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Abstract 

Structural engineering of nanomaterials offers a promising way for developing high-

performance catalysts towards sustainable catalysis. However, the delicate modulation 

of thermodynamically unfavorable nanostructures with unconventional phases still 

remains a challenge. Here, we report the synthesis of hierarchical AuCu nanostructures 

with hexagonal close-packed (2H-type)/face-centered cubic (fcc) heterophase, high-

index facets, planar defects (e.g., stacking faults, twin boundaries, and grain 

boundaries), and tunable Cu content. The obtained 2H/fcc Au99Cu1 exhibits excellent 

performance for the electrocatalytic CO2 reduction to produce CO, outperforming the 

2H/fcc Au91Cu9 and fcc Au99Cu1. Our experimental results, especially that obtained by 

in situ attenuated total reflection Fourier-transform infrared spectroscopy, suggest that 

the enhanced catalytic performance of 2H/fcc Au99Cu1 arises from the unconventional 

2H/fcc heterophase, high-index facets, planar defects, and appropriate alloying of Cu. 

Impressively, the 2H/fcc Au99Cu1 shows CO Faradaic efficiencies of 96.6% and 92.6% 

at industrial current densities of 300 mA cm-2 and 500 mA cm-2, respectively, placing 

it among the best CO2 reduction electrocatalysts for CO production. Our atomically 

structural regulation based on phase engineering of nanomaterials (PEN) provides an 

avenue for the rational design and preparation of high-performance electrocatalysts for 

various sustainable catalytic applications.  
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Introduction 

Delicately structural modulation of metal nanostructures has been demonstrated as a 

feasible and effective way to regulate their physicochemical properties and promote 

their performance in various applications, especially in catalysis1-4. Over the past 

decades, it has been found that diverse structural features, including composition3-6, 

defect7, morphology1,8-10, and arrangement of surface atoms11-14, play roles in 

determining the catalytic properties of metal nanomaterials. In particular, the 

hierarchical morphologies can endow metal nanostructures with more exposed active 

sites and make the nanostructures more accessible to the reactants, which are of great 

importance for gas-related heterogeneous catalytic reactions, such as electrochemical 

CO2 reduction reaction (CO2RR)15. In addition, high-index facets with highly 

unsaturated coordination environments can modulate the surface electronic structure of 

metal nanomaterials and thus optimize the adsorption/desorption behaviors of 

intermediate species, resulting in excellent catalytic activities11,12. For example, the 

high-index (211) facet of Au exhibited superior current density towards the 

electrochemical CO2RR to CO, which is about 20-fold higher than that measured on 

the low-index (100) facet of Au13. However, until now, the structural engineering of 

metal nanomaterials has mainly focused on those with thermodynamically stable phases. 

Phase engineering of nanomaterials (PEN) has been considered as one of the emerging 

strategies to design and prepare novel nanostructures with intriguing physicochemical 

properties and compelling performances for diverse applications16-18. Briefly, PEN 

focuses on the delicate regulation of atomic arrangement in materials, which could 
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result in the formation of novel nanomaterials with unconventional crystal phases19-21, 

amorphous phase22,23, and heterophases24-27. Among them, heterophase-metal 

nanomaterials constructed by two or more phases have attracted increasing attention 

owing to the synergistic effect between different phases and the unique phase 

boundaries24-28. To date, heterophase-metal nanomaterials have demonstrated 

promising catalytic applications in hydrogenation reaction27, hydrogen evolution 

reaction28,29, oxygen evolution reaction30, ethanol oxidation reaction24,31, etc. Notably, 

the heterophase-Au nanorods have been used as effective catalysts for the 

electrochemical CO2RR25,32. However, due to the thermodynamically unfavored nature, 

it still remains challenging to delicately modulate the composition, architecture, defect, 

and exposed facets of heterophase Au-based nanomaterials for further enhancing their 

electrocatalytic performance towards CO2RR at industrial current densities. 

