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ABSTRACT: Electroreduction of CO, into liquid fuels is a
compelling strategy for storing intermittent renewable energy.
Here, we introduce a family of facet-defined dilute copper alloy
nanocrystals as catalysts to improve the electrosynthesis of n-
propanol from CO, and H,0. We show that substituting a dilute
amount of weak-CO-binding metals into the Cu(100) surface
improves CO,-to-n-propanol activity and selectivity by modifying
the electronic structure of catalysts to facilitate C,—C, coupling
while preserving the (100)-like 4-fold Cu ensembles which favor
C,—C; coupling. With the Auyp,Cuygg champion catalyst, we
achieve an n-propanol Faradaic efficiency of 18.2 + 0.3% at a low
potential of —0.41 V versus the reversible hydrogen electrode and a
peak production rate of 16.6 mA-cm™> This study demonstrates
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that shape-controlled dilute-metal-alloy nanocrystals represent a new frontier in electrocatalyst design, and precise control of the host
and minority metal distributions is crucial for elucidating structure—composition—property relationships and attaining superior

catalytic performance.

B INTRODUCTION

Electroreduction of CO, into value-added chemicals and fuels
is a compelling strategy for storing energies derived from
intermittent renewable sources while reducing anthropogenic
CO, emissions.' ® Alcohols are desirable products of the
electrochemical CO, reduction reaction (CO,RR) owing to
their high energy densities and ease of storage and trans-
portation as liquid fuels.””~'" Among the C,—Cj alcohols, n-
propanol possesses the highest energy density (27 MJ-L™") and
a high octane number of 118, making its fuel efficiency
approach that of gasoline.”'' CO,RR to n-propanol is a
kinetically sluggish reaction because it requires the overall
transfer of 18 electrons and formation of two C—C bonds
(Table S1). Also, the inadequate stabilization of *C,
intermediates (* denotes surface-adsorbed species) can lead
to undesirable C, product desorption rather than further
intermolecular coupling with *C; to produce C; products.'*~"*
The CO,RR to n-propanol selectivity of existing catalysts has
largely remained less than 10%, with few examples exceeding
10% at high overpotentials using H-type electrochemical
cells."”>™"® Cu is a unique metal as it can drive C—C bond
formation during CO,RR to generate highly reduced C,,
products.'~#?'1972° 1t has been shown that CO—CO
dimerization is more favorable on Cu(100) than that on
Cu(111),""'%?7?% yet the formation of C, products is slow on
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Cu(100) due to the large energy barrier associated with the
C,—C, coupling step."" After decades of research, it has been
realized that the total intrinsic CO,RR activity of various
monometallic Cu catalysts, being nanostructured or bulk
polycrystalline, is very similar after normalization by the
electrochemically active surface area (ECSA).** This analysis
calls for a critical rethinking of design strategies for a more
efficient Cu-based CO,RR catalyst.

Dilute metal alloys (DMAs) have emerged as a new class of
materials with unique properties due to the synergistic
combination of metals.*® For heterogeneous catalysis, the
addition of foreign metals can modulate the atomic ensembles
for adsorbate binding and induce lattice strain and charge
transfer that alter the d-band center of the host metal, both of
which have been effective in enhancing catalytic activity and
selectivity.’® The limit of dilute alloying is single-atom alloy
(SAA).>" Emergent properties such as free-atom-like states of
the dopants were discovered recently in several SAAs, which
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Figure 1. Synthesis and electron microscopy characterization of Au/Cu NRs. (a) Scheme of Au/Cu NR synthesis. (b, c) Elemental analysis results
of Au/Cu NRs measured by (b) SEM-EDS and (c) STEM-EDS mapping. (d—i) TEM images of Au/Cu NRs and (j—o) HAADF-STEM image and
STEM-EDS elemental maps of a single NR with (d, j) 0.8 + 0.1, (e, k) 2.1 0.3, (£ 1) 3.6 0.2, (g, m) 5.7 + 0.6, (h, n) 12.2 + 0.4, and (j, 0) 16.4
+ 0.7 at. %,,. Inset of (d—i): Schematic depictions of NR microstructures with blue (red) spheres representing Cu (Au) atoms. Bottom of (j-0):
STEM-EDS line profiles of Cu and Au along the yellow dashed lines indicated in the corresponding HAADF-STEM images. Scale bars: (d—i) SO

nm and (j—o) 20 nm.

was attributed to the weak wave function mixing between
constituent metals.”> This unusual feature promises to break
the scaling relationships that limit conventional metal catalysts.
For CO,RR, introducing CO-generating moieties such as
Fe(III)-porphyrin complex,'® Au,>**** and Zn islands®® onto
the Cu surface has led to enhanced C,, product formation
plausibly by increasing the local concentration of *CO around
Cu sites.*® Notably, Jaramillo and co-workers examined a series
of Au-on-Cu catalysts made by thermal evaporation of Au onto
Cu foils and observed enhanced activities of CO,RR to ethanol
at low Au concentrations.” Recently, Pb/Cu SAA (4.4 wt %
Pb) showed 96% FE for CO,RR to formate, which was
significant given that Pb-free Cu only had 20% formate
selectivity.”” These studies motivated us to design and
synthesize well-defined Cu-based DMA nanocrystal catalysts
to more efficiently and selectively produce energy-dense fuels
such as n-propanol. We hypothesize that substituting a dilute
amount of weak-CO-binding metals (e.g,, Au and Ag) into the
C,-favoring Cu(100) surface could improve CO,RR activity
and selectivity toward C; products by (i) modifying the
electronic structure of Cu(100) to increase local *CO
concentration while preserving the (100)-like 4-fold Cu
ensembles which favor C;—C, coupling, and (ii) introducing
CO-repulsion zones to better co-locate *CO and *C,
intermediates thereby facilitating C,—C, coupling.

Herein, we describe the synthesis of colloidal Au/Cu
bimetallic nanorods (NRs) with Au-atom dispersion states
tunable from dilute random alloys to continuous ensembles of
Au. In contrast to many previous studies of Au/Cu alloy
CO,RR catalysts which comprised more than 20 at. %,, and
produced primarily C; products (e.g, CO, formate),”*® we
found that the Faradaic efficiency (FE) of CO,-to-n-propanol
reduction exhibited a volcano-shaped trend with respect to
surface Au concentration, reaching a record-high FE, ;.00 Of
18.2 + 0.3% at a modest overpotential of S00 mV (—0.41 V vs
the reversible hydrogen electrode (RHE)) with the champion
2 at. %,, DMA catalyst. X-ray photoelectron spectroscopy
(XPS), in situ vibrational spectroscopy, and density functional
theory (DFT) calculations reveal that low concentrations of Au
dopants modify the electronic properties of nearby Cu sites
and Au doping lowers the barrier of C;—C, coupling thus
boosting C; production during CO,RR.

