electrodes for higher sulfur loading of 2.8 
(a), 5.1 (b), and 9.2 mg cm-2 (c).  

  



 

 

Figure S30. Specific capacities of S@CPZC electrodes under raised sulfur loading at C/5 
rate. 
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Figure S31. Specific capacities at C/5 rate (a) and EIS spectra (b) of S@CPZC electrode 
with different E/S ratios under sulfur loading of 5.1 mg cm-2. 
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Figure S32. Cycling performance of S@CPZC electrode under high sulfur loading of 13.5 
mg cm-2 and low E/S ratio of 4.5 at C/20 rate.  
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Figure S33. Energy density comparison between the Li-S batteries based on S@CPZC 
electrode and those with other fibrous sulfur electrodes in recent publications (details in 
Table S2).  
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Table S1. Performance comparison between S@CPZC electrode and the very recently 
published fibrous sulfur electrodes 

Sulfur Electrode 
Cyclability Rate Capability 

Ref. 
Rate (C) Cycles 

Capacity 
(mAh g-1)

Rate (C) 
Capacity 
(mAh g-1) 

S@CNF 0.2 C 200 660 2 C 570 4 

S@SNHCSs 0.2 C 50 685 2 C 688 5 

S@TiO2/G/NPCFs 1 C 500 618 5 C 668 6 

S@NCFF 1 C 300 574 2 C 876 7 

S@f-CMWF 0.24 C 450 859 2.4 C 430 8 

S@NPCFs 5 C 500 427 5 C 540 9 

S@HCF 2 C 500 620 4 C 860 10 

S@HPCNF 0.5 C 300 700 0.5 C 800 11 

S@CO2-CNT 0.5 C 300 430 5 C 460 12 

S@CNF/rGO 1 C 500 457 2 C 581 13 

S@MVN@C NWs 1 C 200 636 10 C 543 14 

S@CNTF 0.2 C 1000 713 3.2 C 507 15 

S@rGO/CNT 0.1 C 100 416 0.5 C 313 16 

S@GO-CTA-CNT 0.26 C 300 557 0.26 C 827 17 

S@P-CNFs 1 C 200 720 2 C 670 18 

S@ROGNT 1 C 500 492 2 C 605 19 

S@ICFs/rGO 0.2 C 200 892 0.5 C 812 20 

S@SWCNT/PEDOT 0.5 C 250 550 2 C 500 21 

S@CPZC 1 C 2000 712 10 C 623 
This 
work

 

 

  



Table S2. The performance comparison between S@CPZC and representative sulfur 
electrodes with different morphologies. 

Electrode  
Morphology 

Cyclability Rate Capability 
Ref. Rate 

(C)
Cycles 

Capacity 
(mAh g-1)

Rate 
(C)

Capacity 
(mAh g-1) 

Yolk-shell carbon spheres 0.2 C 500 909 5 C 510 22

MnO2@Carbon hollow nanoboxes 1.8 C 200 503 2.4 C 496 23

Co-graphitic carbon nanocages 0.5 C 500 833 2 C 387 24

Co-carbon polyhedrons@rGO 0.18 C 300 949 3 C 497 25

“Sea Urchin”-like carbon 
superstructure 

1 C 1500 570 2 C 775 26 

Bamboo-like CNT@yolk-shell 
carbon spheres 

1 C 400 700 2 C 752 27 

Porous carbon rods 1 C 300 700 5 C 646 28

Highly crumpled N-graphene sheets 0.5 C 300 920 1 C 950 29

Pyrrole-modified graphene foam 0.5 C 100 798 5 C 300 30

3D coral-like N-S co-doped carbon 2 C 250 621 10 C 693 31

Hollow carbon foam 0.1 C 100 654 0.5 C 524 32

Amino-graphene@ multichannel 
carbon nanofiber 

0.2 C 200 950 2 C 363 33 

Honeycomb-like mesoporous carbon 
nanosheets 

0.5 C 500 506 2 C 580 34 

Hierarchical porous carbon 1 C 300 809 5 C 470 35

Stringed “tube on cube” 1C 2000 712 10 C 623 
This 
work

 

  



 

Table S3. Comparison between S@CPZC electrode and the high-sulfur-loading fibrous 
electrodes in recent publications 

Sulfur Electrode 
Loading 

(mg cm-2) 
Thickness

(μm) 

Areal 
Capacity 

(mAh cm-2)

E/S ratio
(mL g-1)

Gravimetric 
Energy 
Density  

(Wh kg-1)

Volumetric 
Energy 
Density  
(Wh L-1) 

Ref.

S@NG-CNT 4.7 160 5.17 10 191.9 166.4 36 

S@PCNFs 12 1020 13.5 20 109.7 82.5 37 

S@3D-CNT 19.1 200 19.3 - - - 38 

S@CNF@SWCNT 16 400 12.3 15 96.6 90.3 39 

S@NCF/RGO 8.8 30 6.6 9 150.9 158.8 40 

S@MWCNT 3.1 70 3.56 9.5 198.6 196.4 41 

S@CF 2.32 36 3.75 8.7 327.0 314.1 42 

S@CNT/NFC 8.1 210 8 30 65.7 63.6 43 

S@PCF/VN 8.1 - 10.61 20 127.4 - 44 

S@CNF  2.74 - 2.7 15 126.4 - 4 

S@SN-HCSs 2.5 68.5 3.5 32 89.2 84.7 5 

S@TiO2/G/NPCFs 4.8 - 3.9 - - - 6 

S@NCFF 3 2000 2.4 20 76.7 19.7 7 

S@HPCNF 12.1 300 11.3 - - - 11 

S@CNF/rGO 20.3 290 15.5  15.6 93.4 92.0 13 

S@MVN@C NWs 9.7 - 7.1 - - - 14 

S@CNTF 7.1 - 9 11 210.5 - 15 

S@GO-CTA-CNT 11.1 - 12.5 4 419.8 - 17 

S@G-HPC 3.6 - 4.26 11 196.8 - 45 

S@CPZC 13.5 160 14.2 4.5 360.9 348.1 
This 
work

Note: The energy densities are calculated at a system level covering the mass and volume 
of sulfur electrode, electrolyte, and lithium anode. Several assumptions were established 
in purpose of easier calculation as well as comparison: i) the density of electrolyte equals 
1 g mL-1; ii) nominal voltage of the batteries equals 2.15 V; iii) the lithium excess is 50%; 
iv) the total volume of the system sums up the volume of the components without regarding 
to the sparing space by electrolyte infiltration in porous structure.  
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