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ABSTRACT: Electrocatalytic CO, reduction into high-value . @

multicarbon products offers a sustainable approach to closing V4 ./ ® %
the anthropogenic carbon cycle and contributing to carbon ' ® : @
neutrality, particularly when renewable electricity is used to ® ‘ 2 :

power the reaction. However, the lack of efficient and durable
electrocatalysts with high selectivity for multicarbons severely
hinders the practical application of this promising technology.
Herein, a nanoporous defective Au,Cu single-atom alloy (De- De-Au.Cu SAA
Au,Cu SAA) catalyst is developed through facile low-temper- !

ature thermal reduction in hydrogen and a subsequent

dealloying process, which shows high selectivity toward ethylene (C,H,), with a Faradaic efficiency of 52% at the current
density of 252 mA cm”> under a potential of —1.1 V versus reversible hydrogen electrode (RHE). In situ spectroscopy
measurements and density functional theory (DFT) calculations reveal that the high C,H, product selectivity results from the
synergistic effect between Au single atoms and defective Cu sites on the surface of catalysts, where Au single atoms promote
*CO generation and Cu defects stabilize the key intermediate *OCCO, which altogether enhances C—C coupling kinetics.
This work provides important insights into the catalyst design for electrochemical CO, reduction to multicarbon products.

Cu@Au@®@C®0O H
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1. INTRODUCTION address this challenge, various catalyst design strategies
. . 12-15 .
Electrocatalytic reduction of CO, into valuable chemicals using }nc11116d_1 1119g morphology control, o surface defect engineer-

ing, and alloying/doping,””~>* have been proposed to
enhance the electrocatalytic performance of Cu-based catalysts
toward multicarbon production, and improved CO,RR activities
were already observed.

In principle, the C—C coupling kinetics are dominated by two
factors, namely, the coverage of *CO intermediates on catalyst’s
surfaces and the binding energy of *CO—*CO dimers.”>**
Previous studies have demonstrated that when Cu is alloyed
with metals showing a high selectivity toward CO generation
(e.g, Au and Ag), the CO produced on such metal sites can be

renewable electricity provides a sustainable method for CO,
recycling and utilization, which plays a crucial role in achieving a
carbon—neutral cycle.' > Over the past decade, remarkable
progress has been made toward the generation of single-carbon
(C1) products, such as carbon monoxide (CO) and formic acid
(HCOOH), through the electrocatalytic CO, reduction
reaction (CO,RR).""® However, these C1 products are of
limited value for practical applications, compared to multi-
carbon products (e.g., C2, C3, etc.). For this reason, significant
efforts have recently been dedicated to producing multicarbons
of higher added values via the CO,RR."™? Among many CO,RR
electrocatalysts developed so far, copper (Cu) has been Received:  October 3, 2024
demonstrated to be the most important metal catalyst, if not Revised:  January 1, 2025
the only, that can effectively catalyze the conversion of CO, into Accepted: January 2, 2025
multicarbon commodities. Nonetheless, the sluggish C—C Published: January 24, 2025
coupling kinetics on a pure Cu surface severely hinders the

yield of multicarbon products during the CO,RR.'”'" To
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Figure 1. (a) Schematic illustration of the preparation of De-Au;Cu SAA. (b) XRD patterns, (c) SEM image (scale bar: 500 nm), (d) HRTEM
image (scale bar: 5 nm), (e) low-magnification TEM image (scale bar: 1 ym), (f) HAADF-STEM image (scale bar: 500 nm), and STEM—EDX
elemental maps of (g) Au and (h) Cu. Inset of panel (d): line-scan intensity profile across lattice fringes.

easily transferred to the adjacent Cu sites, facilitating the
formation of multicarbons. Obviously, such a cascade catalysis
strategy is highly preferred.””~>* To this end, Chen et al.**
designed a Cu—Ag tandem catalyst where Ag sites supply
sufficient *CO species, which led to a 4-fold increase in C2
production rate compared to the case using Cu alone as the
catalyst. Additionally, Liu et al.** reported a cascade catalysis
strategy to improve the yield of C2 products by loading nickel
single-atom catalysts (Ni SACs) on a Cu catalyst. By doing so,
they achieved a high selectivity for ethylene (C,H,), which was
ascribed to the synergistic catalysis of Ni SACs in generating
*CO species and facilitating *CO dimerization on the Cu
surface. Notwithstanding some progress, the catalyst designs
previously reported for cascade CO,RR mainly focused on
improving the surface concentration of adsorbed *CO
intermediates, with little emphasis on modulation of the binding
energy of *CO dimerization on Cu, though this is an important
factor determining the C2 product yield. Recent studies showed
that introducing surface metal defects or vacancies is an effective
way of optimizing the local electronic structure and generating
undercoordinated sites to modulate the binding energy of key
reaction intermediates.’®*” Therefore, combining the inherent
advantages of alloying and metal defects engineering is expected
to be able to eﬂ‘ectivelg promote the CO,RR selectivity toward
multicarbon products.***’