In this work, we report a facile wet-chemical method for the synthesis of hexagonal 

close-packed (2H-type)/face-centered cubic (fcc)-heterophase AuCu nanostructures 

with a hierarchical architecture. The obtained hierarchical 2H/fcc AuCu nanostructures 

can be used as excellent electrocatalysts for highly efficient electrochemical CO2RR 

towards CO production. In particular, the 2H/fcc Au99Cu1 shows superior CO2RR 

performance compared to the 2H/fcc Au91Cu9 and fcc Au99Cu1. Impressively, by using 

a flow cell electrolyzer, the 2H/fcc Au99Cu1 exhibits CO Faradaic efficiencies (FEs) of 

96.6% and 92.6% at industrial current densities of 300 mA cm-2 and 500 mA cm-2, 

respectively, placing it among the best reported CO2RR catalysts for CO production. 

Furthermore, our experimental results, including that obtained by in situ attenuated total 
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reflection Fourier-transform infrared (ATR-FTIR) spectroscopy, reveal that the 

remarkable CO2RR performance stems from the unique structure of 2H/fcc Au99Cu1, 

including the unconventional 2H/fcc heterophase, high-index facets, planar defects (e.g., 

stacking faults, twin boundaries, and grain boundaries), and appropriate alloying of Cu. 

Synthesis and characterization 

Two 2H/fcc-heterophase AuCu nanostructures, i.e., Au99Cu1 and Au91Cu9, were 

synthesized via a facile one-pot wet-chemical approach at different reaction time. 

Briefly, the Au99Cu1 was prepared by reducing Au(III) chloride trihydrate in an 

oleylamine solution containing amantadine hydrochloride and Cu(II) chloride dihydrate 

at 80 ℃ for 8 h (see Supporting Information for details). The obtained Au99Cu1 contains 

a small amount of Cu with an atomic ratio of 99/1 for Au/Cu, which is revealed by 

inductively coupled plasma optical emission spectrometry (ICP-OES). The energy 

dispersion X-ray spectroscopy (EDS) mapping (Fig. S1) shows that Cu uniformly 

distributes in the Au99Cu1. Transmission electron microscopy (TEM, Fig. 1a and Figs. 

S2 and S3) and dark-field scanning TEM (STEM, Fig. S4) images exhibit that the 

Au99Cu1 possesses a unique hierarchical architecture composed of ultrathin nanosheets 

with protruding edges, as schematically illustrated in Fig. 1b. The as-synthesized 

Au99Cu1 possesses a lateral size of up to hundreds of nanometers (Figs. S2-S4), and the 

thickness of the nanosheets in Au99Cu1 is estimated to be 2.2±0.4 nm by measuring the 

nanosheets standing vertically on the TEM grid (Figs. S5 and S6).  

Fig. 1c shows the spherical aberration-corrected high-angle annular dark-field STEM 

(HAADF-STEM) image of a protrusion at the edge of Au99Cu1, in which two distinct 
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types of atomic arrangements along the close-packed directions of 2H and fcc phases, 

i.e., [001]h and [11AE1E

_

A]f, respectively, can be clearly observed. Selected-area fast Fourier 

transform (FFT) patterns taken from the protrusion match well with the diffraction 

patterns of the 2H phase along the [110]h-zone axis (Fig. 1d, f) and fcc phase along the 

[101]f-zone axis (Fig. 1e), respectively. A characteristic atomic stacking sequence of 

“AB” is displayed in the 2H part (Fig. 1g), and an atomic stacking sequence of “ABC” 

is observed in the fcc part (Fig. 1h). In addition, the (002)h planes in 2H domain exhibit 

an average interplanar spacing of 2.35 Å, while the (11AE1E

_

A)f planes in fcc domain show a 

slightly smaller average interplanar spacing of 2.32 Å (Fig. S7). The distinct phase 

arrangements in the Au99Cu1 verify the formation of an unconventional 2H/fcc 

heterophase, which is further corroborated by the XRD pattern (Fig. S8).  

