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Details of Microkinetic Analysis

The microkinetic analysis was performed by using CATKINAS software
package [S1]. The reaction conditions were maintained at T = 483.15 K with partial
pressures of CO2 and Hy set to 8 bar and 24 bar, respectively, which is consistent with
previous study [S2]. The TOF maps and reaction orders of CH30H formation on
Mi-MoS: were maintained at a temperature range 300—600 K and a total pressure of
1 =100 bar (Pco2: P2 = 1: 3). The partial pressure of products (CH;OH, HCOOH,
H>O) were fixed at a very low value. To evaluate the overall catalytic activity of
methanol formation on Nii(Pt;, Cui, Pdi, Rhi, Nij)-MoS,, key steps include the
dissociation of H> molecule, hydrogen diffusion and the CO> hydrogenation. Four
active sites were considered, namely, H> molecule firstly adsorbed on one «a-S (the
first active site #1), then dissociated into two Heour at two a-S (#1 and the second
active site #2), CO; as well as C-containing species and inward Hc i» adsorbed at
another a-S (the third active site #3), the Ho.ou diffused to S-S to form Hy (the fourth
active site #4), the fifth site (#5) to outward Hc ou as shown in Fig.S18. Elementary
steps that involved in the microkinetic model as listed in Table S7-12. The reaction
rates, activation energy, coverage of surface species were calculated when the
catalytic system reaches steady state.

The collision theory was used to treat the kinetic coefficient of molecular H, and
CO; adsorption, the corresponding adsorption rate constant (k.ss) can be written
according Eq. S1:

S-P-A

kogs = —= (51)

N ZﬂkBmT

where kp, m and T are Boltzmann constant, mass of adsorbed gas, reaction
temperature, respectively. S is the sticking coefficient, is seen as 1, P is the partial
pressure of adsorbed species. A is the area of active site, which is assumed to be 1 A2,
The rate constant of desorption (k4.s) can be calculated as Eq. S2:

k
kges = l;(ds (52)

where K is the adsorption equilibrium constant of the reaction.
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While the kinetic coefficients for surface reactions were determined by transition
state theory, the reaction rates for the forward reaction i (k) were calculated

according to Eq. S3:

kgT —-E,
k¢ =Lexp( al) (83)

where ks, T, h and E, are Boltzmann constant, reaction temperature, the Planck
constant and the energy barrier for reaction i.
The corresponding reverse reaction rates (k) for reaction i were calculated by

Eq. S4.

P 54
r_E ( )

where K; is the equilibrium constant of reaction i.

The rate constant (kuasues,-) of the each elementary step are listed in Table S7-12.
Next, the coverage of intermediates (*COOH, *C(OH),, *CH(OH)., *CHOH, and
*CH20H) are listed in Table S15.
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S2. Figures and Tables
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Fig. S1. From (a) to (zz) are the structures of Sc-Zn, Y-Cd and Ta-Au transition metals
substituted Mo atoms in plane MoS,. Sc-Fe, Y-Tc and Ta-Re atoms prefer to form
six-coordinated structure, Co-Zn, Ru-Cd and Os-Au tend to from tetra-coordinated structures. The

yellow, cyan spheres represent sulfur S and Mo atoms, respectively.
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Tey-MoS, Ru,-MoS; A -MoS, Cd-MoS, Ta,-MoS, W-MoS, Re-MoS; Au-MoS,

Fig. S2. The profile distributions of the highest occupied molecular orbital (1-9, 19—-27) and the
lowest unoccupied molecular orbital (10—18, 28—36) of Mi-MoS.. The isosurface value is 0.03

e/A3.
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Rh;-Mos, Pd,-MoS, Ir-MoS, Pt,-MoS,

Fig. S3. The structures of one H atoms adsorbed on the $-S atoms (1H-1) on (a—h) Co1, Nij, Cuj,
Zni, Rhy, Pdi, Ir; and Pt;-MoS,. The adsorption energies (E;x-;) are 0.94, 1.36, 0.93, 0.52, 1.13,
1.03, 1.50 and 0.43 eV (as listed in Table S2), respectively. The H atoms in the §-S are labeled as
Hpg. The yellow, cyan, white and blue spheres represent S, Mo, H and doped atoms, respectively.
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Fig. S4. The projected density of states (PDOS) of in-plane S-S atoms from pure MoS», and
in-plane a-S atoms on Coi;-MoS;, Nij-MoS;, Cui-MoS,, Zni-MoS;, Rhi-MoS,, Pdi-MoS,,
Ir;-MoS; and Pti-MoS,, respectively. The position of the Fermi level is shown in blue dashed

lines.
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Fig. S5. The energy profile and corresponding geometric structures of H» dissociation into 2H-3
over (a—f) Coi, Nii, Zni, Rhi, Pd; and Pti-MoS». The numbers above and below the arrow are
energy barriers and reaction energies. The yellow, cyan, white and blue spheres represent S, Mo,

H and doped atoms, respectively.
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Cuy-MoS,

Pd,-MoS, Rh;-MoS,

Fig. S6. The geometric structures of initial states (IS), transition states (TS), final states (FS) for
the diffusion of Huou to Hp. The numbers above and below the arrows are the corresponding
energy barriers and reaction energies on Nij, Cui, Zni, Pt;, Pd; and Rhi-MoS,, respectively. The

yellow, cyan, white, red and blue spheres represent S, Mo, H, O and doped atoms, respectively.
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Fig. S7. The considered reaction routes and the corresponding intermediates during methanol

synthesis from CO; thermo-reduction on Mi-MoS». The white, red and gray spheres represent H,

O and C atoms, respectively.
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Fig. S8. The energy profile for *COOH reaction into *C(OH)> and *CO+*H:0 on (a—f) Nii, Pt1,

Rhl, an, Pd; and Cu;-MoS,.
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Fig. S9. The energy barriers and reaction energies as well as the involved structures of *COOH
hydrogenation into HCOOHg): (II’*) *+ COOH + 1Hp/1H,=* +HCOOHg on (a) Zn, (b) Pdi, (c)
Pti-MoS,, respectively. The numbers above and below the arrows are the energy barriers and

reaction energies, and the numbers in (d) are the corresponding reaction barriers (reaction

energies), respectively.
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Fig. S10. The energy profile and corresponding geometric structures of (a—b) H¢ i» and He owr
reacting with *CH2OH to form *CH;H>0, (c—d) *CH>* and CH3* reacting with hydrogen to form

