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Experimental Methods 

Materials. Hydrogen tetrachloroaurate (III) hydrate (HAuCl4·xH2O, ~49% Au basis), lead (II) 

nitrate (Pb(NO3)2, 99.999%) were purchased from Alfa Aesar. Oleylamine (70%, technical grade), 

Borane tert-butylamine complex (BTB, 97%), sodium hydroxide (NaOH, semiconductor grade, 

99.99%), potassium bicarbonate (KHCO3, ≥ 99.95%) were purchased from Sigma Aldrich. All the 

materials were used without further purification. Electrolyte solutions were prepared using 18.2 

MΩ H2O (Elga Veolia). 

Synthesis of 4H-Au Nanoribbons. In a typical experiment, HAuCl4 (4.08 mg) and oleylamine 

(220 μl) were dissolved in hexane (3.54 ml) and 1,2-dichloropropane (250 μl). The mixture in a 

closed glass vial was then heated in a water bath at 58 °C for 16 h. After that, the resulting product 

was collected using centrifugation (5,000 r.p.m., 1 min), washed at least three times with hexane 

and then re-dispersed into hexane (4 ml).  

Synthesis of 4H- and fcc-Au Nanorods. 4H Au nanorods was synthesized following methods 

published by Zhang, et al., with slight modification.1-2  HAuCl4·xH2O (30 mg) was added to 

oleylamine (4.8 ml) and sonicated until fully dissolved. The solution was left undisturbed at 70 °C 

in a furnace for 25 hours and subsequently centrifuged with hexane and ethanol (9:1 ratio) four 

times to purify and precipitate the nanorods. The final product was redispersed in hexane. To 

convert Au nanorods from the 4H to fcc phase, the 4H Au nanorods were heated at 185 °C in a 

furnace overnight. The resulting Au nanorods only exhibits fcc crystal structure. 

Sample Characterizations. Transmission Electron Microscopy (TEM) images were acquired on a 

FEI Tecnai 12 microscope operated at 100 kV. Atomic resolution high angle annular dark field 

(HAADF) scanning transmission electron microscopy (STEM) images and elemental maps were 
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acquired with HD2700C STEM (Hitachi) equipped with a probe aberration corrector and Enfina 

spectrometer (Gatan).The X-ray diffraction patterns were obtained on X-ray powder diffraction 

(XRPD) data was collected on a laboratory Bruker D8 Focus diffractometer (40 kV, 40 mA, sealed 

Cu X-ray tube, Kα1 1.540596 Å, Kα2 1.544493 Å) with a Ni filter and LynxEye position sensitive 

detector at room temperature. The scattering range was 2θ = 5~120° with a step size of 0.02° over 

4 h set using DIFFRAC plus XRD Commander software. Inductively Coupled plasma mass 

spectrometry (ICP-MS) was performed on PerkinElmer NexION 300D with ICP. 

Electrochemical Reduction of CO2. The electrocatalytic properties of the Au electrocatalysts were 

measured using a custom-made gas-tight electrolysis cell and Autolab 302 potentiostat (Metrohm). 

A Hg/HgSO4 electrode (Hach) and a Pt mesh (VWR) were used as the reference and counter 

electrode, respectively. A solution of 0.1 M KHCO3 was used as electrolyte. CO2 was bubbled 

through a glass frit to the cathode compartment at a constant rate of 20 sccm and purged for 10 

minutes prior to each measurement. Working electrodes were prepared by spraying 40 μg 

(estimated) of Au nanorods and Au nanoparticles (dispersed in hexane) onto a carbon paper 

electrode (3.53 cm2). The actual weight of catalysts deposited was determined by ICP-AES after 

each test. The cathode and anode compartments were separated with an AHO anion exchange 

membrane (Selemion Inc.), which avoids or minimizes the possible transfer of chemical species 

(e.g., Pt dissolved from the counter electrode, products produced from the cathode) across the cell. 

The reference electrode was Hg/HgSO4. All potentials in this work are converted to the reversible 

hydrogen electrode (RHE) scale by E (vs RHE) = E (vs Hg/HgSO4) + 0.64 V + 0.0591 × pH, where 

the pH for 0.1 M KHCO3 electrolyte saturated by CO2 is 6.8. The gas-phase products were 

measured online using gas chromatograph-mass spectrometry (GC-MS) and liquid-phase products 
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were analyzed after 30 min of reaction at each potential using nuclear magnetic resonance (NMR) 

spectroscopy. The typical CO2RR experiment takes around 3 hours.  