Bearing these ideas in mind, we herein report the synthesis of
nanoporous Au;Cu single-atom alloys (De-Au;Cu SAA)
comprising nanoporous (np) defective Cu octahedrons covered
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with Au single atoms on their surfaces, considering that Au has a
high selectivity toward CO generation and introducing Au in the
form of single atoms would not significantly increase the cost of
electrocatalysts. The as-prepared De-Au;Cu SAA catalyst
demonstrates favorable CO,RR activity and selectivity toward
C2 products, exhibiting a 52% Faradaic efficiency for C,H,
production, with reasonably good stability of 54 h at a
comparatively large current density of 100 mA cm™” in an
alkaline flow cell. In situ Fourier-transform infrared spectro-
scopic characterization and density functional theory (DFT)
calculations reveal that there is synergy between Au single-atoms
and surface Cu defects, namely, the atomically dispersed Au
promotes the activation and conversion of CO, molecules to
*CO with an optimal concentration, and these surface-adsorbed
*CO species are subsequently transferred to adjacent defective
Cu sites, making the C—C coupling easier and thereby notably
boosting the production of C,H,.

2. RESULTS AND DISCUSSION

2.1. Catalyst Preparation and Characterization. The
synthesis of De-Au;Cu SAA catalysts is schematically illustrated
in Figure 1a. First, octahedral copper(I) oxide (Cu,O) particles
with a dimension of ~800 nm were prepared through a wet
chemical reduction method (Figure S1), which acted as the
precursors and templates for subsequent synthesis of De-Au;Cu
SAA. Afterward, the Cu,O particles were mixed with HAuCl,
and urea, and the mixture chemically reacted at room
temperature. The obtained products were then thermally
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Figure 2. Spectroscopic characterization of De-Au,Cu SAA and control samples. High-resolution (a) Cu 2p XPS, (b) Cu LMM AES, and (c) Au
4f XPS spectra. (d) Cu K-edge XANES spectra and (e) the corresponding FT-EXAFS spectra. (f) FT-EXAFS of Au L;-edge. Wavelet transform

contours of (g) np-Cu, (h) Au;Cu SAA, and (i) De-Au,Cu SAA.

treated in a flow of H,/Ar at 300 °C to reduce Cu,O into
nanoporous Au;Cu SAA (see Experimental section). Finally, the
Au,Cu SAA was subjected to dealloying treatment in a mild
acetic acid to remove extra surface Cu atoms. Upon acid
treatment, the color of the solution changed from red to blue
(Figure S2), indicating that a portion of Cu atoms were leached
out, thereby introducing defective sites. The crystal structures of
De-Au,Cu SAA, Au,Cu SAA, and Cu, O precursor particles were
examined by X-ray diffraction (XRD). The particles prepared by
wet chemical reduction show diffraction peaks at 29.6°, 36.6°,
42.5°,61.6°,73.7° and 77.5°, which match well with the (110),
(111), (200), (220), (310) and (222) crystal planes of face-
centered cubic (fcc) copper(I) oxide (PDF no. 77-0199),
confirming that phase-pure Cu,O was obtained (Figure 1b).
After thermal reduction, the Cu,O precursor particles were
completely reduced to metallic Cu, with main diffraction peaks
at 43.3°, 50.4° and 74.2°, corresponding to the (111), (200) and
(220) facets of fcc Cu (PDF no. 70-3039). There are not any
diffraction peaks arising from Au, implying that Au may disperse
atomically in the Cu lattice. Moreover, both the dealloying
treatment in acetic acid and the presence of Au do not affect the
crystal structure of Cu, as evidenced by the fact that the XRD
patterns of De-Au,Cu SAA and Au,Cu SAA are nearly identical
to the nanoporous Cu (np-Cu) obtained by thermal reduction
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and selective acid etching without the presence of HAuCl,
(Figure S3).