*CH3 and *CH4 on M-MoSs.
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Fig. S11. The geometric structures of initial states (IS) and transition states (TS) of each
elementary step along the optimal CO; reduction pathway on Pt;-MoSz: I (* + *CO, + H,+ Hg =
* + *COOH + H,), I’ (* + *COOH + H, = * + *C(OH)y), III (* + *C(OH), + Hg = * +
*CH(OH)y), IV (* + *CH(OH), + Hz = * + *CHOH + H;0), V’ (* + *CHOH + H, = * +
*CH20H), VI’ (* + *CH2OH + H, = * + *CH3OH). The yellow, cyan, white, red, gray, blue,

spheres represent S, Mo, H, O, C, Pt atoms, respectively.
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Fig. S12. The geometric structures of initial states (IS) and transition states (TS) of each
elementary step along the comparable CO; reduction pathways on Rhi-MoS,: (a) I’ (* + *CO» +
2H,= * + *COOH + H,), II’ (* + *COOH + H, = * + *C(OH)), I’ (* + *C(OH),+ Hy, = * +
*CH(OH)»), IV (* + *CH(OH), + Hy = * + *CHOH + H,0), V (* + *CHOH + Hp = * +
*CH2OH), VI (* + *CH,OH + Hg = * + *CH;0H), (b) I’ (* + *CO, + 2H,= * + *COOH + H,),
II (* + *COOH + Hp = * + *C(OH),), III’ (* + *C(OH)2 + H, = * + *CH(OH),), IV (* +
*CH(OH), + Hg & * + *CHOH + H,0), V’ (* + *CHOH + H, = * + *CH,OH), VI (* +
*CH,OH + Hp = * + *CH30H). The yellow, cyan, white, red, gray, blue, spheres represent S, Mo,

H, O, C, Rh atoms, respectively.
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Fig. S13. The geometric structures of initial states (IS) and transition states (TS) of each
elementary step along the comparable CO; reduction pathways on Zni;-MoSz: (a) I (* + *CO; +
H,+ Hp= * + *COOH + Hy), I’ (* + *COOH + H, = * + *C(OH)y), III’ (* + *C(OH), + H, =
* + *CH(OH)), IV (* + *CH(OH), + Hg = * + *CHOH + H,0), V’ (* + *CHOH + H, = * +
*CH2OH), VI (* + *CH0H + Hp = * + *CH30H); (b) I’ (* + *CO» + 2H,= * + *COOH + Hy),
I’ (* + *COOH+H, = * + *C(OH),), III’ (* + *C(OH), + H, = * + *CH(OH)>), IV (* +
*CH(OH)>tHg = * + *CHOH + H20), V (* + *CHOH + Hg = * + *CH,0OH), VI (* + *CH.OH
+Hp = * + *CH30H). The yellow, cyan, white, red, gray, blue, silver spheres represent S, Mo, H,

0, C, Zn atoms, respectively.
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Fig. S14. The geometric structures of initial states (IS) and transition states (TS) of each

7
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elementary step along the comparable CO> reduction pathways on Pdi;-MoSz: (a) I’ (* + *CO» +
2H,= * + *COOH + Hy), II’ (* + *COOH+H, = * + *C(OH),), I’ (* + *C(OH)2+ Hy= * +
*CH(OH)y), IV (* + *CH(OH)>+tHy = * + *CHOH + H0), V (* + *CHOH + Hy = * +
*CH20H), VI (* + *CH20H +Hg = * + *CH30H); (b) I’ (* + *COz + 2H,= * + *COOH + Ha),
I’ (* + *COOH+H, = * + *C(OH),), III (* + *C(OH), + Hy = * + *CH(OH),), IV (* +
*CH(OH)>tHg = * + *CHOH + H20), V (* + *CHOH + Hp = * + *CH,0OH), VI (* + *CH.OH
+Hp = * + *CH30H); (¢) I (* + *CO: + H,+ Hp= * + *COOH + Hy), II’ (* + *COOH + H, =

+ *C(OH)o), I (* + *C(OH)2+ Hp= * + *CH(OH)), IV (* + *CH(OH)>+Hy = * + *CHOH +
H>0), V (* + *CHOH + Hg = * + *CH,OH), VI (* + *CH,OH +Hs = * + *CH30H). The yellow,

cyan, white, red, gray, blue spheres represent S, Mo, H, O, C, Pd atoms, respectively.
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Fig. S15. The geometric structures of initial states (IS) and transition states (TS) of each
elementary step along the optimal CO» reduction pathway on Cu;-MoSz: I (* + *CO; + H,+ Hy=
* + *COOH + H,), I’ (* + *COOH + H, = * + *C(OH)y), I’ (* + *C(OH)> + H, = * +
*CH(OH)y), IV (* + *CH(OH), + Hz = * + *CHOH + H;0), V’ (* + *CHOH + H, = * +
*CH,OH), VI (* + *CH2OH + Hp = * + *CH3O0H). The yellow, cyan, white, red, gray, blue,

brick-red spheres represent S, Mo, H, O, C, Cu atoms, respectively.
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Fig. S16. Degree of rate control (DRC) of elementary steps of the catalytic CO, hydrogenation

reaction on (a—f) Nii, Pt1, Rhi, Zni, Pdi, Cui-MoSo.
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Fig. S17. The calculated reaction order map of CO2 and H: on (a) Nii-MoS., (b) Rhi-MoS., (¢)

Rhi-MoS;, (d) Zni-MoS,, (¢) Pdi-MoS; and (f) Cui-MoS..
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Figure S18. The active sites adopted in microkinetic simulations.
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Table S1. The number of transfer electrons (Q) and valence electrons (V) in doped transition

metal atoms of M;-MoS,.

