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Table S1. The activation barriers and reaction energies of elementary steps on Ni(211) and Ga-Ni(211) surfaces

Ni211) Ga-Ni211) GayNis(111)
No. reaction E, E" 4 apwe E, E" 4 apwe E, E"  4E  apwe
RI  Hy—H+H 010 000 070 -0.72 002 - 078 -0.76 003 - 074 -0.73
R2  COp+H—bi-HCOO 078 085  -0.50 -035 056 064  -0.68 -0.55 056 063  -0.63 -047
R3  COy+Hostrans-COOH 095 088 003 0.8 070 061 012  0.02 069 065  -022 -0.06
R4  COmCO+O 079 074 072  -0.75 103 095 027 -038 113 108  -0.79 -0.83
RS bi-HCOO—mono-HCOO 071 070 066  0.69 073 066 063 0.8 0.66 062 057 0.3
R6  bi-HCOO—HCO+O 168 159 082 073 183 174 114 107 176 169 074 067
R7  bi-HCOO+H—H,COO 172 175 102 115 190 188  1.02 108 159 159 091  1.00
R8  bi-HCOO+H—HCOOH 119 108 083 093 107 095 078 086 106 094 083 091
RO H,COO+H—H,COOH 074 064 015 -0.02 055 047 049 -036 057 048  -0.58 -0.44
RI0  HCOOH+H—H,COOH 088 088 025 042 093 090 023 037 094 092  -0.04 0.3
RI1  Hy,COOH—H,CO+OH 073 060 028 -038 0.66 053  -0.01 -0.15 0.66 052 004  -007
RI12  HCOOH—HCO+OH 091 087  -031 -038 058 065 023 -031 049 047  -028 -0.38
RI3  HCO+H—H,CO 059 057 034 045 041 039 029 -0.16 055 054 007 022
RI4  H,CO+H—CH,OH 116 105 034 047 093 084 016 024 118 107 044 053
RIS  H,CO+H—CH0 049 046 031 -0.19 044 039 037 -025 043 042 -037 -027
RI6  trans-COOH—cis-COOH 049 044 002  0.02 049 045 003  -0.02 051 045 001 0.0l
RI7  ¢is-COOH—CO+OH 104 093  -1.07  -115 095 092  -1.04 -1.05 099 087  -085 -0.92
RIS CO+H—COH 195 187 100 111 203 195 114 123 178 171 086 097
RI9  COTH—HCO 134 137 116 126 125 128 117 126 105 108 096 105
R20  trans-COOH+H—t-COHOH 053 045 012  0.02 0.65 060 025 -0.08 073 072 -0.09 0.08
R21  4+-COHOH—>,c-COHOH 042 039 010  0.09 041 038 010  0.09 042 040 006  0.08



Ni(211) Ga-Ni(211) GasNis(111)

No.  reaction E, E™ 4R NEZPE E, E™ 4E NFZPE E, E™  4E AE?PE
R22  {c-COHOH—c,c-COHOH 0.57 0.53 0.55 0.51 0.47 047 0.43 0.43 0.41 0.39 0.40 0.33
R23  {+COHOH—COH+OH 1.21 1.12 -0.47  -0.55 122 1.14 -0.43 -0.53 1.10  1.03 -0.34 -042
R24  {c-COHOH—COH+OH 1.05 098 -0.72  -0.77 1.13 1.01 -0.57  -0.63 0.99 0.87 -0.43 -0.48
R25  ¢,c-COHOH—COH+OH 036 0.38 -1.09  -1.09 0.77  0.75 -0.92  -0.93 0.63  0.63 -0.78  -0.82
R26 COH+H—HCOH 0.62 0.64 0.29 0.48 0.58 0.56 0.02 0.17 0.53 0.52 0.17 0.30
R27 HCOH+H—CH,0OH 0.61  0.60 0.43 0.50 0.51 0.50 0.31 0.40 043 044 0.15 0.22
R28  CH,OH+H—CH;0H 0.66 0.62 0.00 0.15 0.57 0.60 0.11 0.26 0.30 0.25 -0.38  -0.26
R29 CH;0+H—CH;0H 1.44 137 0.58 0.72 1.45 1.41 0.67 0.81 .30  1.27 0.58 0.74
R30 O+H—OH 1.26  1.19 -0.15 -0.04 1.27  1.20 -0.27  -0.20 1.16  1.10 -0.29  -0.19
R31 OH+H—H,0 1.53 1.44 0.67 0.76 1.00  0.90 0.28 0.36 095 0.85 0.33 0.45

