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Supplementary methods

Visual LiPSs adsorption tests

Li,S¢ was selected as a representative of LiPSs to perform the adsorption tests. The
Li,S¢ solution was prepared by dissolving LixS and S (1:5, molar ratio) in the mixture
of DME/DOL (1:1, v/v) solvents, leading to a concentration of 4.0 mM. Afterward, 20
mg of HD-V-SACs or NC were added into 2.5 mL Li>S¢ solution. The adsorption tests
were carried out in an Ar-filled glove box (Mbraun).

Assembly of symmetric cells

The slurry was obtained by adding the as-prepared catalysts and PVDF (8:2, mass ratio)
into N-methyl-2-pyrrolidone (NMP), followed by agitation at room temperature for 0.5
h. The electrode sheets were then prepared by coating the slurry onto a carbon-coated
aluminum (Al) foil that was subsequently dried at 60 °C for 12 h in vacuum. The
electrode sheet was cut into circular disks of 12 mm in diameter with a mass loading of
~0.8 mg cm 2. CR2032-type symmetric cells were assembled in an Ar-filled glove box
(Mbraun) using the two pieces of identical electrode disks as the working and counter
electrodes, 30 uL of 0.5 M LixS¢ as the electrolyte and a Celgard-2500 membrane as
the separator. The Li>Se electrolyte was obtained by dissolving Li>S and S (1:5, molar
ratio) in the mixture of DME/DOL (1:1, v/v) and 1 M LiTFSI. Cyclic voltammetry (CV)
measurements of the symmetrical cells were conducted at a scan rate of S mV s™! in the
potential window of —1.0 ~ 1.0 V.

Li2S nucleation and dissolution tests

0.2 M LixSg electrolyte was firstly prepared by dissolving Li>S and S (1:7, molar ratio)
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in the mixture of DME/DOL (1:1, v/v) and 1 M LiTFSI. Li2S nucleation experiments
were performed in CR2032 coin cells consisting of the above-mentioned circular disk
electrode as the cathode (diameter: 12 mm, mass loading: ~0.8 mg cm), a Li foil as
the anode, and a Celgard-2500 membrane as the separator. Specifically, 20 uL. of 0.2 M
Li>Ss electrolyte were spread onto the cathode, and then 20 pL traditional electrolyte
(i.e., 1 M LiTFSI in DME/DOL (1:1, v/v) with 2 wt% LiNO3) were drop-cast onto the
Li anode. The cell was firstly discharged to 2.10 V at a current of 25 mA, and then
potentiostatically discharged at 2.05 V until the current density decreased to 0.01 mA.
For Li;S dissolution measurements, the assembled cell was galvanostatically
discharged to 1.80 V at 25 mA and then potentiostatically charged to 2.38 V until the
charge current density was below 0.01 mA.

In-situ Raman spectroscopy measurements

The in-situ Raman spectroscopy measurements (Nanophoton, wavelength: 532 nm)
were conducted using a home-made electrochemical cell with a transparent quartz
window (Tianjin Aida Technology Co. Ltd). In this case, the Li foil counter electrode
was placed close to the quartz window to facilitate the collection of LiPSs Raman
signals from the anode side. To enable the laser to pass through the window to acquire
Raman signals, a hole of 6 mm in diameter was opened in the Li foil (Fig. 4d). The Li-
S cell was discharged at 0.5 C during the measurements.

Density functional theory (DFT) calculations

All calculations were performed based on the density functional theory (DFT) method

under periodic boundary conditions, in complement to the Vienna Ab-initio Simulation
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Package (VASP).5! The projector augmented wave (PAW) method with a generalized
gradient approximation based on the Perdew-Burke-Erzerhof (PBE) exchange
correlation functional was adopted. Integration in the Brilliouin zone was performed on
the basis of the Monkhorst-Pack scheme using a [” centered 3 % 3 x 1 k-point mesh in
each primitive lattice vector of the reciprocal space for optimization. The convergence
criterion for the electronic structure iteration was set to be 10 eV, and that for
geometry optimization was set to be 0.05 eV A™!' on force. The plane-wave cutoff
energy of 500 eV was used. Lattice parameters and internal atomic positions were fully
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optimized. The D3 method developed by Grimme>* was employed to describe the van

der Waals (vdW) dispersion.
The reaction Gibbs free energy AG was defined as follows:
AG = AE + AZPE —TAS (S1)

where A4E is the binding energy, 4ZPE represents the change in zero-point energy, T’
stands for the temperature, and A4S denotes the entropy change. At low temperatures,

the contribution of entropy to AG is small, and therefore the value of 45 is set to zero.

A reduction process of Sg to Li2S can be expressed as follows:

1 &) 3 T4 Ts
Sg + 2Li = Li,Sg — LiySg = Li,S, — Li,S, = Li,S (S2)

Accordingly, the free energy change of each reaction step was calculated according

to the following equations:
AGrl = E(* LiZSS) - E(*) - E(SB) - ZE(Li) + Gcorr(* LiZSS) (83)

. . 1 . .

