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ABSTRACT: Copper-based bimetallic heterostructures have recently
gained extensive attention because of their promising capability to
steer the selectivity of electrochemical CO2 reduction into high-valued
multicarbon products. However, a thorough mechanistic under-
standing toward the CO2 reduction pathway and the influence of
interfacial atomic configuration has not yet been unveiled. Herein, we
rationally engaged facet engineering to construct a Au/Cu
heterostructure via an epitaxial growth and observed that Au(110)/
Cu(110) exhibited the highest yield rate toward multicarbon alcohols,
compared with results for Au(111)/Cu(111) and Au(100)/Cu(100).
According to electrochemical analysis, the enhanced activity was
attributed to high-conversion capabilities of both CO2-to-CO and
*CO-to-C2+ alcohols. Moreover, we confirmed that the buildup of
*CO is more crucial than the atomic arrangement of Cu surface for multicarbon production. Our work demonstrates a benchmark
tandem CO2 electroreduction system to explicitly link the interfacial atomic configuration to the electrocatalytic performance and
sheds light on the facet engineering of bimetallic electrodes in electrolysis.

■ INTRODUCTION
The increase in the atmospheric CO2 concentration has
severely disturbed the balance of the natural carbon cycle,
causing a variety of urgent environmental issues, such as global
warming and ocean acidification.1 Electrochemically convert-
ing CO2 into fuels and chemicals powered by renewable energy
represents a viable pathway to achieve carbon neutrality and
lessen the heavy reliance on fossil fuels.2,3 Distinct from
hydrogen and oxygen evolution reactions, CO2 reduction
(CO2R) can electrochemically generate various gaseous
products (CO, CH4, C2H4, etc.) and liquid products
(HCOO−, C2H5OH, n-C3H7OH, etc.). Among them, alcohols
are highly desirable owing to their high energy densities and
key role in the medical and food industries.4−6 Cu is one of the
foremost metals capable of driving CO2 to multicarbon (C2+)
products with decent yields.7,8 However, due to the
complicated multiple electrons and sluggish proton-transfer
kinetics, the direct conversion of CO2 to C2+ alcohols at the Cu
surface suffers from large overpotentials and low production
rates.9−11 Despite considerable efforts devoted to modifying
the physical structures and/or chemical compositions of Cu
catalysts, such as grain boundaries,12 facets,13,14 partially
oxidized interface,15,16 and alloying,17 to improve the

conversion of CO2 to C2+ molecules, more facile strategies
remain urgently needed in this research area.
Over the past few decades, the “tandem catalysis” strategy

has been successfully demonstrated in thermal heterogeneous
catalysis to control the selectivity in reaction networks.18,19

Specifically, by rational surface engineering of the catalyst, the
reaction rate of one step can be largely improved by judiciously
increasing the coverage of one key intermediate, without
strongly modulating the others. In Cu-based CO2R, *CO (*
denotes the surface adsorbed species) is proved to be critical
for C2+ products.20,21 Thereby, increasing the surface
concentration of *CO and decoupling multiple steps of
CO2-to-C2+ to tandem CO2-to-*CO and *CO-to-C2+ path-
ways is a promising strategy to increase the binding of *CO on
Cu and thus improving the production of C2+ fuels on adjacent
Cu surface via a spillover mechanism. Due to the strong
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capability of reducing CO2 to CO on the secondary metal
(denoted as M, e.g., Zn, Au, Ag, etc.),22−25 the rational design
of M/Cu heterostructures is commonly used to improve the
activity and selectivity of C2+ products. Although the vital role
of M/Cu has been experimentally shown, direct verification of
the M/Cu interfacial structure and its influences on the
production rate of C2+ products has not yet been
demonstrated, which would highly hinder the related
theoretical analysis and particularly impede the fundamental
understanding of CO2-to-C2+ conversion in tandem catalysis.
Au/Cu is a well-studied bimetallic heterostructure in tandem

