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MODELS AND COMPUTATIONAL METHODS
In the present study, the (001) surface of six TMCs has been

considered because it is the most stable one among the of the three
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low-index Miller surfaces [1]. In addition, the (001) surface of
TMCs have been widely applied in different research works [2-4].
The ab initio molecular dynamic (AIMD) simulation in the
canonical (NVT) ensemble with the time step setting at 1 fs and
temperature at 500 K for 10 ps was performed to test the thermal
stability of (001) surface of TMCs. A (3>3) slabs surface with a
vacuum layer of 20 A along the z-direction to model the TMCs
surface. During the electronic structure calculations, only the
outmost two layers of the four layers were allowed to relax freely
until the residual forces being less than 0.01 eV/A. The adsorption
energy (E.gs) of LiPSs on the substrate (TMCs) is defined as,

Eoas = Ewirss)y ¥ Earmey — Ewipssermo) (1)
where Eipss)y, E(rmcy, and Eqipssermcy are the total energies of
LiPSs molecules, the pristine TMC (001) substrate, and the
combined system of LiPSs on TMC substrate, respectively. With this
definition, the positive binding energy indicates that the adsorption
of LiPSs on the TMC substrate is energetically favorable. The ratio
of vdW in the interactions between sulfur species and TMCs is

computed using the following formula:

vdw novdwW
R = (Eads _Eads ) (2)
ads

where EY$Wand EDSVYW denote the binding energies of Sg/LiPSs

with and without vdW interactions. So, the latter is defined as



chemical interactions, and the difference between them is defined as
vdW interactions. The charge transfer value (A q) is defined as the
difference of the number of electrons before and after interaction,

A g = Gintrinsic = Ginteraction (3)
where intrinsic @Nd Jinteraction represent the number of electrons of a
species before and after interaction, respectively. According to the
definition, a positiveA q value represents lost of electrons and the
negative value represents gain of electrons. The determination of the
bonding and antibonding states between Li(S)and C(TM)atoms was
obtained by the crystal orbital Hamilton population (COHP) as
employed by the Lobster program[5-8]. The sulfur reduction
reactions during the discharging processes of Li-S batteries are a
16-electron process with the formation of eight Li,S molecules. The
following are the details of the calculation of the Gibbs free energy
for the each step of reduction of Sg to Li,S which are consisted with
the previous work[9, 10].

Sg+ 16 Li" + 16 & = 8Li,S (4)
The rudimentary steps involved in the generation of one Li,S
molecules are as follows,

*Sg + 2 Li* + 2e” = *Li,Sg (5)
* Li,Sg = * Li,Sg +1/4 Sg (6)
* Li,Sg = * Li,S, +1/4 Sq (7)



* LipSs = * LipS, +1/4 Sg (8)
* LipS,=* LipS +1/8 S 9)
wherein * represents an active site on the catalytic substrate.

The Gibbs free energy (AG) for each SRR step during the Li-S
discharge process is calculated as

AG = AE + AEzpe -TAS (10)
where AE is the DFT-computed energy difference between products
and reactants, AEzpg IS the contributions of zero-point energy and AS

Is entropy to the free energy, respectively.
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Fig. S1. The AIMD simulations at the temperature of 500 K lasting for 10 ps on the TiC(001)
surface. The insert figures are the side and top views of the TiC(001) surface at the end of

simulated time.
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Fig. S2. The total and partial density of states of VC, ZrC, NbC, HfC, and TaC (001)

surfaces.
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Figure S3. (a) The structures of Sg and LiPSs; (b) The optimized adsorption structures of

Li,Ss, Li,Sg, Li,S4 with DOL and DME, respectively; (c) The optimized adsorption structures

of Li,Ss, Li»Sg, Li,S, with two DOLs and two DMEs, respectively.



g
Side view
@
Top view %
(h)

Fig. S4. The top and side views of the optimized adsorption structures of (a) and (e)

Ss, (b) and (f) Li.Sg, (c) and (g) Li.Se, (d) and (h) Li,Ss, on VC(001) surface,

respectively.
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Fig. S5. The top and side views of the optimized adsorption structures of (a) and (e)