Scanning electron microscopy (SEM) examination revealed
that the octahedral shape of particles was well retained in De-
Au,Cu SAA. However, upon acid treatment, bicontinuous
nanopores were formed on the entire body of each octahedron
(Figure 1c), which are expected to facilitate the mass transport
of reactants and products. The np-Cu shows a similar
nanoporous octahedral morphology to De-Au,;Cu SAA (Figure
S4). Furthermore, transmission electron microscopy (TEM)
was carried out, where the nanopores were clearly observed
across each individual particle (Figure le). High-resolution
TEM (HRTEM) image taken near the surface shows well-
defined lattice fringes (Figure 1d), and the measured interplanar
spacing parallel to the facet is about 0.226 nm, corresponding to
the lattice distance of (111) crystal planes, which indicates that
the orientation of (111) facets did not deviate during the
thermal reduction and subsequent dealloying. This is consistent
with the XRD result (Figure 1b), where the (111) diffraction
peak is dominant. However, the measured lattice distance is
slightly larger than that of (111) planes of pure Cu (~0.21 nm),
which can be attributed to the doping of Au atoms having a
greater atomic radius into the Cu lattice, causing the lattice
expansion. Additionally, the spatial distribution of Au and Cu
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Figure 3. (a) LSV curves of the De-Au,Cu SAA and control samples. (b) Faradaic efficiency values of H,, CO, CH,, and C,H, production for De-
Au,Cu SAA. (c) The FE of C,H, production at various current densities for different catalysts. (d) Partial current density of De-Au,Cu SAA and
control samples toward C,H, production. (e) Long-term stability of the De-Au,Cu SAA at —1.0 V vs RHE.

was examined by scanning transmission electron microscopy in
the high-angle annular dark-field mode (HAADF-STEM, Figure
1f). The signal of Au is weak but appears across the entire
octahedron particle (Figure 1g), indicating that Au atoms spread
all over the particle though their percentage in De-Au,Cu SAA is
little. Interestingly, the nanoporous morphology can also be
clearly observed in the Cu map (Figure 1h). Besides, nitrogen
adsorption/desorption isotherms of all samples were measured
at 77 K (Figure S5), and the results show that De-Au,;Cu SAA
has the highest specific surface area of 15.4 m* g™" relative to np-
Cu and Au,Cu SAA, though the pore size distribution of these
samples is similar.

The surface chemistry and coordination structure of the De-
Au,Cu SAA were further examined by X-ray photoelectron
spectroscopy (XPS) and X-ray absorption spectroscopy (XAS).
Two binding energy (BE) peaks are observed at 932.5 and 952.4
eV in the high-resolution Cu 2p XPS spectra of all samples
(Figure 2a), which correspond to the Cu 2p;,, and Cu 2p,,,
components of Cu’/Cu* species, respectively.”” Since it is very
difficult to distinguish Cu’ from Cu’ species in Cu 2p XPS
spectrum, the Cu LMM Auger electron spectroscopy (AES) was
further analyzed (Figure 2b). Upon peak fitting, two character-
istic components are found at 916.8 and 918.6 eV, which can be
assigned to Cu’ and Cu*,>”*" respectively, with Cu* species
being dominant. Considering that the above XRD and TEM
results do not show the presence of Cu,0, it is believed that the
Cu" species only exist on the outermost surface, which arise from
the exposure of samples to air before examination.*'

4508

Furthermore, Au 4f XPS spectra of Au;Cu SAA and De-
Au,Cu SAA were also acquired, and the Au 4f;/, and Au 4f;,,
components appear at 84.4 and 88.1 eV (Figure 2c),
respectively, consistent with those observed in the AuCuj
alloy previously.*

