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Abstract

Bimetallic nanocrystals often outperform their monometallic counterparts in catalysis as a
result of the electronic coupling and geometric effect arising from two different metals. Here we
report a facile synthesis of Pd—Cu Janus nanocrystals with controlled shapes through
site-selected growth by reducing the Cu(ll) precursor with glucose in the presence of
hexadecylamine and Pd icosahedral seeds. Specifically, at a slow reduction rate, the Cu atoms
nucleate and grow from one vertex of the icosahedral seed to form a penta-twinned Janus
nanocrystal in the shape of a pentagonal bipyramid or decahedron. At a fast reduction rate, in
contrast, the Cu atoms can directly nucleate from or diffuse to the edge of the icosahedral seed
for the generation of a singly twinned Janus nanocrystal in the shape of a truncated bitetrahedron.
The segregation of two elements and the presence of twin boundaries on the surface make the
Pd—Cu Janus nanocrystals effective catalysts for the electrochemical reduction of CO2. An onset
potential as low as —0.7 Vrue (RHE: reversible hydrogen electrode) was achieved for
C2+ products in 0.5 M KHCOs3 solution, together with a faradaic efficiency approaching 51.0% at
—1.0 Vrue. Density functional theory and Pourbaix phase diagram studies demonstrated that the
high CO coverage on the Pd sites (either metallic or hydride form) during electrocatalysis
enabled the spillover of CO to the Cu sites toward subsequent C—C coupling, promoting the
formation of Ca+ species. This work offers insights for the rational fabrication of bimetallic
nanocrystals featuring desired compositions, shapes, and twin structures for catalytic

applications.



Introduction

Bimetallic nanocrystals have received ever-increasing interest for their enriched properties
and enhanced applications relative to a monometallic system.! The involvement of two metals,
for example, allows one to enhance the catalytic activity of nanocrystals toward various reactions
by leveraging the geometric and ligand effects. Among the different configurations, those with a
Janus or side-by-side structure are particularly attractive because both of the metals are presented
on the surface. In recent years, seed-mediated and site-selected growth has emerged as one of the
most effective routes to the synthesis of bimetallic nanocrystals with a Janus structure.? The
success in synthesis has led to the development of catalysts with augmented performance. For
example, Au nanorods bearing Pt tips at the ends showed a greatly enhanced activity toward the
photocatalytic hydrogen evolution reaction (HER) relative to the Au—Pt bimetallic nanocrystals
with a core-shell structure.* By spatially confining Pt to the two ends of a Au nanorod, hot
electrons could be effectively generated via the excitation of surface plasmons in the Au
component and then transferred to the Pt tips for reducing H" to Hoa.

While seed-mediated synthesis can be easily and conveniently implemented, it is nontrivial
to achieve site-selected growth. In many cases, the lack of an internal or external driving force
makes it rather difficult to ensure that the incoming atoms only nucleate and grow from one of
the multiple equivalent sites on a seed.” From the point of thermodynamics, it is not favorable to
generate the high-index facets and large surface areas typically associated with the products of
site-selected growth.’ In addition, surface diffusion tends to move the deposited atoms to other
regions on the surface of a seed, ruining the pattern of site-selected growth.® A number of
strategies have been developed to address these issues, including manipulation of the reduction
kinetics of the precursor,”® partial passivation of the surface of a seed through the use of a
capping agent,”!* introduction of oxidative etching,'' and leverage of lattice mismatch between
the two metals.'?

Copper (Cu) and Cu-based nanocrystals have received considerable interest in recent years

owing to their outstanding performance in catalysis, as well as the excellent electric conductivity,



high abundance in the Earth’s crust, and the low price of Cu.!* They have been extensively
explored as catalysts toward the electrochemical reduction of CO2, and Cu is one of the few
metals capable of generating appreciable amounts of hydrocarbons, in particular, multicarbon
(C2+) species such as ethylene and ethanol with high values and large markets.'*!> However,
current Cu-based catalysts are plagued by problems such as high overpotential, low selectivity,
and poor stability. Some of these issues can be addressed by maneuvering the composition, shape,
and twin structure of the Cu-based catalysts. For example, it was reported that the presence of
planar defects on the surface could strengthen the binding of CO and thereby increase the CO
coverage density to promote C—C coupling.'® Such a modification has led to a high selectivity
(52.4%) toward ethylene at —1.0 Vrue (RHE: reversible hydrogen electrode) in 0.1 M
KHCO: electrolyte. On the other hand, introducing Pd or Ag into Cu in the form of segregated,
nanoscale domains was able to improve the selectivity toward ethylene relative to a catalyst
based on Cu nanoparticles, demonstrating the important role of both the composition and spatial
distribution in determining the performance of a Cu-based catalyst.!7-!8

Considering the benefits from planar defects and a segregated, bimetallic composition, we
sought to develop a class of effective catalysts toward COz reduction by controlling the growth
of Cu from Pd icosahedral seeds. The multiple twin defects intrinsic to an icosahedron would be
able to direct the deposition of Cu atoms for the generation of twin boundaries on the surface of
the resultant Cu nanocrystal.19 The large lattice mismatch (7.1%) between Pd and Cu would
favor both site-selected nucleation and island growth, enabling the production of a Pd—Cu
nanocrystal featuring a Janus structure.?’ It was envisioned that catalysts with such a favorable
combination of twin boundaries and segregated composition would exhibit significantly
improved activity, selectivity, and onset potential for the formation of Cz+ products during the
electrochemical reduction of CO2.%!