Sg, (b) and (f) Li,Sg, (c) and (g) Li,Se , (d) and (h) Li,S4, on ZrC(001) surface,

respectively.
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Fig. S6. The top and side views of the optimized adsorption structures of (a) and (e)
Sg, (b) and (f) Li,Sg, (c) and (g) Li»Se , (d) and (h) Li,S4, on NbC(001) surface,

respectively.
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Fig. S7. The top and side views of the optimized adsorption structures of (a) and (e)
Sg, (b) and (f) Li,Sg, (c) and (g) Li.Sg , (d) and (h) Li,Ss, on HfC(001) surface,

respectively.
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Fig. S8. The top and side views of the optimized adsorption structures of (a) and (e)
S, (b) and (f) Li.Sg, (c) and (g) Li»Sg , (d) and (h) Li,S4, on TaC(001) surface,

respectively.

Fig. S9. Side views of CDD for (a) Sg, (b) Li,Ss, (c) Li>Se, and (d) Li,S, on VC.
Yellow and blue regions indicate charge accumulation and charge depletion,

respectively.
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Fig. S10. Side views of CDD for (a) Sg, (b) Li,Ss, (c) Li>Se, and (d) Li,S4 on ZrC.
Yellow and blue regions indicate charge accumulation and charge depletion,

respectively.

Fig. S11. Side views of CDD for (a) Sg, (b) Li,Ss, (c) Li2Se, and (d) Li,S4 on NbC.
Yellow and blue regions indicate charge accumulation and charge depletion,

respectively.



Fig. S12. Side views of CDD for (a) Sg, (b) Li»Ss, () Li»Ss, and (d) Li»S4 on HfC.
Yellow and blue regions indicate charge accumulation and charge depletion,

respectively.

Fig. S13. Side views of CDD for (a) Ss, (b) Li»Sg, () Li>Se, and (d) Li»S4 on TaC.
Yellow and blue regions indicate charge accumulation and charge depletion,

respectively.
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Fig. S14. The total and projected density of states of Sg(a), Li»Sg(b), Li»Ss (c), and

Li»S, (d) on the VC(001) surface, respectively.
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Fig. S15. The total and projected density of states of Sg(a), Li»Sg(b), Li»Ss (c), and

Li»S, (d) on the ZrC(001) surface, respectively.
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Fig. S16. The total and projected density of states of Sg (a), Li»Sg (b), Li»Se (c), and

Li,S, (d) on the NbC(001) surface, respectively.
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Fig. S17. The total and projected density of states of Sg (a), Li»Sg (b), Li»Se (c), and

Li,S, (d) on the HFC(001) surface, respectively.
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Fig. S18. The total and projected density of states of Sg(a), Li,Sg(b), Li»Ss (C), Li,S4

(d) on TaC(001) surface, respectively.
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surfaces. The barriers’ values are shown in the figure.

TABLES

Table S1. The lattice constants of TMCs and bond lengths of metal (C)-C(metal) of

TMCs(001) surface.




Lattice The bond length of The bond length of The bond length of
constant(A) Metal-C (A) Metal-metal (A) c-c (A
TiC 4.333 2.170 3.063 3.063
VvC 4.155 2.084 2.938 2.938
ZrC 4.710 2.356 3.330 3.330
NbC 4.506 2.259 3.186 3.186
HfC 4.647 2.325 3.286 3.286
TaC 4.478 2.247 3.166 3.166

Table S2. The bond length and bond angle of Sg and LiPSs in free states.

Se Li,Sg Li;Se  Li,S;  LisS
S-S bond length(A) 2.06 2.07 207 208 -
Li-S bond length(A) - 2.38 2.38 237 209
Li-Li bond length(A) - 2.57 2.66 2.80 -
Li-S-Li bond angle(9 - 65.5 68.8) 733 1118
S-S-S bond angle(9 109 110.0 108.7 105.2 -
S- Li-S bond angle(9 - 110.9 109.4 1049 -

Table S3. The bond length and bond angle of Sg and LiPSs adsorbed on the TiC(001)

surface by the DFT-D3 method. The values in brackets are the corresponding

information of the free species.

