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1. Figure captions
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Fig. S1. Convergence tests on calculation parameters, including (a) Encut value and (b) Kpoints.



(1) trans-COOH (m) cis-COOH

(p) CH;0 (q) CH,OH (r) CH;OH
Fig. S2. The most thermodynamically stable configurations of reaction species on Cu(110) involved in CO,

hydrogenation, labeled with the corresponding adsorption energies (Orange: Cu; Gray: C; Red: O; White: H).
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Fig. S3. Schematic diagrams of model structures for all elementary reactions (Orange: Cu; Gray: C; Red: O;

White: H), where IS, TS and FS represent initial, transition and final states, respectively.
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Fig. S4. Correlation diagram of energy-related parameters of hydrogenation reactions on Cu(110) substrate,

where energy parameters include activation energy (Ea), reaction energy (AE), adsorption energy of reactant (

(

product
E ad )



2. Table captions
Table S1. Adsorption information of all reaction species on Cu(110) with different pre-sites, where ¢, /b, sb

and / represent top site, long bridge site, short bridge site and hollow site, respectively.

Species Site ¢ Site /b Site sb Site A

H -2.02 -2.41 -2.56 -2.51

0) -5.21 -5.09 -4.90 -5.14

H, -0.15 -0.06 -0.06 -0.07

OH -3.76 -3.44 -3.76 -3.76
H,O -0.55 -0.60 -0.48 -0.51
CO -1.15 -0.82 -1.23 -1.23
CO, -0.19 -0.23 -0.20 -0.23
CHO -1.75 -2.04 -1.81 -1.52
bi-HCOO -2.81 -3.65 -3.68 -3.56
mono-H,CO -0.38 -0.17 -0.28 -1.02
bi-H,CO -0.78 -1.02 -0.78 -1.02
trans-COOH -2.06 -2.35 -2.14 -2.35
cis-COOH -2.15 -2.53 -2.22 -2.53
H,COO -4.32 -5.49 -4.18 -5.49
HCOOH -0.50 -0.61 -0.26 -0.62
CH;0 -2.95 -2.57 -2.95 -2.95
CH,OH -1.82 -1.72 -1.82 -1.76

CH;0H -0.59 -0.73 -0.71 -0.71




Table S2. Information summary of description eigenvalues for linear correlation analysis.

Reaction E, AE E Tea(ffiant E pr%‘fimt Atom number Molar mass valence electron count Electronegativity Electron af finity
R1 2.19 -1.40 -2.79 -3.68 4 45.02 17 11.63 508.70
R2 3.00 0.30 -6.24 -5.49 5 46.03 18 13.83 581.50
R3 293 -0.05 -8.04 -4.79 6 47.03 19 16.03 654.30
R4 2.89 0.03 -7.35 -1.62 7 48.04 20 18.23 727.10
RS 320 -0.62 -3.58 -2.95 5 31.03 13 12.59 513.30
R6 0.89 -0.38 -5.51 -0.73 6 32.04 14 14.79 586.10
R7 0.81 -0.01 -3.58 -1.82 5 31.03 13 12.59 513.30
R8 1.08 -0.62 -4.38 -0.73 6 32.04 14 14.79 586.10
R9 1.59 1.06 -6.24 -0.62 5 46.03 18 13.83 581.50
R10 2.15 -0.20 -3.18 -4.79 6 47.03 19 16.03 654.30
R11 0.70 -0.46 -2.79 -2.35 4 45.02 17 11.63 508.70
R12 1.62 0.16 -4.91 -5.80 5 46.03 18 13.83 581.50
R13 1.26 -0.34 -8.36 -4.79 6 47.03 19 16.03 654.30
R14 0.54 -0.03 -2.35 -2.53 4 45.02 17 11.63 508.70
R15 0.36 -0.27 -5.09 -1.83 5 46.03 18 13.83 581.50
R16 122 0.48 -3.79 -2.04 3 29.02 11 8.19 367.70
R17 090 -0.33 -4.60 -1.02 4 30.03 12 10.39 440.50
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First ionization energy

Reactant charge

Product charge

Reactant - product charge
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Continue