B RESULTS AND DISCUSSION

Synthesis and Structural Characterization of Au/Cu
NRs. The atomic percentage of Au for Au/Cu NRs was varied
by adjusting the size of Au seeds during heterometallic seeded
growth or through overgrowth onto preformed NRs (Figure
1a). Specifically, DMA NRs with less than 3 at. %,, (denoted
as NR1 and NR2) were synthesized using 4.4 and 6.5 nm Au
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nanocrystals as seeds (Figures S1—S3 and Table $2).*” To
prepare NRs with higher Au content, the reaction temperature
was lowered from 180 to 80 °C 20 min after injecting Au seeds
and a certain amount of Au(IlI)-OLAM complex was added
slowly (50 uL-min™") to the reaction solution (Table S2). The
rapid surface diffusion of Au on Cu and facile alloying between
the two metals likely suppressed the hollowing of the NRs
driven by galvanic replacement between Cu® and Au**. Energy-
dispersive X-ray spectroscopy (EDS) analysis of many NRs
using a scanning electron microscope (SEM) and scanning
transmission electron microscopy (STEM) conducted over a
few NRs both indicated that the overall Au content increased
gradually from ca. 1 at. % to more than 16 at. % across the
sample series NR1-NR6 (Figure 1b,c and Table S2). STEM-
EDS Au maps were dominated by scattered dots (NRI and
NR2), discrete clusters (NR3), a semicontinuous surface layer
(NR4), and a conformal surface layer (NRS and NR6) (Figure
1d—o). High-angle annular dark-field STEM (HAADF-STEM)
imaging revealed that Au atoms were well dispersed within the
Cu matrix for NR1 and NR2 and became increasingly surface-
enriched for NR3-NR6 (Figures 1d—o and S4—S7). All peaks
in the powder X-ray diffraction (XRD) patterns of NR1-NR4
can be indexed as face-centered cubic (fcc) Cu (Figure 2a and
Tables S3—S4). By contrast, a new set of peaks corresponding
to fcc Au was seen for NRS and NR6 indicating the formation
of nanocrystalline Au. Significantly, the Cu(111) diffraction
peak exhibited negligible shifts (ca. 0.14°) from NRI to NR§,
which suggests that alloying of Au into the Cu NR interior was
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Figure 2. XRD and XPS characterization of Au/Cu NRs. (a) Powder
XRD patterns of NRs. The vertical bars at the bottom depict the
standard diffraction patterns of Au (JCPDS card no. 00-004-0784)
and Cu (JCPDS card no. 00-004-0836). The peak at 37.5° (denoted
by asterisks) for NR1, NR2, and NR3 is attributed to Cu,O likely
caused by surface oxidation. (b) Comparison of Au percentages of
different NRs measured by SEM-EDS (red) and XPS (blue). (c, d)
High-resolution XPS spectra in the (c) Cu 2p and (d) Au 4f regions
for different NRs.

insignificant for NR3-NR6 and that deposited Au atoms mainly
resided on the NR surface.

XPS was used to analyze the surface composition and
electronic structure of the Au/Cu NRs. No metal species other
than Cu and Au were observed from XPS survey scans (Figure
S8). For NR1 and NR2, XPS-derived surface composition
closely mirrored that determined by SEM-EDS, indicating a
homogeneous distribution of Au atoms within the NRs. On the
other hand, XPS-derived Au percentages for NR3-NR6 were
appreciably higher than those measured by SEM-EDS,
indicative of surface enrichment of gold (Figure 2b). The Cu
2p core levels showed little variation for NR1-NR6 when
compared with the binding energies of Cu foil (Figure 2c). By
contrast, the Au 4f core levels shifted to lower binding energies
from NR1 to NR6 (Figure 2d), with the Au 4f;,, binding
energy of NR1 deviating the most from that of Au foil (84.4 vs
84.0 eV). Such an increase in binding energy indicates a loss of
d electrons at the Au sites upon alloying with Cu. Due to the
prominent screening effect exerted by the d electrons, their
removal resulted in a positive shift in the 4f binding
energy.zm’41 Furthermore, the magnitude of the charge transfer
increases as Au becomes more dilute in Cu. According to the
charge compensation model, Au withdraws s-p electrons from
Cu to achieve a net gain of electrons, as governed by the
electronegativity difference between Cu and Au.”’

We conducted X-ray absorption spectroscopy (XAS)
measurements to further probe the local atomic environment
and electronic structures of different NRs (Figure 3). The Au
L;-edge and Cu K-edge X-ray absorption near-edge structure
(XANES) spectra of NRs exhibited edge energies that are
essentially identical to that of the reference Au and Cu foils,
respectively, confirming that both Au and Cu are in the
metallic state (Figure 3a,b, Tables 1 and S5—S6). The white
line intensity of the Au L;-edge spectra, which results from the
electronic transition between the occupied 2p levels and the
partially filled 5d levels," decreased monotonically from NR3
to NR6 (Figure 3b, inset). We attribute this trend to reduced
d-electron transfer from Au to Cu as the number of nearest
neighbor Cu atoms surrounding individual Au atoms gets
smaller. Notably, all NRs displayed a more intense white line
than did the Au foil. This indicates a strong ligand effect
between Au and Cu,*" as also supported by the observed Au 4f
core-level shifts (Figure 2d). The low signal-to-noise ratio of
the Au L;-edge XANES spectra for NR1 and NR2 was likely
caused by the low Au content of these samples (Figure $9).*
The Cu K-edge extended X-ray absorption fine structure
(EXAFS) spectra of NR2-NR6 were dominated by the Cu—Cu
scattering path similar to that of the Cu foil (Figures 3c and
$10, Table SS). The insensitivity of Cu coordination
environment to NR composition is consistent with the picture
of Au being present in small amounts (NRI and NR2) or
mainly on the NR surface (NR3-NR6). On the other hand, Au
L;-edge EXAFS spectra featured predominantly Au—Cu
coordination at about 2.6 A for NR2-NR4, with no evidence
of a Au—Au scattering path in the spectra suggesting the lack of
continuous Au ensembles (Figures 3d and S11, Table $6).1>%
Au—Au coordination at 2.8 A was identified for NRS and NR6,
which points toward the presence of Au crystallites. From NR3
to NR6, the Au—Cu coordination number (CNu,_c,)
decreased from 7.5 to 3.9, whereas the total CN of Au
(CNyy—cu + CNy,_x,) remained in the range of 7—10 (Figure
3e and Table 1). These data support the formation of
bimetallic surface alloys before the emergence of Au crystallites
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Figure 3. XAS characterization of Au/Cu NRs. (a) Cu K-edge and (b) Au L;-edge XANES spectra of different NRs and the Cu or Au foil (black).
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Table 1. Summary of Au L;-edge EXAFS Fitting Parameters
for Au/Cu NR Samples

edge energy  scattering

sample (ev) path CN” R(A) o (AY)” AE, (eV)

