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Sum of Bond valences (SBV)
The concept of bond valence, developed from the concept of bond number by Pauling,1 has been widely applied in 

solid-state chemistry.2 SBV can measure the relative strength of the various bonds quantitatively.3,4 Bond valence is most 
commonly calculated by the empirical equation (1),5 where r0 is the bond valence parameter, rij is the bond length between 
the two atoms i and j, and B is a universal constant equal to 0.37 Å. In this work, r0 = 1.60 Å is used for the IrH bond; r0 = 
1.70 Å is used for the IrC bond; r0 = 1.916 Å is used for the IrO bond.6

SBVij = (1)
∑𝑒𝑥𝑝⁡(

𝑟0 ‒ 𝑟𝑖𝑗

𝐵
)

Vibrational energy contribution
In details, when we consider the contribution of the vibrational at the experimental conditions, the standard molar 

vibrational internal energy contribution is calculated as Equation (2)7:

Where h is Planck’s constant, KB is Boltzmann constant and R is the gas constant. The standard molar vibrational entropy is given 

by Equation (3):
Overall, when the free energy corrections are added together, the standard molar Gibbs free energy (G) can be written as Equation 
(4):

𝐺 = 𝐸 + 𝛾𝑅𝑇(1 + 𝑙𝑛
𝑃

𝑃ϴ) + 𝑈𝑣𝑖𝑏
° ‒ 𝑇𝑆𝑣𝑖𝑏

°            (4)

Where E is represents the total energies from the VASP calculation (with ZPE correction). If the molecule is gaseous, then 1 is 
chosen as the value of γ and 0 is selected for adsorbed species.

𝑆𝑣𝑖𝑏
° = 𝑅∑

𝑖
[ ℎ𝑣𝑖/𝐾𝐵𝑇

𝑒
ℎ𝑣𝑖/𝐾𝐵𝑇

‒ 1
‒ 𝑙𝑛(1 ‒ 𝑒

‒ ℎ𝑣𝑖/𝐾𝐵𝑇)]             (3)

𝑈𝑣𝑖𝑏
° = 𝑅𝑇∑

𝑖

ℎ𝑣𝑖 𝐾𝐵𝑇

𝑒
ℎ𝑣𝑖 𝐾𝐵𝑇

‒ 1

                            (2)
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Table S1. Barriers (Ea, eV) of CO direct dissociation and H-assisted dissociation on the different surfaces, and the distances 
of CO bonding at the transition states are shown in the bracket.

(111) (100) Ir(110) Ir(210) Ir(311) Ir(221)
Reaction Step

Ea (dCO/H) Er Ea (dCO/H) Er Ea (dCO/H) Er Ea (dCO/H) Er Ea (dCO/H) Er Ea (dCO/H) Er

CO*C*+O* 3.17 (1.84) 1.52 2.29 (1.90) 0.58 2.65 (1.86) 1.11 2.56 (1.88) 0.80 2.40 (2.01) 1.18 2.67 (1.85) 1.13

CO*+H*COH* (R1) 1.69 (1.34) 0.66 1.60 (1.23) 0.95 2.01 (1.30) 1.24 1.82 (1.23) 1.35 2.13 (1.27) 1.30 2.28 (1.32) 1.08

CO*+H*HCO* (R2) 1.58 (1.21) 1.10 1.59 (1.36) 0.97 1.35 (1.18) 0.98 1.34 (1.21) 0.47 1.74 (1.17) 1.17 1.50 (1.18) 1.01

COH*C*+OH* (R3) 2.29 (1.87) 1.00 1.21 (1.98) 0.24 1.31 (1.95) 0.18 1.07 (1.94) 0.41 1.13 (1.97) 0.11 1.62 (1.95) 0.40

COH*+H*HCOH* (R4) 0.96 (1.36) 0.83 1.08 (1.27) 0.77 0.64 (1.33) 0.41 1.35 (1.67) 0.58 0.84 (1.33) 0.53 0.83 (1.30) 0.40

HCO*+H*HCOH* (R5) 0.94 (1.33) 0.39 1.15 (1.49) 0.75 1.05 (1.39) 0.67 1.08 (1.40) 1.46 1.27 (1.39) 0.65 1.09 (1.39) 0.47

HCO*+H*H2CO* (R6) 0.88 (1.22) 0.66 1.17 (1.16) 1.11 0.85 (1.19) 0.66 0.96 (1.16) 1.41 0.97 (1.22) 0.71 0.76 (1.22) 0.62

HCO*HC*+O* (R7) 1.58 (2.09) 0.12 0.60 (2.03) 0.31 1.78 (2.17) 0.64 1.09 (2.03) 0.63 1.69 (2.09) 0.15 2.12 (2.07) 0.27

HCOH*HC*+OH* (R8) 0.47 (2.09) 0.29 0.40 (1.78) 0.93 0.87 (1.87) 0.31 0.74 (1.94) 0.81 1.04 (1.89) 0.54 0.90 (2.14) 0.30

HCOH*+H*H2COH* (R9) 0.54 (1.42) 0.22 1.19 (1.22) 0.76 1.14 (1.65) 0.34 0.85 (1.44) 0.50 1.22 (1.24) 0.57 0.99 (1.16) 0.66