CO2R system and can largely improve the production of C2+
products, especially C2+ alcohols, compared with results for Au,
Cu, and AuCu alloy.23,26 The present work aims to understand
the facet-dependent C2+ alcohols production on Au/Cu
bimetallic interface. We rationally designed and fabricated an
epitaxial Au/Cu bimetallic heterostructure with different
atomic orientations at the interface as a model system and
revealed its intrinsic structure−function correlations for
tandem CO2R electrocatalysis. When tested for CO2R, the
Au(110)/Cu(110) heterostructure, relative to Au(111)/
Cu(111) and Au(100)/Cu(100) counterparts, was confirmed
to have a higher CO2-to-CO conversion rate and an earlier
onset for C2+ alcohols production, suggesting the crucial role of
atomic arrangement at the bimetallic interface. The CO2R
pathway analysis further attributed the preference of C2+
alcohols production on Au(110)/Cu(110) to the simulta-
neously highest conversion capability of CO2-to-CO and *CO-
to-C2+ alcohols. We also confirmed that the buildup of *CO is
more significant than the atomic arrangement of Cu surface for
C2+ production in tandem catalysis. Overall, this work explicitly
links the interfacial atomic configuration to the electrocatalytic
performance in tandem CO2R systems and reveals the
importance of the facet engineering of bimetallic electrodes
in electrolysis.

■ EXPERIMENTAL SECTION
Synthesis and Characterization of Epitaxial Au−Cu

Bimetallic Heterostructures. The synthesis of single-crystal
Au/Cu heterostructures refers to our previous work.27,28

Specifically, the commercial Cu foil (25 μm thick, 99.8%,
Sichuan Oriental Stars Trading Co. Ltd., #Cu-1031) was first
loaded into a chemical vapor deposition furnace using a quartz
substrate. After mild heating, the Cu foil was oxidized at 150−
650 °C in air for 1−4 h. Afterward, the system was heated to
1020 °C in 1 h with 800 sccm Ar and 50 sccm H2, then the Cu
foil was annealed at 1020 °C for 3−10 h under the same
atmosphere, and finally, the system was naturally cooled down
to room temperature to obtain large-scale single-crystal Cu
foils. The electron backscattered diffraction (EBSD) character-
ization was performed using a PHI 710 Scanning Auger
Nanoprobe. The X-ray diffraction (XRD) of Cu foils was
characterized by a Bruker D2 PHASER. X-ray photoelectron
spectroscopy (XPS) (PHI 5000) measurements were em-
ployed using an Mg Ka source, with the pressure inside the
chamber maintained below 4 × 10−9 Torr, and the spectra
were collected at a pass energy of 17.9 eV. The highest peak in
C 1s spectra was shifted to 284.8 eV for the charge correction.
The scanning electron microscope coupled with energy
dispersive spectroscopy (SEM-EDS, Nova NanoSem 450)
was employed to analyze the surface morphologies and
compositions of Au/Cu electrodes. The aberration-corrected
high-angle annular dark field-scanning transmission electron

microscopy (HADDF-STEM) characterization was performed
on an FEI Titan Themis G2 300 operated at 300 kV.

Electrochemical CO2R Measurement. Ambient pressure
electrochemical CO2 reduction was performed with a
customized two compartment H-cell and an Biologic-SP300
potentiostat.29 An anion exchange membrane (Fumatech
company, Fumasep FAA-3-PK130) was used to separate the
anodic and cathodic compartments, both of which were filled
with CO2-saturated 0.1 M KHCO3 solution. Platinum foil and
Ag/AgCl (CHI, 3 M KCl) were used as counter and reference
electrodes, respectively. Potentials were converted to the RHE
scale. The solution resistance was compensated for 85% by the
potentiostat and the rest 15% was postcorrected. During
electrolysis, CO2 was constantly bubbled through the electro-
lyte with a flow rate of 5 sccm controlled by a mass flow-
controller. One-hour chronoamperometry experiments were
used to examine the activities of electrocatalysts across a broad
range of potentials. The catalytic activities of gaseous and
liquid products were quantified by an online gas chromatog-
raphy (GC, Agilent 7890B) and 500 MHz 1H nuclear magnetic
resonance (NMR, AVANCE III HD) spectroscopy, respec-
tively.

