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S1 Experimental Section
Materials Characterizations: 
The crystal structure of the composites was tested by X-ray diffraction with Cu Kα radiation (XRD, D8 Advance). The surface elemental composition was analyzed by X-ray photoelectron spectroscopy (XPS, Thermo Scientific). The structure and morphology of samples were observed by transmission electron microscope (TEM, Tecnai F20). The spherical aberration-corrected HAADF-STEM images were collected was collected in the spherical-aberration corrected FEI titan cubed G2 60-300 operating at 300 kV. Thermogravimetric analysis (TGA) was obtained on a TG/DTA7300 analyzer at a heating rate of 10 °C min-1 under a N2 atmosphere. The UV-Vis spectra was measured using a SHIMADZU UV-3600 spectrophotometer. The specific surface area and pore size distribution of separators were analyzed by Brunauer-Emmett-Teller using a surface area analyzer (JW-BK100C).
Visualized Adsorption of Lithium Polysulfides:
Firstly, S and Li2S (molar ratio 5:1) were mixed and dissolved into DME to obtain 0.05 mol L-1 Li2S6, which was stirred at 60℃ for 48 h. The target materials (15 mg) were added to the prepared solution (1.5 mL) for 12 h, the UV-Vis absorption spectra were tested.
Li2S nucleation and dissolution:
S and Li2S with a molar ratio of 7:1 were mixed into Li-S electrolyte (0.5 M LiTFSI and 0.5 M LiNO3 additive, DOL: DME = 1:1, v:v) and stirred at 60 ℃ for 24 h to obtain 0.2 M Li2S8 solution. 20 μL Li2S8 was injected into the cathode and 20 μL Li-S electrolyte was dropped into the lithium anode. A constant current of 0.112 mA was used to discharge to 2.06 V, and then discharge at constant voltage (2.02 V) to below 10-5 A. For the dissolution tests, the assembled cells were first galvanostatically (0.1 mA) discharged to 1.70 V. Then, the battery was charged at 2.35 V until 30000 s for the sufficient dissolution of Li2S. 
Preparation of Separator:
70% active material of the cathode, 20% carbon black, and 10% polyvinylidene fluoride (PVDF) were mixed in N-methyl-2-pyrrolidone (NMP), and the mixture was pasted onto celgard 2500 membrane and dried at 50 °C for 8 h to obtain the modified separator. 
Electrochemical Tests:
80% S/CNT, Super P, and PVDF (7:2:1 wt%) were completely mixed into a slurry, coated onto a piece of carbon-coated Al foil, and then vacuum dried under 50 oC for 6 h. The obtained cathode was cut into disks (diameter of 12 mm) with the S mass loading of 1~2 mg cm-2. The areal loading for the interlayer was approximately 0.3 mg cm-2. The electrolyte/sulfur (E/S) ratio was·maintained at 30~40 µL mg-1 for each cell. The battery was assembled with lithium metal as cathode, 80% S/CNT as the anode, modified separator, 0.5 M LiTFSI in DME/DOL (1:1, vol%) solvent and 0.5 M LiNO3 as electrolyte. The galvanostatic charge/discharge test (1.7-2.8 V) was conducted on the LAND CT3001A battery testing system instrument. CV was tested at 0.1~0.5 mV s-1 and a scan range from 1.7 to 2.8 V vs. Li/Li+ and EIS (100 kHz to 0.01 Hz) was obtained on a CHI760E electrochemical workstation (Chenhua, Shanghai, China).
The ionic conductivity can be determined using the following equation:
                                        (S-1)
where d (cm) and A (cm2) are the thickness and area of the separator, and R (Ω) is the bulk resistance.
The calculation of the Li-ion transference number ()is specifically carried out using Bruce and Vincent's correction formula.