Here we report that we could obtain Pd—Cu Janus nanocrystals with different shapes for the
Cu component by varying the experimental conditions used for seed-mediated growth involving

Pd icosahedra. Specifically, by increasing the concentration of the precursor, the nucleation and



growth of Cu could be shifted from a vertex to an edge of the icosahedral seed for the formation
of nanocrystals in the shape of a pentagonal bipyramid, decahedron, or truncated bitetrahedron.
The concentration of hexadecylamine (HDA), a stabilizer and a coordination ligand, also played
an important role in the seed-mediated synthesis. An increase in HDA concentration favored the
formation of pentagonal bipyramids and decahedra, whereas truncated bitetrahedra were
obtained at a reduced concentration. The as-synthesized Pd—Cu nanocrystals were evaluated as
catalysts toward the electrochemical reduction of CO2. An onset potential as low as —0.7 Vrug,
together with a high selectivity approaching 51.0% at —1.0 Vrug, was achieved for the
production of Ca+ species in a 0.5 M KHCOs electrolyte. The performance was greatly improved
relative to other catalysts based on Cu (Table S1).%272° Furthermore, we performed density
functional theory (DFT) calculations and constructed Pourbaix phase diagrams to investigate the
role of Pd, in either its metallic or hydride form, in the bimetallic catalysts. We demonstrated that
a CO coverage exceeding 6/9 monolayer (ML) on Pd(111) or 5/9 ML on the PdH surface was
required for CO spillover from Pd to Cu, both clearly achievable under the experimental
conditions of the present study. Upon migration to the Cu sites, the CO could undergo C-C

coupling for the generation of Ca+ products.

Results and Discussion

Pd-Cu Janus Nanocrystals with Three Different Shapes. As a highly symmetric object,
the surface of an icosahedron is covered by 12 equiv of penta-twinned apexes as the vertices, 30
equiv of twin boundaries as the edges, and 20 equiv of {111} facets as the side faces.??’ Figure
S1 shows a typical transmission electron microscopy (TEM) image of the as-prepared Pd
icosahedral seeds, which had an average size of 12.7 + 1.3 nm (see Figure S2a for the definition
of size). As shown in Figure 1, with them serving as the seeds, we were able to obtain Pd—Cu
Janus nanocrystals featuring three distinctive shapes for the Cu component by simply increasing
the amount of the Cu(Il) precursor involved in the synthesis. Specifically, at a fixed amount of 45

mg for HDA, we obtained Cu nanocrystals in the shapes of a pentagonal bipyramid, decahedron,



and truncated bitetrahedron, respectively, when 1.05, 5.25, and 10.5 mg of CuCl> were involved.

Structural characterizations of the Pd—Cu nanocrystals with different shapes are summarized
in Figure 2. Analyses of about 180 particles for each shape on the TEM images gave a purity of
72% for the pentagonal bipyramids with an average size of 26.1 & 2.5 nm, 79% for the decahedra
with an average size of 39.3 + 2.7 nm, and 84% for the truncated bitetrahedra with an average
size of 48.2 + 3.5 nm. The definition of size for each type of nanocrystal can be found in Figure
S2, b—d. For the pentagonal bipyramid (Figure 2b), we were able to identify the borderline
between Pd and Cu under bright-field scanning TEM (BF-STEM) imaging, confirming a Janus
structure for the overall nanocrystal. We also resolved the twin boundaries in the Cu portion, as
highlighted by the red dashed lines. A horizontal projection of this penta-twinned nanocrystal is
shown in Figure S3, revealing its pentagonal base and twin boundaries. Taken together, it can be
concluded that the Cu portion had a pentagonal-bipyramidal shape and a penta-twinned structure.
Different from the conventional bipyramids where the two pyramidal portions are related by
reflectional symmetry, one side of the as-prepared Cu bipyramid was elongated, while the other
side could be hardly seen. In a sense, this new bipyramid had an asymmetric shape similar to that
of a light bulb.?® The segregation in composition was further supported by the dark-field (DF)
STEM image and energy dispersive X-ray (EDX) mapping data shown in Figure 2, ¢ and d,
where the signals for Pd and Cu were spatially separated from each other.