Reactant — product fermi level Reactant IPDOS Product IPDOS Reactant — product IPDOS Reaction deformation
-0.25 -8.16 -7.87 -0.29 5.14
-0.02 -8.24 -8.60 0.36 7.47
-0.29 -8.96 -9.11 0.14 4.74
-0.23 -5.66 -5.50 -0.16 5.50
-0.33 -5.87 -6.20 0.33 6.76
-0.24 -5.66 -5.79 0.13 3.89
-0.32 -6.16 -6.20 0.04 6.85
-0.38 -8.16 -8.46 0.30 6.18
0.11 -8.83 -8.60 -0.24 7.58
-0.19 -8.51 -7.88 -0.63 3.50
-0.05 -8.25 -8.37 0.13 6.48
-0.24 -8.74 -8.60 -0.15 5.44
-0.07 -7.88 -7.89 0.02 2.54
0.00 -8.26 -8.73 0.47 6.53
-0.27 -5.29 -5.08 -0.21 5.52
-0.24 -5.44 -5.30 -0.15 3.95

-0.25 -8.16 -7.87 -0.29 5.14
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Table S3. Chemical formulas of seven-dimensional SISSO variables and their correlation parameters, labelled

with the activation energies of all elementary reactions involved in hydrogenation process.

SISSO Formula PCC
SISSO; 2+000000000000+000 0.71
SISSO, Chgproduct * (ChGproguct!/ TPDOS proguce) -0.71
SISSO3 (AN/Fermip,,q,..)/Derform 0.20
SISSO; Chgproduct * (Chgproduct/ TPDOS proguce) -0.71
SISSO3 (AN/Fermip,.,q,.)/Derform 0.20
SISSO3 MM /(EP™°% _ IPDOSp o) 0.15
SISSO, Chgproauct * (ChGproduct!/ TPDOS proguct) -0.71
SISS0? (AN/Fermip,,4,.)/Derform 0.20
S1S50; Fermipeqeeant - produce! (E” =~ IPDOS proguce) 0.15
SISSO} (Fermiproquce * FETMipeaciant - product) /FIE 0.06
SISSO: AN * Chgpyogyct = EN 0.71
SISSOZ MM * ChGproguc) /TPDOS proguce -0.69
SISSO3 Fermip,, ... * (EP"°H<t + Derform) 0.14
SISSO; EPTOUEt s (IPDOSp, , ger + Derform) 0.09
SISSO3 Chgproguee + EPTSt + Derform -0.10
SISSO} AN * Chgpyoqycr = EN 0.71
SISSOZ (MM * Chgpyoquce) /TPDOS progyct -0.69
SISSO3 Fermip, ... * (EP"°H“t + Derform) 0.14
SISSO¢ EPTOUCt  (IPDOSp,, gyer + Derform) 0.09
515502 Chaproduct + Epr%‘fi”“ + Derform -0.10
SISSO¢ Chgproguce/ (Derform — AN) 0.41
1SS0} AN * Chgprogyce = EN 0.71
SISSO? (AN/Fermip,o4,c)/Derform 0.20

3 .
515507 FermlReactant - Product/(Ereagrtiant - IPDOSProduct) 0.15
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Table S4. Chemical formulas of seven-dimensional SISSO variables and their correlation parameters, labelled

with the reaction energies of all elementary reactions involved in hydrogenation process.

SISSO Formula PCC
SISSO % IPDOS peacrant - product * UPDOS peqcrant - product/ F€TMipyoguct) 0.72
SISS 0% (Chg Reactant - Product ~ IPDOS peqctant - product) / FErMiproguct 0.71
SISS0> IPDOS g, pne/ (EP2%E + AN) 0.57
SISS 0% (ChG peactant - Product = IPPOS geqetant - product) / FerMipyogyct 0.71
SISSOZ IPDOS s/ (EPTHE + AN) 0.57
SISSO% IPDOS peactant - product! IPDOSpeqctant + Derform) -0.53
SISS 041; (ChgReqctant - Product = IPDOS peqctant - product) / FETMip oqucr 0.71
SISS 0421. Fermip.qceant - product/ (CRReactant - Product T IPDOS peqcrant - product) 0.33
SISSO3 Chgprogucs! (EP°HE + AN) -0.56
SISSO; IPDOS st/ (EPTOHE + AN) 0.57
SISSO: (Chg Reactant - Product ~ IPDOSreactant - Produce) /FeTMiproguct 0.71
SISSO? Chgpyoaquer! (EP°4 + AN) -0.56
SISO} IPDOS 4y s/ (EPTHE + AN) 0.57
SISSO ‘é Fermip,ctante/ (ChGpeactant - product T IPDOS peqctant - product) 0.30
SISS03 Fermipeqceant - produce + FEMigeqcrant/ BV g 0.22
SISS Oé (Chggeqctant - Product = ITPDOS peqcrant - Product) / FErMipyogyct 0.71
SISSO; E reaégant/(Chg Reactant - Product T IPDOS peqctant - Product) 0.32
SISSO? Chgproguce! (BP0t + AN) -0.56
SISS0? IPDOS g, pne/ (EP2%E + AN) 0.57
SISS 02 Fermip,qceant - product T F€rMigeacrant/ E pr(;ctiiu“ 0.22
SISSO 2 FIE/(Fermip,oq,c = Fermipgacrant - product) -0.06
SISSO % ChG peactant - Product = IPDOS peactant - product)/ F€rMipyogyce 0.71
SISS03 E reaggant/(Chg Reactant - Product T IPDOS peactant - product) 0.32
SISSO3 Chgpyoquer! (EP°4 + AN) -0.56
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SISSO%
SISS0;
SISSOS

SI1SSO0?]

