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Electroreduction of CO, on Au(310)@Cu High-index Facets
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Longfei Wu, Tim Hellmann, Jan P. Hofmann, and Peter Strasser*

Abstract: The chemical selectivity and faradaic effi-
ciency of high-index Cu facets for the CO, reduction
reaction (CO,RR) is investigated. More specifically,
shape-controlled nanoparticles enclosed by Cu {hkO}
facets are fabricated using Cu multilayer deposition at
three distinct layer thicknesses on the surface facets of
Au truncated ditetragonal nanoprisms (Au DTPs). Au
DTPs are shapes enclosed by 12 high-index {310} facets.
Facet angle analysis confirms DTP geometry. Elemental
mapping analysis shows Cu surface layers are uniformly
distributed on the Au {310} facets of the DTPs. The
7nm Au@Cu DTPs high-index {hkO} facets exhibit a
CH,:CO product ratio of almost 10:1 compared to a
1:1 ratio for the reference 7 nm Au@Cu nanoparticles
(NPs). Operando Fourier transform infrared spectro-
scopy spectra disclose reactive adsorbed *CO as the
main intermediate, whereas CO stripping experiments
reveal the high-index facets enhance the *CO formation
followed by rapid desorption or hydrogenation. )

The renewable electricity-powered, direct electrochemical
conversion of CO, and water into hydrocarbon and oxygen-
ate products constitutes a promising approach towards
carbon-neutral fuels and chemicals.'! However, this technol-
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ogy is currently hampered by a lack of sufficiently selective
and efficient electrochemical catalysts.”?) Cu catalysts are
unique in converting CO, into hydrocarbons, such as
synthetic methane, mainly because of their balanced CO
binding strength and stabilization of key reactive
intermediates.”! Synthetic methane (CH,) is an appealing
carbon-neutral energy carrier, as the liquefied and pipeline
based CH, chain is mature and cost-effective. Also, a
synthetic methane-based future residential heating infra-
structure is greatly preferred over a hydrogen-based one,
due to vast technology adaption cost and safety concerns.
Increasing effort has been directed towards fabricating Cu-
based catalyst systems with well-defined facet and morphol-
ogy structures for understanding the CO, selective reduction
process. Among these structurally well-defined Cu-based
model catalysts, facet-dependent structural selectivity has
been widely studied on low-index Cu facets. Hori and co-
workers®! performed CO, reduction using chronopotentiom-
etry at —5mAcm? in an aqueous KHCO; electrolyte.
Cu(100) and Cu(111) surfaces favored the formation of
C,H, and CH,, respectively, while Cu(110) promoted the
production of acetate and acetaldehyde. Subsequently,
Buonsanti et. al’®! observed an increasing level of ethylene
FE for Cu cubes enclosed with {100} facets, while Cu
octahedra enclosed with {111} facets reached a CH,
selectivity of up to 51 %. Recently, Koper and co-workers!”
utilized online electrochemical mass spectrometry (OLEMS)
to monitor CO reduction products (CH, and C,H,) on Cu
single-crystal surfaces, confirming that C,H, formation is
favored on Cu(100), while CH, and C,H, evolved simulta-
neously on Cu(111). The low-index facet effect of Cu on
CO, reduction electrocatalysis has been well documented in
the literature.

By contrast, the catalytic reactivity of high-index Cu
facets, in particular in the form of shape- and facet-
controlled nanocrystals, has remained often unexplored.®
Direct synthesis of high-index noble metal facets through
the growth of well-shaped gold templates has been demon-
strated before, but the synthesis of non-noble high-index Cu
facets other than the above remains a challenge.”’ The most
prominent feature of high-index facets is that there exists a
high density of surface steps and kinks with low
coordination."” These steps or kinks can enhance bond
breaking and making through sharply varying surface-bind-
ing energies of adsorbates, which, in turn, changes the
reaction pathway toward different products.""! However,
according to the Wulff construction rule,"” high-index facets
are energetically unfavorable, which implies that they
reconstruct back to lower-index facets. Several literatures
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reported the fabrication of Cu film with high-index
facets,™ which are always inevitably affected by grain
boundary effects and grain size effects, the relationship
between facets and CO,RR performance has thus far
remained elusive. Therefore, new preparation strategies
towards epitaxially grown, high-index Cu facets that are
stabilized by highly durable, facet-controlled metallic sub-
strates holds the key to better understand the molecular
reaction mechanism and the selectivity of CO, reduction on
facet controlled nanostructured particles.