Pb Under-potential Deposition. Relative populations of surface facets were probed using Pb 

under-potential deposition (UPD). Each electrode was swept between 0.05 V and 0.9 V in 0.1 M 

NaOH for 50 times to clean the surface prior to the measurement. Then they were cycled between 

0.3 V and 0.7 in 0.1 M NaOH and 0.1 mM Pb (NO3)2 at 50 mV/s for five times, where the second 

scan was taken for analysis. 

Cu Under-potential Deposition. The electrochemical surface areas of Au electrodes were 

measured via Cu under-potential deposition (Cuupd). Each electrode was swept between 0.05 V 

and 0.9 V in 0.5 M H2SO4 for 50 times to clean the surface prior to the measurement. The 

electrodes were then cycled from 0.1 V to –0.3 V (vs. Hg/HgSO4) at 50 mV/s. in 0.5 M H2SO4 

solution containing 0.1 M CuSO4. The electrolyte was purged with Ar continuously. The anodic 

stripping peak centered at –0.1 V was integrated using 92.4 μC/cm2 as the conversion factor.3 The 

obtained surface areas were then used to normalize current densities and Pbupd voltammetric profile. 
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Computational Methods  

Cluster Expansion. Cluster expansions are generalized Ising models,4-5 in which the spin variables 

for each site in an Ising model are replaced by “site” variables that represent the species occupied 

at each site. A property (such as energy) of the material can be expressed as a linear expansion of 

cluster functions,  

 0( ) cluster i
cluster i cluster

E V V s
∈

= + ∑ ∏s   (1) 

where the coefficients 0V  and clusterV  are effective cluster interactions (ECI) to be fitted to a set of 

DFT training data, and s  is the set of site variables. If all possible cluster functions are included in 

the cluster expansion, the above equation is exact. However, the ECIs for clusters that contain a 

large number of sites or the sites that are far apart are usually negligible. Thus, the cluster 

expansion can be truncated to a sum over finite numbers of cluster functions with little loss of 

accuracy. 

To investigate the surface structures of Au nanorods, binary cluster expansions for fcc Au nanorod 

and 4H Au nanorod were generated based on the fcc and 4H lattice, where each site can be 

occupied by either a gold atom or a vacancy. For the nanorods in this paper, we represent the 

vacuum around the nanorods as a collection of sites that are occupied by vacancies, allowing us to 

use a training set of small (1~2 nm in diameter) nanorods to construct a cluster expansion that can 

be used to rapidly predict the energies of larger nanorods with varying shapes and sizes. The cluster 

expansions were truncated to include the empty cluster, the single-site cluster, all two-body 

clusters within a cutoff distance of 10 Å, all three-body clusters within a cutoff distance of 6 Å, 

and all four-body clusters within a cutoff distance of 3 Å, for a total of 28 and 110 symmetrically 

distinct cluster functions for the fcc and 4H Au cluster expansion, respectively. The nearest 
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neighbor distance for Au is 2.86 Å. Training sets with 51 and 77 relaxed structures (fcc and 4H 

nanorods) by density functional theory (DFT)6 calculations were generated and refined for fitting 

ECIs of the cluster expansions. The ECIs for these cluster functions were fit to the training sets 

using a Bayesian approach.7 This approach allows for more distinct ECIs to be included in the 

cluster expansion than there are structures in the training set, and this generally improves the 

predictive accuracy of the cluster expansion.7-9 The inverse of the covariance matrix for the prior 

was diagonal, with elements given by:  
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where nα  is the number of sites in cluster function α , rα  is the maximum distance between sites, 

and 1λ , 2λ , 3λ , and 4λ  were determined using a conjugate-gradient algorithm to minimize the 

leave-one-out cross-validation (LOOCV) error, which is a measurement of the prediction error.10 

The resulting cluster expansions for fcc and 4H Au nanorods have LOOCV errors of 1.5 and 1.9 

meV per atom, respectively. 

