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Derivation of the equation 1 in the main text
The free energy of intermediate *C,H,O:; is written as follows:

GY(*CyH,0,7) = E(*C,H,0,%) — E(*) — xu(C) — yu(H) — z1(0) + qpu(e) + Eaga, (S1)

where ¢(C), u(H), u(0), and u(e) are the chemical potential of C, H, O, and electron. These are expressed
as follows:S!

1
p(H) =ZG(Hz) —el,  (S2)

1(0) = G(H,0) — 2u(H),  (S3)
u(C) = G(COz) —2u(0).  (S4)

Using equations S1-S4, we get

G(*C,H,0,%) = E(*C,H,0,7) — E(*) — xG(CO,) — 0.5(4x + y — 22)G(H;) — (z — 2x)G (H,0)
+ (4x +y — 2z)eU + qu(e) + Eaqq- (S5)

Then, u(e) can be calculated as follows:S?

qu(e) = qusue(e) + 0.059pH — eV, (S6)
Using equations S5 and S6, we get the final equation in the main text:
GY(*C,H,0,%) = E(*C,H,0,%) — E(*) — xG(CO,) — 0.5(4x + y — 22)G(H,) — (z — 2x)G(H,0)
+ (4x +y —2z)eU — eqU + 0.059pH X q + qusuyg(e™) + Eaqa-  (S7)
Details of the charge state calculations

We present all neutral free energies (GO(*CxHyOZO)) in Table S1 and charging energies

(GO(*CxHyOZq) - GO(*CxHyOZO)) in Table S2. The free energies of neutral species can be easily
calculated from Table S1 using theoretical framework of previous work.5! The free energies of charged
adsorbates can be calculated using equation S7. Here, one can obtain free energies of charged adsorbate
using Table S1 and S2 as follows

GU(*C,H,0,%) = G°(*C,H,0,") + [G°(*C,H, 0,7) — G°(*C,H,0,)] — (4x +y — 2z — q)el,
(S6)
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where the first energy term is written in Table S1, and the second energy term is written in Table S2.
Among the possible charge states, we choose the most energetically favorable one.

Note that these energies are differently dependent with charges for different types of intermediates.
Therefore, relative energies between intermediates can change with respect to the U even it is in the
same protonation step (e.g. *COOH and *OCHO). For instance, in the case of MoS, in Figure S2a,
energy difference between *COOH and *OCHO increases when U changes from 0 to —1 V. Due to this
charge dependence, maximum potential steps of PtS,, PtSe,, PtTe,, IrTe,, and SnS, are not reduced to
0 eV as presented in Figure S2. Note that we omit ReS, and ReSe; in Figure S2 because charge states
of all their intermediates remain 0 from 0 to —1 V.

Geometries of *COOH, *O and *OH

We choose the most stable atomic configurations for vacancy sites of TMDs. For *COOH, we tested
three configurations shown in Figure S3 for several TMDs, and atomic configuration in Figure S3a is
found to be the most stable among these. For *O, *OH, and *OCHO, we find that atomic configurations
in Figure S4 are the most favorable. Note that atomic configurations of *COOH and *OH is in good
agreement with the atomic geometries presented in ref. S3.
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Table S1. Free energies of uncharged adsorbates. The energy unit is eV.

G'(*H% | G°(*OCHO") [ G°(*COOH") [ G%(*Q% [ G°(*OHY)
TiS2 0.43 -0.13 0.79 -0.23 -0.50
TiSe2 0.16 -0.46 0.41 -0.85 -0.79
TiTe2 0.24 -0.90 0.08 -1.70 -1.19
ZrS2 0.46 -0.11 0.85 -0.81 -0.40
ZrSe2 0.54 -0.41 0.49 -1.12 -0.63
ZrTe2 0.12 -0.81 -0.15 -1.63 -0.92
HfS2 -0.24 -1.28 -0.43 222 -1.70
HfSe2 -0.37 -1.40 -0.66 231 -1.74
HfTe2 -0.33 -1.48 -0.90 2226 -1.57
V82 0.07 -0.37 0.53 -0.16 -0.89
VSe2 -0.14 034 0.51 -0.44 -0.68
VTe2 -0.57 -0.61 0.58 -1.36 -1.14
NbS2 0.16 -0.47 0.18 -0.03 -0.90
NbSe2 -0.15 -0.74 -0.16 -0.59 -1.04
NbTe2 0.23 -0.17 0.18 -0.41 0.42
TaS2 0.00 -0.83 -0.30 -0.65 -1.26
TaSe2 -0.43 111 -0.70 -1.30 -1.46
TaTe2 -0.15 -0.81 -0.73 -1.17 -1.04
CrSe2 0.01 -0.31 0.41 0.19 -0.52
CrTe2 -0.34 -0.76 -0.20 -0.52 -0.93
MoS2 -0.14 0.18 0.87 -1.04 0.22
MoSe2 0.37 -0.05 0.64 -1.03 -0.28
MoTe2 -0.47 -0.30 0.23 -1.07 -0.46
WS2 -0.10 0.19 0.80 -1.29 -0.04
WSe2 -0.18 0.09 0.63 -1.37 -0.04
WTe2 -0.80 -0.63 -0.54 -0.06 -0.49
ReS2 0.14 0.30 1.11 -0.06 0.04
ReSe2 -0.07 0.02 0.53 0.09 0.05
ReTe2 -0.33 -0.21 -0.33 0.58 0.06
CoTe2 -0.14 -0.13 0.51 2.18 0.95
IrTe2 -0.59 0.11 -0.36 1.70 0.63
NiTe2 0.33 0.57 0.70 2.53 1.27
PdTe2 0.31 0.54 0.80 2.73 1.27
PtS2 -0.04 0.52 0.17 1.28 0.63
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PtSe2 0.17 0.33 -0.01 1.53 0.66
PtTe2 -0.22 0.25 0.02 2.18 0.97
SnS2 -0.02 -0.44 0.14 -0.22 -0.68
SnSe2 0.47 -0.07 0.47 0.70 -0.05