Sg

LizSg

LigSs

Li,S, Li,S




S-S bond length(A)  2.07(2.06)
Li-S bond length(A) -
Li-Li bond length (A)
Ti-C bond length
C-C bond length
Ti-Ti bond length

Li-S-Li bond angle(9 -

S-S-Sbond angle(9  108.7(109) 107.4(110.0) 104.3(108.7) 106.3(105.2)

S- Li-S bond angle(9 -

2.10(2.07)

2.63(2.38)

2.66(2.57)

2.21-2.19

3.10(3.06)

3.12(3.06)

63.9(65.5)

2.11(2.07)

2.86(2.38)

2.79(2.66)

2.22-2.17

3.10(3.06)

3.12(3.06)

63.5(68.8)

2.11(2.08)

2.80(2.37)

2.96(2.80)

2.22-2.17

3.10(3.06)

3.11(3.06)

70.0(73.3)

114.5(110.9) 115.8(109.4) 107.5(104.9)

2.42(2.09)

99.74(111.8)

Table S4. The bond length and bond angle of Sg and LiPSs adsorbed on the VC(001)

surface by the DFT-D3 method. The values in brackets are the corresponding

information of the free species.

Ss Li,Sg Li,Se Li,S, Li,S
S-Sbond length(A)  2.08(2.06) 2.10(2.07)  2.11(2.07)  2.11(2.08) -

Li-S bond length(A) - 2.59(2.38)  2.67(2.38)  2.74(2.37)  2.20(2.09)
Li-Li bond length (&) 2.70(2.57)  2.74(2.66)  3.04(2.80)

V-C bond length 2.13-2.10 2.13-2.09 2.12-2.09

C-C bond length 2.98(2.93)  2.98(2.93)  2.98(2.93)

V-V bond length 3.00(2.93)  2.98(2.93)  2.98(2.93)
Li-S-Li bond angle(9 - 65.6(65.5) 63.5(68.8) 72.5(73.3) 90.17(111.8)

S-S-Shond angle(9  108.6(109)

106.6(110.0) 103.2(108.7) 105.6(105.2)




S- Li-S bond angle(T - 113.5(110.9) 115.8(109.4) 105.5(104.9) -

Table S5. The bond length and bond angle of Sg and LiPSs adsorbed on the ZrC(001)
surface by the DFT-D3 method. The values in brackets are the corresponding

information of the free species.

Sg Li,Sg Li,Se Li,S, Li,S

S-Sbond length(A) ~ 2.08(2.06)  2.09(2.07)  2.11(207)  2.12(2.08) -

Li-S bond length(A) - 2.80(2.38)  3.25(2.38)  3.15(2.35)  2.53(2.09)
Li-Li bond length (A) 2.76(2.57)  3.03(2.66)  3.21(2.80)

Zr-C bond length 2.40-2.38  241-2.36  2.42-2.36

C-C bond length 3.36(3.33)  3.37(3.33)  3.38(3.33)

Zr-Zr bond length 3.40(3.33)  3.38(3.33)  3.39(3.33)
Li-S-Li bond angle(S - 63.4(655)  62.7(68.8)  69.5(73.3) 98.7(111.8)

S-S-Shond angle(9  108.5(109) 107.1(110.0) 104.8(108.7) 108.3(105.2) -

S- Li-S bond angle(9 - 114.3(110.9) 115.8(109.4) 107.1(104.9) -

Table S6. The bond length and bond angle of Sg and LiPSs adsorbed on the NbC(001)
surface by the DFT-D3 method. The values in brackets are the corresponding

information of the free species.