DFT. DFT calculations have been performed using the Vienna Ab initio Simulation Package 

(VASP)11 with the revised Perdew-Burke-Ernzerhof (RPBE)12-13 and PBEsol14 exchange-

correlation functional. Van der Waals interactions were accounted for by using the D3 correction,15 

and the VASPsol16 implicit solvation model was used to treat the effect of aqueous solution on 

adsorption energies. The Au_GW, C_GW, O_GW and H_GW PBE projector-augmented wave 

(PAW)17 potentials were used, and all VASP calculations were run with accurate precision, 

ensuring that there were no wrap-around errors. The Brillouin zone was sampled using efficient 
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grids generated by the k-point grid server18 with a minimum distance of 45.0 Å between adjacent 

points in real space lattice. Spin polarization was taken into account in the calculations and second-

order Methfessel-Paxon smearing19 with a width of 0.2 eV was used to set partial occupancies. 

Real space projectors were used to evaluate the non-local part of the PAW potential. The 

convergence criteria for the electronic self-consistent iteration and the ionic relaxation loop were 

set to be 10-4 eV and 10-3 eV per cell, respectively.  For Au nanorod cluster expansions and surface 

energy calculations, the PBEsol functional was used, as it is found to improve the equilibrium 

properties of solids and surfaces.20 The convergence for surface energies and adsorption energies 

are 1 meV/Å2 and 10 meV, respectively. The slabs are at least six layers thick, and the vacuum 

layers are at least 18 Å. Our calculation shows that RPBE-D3 gives overbinding to CO compared 

to experimentally measured CO adsorption energy on Au(211), whereas RPBE has a closer 

agreement with experiments.21-22  However, it is found that RPBE-D3 gives closer agreements on 

the onset potentials (related to *COOH binding energies) with experiments from this and previous 

study.22 Thus, we used RPBE energies for *CO and RPBE-D3 energies for *COOH in the free 

energy diagram. The hydrogen adsorption energies were calculated using the RPBE exchange-

correlation functional. 

Monte Carlo Simulation. Simulated annealing was used to find the ground-state shapes of the fcc 

and 4H Au nanorods. For each system studied, Monte Carlo simulations23 were run from a high 

temperature (2000 K), and then decreased in steps by a factor of 40.05 until room temperature. At 

each temperature, the number of Monte Carlo iterations was 50 times the number of sites in the 

supercell.  Subsequent annealing was carried out by only allowing atoms to swap on the surface 

of the nanorods. The number of iterations was set to be 100 times the number of sites in the 

supercell. The supercells were 6 nm long (in the growing direction) and 7 nm wide (the nanorods 
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were 5 nm in diameter). The thermodynamically averaged properties, e.g. average fractions of 

different types of surface Pb sites, were recorded during the Monte Carlo sampling at room 

temperature (300 K).   
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Table S1. Comparison of JCO and FECO reported in this work with the recent literature. 

  

Samples Electrolyte Potential  
(V vs. RHE) 

JCO  
(mA/cm2

geo) 
FECO 
(%) 

Ref. 

4H-Au nanoribbon 0.1 M KHCO3 –0.7 7.7 90 This work 

8nm Au NPs 0.5 M KHCO3 –0.67 ca. 18 90 24 

Au3Cu NPs 0.1 M KHCO3 –0.9 ca. 3.4 67 25 

rhombic dodecahedrons  

Au NPs 
0.5 M KHCO3 –0.57 - 80 26 

Au/carbon nanotubes 
0.5 M 

NaHCO3 
–0.5 - 94 27 

Ag NPs 0.5 M KHCO3 –0.75 0.8 80 28 

Mesostructured Ag 0.1 M KHCO3 –0.7 ca. 2.9 80 29 
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Figure S1. TEM images of (a, b) 4H/fcc-Au nanorods and (c) fcc-Au nanorods. These images 
indicate the Au nanorods have similar dimensions as compared to 4H-Au nanoribbons and fcc-Au 
nanorods maintain the nanorod morphology after thermal treatment.  
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Figure S2. (a, b) TEM images for fcc Au nanorod with CTAB as binder and the corresponding (c) 
XRD patterns and (d) Faradaic efficiencies. This type of Au nanorod is thought to be poisoned by 
CTAB, thus having nearly no activity for CO2 reduction. 