Sc Ti \% Cr Mn Fe Co Ni Cu Zn
Q +039 +0.16 —0.10 —036 —032 —0.16 —033 —0.04 —0.12 +0.16
\"% 2.61 3.84 5.10 6.36 7.32 8.16 9.33 10.04 11.12 11.84
Y Zr Nb Mo Tc Ru Rh Pd Ag Cd
Q +123 +048 4023 —0.09 —0.28 —0.31 —028 —0.19 +0.06 +0.31
\% 1.79 3.52 4.77 6.09 7.28 8.31 9.28 10.19 1094 11.69
Ta w Re Os Ir Pt Au

Q +032  —0.08 —032 —044 —040 —0.04 —0.15
\% 4.68 6.08 7.32 8.44 9.40 10.04 11.25

* Q represents the number of transferring electrons, + represents losing electrons, —

represents getting electrons. V represents the valence electrons in doped metal.
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Table S2. The adsorption energies (Ex) (eV) of different H atom on Coi, Nij, Cui, Zni, Rhy, Pdi,

Ir; and Pt;-MoS..

Coq Niy Cuy 7n; Rh; Pd, Irq Pty

Eng —0.50 —0.72 —0.52 —0.41 —0.66 —0.52 —-0.46 —-1.06
Eng 0.94 1.36 0.93 0.52 1.13 1.03 1.50 0.43
Enz —0.05 —0.04 0.09 —-0.04 0.00 0.00 / 0.00
Eor g —0.28 —0.48 —0.96 —-0.76 —0.30 —0.44 0.12 —0.84
Ezns —-0.09 —0.21 —0.81 —-0.58 —-0.07 —0.16 0.36 —-0.57
Ezns 0.38 0.18 —0.46 —0.16 0.34 0.14 0.78 -0.24
Ezrg 0.22 0.08 —0.06 0.08 0.32 0.12 0.62 —0.44
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Table S3. The calculated formation energies of Sy on Nii(Pti, Pdi, Cui, Zni, Rhi)-MoS,.

Nii-MoS2  Pti-MoS2 Pdi-MoS: Cui-MoS:  Zni-MoS> Rhi-MoS:

Esy 0.37 —0.14 0.40 1.41 0.72 0.27
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Table S4. The adsorption energies of COx), *COOH and *HCOO species over Nij, Cui, Zni, Rhj,

Pd; and Pt;-MoS,.

Ni; Cuy Zn Rhy Pd; Pt;
Ecozg (V) —0.05 —0.02 —0.05 —-0.11 0.00 —0.01
E+xcoo (eV) 0.68 0.79 1.02 0.70 0.86 0.33
E+coon (eV) 0.00 0.13 0.27 0.08 0.17 —-0.37
AE+pcoo-+coon (€V) 0.68 0.66 0.75 0.62 0.69 0.70

S26



Table S5. The calculated relative energies of the initial states (IS), transition states (TS) and final

states (FS) of each elementary step on Nii, Cui, Zni, Rhi, Pd; and Pt;-MoS,.

IS1 TSI’ IS1 TS1 FS1 1S2’° TS2’ 1S2 TS2 FS2 / /
Ni; —0.41 0.93 0.18 1.04 0.26 0.50 1.01 0.78 0.92 0.12 / /
Cwm -0.99 0.84 0.36 0.91 -0.27 —0.15 0.84 0.78 0.86 0.24 / /
Zn,; —0.81 0.88 0.26 0.88 —-0.03 0.03 0.83 0.93 0.96 0.33 / /
Rhy -0.23 0.97 0.60 1.44 0.53 0.75 1.45 1.37 1.45 0.70 / /
Pd, —0.47 0.87 0.40 1.36 0.41 0.54 1.38 0.97 1.07 0.34 / /
Pt; —0.85 0.93 0.01 0.36 —-0.14 0.15 0.82 0.43 0.56 —0.15 / /

1S3’ TS3’ 1S3 TS3 FS3 IS4’ TS4 1S4 TS4 FS4 / /
Ni; 1.02 2.14 1.49 2.27 -0.36 —0.16 0.50 0.44 0.51 —0.39 / /
Cuy 0.17 1.29 1.25 1.78 —0.34 —0.82 0.13 0.47 0.48 —0.34 / /
Zn, 0.15 1.24 1.14 1.74 —0.28 -0.73 0.25 0.46 0.48 —0.25 / /
Rh; 1.49 2.04 2.07 2.57 —-0.20 —0.28 0.89 1.14 1.37 0.13 / /
Pd, 1.14 2.05 1.73 2.02 -0.26 —0.15 0.76 0.61 0.62 —0.17 / /
Pt; 0.87 1.73 1.41 1.54 —0.84 -0.72 0.95 0.08 0.09 —0.75 / /

ISS’ TSS’ IS5 TS5 FS5 1S6’ TS6’ 1S6” TS6” 1S6 TS6  FS6

Ni; 0.46 1.58 1.01 1.52 -1.37 —-1.10 0.26 -0.88 -043 —0.60 053 -1.33
Cu; -0.29 0.53 0.92 1.09 —-1.16 —1.54 0.27 -0.61 -035 039 048 -1.29
Zn, -0.24 0.68 0.78 0.98 -1.13 -1.32 0.51 -0.63 0.33 -035 047 -1.39
Rh; 0.85 1.78 1.45 1.70 —1.24 —0.49 1.06 -032  -0.13 0.01 0.86 —1.28
Pd, 0.69 1.53 1.27 1.35 -1.23 —0.84 0.47 -0.54 -025 026 0.70 -1.39
Pt, 0.31 0.87 0.77 0.85 -1.76 -1.39 -0.07 -1.10 —-024 —-0.83 0.04 -193

*The IS, TS and FS marked with a ““ > ” label represent the reactions in which H, participates,
IS6°, TS6’ represent the reaction in which Hc i participates, 1S6”, TS6” represent the
reaction in which Hc .. participates, the other numbers indicate the reaction in which Hg

participates.
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Table S6. The calculated energy barriers and reaction energies for the competition reaction

between *CH,OH+*H to CH30H and *CH2H-O and the evolution of *CH2H>O to *CHa.