Au foil 11,919.8 Au—Au 12 2.86 0.008 4.9

NR2 11,920.6 Au—Cu 9.7 2.62 0.008 4.8

NR3 11,920.7 Au—Cu 7.5 2.61 0.008 1.4

NR4 11,920.2 Au—Cu 6.8 2.61 0.008 1.7

NRS 11,919.9 Au—Cu S.1 2.64 0.008 5.3
Au—Au 4.7 2.83 0.008

NR6 11,919.4 Au—Cu 3.9 2.63 0.008 4.9
Au—Au 6.0 2.81 0.008

“Error bars are provided in Table S6. “6® was determined through the
measurement result of the Au foil and was fixed during EXAFS fittings
of different NR samples.

at high Au loadings. Collectively, XPS, XAS, and TEM analysis
results establish that NR1-NR3 are shape-controlled DMA
nanocrystals with the surface Au concentration tunable from 1
to 6 at. %, whereas NRS-NR6 can be described as bimetallic
NRs covered with Au nanocrystallites on the surface.
Electrochemical CO,RR Performance of Au/Cu NR
Catalysts. Constant-current electrolysis was conducted to
evaluate the CO,RR activity and selectivity of different NR
catalysts in a 1 M KOH electrolyte. A gas diffusion layer
(GDL)-based flow cell was utilized to greatly enhance the
reaction rate by improving the mass transport of CO, to the
cathode (Figures S12—S14). As a benchmark catalyst,
polycrystalline Cu film made by thermal evaporation produced
similar CO,RR product distributions as previous reports of
similarly prepared samples (Figures 4a and S15), attesting to
the reliability of our testing procedures. A range of CO,RR
products including CO, formate, ethylene, ethanol, and n-

propanol were detected from different NR catalysts (Figures
S16—S17). Compared with the thermally evaporated Cu film,
NR2 showed a higher selectivity for C; (CO and formate) and
C; (n-propanol) products and lower selectivity for C, products
(ethanol and ethylene) at total current densities of 50—200
mA-cm™* (Figure 4a). Remarkably, NR2 exhibited a peak FE
of 18.2 + 0.3% for n-propanol, far exceeding the FE 1 of
4.8 + 0.4% for the polycrystalline Cu film.

The library of NR catalysts enables systematic investigation
of how the concentration and dispersion states of Au atoms for
Au—Cu alloy nanocrystals control the CO,RR selectivity
toward desired C,, products. For all catalysts, the FEs of CO
and formate (ethylene and ethanol) decreased (increased)
monotonically with increasing current densities (Figure S18).
With increasing Au content of the catalyst, C, selectivity
gradually increased accompanied by a concurrent drop in C,
selectivity (Figures 4b and S19—520). Importantly, n-propanol
selectivity exhibited a volcano-shaped trend reaching the peak
FE at 70 mA-cm™2 This suggests that there is an optimal
balance between the coverage of *C; and *C, intermediates in
order to achieve superior C; selectivity (Figures 4b,c and S20).

All DMA NRs (NR1-NR3) exhibited enhanced activity for
n-propanol production compared to the polycrystalline Cu film
(Figure 4d). The n-propanol partial current densities are
normalized by the ECSA in order to assess the intrinsic activity
of different catalysts (Figures S21—S22 and Table S7). The
turnover frequency of n-propanol (TOFn,PmPanol) was estimated
based on the number of active sites calculated from ECSA
(Figure 4e and Table S8). The predominance of {100} surface
planes was supported by the hydroxyl adsorption (OH,4,) peak
position on the cyclic voltammogram (Figure S23) and our
previous TEM analysis results.’” Thus, the lattice constant of
the {100} crystal planes was used for TOF calculations.

n-propanol
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Figure 4. CO,RR performance of Au/Cu NR catalysts. (a) Comparison of CO,RR product distributions of NR2 (solid bar) and polycrystalline Cu
film (dashed bar) at the total current density of 70 mA-cm™ in 1 M KOH electrolyte. (b) Plots of FEs of C,, C,, and C; products versus the Au
contents of NRs measured by SEM-EDS. (c) Summary of n-propanol FEs at different applied current densities for different NR catalysts. (d) Partial
current densities of n-propanol production (jy,,pmpaml) normalized by the geometric area of electrode versus the cathodic potential. (e) Potential-
dependent TOF,_,,panol Values obtained by normalizing j,.opanol to the number of electrochemically active surface sites determined from ECSA. (f)
Comparison of CO,RR performance of NR2 with reported state-of-the-art catalysts evaluated with GDL-based flow cell in terms of overpotential

(n), FE, Jn-propanobs cathodic energy efficiency for n-propanol (CEEn,propaml),

and Cj selectivity.

Significantly, NRI-NR3 catalysts exhibited an order-of-
magnitude higher CO,-to-propanol activity than NR4 or
polycrystalline Cu film over a wide potential range (Figure 4e).
Long-time electrolysis of the champion NR2 catalyst at 70 mA-
cm™ showed a stable cell potential of 2.26 + 0.03 V for 6 h
and an average FE.yyienes FEethanoy and FE, propanot Of 22.1, 8.0,
and 14.1%, respectively (Figure S24a). The decline in
FE, propanol from 18.2 to 10.1% after 6 h most likely results
from the accumulation of potassium carbonate on the
electrode surface (Figure S24b), which blocks the catalytically
active sites for CO,RR.** This argument is also supported by
the well-retained morphology and surface composition of the
catalyst postelectrolysis suggesting minimal changes in catalyst
microstructure (Figure S$25). The NR2 catalyst featured a
maximum of 18.2 + 0.3% FE,_,pan0 and 16.6 mA~cmgeo_2 for
n-propanol formation at a moderate cathodic potential of
—0.41 V vs RHE. To our knowledge, this is the highest
FE, ropanol for electrocatalytic CO,RR using GDL-based flow
cell (Figure S26) and is distinct from previous studies where
high selectivity of CO,RR to n-propanol (>10%) was achieved
at more negative potentials."°”"* The DMA NR also compares
favorably with other catalysts tested with GDL-based flow cells
in terms of overpotential (1), cathodic energy efficiency for n-
propanol (CEE, ,opano1), C3 product selectivity, and geometric
area-normalized current density for n-propanol production
(upropancl) (Figures 4f and $26, Tables §9—810).!¢1745748
Besides penta-twinned DMA NRs, single-crystalline Au/Cu
DMA nanocubes (2 at. %,,) also showed a high FE, ;om0 Of
17.0%, whereas pure Cu nanowires and Cu nanocubes

exhibited significantly lower FE, ,qpuno (Figure S27). These
results indicate that alloying of Cu(100) with dilute Au, rather
than Cu(100) surface faceting alone or surface twin
boundaries, likely gives rise to superior selectivity toward n-
propanol.