  



S12 
 

 

Figure S3. Faradaic Efficiency of H2.   
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Figure S4. Cuupd profiles and the calculated specific electrochemical active surface areas.  
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Figure S5. Typical current profile for 4H/fcc-Au nanorods in CO2 reduction reaction.  
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Figure S6. XRD pattern of 4H/fcc-Au nanorods after CO2 reduction test.  
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Figure S7. BF-STEM image (similar to TEM contrast) and HAADF image of 4H-Au 
nanoribbons after electrolysis test. Both image shows the 4H phase is well preserved during the 
test.  
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Table S2. DFT-calculated surface energies in this work. The “rec” denotes a reconstructed surface. 

 
Surface energy (eV/Å2) 

(100) 0.0724 

(110) 0.0760 

(110)-rec 0.0714 

(111) 0.0607 

(211) 0.0702 

(311) 0.0740 

(311)-rec 0.0731 

(322) 0.0651 

(332) 0.0640 

4H
_

(1100)  0.0618 

4H
_

(1120)  0.0759 
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Figure S8. (Top) Wulff construction of (a) fcc, (b) 4H Au nanorod determined by DFT-calculated 
surface energies.  (Bottom) Cluster-expansion-predicted equilibrium shapes of ~4 nm fcc and 4H 
nanorods. 
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Figure S9. Two possible fcc-Au nanorod structures with 177 atoms per unit cell.  (top) A cluster-
expansion-predicted structure with (111) terraces. (bottom) A manually created structure having 
the same number of atoms per simulation cell but more (211) steps. DFT calculations indicate that 
the nanorod with more (111) terrace is more stable. The ΔE values are formation energy per atom 
relative to bulk Au.  
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Comparison of UPD positions and calculated Pb adsorption energies 

The difference in the underpotential shifts for Pb adsorbed at two different sites, V∆ , can be 

estimated using the difference between the DFT-calculated Pb adsorption energies, adE∆  as 

follows:30 

 
2

adEV
e

−∆
∆ ≈   (3) 

 o(slab+Pb*) (slab) (Pb )adE E E E∆ = − −   (4) 

where e  is the elementary charge and the factor of 2 comes from the fact that Pb loses two 

electrons when it dissolves, and E(Pbo) refers to the energy of bulk Pb.  For Pb adsorption energies, 

more negative values indicate stronger adsorption. For simplicity, here we assume fairly dilute Pb 

concentrations, where each Pb atom has no Pb nearest neighbors on the surface; accounting for 

interactions between adsorbed Pb would result in a more accurate estimate.  We present the 

calculated Pb adsorption energies and corresponding UPD potentials, relative to that of the (111) 

surface, in Table S3. Pb adsorption energies on (111) facets and other sites on close-packed 

terraces are similar (Figure S10).  We assign these to the left peak, in accordance with experimental 

results on single crystals.31 Pb adsorption energies are higher on other Pb adsorption sites having 

coordination number of 4 or 5, and these are assigned to the right peak (Table S3).  

To estimate the fraction of sites corresponding to each peak, thermodynamically averaged 

percentages of each type of sites on the 4H and fcc nanorods were recorded during the Monte Carlo 

simulations (see Methods) and are provided in Table S4. The percentages of Pb sites on the 4H 

nanoribbons were calculated based on a model surface of 4H
_

(1120)  with a width of 20 nm and a 
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thickness of 2.5 nm.32 The sidewall structure of the 4H nanoribbon is the 4H
_

(1100)  surface. The 

results are also provided in Table S4. 

There is a correlation between the calculated adsorption energy and Pb coordination number 

(Figure S10). The 4H
_

(1100)  “valley” site in Table S3, which accounts for about ¼ of the 4H 

surface sites, has a coordination number of 4 and an intermediate adsorption energy.  This suggests 

that the peak and shoulder on the right side of the 4H nanorod Pbupd voltammetric profile (Figure 

3a) may correspond to adsorption sites with coordination numbers of 4 and 5, respectively. 

 

Figure S10. Correlation between the Pb adsorption energy and the coordination number (CN). 

  



S22 
 

Table S3. DFT-calculated Pb adsorption energies at various sites on different Au facets at dilute 
concentrations, converted to peak positions relative to that of fcc(111) by considering the equation 

2 2 *Pb e Pb+ −+ → , coordination number (CN) and generalized coordination number (GCN)33-37 
of the Pb site.  Black and gold spheres represent Pb and Au atoms, respectively.  