Pt;-MoS: Nii-MoS: Rhi-MoS:
Reactions E.(eV) AE(eV) E,(eV) AE(eV) EJeV) AE(eV)
*CH2OH+Hc_ou=*CH30H 0.86 —0.86 0.43 —0.45 0.19 -0.97
*CH2OH+Hc_ou=*CH2H0 0.96 —-0.10 1.03 0.02 0.95 -0.17
*CH.OH+H. in=*CH;OH 1.32 —-0.53 1.36 -0.23 1.55 —-0.79
*CH.OH+H. in=*CH,H,O 0.80 0.18 0.96 0.03 1.12 0.01
*CH2H20=*CH,+H2Oy) 0.04 0.04 0.84 0.84 0.08 0.08
*CHx+H.=*CH3 0.36 —2.67 0.17 —2.26 0.21 —2.18
*CHs;+H.=*CH4 2.02 —0.82 1.91 —0.61 2.21 —-0.96

Pt;-MoS: Nii-MoS: Rh;i-MoS:
Reactions E.(eV) AE(eV) E.(eV) AE(eV) E.(eV) AE(eV)
*CH2OH+Hc_ou=*CH30H 0.30 —-0.76 0.29 —0.86 0.26 —0.68
*CH.OH+Hc_ou=*CH2H0 0.80 0.65 0.98 —-0.13 0.84 —-0.21
*CH.OH+H. in=*CH;OH 1.83 —-0.07 1.31 —0.55 1.81 —-0.54
*CH.OH+H. in=*CH,H.O 0.85 —0.18 1.29 0.17 1.40 0.78
*CH2H20=*CH2+H2O(g) 0.22 0.22 0.07 0.07 0.08 0.08
*CH2+H.=*CH;3 0.37 —-1.61 0.01 —2.49 0.38 -1.73
*CHs;+H.=*CH4 2.58 —-0.16 2.58 —0.16 2.68 0.05

S28



Table S7. The energy barriers (E.), reaction energies (A E), reaction rates for forward (ky) and

reverse reactions (k,) of the considered elementary steps on Pt;-MoS..

Reactions EJ eV)  AE(eV) ks k.

R1 Hot+#1=2Ho#1 0.00 0.00 8.44x107 8.44x107
R2 Ho#1+#2=HH#1+H#2 0.97 —-0.84 7.67x10? 1.33x107°
R3 H#1+#4=#1+H#4 1.19 0.86 3.89x10° 3.64x10°
R4 COaeH#32CO#3 0.00 -0.01 1.81x107  1.42x107
R5(1) CO#3+H#2=COOH#3+#2 1.78 0.71 2.73x107¢  6.94x10!
Ro6(D) CO#3+H#4=COOH#3+#4 0.35 —-0.14 2.25x10° 7.79x107
R7(1") COOH#3+H#2=2C(OH)#3+#2 0.67 —-0.29 1.03x10¢  9.75x10?
R8(II) COOH#3+H#4=C(OH)#3+#4 0.13 —0.58 4.43x10"  3.95x10°
RO(II™) COOH#3+H#4=HCOOH+#3 1.07 -1.23 6.94x10! 1.03x1071
RI0(II’)  C(OH)#3+H#2=CH(OH)#3+#2 0.86 -1.71  1.08x10*  1.57x1074
R11(IIT) C(OH)#3+H#4=CH(OH)#3+#4 0.13 225  4.43x10""  1.50x107'2
R12(IV?) CH(OH)#3+H#2=CHOH#3+H,0+#2 1.67 0.03 3.83x1075  7.87x1073
RI13(1V) CH(OH),#3+H#4=CHOH#3+H,0+#3 0.01 —0.83  7.92x10"2  1.74x10*
R14(V’) CHOH#3+H#2=CH,OH#3+#2 0.56 —2.07 1.45x107 3.71x1071
R15(V) CHOH#3+H#4=CH,OH#3+#4 0.08 —2.53 1.47x102  6.00x10713
R16 CH,OH#3+H#2+#5=CH,OH#5+H. in#3 +#2 0.15 —0.10 2.74x10"  2.48x10'°
R17 CH,OH#3+H#4+#5=CH,OH#3+H. cu#5+#4 0.87 —0.24 8.47x10° 2.66x10!
R18(VD) CH,OH#3+H. cu#5=CH3;OH#3+#5 0.86 —-0.86 1.08x10* 1.15x1073
R19(VI™) CH,OH#5+H. i#3=CH;OH#5+#3 1.32 —-0.53 1.71x107"  5.07x1077
R20(VI) CH,OH#3+H#4=CH3;OH#3+#4 0.87 —0.24 8.47x10° 2.66x10!
R21 CH3;OH#3=CH3;OH+#3 0.64 0.64 4.47x10°  2.12x107
R22 CH3;OH#5=CH3;OH+#5 0.64 0.64 4.47x10°  2.12x107
R23 CH,OH#3+H. qui#5=CHH,O#3 + #5 0.96 —0.10 9.75x10? 8.83x10!
R24 CH2OH#3+H. in#3=CHxHO#3+#3 0.80 0.18 4.55x10* 3.43x10°
R25 CH:H,0#3=CH#3+H20 0.04 0.04 1.08x107  2.82x107
R26 CH#3+H#2=CH3#3+#2 0.36 —2.67 1.77x10° 2.49x1071°
R27 CH3#3+H#2=CH4#3+#2 2.02 —0.82 8.55x107°  2.39x107"7
R28 CH#3=CH4+#3 0.52 0.52 1.13x10*  2.99x107
R29 CH#5=CH4+#5 0.52 0.52 1.13x10*  2.99x107
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Table S8. The energy barriers (E.), reaction energies (A E), reaction rates for forward (ky) and

reverse reactions (k,) of the considered elementary steps on Ni;-MoSo.