Mechanistic Investigations of Enhanced C; Selectiv-
ity of DMA NR Catalysts. In situ electrochemical attenuated
total reflectance surface-enhanced infrared absorption spec-
troscopy (ATR-SEIRAS) was utilized to probe the adsorption
of CO, a key C, intermediate for n-propanol formation during
the CO,RR (Figures $28—S529). At low overpotentials ranging
from —0.04 to —0.17 V, a weak peak at ca. 2040 cm™" ascribed
to top-bound CO was observed. This peak intensified and
blue-shifted to ca. 2070 cm™" as the applied potential became
more negative than —0.24 V. This blueshift was plausibly due
to a combination of dipole—dipole coupling at high surface
coverage of CO and adsorption of CO at undercoordinated
defect sites (Figure 5a)." 7" At —0.65 V, the NR2 catalyst
showed a pronounced peak at 2046 cm™', which can be
ascribed to atop-bound CO on Cu(100) (Figure 5b).>* By
contrast, a weaker and red-shifted peak (2036 cm™') was
observed for the NR3 catalyst at the same potential (Figure
Sc). For CO adsorbed on Cu-based catalysts, it has been
shown that weakening of the C—O bond is often concomitant
with weakening of the metal—carbon bond due to the
pronounced wall effect.””* The wall effect counteracts or
even cancels out the effect of strengthening of the metal-CO
bond through 7z back-donation. Therefore, we interpret the
observed redshift of the CO stretching frequency from NR2 to
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Figure S. Mechanistic studies of CO,RR on Au/Cu NR catalysts. (a—d) In situ ATR-SEIRAS spectra recorded at different cathodic potentials for
(a) polycrystalline Cu film, (b) NR2, (c) NR3, and (d) NRS catalysts. (e) XPS valence-band photoemission spectra of Au/Cu NRs, Au foil, and Cu
foil. The black dashed lines indicate the d-band centers of different samples. (f) Plot of measured d-band center versus the Au contents of NRs
measured by XPS. (g) Top view and side view of the key reaction intermediates for the *CO-*HCCH coupling over pristine and Au-doped
Cu(100) surfaces and (h) the corresponding free energy diagrams. (i) Top-view and side-view pictures of the key reaction intermediates for the
*CO-*HCCH; coupling over pristine and Au-doped Cu(100) surfaces and (j) the corresponding free energy diagrams. The Cu, Au, C, O, and H
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NR3 as an indication of weakened binding of CO to the metal
substrate. The CO peak gradually red-shifted as the working
electrode was scanned cathodically, which can be attributed to
the vibrational Stark effect with a Stark tuning rate of 36 and
39 em V™! for NR2 and NR3, respectively.”’ These values
are in line with previous studies on polycrystalline Cu surfaces
in alkaline electrolytes.”’ Moreover, NRS and NR6 did not
show any peak related to adsorbed CO species in the same
potential range, which is similar to that of polycrystalline Au
film and reflects their much weaker binding to CO (Figures 5d
and S30). The diminishing CO coverage from NR2 to NR6
was also supported by the valence-band XPS spectra. The
surface d-band center gradually shifted away from the Fermi
level with increasing Au concentration weakening the binding
of catalyst to CO (Figure Se,f).”** Consequently, the catalytic
activity for CO production increased at higher surface Au
content (Figure S18b). Altogether, these results suggest that
the NR2 catalyst was able to maintain a high CO coverage
during the CO,RR while not compromising the facile C;—C,
coupling of the Cu(100) surface, a key requirement for
achieving efficient C,—C, coupling.

To further elucidate the effects of Au doping in the Cu(100)
surface on the energetics of the C,—C, coupling process, we
performed DFT calculations using *CO as the C, intermediate
and *HCCH or *HCCH, as the C, intermediate (Figure Sg—
j). At present, the reaction pathways of CO,RR to n-propanol
and the nature of rate-determining C, intermediate are still
debated in the literature.”'>'**> A recent DFT study of
CO,RR found that the difference in the kinetic barrier between
C,—C, coupling and further reduction of the C, intermediate

is the smallest for *HCCH, suggesting that it is the most likely
C, intermediate for n-propanol formation.'* Also, Hori et al.
proposed *HCCHj; as a possible C, intermediate for C,—C,
coupling during CO,RR.>> Therefore, we examined the free
energy landscapes of these two coupling reactions. Our DFT
calculations reveal that Au doping lowers the energy barriers of
*CO-*HCCH (Figure Sgh) and *CO-*HCCHj; (Figure Sij)
couplings by 36 and 49 meV, respectively. These values
translate to increased reaction rate constants of n-propanol
formation by 4.1 and 6.7 times according to the Arrhenius
equation at 298 K. Accordingly, Au substitution enhances C,—
C, coupling on Cu(100), and the coupling between *CO and
*HCCHy is likely the more favorable C,—C, coupling step for
the Au-doped Cu(100) surface than *CO-*HCCH coupling.
Other factors such as the dependence of C,—C; and C,—C,
couplings on the coverage of various C; and C, intermediates
could also play an important role in dictating the CO,RR
product distributions, which are beyond the scope of this
study.

B CONCLUSIONS

In summary, we synthesized a library of Au/Cu bimetallic NR
catalysts with tunable surface composition by adjusting the size
of Au seeds during heterometallic seeded growth or through
overgrowth onto preformed NRs. The FEs of C, (C,) products
monotonically increased (decreased) with increasing surface
Au concentration, suggesting that the coverage of C; and C,
intermediates during the CO,RR depends sensitively on the
dispersion and concentration of surface Au dopants in the
dilute-alloy regime. Different from previous studies of Au/Cu
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alloy CO,RR catalysts which comprised more than 20 at. %,
and produced primarily C, products (e.g, CO, formate), we
found that the FE, .00 exhibited a volcano-shaped trend
with respect to surface Au concentration. The champion DMA
NR catalyst delivered a record-high FE, qpun0 Of 18.2 £ 0.3%
and n-propanol partial current density of 16.6 mA-cmgeo_2 at
low overpotentials. XPS and in situ FTIR analyses together
with DFT calculations indicate that Au doping in the Cu(100)
surface modifies the electronic properties of nearby Cu sites
and lowers the barrier of C,—C, coupling enhancing C,
selectivity for CO,RR. This study demonstrates that facet-
defined DMA nanocrystals represent a new frontier in
electrocatalyst design and that meticulous control of the
concentration and distribution of the minority metals is crucial
for elucidating structure—composition—property relationships
and for attaining superior catalytic performance.

B EXPERIMENTAL SECTION

Synthesis of Au Nanocrystal Seeds. Au seeds were synthesized
utilizing established methods.*® To prepare 6.5 nm Au seeds, 10 mL
of oleylamine (OLAM-TCI, TCI America) was loaded into a 50 mL
three-neck round-bottom flask and vacuum-degassed for 30 min. After
refilling with N, 10 mL of anhydrous toluene and 0.25 mmol (98 mg)
of HAuCl,-3H,0 were added. After the flask was cooled to 20 °C
with an ice bath, a mixture consisting of 0.25 mmol (22 mg) borane
tert-butylamine complex, 1 mL of OLAM-TCI, and 1 mL of
anhydrous toluene was swiftly added to the reaction under stirring.
After reacting at 20 °C for 1 h, the resultant nanocrystals were isolated
by precipitation with 60 mL of acetone and centrifugation at 6000
rpm for S min. The pellet was redispersed in toluene to reach an
optical density (O.D.) of 40 at 525.3 nm (plasmonic peak
wavelength). The same procedure was used to prepare 4.4 and 9.0
nm Au seeds, except that the reaction was conducted at 25 and 15 °C,
respectively.