Product Analysis. The product analysis was performed
according to our previous methods.24 The error bars represent
one standard deviation of triplicate measurements. Faradaic
efficiencies (FEs) were calculated from the amount of charge
passed to produce each product divided by the total charge
passed at a specific time (gas products) or during the overall
run (liquid products).
Calculation of the Faradaic Efficiency of gas products:

=
× × ×

×
×F.E. gas

F C V n F

I
( )

( / )

60
100

flow gas m

total

Calculation of the Faradaic Efficiency of liquid products:

=
× × ×

×F.E. liqiud
C V n F

Q
( ) 100

liquid

total

where
F.E. (gas): Faradaic efficiency of gas product, %
F.E. (liquid): Faradaic efficiency of liquid product, %
Fflow: flow rate of CO2, mL min−1

Cgas: volume ratio of gas product, determined by online GC
Vm: the molar volume of an ideal gas at 1 atm of pressure

(molar volume at NTP is 0.0245 mL), mL mol−1
Cliquid: concentration of liquid product after 1 h of

electrolysis, determined by NMR, mol L−1

V: volume of the electrolyte in the working cell, L
Itotal: steady-state cell current
Qtotal: total charge in 1 h of bulk electrolysis, C
n: number of transferred electrons for certain product
F: Faradaic constant, 96485 C mol−1
In Situ Raman Measurement. The CO2R on epitaxial

Au/Cu electrodes was performed in a homemade H-type in
situ Raman cell filled with CO2-saturated 0.1 M KHCO3
electrolyte, which was continuously flowed into the cell at a
rate of 10 sccm. Meanwhile, the in situ Raman was applied to
probe the reaction process. Raman spectra were taken by a
Horiba HR800 system with a laser excitation energy of 638
nm. The laser spot size was 1 μm and a laser power of 5 mW
was used to avoid heating.
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■ RESULTS AND DISCUSSION
Fabrication and Characterization of Single-Crystal

Au/Cu Heterostructure. To elucidate the structure−function
correlation, preparing the Au/Cu heterostructure with a well-
defined interfacial atomic configuration is critical. As shown in
Figure 1a, Au/Cu heterostructures were synthesized by
epitaxially depositing the Au nanoparticles on Cu single-crystal
foils. To confirm the formation of Au/Cu heterostructure,
SEM-EDS and Auger mapping were conducted (Figures S1
and S2), which verified that Au was evenly distributed on Cu
surface. The elemental contents were determined by XPS
(Figure S3). Two symmetric peaks were observed in Au 4f

spectra, having a binding energy of 87.8 (4f5/2) and 84.2 (4f7/2)
eV, respectively, which suggested the valence state of Au was
Au(0).30 However, three subpeaks with binding energies of
932.3, 933.5, and 935.0 eV, respectively, could be deconvo-
luted in the Cu 2p3/2 spectra, which indicated the mixed
valence states of Cu(II) and Cu(0). Cu(II) existed because an
ultrathin CuO and/or CuCO3 layer formed after exposing the
electrode to air.31 The XPS was used to identify the Au content
on different single-crystal surfaces, which confirmed compara-
ble Au/Cu surface ratios (Table S1). We further characterized
the crystal orientation of Cu substrate using XRD. The sharp
individual Cu(200), Cu(111), and Cu(220) peaks in 2θ scan
with and without Au coverage confirmed that the growth of Au

Figure 1. (a) A schematic illustration of as-prepared epitaxial Au/Cu heterostructure. (b) XRD 2 theta-scan of single-crystal Cu foils (PDF#04-
0836). Large-scale EBSD mapping of the (c) single-crystal Au/Cu heterostructure and (d) single-crystal Cu.

Figure 2. Atomically resolved STEM image of the Au(110)/Cu(110) interface: (a) Au(110) nanoparticle atop; (b) bottom Cu(110) substrate.
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nanoparticle barely influenced the orientation of Cu facets
underneath (Figure 1b). In addition, no signals assignable to
Au were observed in XRD due to the minor amount of Au
deposited. To demonstrate the crystal orientation of both the
Cu substrate and Au nanoparticle atop, EBSD was applied to
analyze the crystal orientation. The uniform color contrast of
EBSD verified the epitaxial growth of Au nanoparticles and the
single-crystal nature of the bimetallic heterostructures, e.g., the
(100), (111), and (110) faceted Au nanoparticles on Cu(100),
Cu(111), and Cu(110) substrates, respectively (Figure 1c,d).
Next, HAADF-STEM was implemented to investigate the

Au/Cu interface at an atomic level. It reveals the smooth
atomic boundary between Au and Cu (Figure 2a), wherein the
atoms having a brighter contrast was assigned to Au due to its
higher atomic number than Cu. The HAADF-STEM image
was also collected on Cu substrate, revealing a uniform
arrangement of Cu atoms (Figure 2b). We observed that the
out-of-plane lattice fringes on Cu substrate and Au nano-
particles atop both exhibited typical fcc (110) planes, and the
in-plane atomic arrangement revealed both (111) and (100)
lattice constants (e.g., Au(111), 2.37 Å; Au(100), 2.06 Å;
Cu(111), 2.11 Å; Cu(100), 1.83 Å). All these characterizations
demonstrated the successful epitaxial growth of Au nano-
particles on single-crystal Cu with a well-defined interfacial
atomic configuration.