IPDOS

Reactant/

(Eproduct_I_AN)

product

FermlReactant - Product + FermlReactant/ ad

Ereactant /

IPDOS

Reactant — Product

(FermlProduct FermlReactant Product)

+ EN/Ereactant

0.57
0.22
0.02

0.49

15



Table S5. Chemical formulas of seven-dimensional SISSO variables and their respective correlation

parameters, labelled with the activation energies of elementary reactions with hydrogen attacking carbon atom.

SISSO Formula PCC RMSE
SISSO; IPDOS . guice/ EPTOHEE — EN -0.96 10.86
SISS0, IPDOS p, y gues/ EP 20t — EN -0.96 10.86
SISSO3 Fermip, o/ (VEC - EN) -0.56 2.24
SISS0} IPDOSp, o e/ EPTO8 — EN -0.96 10.86
SISSO3 Fermip,oqce/ (VEC - EN) -0.56 2.24
SI1S503 (Chgproguce + Derform)/EA -0.27 2.13
SISSO; (EP7ONCt _ ANY/Chgproguct -0.95 5.66
SISSO} Fermip,ciant - produce + Derform/MM 0.18 222
SISSO; ChgReactant - Product T AN/Derform -0.06 1.30
SISSO;  IPDOSpyucrams - Product! (EPTC St + Fermip o ) 0.04 2.07
SISSO: IPDOS st/ (EPTOHE — EN) -0.96 10.79
SISSO? (EP™°et « FIE) /MM -0.96 455.04
SISSO;3 VEC/(IPDOSp,o4yce + Derform) -0.62 3205.35
SISSO? EN/(Chgpeactant - Product — Derform) -0.21 4.40
SISSO g Chg product!/ IPDOS poqcrant - product = ChGReactant) -0.13 2.90
SISSO} IPDOSp, o et/ EPTO8 — EN -0.96 10.86
SISSOZ Fermip,gcram: * (EPHCE + VEC) 0.01 6.14
515502 Derform x (Fermip,, cone + FErmip, ,quct) -0.25 4.57
SISSO¢ (MM % IPDOS ,oiant - proguct)/ EPToCaet 0.11 3.38
SISO MM/(Fermig,qciane = IPDOSpeacrant) 0.12 3.94
SISSO¢ (FIE % IPDOS o ans) /| ET €S 0.35 9841.01
SISSO} IPDOS p, y gues/ EP 20t — EN -0.96 10.86
SISSOZ (EPToNet « FIE) /MM -0.96 455.04
SISSO; Fermip,ciant - produce + Derform/MM 0.18 222
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SISSO%
SISS03
SISSOS

SISSO?

Derform/EN - Ctheactant - Product
duct
(MM * IPDOSReactant - Product)/EprglduC

(FIE * IPDOSProduct)/EreaSZant

product
E ad

0.10

0.11

0.34

-0.82

1.92

3.38

9403.61

5.20
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Table S6. Chemical formulas of seven-dimensional SISSO variables and their respective correlation

parameters, labelled with the reaction energies of elementary reactions with hydrogen attacking carbon atom.