Due to the protruding edges of the ultrathin 2H/fcc nanosheets, the 2H/fcc Au99Cu1 

possesses abundant stepped surface. The atomic-resolution HAADF-STEM images 

viewed along the [110]h/[101]f-zone axis in Fig. 1i,j and Figs. S9-S11 show the atomic 

arrangement on the edge surfaces of the 2H and fcc domains. Different from the low-

index fcc (11A E1E

_

A) facet with smooth surface (Fig. 1k and Fig. S11g), there are stepped 

surfaces on the protruding edges (Fig. 1i,j and Figs. S9-S11). In particular, high-index 

facets in the unconventional 2H domain, including (3A E3E

_

A4)h (Fig. 1l), (2A E2E

_

A3)h, (1A E1E

_

A3)h, and 

(1AE1E

_

A2)h (Figs. 1i,j, S9b, and S10c), and the fcc phase, such as (35A E3E

_

A)f, (31A E3E

_

A)f, (A E2E

_

AAE1E

_

A2)f, 

(13A E1E

_

A)f, and (12A E1E

_

A)f (Fig. S11h-j), can be observed on the stepped surfaces. Apart from 

the stepped edge surface, abundant planar defects, including stacking faults, twin 

boundaries, and grain boundaries, can be observed in 2H/fcc Au99Cu1 (Fig. 1c and Figs. 
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S9-S12). Note that the stacking faults and twin boundaries are perpendicular to the 

close-packed [001]h/[11AE1E

_

A]f direction. 

In addition, the Au91Cu9 nanostructure with an atomic ratio of 91/9 for Au/Cu, 

measured by ICP-OES, has also been prepared by prolonging the reaction time from 8 

h used for the preparation of Au99Cu1 to 48 h (see Supporting Information for details). 

The obtained Au91Cu9 presents a three-dimensional network architecture composed of 

one-dimensional worm-like nanostructures (Fig. 2a,b). As shown in the spherical 

aberration-corrected HAADF-STEM image (Fig. 2c) and corresponding FFT patterns 

(Fig. 2d-f) collected from the selected areas, the Au91Cu9 also displays a unique 2H/fcc 

heterophase with atomically sharp phase boundaries, showing the alternating 

arrangements of 2H and fcc phases along the close-packed [001]h/[11AE1E

_

A]f direction. The 

2H/fcc heterophase of Au91Cu9 can be further confirmed by the XRD characterization 

(Fig. S13). Moreover, 2H/fcc Au91Cu9 exhibits various planar defects in the 2H and fcc 

domains, e.g., stacking faults, twin boundaries, and grain boundaries. Note that the 

stacking faults and twin boundaries in 2H/fcc Au91Cu9 are perpendicular to the close-

packed [001]h/[11A E1E

_

A]f direction (Fig. 2c). Moreover, as shown in the spherical 

aberration-corrected HAADF-STEM images viewed along the [110]h/[101]f-zone axis, 

the edges of 2H/fcc Au91Cu9 possess various high-index facets, such as (3A E3E

_

A4)h, (3AE3E

_

A2)h, 

(AE2E

_

A23)h, (2A E2E

_

A1)h, (A E1E

_

A14)h, (A E1E

_

A13)h, and (A E1E

_

A12)h, in the 2H parts (Fig. 2g,h). In addition, the 

EDS mapping results (Fig. 2i-l) suggest that the Au and Cu are uniformly distributed in 

the 2H/fcc Au91Cu9. On the basis of the aforementioned characterizations, the model of 

the as-synthesized 2H/fcc Au91Cu9 can be schematically illustrated in Fig. 2m. 
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To unravel the chemical states of Cu and Au elements in the synthesized 2H/fcc AuCu 

nanostructures, X-ray photoelectron spectroscopy (XPS) characterizations were 

conducted. The Cu 2p peaks in Fig. 3a indicate that Cu is mainly in the metallic state 

(Cu0) or Cu1+ state in the 2H/fcc Au99Cu1 and Au91Cu9, which is consistent with a 

previously reported result33. The slight shift (~0.7 eV) of Cu 2p peaks towards higher 

binding energies with the increase of Cu content (Fig. 3a) is also consistent with 

previous reports on the AuCu alloy6,34. To further distinguish the Cu0 and Cu1+ states 

in the 2H/fcc Au99Cu1 and Au91Cu9, the Cu Auger electron spectroscopy (AES) 

measurement was carried out. As shown in the Cu LMM AES spectra (Fig. 3b), the Cu 

in 2H/fcc Au99Cu1 mainly possesses metallic state, while the 2H/fcc Au91Cu9 has both 

Cu0 and Cu1+ species35. The Au 4f spectra in Fig. 3c demonstrate that Au in both 2H/fcc 

Au99Cu1 and Au91Cu9 is in metallic state36. Due to the electron interaction between Au 

and Cu species, the Au 4f peaks of 2H/fcc AuCu slightly shift (~0.5 eV) to higher 

binding energies as the atomic ratio of Cu/Au increases34,37. Furthermore, X-ray 

absorption spectroscopy (XAS) was employed to reveal the electronic structures of the 

2H/fcc-heterophase AuCu. In the Au L3-edge X-ray absorption near-edge structure 

(XANES) spectra (Fig. 3d), both 2H/fcc Au99Cu1 and 2H/fcc Au91Cu9 exhibit similar 

white line intensity and XANES energy as compared to the Au foil used as reference. 