AG,, = E(* LiySg) — E(x Li,Sg) + ZE(SS) + Georr(* LizSe) — Georr (% LizSg) (S4)
. . 1 . .

AG,3 = E(* LLZS4) - E(* LlZS6) + ZE(SS) + Gcorr(* LlZS4) - Gcorr(* LlZS6) (SS)

. . 1 . .
AGry = E(* LiyS;) — E(x LipSy) + ZE(SS) + Gcorr(* Li,S;) — Gcorr(* Li,S,) (S6)
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AGyps = E(x LipS) — E(x LiSy) + = E(Sg) + Goory(* LiS) = Goory (x LizS3)  (S7)

where E(xLixSx), E(*), E(Li) and E(Ss) represent the energy values of *Li>Sx adsorbed
on the slab, a clean slab, the bcc Li (per atom) and molecular Sg, respectively.

Gcorr(xLi2Sx) 1s the zero-point vibration energy calculated using vaspkit at 7= 298.15

K.

The binding energy between the Li>Sy (x =8, 6, 4, 2, 1) and the substrate is defined
as follows:
E, = E(* Li;Sx) — E(*) — E(Li;Sx) (S8)

Self-consistent field calculations (SCF) were carried out until the SCF tolerance
was below 1 x 107°. The binding energy was obtained by subtracting the SCF energies
of both Li>Sx and the slab from the SCF energy of the substrate with an adsorbed Li>S«
intermediate. According to such a definition, a more negative value indicates a stronger

bond between the Li>Sx species and the metal center.

The climbing image nudged elastic band (CI-NEB) was applied to compute the
decomposition barriers, which allows for obtaining the minimum energy path between

the given initial and final positions.>
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Supplementary Figures
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Fig. S1. XRD pattern of g-CN supports.
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Fig. S2. (a) SEM, (b) TEM images, and (c) EDS spectrum (inset: corresponding SEM
image) of g-CN supports. The Au peak comes from the sputtered Au film used to

enhance SEM imaging.
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Fig. S3. TGA curve of HD-V-SACs, acquired in the temperature range from room

temperature to 900 °C in air.
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Fig. S4. The nitrogen adsorption/desorption isotherms of HD-V-SACs and NC.
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Fig. S5. (a) SEM and (b) TEM images of NC.
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Fig. S6. (a) XPS survey spectra and (b) High-resolution C 1s XPS spectra of HD-V-
SACs and NC.
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Fig. S7. FT-EXAFS spectrum of HD-V-SACs.
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Fig. S8. V K-edge XANES spectra of HD-V-SACs before and after adsorbing Li2Se.
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Fig. S9. Digital photographs showing the appearance of the surface of the HD-V-
SACs/PP separator facing (a) the cathode and (b) the anode. Digital photographs
illustrating the (c) folding and (d) unfolding states of the HD-V-SACs modified

separator.
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Fig. S10. SEM images showing the morphology of the surface of (a) the pristine PP
separator and (b) the HD-V-SACs modified PP separator. (¢) SEM image showing the
morphology of the cross-section of HD-V-SACs/PP.
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Fig. S11. TGA curve of S/C, acquired from room temperature to 600 °C in N
atmosphere.

S16



V)
~
N
o

=)
S’
w
~
_N
I
e
=]
(=]
<
|
>
n
1

——PP

. W

~2.6 [ : % :
J % - ' 2,06 V : ,
g > ! N\ A
32 2 ‘B 1 ! :
@ 5 2.05V !
g E — :
S 20 “\ s St 220V | | Sg 2]

1.8 2.48 V ,

1
0 1000 2000 3000 4000 100 200 300 400 500
Time (s) Raman shift (cm™)
2.8 - ; -
c d s 1 ' 12=
— HD-V-SACs/PP ) 4 ! 1.80 V Ss T

Azs b 1 : 1 :
5 -~ ; 2.05V A
= =1 1 | ! 1
-! 2.4' “i 1 \ : |
g 2z | : E
222 8 .06 V i !
1) [ ! 4——/:\/“\__.
o ‘E ] X :
£20 = 220V -
> : .

1.8+ u/\-“q\w\h/\m

0 1000 2000 3000 4000 5000 100 200 300 400 500

Time (s) Raman shift (cm™)
Fig. S12. Time-dependent discharge profiles of the Li-S cells with (a) a pristine PP and
(c) a HD-V-SACs/PP as the separator. In-situ Raman spectra acquired from the Li-S
cells with (b) a pristine PP and (d) a HD-V-SACs/PP as the separator.
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Fig. S13. Tafel plots of (a) the reduction process (peak A in Fig. 5a) and (b) the

oxidation process (peak B in Fig. 5a) of various samples.
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Fig. S14. CV curves of the Li-S cells comprising (a) HD-V-SACs/PP, (b) NC/PP, and

(c) pristine PP separators. Scan rate: 0.2 mV s™!. (d) Arrhenius plots of the Li>S4

conversion in Li-S cells containing different separators.