 

CNPb 

(GCN) 

Adsorption 

energy / eV 

Peak relative 

to (111) / V 

Fraction of 

sites 

Peak 

position 

 

(111) 

 

3 

(2.500) -0.300 0 

0.68 with (322) 

and (211) 

terracesa 

 

Left  

(322) terrace 

 

3 

(2.333) -0.341 0.021 

 

 

0.02 

 

Left 
 

(322) terrace 

 

3 

(2.500) -0.354 0.027 

0.68 with 

(111)a 

 

Left 
 

(322) terrace 

 

3 

(2.500) -0.376 0.038 

 

Left 
 

(211) terrace 

 

3 

(2.500) -0.384 0.042 

 

Left  

4H
_

(1100)  

terrace 

 

3 

(2.417) -0.389 0.045 

 

0.16 (ribbon) 

0.42 (rod) 

 

Left 
 

4H
_

(1100)  

valley 

 

4 

(3.500) -0.572 0.136 

 

0.08 (ribbon) 

0.24 (rod) 

 

Right 
 

(322) valley 

 

 

5 

(4.000) -0.762 0.231 

 

0.12 with (211) 

valleyb 

 

 

Right 
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(100) 

 

4 

(3.000) -0.775 0.238 

 

 

0.16 

 

Right  

4H
_

(1120)  

 

5 

(3.667) -0.769 0.235 

 

 

0.76 (ribbon)c 

0.34 (rod)c 

 

 

Right 
 

4H
_

(1120)  

 

5 

(3.667) -0.785 0.243 

 

Right 

 

(110)-rec 

 

5 

(4.333) -0.784 0.242 

 

 

0.02 

 

Right  

(211) valley 

 

 

5 

(4.000) -0.806 0.253 

 

 

0.12 with (322) 

valleyb 

 

 

Right 

 

 

(110) 

 

5 

(3.667) -0.836 0.268 

 

 

0.00 

 

Right  

 

a Adsorption sites were classified by their coordination number and generalized coordination 
number, which is the same for each of these sites.   
b Adsorption sites were classified by their coordination number and generalized coordination 
number, which is the same for these two sites.   
c Adsorption sites were classified by their coordination number and generalized coordination 
number which is the same for these two sites. 

 

 

  



S24 
 

Table S4. Fraction of surface Pb sites that assigned to left / right UPD peak on the fcc-Au nanorod, 
4H-Au nanorod, and 4H-Au nanoribbon.  

 fcc-Au nanorod 4H-Au nanorod 4H-Au nanoribbon 

Left peak (CN=3) 0.70 0.42 0.16 

Right peak (CN=4) 0.16 0.24 0.08 

Right peak (CN=5) 0.14 0.34 0.76 
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Free energy of adsorbates 

The free energy change of the CO2 reduction intermediates at zero potential can be written as: 

 
' 0

'
T

DFT p
T

G E ZPE T S C dT
=

∆ = ∆ + ∆ − ∆ + ∆ ∫   (5) 

where ∆EDFT is the electronic energy for the intermediate step of the CO2 reduction from DFT 

calculations, ∆ZPE is the difference in zero-point energies for a certain reaction, ∆Cp is the 

difference in constant-pressure heat capacity, ∆S is the change in entropy. At an applied potential 

U, the change in free energy is shifted by neU−  according to the computational hydrogen 

electrode (CHE):38 

 
' 0

( ) '
T

DFT p
T

G U E ZPE T S C dT neU
=

∆ = ∆ + ∆ − ∆ + ∆ −∫   (6) 

where n is the number of (H+ + e-) transferred. All electronic energies are referenced to the 

corresponding Au clean slab, graphene (C), H2 and H2O. For example, the adsorption energy of 

CO can be calculated as: 

 2 2(*CO) (slab*CO) (slab*) (C) ( (H O) (H ))DFT DFT DFTE E E E E E∆ = − − − −   (7) 
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Table S5. The zero-point energy (ZPE) corrections, entropy (TS) corrections, and enthalpic 
temperature corrections for adsorbates and non-adsorbates. The values are taken from the work of 
Peterson et al. with T=291.65K.39 We have also applied a +0.32 eV for the free energy of CO2(g) 
by Cao et al.,22 due to the errors in DFT-calculated reaction enthalpies compared to experimentally 
measured reaction enthalpies. This value is consistent with the work of Peterson et al.39 