Figure 2f shows a BF-STEM image of the decahedron, in which the five twin boundaries in
Cu could be clearly resolved around the Pd seed. Interestingly, the locations of these twin defects
were aligned with those in the original Pd icosahedral seed, suggesting that the twin boundaries
intersecting the vertex of Pd icosahedron induced the formation of twin defects in Cu. The flat
shape, pentagon projection, and penta-twinned structure all pointed toward a decahedral shape
for the nanocrystal. According to the DF-STEM image in Figure S4, the Pd seed was located at
one of the two axial vertices of the Cu decahedron instead of the center, suggesting that Cu was
only grown from one side of the Pd seed to form a Janus structure similar to that of the

pentagonal bipyramid. As for the truncated bitetrahedron shown in Figure 2j, the Pd seed was



positioned at one of the three vertices on the equatorial plane. From the side view of a truncated
bitetrahedron (Figure S5a), the twin boundary is next to the center of a projected hexagon while
passing through the Pd seed, illustrating the singly twinned structure of the nanocrystal. Severe
truncation was also observed at two corners along the axis perpendicular to the triangular base.
In the [011] direction, the angle of the corner next to the Pd seed was measured to be 55°,
indicating that the bipyramid consisted of two truncated tetrahedra placed together by sharing
one base.?’3% A close examination of the flat triangular plane reveals that it was terminated in
{111} facets, further confirming the truncated-bitetrahedral shape (Figure S5, b—d). Figure 2, h
and 1, shows EDX mapping of the decahedron and truncated bitetrahedron, confirming the spatial
separation between the distributions of Pd and Cu.

Figure S6 shows the X-ray diffraction (XRD) patterns and X-ray photoelectron
spectroscopy (XPS) spectra of the Pd—Cu nanocrystals. For the pentagonal bipyramids (Figure
Sé6a), the product containing the highest proportion of Pd, the three peaks positioned at 43.4°,
50.5°, and 74.3° can be attributed to the diffraction from Cu(111), (200), and (220) planes, while
the weak peak located at 40° can be assigned to the Pd(111) plane. The separation between the
peaks of Cu and Pd further confirmed that these two elements were not mixed together to form
an alloy.!” Different from the case of pentagonal bipyramids, no signal was observed for Pd in
the XRD patterns of decahedra and truncated bitetrahedra due to its low content (Figure S6, ¢
and e), while the peaks for Cu were obvious. In the XPS spectra of all three samples, the Cu 2p
peaks were observed at 952.0 and 932.0 eV. In Figure S6f, two weak satellite peaks were found
at 962.5 and 944.5 eV, which could be attributed to the Cu oxide layer on the surface of the
truncated bitetrahedra, a phenomenon commonly observed for Cu-based nanocrystals.’!3

Figure S7shows the ultraviolet-visible (UV-vis) spectra recorded from aqueous
suspensions of the Pd—Cu nanocrystals. All of them exhibited extinction peaks in the visible
region owing to the localized surface plasmon resonance (LSPR) associated with Cu. The
spectrum of the decahedra featured two resolvable peaks, corresponding to the transverse and

longitudinal modes arising from the anisotropy of the decahedral shape.*® Different from the



decahedra, only one peak was observed for both the pentagonal bipyramids and truncated
bitetrahedra. The former can be attributed to their pseudospherical shape, while the latter might
be caused by the high aspect ratio and thus relatively low intensity of the transverse dipole
resonance, >4

Elucidation of the Growth Mechanism. To gain mechanistic insights into the formation of
Pd—Cu nanocrystals with three different shapes, we analyzed the products obtained at different
stages of each standard synthesis using TEM. Figure 3 shows the shape evolution in the synthesis
of Pd—Cu pentagonal bipyramids. Specifically, Cu atoms were generated and initially deposited
on one side of the Pd icosahedral seed to take an elliptical shape at # = 30 min (Figure 3a). Due to
the large lattice mismatch (7.1%) between Pd and Cu, the Cu atoms preferred to grow from the
already deposited Cu instead of the Pd surface, leading to the formation of one Cu bud on the Pd
seed.?’ At = 60 min (Figure 3b), more Cu atoms were generated and the Janus structure of the
nanocrystals became more obvious. For some of the nanocrystals obtained at this stage, the twin
defects could be clearly resolved during TEM imaging. After another 30 min, the majority of the
nanocrystals grew into the pentagonal-bipyramidal shape, and further extension of the reaction
time to 120 min did not cause additional changes to the shape and size of the nanocrystals
(Figure 3, ¢ and d). We also observed some Cu nanocrystals containing no Pd seeds in the
products, which could be attributed to homogeneous rather than heterogeneous
nucleation.’” Since the nanocrystals made of pure Cu and the Pd—Cu nanocrystals were more or
less similar in terms of size, both of them could prevail in the products owing to the suppression
of Ostwald ripening.*® From the penta-twinned structure of the bipyramid, it can be concluded
that the Cu atoms initially nucleated from one of the vertices of an icosahedral seed, followed by
gradual growth into an elongated, pentagonal bipyramid.