H2CO*+H*H2COH* (R10) 0.48 (1.48) 0.05 0.71 (1.41) 0.40 1.23 (1.46) 0.35 0.93 (1.40) 0.56 1.46 (1.49) 0.51 0.84 (1.41) 0.51

H2CO*+H*H3CO* (R11) 0.54 (1.63) 0.22 1.04 (1.89) 0.45 0.72 (1.47) 0.56 0.94 (2.14) 0.57 0.83 (1.57) 0.62 0.89 (1.52) 0.67

H2CO*H2C*+O* (R12) 1.06 (2.33) 0.14 1.15 (2.35) 0.47 0.99 (2.37) 0.49 0.68 (2.05) 0.30 1.03 (2.19) 0.56 1.09 (2.28) 0.51

H2COH*H2C*+OH* (R13) 0.96 (2.83) 0.14 0.63 (2.70) 0.72 0.50 (2.23) 0.51 0.26 (1.99) 0.60 0.48 (2.21) 0.78 0.45 (2.29) 0.64

H2COH*+H*H3COH* (R14) 0.78 (1.51) 0.06 1.11 (1.41) 0.63 0.92 (1.38) 0.49 0.89 (1.43) 0.58 1.16 (1.39) 0.77 0.91 (1.63) 0.49

H3CO*+H*H3COH* (R15) 0.48 (1.41) 0.21 0.99 (1.48) 0.58 1.08 (1.40) 0.29 1.04 (1.37) 0.57 1.08 (1.43) 0.66 0.77 (1.47) 0.33

H3CO*H3C*+O* (R16) 1.59 (2.08) 0.34 1.68 (2.16) 0.31 1.66 (1.82) 0.67 -- 0.51 1.41 (1.90) 0.62 1.31 (1.93) 0.61

H3COH*H3C*+OH* (R17) 1.29 (2.06) 0.12 1.50 (2.05) 0.73 1.54 (2.16) 0.64 1.37 (2.21) 0.93 -- 1.05 1.44 (1.93) 0.57

Table S2. The barrier difference between the reaction energies with (Ea-v, eV) and without (Ea, eV) vibrational energy 
contribution of CO direct dissociation and H-assisted dissociation on the different surfaces