Here, we report the successful synthesis of nanostruc-
tured shape-controlled Au/Cu core-shell model particles
with all {hkO} high-index Cu facets. The facets are generated
by deposition of Cu layers on precisely controlled {310}
high-index Au facets that enclose a very specific ditetragonal
prism-shaped Au nanocrystal (Au DTP). Owing to the high
surface energy and high density of surface steps and kinks,
the high-index Cu facets expose large fractions of low-
coordinated surface atoms, which catalyze the CO, reduc-
tion with unique selectivity, see Figure 1. We characterize
the electrocatalytic behavior and correlate it to reactive
surface intermediates using operando electrochemical FTIR
spectroscopy. We uncover distinct variations in surface
coverage of specific reactive adsorbates relative to a
spherical/cuboctahedral Au—Cu core-shell reference cata-
lysts. The present communication is to spark wider synthetic
and kinetic experimental and computational efforts to
uncover and control CO, reduction reaction (CO,RR) on
high energy, high-index Cu facets.

Cu multilayers were deposited on top of truncated Au
ditetragonal nanoprisms (DTPs)—nanocrystals that are
precisely enclosed by 12 high-index {310} facets—at three
distinct controlled thicknesses. To achieve this, pure Au
DTPs with 12 high-index {310} facets were synthesized
first.™ Scanning electron microscopy (SEM) images (Fig-

Au {310} Cu {hk0}
3(100) x (110)

n (100) x (110)

Cu deposition

Au DTPs

Cu deposition

Au NPs Au@Cu NPs

Figure 1. Schematic representation of the possible catalytic mechanism
of selective CO, electroreduction to CH, over shape- and morphology-
controlled {hk0} facets of Au@Cu DTP catalysts, and non-shape
controlled, spherical/cuboctahedral Au@Cu reference catalyst NPs,
respectively, of comparable size. The {hkO} facets are periodically
constituted of nx (100) as terrace and one (110) as step, i.e. n

(100) x (110), while the non-shape controlled spherical/cuboctahedral
surface composes of differently orientated facets.
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ure SIA) of the Au nanoparticles (NPs) showed the
characteristic truncated ditetragonal prism morphology with
average size of about 200-400 nm. Energy-dispersive X-ray
spectroscopy (EDX) spectra in Figure SIB confirmed the
purity of synthesized Au DTPs. Au DTPs were unambigu-
ously identified using their TEM images (Figure 2A) and
the corresponding four-fold symmetrical selected area elec-
tron diffraction (SAED) pattern (Figure 2A, inset) that
evidenced characteristic facet angles along the [001] direc-
tion of a=143.6° and B=126.5°, respectively, which are very
close to the theoretical mathematical values of Au {310}
(a=143.1° and B=126.9°, Figure 2B, and Movie S1).!" The
FT-IR spectroscopy spectra of Au DTPs in Figure S2
demonstrated the absence of poly(diallyldimeth-
ylammonium chloride), giving direct evidence for the
formation of clean Au DTPs. Subsequently, as shown in
Figure S3, the Au DTPs underwent a controlled Cu atom
electrodeposition process at —0.2V, —0.3 V and —0.4 V vs.
Ag/AgCl, yielding Cu layer-by-layer growth with thickness
of 450nm, 6.74nm and 9.76 nm (Table S1), respectively
(denoted as 5 nm-thick Au@Cu DTPs, 7 nm-thick Au@Cu
DTPs, and 10 nm-thick Au@Cu DTPs). SEM images in
Figure 2C feature their 2D overlayer morphology with a
lateral size of ca. 300 nm, evidencing absence of 3D island
growth. EDX mappings in Figure 2D-F, S4-6 showed a
homogeneous Cu surface coverage on the Au DTPs,
confirming the Cu deposited along the Au {310} facets. X-
ray photoelectron spectroscopy (XPS) spectra for 7 nm
Au@Cu DTPs in Figure S7 identified the ratio of Cu and Au
was ~3:1, higher than the nominal ratio of 1:5, which
evidenced the overlayer nature of Cu on top of Au. We note
that the slightly uneven projected thickness of Cu layer in
Figure S5C could be attributed to the small tilt angle away
from the zone axis orientation. As the deposition potential
increased, there were small Cu particles discernible at the
10 nm-thick Au@Cu DTPs (Figure S6C). For comparison
and reference, 300 nm spherical/cuboctahedral Au NPs
covered with a similar amount of copper layers were

500 nm

Figure 2. Characterization of the {310} Au facets and {hk0} Cu facets.
(A) TEM image (inset: the corresponding SAED pattern) and (B) model
illustration for the Au DTPs; the line connecting the Bragg reflections
indicate the location of a angles; (C-D) HR-SEM, and (E-F) corre-
esponding EDX mapping images of 7 nm-thick Au@Cu DTPs.
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synthesized, denoted as 5 nm-thick Au@Cu NPs, 7 nm-thick
Au@Cu NPs, 10 nm-thick Au@Cu NPs (Figures S8-10, table
S1). Our synthesis and characterization unequivocally con-
firmed the successful formation of core-shell Au/Cu DTPs
(here referred to as Au@Cu DTPs), covered by Cu multi-
layers with controlled facet orientation.