where  represents the initial current value;  stands for the constant current value; ΔV is the applied constant potential difference value (10 mV);  is the interface impedance before polarization, and  is the interface impedance after polarization.
Methods
We have employed the first-principles [S1, S2] to perform density functional theory (DFT) calculations within the generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) formulation [S3]. We have chosen the projected augmented wave (PAW) potentials [S4-S6] to describe the ionic cores and take valence electrons into account using a plane wave basis set with a kinetic energy cutoff of 520 eV. The GGA+U method was adopted in our calculations. The value of the effective Hubbard U was set as 4.615 eV for Co Partial occupancies of the Kohn-Sham orbitals were allowed using the Gaussian smearing method and a width of 0.05 eV. The electronic energy was considered self-consistent when the energy change was smaller than 10−5 eV. A geometry optimization was considered convergent when the energy change was smaller than 0.05 eV Å-1. The Brillouin zone integration is performed using 2×2×1 Monkhorst-Pack k-point sampling for a structure. Finally, the adsorption energies (Eads) were calculated as Eads=Ead/sub -Ead -Esub, where Ead/sub, Ead, and Esub are the total energies of the optimized adsorbate/substrate system, the adsorbate in the structure, and the clean substrate, respectively. The free energy was calculated using the equation:
G=Eads+ZPE-TS
where G, Eads, ZPE and TS are the free energy, total energy from DFT calculations, zero point energy and entropic contributions, respectively, where T is set to 300K.
S2 Supplementary Figures and Tables
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[bookmark: OLE_LINK6]Fig. S1 Schematic illustration of the P-CS-Vo-0.5 fabrication process
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Fig. S2 (a) EPR spectra, and (b) the corresponding vacancy concentration of different samples
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Fig. S3 Optimized configurations of sulfur species absorption on CS-Vo-0
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Fig. S4 Optimized configurations of sulfur species absorption on CS-Vo-0.1
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Fig. S5 Optimized configurations of sulfur species absorption on CS-Vo-0.5
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Fig. S6 Optimized configurations of sulfur species absorption on CS-Vo-1
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Fig. S7 the calculated adsorption energy of sulfur species
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Fig. S8 Schematic diagram of vacancies in different positions of (a) CS-Vo-0.5 and the formation energies of vacancies in different positions
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Fig. S9 Crystal structure of (a) N-CS-Vo-0.5, (b) S-CS-Vo-0.5, (c) O-CS-Vo-0.5 and (d) P-CS-Vo-0.5
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[bookmark: OLE_LINK16][bookmark: OLE_LINK21]Fig. S10 Schematic diagram of vacancies in different positions of (a) P-CS-Vo-0.5 and (b) the formation energies of vacancies in different positions
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Fig. S11 Schematic illustration of the synthesis of P-CS-Vo-0.5
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Fig. S12 The formation energy of the P substituted position
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[bookmark: OLE_LINK22]Fig. S13 TEM image of (a) TA-ZIF-67, (b) CS-Vo-0, (c) CS-Vo-0.5 and (d) P-CS-Vo-0.5
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Fig. S14 (a) HAADF image and corresponding EDS image and (b) the proportion of elements in different locations of CS-Vo-0
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Fig. S15 (a) HAADF image and corresponding EDS image and (b) the proportion of elements in different locations of CS-Vo-0.5
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Fig. S16 (a) HAADF image and (b) the proportion of elements in different locations of P-CS-Vo-0.5
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Fig. S17 (a) HRTEM image and (b) SAED image of P-CS-Vo-0.5
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[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Fig. S18 AC-HADDF-STEM images and line-scanning intensity profile acquired from the blue line of (a) CS-Vo-0 and (b) CS-Vo-0.5
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Fig. S19 The L3/L2 ratio of Co L-edge.
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Fig. S20 The corresponding vacancy concentration of different samples
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[bookmark: OLE_LINK10][bookmark: OLE_LINK11]Fig. S21 N2 adsorption-desorption isotherms and pore distribution of (a, d) CS-Vo-0, (b, e) CS-Vo-0.5 and (c, f) P-CS-Vo-0.5
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[bookmark: OLE_LINK2][bookmark: OLE_LINK3]Fig. S22 SEM image of (a) PP and (b) P-CS-Vo-0.5 separator, (c) the cross-sectional SEM image of P-CS-Vo-0.5 separator
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[bookmark: OLE_LINK4][bookmark: OLE_LINK5]Fig. S23 (a) The digital photo of P-CS-Vo-0.5 separator, (b) the contact angle between the electrolyte and different separators PP and P-CS-Vo-0.5
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Fig. S24 XPS of (a) Co 2p and (b) Se 3d (c) P 2p
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[bookmark: OLE_LINK14][bookmark: OLE_LINK15]Fig. S25 Corresponding dimensionless transient curves of (a) CS-Vo-0 and (b) CS-Vo-0.5
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Fig. S26 XRD patterns of (a) CNT and (b) S/CNT, (c) TG curves of S/CNT
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Fig. S27 Tafel plots derived from CV curves calculated from the (a) Peak A, (b) Peak B, (c) Peak C
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Fig. S28 Contour plots of CV patterns for CS-Vo-0.5
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[bookmark: OLE_LINK9]Fig. S29 CV peak currents vs. square root of scan rate of (a) Peak A, (b) Peak B, and (c) Peak C with CS-Vo-0, CS-Vo-0.5 and P-CS-Vo-0.5
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Fig. S30 Lithium ion diffusion coefficient
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[bookmark: OLE_LINK17][bookmark: OLE_LINK18]Fig. S31 DC polarization curves of the (a) P-CS-Vo-0.5, (b) CS-Vo-0.5 and (c) CS-Vo-0; the inset shows the initial and steady-state Nyquist plots
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Fig. S32 EIS curves and inset illustrates the lithium-ion conductivity of the batteries
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Fig. S33 EIS measurements at various temperatures of Li-S batteries with different catalysts: (a) CS-Vo-0, (b) CS-Vo-0.5 and (c) P-CS-Vo-0.5
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Fig. S34 Activation energies for the step from Li2S4 to Li2S2 of the sulfur redox reactions
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Fig. S35 Crystal structure of CS-Vo-0, CS-Vo-0.5 and P-CS-Vo-0.5
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Fig. S36 (a) In situ EIS Nyquist plots of battery with separator. DRT contour plots calculated from EIS measurements during (b) discharge and (c) charge process at different voltages of CS-Vo-0.5.
[image: ]
Fig. S37 (a) Nyquist plot of P-CS-Vo-0.5 and CS; (b) DRT plot of the impedance data shown in (a)
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Fig. S38 GCD curves of (a) CS-Vo-0 and (b) CS-Vo-0.5
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Fig. S39 The corresponding magnified curves in the stages of (a) nucleation of Li2Sx and (b) decomposition of Li2S
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[bookmark: OLE_LINK19][bookmark: OLE_LINK20]Fig. S40 SEM images of the separator and digital photos of the lithium tablets after cycles of the (a) CS-Vo-0, (b) CS-Vo-0.5 and (c) P-CS-Vo-0.5
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Fig. S41 Comparison of electrochemical performance with the reported P-CS-Vo-0.5 and recent relevant literature
Table S1 The elemental ratio of cobalt, selenium and phosphorus of the samples.
	Sample
	Co
	Se
	P

	CS-Vo-0
	1
	1.92
	/

	CS-Vo-0.1
	1
	1.85
	/

	CS-Vo-0.5
	1
	1.72
	/

	CS-Vo-1
	1
	1.65
	/

	P-CS-Vo-0.5
	1
	1.70
	0.10
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