 ZPE / eV TS / eV 
pC dT∫  / eV 

*CO 0.192 0.153 0.076 

*COOH 0.624 0.178 0.096 

*H 0.160 0.007 0.005 

CO 0.14 0.60 0.09 

CO2 0.31 0.65 0.10 

H2 0.27 0.39 0.09 

H2O 0.58 0.65 0.10 

C 0.13 0.02 0.026 
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Free energy diagram and activity  

Based on the computational work in the literature, the reaction pathway for CO2 reduction to CO(g) 

is likely to be:39-41 

 2CO ( ) *COOH *CO CO( )g g→ → →   (8) 

We have assumed that the proton and electron transfers are simultaneous,39, 42 and our calculations 

showed that *CO2
- cannot be stabilized in either implicit solvent or explicit solvent. A recent study 

by Dunwell et al. also suggests that the electron transfer (ET) is unlikely to be rate-limiting on Au 

surfaces.43 Here, we build a two-step kinetic model (also account for *CO desorption in aqueous 

solution) as follows: 

 2CO ( ) *COOH *CO CO( ) CO( )g aq g→ → → →   (9) 

where CO(aq) indicates a single CO molecule desorbed from the Au surfaces in aqueous solution, 

as described in the work by Cao et al.22 We write out the four intermediate reaction steps as: 

 + - + -
2CO ( ) 2(H +e ) *COOH (H +e )g + → +  (10) 

 + -
2*COOH (H +e ) *CO H O+ → +  (11) 

 2 2*CO H O CO( ) H Oaq+ → +  (12) 

 2 2CO( ) H O CO( ) H Oaq g+ → +   (13) 

There exists a roughly linear relationship22, 40, 44 between G(*COOH) and G(*CO) on various 

facets that have been investigated (Figure S11). Using this linear relationship, we can simplify the 

activation energies for equations (10-13) as a function of the CO binding free energy G(*CO), and 
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add in the kinetic barrier for the first step ΔGa(*COOH) = ΔG(*COOH) + 0.18 eV based on the 

previous work on copper surfaces.45 

 1 2( ) (*COOH) (CO ) 0.448 (*CO) 0.472aG U G G eU G eU∆ = − + = ∆ + +   (14) 

 2 ( ) (*CO) (*COOH) 0.552 (*CO) 0.472aG U G G eU G eU∆ = − + = ∆ − +   (15) 

 3 ( ) (CO( )) (*CO) 0.574 (*CO)G U G aq G G∆ = − = −∆   (16) 

 4 ( ) (CO( )) (CO( )) 0.119 0.574 0.455G U G g G aq∆ = − = − = −   (17) 

Therefore, we can define an “activity” as the negative of the activation barriers:  

 1 2 3 4Activity max( ( ), ( ), ( ), ( ), 0)
max(0.448 (*CO) 0.472 , 0.574 (*CO), 0)

G U G U G U G U
G eU G

= − ∆ ∆ ∆ ∆
= − ∆ + + −∆

  (18) 

In our experiments the partial pressure of CO is typically low (lower than ~1000 Pa), which results 

in a lower free energy for CO(g) than *CO and facilitates CO desorption, validating the assumption 

of dilute *CO coverage in our calculations.  

To better understand the selectivity of the synthesized catalysts we have also used computational 

modeling to evaluate the competing reaction, the hydrogen evolution reaction (HER). The rate 

limiting step for the HER on Au, which binds hydrogen relatively weekly, is believed to be the 

Volmer step, in which a single hydrogen atom adsorbs on the surface.  We calculated the activation 

free energy for the hydrogen evolution reaction as (*H) 0.333aG G∆ = ∆ + eV, where (*H)G∆  is 

our calculated adsorption free energy and 0.333 eV maps our calculated free energy of adsorption 

(0.447 eV on Au(111)) to the rate-limiting activation energy on Au(111) (0.78 eV) calculated by 

Lindgren et al. at 0 V vs the RHE.46  For comparison with the CO2 reduction reaction (CRR), we 

define a measure of HER activity as follows: 
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 Activity max( (*H) 0.333 , (*H), 0)G eU G= − ∆ + + −∆   (19) 