Reactions E(eV)  AE(eV) ks Kk,

R1 Hot+#1=2Ho#1 0.00 —0.04 8.44x107 3.23x107
R2 Ho#1+#2=HH#1+H#2 1.09 —-0.98 4.30x10! 2.57x107°
R3 H#1+#4=#1+H#4 1.13 0.68 1.64x10! 2.04x108
R4 COaeH#32CO#3 0.00 -0.05 1.81x107  5.44x10°
R5(1) CO#3+H#2=COOH#3+#2 1.34 0.67 1.06x107! 1.03x10°
Ro6(D) CO#3+H#4=COOH#3+#4 0.86 0.08 1.08x10* 7.36x10*
R7(1I") COOH#3+H#2=C(OH)#3+#2 0.51 —0.38 4.82x107 5.24x103
R8(II) COOH#3+H#4=C(OH)#3+#4 0.14 —0.66 3.49x10"! 4.55x10*
RO(II™) COOH#3+H#4=HCOOH+#3 1.48 -0.92 3.67x1073 9.30x10713
R10(III") C(OH)#3+H#2=CH(OH)2#3+#2 1.12 -1.38 2.09x101  8.42x10714
R11(IIT) C(OH)#3+H#4=CH(OH)#3+#4 0.78 -1.85 736x10*  3.71x10715
RI20V’)  CH(OH)#3+H#2=CHOH#3+H0+#2 0.66 -0.23 1.31x10°  5.24x10°
R13(1IV) CH(OH)#3+H#4=CHOH#3+H,O+#3 0.07 —0.83 1.87x10'2 4.12x103
R14(V) CHOH#3+H#2=CH,OH#3+#2 1.12 -1.83 2.09x10! 1.70x10713
R15(V) CHOH#3+H#4=CH,OH#3+#4 0.51 —2.38 4.82x107 7.20x10718
R16 CH.OH#3+H#2+#5=CH,OH#5+H. i#3 +#2  0.10 —0.21 9.12x10! 5.88x10°
R17 CH,OH#3-+H#4+#5=CH,OH#3+H. ou#5+#4 1.13 -0.29 1.64x10! 1.55x1072
R18(VD) CH>OH#3+ Hc ou#5=CH;OH#3-+#5 0.43 -0.45 3.29x10% 6.66x103
R19(VI™) CH,OH#5+H. in#3=CH;OH#5+#3 1.36 -0.23 6.56x1072 2.62x107*
R20(VD) CH,OH#3+H#4=CH3;OH#3+#4 1.13 -0.73 1.64x10! 3.99x1077
R21 CH3;OH#3=CH;OH+#3 0.04 0.04 8.10x10° 2.12x107
R22 CH3;OH#5=CH3;OH+#5 0.04 0.04 8.10x10° 2.12x107
R23 CH,OH#3+H. qui#5=CHH,O#3 + #5 1.03 0.02 1.82x10? 2.93x10?
R24 CH2OH#3+H. in#3=CHxH,O#3+#3 0.96 0.03 9.75x10? 2.00x103
R25 CH2H,0#3=CH:#3+H20 0.84 0.84 4.88x1072 2.82x107
R26 CH#3+H#2=CH3#3+#2 0.17 —2.26 1.70x10! 4.52x10713
R27 CH3#3+H#2=CH4#3+#2 1.91 —0.61 1.20x1077 5.21x1071
R28 CH#3=CH4+#3 0.02 0.02 1.85x107 2.99x107
R29 CH#5=CH4+#5 0.02 0.02 1.85x107 2.99x107
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Table S9. The energy barriers (E,), reaction energies (AE), reaction rates for forward (ky) and

reverse reactions (k,) of the considered elementary steps on Rhi-MoSo.

Reactions E.eV) AE(eV) ky Kk,

R1 Hy+#1=2Ho#1 0.00 0.00 8.44x107 8.44x107
R2 Ho#1+#2=H#1+H#2 1.01 —-0.29 2.93x10? 2.77x107!
R3 H#1+#4=#1+H#4 1.23 0.99 1.49x10° 3.16x101°
R4 COytH#3=CO2#3 0.00 —0.11 1.81x107 1.29x10°
R5(1) CO#3+H#2=COOH#3+#2 1.20 0.76 3.06x10° 2.59x10%
Ro6(D) CO#3+H#4=COOH#3+#4 0.84 -0.07 1.74x10% 3.24x103
R7(1") COOH#3+H#2=2C(OH)#3+#2 0.70 —-0.05 5.03x10° 1.51x10°
R8(II) COOH#3+H#4=C(OH)#3+#4 0.08 -0.67 1.47x10"2 1.51x10°
RO(II™) COOH#3+H#4=HCOOH+#3 0.98 -1.50 6.03x10? 1.36x10713
R10(IIT") C(OH)#3+H#2=2CH(OH)#3+#2 0.55 -1.69 1.84x107 4.34x1071
RII(II)  C(OH):#3-+H#4=CH(OH):#3+#4 0.50 227 6.13x107 1.28x10716
RI2(IV’)  CH(OH)#3+H#2=CHOH#3+H,0+#2 1.17 041  6.29x10° 1.19x10°
RI3(IV)  CH(OH)#3+H#4=CHOH#3+H,0+#3 0.23 -1.01  4.02x10"  1.17x10°
R14(V) CHOH#3+H#2=CH,OH#3+#2 0.93 —2.09 2.00x10° 3.17x107Y
R15(V) CHOH#3+H#4=CH,OH#3+#4 0.25 —2.69 2.48x10'° 2.17x10718
R16 CH,OH#3-+H#2+#5=CH,OH#5+H. i#3 +#2  0.26 0.16 1.95x10'° 9.12x10!
R17 CH,OH#3+H#4+#5=CH,OH#3+H. ou#5+#4  0.84 —-0.33 1.74x10* 6.29x10°
R18(VI) CH>OH#3+ He ou#5=CH;OH#3+#5 0.19 -0.97 1.05x10" 8.00x10°
R19(VI”)  CH>OH#5+H. in#3=CH;OH#5+#3 1.55 —-0.79 6.84x107* 3.93x10712
R20(VI) CH,OH#3-+H#4=CH3;OH#3+#4 0.85 -1.29 1.37x10* 4.79x1071°
R21 CH;OH#3=CH;0H+#3 0.00 —-0.01 2.12x107 1.67x107
R22 CH3;OH#5=CH;OH+#5 0.00 —-0.01 2.12x107 1.67x107
R23 CH,OH#3+H. oui#5=CHH,O#3 + #5 0.95 -0.17 1.24x103 2.09x10!
R24 CH,OH#3+H. in#3=CHoH,O#3+#3 1.12 0.01 2.09x10! 2.66x10!
R25 CH:H>O0#3=CHx#3+H,0 0.08 0.08 4.13x10° 2.82x107
R26 CH#3+H#2=CH3#3+#2 0.21 —2.18 6.49x1010 1.18x10712
R27 CH:#3+H#2=CH4#3+#2 2.21 —-0.96 8.92x107!! 8.64x1072!
R28 CH4#3=CH4+#3 0.15 0.15 8.15x10° 2.99x107
R29 CH4#5=CH4H+#5 0.15 0.15 8.15x10° 2.99x107
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Table S10. The energy barriers (E,), reaction energies (AE), reaction rates for forward (k) and

reverse reactions (k) of the considered elementary steps on Zni-MoS,.

