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1. Adsorption site test

In order to find the most stable structures of all the species involved in the mechanism (H2O, H2, 

OH, O, H, CO, CO2, COOH, CHO and HCOO) on Cu(111), Cu(100) and Cu(211) surfaces, several 

possible adsorption sites are tested.

The most stable adsorption structures of H2O, OH, H, H2, O, CO, CO2, COOH, CHO and 

HCOO are top site, hollow site, hollow site, bridge site, hollow site, hollow site, top site, bridge site, 

bridge site and bridge site on the Cu(111) surface, respectively, as highlighted in red in Figure S1.

Figure S1. Summary of the possible adsorption structures of H2O, OH, H, CO, CHO, CO2, COOH, 

CHO and HCOO (including the top site, bridge site and hollow sites) on Cu(111) surface.

The most stable adsorption structures of H2O, OH, H, H2, O, CO, CO2, COOH, CHO and 

HCOO are top site, hollow site, hollow site, top site, hollow site, hollow site, bridge site, hollow site 

and bridge site on the Cu(100) surface, respectively, as highlighted in red in Figure S2.



S4

Figure S2. Summary of the possible adsorption structures of H2O, OH, H, CO, CHO, CO2, COOH, 

CHO and HCOO (including top site, bridge site and hollow site) on Cu(100) surface.

The most stable adsorption structures of H2O, OH, H, H2, O, CO, CO2, COOH, CHO and 

HCOO are top site, bridge site, hollow site, hollow site, hollow site, hollow site, top site, bridge site, 

hollow site and bridge site on the Cu(211) surface, respectively, as highlighted in red in Figure S3.
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Figure S3. Summary of the possible adsorption structures of H2O, OH, H, CO, CHO, CO2, COOH, 

CHO and HCOO (including top site, bridge site and hollow site) on Cu(211) surface.

The binding energies values of Adsorbed species reported in the literatures are shown in the 

Table S1. Our calculation results have not significant difference from those reported in the 

literatures, which shows the reliability of our calculation results.

Table S1. Adsorption energies (Eads, in eV) of species involved in the WGS reaction on Cu(111), 

Cu(100) and Cu(211) surfaces reported in the literatures

Species H2O CO OH H H2 CO2

site top hollow hollow hollow top top

Cu(111)
Eads

-0.18S1

PBE

-0.96S2

PW91

-2.85S2

PW91

-2.55S2

PW91

-0.02S3

PW91

-0.09S2

PW91

site hollow hollow hollow hollow

Cu(100)
Eads

0.25S4

PW91

0.83S4

PW91

3.51S4

PW91

2.38S4

PW91
 

site top Hollow bridge hollow

0.36S5 0.91S5 3.44S5 2.48S5Cu(211)
Eads

PBE PBE PBE PBE
 

2. WGSR elementary reaction step on Cu(111), Cu(100) and Cu(211) surfaces



S6

Figure S4. Initial state (IS), the corresponding transition state (TS) and final state (FS) structures and 

energies barrier(Ea) of WGSR element steps on the Cu(111) surface.

Figure S5. Initial state (IS), the corresponding transition state (TS) and final state (FS) structures   

and energies barrier(Ea) of WGSR element steps on the Cu(100) surface.
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Figure S6. Initial state (IS), the corresponding transition state (TS) and final state (FS) structures and 

energies barrier (Ea) of WGSR element steps on the Cu(211) surface.

Table S2. The Total Energies (E), total Energies with entropy effect correction (Eentropy) of the 

reaction intermediates on the Cu(111), Cu(100) and Cu(211) surfaces

Cu(111) Cu(100) Cu(211)

R3 E/eV Eentropy/eV E/eV Eentropy/eV E/eV Eentropy/eV

H2O* 177.43 177.45 94.13 94.15 168.91 168.93

TS3  176.14 92.94 92.96 167.97 167.99

OH*+H* 177.38 177.39 94.11 94.13 169.01 169.03

R4 E/eV Eentropy/eV E/eV Eentropy/eV E/eV Eentropy/eV

OH* 173.86 173.87 90.54 90.55 165.45 165.47

TS4  172.34 88.93 88.95 164.08 164.10

O*+H* 173.25 173.27 89.97 89.99 164.38 164.40

R5 E/eV Eentropy/eV E/eV Eentropy/eV E/eV Eentropy/eV

CO*+ O* 185.27 185.28 102.12 102.14 176.40 176.42
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TS5 184.56 184.57 101.44 101.46 175.75 175.77