Raman spectroscopy characterization was further carried out
for De-Au,Cu SAA, np-Cu, and Cu,O particles. Two Raman
bands located at 218 and 635 cm™" appeared for Cu,O particles
(Figure S6), characteristic of the Cu,O phase.'® In contrast,
there was no Raman signal observed for both De-Au;Cu SAA
and np-Cu, indicating that they are in metallic state and not
Raman-active. Furthermore, synchrotron X-ray absorption
spectroscopy (XAS) was used to investigate the electronic
structure and local coordination environment of catalysts. The
Cu K-edge X-ray absorption near-edge structure (XANES)
spectra of np-Cu, Au;Cu SAA and De-Au,Cu SAA are quite
similar to that of the Cu foil (Figure 2d), suggesting that Cu’
dominates in these samples. The Fourier transform extended X-
ray absorption fine-structure (FT-EXAFS) spectra of De-Au,Cu
SAA, Au,Cu SAA and np-Cu all show a main signal at ~2.4 A
that is assigned to Cu—Cu bonding, and there is a lack of the
Cu—O bonding signal (~1.5 A, Figure 2e and Table S1), which
confirms the predominance of metallic Cu in De-Au,Cu SAA.
Moreover, the intensity of Cu—Cu signal is the weakest for De-
Au,Cu SAA, manifesting its highly defective nature. The EXAFS
fitting results further reveal that the coordination number (CN)
of Cu in De-Au,Cu SAA is 6.7 + 0.9 (Figure S7 and Table S1),
smaller than that in Au;Cu SAA (7.1 £ 0.8) and np-Cu (7.6 +
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0.5), quantitatively corroborating the formation of low-
coordination defective Cu sites.”>*’ In addition, the Au L;-
edge XANES and FT-EXAFS spectra of Au;Cu SAA and De-
Au,Cu SAA were also acquired. The absorption edge of both
samples overlaps with that of the Au foil (Figure S8), suggesting
that the Au in Au;Cu SAA and De-Au,Cu SAA is essentially in
the metallic state. Moreover, both Au;Cu SAA and De-Au,Cu
SAA exhibit a prominent peak at ~2.27 A that can be assigned to
Au—Cu bonding (Figure 2f), and no signal appears at ~2.52 A,
typical of Au—Au bonding. This clearly demonstrates that Au is
dispersed in the catalyst atomically, forming the SAA.***
Furthermore, the wavelet transform (WT) of Cu K-edge EXAFS
oscillations is plotted (Figure 2g—i). The intensity maxima of
np-Cu appears at ~8.1 A™!, which can be attributed to the Cu—
Cu coordination. In contrast, the WT contour plots of Au,Cu
SAA and De-Au,Cu SAA display a maximal intensity at ~7.8 and
~7.4 A7", respectively, implying the formation of defects in both,
more prominently in De-Au;Cu SAA. The XAS investigation
unambiguously demonstrates the atomic dispersion of Au in De-
Au;Cu SAA and the highly defective nature of De-Au;Cu SAA.

2.2. Electrocatalytic CO,RR Performance. The electro-
catalytic CO,RR performance of the De-Au;Cu SAA was
evaluated in an alkaline (1.0 M KOH) flow cell with a gas-
diffusion electrode (GDE, Figure S9). The calibration curves for
gas chromatography (GC) and the representative gas-phase
products of CO,RR catalyzed by De-Au,Cu SAA are shown in
Figures S10 and S11. For comparison, the CO,RR performance
of np-Cu and Au;Cu SAA was also measured. Before
comprehensive electrochemical assessment, the influence of
Au loading in dealloyed Au—Cu SAA on CO,RR performance
was first appraised. Benchmarked with the Faradaic efficiency
(FE) toward C,H, generation (Figure S12), the optimal Au
loading was identified to be ~1 wt % (the sample denoted as De-
Au,Cu SAA, unless otherwise specified), according to the
inductively coupled plasma optical emission spectrometry (ICP-
OES) measurements (Table S2). The optimized dealloyed Au—
Cu SAA (i, De-Au,;Cu SAA) was then used in subsequent
detailed electrocatalytic evaluation. Figure 3a exhibits the linear
sweep voltammetry (LSV) curves of all catalysts and the pristine
GDE. Without loading any catalysts, the GDE shows a negligible
cathodic current density until —1.2 'V vs reversible hydrogen
electrode (RHE). In contrast, after catalyst loading, the CO,RR
onset potential is significantly reduced. Particularly, the cathodic
current density of De-Au, Cu SAA quickly reaches 600 mA cm™
at —1.35 V vs RHE under a constant CO, flow, suggesting the
superior CO,RR activity of De-Au;Cu SAA. The FE values of
De-Au, Cu SAA toward different products are plotted against the
applied potential (Figure 3b), where it is seen that the FE of CO
production decreases and that of C,H, production rises up as the
applied cathodic potential increases. Specifically, the FE of C,H,
generation amounts to a maximal value of (52 + 1.8)% at —1.1V
vs RHE, favorably comparing to that of other Cu-based CO,RR
SAA electrocatalysts reported in the literature (Table S3).
Figure 3c illustrates the FE values of C,H, production at various
current densities ranging from 50 to 400 mA cm™2, where De-
Au,Cu SAA shows substantially better performance than np-Cu
and Au,Cu SAA controls. Figure S13 further compares the FE
values of CO and H, production for all samples at different
current densities. The FE of CO production decreases as the
current density increases, suggesting that at high current
densities, CO species are prone to undergoing coupling to
form C2 products. Particularly, np-Cu shows the highest CO
selectivity (Figure S13a), which reasonably explains why the FE

4509

of np-Cu for C2 product formation is low. As for H, production,
the FE values show a declining trend as the current density
increases up to 300 mA cm ™~ (Figure S13b). At 400 mA cm ™2,
the FE for both np-Cu and Au,Cu SAA becomes increasing,
whereas that for De-Au;Cu SAA remains relatively stable,
indicating that De-Au;Cu SAA can effectively suppress H,
evolution at high current densities, which is a key factor
enabling better CO,RR performance. Furthermore, the partial
current density of C,H, production on De-Au,Cu SAA notably
exceeds that of both np-Cu and Au;Cu SAA, showing a
remarkable value of >300 mA cm™ at —1.5 V vs RHE (Figure
3d).

