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Figure S1: Reaction mechanism for the K-Mo6S8 cluster. Color code: hydrogen-white,
carbon-black, sulfur-yellow, adsorbed sulfur (from H2S)-orange, and molybdenum-green.
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Figure S2: Reaction mechanism for the Ni-Mo6S8 cluster. Color code: hydrogen-white,
carbon-black, sulfur-yellow, adsorbed sulfur (from H2S)-orange, and molybdenum-green.

S3



CH4

CH3SCH3

H2S

CH3SH

CH3SH 
direct

CH3SH 
stepwise

CH3SCH3

H2

[*,*]

[*,CH4*]

[*,H2S*]

[H*,CH3*]

[H*,SH*]

[*,*]

[H*,*]

[*,SH*]

[H*,*]

[H*,*]

[CH3*,*]

[*,SH*]

[*,*]
[H*,H*]

[*,H2*]

[*,CH3SCH3*]

[*,CH3SH*]

[CH3*,SH*]

[*,*]

[H*,S*]

[*,*]

[H*,*]

[*,S*]

[CH3*,*]

[*,*]

[*,*]

[H*,CH3S*]

[H*,*][*,CH3S*]
[CH3*,*]

[*,*]

[CH3*,S*]

[CH3*,CH3S*]

Figure S3: Reaction mechanism for the Cl-Mo6S8 cluster. Color code: hydrogen-white,
carbon-black, sulfur-yellow, adsorbed sulfur (from H2S)-orange, and molybdenum-green.
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Figure S4: Free energy landscapes at 1400 K.
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Table S1: Rate constants and free energy barriers at 1400 K for the bare Mo6S8 cluster.

Reaction Type Rate constant [s−1] ∆G [eV]