CO2* 185.99 186.01 102.65 102.66 177.32 177.34

R6 E/eV Eentropy/eV E/eV Eentropy/eV E/eV Eentropy/eV

CO* + OH* 189.46 189.48 106.26 106.28 181.00 181.02

TS6 188.94 188.96 105.76 105.77 180.53 180.55

COOH* 189.08 189.10 105.95 105.96 180.74 180.76

R7 E/eV Eentropy/eV E/eV Eentropy/eV E/eV Eentropy/eV

COOH* 189.08 189.10 105.95 105.97 180.74 180.76

TS7 187.80 187.82 104.93 104.95 179.91 179.93

CO2* + H* 189.65 189.67 106.33 106.34 180.95 180.97

R8 E/eV Eentropy/eV E/eV Eentropy/eV E/eV Eentropy/eV

CO* + H* 176.41 176.43 98.94 98.96 173.59 173.61

TS8 175.07 175.09 97.79 97.81 172.57 172.59

CHO* 175.50 175.52 98.32 98.34 172.91 172.93

R9 E/eV Eentropy/eV E/eV Eentropy/eV E/eV Eentropy/eV

CHO* + O* 188.02 188.04 105.00 105.01 179.65 179.67

TS9 187.26 187.28 104.36 104.37 179.06 179.08

HCOO* 189.97 189.99 106.69 106.70 181.65 181.67

R10 E/eV Eentropy/eV E/eV Eentropy/eV E/eV Eentropy/eV

HCOO* 189.97 189.98 106.69 106.704 181.65 181.67

TS10 188.28 188.29 105.11 105.13 180.23 180.25

CO2 *+H* 189.65 189.67 106.33 105.35 180.91 180.93

R11 E/eV Eentropy/eV E/eV Eentropy/eV E/eV Eentropy/eV

H*+ H* 170.38 170.39 86.95 86.97 161.61 161.62

TS11 169.44 169.46 86.21 86.23 160.98 160.99

H2* 169.80 169.82 86.45 86.47 161.11 161.12

3. Determination of the effective barriers

The TOF can be simulated according to the energetic span theoryS6-S9 as follows:
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if   TDTS appears after TDI (a)TDITDTS
if   TDTS appears before TDI  (b)TDITDTS

eff
a

E E
E E E E


  

where kB stands for the Boltzmann constant, T is the reaction temperature, and h is the Planck 

constant; is defined as an effective barrier of a catalysis process, based on the previous eff
aE

reportsS10,S11: TDTS is the TOF determining transition state with the highest barrier; and TDI stands 

for the TOF determining intermediate, which is the most stable adsorption state along the energy 

profile, and ∆E is the reaction heat from reactant to TDI.

Figure S7. The energy profiles of carboxyl path of WGS reaction on the Cu(111), Cu(100) and 

Cu(211) surfaces. The numbers are the values of energy barriers (in eV) of the corresponding steps.

The essential aim here is to find a transition state (TS)  intermediate (I) pair with the largest 

energetic span ( ). The first step is to find the TDI, which should be first checked with the most eff
aE

stable adsorption state along the energy profile. The TDI are the adsorption state of CO2*+2H* and 

the TDTS are the transition states of the COOH* dehydrogenation on Cu(111), Cu(100) and Cu(211) 

surfaces, respectively (Figure S7). As TDTS appears before TDI, we can calculate the with the eff
aE

eqn.(b). The value of is calculated to be 1.28 eV, 1.02 eV and 0.83 eV on Cu(111), Cu(100) and eff
aE

Cu(211) surfaces, respectively.
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Table S3. The states of TDTS and TDI, the energies of TDTS and TDI, and the calculated of eff
aE

carboxyl path over Cu(111), Cu(100) and Cu(211) surfaces (see Figure S7)