Reactions E.eV) AE(eV) ky Kk,

R1 Hy+#1=2Ho#1 0.00 —0.04 8.44x107 3.23x107
R2 Ho#1+#2=H#1+H#2 0.95 —-0.71 1.24x103 4.87x107
R3 H#1+#4=#1+H#4 1.39 1.15 3.19x1072 3.16x101°
R4 COytH#3=CO2#3 0.00 —-0.05 1.81x107 5.44x10°
R5(1) CO#3+H#2=COOH#3+#2 1.69 0.78 2.37x107° 3.24x103
Ro6(D) CO#3+H#4=COOH#3+#4 0.62 -0.29 3.43x10° 3.24x103
R7(1") COOH#3+H#2=2C(OH)#3+#2 0.80 0.30 4.55x10* 6.13x107
R8(II) COOH#3+H#4=C(OH)#3+#4 0.03 —0.60 4.90x10"? 2.70x10°
RO(II™) COOH#3+H#4=HCOOH+#3 1.03 -1.16 1.82x10? 1.44x10710
R10(IIT") C(OH)#3+H#2=2CH(OH)#3+#2 1.09 —0.43 4.30x10! 1.41x1073
RII(II)  C(OH):#3-+H#4=CH(OH):#3+#4 0.60 142 5.55x10° 6.73x10
RI2(IV’)  CH(OH)#3+H#2=CHOH#3+H,0+#2 0.98 0.48 6.03x10>  6.13x10’
RI3(IV)  CH(OH)#3+H#4=CHOH#3+H,0+#3 0.02 071 6.23x102  2.44x10°
R14(V) CHOH#3+H#2=CH,OH#3+#2 0.92 —-0.89 2.55x10° 1.33x107°
R15(V) CHOH#3+H#4=CH,OH#3+#4 0.20 -1.91 8.25x10'° 9.85x10710
R16 CH,OH#3-+H#2+#5=CH,OH#5+H. i#3 +#2  0.30 —0.15 7.47x10° 2.04x10%
R17 CH,OH#3-+H#4+#5=CH,OH#3+H. ou#t5+#4  0.82 -0.28 2.81x10% 3.38x10!
R18(VI) CH>OH#3+ He ou#5=CH;OH#3+#5 0.30 —0.76 7.47x10° 8.83x10!
R19(VI”)  CH>OH#5+H. in#3=CH;OH#5+#3 1.83 —-0.07 8.20x1077 1.53x1077
R20(VI) CH,OH#3-+H#4=CH3;OH#3+#4 0.82 -1.04 2.81x10* 3.99x1077
R21 CH;OH#3=CH;0H+#3 0.10 0.10 1.92x10° 2.12x107
R22 CH3;OH#5=CH;OH+#5 0.10 0.10 1.92x10° 2.12x107
R23 CH,OH#3+H. oui#5=CHH,O#3 + #5 0.80 0.65 4.55x10* 2.74x10"
R24 CH,OH#3+H. in#3=CHoH,O#3+#3 0.85 —0.18 1.37x10* 1.82x10?
R25 CH:H>O0#3=CHx#3+H,0 0.22 0.22 1.43x10° 2.82x107
R26 CH#3+H#2=CH3#3+#2 0.37 -1.61 1.39x10° 2.24x1078
R27 CH:#3+H#2=CH4#3+#2 2.58 —-0.16 1.23x107  2.64x107!6
R28 CH4#3=CH4+#3 0.12 0.12 1.68x10° 2.99x107
R29 CH4#5=CH4H+#5 0.12 0.12 1.68x10° 2.99x107
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Table S11. The energy barriers (E,), reaction energies (AE), reaction rates for forward (k) and

reverse reactions (k) of the considered elementary steps on Pdi-MoSo.

Reactions E.eV) AE(eV) ks k,

R1 Hot+#1=Ho#1 0.00 0.00 8.44x107 8.44x107
R2 Ho#t 1 +#2=H.#1+H.#2 1.08 —0.44 5.46x10! 1.41x1073
R3 H#1+#4=#1+H#4 1.37 0.98 5.16x1072 8.61x10%
R4 COueH#32CO#3 0.00 0.00 1.81x107  1.81x107
R5() CO#3+H#2=COOH#3+#2 1.34 0.88 1.06x107! 1.60x108
Ro6() COx#3+H#4=COOH#3+#4 0.96 0.01 9.75x10? 1.24x103
R7(I") COOH#3+H#2=C(OH)#3+#2 0.84 —0.20 1.74x10* 1.43x10?
R8(II) COOH#3+H#4=C(OH)#3+#4 0.10 —0.63 9.12x10" 2.44x10°
RO(II™) COOH#3+H#4=HCOOH+#3 0.97 -1.23 7.67x10? 1.13x10710
RIO(II’)  C(OH)#3+H#2=CH(OH)#3+#2 0.91 ~1.40  324x10°  8.07x107'2
RII(II)  C(OH):#3+H#4=CH(OH)#3+#4 0.29 -1.99  9.50x10°  1.66x107!!
R12(IV’)  CH(OH)#3+H#2=CHOH#3+H,0+#2 0.91 —0.02 3.24x10° 2.00x103
RI3(IV)  CH(OH):#3+H#4=CHOH#3+H,0+#3 0.01 -0.78  7.92x10'2  5.79x10*
R14(V’) CHOH#3+H#2=CH,OH#3+#2 0.84 -1.92 1.74x10* 1.63x10716
R15(V) CHOH#3+H#4=CH,OH#3+#4 0.08 —2.50 1.47x10'2 1.23x1074
R16 CH,OH#3+H#2+#5=CH>OH#5+H. w#3 +#2  0.18 —0.19 1.33x10" 1.39x10°
R17 CH,OH#3+H#4+#5=CH,OH#3+H. ou#5+#4  0.96 —0.19 9.75x10? 1.02x10!
RI18(VI’)  CH,OH#3+ Hc ou#5=CH3;0OH#3+#5 0.29 —0.86 9.50x10° 1.02x10!
R19(VI”) CH,OH#5+H. in#3=CH3;OH#5+#3 1.31 —0.55 2.18x107! 3.99x1077
R20(VD) CH,OH#3+H#4=CH3OH#3+#4 0.96 -1.13 9.75x10? 1.59x107°
R21 CH3;OH#3=CH3;OH+#3 0.10 0.10 1.92x10° 2.12x107
R22 CH3OH#5=CH3OH+#5 0.10 0.10 1.92x10° 2.12x107
R23 CH,OH#3+H. ou#5=CHH,O#3 + #5 0.98 —0.13 6.03x10? 2.66x10!
R24 CH,OH#3+H. in#3=CH,H,O#3+#3 1.29 0.17 3.52x107! 2.09x10!
R25 CH2H,O0#3=CH:#3+H20 0.07 0.07 5.26x10° 2.82x107
R26 CHo#3+H#2=CH3#3+#2 0.01 —2.49 7.92x10"2 8.42x1074
R27 CH3#3+H#2=CH4#3+#2 2.58 —0.16 1.23x107*  2.64x1071¢
R28 CH4#3=CH4+#3 0.00 —0.01 2.99x107 2.35x107
R29 CH#5=CH4+#5 0.00 —0.01 2.99x107 2.35x107
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Table S12. The energy barriers (E,), reaction energies (AE), reaction rates for forward (k) and