Similar to the case of pentagonal bipyramids, the Cu atoms were also selectively deposited
on one side of the Pd seed during the synthesis of Pd—Cu decahedra, with Figure 4a showing a
TEM image of the sample obtained at = 10 min. There were also some hollow nanocrystals

bearing voids next to the surface, and their formation could be attributed to the oxidation of Cu



by the Kirkendall effect when washing the sample with water. The faster outward diffusion of Cu
compared to the inward diffusion of oxygen led to the generation of voids next to the surface.
This phenomenon was commonly observed during the storage of Cu particles,* and similar
hollow structures were also found in the early stage of truncated bitetrahedra. At¢= 20 min
(Figure 4b), more Cu atoms were generated to increase the dimension of the Cu portion, together
with the appearance of twin boundaries. Interestingly, the shape of the nanocrystals at this stage
was quite similar to that of the pentagonal bipyramids, indicating that the pentagonal bipyramid
might be an intermediate involved in the formation of a decahedron. When extending the time
to £ = 60 min, the nanocrystals were found to grow laterally and their decahedral shape became
obvious (Figure 4¢). Finally, most of the nanocrystals evolved into a decahedral shape at t= 120
min (Figure 4d). Taken together, it can be concluded that the Cu atoms also selectively nucleated
from one of the vertices of an icosahedral seed at the beginning of a synthesis for the formation
of pentagonal bipyramids. In the presence of an adequate supply of Cu atoms, they finally
evolved into decahedra.

For the synthesis of Pd-Cu truncated bitetrahedra, the growth took a pathway different from
the other two shapes. As shown in Figure 5a, we observed intermediates with a rod-like shape in
the initial stage (# = 30 min) of a synthesis. The Pd icosahedral seed could be found at one of the
two ends of the rod, with a single twin boundary passing through it. There were also small,
pseudo-spherical Cu particles in the sample, and they disappeared after another 30-min into the
synthesis due to Ostwald ripening (Figure 5b). With the supply of more Cu atoms, the rods
evolved into a singly-twinned, bitetrahedral structure with truncation at axial corners. When the
reaction time was extended to 90 and 120 min, respectively, the average edge length of the
truncated bitetrahedra increased to 45.6 and 46.1 nm, together with a slight increase in sharpness
for the corners at the equilateral plane (Figure 5, ¢ and d). In addition to the Pd-Cu truncated
bitetrahedra, we observed some Pd-Cu decahedra and pure Cu particles in a cubic or irregular
shape in the product, which could be attributed to the growth of a small proportion of Cu atoms

from vertices or the presence of homogeneous nucleation. Based on the TEM images and the



singly-twinned structure, it can be concluded that Cu was initially deposited onto one edge,
instead of one vertex, of the Pd icosahedral seed, followed by growth into a truncated
bitetrahedron as the reaction proceeded.

The Role of the Cu(Il) Precursor. For the syntheses of Pd—Cu Janus nanocrystals with
different shapes, the only variance is the amount of the Cu(II) precursor involved. When a small
amount of CuClz was used, the newly formed Cu atoms tended to nucleate and grow from one of
the vertices of an icosahedral seed due to the low coordination number and high surface strain at
this site.*” The as-obtained Cu nanocrystals would take a penta-twinned structure because of the
influence from the five twin planes intersecting at the vertex of the icosahedral seed. Upon
increasing the amount of CuClz, the increased supply of Cu atoms would drive them to either
diffuse to or directly nucleate from the edge.!” As a result of the twin boundary at the edge, the
deposited Cu took a singly twinned structure.

The Role of HDA. When the concentration of the Cu(Il) precursor was fixed, varying the
concentration of HDA also resulted in the formation of Cu nanocrystals with distinctive shapes.
With reference to the standard protocol for the synthesis of Pd-Cu decahedra, the product was
dominated by truncated bitetrahedra when 22.5 mg instead of 45 mg of HDA was used, as shown
in Figure 6a. A small fraction of Pd-Cu decahedra and pseudo-spherical Cu nanocrystals was also
observed as the byproducts. When increasing the amount of HDA to 90 mg, Pd-Cu decahedral
nanocrystals were again obtained, together with a few large, irregular-shaped Cu nanoparticles or
Pd-Cu nanorods with Pd seed located at one end (Figure 6b). Relative to the standard protocol
for the synthesis of Pd-Cu truncated bitetrahedra, if 35 mg instead of 45 mg of HDA was used,
the majority of the product was still singly-twinned bitetrahedra, together with a small portion of
Pd-Cu nanorods (Figure 6¢). When 90 mg of HDA was used, which was twice as much as the
amount of HDA used in the standard protocol, Pd-Cu decahedra in high purity were obtained,
together with an average size of 46.8 nm (Figure 6d). These observations indicate that the
concentration of HDA had a major impact on the shape evolution of the nanocrystals.

