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Computational details 

1. AuGBS and Flat Surface Models. Au bulks containing grain boundary 

(AuGB) were modeled according to coincidence site lattice (CSL) theory,1,2 as 

described by the following expression,

                           (1)Σ= 𝑋2 + 𝑁𝑌2

                       (2)
𝜃= 2𝑎𝑟𝑐𝑡𝑎𝑛⁡(𝑌𝑋 𝑁)

                        (3)𝑁= ℎ2 + 𝑘2 + 𝑙2

where Σ specifies the relation between the two grains unambiguously; 1/Σ is the 

proportion of coincidence sites in the crystal lattice. θ indicates the rotation angle for a 

given facet (hkl) around the rotation axis [hkl] to make sure that 1/Σ of lattice sites is 

coincided in an elementary periodic suppercell. N denotes the sum of the squares of the 

indices of a crystal facet (h, k and l); X and Y are two prime numbers with no common 

factor. As such, two GB bulk models with low-index (100) and (110) facets were built 

considering the compromise between computational cost and accuracy, denoted as Au 

Σ5{021}/[100]GB and AuΣ6{2-21}/[110]GB. Low-index AuGB surface (GBS) was 

constructed via exposing the corresponding low-index planes such as (100) plane and 

(110), denoted as Au(100)GBS and Au(110)GBS, respectively. To model low-index 

extended Au(100) and Au(110), and Au(111) flat surfaces (Figure S1), we used an 

elementary surface GB suppercell with three-layer slab on the basis of the optimized 

lattice constants of Au bulk (a=b=c=4.22 Å). For structural relaxation and electronic 

calculation, adsorbate and the uppermost layer were allowed to fully relax in all 

configurations, while the rest layers were kept fixed during the course of relaxation. A 



vacuum space of 15 Å perpendicular to the slab surface was used to avoid artificial 

interactions due to the periodicity boundary condition.

2. Computational Details. All periodic density functional theory (DFT) 

calculations in this study were performed using Vienna ab initio simulation program 

(VASP), a plane-wave DFT software package.3,4 The exchange-correlation interactions 

were modeled by revised Perdew-Burke-Ernzerhof (rPBE)5,6 functional within the 

generalized gradient approximation (GGA) implemented with the projector-

augmented-wave (PAW) function method7 for representing the nonvalence core 

electrons. Spin-polarization was considered in all calculations except free gaseous 

species. A plane-wave cutoff energy was set as 450 eV. 0.1 eV of Fermi-level smearing 

was used for all geometrical relaxation, including bulk, adsorbate-surface and gas-

phase species. The relaxation for these systems was completed when the maximum 

force exerted on each atom is less than 0.05 eV/Å. The adsorption of intermediates at 

the atop sites is considered for various catalysts throughout our work. The perfect Au 

bulk was fully optimized using 16 × 16 × 16 k-point Monkhorst−Pack mesh sampling. 

For Au slab calculations, 2 × 1 × 1 k-point Monkhorst−Pack mesh sampling was 

employed for AuGBS and GB-free surface in the surface Brillouin zone.

Gibbs free energies (G) for each gaseous and adsorbed species were calculated at 

298.15 K and 101325 Pa, according to the following expression: 

                  　        (4)𝐺= 𝐸𝐷𝐹𝑇+ 𝐸𝑍𝑃𝐸+∫𝐶𝑝𝑑𝑇 ‒ 𝑇𝑆

where  is the electronic energy calculated with VASP;  is the zero-point energy; 𝐸𝐷𝐹𝑇 𝐸𝑍𝑃𝐸

 is the enthalpic temperature correction;  is the entropy contribution to G. ∫𝐶𝑝𝑑𝑇 ‒ 𝑇𝑆



As previously described, standard ideal gas method was used to calculate ,   𝐸𝑍𝑃𝐸 ∫𝐶𝑝𝑑𝑇

and  from temperature, pressure, and calculated vibrational energies.8 Free energies –𝑇𝑆

of each adsorbate on the surfaces were calculated by treating all 3N degrees of freedom 

of the adsorbate as frustrated harmonic vibrations given that the contribution from the 

vibrations of the substrate is negligible. All vibrations were treated in the harmonic 

oscillator approximation. 

The computational hydrogen electrode (CHE) model was employed to determine 

free energies of reaction intermediates under an applied external potential (U).9 In the 

CHE model, each electrochemical reaction step occurring at a catalyst surface involves 

a simultaneous proton-electron pair transfer. The chemical potential of a proton-

electron pair, μ[H++e-], is equal to a half of the chemical potential of gaseous hydrogen 

at U=0 vs the reversible hydrogen electrode (RHE), 101325 Pa of H2, 298.15 K, and all 

pH values, . When the external bias voltage U is applied, the 𝜇[𝐻+ + 𝑒 ‒ ] = 0.5𝜇[𝐻2]

chemical potential of the proton-electron pai r is shifted by −eU, that is 

.[𝐻+ + 𝑒 ‒ ] = 0.5𝜇[𝐻2] ‒ 𝑒𝑈

 of active site i on the surface is estimated: 𝐶𝑁

                    (5)
𝐶𝑁(𝑖) =

𝑛𝑖

∑
𝑗= 1

𝑐𝑛(𝑗)
𝑐𝑛𝑚𝑎𝑥

where cn(j) indicates each first-nearest neighbor atom j with its own coordination 

number, while cnmax is referred to as the maximum number of first-nearest neighbors 

in the bulk (cnmax=12 for an face-centered cubic crystal). The sum spans all of the first-

nearest neighbors (ni).