To investigate the CO, electrocatalysis of Cu {hkO}
facets, activity and efficiency tests of CO, electroreduction
were conducted for all Au@Cu DTPs, and compared to
those done with spherical/cuboctahedral Au@Cu NPs. The
CO, reduction activity was tested on a glassy carbon
electrode (GCE) using an H-cell with a catalyst loading of
0.15mgem ™. As shown in Figure 3A-F and S11, both the
Au@Cu DTPs and spherical/cuboctahedral Au@Cu NPs
realized CO, reduction into C, products and a small amount
of C, products (ethylene and ethanol), in which the
predominant products were CO and CH, accompanied with
a small amount of formic acid. Intriguingly, 7 nm-thick
Au@Cu DTPs showed a CH,:CO ratio of almost 10:1
compared to the roughly 1:1 ratio for the spherical/
cuboctahedral 7 nm-thick Au@Cu NPs at ~—0.96V vs.
RHE (Figure 3B and E). The 7 nm-thick Au@Cu DTPs
showed CO,RR performance resembling the data on single
crystal (310) and (210) surfaces in Hori and Bagger’s work,

30
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Figure 3. CO, electroreduction faradaic efficiencies of {hk0} Cu facets
versus spherical/cuboctahedral Cu nanoparticles as function of over-
layer thickness. Faradaic efficiency for (A) 5 nm-thick Au@Cu DTPs,

(B) 7 nm-thick Au@Cu DTPs, (C) 10 nm-thick Au@Cu DTPs, (D) 5 nm-
thick Au@Cu NPs, (E) 7 nm-thick Au@Cu NPs, (F) 10 nm-thick
Au@Cu NPs, respectively. (inset: the corresponding model illustration
for the Au@Cu DTPs and Au@Cu NPs with various thickness,
respectively.)
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respectively.l'!” This is because the thickness of the Cu
layer results in a partial facet relaxation of surface Cu atoms,
narrowing the (100) terraces near the surface. While the
exposed facets continue to be (hk0) facets, they showed an
increased ratio of Cu(210) facets. Cu(210) facets not only
showed a similar surface energy as Cu(310) ones, but also
possessed identical angles for the octagons along [001]
direction, with simply a and B angles exchanged (Fig-
ure $12)."! Besides, the growth of Cu had a crystalline order
directed by the Au (310) substrate, it is likely that the
oriented growth has propagated through each layer and is
still apparent on the surface, which could exclude the
formation of the polycrystalline Cu layers.'"¥ Moreover, at
~—0.96 V vs. RHE, the faradaic selectivity in Figure S13 for
CH, of 25.36 % for 7 nm-thick Au@Cu DTPs was roughly 4
times larger than that of spherical/cuboctahedral 7 nm-thick
Au@Cu NPs (6.27 %). Furthermore, the 7 nm-thick Au@Cu
DTPs presented roughly 1.4-fold higher faradaic efficiency
of CH, relative to the 5 nm-thick Au@Cu DTPs (Figure 3A-
B), because the thicker Cu layer could help to retain more
stable Cu surface facets. The 10 nm catalyst showed a similar
FE of CH, in Figure 3B as the 7 nm thick film because at
this point the thickness was not the only impact factor, but
the existence of small Cu particles discernible at the 10 nm-
thick Au@Cu DTPs could also affect the selectivity of
performance. For comparison, there was no obvious selec-
tivity trend for the Cu-covered spherical/cuboctahedral Au
nanoparticles at any thickness, suggesting absence of
preferred facet selectivity due to the more isotropic
structure and low-facet distribution (Figure 3D-F). Conse-
quently, the higher index Cu{hkO0} facets enhanced the CO,-
to-CH, selectivity through a structure sensitivity effect.