To gain insight into the higher performance dictated by De-
Au,Cu SAA, the CO, adsorption capability of different catalysts
was assessed. The De-Au;Cu SAA catalyst exhibits significantly
higher CO, adsorption capability than np-Cu and Au,;Cu SAA
(Figure S14), which may lead to CO, enrichment near the local
electrode surfaces, enhancing CO, adsorption and activa-
tion."**” The capability of *CO desorption from different
catalysts was also investigated by the electrochemical CO
stripping voltammetry (Figure S15). The *CO species begin to
desorb from the np-Cu surface at a much earlier potential of 0.69
Vvs RHE (@0.5 mA cm™?), manifesting that *CO can be easily
removed from np-Cu. In contrast, the *CO desorption starts at
0.77 and 0.79 V vs RHE, respectively, for Au;Cu SAA and De-
Au,Cu SAA, which suggests that the introduction of Au single
atoms and defective sites hinders *CO desorption, making
adsorbed *CO species have sufficient time and chance to couple
with each other forming C2 products. Additionally, the
electrochemically active surface area (ECSA) was determined
based on the double-layer capacitance (Cy) method (Figure
S16). Notably, the De-Au;Cu SAA catalyst shows the highest
ECSA value (330 cm*) among all samples, suggesting that it may
expose more active sites that contribute to the higher activity.
Furthermore, electrochemical impedance spectroscopy (EIS)
measurements were performed to analyze the interfacial charge
transfer processes (Figure S17). The De-Au;Cu SAA exhibits
the lowest charge transfer resistance (R,) among all catalysts
(Table S4), indicating that rapid electron transfer occurs at the
catalyst/electrolyte interface, which results in accelerated
CO,RR kinetics. In addition, the long-term stability of the De-
Au,Cu SAA catalyst toward CO,RR was evaluated under a fixed
potential of —1.0 V vs RHE (Figure 3e). Impressively, the De-
Au,Cu SAA could continuously catalyze CO,RR at ~100 mA
cm™? with ~40% C,H, FE for 54 h with minimal degradation,
showing outstanding catalytic stability. To inspect whether the
morphology and surface chemistry of De-Au;Cu SAA changed
after the long-term stability test, SEM, TEM, and XPS analyses
were conducted. SEM examination revealed that the octahedral
morphology was well retained in the postelectrolysis sample,
without any sign of structural collapse (Figure S18). Some flake-
like fine structure appears around the octahedral particles, which
may result from bicarbonate side products introduced during the
reaction. TEM inspection further confirmed the intactness of
De-Au;Cu SAA octahedral particles, and the nanoporous
morphology could still be clearly discerned (Figure S19a).
HRTEM imaging also corroborated that the crystalline structure
of De-Au;Cu SAA remained after the extended stability test, and
the lattice fringes of (111) crystal planes were distinctly visible
(Figure S19b). Besides, XPS examination showed no discernible
changes in the binding energy peaks of Cu 2p and Au 4f
components for De-Au;Cu SAA before and after the stability
test, suggesting that the surface chemistry of De-Au;Cu SAA was
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Figure 4. (a) In sita DEMS measurement of CO (m/z = 28) and C,H, (m/z = 26) production during the CO,RR on np-Cu and De-Au,Cu SAA.
(b) DEMS analysis of De-Au,Cu SAA in consecutive CV cycles. (c,d) In situ ATR-SEIRAS spectra of De-Au,;Cu SAA acquired at various
potentials from —0.7 to —1.4 V vs RHE. (e) Schematic illustration of CO, conversion into C,H, over the De-Au,Cu SAA catalyst. (f) Diagrams
showing the free energy changes during different reaction steps on the catalysts. PDOS of *OCCO-adsorbed surfaces of (g) np-Cu, (h) Au,Cu
SAA, and (i) De-Au,Cu SAA. The inset shows the corresponding charge density difference maps (the cyan and yellow regions denote electron
depletion and electron accumulation, respectively. The red, gray, yellow and blue spheres represent O, C, Au, and Cu atoms, respectively, in all

models).

not significantly altered during the CO,RR (Figure S20).
However, upon a close look into the Cu LMM Auger spectrum, a
distinct peak at 567.6 eV that can be assigned to Cu’ appears,
and the intensity of Cu® component accordingly decreases,
which indicates that the surface Cu® species was reduced to
metallic Cu after the long-term CO,RR. The above post-
mortem analyses reaffirm the outstanding catalytic stability of
the De-Au,Cu SAA catalyst, making it a promising candidate for
future applications.