(111) (100) Ir(110) Ir(210) Ir(311) Ir(221)
Reaction Step

Ea Ea-v Ea Ea Ea-v Ea Ea Ea-v Ea Ea Ea-v Ea Ea Ea-v Ea Ea Ea-v Ea

CO*C*+O* 3.17 3.11 0.06 2.29 2.26 0.03 2.65 2.60 0.05 2.56 2.51 0.05 2.40 2.40 0.00 2.67 2.62 0.05

CO*+H*COH* (R1) 1.69 1.68 0.01 1.60 1.60 0.00 2.01 1.97 0.04 1.82 1.80 0.02 2.13 2.16 0.03 2.28 2.25 0.03

CO*+H*HCO* (R2) 1.58 1.59 0.01 1.59 1.63 0.04 1.35 1.37 0.02 1.34 1.36 0.02 1.74 1.78 0.04 1.50 1.51 0.01

COH*C*+OH* (R3) 2.29 2.30 0.01 1.21 1.21 0.00 1.31 1.33 0.02 1.07 1.05 0.02 1.13 1.07 0.06 1.62 1.64 0.02

COH*+H*HCOH* (R4) 0.96 0.97 0.01 1.08 1.14 0.06 0.64 0.68 0.04 1.35 1.35 0.00 0.84 0.85 0.01 0.83 0.89 0.06

HCO*+H*HCOH* (R5) 0.94 1.03 0.09 1.15 1.23 0.08 1.05 1.05 0.00 1.08 1.08 0.00 1.27 1.30 0.03 1.09 1.09 0.00

HCO*+H*H2CO* (R6) 0.88 1.00 0.12 1.17 1.24 0.07 0.85 0.88 0.03 0.96 1.00 0.04 0.97 0.99 0.02 0.76 0.78 0.02

HCO*HC*+O* (R7) 1.58 1.71 0.13 0.60 0.62 0.02 1.78 1.81 0.03 1.09 1.10 0.01 1.69 1.77 0.08 2.12 2.18 0.06

HCOH*HC*+OH* (R8) 0.47 0.50 0.03 0.40 0.36 0.04 0.87 0.86 0.01 0.74 0.74 0.00 1.04 1.08 0.04 0.90 0.92 0.02

HCOH*+H*H2COH* (R9) 0.54 0.54 0.00 1.19 1.23 0.04 1.14 1.19 0.05 0.85 0.90 0.05 1.22 1.24 0.02 0.99 1.05 0.06

H2CO*+H*H2COH* (R10) 0.48 0.50 0.02 0.71 0.71 0.00 1.23 1.27 0.04 0.93 0.94 0.01 1.46 1.49 0.03 0.84 0.86 0.02

H2CO*+H*H3CO* (R11) 0.54 0.54 0.00 1.04 1.07 0.03 0.72 0.77 0.05 0.94 0.93 0.01 0.83 0.87 0.04 0.89 0.92 0.03

H2CO*H2C*+O* (R12) 1.06 1.06 0.00 1.15 1.15 0.00 0.99 1.03 0.04 0.68 0.70 0.02 1.03 1.07 0.04 1.09 1.13 0.04

H2COH*H2C*+OH* (R13) 0.96 0.94 0.02 0.63 0.59 0.04 0.50 0.49 0.01 0.26 0.27 0.01 0.48 0.58 0.10 0.45 0.45 0.00

H2COH*+H*H3COH* (R14) 0.78 0.81 0.03 1.11 1.10 0.01 0.92 0.95 0.03 0.89 0.89 0.00 1.16 1.25 0.09 0.91 0.90 0.01

H3CO*+H*H3COH* (R15) 0.48 0.49 0.01 0.99 1.04 0.05 1.08 1.09 0.01 1.04 1.05 0.01 1.08 1.15 0.07 0.77 0.81 0.04

H3CO*H3C*+O* (R16) 1.59 1.58 0.01 1.68 1.65 0.03 1.66 1.67 0.01 -- -- -- 1.41 1.41 0.00 1.31 1.30 0.01

H3COH*H3C*+OH* (R17) 1.29 1.27 0.02 1.50 1.49 0.01 1.54 1.56 0.02 1.37 1.39 0.02 -- -- -- 1.44 1.39 0.05
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Figure S1. High coordination site for CO dissociation on the Ir(111), Ir(100), Ir(110), Ir(210), Ir(311) and Ir(221) surfaces

Figure S2. Route of direct CO dissociation on the Ir(111), Ir(100), Ir(110), Ir(210), Ir(311) and Ir(221) surfaces
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Figure S3 Top views of the most stable adsorption configuration with adsorption energy (Eads, eV) for H, OH, CH, CH2, CH3, 
CHO, CH2O, CH3O, COH, CHOH, CH2OH, CH3OH on the Ir(111) surface

Figure S4 Top views of the most stable adsorption configuration with adsorption energy (Eads, eV) for H, OH, CH, CH2, CH3, 
CHO, CH2O, CH3O, COH, CHOH, CH2OH, CH3OH on the Ir(100) surface

Figure S5 Top views of the most stable adsorption configuration with adsorption energy (Eads, eV) for H, OH, CH, CH2, CH3, 
CHO, CH2O, CH3O, COH, CHOH, CH2OH, CH3OH on the Ir(110) surface
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Figure S6 Top views of the most stable adsorption configuration with adsorption energy (Eads, eV) for H, OH, CH, CH2, CH3, 
CHO, CH2O, CH3O, COH, CHOH, CH2OH, CH3OH on the Ir(210) surface

Figure S7 Top views of the most stable adsorption configuration with adsorption energy (Eads, eV) for H, OH, CH, CH2, CH3, 
CHO, CH2O, CH3O, COH, CHOH, CH2OH, CH3OH on the Ir(311) surface

Figure S8 Top views of the most stable adsorption configuration with adsorption energy (Eads, eV) for H, OH, CH, CH2, CH3, 
CHO, CH2O, CH3O, COH, CHOH, CH2OH, CH3OH on the Ir(221) surface
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Figure S9 Surfaces of reaction potential energy of H-assisted CO dissociation on these six Ir surfaces
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Figure S10 The progress of H-assisted CO dissociation, including the energies and structure parameters on the Ir(111) 
surfaces

Figure S11 The progress of H-assisted CO dissociation, including the energies and structure parameters on the Ir(100) 
surfaces
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Figure S12 The progress of H-assisted CO dissociation, including the energies and structure parameters on the Ir(110) 
surfaces

Figure S13 The progress of H-assisted CO dissociation, including the energies and structure parameters on the Ir(210) 
surfaces
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Figure S14 The progress of H-assisted CO dissociation, including the energies and structure parameters on the Ir(311) 
surfaces

Figure S15 The progress of H-assisted CO dissociation, including the energies and structure parameters on the Ir(221) 
surfaces
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Figure S16 Gibbs free energy PES of H-assisted CO dissociation on these six Ir surfaces on the surfaces
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Figure S17 Gibbs free energy PES of the minimum energy path of H-assisted CO dissociation and methanol formation on 
these six Ir surfaces 
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