The relative selectivity for the CRR can be estimated by the limiting potential difference between 

the CRR and the HER.47 Specifically,  

 
1

(CRR) (HER)
( max( (*COOH) 0.18 ,0.574 (*CO),0) max( (*H) 0.333 ,0))
L L

e

U U
G eU G G eU
− =

− ∆ + + −∆ + ∆ + +
 (20) 

This can be simplified using the linear fits in Figure S12a-c to provide general trend with respect 

to coordination number (Figure S13).  We have also plotted this difference for individual sites in 

the same figure.  Consistent with the work by Back et al.,47 we find that the relative selectivity for 

the CRR decreases with coordination number at small overpotentials (Figure S13a). This is due to 

the weaker coordination-dependence of ΔG(*H) compared to that of ΔG(*CO) and ΔG(*COOH) 

(Figure S12).  On the top right region of Figure S13c, we find that 4H
_

(1100) , particularly abundant 

on the 4H nanorod, is both active and selective for the CRR. Some fcc sites are predicted to be 

similarly active and no less selective than the sites on the 4H
_

(1120)  facet, but these sites are 

predicted to be far less abundant on the fcc nanorods than the 
_

(1120)  sites are on the 4H nanorods 

(Table S6). 
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Figure S11. The linear relationship between G(*COOH) and G(*CO).  “4H
_

(1120) a” and “4H
_

(1120) b” represent ridge site “a” and ridge site “b” on this 4H facet, respectively. “4H
_

(1100) ” 
represents the ridge site on this 4H facet. “(110)”, “(110)rec”, “(211)”, and “(311)rec” indicate the 
edge sites on these facets. These are the sites on each facet on which G(*CO) is lowest. 
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Figure S12. Least-squares fits of ΔG(*COOH), ΔG(*CO), and ΔG(*H) as a function of 
coordination number (CN). 

 

 

 

 

Figure S13. (a) Limiting potential difference (CRR) (HER)L LU U−  as a function of coordination 
number (CN).  (b-c) Limiting potential difference as a function of (CRR)LU  at –0.4 V and –0.6 
V, respectively. Sites in the top right region are predicted to be more active and relatively more 

selective for the CO2 reduction reaction (CRR). “4H
_

(1120) a” and “4H
_

(1120) b” represent ridge 

site “a” and ridge site “b” on this 4H facet, respectively. “4H
_

(1100) ” represents the ridge site on 
this 4H facet. “(110)”, “(110)rec”, “(211)”, and “(311)rec” indicate the edge sites on these facets. 
These are the sites on each facet on which G(*CO) is lowest. 
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To calculate the average activity for the Au nanostructures, we have explored all possible surface 

sites on the structures of the fcc and 4H phases taken from room-temperature Monte Carlo 

simulations.  We use the following equation to determine the current at each surface site: 

 exp( max( (*COOH) 0.18 , 0.574 (*CO), 0) / )Bj G eU G k T∝ − ∆ + + −∆   (21) 

where ΔG(*COOH) and ΔG(*CO) are adsorption energies of a specific site, and U is the applied 

potential (see Equations 14-18).  For commonly occurring sites, we used DFT to calculate free 

energies of *COOH / *CO adsorption.  These free energies, as well as the coordination number 

(CN) and generalized coordination number (GCN)33-37  of each site, are provided in Table S6.  For 

any surface site with CN and GCN matching one in Table S6, we used DFT-calculated adsorption 

energies to evaluate equation (21).  Sometimes two different sites on the nanorods have the same 

CN and GCN, e.g. the fcc (211) and (322) step edges, two types of reconstructed (110) edges, and 

two types of 4H
_

(1120)  ridge sites (same for valley sites).  In first two cases we chose the ones 

with lower surface energy, which is consistent with the Monte Carlo snapshots; For those two 

symmetrically distinct 4H
_

(1120)  sites, we assumed their ratio to be 1:1. For the sites that do not 

match any within Table S6, we estimated the *COOH / *CO adsorption free energies using a linear 

least-squares fit of DFT-calculated free energies against the CN of the adsorption site (Figure S12).    