2.3. Mechanistic Investigation of the CO,RR on De-
Au;Cu SAAs. In pursuit of a molecular-level understanding of
the CO,-to-C,H, conversion pathway, in situ differential
electrochemical mass spectrometry (DEMS, Figure S21) was
carried out to analyze the reaction intermediates. Figure 4a
depicts the LSV curves and the corresponding changes of m/z
signals associated with CO (m/z = 28) and C,H, (m/z = 26)
fragments during the CO,RR. The De-Au;Cu SAA catalyst
exhibits a lower onset potential for both CO and C,H,
generation, compared to np-Cu, which indicates that alloying
Au with Cu indeed enhances intrinsic activity and selectivity,
thereby promoting C,H, formation. Moreover, consecutive
cyclic voltammetry (CV) was performed in the potential range
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of —0.6 V to —1.4 V vs RHE while synchronously coupling with
DEMS measurements (Figure 4b). All gaseous products
including H,, C,H,, CO and CH,, were detected at m/z = 2,
26, 28 and 15, respectively, throughout the CV cycles, consistent
with the above GC results. It is worth noting that the CO mass
signal was initially high and then showed a slight decrease as
C,H, emerged, indicating that CO is an essential intermediate in
the production of C,H,.””* Besides, in situ attenuated total
reflectance surface-enhanced infrared absorption spectroscopy
(ATR-SEIRAS) was also performed to dynamically monitor the
*CO coverage on De-Au;Cu SAA during the CO,RR (Figure
S22). Figure 4c shows a series of SEIRAS spectra acquired at
different potentials from the open circuit potential (OCP) to
—1.4 V vs RHE on De-Au;Cu SAA in CO,-saturated 0.5 M
KHCO,. The bands located at ~1646, ~1446 and ~1221 cm™
were detected once the cathodic potential was applied, which
arise from the vibration of water (*H—O—H) molecules and
carbonate species (i.e., *CO;*~ and *HCO;") in the electro-
lyte.***” The band at ~1295 cm™ can be assigned to the C—OH
stretching mode from *COOH, which is identified as a typical
intermediate for *CO generation.””>" As the cathodic bias
increases, the peak at ~1576 cm™', corresponding to the
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asymmetric vibration of *OCCO, emerges as a crucial
intermediate for C,H, production.’”® Figure 4d displays the
SEIRAS spectra in the spectral range of atop-adsorbed *CO
(*CO,,p) vibrational modes (i.e,, 2010—2075 cm™"). Through-
out the entire potential window applied, the *CO,,, band
frequency redshifts as the applied cathodic potential increases
due to the Stark effect.”>** Interestingly, the intensity of *COyop
peak first increases and then decreases with the increasing
cathodic potential. Considering the constantly increased
intensity of the *OCCO signal with the increasing cathodic
potential (Figure 4c), this suggests fast *CO consumption
owing to the C—C coupling. By contrast, the *CO,, coverage
on the surface of pristine np-Cu was only observed at a large
cathodic potential (Figure S23), which confirms that the
presence of Au single atoms and Cu defects can indeed more
effectively promote CO dimerization reaction (Figure 4e).