Table S2. Charging energy at 0 V vs. RHE [G°(*CxHy0,9)—G°(*CxHy0,°)] of adsorbates are
presented for possible charge states. N/C in *H column indicates “Not calculated” in the case

when the free energy steps of intermediates does not reduced to 0 (see section 2 for details).

Vx *OCHO *O *OH *COOH *H

q | Energy q Energy | ¢q Energy q Energy q Energy q Energy

4 | 040

3| 006 | -3 0.69 -3 1.24 3 1.27 3 0.24

2| <037 | 2 0.12 2 0.69 2 0.56 2 -0.34
MoS2 | -1 | -042 | -1 -0.17 -1 -0.68 -1 -0.06 -1 -0.52

0 | 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00

1 1.65 1 0.59 1 0.31 1 0.42 1 1.09

2 | 496

B 2.54

-3 12| 3 1.71 3 226 | 230 | 1.33

2 026 | 0.91 2 124 | 2 115 | 2 0.39
MoSe2 | -1 007 | ! 0.27 ! 057 | ! 022 | ! -0.11

0 0.00 | ° 0.00 | ° 0.00 0 0.00 | ° 0.00 | ° 0.00

! 129 | ! 0.08 ! 009 ] ! 007 ! 0.62

2 2.90 1.71

B 2.84

-3 159 | 2 1.81 -3 206 | 234 ] 7 1.79

2 0.60 | 1.04 2 124 | 2 108 | 0.78
MoTez | -1 0.3 | ! 0.45 ! 0.60 | ! 046 | ! 0.13

0 0.00 | ° 0.00 | ° 0.00 0 0.00 | ° 0.00 | ° 0.00

! 079 | ! -0.09 ! 020 ! 029 | ! 0.29

2 1.86

- 2.57

-3 125 | 73 130 -3 200 | 7 104 | 3 121
ws2 | 2 038 | 2 0.59 2 0.99 | 2 083 | 2 0.22

! o011 | ! 0.08 ! 036 | ! o011 ] ! 0-20

0 0.00 | ° 0.00 | ° 0.00 0 0.00 | ° 0.00 | ° 0.00
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0.75