CH4(g) + [∗,∗ ] � [∗,CH∗
4] ads/des

→ 4.97 · 108 1.22
← 1.23 · 1013

[∗,CH∗
4] � [H∗,CH∗

3] TS
→ 1.11 · 107 1.78
← 5.18 · 1012 0.21

H2S(g) + [∗,∗ ] � [∗,H2S
∗] ads/des

→ 4.09 · 109 0.78
← 2.56 · 1012

[∗,H2S
∗] � [H∗,SH∗] TS

→ 6.22 · 109 1.02
← 1.86 · 1013 0.05

[H∗,SH∗] + [∗,∗ ] � [H∗,∗ ] + [∗, SH∗] diffusion
→ 2.80 · 1012

← 1.93 · 1013 0.05

[H∗,CH∗
3] + [∗,∗ ] � [H∗,∗ ] + [CH∗

3,
∗ ] diffusion

→ 1.34 · 1012

← 1.93 · 1013 0.05

[H∗,∗ ] + [H∗,∗ ] � [H∗,H∗] diffusion
→ 1.93 · 1013 0.05
← 1.09 · 1012

[H∗,H∗] � [∗,H∗
2] TS

→ 1.17 · 1012 0.39
← 1.90 · 108 1.44

[∗,H∗
2] � [∗,∗ ] + H2(g) ads/des

→ 9.47 · 1012

← 6.08 · 106 1.72

[CH∗
3,
∗ ] + [∗,SH∗] � [CH∗

3, SH∗] + [∗,∗ ] diffusion
→ 1.93 · 1013 0.05
← 1.92 · 1012

[CH∗
3,SH∗] � [∗,CH3SH∗] TS

→ 1.16 · 107 1.78
← 4.12 · 104 2.46

[∗,SH∗] � [H∗, S∗] TS
→ 9.50 · 108 1.25
← 2.76 · 1011 0.56

[S∗,H∗] + [∗,∗ ] � [∗,S∗] + [H∗,∗ ] diffusion
→ 3.07 · 1012

← 1.93 · 1013 0.05

[CH∗
3,
∗ ] + [∗,S∗] � [CH∗

3, S
∗] + [∗,∗ ] diffusion

→ 1.58 · 1013

← 1.93 · 1013 0.05

[CH∗
3,S

∗] � [∗,CH3S
∗] TS

→ 3.47 · 107 1.65
← 2.97 · 105 2.22

[H∗,∗ ] + [CH3S
∗,∗ ] � [H∗,CH3S

∗] + [∗,∗ ] diffusion
→ 1.93 · 1013 0.05
← 7.88 · 1011

[H∗,CH3S
∗] � [∗,CH3SH∗] TS

→ 6.80 · 1012 0.18
← 3.07 · 109 1.11

[∗,CH3SH∗] � [∗,∗ ] + CH3SH(g) ads/des
→ 1.01 · 1013

← 1.24 · 106 1.92

[CH3S
∗,∗ ] + [CH∗

3,
∗ ] � [CH∗

3,CH3S
∗] + [∗,∗ ] diffusion

→ 1.93 · 1013 0.05
← 6.23 · 1011

[CH∗
3,CH3S

∗] � [∗,CH3SCH∗
3] TS

→ 2.56 · 107 1.68
← 4.36 · 104 2.45

[∗,CH3SCH∗
3] � [∗,∗ ] + CH3SCH3(g) ads/des

→ 1.19 · 1013

← 1.09 · 102 3.07
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Table S2: Rate constants and free energy barriers at 1400 K for the K-Mo6S8 cluster.

Reaction Type Rate constant [s−1] ∆G [eV]

CH4(g) + [∗,∗ ] � [∗,CH∗
4] ads/des

→ 4.97 · 108 1.33
← 3.03 · 1013

[∗,CH∗
4] � [H∗,CH∗

3] TS
→ 3.54 · 107 1.64
← 5.33 · 1012 0.20

H2S(g) + [∗,∗ ] � [∗,H2S
∗] ads/des

→ 4.09 · 109 1.18
← 7.16 · 1013

[∗,H2S
∗] � [H∗,SH∗] TS

→ 2.14 · 1013 0.04
← 3.80 · 1012 0.25

[H∗,SH∗] + [∗,∗ ] � [H∗,∗ ] + [∗, SH∗] diffusion
→ 1.31 · 1011

← 1.93 · 1013 0.05

[H∗,CH∗
3] + [∗,∗ ] � [H∗,∗ ] + [CH∗

3,
∗ ] diffusion

→ 9.79 · 1011

← 1.93 · 1013 0.05

[H∗,∗ ] + [H∗,∗ ] � [H∗,H∗] diffusion
→ 1.93 · 1013 0.05
← 9.09 · 109

[H∗,H∗] � [∗,H∗
2] TS

→ 1.02 · 1013 0.13
← 1.91 · 1011 0.61

[∗,H∗
2] � [∗,∗ ] + H2(g) ads/des

→ 2.10 · 1014

← 6.08 · 106 2.09

[CH∗
3,
∗ ] + [∗,SH∗] � [CH∗

3, SH∗] + [∗,∗ ] diffusion
→ 1.38 · 1012

← 1.93 · 1013 0.05

[CH∗
3,SH∗] � [∗,CH3SH∗] TS

→ 1.67 · 107 1.73
← 1.32 · 106 2.04

[∗,SH∗] � [H∗, S∗] TS
→ 4.54 · 108 1.34
← 2.73 · 1012 0.29

[S∗,H∗] + [∗,∗ ] � [∗,S∗] + [H∗,∗ ] diffusion
→ 1.45 · 1011

← 1.93 · 1013 0.05

[CH∗
3,
∗ ] + [∗,S∗] � [CH∗

3, S
∗] + [∗,∗ ] diffusion

→ 1.93 · 1013 0.05
← 1.19 · 1013

[CH∗
3,S

∗] � [∗,CH3S
∗] TS

→ 1.20 · 107 1.77
← 8.40 · 103 2.65

[H∗,∗ ] + [CH3S
∗,∗ ] � [H∗,CH3S

∗] + [∗,∗ ] diffusion
→ 1.93 · 1013 0.05
← 2.49 · 1011

[H∗,CH3S
∗] � [∗,CH3SH∗] TS

→ 7.81 · 1012 0.16
← 1.90 · 1012 0.33

[∗,CH3SH∗] � [∗,∗ ] + CH3SH(g) ads/des
→ 5.31 · 1013

← 1.24 · 106 2.12

[CH3S
∗,∗ ] + [CH∗

3,
∗ ] � [CH∗

3,CH3S
∗] + [∗,∗ ] diffusion

→ 1.89 · 1012

← 1.93 · 1013 0.05

[CH∗
3,CH3S

∗] � [∗,CH3SCH∗
3] TS

→ 3.03 · 107 1.66
← 3.19 · 106 1.93

[∗,CH3SCH∗
3] � [∗,∗ ] + CH3SCH3(g) ads/des

→ 3.41 · 1014

← 1.09 · 102 3.47
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Table S3: Rate constants and free energy barriers at 1400 K for the Ni-Mo6S8 cluster.