Synthesis of Au/Cu NRs with 1 at. %,, (NR1) and 2 at. %,,
(NR2). NR1 and NR2 were synthesized following our previous
report.”” In a typical synthesis of NR1, 0.5 mmol (85 mg) of CuCl,-
2H,0 and 10 mL of oleylamine (OLAM-SA, Sigma-Aldrich) were
loaded into a 50 mL three-neck round-bottom flask. The flask was
subjected to three cycles of vacuum degassing at 25 °C followed by
N, purging to eliminate any oxygen. Next, the mixture was heated at
80 °C to fully dissolve CuCl,, yielding a blue-colored solution.
Afterward, the reaction temperature was raised to 180 °C and 0.1 mL
of 44 nm Au nanocrystal seed solution (O.D. = 40) was injected
under stirring. The reaction mixture was cooled to room temperature
after 1 h and the NRs were purified by precipitation with 30 mL of
isopropanol and centrifugation at 1500 rpm for 3 min. The pellet was
redispersed in anhydrous toluene and stored inside a N,-filled
glovebox. To synthesize NR2, the same procedure was employed
except that 0.15 mL of 6.5 nm Au seed solution (O.D. = 40) was used.

Synthesis of Au/Cu NRs with 4 at. %,, (NR3), 6 at. %,
(NR4), 12 at. Au (NR5), and 16 at. %,, (NR6). NR3-NR6 were
synthesized by introducing extra Au precursors during the typical
synthesis of 2 at. % Au/Cu NRs. Specifically, 0.15 mL of 6.5 nm Au
nanocrystal seed solution (O.D. = 40) was injected into the mixture of
0.5 mmol CuCl,-2H,0 and 10 mL of OLAM-SA at 180 °C under N,
flow. After reacting at 180 °C for 20 min, the temperature was
lowered to 80 °C and another precursor solution prepared by
dissolving a certain amount of HAuCl,-3H,0 in 1 mL of OLAM-SA
(Table S2) was added at the rate of S0 #L-min~" with a syringe pump.
Afterward, the reaction mixture was kept at 80 °C for another 10 min
before being cooled to room temperature. The NR products were
purified via precipitation with 30 mL of isopropanol and
centrifugation at 3000 rpm for 3 min. The pellet was redispersed in
anhydrous toluene and stored inside a N-filled glovebox.

Synthesis of Au/Cu DMA Nanocubes. CuBr, (0.5 mmol) and
OLAM-SA (10 mL) were added into a SO mL three-neck round-
bottom flask. The flask was then vacuum-degassed and refilled with

N, three times to remove any oxygen. This mixture was kept at room
temperature with stirring for 1 h to fully dissolve CuBr,. Next, 3.6
mmol of anhydrous hydrazine was swiftly added under stirring. After S
min, 0.20 mL of 9.0 nm Au nanocrystal seed solution (O.D. = 40) was
added and the solution was stirred at room temperature for another
15 min. Afterward, the reaction mixture was heated to 180 °C at the
ramp rate of 20 °C-min~". After reacting at 180 °C for 1 h, the
solution was cooled to room temperature and the nanocubes were
purified by precipitation with 30 mL of isopropanol and centrifugation
at 4500 rpm for 3 min. The pellet was redispersed in anhydrous
toluene and stored inside a N,-filled glovebox.

Synthesis of Cu Nanowires. Cu nanowires were synthesized
using established methods.> Specifically, 1 mmol of CuCl and 3 mL
of OLAM-SA were added to a 25 mL three-neck flask, which was N,-
purged for 15 min under stirring at room temperature. The resultant
mixture was then heated to 120 °C and kept at this temperature for 30
min. Afterward, the stirring was stopped, and the solution was rapidly
heated to 180 °C. The reaction was allowed to proceed at 180 °C for
90 min before being cooled down to room temperature. The crude
products were purified through three cycles of dispersion in
anhydrous hexane followed by centrifugation at 1000 rpm for 3 min
inside a N,-filled glovebox. Finally, the Cu nanowires were redispersed
in anhydrous toluene and stored inside a N,-filled glovebox.

Synthesis of Cu Nanocubes. Cu nanocubes were synthesized
following previously reported methods.”” Specifically, 3 mmol of
CuBr, 25 mmol of tri-n-octylphosphine oxide, and 10 mL of OLAM-
SA were loaded into a 50 mL three-neck flask, and the resultant
mixture was vacuumed and degassed at 100 °C for 1 h. After refilling
with N,, the reaction solution was quickly heated to 210 °C and was
kept at this temperature for 1 h before being cooled down to room
temperature. The nanocubes were purified by precipitation with
anhydrous 2-propanol and centrifugation at 4500 rpm for 3 min inside
a N,-filled glovebox. Finally, Cu nanocubes were redispersed in
anhydrous toluene and stored in a N,-filled glovebox.

Characterization. TEM images were recorded on a JEOL JEM
1400 plus microscope, which was equipped with a LaBg filament
operating at 120 kV. HAADF-STEM and STEM energy-dispersive X-
ray spectroscopy (STEM-EDS) analyses were conducted on a 300 kV
JEOL JEM 3200FS TEM. Aberration-corrected HAADF-STEM
imaging was performed on a 300 kV FEI Titan* G2 S/TEM, with a
probe convergence angle of 25 mrad, a probe current of 0.1 nA, and
ADF detector angles of 51 and 300 mrad. Samples for TEM analyses
were prepared by drop-casting ~10 uL of a nanocrystal solution onto
a 300-mesh carbon-coated nickel grid. Before HAADF-STEM
imaging, the specimen underwent 30 min of beam showering in
TEM mode with a beam current of S nA to minimize carbon
contamination. Powder XRD patterns were recorded on a PANalytical
Empyrean X-ray diffractometer operating at 40 kV and 35 mA. XRD
samples were prepared by drop-casting nanocrystal solutions onto
low-background Si substrates.