S19



HD-V-
SACs/PP

PP NC/PP

Separator

Li anode

Fig. S15. Digital photographs illustrating the appearance of various separators and the

Li anodes in the cells after 100 charge/discharge cycles at 0.5 C.
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Fig. S16. EDS spectra showing the surface composition of the Li anode in the cells
comprising (a) HD-V-SACs/PP, (b) NC/PP, and (c) PP separators after 100

charge/discharge cycles at 0.5 C.
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Fig. S17. HAADF-STEM image of the HD-V-SACs in the Li-S cell after 100

charge/discharge cycles at 0.5 C.
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Fig. S18. Galvanostatic charge-discharge profiles at different rates for the cells

containing NC/PP and pristine PP separators.
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Fig. S19. EIS Nyquist plots of the cells containing HD-V-SACs/PP, NC/PP, and

pristine PP separators. The charge transfer resistance (Rct) values for HD-V-SACs/PP,

NC/PP, and pristine PP are 24.0 Q, 35.4 Q, and 44.9 Q, respectively.
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Fig. S20. (a) Galvanostatic charge-discharge profiles of the Li-S cells containing

different separators acquired at 0.2 C. (b) Zoomed view in the range of 300 — 600 mAh

g’!. The values of (c) AE and (d) Qr/Qu obtained from the discharge/charge curves at

different rates.
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Fig. S22. (a) Cycling performance and (b) galvanostatic charge-discharge profiles of

the HD-V-SACs/PP Li-S cell with a high sulfur loading of 6.6 mg cm 2 and a low E/S

ratio of 8.0 uL mg™!, measured at 0.05 C.
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Fig. S23. The optimized models of (a) HD-V-SACs and (b) NC. The brown, grey, and

red spheres stand for C, N, and V atoms, respectively.
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UHD-V-SACs NC

Fig. S24. Side views of the optimized models of (a-e) HD-V-SACs and (f-j) NC
adsorbed with different LiPS species. The brown, grey, red, yellow, and green spheres

stand for C, N, V, S, and Li atoms, respectively.
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Fig. S25. Top views of the optimized models of (a) HD-V-SACs and (b) NC adsorbed

with different LiPS species. The brown, grey, red, yellow, and green spheres stand for

C,N,V, S, and Li atoms, respectively.
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Supporting Tables

Table S1. Comparison of the loading of V in HD-V-SAC:s to that in other V-SACs

based on N-doped carbon in the literature.

Sample The loading of V Ref.
HD-V-SACs 13.0 wt% This work
V-SACs-HA 4.3 wt% 54

V-NC 1.2 wt% S3
O-V>-NC 1.3 wt% 56
3D-PNCV 1.2 wt% 57

V-NC 12.2 wt% S8

V-N-C 0.7 at% 89

N, 0-V 0.9 wt% S10

SAV@NG 4.3 wt% st

S31



Table S2. EXAFS fitting parameters of HD-V-SACs sample at the V K-edge

Sample Shell CN¢ R factor’ o (A2

R(AY

HD-V-SACs V-N 3.35 0.0193 0.00099

1.59

“ CN represents the coordination number;
b R factor indicates the goodness of the fit;
¢ Debye-Waller factor to account for both thermal and structural disorders;

4 R is the distance between absorber and backscattering atoms.
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Table S3. Comparison of the electrochemical performance of HD-V-SACs to that of
other SACs used as the catalytic coating layer for separators in Li-S batteries reported

recently in the literature.

Modified S loading Capacity Cycle performance Ref.
catalytic layer (mg cm™) (mAh g7’) (mAh g™)

HD-V-SACs 1.5 1016 at1 C 745 after S00 cycles  This

work
VNix@V-NC 1.5 894 at1C 578 after 500 cycles 53
Cosac-NPC 1.1~1.3 986 at 0.5 C 789 after 400 cycles S12
Co-NsCl 0.7~1.0 804 at5 C 693 after 600 cycles S13
Sm-N3C; 2.0 1010 at1 C 731 after 1000 cycles 514
Co-NPC 1.1 841 at1C 601 after 500 cycles S15
PCN-Cu-MOF 1.6 940 at 1 C 723 after 500 cycles S16
Fe-N4/DCS 1.8 969 at 1 C 814 after 500 cycles S17
FeCoDA-CN 2.5 966 at 1 C 541 after 500 cycles SI8
SA-Co/NGM 1.5 963 at2 C 731 after 1000 cycles 5"

Fe-Ns/GCNC 0.8~1.5 769 at 1 C 472 after 1000 cycles 5%

Fe-NSC@GO 2.0 982at1C 768 after 1000 cycles %!
Ni-NC 1.2 1167 at1C 901 after 700 cycles 522
CoNs SA/NC 1.2 1001 at 1 C 786 after 500 cycles 523

h-Mn-N-C 1.2 952at1C 520 after 1000 cycles 524
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