ZPE denotes zero point energy correction, E,, £”" , AE and AE?"* are in eV




Table S2. The reaction rate constants at the temperature of 500-600 K of elementary

steps in the process of CO, hydrogenation to CH;OH.

k/s!

Reactions
500K 525K 550K 575K 600K
1 H,—»H+H 1.59E+13 1.57E+13 1.56E+13 1.54E+13 1.53E+13
2 CO,+H—bi-HCOO 7.57E+06 1.61E+07 3.20E+07 5.99E+07 1.06E+08
3  CO,+H—trans-COOH 2.53E+08 5.23E+08 1.02E+09 1.86E+09 3.26E+09
4  CO,—CO+0O 3.00E+03 9.05E+03 2.47E+04 6.20E+04 1.44E+05
5  bi-HCOO—mono-HCOO 8.93E+11 1.02E+12 1.15E+12 1.29E+12 1.44E+12
6  bi-HCOO—HCO+O 1.81E-05 1.30E-04 7.84E-04 4.05E-03 1.83E-02
7  bi-HCOO+H—H,COO 2.01E-06 1.68E-05 1.16E-04 6.83E-04 3.46E-03
8  hi-HCOO+H—HCOOH 7.72E+03 2.31E+04 6.26E+04 1.56E+05 3.61E+05
9  H,COO+H—H,COOH 4.51E+08 7.92E+08 1.32E+09 2.12E+09 3.28E+09
10 HCOOH+H—H,COOH 6.14E+03 1.74E+04 4.50E+04 1.07E+05 2.39E+05
11 H,COOH—H,CO+OH 1.08E+08 2.04E+08 3.65E+08 6.21E+08 1.01E+09
12 HCOOH—HCO+OH 4.89E+05 1.06E+06 2.14E+06 4.07E+06 7.37E+06
13 HCO+H—H,CO 2.41E+08 3.89E+08 6.01E+08 8.98E+08 1.30E+09
14 H,CO+H—CH,OH 2.84E+04 7.57E+04 1.85E+05 4.19E+05 8.88E+05
15 H,CO+H—CH;0 4.48E+08 7.28E+08 1.13E+09 1.70E+09 2.47E+09
16  trans-COOH—cis-COOH 2.08E+08 3.60E+08 5.95E+08 9.43E+08 1.44E+09
17 cis-COOH—CO+OH 6.23E+03 1.81E+04 4.78E+04 1.16E+05 2.63E+05
18 CO+H—COH 1.58E-07 1.44E-06 1.07E-05 6.71E-05 3.62E-04
19 CO+H—HCO 1.10E+00 4.73E+00 1.79E+01 6.02E+01 1.83E+02
20  trans-COOH+H—t,t-COHOH 2.96E+06 6.05E+06 1.16E+07 2.11E+07 3.65E+07
21 t,t+-COHOH—¢,c-COHOH 3.27E+09 5.21E+09 7.98E+09 1.18E+10 1.69E+10
22 t,c-COHOH—c¢,c-COHOH 4.43E+08 7.72E+08 1.28E+09 2.04E+09 3.12E+09
23 t,t+-COHOH—COH+OH 5.19E+01 1.93E+02 6.37E+02 1.90E+03 5.18E+03
24 t,c-COHOH—COH+OH 1.39E+03 4.47E+03 1.30E+04 3.44E+04 8.42E+04
25  ¢,c-COHOH—COH+OH 5.78E+05 1.39E+06 3.09E+06 6.43E+06 1.26E+07
26 COH+H—HCOH 2.41E+07 4.70E+07 8.65E+07 1.51E+08 2.52E+08
27 HCOH+H—CH,OH 3.07E+07 5.62E+07 9.75E+07 1.62E+08 2.57E+08
28 CH,OH+H—CH;0H 4.16E+06 8.50E+06 1.63E+07 2.96E+07 5.13E+07
29 CH;0+H—CH;0H 2.55E-02 1.27E-01 5.47E-01 2.08E+00 7.08E+00
30 O+H—OH 1.81E+01 7.13E+01 2.48E+02 7.76E+02 2.21E+03