XPS analyses were conducted on a PHI 5000 VersaProbe II
instrument that was equipped with a focused monochromatic Al Ko
source. The instrument base pressure was about 8 X 107'° Torr. A
beam size of about 100 ym and an X-ray power of 25 W at 15 keV
were used. The instrument work function was calibrated to yield a
binding energy of 84.0 eV for the 4f,/, line of metallic gold. The
spectrometer dispersion was adjusted to give binding energies of
284.8 368.3, and 932.7 eV for the C 1s line of adventitious carbon, Ag
3ds),, and Cu 2p;/, photoemission lines, respectively. Survey spectra
were taken with a step size of 0.4 eV and a pass energy of 187.85 eV.
High-resolution Au 4f, Cu 2p, and C 1s spectra were recorded with a
step size of 0.1 eV and a pass energy of 23.5 eV. All XPS data were
acquired using the software SmartSoft—XPS v2.6.3.4 and processed
using PHI MultiPak v9.3.0.3 or CasaXPS v.2.3.14 with Shirley
background. The relative sensitivity factors from the MultiPak library
were used when calculating atomic percentages. To calibrate the
binding energy scale, a piece of freshly exfoliated highly oriented
pyrolytic graphite (HOPG) was used as the internal standard. The C
1s photoemission line from the surface of HOPG was measured
simultaneously with nanocrystal samples in multipoint analysis mode.
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Consequently, all XPS spectra were calibrated according to the C 1s
peak of HOPG at 284.4 eV.>*

XAS measurements were performed at beamline 10-BM of
Advanced Photon Source (Argonne National Laboratory) at the Cu
K-edge (8978.9 eV) and Au Lj-edge (11,918.7 eV) in transmission
mode. XAS samples were prepared inside of a N,-filled glovebox.
Typically, 5 mL of Au/Cu NR solution (10 mg:mL™" in anhydrous
toluene) was mixed with S mL of carbon black solution (Vulcan XC-
72R, 10 mgmL™" in anhydrous toluene), and the resultant mixture
was stirred overnight before precipitation via centrifugation at 1500
rpm for 3 min. After drying under flowing N, gas, the pellets were
mixed with additional Vulcan XC-72R carbon black powder to attain
a gold mass concentration of 2 wt %, before being ground into a fine
powder. Afterward, the sample was pressed to form a self-supported
wafer, which was placed and sealed inside a gastight sample holder. All
XAS measurements were conducted at about 22 °C. During each
measurement at a particular edge, the corresponding metal foil was
measured simultaneously through a third ion chamber for energy
calibration. Analysis and fitting of XAS data were performed using the
Demeter software.’” The XAS spectra of Au foil were fitted based on
the standard Au face-centered cubic structure to obtain an amplitude
reduction factor (S,”), which remained fixed during subsequent
fittings of the Au L;-edge data. The same process was applied for the
Cu foil, and measurement results at the Cu K-edge. EXAFS
coordination parameters were retrieved by least-squares fit in R-
space of the k*-weighed Fourier transform data from 3 to 10 A™".
Fittings of EXAFS data were done by refining the bond distance (R),
coordination number (CN), and energy shift (AE,) considering only
the first coordination shell. The Debye—Waller factor (¢*) was fixed
to 0.008.

Electrochemical CO, Reduction Experiments. All electro-
chemical measurements were performed on an SP-300 potentiostat
(Biologic). CO, electrolysis was done by using a custom-built gas-
diffusion-layer (GDL)-based flow cell with the cathode and anode
compartments separated by a piece of Selemion anion-exchange
membrane (Figure S12). The flow rate of CO, gas was regulated
using a mass flow controller (Alicat Scientific), and the gas flow rate
existing in the cathode compartment was monitored during
electrolysis with a mass flow meter (Alicat Scientific) to ensure a
gastight setup (Figure S13). The uncompensated resistance (R,) was
determined by using electrochemical impedance spectroscopy (Figure
S14). The catholyte and anolyte flow rates were controlled
independently by using two peristaltic pumps in a closed-loop
configuration. During electrolysis, CO, gas was flowing continuously
at 20 sccm, while the catholyte (10 mL) and the anolyte (10 mL)
were circulated at 7.0 and 15.0 mL-min~’, respectively. 1 M KOH
solution was used as electrolyte and a leak-free Ag/AgCl electrode
(Innovative Instruments, Inc.) was used as the reference electrode.

Unless stated otherwise, the electrochemical potentials have been
converted to the RHE scale via E(vs RHE) = E(vs Ag/AgCl) + 0.21 V
+ 0.059 X pH. The reference electrode was calibrated prior to each
electrolysis run by measuring its open-circuit potential against a
master Ag/AgCl reference electrode (3 M NaCl, BASi) in 0.1 M
HCIO, solution. The master reference electrode was further
calibrated by measuring its open-circuit potential against a Pt foil
(99.997%, Alfa Aesar) in H-saturated 0.1 M HCIO, (pH 1.0), which
was 0.270 V, or equivalently, 0.210 V vs the standard hydrogen
electrode. This master reference electrode was not utilized in other
electrochemical experiments.

To prepare the working electrode, a catalyst ink was made by
mixing 1 mL of 5 mg:mL~" NR solution (in anhydrous toluene), 200
uL of DMSO, 200 uL of isopropanol, and 50 uL of S wt % Nafion
perfluorinated resin solution, followed by sonication for 5 min. Next,
290 uL of the catalyst ink was drop-cast onto a carbon paper (2 cm X
2 cm, Freudenberg H14C9, Fuel cell store) which was vacuum-dried
at room temperature for 2 h. The copper thin-film electrode was
prepared by thermal evaporation of copper (Cu shot, 99.999%, Alfa
Aesar) at a base pressure of <107 Torr onto a polytetrafluoroethylene
(PTFE, Steriltech) GDL with a mean pore size of 200 nm. A
deposition rate of 0.067 nm-min~" was used, which was regulated by

an SQC-310 controller (INFICON). A piece of Ni foam (0.5 cm X 1
cm x 1.6 mm, Advanced 2D Materials CO., Ltd., Store) was used as
the counter electrode.

To quantify the gaseous products generated during the CO,RR, the
cathode compartment was connected to a gas chromatograph (GC,
Multiple gas analyzer #S, SRI Instruments) using Ar (99.999%,
Airgas) as the carrier gas. The concentrations of CO and C,H, were
measured using a flame ionization detector and H, was quantified
with a thermal conductivity detector. The Faradaic efficiency (FE) of
each CO,RR product was calculated as follows:

Cx % X 96485

v X 100(%)
(/ 60) (1)

where C is the concentration (in ppm) of a specific gaseous product, n
is the number of electrons required to form that product (Table S1),
P is 1 atm, V is the injection volume (1 mL) of each GC run, R is
0.0821 atm-L'mol "K', T is 298 K, I is the applied current during
electrolysis, and f (in sccm) is the CO, flow rate during CO,RR.

Liquid-phase CO,RR products were quantified with a 600 MHz
Inova NMR spectrometer utilizing a presaturation pulse sequence for
water suppression.”’ Typically, 600 uL of the postelectrolysis
electrolyte, 70 yL of D,0O, and 30 uL of the internal standard
solution (10 mM DMSO and 50 mM phenol in H,0) were mixed in
an NMR sample tube. The amount of formate was quantified by
comparing the peak areas of formate (singlet, § = 8.33 ppm) and
phenol (triplet, 6 = 7.03 ppm). Other liquid products including
ethanol (triplet, § = 1.06 ppm), acetate (singlet, § = 1.8 ppm), and n-
propanol (triplet, § = 0.77 ppm) were quantified by comparing their
peak areas with that of DMSO (singlet, § = 2.6 ppm). The calibration
curves of individual liquid products were constructed by measuring a
series of standard samples with known concentrations (Figure S16).
FE was calculated as follows:

FE=nX96485XCXV % 100(%)

Ixt (2)
where C is the concentration of a certain liquid product determined
by NMR, # is the number of electrons required to form that product
(Table S1), V is the total volume of catholyte (10 mL), I is the
applied current during electrolysis, and t is the duration of the CO,RR
electrolysis before sampling of liquid products.