Ss Li,Ss Li,Se Li,S, Li,S

S-Shbond length(R)  2.09(2.06)  2.10(2.07)  2.11(2.07)  2.10(2.08) -

Li-S bond length(A) - 2.64(2.38)  2.96(2.38)  3.05(2.35)  2.19(2.09)




Li-Li bond length (A)
Nb-C bond length
C-C bond length

Nb-Nb bond length

Li-S-Li bond angle(9 -

2.71(2.57)

2.31-2.28

3.22(3.18)

3.26(3.18)

65.2(65.5)

2.9(2.66)

2.30-2.25

3.20(3.18)

3.22(3.18)

65.6(68.8)

3.25(2.80)

2.28-2.26

3.23(3.18)

3.24(3.18)

71.8(73.3)  155.3(111.8)

S-S-Sbond angle(®  110.6(109) 106.1(110.0) 103.1(108.7) 106.8(105.2) -

S- Li-S bond angle(9 -

112.6(110.9) 113.3(109.4) 105.6(104.9) -

Table S7. The bond length and bong angle of Sg and LiPSs adsorbed on the HfC(001)

surface by the DFT-D3 method. The values in brackets are the corresponding

information of the free species.

Se Li;Se Li,Se Li Sy Li,S
S-Shbond length(8) ~ 2.08(2.06)  2.10(2.07)  2.12(2.07)  2.12(2.08) -
Li-S bond length(A) - 2.76(2.38)  3.14(2.38)  3.09(2.35)  2.51(2.09)
Li-Li bond length (A) 2.78(257)  2.99(2.66)  3.16(2.80)
Hf-C bond length 2.37-235  2.38-2.33  2.39-2.33
C-C bond length 3.33(3.28)  3.33(3.28)  3.34(3.28)
Hf-Hf bond length 3.35(3.28)  3.34(3.28)  3.34(3.28)
Li-S-Li bond angle(9 - 64.8(655)  63.7(68.8)  69.62(73.3) 100.4(111.8)

S-S-Shond angle(9  108.7(109)

S- Li-S bond angle(9 -

106.9(110.0) 104.5(108.7) 107.6(105.2) -

112.6(110.9) 114.7(109.4) 107.1(104.9) -




Table S8. The bond length and bong angle of Sg and LiPSs adsorbed on the TaC(001)
surface by the DFT-D3 method. The values in brackets are the corresponding

information of the free species.

Ss Li,Sg Li,Se Li,S, Li,S

S-Sbond length(A) ~ 20.7(2.06)  2.11(2.07)  2.12(2.07)  2.12(2.08) -

Li-S bond length(A) - 2.65(2.38)  2.93(2.38)  3.09(2.35)  2.20(2.09)
Li-Li bond length (A) 2.73(257)  2.92(2.66)  3.16(2.80)

Ta-C bond length 229-2.27  230-2.25  2.29-2.26

C-C bond length 3.20(3.16)  3.20(3.16)  3.20(3.16)

Ta-Ta bond length 3.24(3.16)  3.22(3.16)  3.22(3.16)
Li-S-Li bond angle(S - 65.7(65.5)  65.6(68.8)  72.47(73.3) 156.2(111.8)

S-S-Sbondangle(®  (110.2)109 105.1(110.0) 102.8(108.7) 106.6(105.2) -

S- Li-S bond angle(9 - 112.7(110.9) 113.3(109.4) 105.2(104.9) -

Table S9. Bond Lengths of Lil_C(dLil_c), LiZ_C(dLiz_c), SI_TM(d51_TM), and
S2—TM(ds.-tm), and binding energies (Ep) for the adsorption of Li,Sg on the (001)

facet of TMCs.

Eads diir-c(A) diizc(A) dsi-mm(A) dso-m(A)

VC(001) 2.70 217 217 2.59 2.55

TiC(001) 2.81 2.18 217 2.62 2.61




TaC(001) 3.05 2.17 2.17 2.63 2.61

NbC(001) 3.04 2.17 2.18 2.69 2.67
HfC(001) 3.06 2.17 2.16 2.67 2.67
ZrC(001) 3.07 2.18 2.17 2.70 2.70

Table S10. Bond Lengths of Lil—C(dLﬂfc), LiZ_C(dLizfc), Sl—TM(dsyTM), and

S2-TM(ds>-tm), and binding energies (Ep) for the adsorption of Li,Sg on the (001)

facet of TMCs.
Eads diiz-c(A) diiz-c(A) ds-tm(A) dsz-tm(A)