To understand how the high-index Cu {hkO} facets
enhance the catalytic CO,-to-CH, selectivity and activity,
operando Fourier transform infrared spectroscopy (FT-IR)
was carried out to gain insights into the key intermediates
over the high-index Cu {hkO} facets. As shown in Figure 4A,
no obvious peaks were detected at rather anodic electrode
potentials near —0.1 Vyyg, prior to CO, electrolysis. Then,
the band at 2100 cm™' was assigned to the reactive linear
*CO intermediate, gradually appeared and strengthened
with electrolysis time.'”! In addition, no red shift of *CO

——7 nm-thick Au@Cu DTPs , B
[ ——7 nm-thick Au@Cu NPs 0640

0.632

Absorbance (a.u.)

s 1 1 1 1
1800 2000 2200 2400 2600 -0,2 0,6 0,8

Wavenumber (cm™) OJOV (ngZERHE‘))‘4
Figure 4. Operando characterizations and experimental mechanistic
studies of {hk0} Cu facets versus spherical/cuboctahedral Cu nano-
particles. (A) Operando FTIR spectra of the 7 nm-thick Au@Cu DTPs
recorded at different potential intervals (inset: model illustration for the
adsorbed *CO on the Au@Cu DTPs). (B) Cyclic Voltammograms (CVs)
recorded in 0.1 M KOH with CO-saturated electrolyte for the 7 nm-thick
Au@Cu DTPs and the 7 nm-thick Au@Cu NPs, repectively.
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bands were observed by the FT-IR spectra in Figure 4A.
*CO protonation to *CHO is widely accepted the key step
for methane formation, and the simultaneous suppression of
both HER and C—C coupling is the key to boost methane
selectivity. If *CO intermediates involved in the C-C
coupling process, the position of *CO would be red shifted
to lower frequencies due to the stronger interaction between
*CO and the surface of the catalyst, which promotes CO
dimerization. These findings indicate and account for the
dominant *CO protonation process to methane. To further
investigate the binding affinity of adsorbed *CO on the Cu
multilayers of varying thickness deposited on the Au DTPs
and spherical/cuboctahedral Au nanoparticles, molecular
CO oxidation experiments were conducted by oxidative
LSV stripping scans under a CO-saturated 0.1 M KOH
electrolyte.’” The results in Figure 4B revealed increased
CO stripping currents and charges for the 7 nm-thick
Au@Cu DTPs as compared to the spherical/cuboctahedral
7 nm-thick Au@Cu NPs. Meanwhile, the stripping peak
potential of adsorbed *CO adsorption on the 7 nm-thick
Au@Cu DTPs was 0.649 V, more anodic of that of the
spherical/cuboctahedral 7 nm-thick Au@Cu spherical/cuboc-
tahedral NPs (0.632 V). The increased current density and
the higher peak potential of the 7 nm-thick Au@Cu DTPs
suggest stronger chemisorption of *CO on the facet con-
trolled Cu surface, which, in turn, facilitates subsequent
*CO hydrogenation via proton-coupled electron transfer.!!
Consequently, the Cu {hk0} facets not only favored the
formation of the *CO intermediate, but also exhibited
stronger *CO binding energy as compared to spherical/
cuboctahedral Au@Cu NPs, which thereby reasonably
accounts for the enhanced CO,-to-CH, pathway.

In conclusion, this communication reports the electro-
catalytic activity and selectivity for CO, electroreduction of
high index Cu facets exposed on shape-controlled nano-
particles. High-index nanoparticle Cu facets—synthetically
challenging to realize for pure Cu nanoparticles—were
synthesized using galvanic deposition of atomic Cu layers of
varying thicknesses on precisely facet- and shape controlled
Au DTP nanoparticles (Au@Cu DTPs). Cu overlayers of
identical thickness on non shape-controlled spherical/cuboc-
tahedral Au nanoparticles served as reference catalysts.
Au@Cu DTPs were enclosed by 12 high-index Cu {hkO}
facets. EDX mapping image indicated Cu was homogene-
ously deposited along the Au {310} facets.

Owing to the exposure of Cu {hkO} high-index facets,
7 nm-thick Au@Cu DTPs showed a CH,: CO ratio of almost
10:1 compared to the roughly 1:1 ratio for the isotropic
structure of spherical/cuboctahedral 7 nm-thick Au@Cu
NPs. Moreover, the 7 nm-thick Au@Cu DTPs presented
roughly 1.4-fold higher faradaic efficiency of CH, relative to
the 5 nm-thick Au@Cu DTPs, indicating the thicker {hkO}
Cu layer helped improved CH, production.

Operando FT-IR spectra and CO stripping experiments
illustrated that the high index Cu facets favor *CO
formation and hydrogenation, which accounts for the higher
faradic efficiency for hydrocarbons. This study manifests the
feasibility of high-index facets engineering to drive specific
CO,-to-chemicals or fuels reaction channels.
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