The Fourier-transformed extended X-ray absorption fine structure (FT-EXAFS) spectra 

of the 2H/fcc Au99Cu1 and 2H/fcc Au91Cu9 show similar peak positions with the Au foil 

(Fig. 3e), indicating their similar Au-Au bond lengths. These results demonstrate that 

the Au element in the as-prepared 2H/fcc Au99Cu1 and 2H/fcc Au91Cu9 is predominantly 
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in the metallic state, consistent with the XPS result (Fig. 3c). Moreover, in the FT-

EXAFS spectra of Au L3-edge (Fig. 3e), the peak intensities of the 2H/fcc Au99Cu1 and 

2H/fcc Au91Cu9 are lower than that of Au foil, indicating the lower coordination 

environment of Au in our synthesized 2H/fcc AuCu nanostructures38. 

Electrochemical CO2 reduction 

As a proof-of-concept application, our synthesized 2H/fcc AuCu nanostructures were 

used as novel catalysts for electrochemical CO2RR. To gain insight into the structure-

dependent CO2RR performance, fcc Au99Cu1 nanostructure (Figs. S14-S16) was 

prepared and used for comparison. First, we evaluated the CO2RR performance of the 

2H/fcc Au99Cu1, 2H/fcc Au91Cu9, and fcc Au99Cu1 catalysts in the CO2-saturated 0.5 M 

KHCO3 aqueous solution under ambient condition by using a H-type cell. As displayed 

in Fig. 4a, the 2H/fcc Au99Cu1 exhibits high FEs of over 95% towards CO production 

in a wide potential window from -0.5 to -0.8 V (vs. reversible hydrogen electrode, RHE). 

Remarkably, the 2H/fcc Au99Cu1 can reach the highest CO FE of 99.7% at a low 

potential of -0.5 V (vs. RHE), indicating a near-complete suppression of the competing 

hydrogen evolution reaction (Fig. S17). In comparison, the 2H/fcc Au91Cu9 shows the 

highest CO FE of 82.7% at -0.7 V (vs. RHE) (Fig. 4a). It is worth mentioning that the 

presence of 9.0% of Cu, including Cu0 and Cu1+ species, in 2H/fcc Au91Cu9 can 

generate C2H4 during CO2RR, showing a FE of 16.8% at -1.0 V (vs. RHE) (Fig. S18). 

These results suggest that tuning the Cu content of the synthesized 2H/fcc AuCu 

nanostructures can significantly change the selectivity of their CO2RR. Moreover, the 

fcc Au99Cu1 possesses a maximum CO FE of 90.2% at -0.8 V (vs. RHE) and a low CO 
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FE of only 68.3% at -0.5 V (vs. RHE), which are much lower compared to those of the 

2H/fcc Au99Cu1, indicating that the unique 2H/fcc heterophase plays a key role in 

achieving the high CO selectivity of CO2RR. Moreover, the linear sweep voltammetry 

(LSV) measurements show that the 2H/fcc Au99Cu1 and 2H/fcc Au91Cu9 deliver larger 

current densities compared to the fcc Au99Cu1 (Fig. S19). Remarkably, the 2H/fcc 

Au99Cu1 possesses the highest geometric CO partial current density (JCO) in the entire 

potential window from -0.4 to -1.0 V (vs. RHE) (Fig. 4b). The superior performance of 

the 2H/fcc Au99Cu1 toward the CO production places it among the best reported Au-

based electrocatalysts for CO2RR to produce CO in the H-type cell (Table S1). 