Reaction Type Rate constant [s−1] ∆G [eV]

CH4(g) + [∗,∗ ] � [∗,CH∗
4] ads/des

→ 4.97 · 108 1.50
← 1.28 · 1014

[∗,CH∗
4] � [H∗,CH∗

3] TS
→ 1.00 · 107 1.80
← 2.59 · 1011 0.57

H2S(g) + [∗,∗ ] � [∗,H2S
∗] ads/des

→ 4.09 · 109 0.89
← 6.38 · 1012

[∗,H2S
∗] � [H∗,SH∗] TS

→ 7.37 · 109 1.00
← 7.84 · 109 0.99

[H∗,SH∗] + [∗,∗ ] � [H∗,∗ ] + [∗, SH∗] diffusion
→ 1.93 · 1013 0.05
← 2.36 · 1012

[H∗,CH∗
3] + [∗,∗ ] � [H∗,∗ ] + [CH∗

3,
∗ ] diffusion

→ 1.93 · 1013 0.05
← 1.33 · 1010

[H∗,∗ ] + [H∗,∗ ] � [H∗,H∗] diffusion
→ 2.38 · 1011

← 1.93 · 1013 0.05

[H∗,H∗] � [∗,H∗
2] TS

→ 5.45 · 1012 0.20
← 5.07 · 1010 0.77

[∗,H∗
2] � [∗,∗ ] + H2(g) ads/des

→ 2.42 · 1013

← 6.06 · 106 1.83

[CH∗
3,
∗ ] + [∗,SH∗] � [CH∗

3, SH∗] + [∗,∗ ] diffusion
→ 2.07 · 1011

← 1.93 · 1013 0.05

[CH∗
3,SH∗] � [∗,CH3SH∗] TS

→ 7.09 · 107 1.56
← 3.74 · 107 1.64

[∗,SH∗] � [H∗, S∗] TS
→ 8.08 · 109 0.99
← 4.70 · 1012 0.22

[S∗,H∗] + [∗,∗ ] � [∗,S∗] + [H∗,∗ ] diffusion
→ 1.93 · 1013 0.05
← 1.21 · 1012

[CH∗
3,
∗ ] + [∗,S∗] � [CH∗

3, S
∗] + [∗,∗ ] diffusion

→ 1.01 · 1011

← 1.93 · 1013 0.05

[CH∗
3,S

∗] � [∗,CH3S
∗] TS

→ 5.00 · 108 1.32
← 1.26 · 109 1.21

[H∗,∗ ] + [CH3S
∗,∗ ] � [H∗,CH3S

∗] + [∗,∗ ] diffusion
→ 1.93 · 1013 0.05
← 5.24 · 1010

[H∗,CH3S
∗] � [∗,CH3SH∗] TS

→ 5.81 · 1012 0.19
← 5.99 · 1012 0.19

[∗,CH3SH∗] � [∗,∗ ] + CH3SH(g) ads/des
→ 1.99 · 1013

← 1.24 · 106 2.00

[CH3S
∗,∗ ] + [CH∗

3,
∗ ] � [CH∗

3,CH3S
∗] + [∗,∗ ] diffusion

→ 1.93 · 1013 0.05
← 8.53 · 109

[CH∗
3,CH3S

∗] � [∗,CH3SCH∗
3] TS

→ 1.56 · 106 2.02
← 1.49 · 108 1.49

[∗,CH3SCH∗
3] � [∗,∗ ] + CH3SCH3(g) ads/des

→ 8.93 · 1013

← 1.09 · 102 3.31
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Table S4: Rate constants and free energy barriers at 1400 K for the Cl-Mo6S8 cluster.