SISSO Formula PCC RMSE
SISS 0% CRG proquct/ B “ad = ChG peactant - product 0.99 0.59
SISSO% Cthroduct/EreaCtant Ctheactant - Product 0.99 0.59
SISSO% Derform/IPDOSp,. et = ChGpeqctant 0.25 2.78
SISS 0% ChGproduct/ B ad" ~ ChGreactant - product 0.99 0.59
SISSO% Derform/IPDOSp,.,4c = ChGpeactant 0.25 2.78
SISSO3 EPTOWet )(VEC — EN) 0.08 2.90
SISS 03} Chreactant/ B ad "~ ChOReactant - Product 0.98 0.61
SISSO;  E™*Gq™ /IPDOS prouet = ChOreactant - prouce 096 0.96
5155043; ChgReactant - Product T EN * Fermip,, o 0.08 3.76
SISSO; Fermip,qciani/ (VEC = EN) -0.01 0.76
SISSO4 Chgpeactant E™ad " = ChGReactant - Product 0.98 0.61
SISSOZ Chgproduct/ VEC ~ EN) -0.01 2.56
SISSO3 MM/(IPDOS o4y + Derform) 0.18 7648.54
SISSO: Chg reactant! APDOS pyoqye — Derform) 0.02 0.65
SISS07  (Fermigegeran; * IPDOSgoqerany)/Derform 0.05 1.02
SISSO Chgproguce/ E™“ad™ = ChGReactant - Product 0.99 0.59
SISSO; ETe%tnt ) (Chgp o eor + Fermip,, .. ) -0.94 2.32
SISSO} EPTOMEt AN — AN 0.22 4.85
SISSO; VEC/(IPDOSp, o4 + Derform) -0.18 1396.36
SISSO? FIE/Derform - EA 0.04 584.00
SISS0¢ AN - Derform - Chgp,,ceqnt 0.06 2.92
S1S50; Chgproguce/ B “ad™ = ChGReactant - product 0.99 0.59
SISSO3 (EAJET*“Y™Y [Fermip, . -0.94 364.99
SI1SSO3 Chgproguct * AN * EN -0.16 125.95
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SISSO%
SISS03
SISSOS

SI1S50]

FermiProduct/(VEC - EN)

MM /Derform — Chgp,,quct

product
E ad

product
E ad

0.09

0.00

-0.10

-0.10

0.69

5.31

291

291
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Table S7. Chemical formulas of seven-dimensional SISSO variables and their respective correlation

parameters, labelled with the activation energies of elementary reactions with hydrogen attacking oxygen

atom.
SISSO Formula PCC  RMSE
SISSO; (Derform/E"“5) [Chg oo 1.00  3.14
SISS0; VEC/EA - Fermip, o an; 1.00  0.70
SISS03 (VEC - EN)/Fermip, oy, 1.00  136.28
SISSO; (Derform/E 5™ JChg p,norant - Product 1.00  3.14
SISSO§ IPDOSpeqetant + ChGproguct * IPDOS peqcrant - Product -0.02 8.19
SISSO3 AN/JET%tmt _ 1 ppOS,, 0.06 2.5
SISSO; (Derform/E™*™) /ChG ponctant - Product 1.00  3.14
SISS Ozzt Chg peactant - Product/ Epmduet IPDOS peacrant 0.03 5.60

3 ; .
515504 FermlReactant - Product * IPDOSReactant - Product ~ FermlReactant - Product -0.01 0.82

SISS Oi Chg product * ChReactant - Product = IPPOS peacrant - Product 0.07 0.47
SISSO: (Derform/E™*™) /ChG ponctant - Product 1.00  3.14
SISSOE IPDOS peactant + ChGproduct * IPDOS peqcrant - product -0.02 8.19
SISSO3 Chgproguet * IPDOS b, o quues — ETEOSHM -0.08  9.94
SISSO: N/E"C5M _ IPDOS et - Product 0.06  2.25
SISSO? greactant 0.82 578
SISSO; (Derform/E 5™ JChg p,norant - Product 1.00  3.14
SISSOg (IPDOS poqetant = VEC)/IPDOS pyoyer .00 223
SISSO? IPDOS s ciant - Produce! F€Miroactant = IPPOS product 0.02 629
SISSO; IPDOSp,octant - Produce T+ B oy /AN 002  1.92
SISSO3 Chgproques * (ETCH™ + VEC) 0.06 19.82
SISSOS greactant 0.82  5.78
SI1SS0; (Derform/E"“5y /Chg oo 1.00  3.14
SISS03 (ChGproguct/ Fermipeactant)/ ChIreactant .00 3.19
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SI1SSO3
SISSO%
SISSO;
SISSOS

SISSO’

VEC * Fermip,,quct = AN
(Cthroduct * IPDOSReactant)/FIE

IPDOSReactant * (EA - Ctheactant)

reactant
E ad

product
E ad

1.00

-0.05

0.04

-0.82

0.74

7.02
1.06
17.14
5.78

2.44
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Table S8. Chemical formulas of seven-dimensional SISSO variables and their respective correlation

parameters, labelled with the reaction energies of elementary reactions with hydrogen attacking oxygen atom.