The reaction kinetics of the catalysts was investigated by the Tafel analysis. The Tafel 

slopes were obtained by plotting the overpotential against the logarithm of JCO. As 

illustrated in Fig. 4c, the Tafel slope of 2H/fcc Au99Cu1 is 81.4 mV dec-1, which is 

smaller than those of 2H/fcc Au91Cu9 (88.5 mV dec-1) and fcc Au99Cu1 (92.9 mV dec-

1). It suggests that all the catalysts share the same CO2RR pathway, i.e., a fast one-

electron transfer process takes place to generate adsorbed CO2
•- which then combines 

with a proton to form adsorbed COOH as the rate-determining step39,40. The smaller 

Tafel slope of 2H/fcc Au99Cu1 reveals a faster reaction kinetics compared to the other 

two catalysts.  

In situ electrochemical ATR-FTIR spectroscopy was further conducted to monitor the 

CO2RR process over the 2H/fcc Au99Cu1 and 2H/fcc Au91Cu9. The ATR-FTIR spectra 

were collected with the potential stepping from -0.25 to -0.90 V (vs. RHE) in a CO2-

saturated 0.5 M KHCO3 aqueous solution. As presented in Fig. 4d,e, the downward 
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absorption bands centered at 2342 cm-1 and the strong upward absorption bands located 

at 1400 cm-1 of both catalysts can be ascribed to the C=O asymmetric stretch vibration 

of CO2 and C-O antisymmetric stretching vibration of CO3
2-, respectively41. 

Importantly, the absent signals of surface-adsorbed CO for the 2H/fcc Au99Cu1 (Fig. 

4d), i.e., the linear-bonded CO (COL) appeared between 2083 and 2079 cm-1 and the 

bridge-bonded CO (COB) located at 1831-1806 cm-1 (refs.42), have been detected on the 

surface of 2H/fcc Au91Cu9 (Fig. 4e). This observation indicates the weak 

adsorption/desorption interaction between the generated CO and the surface of 2H/fcc 

Au99Cu1, ensuring its high selectivity towards the CO production. In contrast, the 

adsorbed CO molecules on the 2H/fcc Au91Cu9 can be the key intermediate for the C-

C coupling towards multi-carbon products, e.g., C2H4, or hydrogenation towards CH4 

(ref.43). These results further confirm the distinct CO2RR performance of the 2H/fcc 

Au99Cu1 and 2H/fcc Au91Cu9. 

To reveal the intrinsic catalytic activities of the distinct catalysts, the electrochemically 

active surface area (ECSA) values of these catalysts were calculated to evaluate the 

number of their surface-active sites (Figs. S20 and S21)44. As shown in Fig. S21, 

compared to the 2H/fcc Au91Cu9 (135.7 cm2) and fcc Au99Cu1 (85.7 cm2), the 2H/fcc 

Au99Cu1 has the greatest ECSA value (150.0 cm2), indicating the largest number of 

surface-active sites44-46. Subsequently, their intrinsic activities were evaluated by the 

comparison of their specific JCO, which were obtained by normalizing their JCO values 

to the corresponding ECSA values (Figs. S21 and S22). As shown in Fig. S22, in the 

applied potential window from -0.4 to -1.0 V (vs. RHE), the 2H/fcc Au99Cu1 exhibits 
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much higher specific activity compared to the 2H/fcc Au91Cu9 and fcc Au99Cu1. These 

results suggest that the superior performance of the 2H/fcc Au99Cu1 not only stems from 

the large number of surface-active sites but also arises from its high intrinsic activity.  

The high intrinsic activity of 2H/fcc Au99Cu1 could be explained as follows. First, our 

previous reports have revealed that the fcc-2H-fcc Au nanorods with 2H phase and 

2H/fcc phase boundaries could exhibit much higher selectivity and activity for 

electrochemical CO2RR to CO compared with the fcc Au nanorods25,26. The excellent 

performance arises from the distinct atomic arrangement in the 2H phase and the unique 

2H/fcc phase boundaries, which could endow the fcc-2H-fcc Au nanorods with 

energetically favorable adsorption of reaction intermediates25. Thus, our 2H/fcc 

Au99Cu1 with both 2H phase and 2H/fcc phase boundaries also contribute to the 

enhanced electrochemical performance for CO2RR to CO. Second, the 2H/fcc Au99Cu1 

possesses abundant high-index facets on the edges of both 2H and fcc domains. 