Cu(111) Cu(100) Cu(211)

TDTS TS7 TS7 TS7

ETDTS/eV 0.54 0.06 0.26

TDI CO2*+2H* CO2*+2H* CO2*+2H*

ETDI/eV 1.22 1.41 1.29

ΔE/eV 0.48 0.45 0.21
eff
aE 1.28 1.02 0.83

4. Structural details of Cu

Figure S8. Structure details of (a) bulk Cu with its corresponding surfaces cleaved from bulk 

truncation (b) Cu(111), (c) Cu(100), and (d) Cu(211) (Cu: brown).

5. Supercell convergence test of Cu(111), Cu(100) and Cu(211) surfaces

The periodic calculation may influence the binding energy due to the lateral interaction.S12 In 

order to test the supercell size of the calculation models, the models of Cu(111), Cu(100) and 

Cu(211): supercell 2×2; supercell 3×3; supercell 4×4; with H2O absorbed, are optimized. The 

optimized structures are shown in Figure S9. The adsorption energies of H2O on different supercells 
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are almost the same. Thus, the model with 2×2 supercell is employed in this work is relatively 

reasonable.

Figure S9. The adsorption energies (Eads) of H2O on 2×2, 3×3, 4×4 supercell of Cu(111), Cu(100) 

and Cu(211) surfaces, respectively.

6. Computational methods test

It can be found from the data in Table S4 that the unit cell parameters of Cu (3.643 Å) obtained 

by the PBE method in our work are the closest to the experimental values (3.615 Å), the relative 

error is 0.77%, which is smaller than those calculated by the RPBE and PBEsol methods, 

respectively. In addition, the adsorption energies of H2O on Cu(111) are compared (Table S5), and it 

is found that these values are relatively close. Therefore, it is very reasonable to use the PBE method 

for simulation calculations.
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Table S4. Lattice parameters (in Å) of bulk Ni as calculated with different functions and comparison 

to experiment

Method Lattice constant Relative error

PBE a=b=c=3.643 0.77%

RPBE a=b=c=3.680 1.80%

PBEsol a=b=c=3.573 1.80%

Expt. a=b=c=3.615S13 

Table S5. The adsorption energy of H2O on Cu(111) surface as calculated with different functions

Method Eads(H2O)

PBE 0.20

RPBE 0.14

PBEsol 0.36

The van der Waals (vdW) interactions are described using the long range dispersion correction 

(DFT-D) approach. As exhibited in Figure S10 and Table S6, the adsorption energies of H2O on 

Cu(111),Cu (100) and Cu(211) surfaces are enhanced when considering dispersion correction, and it 

can be seen that the dispersion force only affects the energy, but not the geometry.S14 And the change 

trend of adsorption energy is consistent with the uncorrected data. Thus the structure data results in 

our work are relatively reasonable.

Figure S10. Adsorption structures and energies with dispersion correction of H2O on (a) Cu(111), (b) 
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Cu(100) and (c) Cu(211) surfaces.

Table S6. Adsorption energies (Eads), adsorption energies with dispersion correction (Edisp) of H2O

H2O-ads Eads (eV) Edisp (eV)

Cu(111) 0.20 0.39

Cu(100) 0.24 0.45

Cu(211) 0.36 0.61

The fitting plots of the d-band center vs adsorption energies of H2*, CO2*, OH*, H*, O* on 

Cu(111), Cu(100) and Cu(211) surfaces are shown in Figure S11. CO2, H2 and H adsorb very weakly 

on Cu(111), Cu(100) and Cu(211) through van der Waals interaction. With the change of the center 

of the d-band, the adsorption energy does not change significantly. While the increase in d-band 

center resulted in increase in adsorption strength of OH* and O*, which is in consistent with the 

d-band center theory.

Figure S11. The fitting plot of d-band center vs. adsorption energies (Eads) of H2*, CO2*, OH*, H* 

and O* on Cu(111), Cu(100) and Cu(211) surfaces.
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