reverse reactions (k,) of the considered elementary steps on Cui-MoSo.

Reactions E«eV) AE(eV) ks k,
R1 Hy+#1=Hx#1 0.00 0.09 8.44x107 7.33x10%
R2 Ho#1+#2=H#1+H.#2 0.79 -1.05 5.79x10* 6.45x1077
R3 H#1+#4=#1+H#4 1.63 1.43 1.00x107* 8.25x10'0
R4 COytH#3=CO2#3 0.00 —-0.02 1.81x107 1.12x107
R5(1) COx#3+H#2=COOH#3+#2 1.83 0.72 8.20x1077 2.66x10!
Ro6(D) CO#3+H#4=COOH#3+#4 0.55 —0.63 1.84x107 4.95x10°
R7(II") COOH#3+H#2=2C(OH)#3+#2 0.99 0.39 4.74x10°  5.55x10
R8(II) COOH#3+H#4=C(OH)#3+#4 0.08 —-0.54 1.47x10"? 3.43x10°
RO(II™) COOH#3+H#4=HCOOH+#3 1.14 -0.17 1.29x10! 2.18x107!
R10(IIT") C(OH)#3+H#2=2CH(OH)#3+#2 1.12 —-0.51 2.09x10! 1.00x107#
RII(I)  C(OH)#3+H#4=CH(OH),#3+#4 0.53 -1.59 298107  7.75x10710
RI2(IV’)  CH(OH)#3+H#2=CHOH#3+H,0+#2 0.95 0.48 1.24x10°  1.26x10°
RI3(IV)  CH(OH)#3+H#4=CHOH#3+H,0+#3 0.01 ~0.81  7.92x10"2  2.81x10*
R14(V?) CHOH#3+H#2=CH,OH#3+#2 0.82 —-0.87 2.81x10* 2.37x107
R15(V) CHOH#3+H#4=CH,OH#3+#4 0.17 —2.08 1.70x10" 3.41x1071
R16 CH,OH#3-+H#2+#5=CH,OH#5+H. i#3 +#2  0.59 —-0.01 7.06x10° 5.55x10°
R17 CH,OH#3+H#4+#5=CH,OH#3+H. ou#5+#4  0.87 0.22 8.47x103 1.67x10°
R18(VI) CH>OH#3+ He ou#5=CH;OH#3+#5 0.26 —0.68 1.95x101° 1.58x10°
R19(VI”)  CH>OH#5+H. in#3=CH;OH#5+#3 1.81 —-0.54 1.33x10°¢ 3.09x107"2
R20(VI) CH,OH#3+H#4=CH;OH#3+#4 0.82 -1.04 2.81x10* 3.99x1077
R21 CH;OH#3=CH3;0H+#3 0.00 0.00 2.12x107 2.12x107
R22 CH;OH#5=CH;OH+#5 0.00 0.00 2.12x107 2.12x107
R23 CH,OH#3+H. oui#5=CHH,O#3 + #5 0.84 -0.21 1.74x10* 1.12x10?
R24 CH,OH#3+H. in#3=CHoH,O#3+#3 1.40 0.78 2.51x1072 3.43x10°
R25 CH>H,O0#3=CH,#3+H,0 0.08 0.08 4.13x10° 2.82x107
R26 CH#3+H#2=CH3#3+#2 0.38 -1.73 1.09x10° 9.85x10710
R27 CH:#3+H#2=CH4#3+#2 2.68 0.05 11210715 3.71x10713
R28 CH4#3=CH4+#3 0.01 0.01 2.35x107 2.99x107
R29 CH4#5=CH4H+#5 0.01 0.01 2.35x107 2.99x107
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Table S13. The theoretical TOF (h') to produce CH;OH, HCOOH and CH4 on each M;-MoS,.

TOF Pt1-MOSz Ni1-MOSz Rh1-MOSz Zn1-MOSz Pd1-MOSz Cul-MOSz

CH;0H 3.02 80.81 6.67 2.76 0.77 0.12
HCOOH 237x10°'° 3.41x101% 8.66x101° 6.35x10°  2.35x10%  1.87x1077

CH,4 7.29x10°  1.79x1071%  3.30x10°'1®  4.56x10-19 1.22x10-'13  2.25x102
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Table S14. The energy barriers (E.), reaction energies (AE) of the hydrogenation of C-containing

species along the comparable CO; hydrogenation pathway on Niy, Pt1, Rhi, Zn1, Pdi, Cui-MoS..