Previous studies have proven that the high-index facets of Au could exhibit abundant 

under-coordinated active sites, which are capable of improving the selectivity and 

activity of CO generation in CO2RR13. Third, the planar defects, e.g., stacking faults, 

twin boundaries, and grain boundaries, in 2H/fcc Au99Cu1 can also contribute to its 

superior intrinsic activity for CO2RR to CO. In previous studies, the planar defects in 

Au nanomaterials could benefit the enhancement of their activity and selectivity for 

CO2RR towards CO production47-50. Moreover, previous reports have proven that 

constructing AuCu bimetallic alloy with moderate content of oxophilic Cu could 

improve the interaction with the adsorbed COOH and thus facilitate the electrochemical 
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CO2RR to CO compared to the pure Au nanostructures6.  

The long-term durability of the 2H/fcc Au99Cu1 in the H-type cell towards CO2RR was 

evaluated by chronoamperometry. At a fixed current density of 6 mA cm-2, the FE of 

CO of 2H/fcc Au99Cu1 still maintains as high as 91.4% and the potential shows 

negligible increase after 10 h testing (Fig. S23). Importantly, the hierarchical 

architecture, 2H/fcc heterophase, high-index facets, and planar defects of 2H/fcc 

Au99Cu1 have also been preserved after the stability testing (Fig. S24). The 

aforementioned results suggest that the 2H/fcc Au99Cu1 possesses excellent stability 

towards the electrochemical CO2RR.  

Due to the low solubility of CO2 in conventional aqueous electrolytes, the mass transfer 

process in electrochemical CO2RR is severely restricted, resulting in insufficient 

activity in the traditional H-type cell. In order to achieve the scaled-up production of 

CO at industrial current densities, a flow cell electrolyzer was utilized to conduct the 

electrochemical CO2RR by using our 2H/fcc Au99Cu1 as cathodic catalyst (Fig. 5a). As 

shown in Fig. 5b, under a wide range of industry-relevant current densities, the 2H/fcc 

Au99Cu1 exhibits CO FEs of above 90%, indicating its tremendous potential for large-

scale CO production. Impressively, at large current densities of 300 mA cm-2 and 500 

mA cm-2, the CO FEs of 2H/fcc Au99Cu1 are as high as 96.6% and 92.6%, respectively. 

The 2H/fcc Au99Cu1 with extraordinarily high FEs towards the CO production under 

industrial current densities places it among the best reported Au-based electrocatalysts 

for CO2 reduction to produce CO in the flow cell (Table S2 and Fig. 5c) 32,51-59. 
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As another important indicator in CO2RR, the long-term durability of the 2H/fcc 

Au99Cu1 was evaluated at an industrial current density of 300 mA cm-2 by using a 

membrane electrode assembly flow cell. As displayed in Fig. 5d, the cell voltage of 

2H/fcc Au99Cu1 only shows negligible increase after the test for 17 h. More importantly, 

the selectivity of CO on the 2H/fcc Au99Cu1 catalyst can retain above 90% after testing 

for 17 h. These results reveal the good catalytic durability of the synthesized 2H/fcc 

Au99Cu1 during the electrochemical CO2RR at large current density, showing its great 

potential in the future practical application. 

Conclusion 

In summary, we have successfully prepared novel AuCu nanostructures, i.e., Au99Cu1 

and Au91Cu9, possessing unconventional 2H/fcc heterophase, hierarchical architectures, 

high-index facets, and planar defects (e.g., stacking faults, twin boundaries, and grain 

boundaries), via a facile one-pot wet-chemical method. Impressively, the 2H/fcc 

Au99Cu1 shows superior performance of CO2RR towards the CO production, 

outperforming the 2H/fcc Au91Cu9, fcc Au99Cu1, and most reported Au-based 

electrocatalysts. In situ ATR-FTIR studies and other experimental results reveal that 

the unique structure features of 2H/fcc Au99Cu1, including the unconventional 2H/fcc 

heterophase, high-index facets, planar defects, and appropriate alloying of Cu, play 

essential roles in enhancing the CO2RR performance. Furthermore, by using a flow cell 

electrolyzer, the 2H/fcc Au99Cu1 shows high CO FEs of over 90% at various industrial 

current densities up to 500 mA cm-2 as well as good durability, placing it among the 

best reported CO2RR electrocatalysts for the CO production. Our delicately structural 
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modulation of nanomaterials based on the PEN strategy offers a promising way for the 

design and preparation of novel catalysts, especially with unconventional phase, to 

enhance their performances towards various sustainable catalytic reactions. 
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Figs. 

