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Supplementary Experimental

Materials characterization

The structure and morphology of the as-prepared samples were characterized using high-

resolution transmission electron microscopy (HRTEM, JEOL JEM–2100, accelerating 

voltage=200 kV) and aberration-corrected high-angle annular darkfield scanning transmission 

electron microscope (HAADF-STEM, JEOL JEM–ARM200F, operated at 200 kV). The 

crystalline structures of all the samples were identified by using Shimadzu XRD–6000 

diffractometer (Cu Kα source, λ = 1.5418 Å). X-ray photoelectron spectroscopy (XPS) was 

carried out on Thermo Electron ESCALAB 250. X-ray absorption fine structure (XAFS) 

measurement and data analysis: XAFS spectra at the Co K-edge were measured at the beamline 

1W1B station of the Institute of high energy physics (Chinese academy of sciences, China). 

The Co K-edge XANES data of Co–N–C/AC was recorded in a fluorescence mode and the 

references (CoO and Co foil) were recorded in a transmission mode. The storage ring was 

operated at an energy of 2.5 GeV with an average electron current of 250 mA. The hard X-ray 

was monochromatized with Si (111) double-crystals. The obtained extended X-ray absorption 

fine structure (EXAFS) data were processed with the ATHENA module. The k3-weighted 

EXAFS spectra in the k-space ranging from 2–10.5 Å−1 were Fourier-transformed to real (R) 

space using hanging windows.

Symmetrical cell assembly and measurements

Symmetrical cells were fabricated with the standard 2032 coin-type by using two identical 

electrodes without sulfur loading, Celgard 2325 polypropylene membrane, and Co–N–C/AC 

modified membrane as the separator. CV measurements were performed between -0.8 V and 

0.8 V at a scan rate of 5 mV s-1. EIS spectra were recorded with scan frequency from 100 kHz 

to 0.01 Hz at open circuit potential on CHI 660 electrochemical workstation.

Computational Method

For each step of Figure 5, the reaction Gibbs free energy ∆G is defined by Eq. (1).
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                         ∆G = ∆E + ∆ZPE - T∆S                                                                             (1)

where ΔE is the binding energy, ΔZPE is the change in zero-point energy, T is the temperature, 

and ΔS is the entropy change. At low temperatures, the entropy contributions to ΔG are small, 

and the value of ΔS is set at zero. The binding energy between the Li2Sx (x=8, 6, 4, 2, 1) and 

the substrate is defined by Eq. (2).

                         Ebinding = Esub + ELi2Sx - ELi2Sx@sub                                                               (2)

where ELi2Sx@sub is the total energy of a substrate with an adsorbed Li2Sx intermediate, Esub is 

the total energy of substrates, and ELi2Sx is the total energy of a single Li2Sx intermediate in 

the vacuum. The initial state Li and S atom are deemed a bulk phase.
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Figure S1. HRTEM images of (a) AC, (b) Co-N-C/AC. TEM images of (c) AC and (d) Co-N-

C/AC. SEM images of (e) AC and (f) Co-N-C/AC.
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Figure S2. N2 adsorption-desorption analysis.
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Figure S3. XRD pattern of AC and the Co–N–C/AC.
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Figure S4. Raman spectra of Co-N-C/AC.



8

0 1 2 3 4 5 6

 
|F

T(k
3 χ(

k)
)| (

a.
u.

) 

R (Å)

 Co-N-C/AC
 Fit

Figure S5. Corresponding EXAFS fitting curves of the Co–N–C/AC at R space.

Figure S6. Photographs of the bare, N–C/AC, and Co–N–C/AC separators.
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Figure S7. Co–N–C/AC modified separator at bending state and after recovery.

Figure S8. Contact angle measurement of Li–S electrolyte on the surface of (a) the bare and 

(b) Co-N-C/AC modified separators.
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Figure S9. Electrochemical impedance spectra of the symmetric cells that based on the bare 

separator, the N–C/AC modified separator, and the Co–N–C/AC modified separator.

Figure S10. Electrochemical impedance spectra of the Li–S batteries based on the bare and 

the Co–N–C/AC modified separators before and after cycling.
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Figure S11. The cycling performance of the Li-S batteries based on the Co-N-C/AC modified 

separator with high-sulfur-loading in cathode.
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Figure S12. Density of states (DOS) diagrams of N–C, Co–N–C, and atomic projected DOS 

for Co atom. The Fermi levels (the vertical dashed line) are set to zero.
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Table S1. EXAFS fitting parameters at the Co K-edge for Co-N-C/AC.

Sample Path C.N. R(Å) σ2 (×10-3Å2) R factor

Co-N-C/AC Co-N 3.6 1.87 0.009 0.007

C.N. is the coordination number; R is the interatomic distance (the bond length between central 

atoms and surrounding coordination atoms); σ2 is the Debye-Waller factor (a measure of 

thermal and static disorder in absorber-scatter distances). R factor is used to value the goodness 

of the fitting. 

This value was fixed during EXAFS fitting, based on the known structure. Error bounds that 

characterize the structural parameters obtained by EXAFS spectroscopy were estimated as N ± 

20%; R ± 1%; σ2 ± 20%; ΔE0 ± 20%. Co (FT range: 2.0-10.0 Å-1; fitting range: 0.8-2.8 Å)

Table S2. Electrochemical properties of various functional separators in Li-S batteries.

Materials

Mass 
loading of 
the coating
(mg cm-2)

Sulfur 
Loading

(mg cm–2)

Initial 
capacity 

(mAh g–1)

C Rated / 
Cycle

Number

Capacity 
deacy
(%)

Ref.

Ketjen Black 0.5 1.5-2.0 1350 0.5/500 0.09 1
Black 
Phosphorus 0.4 1.0-1.5 930 0.5/100 0.14 2

GO 0.12 1.5-2.0 920 0.1/500 0.23 3
MoS2 - - 808 0.5/600 0.083 4
Co9S8 0.16 - 869 1/1000 0.039 5
CNT@ZIF 0.9 1.2 1588.4 0.2/100 0.45 6
LDH/graphene 0.3 1.1-1.3 851 2/1000 0.06 7
CP/ CoFe2O4 - 1.72 733 1/1000 0.043 8
SC-Co - 1.2 1130 0.5/300 0.086 9
Co-
Nx@NPC/G 0.2 - 964 2/500 0.087 10

Co-N-C/AC 0.5 2.0 1169 1/500 0.043 This 
work

Table S3. Comparison of different rechargeable battery technologies with Li–S batteries.
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Battery Materials

Theoretical 
Specific 
Energy 

[W h kg−1]

Capacity 
(mA h g–1)

Cycle 
Number

Capacity 
Retention 

(%)
Ref.

Li-ion Li||g-C3N4 /LiCoO2 140 130 200 72.9 11
Na-S Na||Ni-MOF/S 760 598 1000 58 12
Zinc-ion Zn||D-MnO2 820 388 500 - 13
Zn-O2 Zn||GNCNTs/O2 1320 801 - - 14
Li–O2 Li||GPE/PSSE/O2 3500 1250 194 100 15

Li-S Li||Co-N-C/AC/S 2567 1169 500 78.8 This 
work
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