Reaction Type Rate constant [s−1] ∆G [eV]

CH4(g) + [∗,∗ ] � [∗,CH∗
4] ads/des

→ 4.97 · 108 1.28
← 2.05 · 1013

[∗,CH∗
4] � [H∗,CH∗

3] TS
→ 1.66 · 108 1.46
← 1.82 · 1012 0.33

H2S(g) + [∗,∗ ] � [∗,H2S
∗] ads/des

→ 4.09 · 109 0.57
← 4.54 · 1011

[∗,H2S
∗] � [H∗,SH∗] TS

→ 2.55 · 1010 0.85
← 3.68 · 1012 0.25

[H∗,SH∗] + [∗,∗ ] � [H∗,∗ ] + [∗, SH∗] diffusion
→ 1.93 · 1013 0.05
← 9.67 · 1012

[H∗,CH∗
3] + [∗,∗ ] � [H∗,∗ ] + [CH∗

3,
∗ ] diffusion

→ 1.93 · 1013 0.05
← 1.35 · 1013

[H∗,∗ ] + [H∗,∗ ] � [H∗,H∗] diffusion
→ 2.30 · 1012

← 1.93 · 1013 0.05

[H∗,H∗] � [∗,H∗
2] TS

→ 3.31 · 1011 0.54
← 2.43 · 109 1.13

[∗,H∗
2] � [∗,∗ ] + H2(g) ads/des

→ 9.03 · 1012

← 6.08 · 106 1.71

[CH∗
3,
∗ ] + [∗,SH∗] � [CH∗

3, SH∗] + [∗,∗ ] diffusion
→ 1.64 · 1012

← 1.93 · 1013 0.05

[CH∗
3,SH∗] � [∗,CH3SH∗] TS

→ 9.22 · 107 1.53
← 3.62 · 106 1.92

[∗,SH∗] � [H∗, S∗] TS
→ 5.19 · 109 1.04
← 1.25 · 1012 0.38

[S∗,H∗] + [∗,∗ ] � [∗,S∗] + [H∗,∗ ] diffusion
→ 1.93 · 1013 0.05
← 1.95 · 1011

[CH∗
3,
∗ ] + [∗,S∗] � [CH∗

3, S
∗] + [∗,∗ ] diffusion

→ 5.33 · 1011

← 1.93 · 1013 0.05

[CH∗
3,S

∗] � [∗,CH3S
∗] TS

→ 3.89 · 107 1.63
← 1.59 · 107 1.74

[H∗,∗ ] + [CH3S
∗,∗ ] � [H∗,CH3S

∗] + [∗,∗ ] diffusion
→ 1.93 · 1013 0.05
← 2.77 · 1011

[H∗,CH3S
∗] � [∗,CH3SH∗] TS

→ 1.56 · 1012 0.35
← 1.39 · 1012 0.37

[∗,CH3SH∗] � [∗,∗ ] + CH3SH(g) ads/des
→ 1.11 · 1014

← 1.24 · 106 2.21

[CH3S
∗,∗ ] + [CH∗

3,
∗ ] � [CH∗

3,CH3S
∗] + [∗,∗ ] diffusion

→ 1.93 · 1013 0.05
← 1.05 · 1012

[CH∗
3,CH3S

∗] � [∗,CH3SCH∗
3] TS

→ 6.18 · 107 1.58
← 1.90 · 105 2.27

[∗,CH3SCH∗
3] � [∗,∗ ] + CH3SCH3(g) ads/des

→ 7.74 · 1012

← 1.09 · 102 3.01
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The diffusion steps in gray, are important for the reactions to be possible. They also show
the stochiometry, for instance the separation of H* and CH3* from the same cluster needs
to happen two times before the H* + H* → H*,H* can happen one time.
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Figure S10: The projected COHP with the bonding orbitals with positive values to the right
and antibonding character to the left. The solid and dashed lines are for the different spin
channels. Promoting the cluster with K does not change the electronic structure that much,
other than occupying some antibonding orbitals. Promoting the cluster with Ni and Cl
changes more, where especially Ni introduces a lot of new features and weakens the Mo-Mo
interaction.
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