To make the trends more obvious, we did a set of experiments by varying the amounts of



CuCl2 and HDA, and their dominant products are summarized in Table 1, with the corresponding
TEM images shown in Figure S8. It is worth mentioning that, when 22.5 mg of HDA and 10.5
mg of CuClz2 were used, no Cu nanocrystals were obtained. The main reason might be the lack of
an adequate amount of HDA to protect the relatively large number of Cu atoms on the surface
from being oxidized.*!

Fixing the concentration of the Cu(Il) precursor, we observed the switching from truncated
bitetrahedra to decahedra and pentagonal bipyramids as the amount of HDA was increased,
opposite to the trend observed for the Cu(Il) precursor. To address this issue, we first looked into
the role played by HDA in the synthesis of Cu nanocrystals. Typically, the influence of HDA can
be understood from two different angles. Firstly, HDA can coordinate to Cu(Il) ions to generate
Cu(II)-HDA complexes, slowing down the reduction of the Cu(Il) precursor. As a reference, after
coordinating with NH3, the standard reduction potential of Cu(NH3)4*"/Cu pair is reduced from
0.34 to 0 Vsue (SHE: standard hydrogen electrode), making it more difficult to reduce the Cu(II)
ions.*** Secondly, HDA can serve as a capping agent and a colloidal stabilizer for Cu
nanocrystals, preventing the Cu atoms from being oxidized by the oxygen from air.*! In our
previous work on the synthesis of Pd@Cu core-shell nanocubes, a double layer of HDA was
found to cover the Cu nanocrystals and it was believed to improve the chemical stability of the
nanocubes.?’ Although HDA used to be considered as a selective capping agent for the Cu {100}
facets, it should be mentioned that this assumption was recently challenged by several
reports.***® In one report, it was demonstrated that the HDA-Cu(0) interaction would be
weakened when increasing the HDA packing density on the surface of Cu nanocrystals, which
was attributed to a rapid exchange between the bound HDA on Cu and free HDA in solution.** In
another report, based on the DFT calculation, the authors pointed out that the difference between
the binding energies of HDA to Cu(100) and (111) surfaces was too small (0.12 eV) to enable
HDA to selectively block Cu(100) surface.***® In our case, we believe that the shape evolution of
Cu nanocrystals was mainly dictated by the Pd icosahedral seeds. As a result, products mostly

covered by {111} facets were produced regardless of the facet-selective capping effect from
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HDA.

Considering all the influential factors, we proposed that the coordination to Cu(Il) ions and
thus the lowering in reduction potential was the major reason why penta-twinned structures were
preferred at a high concentration of HDA. In the standard protocol for the synthesis of Pd—Cu
truncated bitetrahedra, the molar concentration of HDA (37.3 mM) was only 3 times that of
CuCl2 (12.3 mM), comparing to 6 times for decahedra and 30 times for pentagonal bipyramids.
With more HDA for coordination to Cu(Il) ions, the reduction potential of the Cu(Il) precursor
was further lowered along with a decrease in the amount of Cu atoms generated in the initial
stage of the reaction.’ In this case, the Cu atoms preferentially nucleated from one of the
vertices of the icosahedral seed, similar to the case where the concentration of the Cu(Il)
precursor was reduced. It was also reported that HDA could bind to the surface of Pd
nanoparticles.*’ Thus, increasing the concentration of HDA would increase its packing density on
the Pd seed and thus increase the steric hindrance for the surface diffusion of Cu atoms. Once the
Cu atoms had been deposited on a vertex, their diffusion to adjacent edges and side faces would
be largely blocked, resulting in the prevalence of penta-twinned Cu nanocrystals. In addition to
HDA, appropriate concentrations of glucose (Table S2 and Figure S9) and CI™ ions (Figure S10)
are also critical in controlling the reduction rate of Cu(Il) precursor and thus generating Janus
nanocrystals with well-defined shapes and high purity. The size of the Pd—Cu nanocrystals could
also be tuned by simply varying the amount of Pd seeds introduced (Figure S11). More detailed
discussion on the roles of glucose and Cl ions, as well as size control, can be found in
the Supporting Information.

Catalytic Activity toward the Electrochemical Reduction of CO;. Considering the
bimetallic composition and Janus structure of the Pd-Cu nanocrystals, we evaluated them as
catalysts for the electrochemical reduction of CO2 and paid special attention to their selectivity
toward Cz+ products. The results are summarized in Figure 7, a—d, with the details provided in
Table S3—-S5. At -0.7 Vrue in a 0.5 M KHCO:s electrolyte, we observed the generation of Ca+