The energy efficiency of the electrochemical system was calculated
as follows:"

FE =
IXx

ox’ Ered(y

Energy efficiency = X FEn-propanol(%)

3)

where E2 and E% are the standard equilibrium potentials for water
oxidation (1.23 V vs RHE) and CO,RR to n-propanol (0.10 V vs
RHE), respectively, and E,, and E, 4 are the applied potentials at the
anode and cathode, respectively. To calculate the cathodic energy
efficiency, the anodic reaction was assumed to occur with zero
overpotential (E, = 1.23 V vs RHE)."

The long-term stability of CO,RR catalysts was studied using
chronopotentiometry at the current density of 70 mA-cm™ A 30 mL
portion of 1 M KOH catholyte was used for CO,RR electrolysis, and
1 mL of catholyte was extracted periodically with a syringe for
quantification of liquid products. After 6 h of electrolysis, the pH of
the catholyte was found to slightly decrease from 14 to 13.6S.

Determination of Electrochemically Active Surface Area
(ECSA). The catalyst ECSA was determined from measurements of
the double-layer capacitance (Cg). Cyclic voltammetry (CV) was
performed in CO,-saturated 0.1 M KHCOj in a custom-built H-type
cell at various scan rates (80, 100, 120, 140, 160, and 180 mV-s™') in a
potential range where faradaic processes are negligible. CV scans of
the reference Cu foil were conducted between 0.16 and 0.20 V,
whereas CV scans of all other samples were acquired between 0.40
and 0.50 V (Figure S21 and Table $7)."°° The average charging
current density (lj, — jl/2), defined as half of the difference between
anodic (j,) and cathodic (j.) current densities at 0.18 (for Cu foil)

ox E red
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and 0.45 V (for all other samples), was plotted versus the scan rate
and Cy was given by the slope. ECSA can be calculated as follows:

ECSA = A, X RF (4)
where A, is the geometric surface area of the electrode (0.5 cm?)
and RF is the roughness factor determined as the ratio of catalyst’s Cy
to Cy of the reference Cu foil (34.9 yF-cm™) (Table S7). The
reference Cu foil electrode was prepared as follows: a piece of Cu foil
(1 cm? 99.999%, Alfa Aesar) was mechanically polished with
sandpaper (400G, 3M) followed by sonication in a 1:1 (v/v) mixture
of DI water and isopropyl alcohol for S min. Next, the Cu foil was
electropolished by holding it at 2.1 V relative to a graphite foil CE (4
cm?, 0.13 mm thick, 99.8%, Alfa Aesar) in 85 wt % phosphoric acid
for S min in an undivided cell. To prepare the counter electrode for
ECSA measurements, a mixture of 252 uL of isopropanol, 252 uL of
DI water, 20 uL of Nafion solution, and 6 mg of iridium(IV) oxide
(99%, Alfa Aesar) was sonicated for 20 min to achieve a
homogeneous ink. 52.4 uL of this ink was then drop-cast onto a
carbon paper (1 cm?, Toray-060, Fuel Cell Store) and dried under
vacuum.

Calculation of the Number of Electrochemically Active
Surface Atoms. The number of electrochemically active surface
atoms was calculated using the lattice constant of the Au—Cu alloy
and experimentally determined ECSA. The results are summarized in
Table S8. The lattice constant of a bimetallic Au—Cu surface alloy was
estimated based on Vegard’s law using the atomic percentages
measured by XPS. Only NR1-NR#4 catalysts with minimal presence of
continuous gold domains (based on XAS data) were analyzed, given
that Vegard’s law is applicable to substitutional solid solutions with
randomly distributed atoms. The surface lattice constant of NR
catalysts (ayg) was calculated as follows:

anrR = (1- x)“Cu + xay, (5)

where «x is the atomic percentage of gold measured by XPS, a¢, is the
lattice constant of bulk Cu (0.362 nm), and a,, is the lattice constant
of bulk Au (0.408 nm). Our electron microscopy’’ and electro-
chemical CV characterization indicate that the NR surface is
terminated predominantly by {100} crystal planes (Figure S23).
Here, CV was conducted in Ar-purged 1 M KOH (aqueous) at S0
mV-s~! using a custom-built H-type cell and IrO,-deposited carbon
paper as the counter electrode. Previous studies have shown that OH
adsorption on Cu is a structure-sensitive process.”’ Given that each
surface unit cell of the Cu {100} planes consists of two atoms, the
total number of surface Au and Cu atoms can be calculated as
ECSA(cm?)
(“NR)Zcml

Turnover Frequency Calculation. The turnover frequency of n-
propanol (TOFn,pmpanol) was calculated as the number of n-propanol
molecules produced per second per surface active site as follows:

Ix N, x FE

2 X

n-propanol
TOE,. =
rpropancl FXx18 x Nactive (6)

where I is the current during electrolysis, N, is the Avogadro constant,
FE, propanol 18 the Faraday efficiency of n-propanol, F is the Faraday
constant, and N, ;. is the number of surface active sites. The factor
“18” accounts for the fact that the formation of one n-propanol
molecule requires 18 electrons.

In Situ ATR-SEIRAS. ATR-SEIRAS was performed on a Bruker
Vertex 70v FTIR spectrometer, which was equipped with a liquid
nitrogen-cooled MCT detector and a VeeMAX III ATR accessory
(Pike Technologies). A custom-built spectro-electrochemical cell was
used, with the anode and cathode compartments separated by a
Selemion anion-exchange membrane (Figure S28a). A thin film of
polycrystalline Au, polycrystalline Cu, or NR catalysts was deposited
onto the reflecting surface of a Si ATR crystal with a 60° incidence
angle (Pike Technologies), which served as the working electrode. A
graphite rod (99.9995%, Alfa Aesar) was employed as the counter
electrode, and Ag/AgCl (3 M NaCl, BASi) was used as the reference
electrode. All measurements were conducted in a 0.1 M KOH

electrolyte. The catholyte was purged with CO gas for 15 min before
the ATR-SEIRAS measurement and was continuously purged with
CO throughout the measurement. To minimize any potential drift,
the Ag/AgCl reference electrode was installed immediately before the
measurement to limit its contact with the KOH electrolyte to less
than S min. All spectra were collected at 4 cm™" resolution with 0.85 s
per scan. As a result, a spectrum of 8 (128) coadded scans
corresponds to 6.8 s (108.8 s).