Figure S1. Top views of fully relaxed periodic supercells for flat Au(100), Au(110) 
and Au(111) surface. 



Figure S2. Free energy diagrams for electrochemical reduction reaction of CO2 to CO 
at zero electrode potential (U = 0 V) on site 1-4 at Au(100)GBS and flat Au surface. n 
indicates the number of proton-electron pair transfer during CO2RR.



Figure S3. Free energy diagrams for electrochemical reduction reaction of CO2 to CO 
at zero electrode potential (U = 0 V) on site 1-4 at Au(110)GBS and flat Au surface. n 
indicates the number of proton-electron pair transfer during CO2RR.



Table S1. Calculated values for the zero-point energy correction, enthalpy correction, 
and entropy correction to free energies of free gaseous species. Assumed fugacities for 
gaseous species are also included.

Species Fugacity (Pa) EZPE (eV)
∫CpdT (eV)

-TS (eV) G-Eelec (eV)

CO2 (gas) 101325 0.31 0.10 -0.66 -0.26
CO (gas) 101325 0.13 0.09 -0.61 -0.39
H2 (gas) 101325 0.27 0.09 -0.42 -0.06

H2O (gas) 3534 0.58 0.10 -0.65 0.03
CH4 (gas) 20467 1.20 0.10 -0.60 0.70

CH3OH (gas) 6079 1.35 0.11 -0.79 0.67



Table S2. Calculated values for the zero-point energy correction, enthalpy correction, 
and entropy correction to free energies of adsorbed COOH, CO and H on Au(111), 
Au(100) and Au(110) surface, respectively.
 

Species EZPE (eV)
∫CpdT (eV)

-TS (eV) G-Eelec (eV)

*COOH@Au(111) 0.61 0.11 -0.23 0.49
*CO@Au(111) 0.18 0.08 -0.18 0.08
*H@Au(111) 0.15 0.03 -0.05 0.14

*COOH@Au(100) 0.61 0.11 -0.19 0.52
*CO@Au(100) 0.18 0.08 -0.18 0.08

H@Au(100) 0.1470 0.03 -0.06 0.12
*COOH@Au(110) 0.61 0.11 -0.27 0.45

*CO@Au(110) 0.18 0.09 -0.20 0.07
*H@Au(110) 0.1443 0.03 -0.07 0.10



Table S3. Calculated values for the zero-point energy correction, enthalpy correction, 
and entropy correction to free energies of adsorbed COOH, CO, CHO and H on 
Au(100)GBS and Au(110)GBS, respectively.

Species EZPE (eV)
∫CpdT (eV)

-TS (eV) G-Eelec (eV)

*COOH@Au(100)GBS_s1 0.60 0.11 -0.2055 0.5129
*COOH@Au(100)GBS_s2 0.61 0.11 - 0.2423 0.4764
*COOH@Au(100)GBS_s3 0.61 0.11 -0.2422 0.4764
*COOH@Au(100)GBS_s4 0.61 0.11 -0.2669 0.4517
*COOH@Au(110)GBS_s1 0.61 0.11 -0.2146 0.5033
*COOH@Au(110)GBS_s2 0.61 0.11 -0.2377 0.4806
*COOH@Au(110)GBS_s3 0.61 0.11 -0.2340 0.4852
*COOH@Au(110)GBS_s4 0.61 0.11 -0.2401 0.4775

*CO@Au(100)GBS_s1 0.18 0.08 -0.19 0.07
*CO@Au(100)GBS_s2 0.17 0.09 -0.20 0.07
*CO@Au(100)GBS_s3 0.17 0.09 -0.22 0.04
*CO@Au(100)GBS_s4 0.18 0.09 -0.19 0.07
*CO@Au(110)GBS_s1 0.19 0.08 -0.17 0.10
*CO@Au(110)GBS_s2 0.19 0.08 -0.18 0.08
*CO@Au(110)GBS_s3 0.18 0.08 -0.17 0.10
*CO@Au(110)GBS_s4 0.17 0.09 -0.19 0.07

*CHO@Au(110)GBS_s1 0.46 0.08 -0.19 0.36
*CHO@Au(110)GBS_s2 0.46 0.09 -0.19 0.36
*CHO@Au(110)GBS_s3 0.46 0.08 -0.18 0.36
*CHO@Au(110)GBS_s4 0.46 0.09 -0.19 0.36

*H@Au(100)GBS _s1 0.14 0.04 -0.08 0.10
*H@Au(110)GBS _s1 0.15 0.03 -0.05 0.13



Table S4 Calculated values for the zero-point energy correction, enthalpy correction, 
and entropy correction to free energies of adsorbed CH2O, CH3 and O on Au(110)GBS, 
respectively.

Species EZPE (eV)
∫CpdT (eV)

-TS (eV) G-Eelec (eV)

*CH2O@Au(110)GBS_s1 0.72 0.13 -0.31 0.54
*CH3O@Au(110)GBS_s1 1.07 0.11 -0.22 0.96
*O@Au(110)GBS_s(1) 0.05 0.04 -0.09 0.01

*CH2O@Au(110)GBS_s2 0.74 0.11 -0.25 0.60
*CH3O@Au(110)GBS_s2 1.07 0.10 -0.21 0.97
*O@Au(110)GBS_s(2) 0.05 0.04 -0.09 0.01

*CH3O@Au(110)GBS_s3 1.06 0.11 -0.27 0.90
*O@Au(110)GBS_s(3) 0.05 0.04 -0.09 0.01

*CH3O@Au(110)GBS_s4 1.07 0.10 -0.21 0.96
*O@Au(110)GBS_s(4) 0.05 0.04 -0.09 0.01
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