 
Fig. 1 Structural analysis of 2H/fcc-heterophase Au99Cu1. a, TEM image of a 
representative 2H/fcc Au99Cu1. b, Schematic illustration of a 2H/fcc Au99Cu1. c, A 
representative aberration-corrected high-resolution HAADF-STEM image of a 
protrusion at edge of 2H/fcc Au99Cu1. The 2H/fcc phase boundaries are marked with 
white dash lines. The twin boundaries are marked with white dotted lines. d-f, FFT 
patterns of the corresponding 2H (d,f) and fcc (e) areas of the 2H/fcc Au99Cu1 in c. g,h, 
The high-magnification HAADF-STEM image taken from the corresponding areas in 
c. i,j, The high-magnification HAADF-STEM image taken from the corresponding 
edge areas in c. The high index facets in the 2H domain are marked with green dashed-

dotted lines. k,l, The side-view models of the (11A E1E

_

A) facet of fcc Au (k) and (3A E3E

_

A4) facet 

of 2H Au (l).  
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Fig. 2. Structural analysis of 2H/fcc-heterophase Au91Cu9. a, TEM image of 
synthesized 2H/fcc Au91Cu9. b, High-magnification dark-field STEM image of the 
2H/fcc Au99Cu1 taken from selected area in (a). c, A representative aberration-corrected 
high-resolution HAADF-STEM image of the 2H/fcc Au91Cu9 taken from selected area 
in (b). The 2H/fcc phase boundaries are marked with white dash lines. The stacking 
faults, twin boundaries, and grain boundaries in the 2H/fcc Au91Cu9 are marked with 
green, white, and blue dotted lines, respectively. d-f, FFT patterns of the corresponding 
fcc (d,f) and 2H (e) areas of the 2H/fcc Au91Cu9 in (c). g,h, The high-magnification 
HAADF-STEM images taken from the edge areas in c. The stacking faults in the 2H 
domain are marked with green dotted lines. The high index facets in the 2H domain are 
marked with green dashed-dotted lines. i-l, HAADF-STEM image (i) and the 
corresponding EDS elemental mappings (j-l) of the 2H/fcc Au91Cu9. m, Schematic 
illustration of the 2H/fcc Au91Cu9. 
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Fig. 3 X-ray spectral analyses of 2H/fcc-heterophase AuCu nanostructures. a, Cu 
2p XPS spectra, b, Cu LMM AES spectra, and c, Au 4f XPS spectra of the 2H/fcc 
Au99Cu1 and 2H/fcc Au91Cu9. d, XANES and e, FT-EXAFS spectra of the 2H/fcc 
Au99Cu1, 2H/fcc Au91Cu9, and Au foil. 
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Fig. 4 Performance and mechanism studies of Au-based catalysts for the 
electrochemical CO2RR. a, CO FEs of 2H/fcc Au99Cu1, 2H/fcc Au91Cu9 and fcc 
Au99Cu1 at different applied potentials. b, Partial CO current densities normalized to 
the geometric surface area of carbon-paper electrodes for different catalysts. c, Tafel 
plots of different catalysts. d,e, In situ ATR-FTIR results recorded during 
electrochemical CO2RR on the 2H/fcc Au99Cu1 (d) and 2H/fcc Au91Cu9 (e) in CO2-
saturated 0.5 M KHCO3 aqueous solution.  
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Fig. 5 Electrocatalytic CO2RR using 2H/fcc Au99Cu1 in flow cell at industrial 
current densities. a, Schematic illustration of the flow cell electrolyzer. b, CO FEs of 
2H/fcc Au99Cu1 in 1.0 M KOH aqueous solution at different current densities. c, 
Comparison of the CO2RR performance of the 2H/fcc Au99Cu1 with some previously 
reported representative Au-based electrocatalysts. d, Long-term durability test of the 
2H/fcc Au99Cu1 at an industrial current density of 300 mA cm−2.  
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