SISSO Formula PCC RMSE
SISSO0; (MM * FIE)/Chg geqcrant - product .00 43555030
SISSO, (MM * FIE)/Chg geqcrant - product .00 43555030
SISS0; Fermip,oqyer + AN/ChG geqcrant -0.05 2.05
SISSO} (E™“S IChg o) [ Fermip, oo b 1.00 8.31
SISS05 (IPDOS peucrant/ ChGproguc) /AN -0.05 1.08
SISSO3 (VEC/ChG proquc) /TPDOS ppo e 0.14 1.37
SISSO, (MM * FIE)/Chg geqcrant - product 100 43555030
SISS0% Fermip,oguce + AN/Ch geqcrant -0.05 2.05
SISSO; ChGproguct T CRGproduct/ TPDOS progycr 0.08 1.66
SISSO; (VEC/ChG proquc) /TPDOS ppo e 0.14 1.37
SISSO (MM * FIE)/Chg geqcrant - product 2100 43555030
SISSO5 (ChgReactant + IPPOS pegetan) /VEC 20.02 0.70
515503 (ChGeactant - roduct!/ TPPOS peqcrand) /Derform -0.04 0.61
SISSOs AN/MM = Chgp,ouer 0.06 1.89
515502 Chggeactant * IPDOS peqctant - product —~ Derform -0.05 5.14
SISSO (MM * FIE)/Chg poqcrant - product .00 43555030
SISSO; EA/AN - VEC 0.03 95.92
515502 (Chgpeactant T IPDOS peqctant - product)/Derform 0.08 0.75
SISSOé Chgproduct T ChGproguct/ TPDOS peqetant 0.04 1.66
SISSOg (VEC/Chgproauct)/TPDOS proguce 0.14 1.37
SISSO¢ EN + VEC/Derform 0.15 16.47
SISS0; (MM * FIE)/Chg geqcrant - product .00 43555030
SISSO3 EA/AN - VEC 0.03 95.92
SISSO; Chgproduct T ChGreactant/ TPDOS proguce -0.01 1.59
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SISSOL; Chngroduct + Cthroduct/IPDOSReactant 0.04 1.66

SISSO; Derform/(Ctheactant + IPDOSReactant - Product) -0.13 2.11
SISSOS Ereactant -0.66 4.95
SI1SS0] AN 0.05 5.03
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Table S9. Reaction energy summary for hydrogenation reactions where H adatom attacks carbon on the

surface of Cu-based bimetallic alloys.

Model Elementary reaction Reaction energy
(CO, + H)* — bi-HCOO* -0.62
(bi-HCOO + H)* — bi-H,COO* -0.10
(bi-H,CO + H)* — CH;30* -0.57
Cu-Au
(CH,OH + H)* — CH;0H* -0.96
(CO + H)* - CHO* 0.47
(CHO + H)* — bi-H,CO* -0.38
(CO,+ H)* — bi-HCOO* -0.32
(bi-HCOO + H)* — bi-H,COO* -0.53
(bi-H,CO + H)* — CH;0* 0.10
Cu-Ni
(CH,OH + H)* — CH;0H* -0.04
(CO + H)* —» CHO* 0.92
(CHO + H)* — bi-H,CO* 0.83
H+ — D1- -U.
(CO,+ H)* — bi-HCOO* 0.52
(bi-HCOO + H)* — bi-H,COO* -0.38
(bi-H,CO + H)* — CH;0* -0.09
Cu-Pd
(CH,OH + H)* — CH;0H* -0.27
(CO + H)* —» CHO* 0.91
(CHO + H)* — bi-H,CO* -0.16
(CO,+ H)* — bi-HCOO* -0.11
(bi-HCOO + H)* — bi-H,COO* -0.62
Cu-Pt
bi-H,CO + H)* — CH;0%* -0.41
(

(CH,OH + H)* — CH;0H* 0.35
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(CO + H)* — CHO* 1.22

(CHO + H)* — bi-H,CO* 0.27

(CO, + H)* — bi-HCOO* -0.97

(bi-HCOO + H)* — bi-H,COO* -0.14

(bi-H,CO + H)* — CH;0* -1.04

e (CH,OH + H)* — CH;0H* -0.82
(CO + H)* — CHO* 0.32

(CHO + H)* — bi-H,CO* -0.34
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3. Computational details of SISSO

Input file of SISSO

[SS>>SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS |
ptype=1

ntask=1

task weighting=1

scmt=.false.

desc_dim=7

nsample=17

Insample=(nl,n2,...)

restart=0
I>>SSSSSS555SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS>>
nsf= 18

ops='(+)(-)(*)(/)'

fcomplexity=2

funit=(1:2)

fmax_min=1e-6

fmax_max=1e6

nf sis=20
[>>SSSSSS555SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS>
method so="L0'

nl110=1

fit_intercept=.true.

metric='RMSE'

nmodels=300

isconvex=(1,1)

bwidth=0.001
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