products, including ethylene and ethanol, for all the three catalysts at 11.6, 11.2, and 9.4% for the
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pentagonal bipyramids, decahedra, and truncated bitetrahedra, respectively. The onset potential
was relatively low compared to other types of Cu-based catalysts reported in literature (Table
S1).222 As the potential was further decreased, an increase in the selectivity toward Cz+ products
was observed. Specifically, at -1.0 Vrug, the faradaic efficiencies (FEs) of C2+ species reached
50.3, 51.0, and 38.5% for the pentagonal bipyramids, decahedra, and truncated bitetrahedra,
respectively, demonstrating superior performance relative to other Cu catalysts in 0.5 M KHCO3
electrolyte (Table S1). The three Janus catalysts showed similar activities toward Cz+ products,
with the geometric current densities approaching 17.6, 15.3, and 15.6 mA/cm? for the pentagonal
bipyramids, decahedra, and truncated bitetrahedra, respectively (Figure 7d). Their mass activities
are also close to each other (Figure S12, 310.5, 290.6, and 305.1 mA/mg, respectively).

The high Ca+ selectivity of the Pd-Cu Janus nanocrystals could be largely attributed to the
separation between Pd and Cu, the involvement of Pd surface in the catalysis, and the twin
boundaries on Cu surface. Since Pd can actively generate CO during the electrochemical
reduction of CO: in the potential range of -0.7 to -1.0 Vrug, the excess amount of CO on Pd
surface is expected to migrate to the adjacent Cu surface and then undergo C-C coupling for the
formation of Ca+ products.!”!8484 To support this argument, we also measured the catalytic
performance of Pd icosahedra (Figure S13) and Cu twinned nanoparticles (Figure S14), both
supported on carbon, in the electrochemical reduction of COz. As shown in Figure 7, e and f, all
the three Pd-Cu Janus nanocrystals exhibited greater Ca+ selectivity and activities at -1.0 Vrue
compared to pure Pd (0% for C2+ FE) and Cu references (37.6% for Co+ FE and 273.1 mA/mg
for mass activity), suggesting the importance of Pd in promoting the production of Ca+ species.
With regard to the CO production rate (Figure 7f), the highest mass activity was achieved by Pd
icosahedra (33.3 mA/mg), which was much greater than either those of the Janus nanocrystals
(12.2, 7.8, and 12.2 mA/mg for pentagonal bipyramids, decahedra, and truncated bitetrahedra,
respectively) or that of Cu nanoparticles (20.8 mA/mg), indicating the involvement of CO
spillover from Pd to Cu. These results suggest that the large amount of CO generated on the Pd

surface migrated to the neighboring Cu surface, leading to an increased CO coverage density on
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Cu for enhanced C-C coupling and augmented Cz+ production. Furthermore, the as-prepared
Pd-Cu nanocrystals were all characterized by a twin structure. The presence of planar defects
might also attract the C1 intermediates and contribute to the production of Ca+ species.?! It was
previously reported that the existence of twin defects and stacking faults could enhance the
adsorption of CO on the surface of Cu nanocrystals, leading to a higher CO coverage density for
the promotion of C-C coupling.'®

When normalized to the electrochemically active surface area (ECSA, Figure S15 and Table
S6), the truncated bitetrahedra gave a much higher current density (76.4 mA/cm?) than those of
pentagonal bipyramids (32.8 mA/cm?) and decahedra (41.5 mA/cm?), although they exhibited a
lower Ca+ selectivity. This trend can be ascribed to the detrimental impact of twin defects and
under-coordinated atoms if they are presented at a very high density on the Cu surface. Though
these defects can enhance the adsorption of CO intermediates and facilitate the C-C coupling, too
many low-coordinated sites might result in strong binding of intermediates and even products,
slowing down their desorption from the catalyst surface and thus lowering the activity.’° Besides,
it is worth noting that, in the present study, the difference in ECSA for the three Pd-Cu catalysts
had nearly no influence on their selectivity. Taking the Pd-Cu pentagonal bipyramids as an
example, negligible changes were observed when decreasing the loading amount of Cu from 40
to 20 pg (Table S7), indicating the reliability in comparing the selectivity among the three
different Pd-Cu catalysts.

We further evaluated the shape and compositional stability of the Pd-Cu Janus nanocrystals
during COz2 reduction. As shown in Figure S16, a—f, after 1 h of electrolysis at -1.0 Vrug, the
twin defects and well-defined facets of the nanocrystals were largely preserved. We also found
some dissolution of Cu from the edges and corners, together with the formation of small Cu
particles around the Pd-Cu nanocrystals, as marked by circles in Figure S16, d—f. Similar
phenomena were also reported for Cu nanocubes,’! which can be ascribed to the adsorption of H
and CO on Cu nanoparticles and the induced shape degradation under negative potentials. In