To gain further insight into the synergetic effect between the
Au single atoms and Cu defective sites during the CO,RR, DFT
calculations were conducted. Given that the (111) facet prevails
in the octahedral catalyst particles (Figure 1), model catalysts
including np-Cu (111), Au;Cu (111) SAA, and defective De-
Au,Cu (111) SAA were constructed (see Experimental details,
Figure $24). Typically, the *CO + *CO — *OCCO step is the
rate-determining step (RDS) toward the production of C2
products, especially at high potentials.>*® As shown in Figure
4f, the Gibbs energy change (AG) of the RDS on De-Au,Cu
SAA is 1.01 eV, notably smaller than that of Au;Cu SAA (1.18
eV) and np-Cu (1.43 eV), suggesting that the introduction of Cu
defects to Au;Cu SAA can lower the energy barrier of the C—C
coupling and that the Cu defects work synergistically with Au
single atoms reducing the energy barrier to the RDS (as
compared to the np-Cu) during the CO,RR. Moreover, the
adsorption energy of *OCCO on De-Au,;Cu SAA is calculated
to be —0.34 eV (Figure S25), which falls in between that of
Au,Cu SAA (—0.26 eV) and np-Cu (—0.50 eV). The moderate
binding strength of the key intermediate *OCCO is favorable
for subsequent hydrogenation on De-Au,Cu SAA and the
release of C,H,, compared to the too strong adsorption on np-
Cuand too weak adsorption on Au;Cu SAA. In order to estimate
the binding affinity to *OCCO, the projected density of states
(PDOS) of the bare surfaces of different model catalysts were
further calculated (Figure 4g—i). An upshift of the Cu d-band
center toward the Fermi level was observed for the De-Au;Cu
SAA (—2.33 eV), as compared to that of the Au;Cu SAA (—2.36
V) and np-Cu (—2.38 V), which suggests stronger interaction
of the De-Au;Cu SAA with the key intermediate *OCCO.
Moreover, the PDOS of Cu d orbital of the De-Au;Cu SAA
shows a larger overlap with that of the Au d orbital and *OCCO
p orbital, reaffirming the stronger electronic interaction and
binding force of *OCCO species with the defective, Au single-
atom modified Cu surface. The adsorption behavior of the
*OCCO intermediate on different Cu active sites was further
investigated using the charge density difference analysis. As
shown in the insets of Figure 4g—i, a large change in electron
cloud distribution is observed when *OCCO is adsorbed on the
catalyst surface. In particular, the charge density difference of the
*OCCO intermediate shows stronger charge interactions at the
defective Cu—Au interface in De-Au;Cu SAA (Figure 4i inset).
This differs from np-Cu and Au,;Cu SAA, which indicates that
the defective Cu—Au surface, as a catalytically more active site,
can better stabilize the *OCCO intermediate. Besides, the
PDOS of different model catalysts adsorbed with 2 *CO
intermediates was also computed (Figure $26), and De-Au,Cu
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SAA also exhibits stronger interaction with two neighboring
*CO species than np-Cu and Au,Cu SAA, implying that the
adsorbed neighboring *CO species have more chance to couple
with each other forming C2 products on De-Au;Cu SAA.
Overall, our DFT calculations firmly support the experimental
observations, highlighting the important role of Au single atoms
and the Cu defects in boosting the CO,RR performance toward
the production of C2 products.

3. CONCLUSIONS

In summary, a nanoporous defective Au,Cu single-atom alloy
(De-Au,Cu SAA) electrocatalyst was designed and successfully
synthesized. When used to catalyze the electrochemical CO,RR,
the De-Au,Cu SAA catalyst exhibits good selectivity toward the
production of C,H,, with a Faradaic efliciency of 52% at the
current density of 252 mA cm™> under —1.1 V vs RHE.
Comprehensive in situ spectroscopic studies confirmed that
*CO is an important intermediate species and the presence of
Au single atoms and Cu defects facilitate the dimerization of
*OCCO. DFT calculations further validate the role of Cu
defects and Au single atoms in promoting the CO, conversion to
C2 product. It is believed that the atomically dispersed Au
boosts the activation and conversion of CO, molecules to *CO
species with an optimal concentration, which are subsequently
transferred to the adjacent defective Cu site for C—C coupling.
Our work provides important insights into the tandem catalysis
process occurring in Au;Cu SAA catalysts and offers useful
guideline for catalyst design toward the production of
multicarbon commodities during the CO,RR.

4. EXPERIMENTAL SECTION
4.1. Preparation of Cu,0(111) Octahedrons. The Cu,O

octahedrons were synthesized through a wet chemical reduction
method reported previously with slight modification.”” In a typical
synthesis, 1 mmol of CuCl,-2H,0O was dissolved in 100 mL of DI water.
Subsequently, 3.5 g of PVP (MW: 30,000—40,000) were introduced
into the solution. Next, 10.0 mL of NaOH aqueous solution (2.0 M)
were added dropwise to the mixture. After stirring for 30 min, 10.0 mL
of ascorbic acid solution (0.6 M) were added dropwise to the dark
brown solution. The mixture was then aged for 3 h, during which its
color gradually turned to red and turbid. The entire procedure was
conducted under constant stirring at 55 °C in a water bath. The
resulting precipitates were collected by centrifugation and decanting,
washed three times with DI water and another three times with
dehydrated ethanol, and finally dried under vacuum at 60 °C for 6 h.