Electrochemical CO2 Reduction Performance. The
CO2R performance of single-crystal Au/Cu was tested in a
gastight two-compartment electrochemical cell with a CO2-
saturated 0.1 M KHCO3 electrolyte and compared with those
of bare single-crystal Cu facets. The electrochemical data at
each potential, including Jtotal−V curves, FEs, and production
rates for each product, were summarized in the Supporting
Information (Figures S4−S6). The potential-dependent geo-
metric current density at each voltage after an hour of
electrolysis was recorded as shown in Figure S4, wherein the
total current density increased with the negative potential on
all three single-crystal Au/Cu electrodes. It was observed that
Au(110)/Cu(110) displayed the highest current density under
a lower overpotential; e.g., at −0.75 V vs RHE, the total current
density on Au(110)/Cu(110) was 1.5-fold and 2.5-fold higher
than that on Au(111)/Cu(111) and Au(100)/Cu(100),
respectively. At more negative potentials, the current density
of Au(111)/Cu(111) gradually exceeded those of other two
counterparts.

To probe the role of local *CO toward C2+ enhancement,
the CO-producing rates on three single-crystal Au/Cu catalysts
were first compared (Figure 3a). Previous reports have
demonstrated that CO generation on Au outperforms
Cu.23,32 On the Au surface, CO2 is mainly reduced to CO,
which desorbs from the surface easily due to the unfavorable
thermodynamics of Au for *CO adsorption. In contrast, CO
binds stronger to the Cu surface (as *CO intermediates); thus,
only a small CO flow can be detected. In our work, Au(110)/
Cu(110) exhibited the highest CO selectivity (Figure 3a),
likely due to the most unfavorable *CO adsorption capability
of Au(110).33 For example, in the potential window of −0.65
to −0.95 V vs RHE, Au(110)/Cu(110) showed a CO
production rate nearly 2-fold higher than that of Au(111)/
Cu(111), with a maximum value of 17.78 μmol cm−2 h−1 at
−0.95 V vs RHE, indicating a high local *CO concentration
near the Au(110)/Cu(110) interfacial perimeter. The CO-
enriching capability of Au(110)/Cu(110) could be attributed
to the highest electrochemical CO2R kinetics of Au(110)
among the low-index Au surfaces, consistent with the previous
structural sensitivity study of single-crystal Au facets in the
electrochemical conversion of CO2 to CO.

33,34

We next assessed the production rates of high-valued C2+
alcohols on three single-crystal Au/Cu. Benefiting from
tandem catalysis, the CO2-to-alcohols conversion rates on
Au/Cu heterostructures were all significantly enhanced 1−2-
fold in comparison with those of their monocrystalline Cu
counterparts at −0.75 to −0.85 V vs RHE (Figure 3b), leading
to the detection of alcohols at an onset potential 100−150 mV
lower on Au/Cu heterostructures. Since the high-surface-area
Au nanoclusters are unlikely to further convert CO to >2e−

products, the increased production of C2+ alcohols cannot be
ascribed to the increased electrochemically active surface area
(ECSA) resulting from Au. Moreover, we observed that the
interfacial structure of Au/Cu critically influenced the
production of C2+ alcohols. Au(110)/Cu(110) exhibited the
highest alcohol production rate at a low overpotential (−0.75
V vs RHE), wherein the CO2-to-alcohols conversion was 2-
and 5-fold higher than those of Au(111)/Cu(111) and
Au(100)/Cu(100), respectively. These differences were
unlikely to result from the electrode surface roughness, as
the ECSAs were observed to be similar on three Au/Cu
heterostructures (Supplementary Figure S7 and Table S2).
Instead, this improvement could be ascribed to the highest
local *CO concentration at the epitaxial Au(110)/Cu(110)