Figure S16, d—f, the Pd and Cu portions of the nanocrystals could be easily distinguished by their
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contrasts and we could clearly resolve the boundaries between them, suggesting the maintenance
of separation between Pd and Cu during electrolysis. This conclusion was further supported by
the XRD data (Figure S16, g—i). The missing of shift to the Cu peaks indicated the absence of
Pd-Cu alloying or interphase mixing between Pd and Cu. Taking Pd-Cu decahedra, which
exhibited the highest Ca+ selectivity, as an example, we evaluated their long-term stability toward
the electrochemical CO2 reduction. After 15 h of electrolysis at -1.0 Vrug, a decrease of 19.9%
was observed for the FE toward ethylene, together with an increase of 14.0% for the total current
density (Figure S17). Combining with the TEM images after 3 and 5 h of electrolysis (Figure
S18), where fragmentation and sintering of the nanocrystals were observed, we could infer that
the shape deformation contributed most significantly to the degradation in Ca+ selectivity. Further
endeavors should be devoted to improving the stability of Janus nanocrystals by maintaining
their shapes and structures during long-term electrolysis.

Detection of *CO Intermediates Using Infrared (IR) Absorption Spectroscopy in an
Attenuated Total Reflection (ATR) Mode. We also conducted in situ ATR-IR measurements on
the Pd—Cu decahedra and Cu twinned nanoparticles, with the latter serving as a reference, during
COz reduction. The results are presented in Figure S19. It should be pointed out that no IR band
related to the *CO adsorbed on Pd could be detected on the Pd—Cu decahedra due to the
extremely low (<7%) coverage of Pd on the surface of a Janus nanocrystal. For both the Pd—Cu
decahedra and Cu twinned nanoparticles, we observed an IR band at around 1800 cm'.
According to the literature,”>>* this band could be assigned to the bridge- or multiple-adsorbed
*CO on the Cu surface. As the applied potential became more negative, the red-shift of the band
could be attributed to a combination of the Stark tuning effect (red-shift) and the increase in *CO
coverage (blue-shift).>* During the cathodic sweep, the *CO band started to appear on the Pd—Cu
decahedra at a potential around —0.6 Vrug, which was 100 mV more positive than that on Cu
twinned nanoparticles. This observation indicated that *CO was more easily formed on the Janus
catalyst, offering a piece of evidence to support our argument about the role of Pd in promoting

the formation of CO, which could then migrate to the Cu surface. Compared to the Cu twinned
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particles, the *CO band was much stronger on the Pd—Cu decahedra, which might be related to
the higher *CO coverage on the surface of the Janus catalyst. However, it is difficult to
quantitatively compare the band intensities between two individually prepared electrodes due to
the variations in optical conditions.

Theoretical Study of CO Spillover from Pd to Cu. To demonstrate that CO can form on
the Pd surface and then migrate to the Cu surface for subsequent C—C coupling, we performed a
series of DFT-based calculations on Pd(111) and Cu(111), the two extended facets exposed on
the Pd—Cu Janus nanocrystals. The details of the calculations can be found in the Supporting
Information. We first investigated the conditions under which CO spillover from Pd(111) to
Cu(111) would occur. To this end, we calculated the binding energies and structures of CO
adsorbed on Pd(111) and Cu(111) at various CO coverages up to 1 ML, with an increment of 1/9
ML. The preferred CO adsorption structures are summarized in Figure S20, and the average and
differential binding energies (abbreviated as BEavg and dBE, respectively) of CO are graphically
shown in Figure 8, a and b, as a function of CO coverage. A general trend can be observed in
which both the BEavg and dBE values remain relatively unchanged at low CO coverages and
rapidly become less negative at higher CO coverages. This trend indicates that the CO-CO
lateral interactions are generally repulsive, resulting in destabilization of CO adsorption at higher
CO coverages. As shown in Figure 8b, the differential binding energies of CO on Pd(111) and
Cu(111) are positive (i.e., adsorption of additional CO is energetically unfavorable) when the CO
coverage reaches 8/9 ML and 6/9 ML, respectively. Therefore, the CO saturation coverages at 0
K and under vacuum are approximately 7/9 ML on Pd(111) and 5/9 ML on Cu(111), which are in
good agreement with the experimentally measured CO saturation coverages of 0.75 and 0.52 ML
on Pd(111) and Cu(111), respectively, under ultra-high-vacuum (UHV) condition.>>>¢

From Figure 8b, it can also be observed that CO binds more strongly to Pd(111) than to
Cu(111). The differential binding energy of CO on Pd(111) remains more negative than -0.98 eV
(the binding energy of CO on clean Cu(111) at 1/9 ML coverage; indicated by the red dashed line

in Figure 8b) until the CO coverage on Pd(111) increases up to 6/9 ML. These results can be