VC(001) 2.41 2.17 2.21 2.57 2.63
TiC(001) 251 2.16 2.19 2,59 2.60
TaC(001) 2.69 2.15 213 2,63 2.64
NbC(001) 2,67 213 2.16 2.64 2.66
HfC(001) 2.71 2.16 2.18 2.65 2.65
ZrC(001) 2.71 2.18 2.20 2.67 2.68

Table S11. Bond Lengths of Lil_C(dLﬂfc), Liz_C(dszfc), Sl_TM(dSPTM), and

S2—-TM(ds2-tm), and binding energies (Ep) for the adsorption of Li,S, on the (001)



facet of TMCs.

Edas v diin.c(A) diiz-c(A) dsymm(A) dsz-mm(A)
VC(001) 2.56 2.12 2.12 2.66 2.65
TiC(001) 2.66 211 2.12 2.68 2.67
TaC(001) 2.87 2.07 2.07 2.66 2.67
NbC(001) 285 2,09 2,09 269 2,69
HfC(001) 2.90 2.10 2.10 2.70 2.70
Zrc(001) 2.92 212 212 2.74 2.74

Table S12. The comparison of adsorption energy for the LiPSs on HfC(001) surface with or

without DFT+U method.

Eags-LizSe/eV Eags-LizSe/eV Eags-LizSa/eV
DFT 3.05 2.71 2.90
DFT+U (U=4 eV) 2.73 2.39 2.60

Table S13. The binding energies of Li,Sg, Li»Sg and Li,S4 with one and two organic

molecules (i.e. DOL or DME).

Li,Sg Li,Se LiS,
One DOL 0.81eV 0.86 eV 0.82 eV
One DME 0.76 eV 0.74 eV 0.79 eV

Two DOL 1.81eV 1.76 eV 1.77 eV



Two DME 1.58 eV 1.49 eV 1.56 eV

Table S14. The charge transfer (A g, in e) of S or Li atoms in the Sg or LiPSs

adsorbed on TMCs.
TiC VvVC ZrC NbC HfC TaC
Sg -0.199 -0.114 -0.392 -0.391 -0.391 -0.119
Li,Sg  -1.201 -1.146 -1.291 -1.248 -1.291 -1.262
Aqg (S)
Li,Sg -1.164 -1.116 -1.258 -1.184 -1.252 -1.204
Li,S, -1.162 -1.058 -1.140 -1.136 -1.257 -1.146
Li,S -0.786 -1.165 -0.882 -1.246 -0.868 -1.126
Li,Sg  1.677 1.681 1.670 1.676 1.672 1.673
Aqg (LD Li,Sg  1.694 1.695 1.692 1.692 1.690 1.690
Li,S, 1.688 1.694 1.647 1.685 1.678 1.685
Li,S 1.706 1.702 1.687 1.685 1.690 1.685

Table S15. The detailed test data of Li ions adsorbed on the (001) surfaces of TMCs.

Initial adsorption site Bri Top-TM  Top-C  Hollow

TiC (001) surface Final adsorption site Top-C  Top-Ti  Top-C  Top-C
Eaus (€V) 2.24 1.62 2.24 2.24

VC (001) surface Final adsorption site Top-C Top-V  Top-C Top-C
Eaus (€V) 2.09 1.53 2.09 2.09

ZrC (001) surface Final adsorption site Top-C  Top-Zr Top-C  Top-C
Eaus (€V) 2.08 1.04 2.08 2.08

NbC (001) surface Final adsorption site Top-C  Top-Nb  Top-C  Top-C




HfC (001) surface

TaC (001) surface

Eas (V)

Final adsorption site
Eas (€V)

Final adsorption site

Eads (EV)

1.74
Top-C
1.99
Top-C
1.64

0.95
Top-Hf
0.99
Top-Ta
0.93

1.74
Top-C
1.99
Top-C
1.64

1.74
Top-C
1.99
Top-C
1.64
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