Figure 3. (a) Production rate of CO on Au/Cu and Cu electrodes. (b) Production rate of C2+ alcohols on Au/Cu and Cu electrodes.
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boundary (Figure 3a), which promoted the formation of C2+
alcohols on Cu(110) surface (Figure S5).
We also performed analysis on the generation rates of other

>2e− products. Cu metal generally favors the production of
hydrocarbons over the production of C2+ alcohols during
CO2R (Figure S5).35,36 For instance, in our experiment, we
observed that the production rates of CH4 and C2H4 on
Cu(100) and Cu(111) are both higher than the C2+ alcohols
production rate across the potential window (Figure S6 and
Figure 3b). However, in the Au/Cu tandem system, the
production of hydrocarbons was strongly suppressed. For
instance, after depositing Au nanoclusters on Cu(110), the
production rate of C2H4 decreased from 0.14 to 0.04 μmol
cm−2 h−1 at −0.85 V vs RHE, and the production of CH4 was
almost vanished (Figure S6). On the contrary, the production
of C2+ alcohols on Au/Cu was largely promoted at a lower
overpotential (Figure 3b), because the chemical C−C coupling
on the Cu surface is more facile compared with electro-
chemical *CO to *CHO conversion under a low bias;37 thus,
the formation of C2H5OH is favored over C2H4.

38 Given that,
Au(110)/Cu(110) can achieve the highest production of C2+
alcohols, and the various CO concentrations at differently
faceted Au/Cu played a key role in modulating the production
between hydrocarbons and C2+ alcohols.
To further elucidate the difference of *CO enrichment in

situ, three single-crystal Au/Cu electrodes were mounted
within a CO2R electrochemical cell integrated with a confocal
Raman microscope (Supplementary Figure S8). The Raman
spectra exhibited peaks at 1380 and 1560 cm−1 at open circuit
potentials (OCP), which were assigned to signals from
(bi)carbonate species and water in the electrolyte, respec-
tively.39,40 Interestingly, after applying a bias of −0.2 V vs
RHE, Au(110)/Cu(110) exhibited a unique peak at 2090
cm−1, which could be assigned to the signal from C�O
stretching.41 The absence of the C�O signal on Au(111)/
Cu(111) and Au(100)/Cu(100) was highly possible due to
the much lower concentrations of *CO, which were under the
detection limit of the Raman spectrometer. These observations
are consistent with the different CO production rates shown in
Figure 3a and reveal the importance of in situ production of
*CO on Au/Cu heterostructures, which is critical to promote
the tandem catalytic reduction of CO2 to C2+ alcohols

subsequently. These findings illustrate how tandem catalysis
and structure-sensitive effects can be combined to tune the
reaction pathway and product distribution of electrochemical
CO2R. We then compared the catalytic stabilities of Au(110)/
Cu(110) and Au(111)/Cu(111) electrodes at −0.75 V vs
RHE (Figure S9). Au(100)/Cu(100) was skipped here
because it showed a much higher onset potential for C2+
alcohols. It was observed that both Au/Cu electrodes exhibited
a stable current output and declined CO and C2+ alcohols
production rates with time. Furthermore, Au(110)/Cu(110)
showed a higher production rate stability than Au(111)/
Cu(111), in which the yield of CO and C2+ alcohols dropped
by ∼20% (from 7.92 to 6.28 μmol cm−2 h−1) and ∼10% (from
0.36 to 0.32 μmol cm−2 h−1) after 1 h electrocatalysis,
respectively. In contrast, the CO and C2+ alcohols production
on Au(111)/Cu(111) decreased ∼55% and ∼50%, respec-
tively.
In addition, an important criterion for tandem CO2R

catalysis is the electrode composition durability under actual
operating conditions. Ex situ XPS measurements on epitaxial
Au(110)/Cu(110) evidenced that the surface content of Au
dropped from 3.3 to 2.7 at. % after 1 h electrochemical testing,
the decrease of which is much smaller than that of the Au/Cu
heterostructure reported by Jaramillo et al. (from 10 to 0.4 at.
%) after an identical experimental running (Supporting
Information, Figure S10, and Table S3).23 The evolution in
the surface electrode composition may be attributed to a
combination of particle detachment and surface modification
on returning to the open circuit potential and being exposed to
air. These results suggested that the epitaxial growth strategy
provides a stronger interaction between Au and Cu and further
increases the durability of the electrode in tandem CO2R
electrocatalysis. In addition to the Au content, the ex situ XPS
determined the stable composition of Au/Cu surface after CO2
reduction. As shown in Figure S10, the surface composition
remained stable, and the valence state of Au remained Au(0).
However, the XPS signal for Cu(II) vanished, indicating the
unstable Cu(II) under the cathodic condition.