The surface areas of the Au nanostructures are estimated by:  

 
# i

i
site site

i i

AA f N
site

 
=  

 
∑   (22) 

where / #i iA site  is the area per site for site (facet) i , 
isitef  is the fraction of site i , and siteN  is the 

total number of surface sites. The fractions of different types of adsorption sites on the nanorods 
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were estimated by counting the number of sites matching both the coordination number and 

generalized coordination number (Table S6). Summing up over the current contributed by all the 

surface sites and dividing by the surface area yields the specific activity for the nanorods. We plot 

the activities relative to that of fcc nanorod at –0.3 V (Figure S14). We predict that the activity 

follows the trend of 4H-Au nanoribbon > 4H-Au nanorod > fcc-Au nanorod; The enhancement of 

the CO2RR activity for the 4H nanoribbon is about 3.3 and 23.7 times of that of 4H nanorod and 

fcc nanorod respectively (at –0.6 V), which is consistent with experiments. Heat maps illustrating 

the most active sites on the Au nanostructures are shown in Figure S16. 
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Figure S14. Predicted CO specific activity as a function of potential for the fcc-Au nanorod, 4H-
Au nanorod and 4H-Au nanoribbon, relative to that of fcc-Au nanorod at –0.3 V. 
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Table S6. Generalized coordination number (GCN) and coordination number (CN) of Au, free 
energy of adsorption of *CO, *COOH, and *H, and fraction of sites on the 4H and fcc nanocrystals 
for all surface sites studied. Energies are relative to G(CO2(g)). The suffix “-rec” indicates a 
reconstructed surface with a missing row, and “-rec2” indicates a reconstructed surface with two 
missing rows. 

 GCN 

(CNAu) 

G(*CO) 

/ eV 

G(*COOH) 

/ eV 

G(*H) 

/ eV 

Fraction *CO *COOH 

(110)-rec edge 5.167 

(7) 

0.375 0.473 0.295 / 

 

 

0.02 

  

(110)-rec2 edge 

(111)/(111) 

5.167 

(7) 

0.317 0.586 0.399 

  
(311)-rec edge 

(111)/(100) 

5.333 

(7) 

0.410 0.519 0.291 0.03 

  

(211) step edge 5.500 

(7) 

0.441 0.472 0.309 / 

 

 

0.02 

  
(322) step edge 5.500 

(7) 

0.411 0.582 0.328 

  
(110) 5.833 

(7) 

0.355 0.427 0.399 0.00 

  

4H
_

(1120)  ridge 

“a” 

5.833 

(7) 

0.454 0.467 0.296 0.01 (rod) 

0.21 (ribbon) 
  

4H
_

(1120)  ridge 

“b” 

5.833 

(7) 

0.473 0.512 0.296 0.01 (rod) 

0.21 (ribbon) 
  

4H
_

(1100)  ridge 6.333 

(8) 

0.638 0.576 0.468 0.12 (rod) 

0.04 (ribbon) 
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(100) 6.667 

(8) 

0.535 0.536 0.385 0.02 

  
(211)-rec terrace 

(100) micro facet 

6.750 

(8) 

0.661 0.674 0.383 0.02 

  
(110)-rec terrace 7.167 

(9) 

0.999 0.799 0.589 0.08 

  
(111) terrace 7.500 

(9) 

0.689 0.601 0.447 0.35 

  

4H
_

(1100)  

terrace 

7.500 

(9) 

0.811 0.703 0.518 0.14 (rod) 

0.09 (ribbon) 
  

(211) valley 8.750 

(10) 

0.601 0.993 0.584 0.01 

  

(311)-rec valley 8.833 

(10) 

0.815 0.991 0.586 0.01 

  

4H
_

(1100)  valley 8.667 

(10) 

1.091 0.828 0.610 0.09 (rod) 

0.04 (ribbon) 
  

4H
_

(1120)  valley 

“a” 

9.167 

(11) 

1.391 1.242 0.858 0.01 (rod) 

0.21 (ribbon)   

4H
_

(1120)  valley 

“b” 

9.167 

(11) 

1.589 1.209 0.858 0.01 (rod) 

0.21 (ribbon) 
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Figure S15. Distribution of surface site coordination numbers of (a) 4H-Au nanoribbon, (b) 4H-
Au nanorod and (c) fcc-Au nanorod. 
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Figure S16. Predicted current density of all surface sites on 4H-Au nanoribbon, 4H-Au nanorod 
and fcc-Au nanorod, relative to the most active sites at (a) –0.4 V, (b) –0.6 V, and (c) –0.7 V. 
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