M;i-MoS; Reaction Step Eu(eV) AE(eV)
COx#3+H#2=COOH#3+#2 1.34 0.67
COOH#3+H#2=C(OH):#3+#2 0.51 —0.38
C(OH)#3+H#4=CH(OH):#3+#4 0.78 -1.85
Nii-MoS: CH(OH),#3+H#4=CHOH#3+H,O+#3 0.07 —0.83
CHOH#3+H#4=CH,OH#3+#2 0.51 —2.38
CH,OH#3+H#4=CH;OH#3+#4 1.13 —0.73
CH;OH#5=CH;0H+#5 0.04 0.04
COx#3+H#4=COOH#3+#4 0.35 —0.14
COOH#3+H#2=C(OH):#3+#2 0.67 -0.29
C(OH)#3+H#4=CH(OH):#3+#4 0.13 —2.25
Pti1-Mo$S» CH(OH)#3+H#4=CHOH#3+H,O+#3 0.01 —0.83
CHOH#3+H#2=CH,OH#3+#2 0.56 —2.07
CH,OH#3+H#4=CH;OH#3+#4 0.87 —0.24
CH;OH#5=CH;0H+#5 0.64 0.64
COx#3+H#2=COOH#3+#2 1.20 0.76
COOH#3+H#4=C(OH):#3+#4 0.08 —0.67
C(OH)#3+H#2=CH(OH):#3+#2 0.55 -1.69
Rhi-MoSz(a)  CH(OH):#3+H#4=CHOH#3+H,0+#3 0.23 -1.01
CHOH#3+H#2=CH2OH#3+#2 0.93 —2.09
CH,OH#3+H#4=CH;OH#3+#4 0.85 -1.29
CH;OH#5=CH;0H+#5 0.00 —0.01
COx#3+H#2=COOH#3+#2 1.20 0.76
COOH#3+H#2=C(OH):#3+#2 0.70 —0.05
C(OH)#3+H#2=CH(OH):#3+#2 0.55 -1.69
Rhi-MoSy(b)  CH(OH):#3+H#4=CHOH#3+H,O+#3 0.23 -1.01
CHOH#3+H#4=CH,OH#3+#4 0.25 —2.69
CH,OH#3+H#4=CH;OH#3+#4 0.85 -1.29
CH;OH#3=CH;0H+#3 0.00 —0.01
COx#3+H#2=COOH#3+#2 1.69 0.78
COOH#3+H#2=C(OH)x#3+#2 0.80 0.30
Zm-MoSa(a) C(OH)#3+H#2=CH(OH)#3+#2 1.09 —0.43
CH(OH):#3+H#4=CHOH#3+H,O+#3 0.02 -0.71
CH,OH#3+H#4=CH;OH#3+#4 0.82 -1.04
CH;OH#5=CH;0H+#5 0.10 0.10
COx#3+H#4=COOH#3+#4 0.62 -0.29
COOH#3+H#2=C(OH)x#3+#2 0.80 0.30
Zn;-MoS»(b) C(OH)#3+H#2=CH(OH)#3+#2 1.09 —0.43
CH(OH)#3+H#4=CHOH#3+H,O+#3 0.02 —0.71
CHOH#3+H#2=CH,OH#3+#2 0.92 —0.89
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CH,OH#3+H#4=CH;OH#3+#4 0.82 ~1.04
CH;OH#5=CH;0H+#5 0.10 0.10
CO#3+H#2=2COOH#3+2 1.34 0.88
COOH#3+H#2=C(OH):#3+#2 0.84 -0.20
C(OH)#3+H#4=CH(OH),#3+#4 0.29 ~1.99

Pd;-MoSx(a)  CH(OH):#3+H#4=CHOH#3+H,0+#3 0.01 -0.78
CHOH#3+H#4=CH,OH#3+#2 0.08 ~2.50
CH,OH#3+H#4=CH;OH#3+#4 0.96 -1.13
CH;OH#5=CH;0H+#5 0.10 0.10
CO-#3+H#2=2COOH#3+2 1.34 0.88
COOH#3+H#2=C(OH):#3+#2 0.84 -0.20
C(OH)#3+H#2=CH(OH):#3+#2 0.91 ~1.40

Pd;-MoSa(b)  CH(OH):#3+H#4=CHOH#3+H,0+#3 0.01 -0.78
CHOH#3+H#4=CH,OH#3+#2 0.08 -2.50
CH,OH#3+H#4=CH;OH#3+#4 0.96 ~1.13
CH;OH#5=CH;0H+#5 0.10 0.10
CO-#3+H#2=2COOH#3+#2 134 0.88
CO#3+H#4=COOH#3+#4 0.96 0.01
C(OH)#3+H#4=CH(OH),#3+#4 0.29 ~1.99

Pd;-MoSa(c)  CH(OH):#3+H#4=CHOH#3+H,0+#3 0.01 -0.78
CHOH#3+H#4=CH,OH#3+#2 0.08 -2.50
CH,OH#3+H#4=CH;OH#3+#4 0.96 ~1.13
CH;OH#5=CH;0H+#5 0.10 0.10
CO#3+H#4=COOH#3+#4 0.55 -0.63
COOH#3+H#2=C(OH ) #3+#2 0.99 0.39
C(OH):#3+H#2=CH(OH ):#3+#2 1.12 -0.51

Cui-MoS,  CH(OH):#3+H#4=CHOH#3+H,0+#3 0.01 -0.81
CHOH#3+H#2=CH,OH#3+#2 0.82 -0.87
CH,OH#3+H#4=CH;0H#3+#4 0.82 ~1.04
CH;OH#5=CH;0H+#5 0.00 0.00
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Table S15. The coverage of all carbon-containing intermediates on Nij, Pt;, Rhi, Zni, Pdi,

Cui-MoS,.

O:coon O«con O«cuoony O:cHon O-cH20H
Ni;-MoS; 1.88x1078 1.99x104 8.75%10712 3.40x1077 9.98x107!
Pt;-Mo$S; 1.54%107° 2.96x107° 1.72x1071° 5.45x1071 9.74x107!
Rhi-MoS, 2.86x107° 1.12x1071° 3.30x1077 3.53x1077 9.70x107!
Zn;-MoS; 8.65x107° 1.76x1073 1.09%107° 6.48x1078 2.42x107!
Pd;-MoS; 2.37x1078 3.25x10°8 7.57x10711 3.94x10710 6.15x107!
Cui-Mo$S; 1.98x1073 1.73%x10°¢ 1.92x107° 1.32x107° 5.78x107!
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