Pathway Analysis. To further understand the influences of
the Au/Cu interface on the production of C2+ fuels, it is critical
to understand the relationship between CO production, C−C
dimerization, and tandem catalysis to C2+ products. As

Figure 4. (a) The reaction pathway leading to specific CO2 reduction products. Potential dependence of the molar ratio of (b) C2+ products to
CH4 and (c) C2+ alcohols to hydrocarbons on various single-crystal Au/Cu and Cu electrodes.
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summarized in Figure 4a, pathway diagrams were used to
describe the entire CO2R process based on one of the most
recognized CO2R roadmaps on Cu constructed by identifying
some of key reaction intermediates.42,43 Generally, the
reduction of CO2 starts with the hydrogenation of an adsorbed
*CO2 to form *COOH. After further reactions and OH
desorption, the produced negatively charged *CO is a
common precursor on the surface for the formation of
following >2e− products. For CH4, the key formyl (*CHO)
serves as a selectivity-determining intermediate. The typical
routes for C2+ products were also summarized, wherein the
step that negatively charged CO−CO− species formed by *CO
dimerization coupled with an electron transfer was identified as
the rate-determining step (RDS). Thus, the competition
between methanation and C−C coupling can be identified
by examining the ratio of C2+ products to CH4 as a function of
potential (Figure 4b). The C2+-to-CH4 ratios for all three Au/
Cu electrodes increased with the drop of an overpotential,
indicating more positive potentials will benefit C−C coupling
and suppress CH4 formation. More importantly, the 4-fold
higher C2+-to-CH4 ratio on an epitaxial Au(110)/Cu(110)
catalyst is relative to the other two counterparts. Since the
production of hydrocarbons (CH4 + C2H4) followed
competing production pathways with C2+ alcohols, we further
calculated the mole ratio of C2+ alcohols to hydrocarbons to
illustrate the facet-dependence of pathway competition. As
shown in Figure 4c, this ratio increased dramatically with an
overpotential dropping on Au/Cu electrodes, indicating C2+
alcohols are more preferable at the low potential range.
Moreover, Au(110)/Cu(110) outperformed Au(111)/
Cu(111) and Au(100)/Cu(100) to produce alcohols and
suppress hydrocarbons, as demonstrated by the most positive
onset potential and highest mole ratio at −0.75 V vs RHE. In
addition, a significant amount of experimental and theoretical
studies have demonstrated that the formation of C2+ products,
especially C2H4, is much favored on Cu(100) over Cu(111).
As shown in Figure 4b,c, it was observed that Au(111)/
Cu(111) exhibited a higher C2+/CH4 and C2+ alcohols/
hydrocarbons ratio than Au(100)/Cu(100), suggesting that,
although Cu(100) provides more active sites for *CO to-C2+
conversion, the buildup of *CO determines the production
rates of C2+ products. Therefore, we concluded that, for highly
efficient C2+ production, the buildup of *CO is a priority
relative to modifying solely the atomic arrangement of Cu.

■ CONCLUSION
To summarize, we demonstrated the interfacial atomic
engineering of bimetallic heterostructure as a promising
means to maximize the production of C2+ alcohols through
tandem CO2R electrocatalysis. In particular, single-crystal
Au(110)/Cu(110) showed an earlier onset for C2+ alcohols
production, a higher CO2-to-C2+ alcohols conversion rate, and
a higher selectivity for alcohols compared with the selectivities
of its Au(111)/Cu(111) and Au(100)/Cu(100) counterparts,
suggesting the crucial role of bimetallic atomic configuration.
According to electrochemical analysis, the enhanced activity
was attributed to the highest capability of both CO2-to-CO
and *CO-to-C2+ alcohols conversion. Moreover, we confirmed
that the buildup of *CO determined the production rates of
C2+ chemicals. Our work opens the door to elucidate the
effects of facet engineering and promotes the activity and
selectivity of Cu-based bimetallic heterostructure in CO2
conversion to value-added fuels. The insight gained from

such a single-crystal biphasic interface opens up new
possibilities for developing highly active tandem catalysts.
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