31 OH+H—H,O 8.65E+03 2.47E+04 6.40E+04 1.53E+05 3.42E+05
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Figure S1. The side views (top) and top views (bottom) of optimized structures of

potential intermediates in the process of CH3;0H synthesis on Ni(211) surface.
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Figure S2. The side views (top) and top views (bottom) of the optimized structures of

potential intermediates in the process of CH3;0H synthesis on Ga-Ni(211) surface.
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Figure S3. The side views (top one) and top views (bottom one) of ISs, TSs and FSs

of all the elementary steps that are considered in the process of CO, hydrogenation to

CH;0H on Ni(211) surface.
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Figure S4. The side views (top one) and top views (bottom one) of ISs, TSs and FSs
of all the elementary steps that are considered in the process of CO, hydrogenation to

CH;0H on Ga-Ni(211) surface.



Computational details of micro-kinetic modeling

The site balance of intermediates can be written in the coverage of the species.!

Pseudo steady-state approximation” was used to describe the adsorbed surface species,

based on the assumption that the production and consumption rate are equal for the

species. In addition, the adsorptions of CO, and H, are assumed to be in equilibrium

in the micro-kinetic modeling. The equations are displayed as follows:

(1

®)

9602 + 04+ 0rans - coon T Ocis - coon T @on t 0rr - conon + Ot - conon

+0.c_conon T Oncon + t9CHZOH +6 =1

ks * 9002 ¥ 0y —ky6* 0 ans - coon — k20 * Otrans - coon * Oy =0 @)
k17 %65 _coon t k23 * Ot conon T K24 * O¢ e~ conon + ka5 * 0 — conon — K31
*Ooy* 0y =0

3)
K16 * Otrans - coon = k17 * Ocis - coon = 0 4)
k30 * Ocrans - coon * On = (ka1 * Ocr _ conon + ka3 * Oer— conon) =0 (5)
ka1 0ce conon = (K22 * Orc - conon + kaa * O — conon) =0 (6)
ko2 *0¢c_conon=Ka5*0cc_conon =0 7

kos* 0,1 _comon T Kaa* Orc_conon + ka5 * 0cc - conon — k26 * Ocon * 0y =0

ke * Ocon — Ko7 * Opcon =0 ©)

ko7 * Opcon — kag * QCHZOH =0 (10)
Oco, = Pco, xk* 6" (11)
6y =P, " F120" (12)

where O represents the coverage rate of x. 0 " is the coverage of free site.



(1) Zhang, R.; Peng, M.; Wang, B. Catalytic selectivity of Rh/TiO, catalyst in syngas conversion

to ethanol: probing into the mechanism and functions of TiO, support and promoter. Catal. Sci.

Technol. 2017, 7, 1073-1085.

(2) Liu P.; Logadottir A.; Nerskov J. K. Modeling the electro-oxidation of CO and H,/CO on Pt,

Ru, PtRu and Pt3Sn. Electrochim. Acta. 2003, 48, 3731-3742.


http://orbit.dtu.dk/en/journals/electrochimica-acta(603e6129-c500-48a0-aaff-b9838011e122).html