4.2. Preparation of Au,Cu(111) Single-Atom Alloys. The
Au;Cu SAA exposed with Cu(111) facets were synthesized using the
H,-reduction method. Initially, 100 mg of Cu,O powders were added to
100 mL of DI water. Subsequently, a mixed solution containing HAuCl,
(1.0,2.5, and 5.0 wt % of the Cu,O mass, respectively) and urea (20 wt
% of the Cu,O mass) was introdcued and left to react with Cu,O at 25
°C for 3 h. Next, the H,-reduction process was carried out at 300 °C for
60 min on the formed Au®**/Cu,O in a flow of 5 vol % H,/Ar at ambient
pressure to produce nanoporous (np) Au,Cu SAA. For comparison, a
control catalyst consisting of nanoporous Cu (np-Cu) was also
prepared by direct H, reduction of Cu,O particles without the presence
of any gold salt.

4.3. Preparation of De-Au;Cu(111) Single-Atom Alloys. The
obtained Au,Cu (111) SAA materials were dispersed in 10 mL of acetic
acid (CH;COOH) and heated to 40 °C. After stirring for 1 h, the
resulting defective Au,Cu SAA (i.e, De-Au;Cu SAA) product was
centrifuged, washed with DI water, and dried under vacuum.

4.4. Materials Characterization. The morphology of Cu-based
catalysts was characterized by field-emission scanning electron
microscopy (FE-SEM, ZEISS/Gemini 300) equipped with an energy-
dispersive X-ray spectrometer (EDX, Oxford). Powder X-ray diffraction
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(XRD) examinations were conducted using an Aeris instrument
(Malvern Panalytical) operating at 40 kV and 15 mA with Cu Ka
radiation (4 = 1.5406 A). X-ray photoelectron spectroscopy (XPS)
characterization was performed on an ESCALAB 250Xi instrument
with an Al Ka X-ray source (1486.6 eV). The specific surface area was
determined by N, adsorption/desorption isotherms acquired at 77 K
(Quantachrome Autosorb 1Q2) using the Brunauer—Emmet—Teller
(BET) method. The content of Au/Cu in the catalysts was quantified
using inductively coupled plasma-optical emission spectrometer (ICP-
OES, Thermo Scientific 7200). Transmission electron microscopy
(TEM) and EDX mapping were conducted on a transmission electron
microscope operating at 200 kV (JEOL, JEM-F200). The X-ray
absorption spectroscopy (XAS) measurements were conducted at the
ASTRA beamline, SOLARIS National Synchrotron Radiation Centre
in Krakow, Poland.

4.5. Electrocatalytic Measurements. All electrochemical CO,RR
experiments were conducted in a commercial flow cell separated by an
anion exchange membrane (PiperlON-A20). Each compartment was
filled with 50 mL of 1 M KOH electrolyte. A Pt foil and a Hg/HgO
electrode served as the counter and reference electrodes, respectively.
All electrode potentials are converted to the RHE scale using the
formula Epgp = Egg/pgo + 0.098 V + 0.0591 X pH. 85% iR correction
was applied to compensate the iR drop between the working electrode
and the reference electrode. Linear sweep voltammetry (LSV) curves
were recorded using a CS-310MA electrochemical workstation at a scan
rate of 10 mV s™". Chronoamperometry (CA) or chronopotentiometry
(CP) tests were conducted at each potential/current density for 20 min.
Current densities were normalized to the geometric surface area of the
electrode (ie, 1 cm™). CO, gas was delivered into the cathodic
compartment at a rate of 30 sccm and injected online into a gas
chromatograph (GC, BFRL-SP-3530). The catalyst was loaded onto a
gas diffusion electrode (YLS-30T, Suzhou Sinero Company) with a
loading mass of 2 mg cm™ For the long-term stability test, the gas
diffusion electrode (GDE) was prepared by spraying a PTFE dispersion
(DISP-30, DuPont) onto the gas diffusion layer with a loading of ~1
mg/ cm? The coated GDE was annealed in a muffle furnace at 380 °C
for 30 min in air for further use.

To investigate the desorption capability of different catalysts for
*CO intermediates, electrochemical CO stripping voltammetry was
carried out. To do so, high-purity CO gas (99.999%) was flowed into
the electrolyte (0.1 M H,SO,) for S min under a bias of 0.1 V vs RHE.
Afterward, the electrolyte was repurged with high-purity Argon (Ar,
99.999%) to remove all dissolved CO before CO stripping experiment
was performed.

The gaseous products (H,, CO, C,H, and CH,) were quantified by a
GC (BFRL-SP3530) equipped with a flame ionization detector (FID)
for CO, C,H, and CH,, and a thermal conductivity detector (TCD) for
H, quantification. High-purity Ar (99.999%) was used as the carrier gas.
The Faradaic efficiency of each gaseous product was calculated by the
following equation

F
FE (%) = 2= x 100%
Q (1)
where n is the mole fraction of the product, z stands for the number of
electrons transferred for the product formation, F is the Faraday
constant, and Q represents the total charge passed.
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