1.62 0.10 -0.16 0.10
2 3.60 1.30
4 3.57
-3 235 | 3 2.06 -3 256 | 7 251 | 3 2.24
2 108 | 1.09 2 132 2 132 2 0.96
Wse2 | -1 024 | ! 0.36 ! 044 | ! 0.8 | ! 0.22
0 0.00 | ° 0.00 0.00 0 0.00 | ° 0.00 | ° 0.00
! 11s | ! -0.20 ! 043 | ! 027 ! 0.33
2 2.66
B -0.19
-3 -0.30
2 -0.41
Ite2 -1 g3 | ! -0.18 ! 0.06 | ! -0.18
0 0.00 | ° 0.00 0.00 0 0.00 | ° 000 | NC | NE
! 061 | ! 0.58 ! 039 | ! 0.59
2 1.31
B -1.44
-3 -1.42
2 -1.23
P2 -1 g3 ] ! 0.78 ! 045 | ! -0.80
0 0.00 | ° 0.00 0.00 0 0.00 | ° 000 | VO | NE
! 170 | ! 121 ! 089 | ! 1.36
2 3.71
B -0.31
3 -0.54
2 -0.60
PiSe2 1 -1 a1t -0.47 ! 027 ] ! 1.99
0 0.00 | ° 0.00 0.00 0 0.00 | ° 000 | NC | NE
! 114 | ! 0.93 ! 0.80 | -1.58
2 2.57
B 0.86
3 0.39
2 0.06
PiTez | -1 007 | ! -0.11 ! 0.0 | ! 0.09
0 0.00 | ° 0.00 0.00 0 0.00 | ° 0.00 | N€ Ne
! 049 | ! 0.51 ! 026 | ! 0.35
2 1.19
ReS2 | 0 000 | © 0.00 0.00 0 0.00 0 000 | © 0.00
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! 1.46 ! 0.52 ! 0.31 ! 0.60
2 3.12
0 0.00 0 0.00 0.00 0 0.00 0 0.00 0 0.00
ReSe2 | 1 091 | ! 0.32 ! 0.06 | 0.09 | ! 0.27
2 2.07
3 1.61
2 1.09 2 0.74
ReTe2 ! 039 | ! 0.40 ! 048 | ! 0.15
0 -0.01 0 0.00 0.00 0 0.00 0 0.00 0 0.00
! -0.36 ! 0.18 ! -0.25 ! 0.18
2 0.99
2 -2.15
! -1.13
SnS2 0 0.02 0 0.00 0.00 0 0.00 0 0.00 N/C N/C
! -1.03
2 2.07
Table S3. E.qq values of intermediates.
*OCHO | *COOH *O *OH *H
Eadd (eV) 0.57 0.60 0.14 0.37 0.16
Table S4. Details of TMDs.
TMD Structure Metal (M) / Er(eV)
Semiconductor (SM)
TiS2 T M 0.71
TiSe2 T M 1.67
TiTe2 T M 2.60
ZrS2 T SM w/o midgap states 1.12
ZrSe2 T SM w/o midgap states 1.73
ZrTe2 T M 2.37
HfS2 T SM w/o midgap states 2.53
HfSe2 T SM w/o midgap states 2.97
HfTe2 T M 3.04
VS2 H M 1.19
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VSe2

T M 1.59

VTe2 T M 2.02
NbS2 H M 1.16
NbSe2 H M 1.93
NbTe2 H M 1.80
TaS2 H M 1.56
TaSe2 H M 2.41
TaTe2 H M 2.69
CrSe2 T M 1.35
CrTe2 T M 230
MoS2 H SM 2.36
MoSe2 H SM 2.89
MoTe2 H SM 3.38
WS2 H SM 2.67
WSe2 H SM 2.96
WTe2 T M 3.09
ReS2 T SM 1.94
ReSe2 T SM 2.59
ReTe2 T SM 3.30
CoTe2 T M 1.84
IrTe2 T SM 3.02
NiTe2 T M 1.46
PdTe2 T SM w/o midgap states 1.89
PtS2 T SM 1.55
PtSe2 T SM 223
PtTe2 T SM 2.67
SnS2 T SM 2.53
SnSe2 T SM w/o midgap states 2.20
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CO pathway
HCOOH pathway
HCHO pathway
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Figure S1. Free energies of all pathways at 0 V and -1 V of (a) MoS,, (b) MoSe, (c) MoTe»,

(d) WS2, (e) WSes, (f) IrTez, (g) ReTes, (h) PtS», (i) PtSes, (j) PtTes, and (k) SnS».



Side view
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Figure S2. Atomic configurations of *COOH considered in this study. Gray atoms are
transition metals, orange atoms are chalcogen atoms, black atoms are C, red atoms are O, and

green atoms are H.
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Side view

Figure S3. Adsorption configurations of (a) *O, (b) *OH, and (c) *OCHO considered in this
study.
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Figure S4. The comparison of calculation results between PBE-D2 functional and BEEF-vdW
functional for (a) G°(*H)-G°(*OH), and (b) G°(*COOH)-G°(*OH). BEEF-vdW functional is
known to be accurate in describing chemisorption energies of atoms or molecules on solid

surfaces. The BEEF-vdW results are adopted from ref. 15.
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Figure S5. Calculated oxidation and reduction leaching potential and potential for CO2R of

SnSez, ReS», and ReSe;.
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Figure S6. The free-energy diagrams for the pathway to CH30H of (a) ReSz and (b) ReSe.
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Figure S8. Density of states (DOS) of (a) Vse-MoSe», (b) *OCHO-MoSe;, (¢) Vs-TiS2, and (d)
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*OCHO-TiS:,. Black, red, and blue lines are total DOS, projected DOS of near-vacancy atoms,

and adsorbate, respectively.
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Figure S9. Regression result showing the correlation between G°(*OCHO) and d-band center
(Eq).
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