In a typical ATR-SEIRAS experiment, a background spectrum was
first obtained with 128 coadded scans while holding the potential at
0.03 V using a potentiostat (Wavedriver 200, PINE research). Next,
CV was conducted at 10 mV-s™' between 0.03 V and —0.67 V.
Individual spectra were collected with 8 coadded scans and thus, each
spectrum corresponded to about 68 mV potential interval (Figures
$29—S30). The spectra are presented in absorbance units, where
positive peaks indicate an increase in the concentration of relevant
interfacial species.

Preparation of Gold Film. Polycrystalline gold film was prepared
on the reflecting plane of the Si ATR crystal using electroless
deposition following established methods.®* First, the surface of the Si
prism was cleaned by dipping it into aqua regia for 2 min to dissolve
any metal contaminants and then rinsed with copious amounts of DI
water. Afterward, the Si prism surface was mechanically polished with
a suspension of 0.05 pm alumina powder in DI water and then
sonicated in DI water for 5 min to remove any residual alumina
powders. Next, the polished Si surface was immersed in freshly
prepared Piranha solution (3:1 v/v ratio of H,SO,:H,0,) for 20 min
to remove any organic contaminants. The Si prism was then sonicated
in water, acetone, and water successively, each for 5 min, resulting in a
highly hydrophilic surface. The cleaned Si prism surface was
immersed in a 40% NH,F solution for 90 s at room temperature to
create a hydrogen-terminated Si surface. The hydrophilicity (hydro-
phobicity) of the Si surface was judged by the tendency of a water
droplet to wet the surface (bead at the surface). Separately, a 2 wt %
HF solution was added to the gold plating bath (1:4.4 v/v ratio) at 5§
°C. After 30 s, the hydrogen-terminated Si surface was immersed in
the gold plating bath at 5SS °C for 8 min, rinsed with DI water, and
blown dry with N, gas.

The gold plating bath was prepared by mixing two solutions
(solutions A and B) as follows. To prepare solution A, 0.1143 ¢
NaAuCl,-2H,0 was dissolved in 1.5 mL of DI water in a 15 mL
centrifuge tube, resulting in a transparent yellow solution. Next,
0.0611 g of NaOH was added to this solution producing a dark-
orange solution. After being sonicated for 1 h, the solution became
transparent yellow. Solution B was prepared by dissolving 0.067 g of
NH,CI, 0.4734 g of Na,SO;, and 0.3101 g of Na,S,0;-5SH,0 in 25
mL of DI water in a 50 mL centrifuge tube followed by sonication for
1 h. Afterward, solution A, solution B, and 23.5 mL of DI water were
combined to reach a total volume of 50 mL and sonicated for 1 h. The
resultant colorless solution had 5.75 mM NaAuCl,-2H,0, 0.075 M
N2,S05, 0.025 M Na,$,045-5H,0, 0.025 M NH,Cl, and 0.031 M
NaOH. This solution was covered with aluminum foil and left
undisturbed overnight prior to use.

Preparation of Copper Film. Polycrystalline copper film was
deposited onto the reflecting plane of the Si ATR crystal following
established methods.*** The surface of the Si prism was polished and
treated with Piranha solution as detailed above. The Si prism was then
immersed in a 40% NH,F solution for 90 s at room temperature to
afford a hydrophobic hydrogen-terminated surface. Next, the prism
surface was immersed in a Cu seeding bath containing 750 uM
CuSO, and 0.5 wt % HF for 90 s. After a gentle rinse with DI water,
the Si surface was immersed in a freshly prepared Cu deposition bath
at 55 °C for 4 min, rinsed with DI water, and dried with flowing N,.
The Cu-coated Si ATR crystal was stored under vacuum before use.

The Cu deposition bath was prepared as follows. First, 10 mL of
0.625 M HCHO solution and 10 mL of 0.05 M CuSO, solution were
mixed in a 50 mL centrifuge tube, to which another 5 mL of solution
containing 100 mM Na,EDTA and 1.5 mM 2,2-bipyridine was added
dropwise. Afterward, NaOH was added to the mixture to raise the pH
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to ~12. The resulting solution contained 0.25 M HCHO, 0.02 M
CuSO,, 0.3 mM bipyridine, and 20 mM Na,EDTA.

Preparation of NR Catalyst Film. Typically, 200 uL of NR solution
(5 mg:mL™" in anhydrous toluene) was drop-cast onto a Si ATR
crystal precoated with polycrystalline gold film, which was dried under
vacuum at room temperature for 1 h (Figure S28b,c).

Computational Methods. DFT calculations were ?erformed
using the Vienna Ab initio Simulation Packa%e (VASP)® with the
projector augmented wave pseudopotential®®®” and the Revised
Perdew—Burke—Ernzerhof (RPBE) exchange-correlation function-
al.% The Cu(100) supercell was constructed as a (6 X 4) supercell
with three atomic layers. The slab was separated by 12.5 A of a
vacuum layer from the periodic boundaries. We used a 3 X 3 X 1
Monkhorst—Pack k-point mesh and a kinetic energy cutoff for the
plane-wave basis of 400 eV. The convergence thresholds for the total
energy and force were self-consistent and set to 1 X 107° eV and 0.01
eV-A~!, respectively. The reaction profiles were calculated using 10
intermediate steps between the initial and final steps via the climbing-
image nudged elastic band (CI-NEB) method.®” All simulations were
performed under charge-neutral conditions in vacuum.

To calculate the energetics of the C,—C, coupling step, adsorbed
CO (*CO) was used since it is a common C, intermediate for
generating C,, products during CO,RR."**>7° It has been shown that
CO can adsorb to the Cu surface via atop- and bridge-bound
modes.”® Here, we used atop-bound CO as the C; intermediate,
whose dominance was revealed by in situ ATR-SEIRAS measure-
ments. The RPBE functional was employed to maximize computa-
tional efficiency while correctly predicting the adsorption site and
associated activation energy.71 On the other hand, the dominant C,
intermediate for C; production on the Cu(100) surface is still under
debate."™'”*° In this work, we examined *HCCH and *HCCHj as
potential C, intermediates based on previous studies.'*>> Our main
goal is to understand the effects of Au doping of the Cu(100) surface
on the mechanism and energetics of C,—C, coupling during the
CO,RR. We calculated and compared the total Gibbs free energy on
both the pristine Cu(100) surface as well as the Cu(100) surface with
one of the Cu atoms replaced by one Au atom (Figures S31—-S32).
Given that Au exhibits low binding affinity toward the *CO
intermediate, potential and solvation effects were not considered
when evaluating the effect of surface Au atom on the CO,RR. We
computed the difference in ¥*CO adsorption energy between Au-
doped and pristine Cu(100) surfaces as a function of distance from
the Au dopant atom (Figure S33). A CO-repulsion zone is present
near each Au atom due to its low binding affinity for CO, causing
*CO to diffuse to nearby Cu atoms.
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