15



interpreted as follows: initially, when the Pd-Cu nanocrystal surface is empty, CO is mostly
generated from and also prefers to bind to the Pd surface due to the stronger binding strength.
The CO coverage on Pd(111) starts to build up while the Cu(111) surface remains to be largely
free of CO.'** Even with the increasing coverage, additional CO molecules still prefer binding
to the Pd surface until the CO coverage on Pd(111) reaches 6/9 ML. Since then, the binding
energy of an additional CO molecule (i.e., the differential binding energy at 7/9 ML CO coverage)
becomes -0.33 eV, which is 0.65 eV more positive than the binding energy of CO on clean
Cu(111). As a result, the additional CO molecules generated on the 6/9 ML CO-covered Pd(111)
surface would have a thermochemical driving force to migrate to the Cu(111) surface. We thus
conclude that CO spillover from Pd(111) to Cu(111) becomes thermodynamically favorable
when the CO coverage on Pd(111) exceeds 6/9 ML. To sustain that reactive pattern, one would
need to keep the CO coverage on Cu(111) below 4/9 ML. We argue that the rate of the reaction
for consuming CO on Cu(111) facets of the Janus nanocrystals is sufficient to keep up with the
migration of CO from Pd, so that the CO coverage on Cu(111) can be kept at that critical level or
below.

We also explored the impact of potential palladium hydride (PdH) formation on our
proposed CO spillover mechanism. Past experimental studies suggested that PdH could be
formed on metallic Pd catalysts under the electrochemical conditions relevant to CO2 reduction
due to the competing HER.>’? Although we do not have direct evidence in our experiments, the
possibility of PdH formation on the Pd portion of our Pd-Cu Janus nanocrystals during the
measurements could not be eliminated. To this end, we considered an extensive list of possible
surface/bulk PdH models, including: (1) the PAH(111) surface with its optimized lattice constant,
(2) pseudomorphic PdH overlayers on a Pd(111) substrate (denoted PdHxL/Pd(111); x = 1-3
denotes the number of Pd-H bilayers) as models for thin-layer surface hydride, whereby the
optimized lattice constant of pure Pd is used, and (3) a compressed PdH(111) slab at the bulk
lattice constant of metallic Pd (compressed by approximately 5%; denoted PdHcomp(111)). The

last one serves as a model for the limiting case of a surface hydride grown on Pd(111), when the
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PdH layer thickness is sufficiently large so that the PdH surface barely experiences the electronic
effect from the Pd(111) substrate, and yet the lattice confinement is preserved. The structural
details of all the PdH slab models adopted in this study are shown in Figure S20. In the absence
of any adsorbate, all these surfaces prefer a H-terminated geometry. On each PdH slab model, we
evaluated the binding structures and energies for CO at surface coverages from 1/9 to 1 ML. The
calculated BEavg and dBE values on PdH(111) and PdHi./Pd(111) are graphically shown in
Figure 8, a and b, as a function of the CO surface coverage. The corresponding values on the
other PdH slab models are shown in Figure S21. The preferred CO adsorption structures are
summarized in Figure S22—-S26.

On all the PdH slab models, similar nonmonotonic trends were observed for the dBE of CO
as a function of CO coverage (Figure 8b and S21). At 1/9 ML coverage, CO binds more weakly
to all the PdH surfaces than both Cu(111) and Pd(111); e.g., the BEs of CO at 1/9 ML coverage
are -0.76 eV and -0.40 eV on PdH(111) and PdH1./Pd(111), respectively, compared to -0.98 eV
on Cu(111) and -2.28 eV on Pd(111). As the CO coverage increases to 3/9 ML, its dBE value
rapidly becomes more negative on all the PdH slab models we studied. Importantly, our
calculations suggest that the weak and increasing binding strength of CO at low coverage on the
PdH surfaces is attributed to a CO-induced transition from the H termination to Pd termination of
the PdH surfaces, as illustrated in Figure 8, ¢ and d. The strong Pd-CO interaction draws Pd
atoms to the surface, further stabilizing the subsequent CO binding. On PdH(111), this transition
occurs when the CO coverage increases from 1/9 to 2/9 ML (Figure 8c). On all the PdHx./Pd(111)
(x = 1-3) surfaces, the Pd-terminated surface becomes energetically preferred when CO
coverage increases from 2/9 to 3/9 ML (see Figure 8d for PdHi./Pd(111), Figure S24 and S25 for
PdH2/Pd(111) and PdHsi/Pd(111), respectively). Interestingly, a CO coverage of 1/9 ML is
sufficient to cause the H-to-Pd surface termination transition on the PdHcomp(111) surface (Figure
S26).

Once the transition is accomplished, the Pd termination remains to be preferred at higher

CO coverages, and the PdH surfaces can thus be viewed as a Pd(111) over PdH substrates. The
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presence of a Pd-terminated surface has also been evidenced in a previous study by Gao et al.*®
They demonstrated that a B-PdHx@Pd phase (i.e., metallic Pd shell outside a PdH core) was
formed during the electrochemical reduction of COz at applied potentials more negative than -0.5
Vrue, when CO started to dominate the surface. At CO coverages of 3/9—5/9 ML, the dBE of CO
reaches its most negative value on every PdH model slab we studied. Within this surface
coverage range, CO adsorption on any CO-covered PdH surface is thermodynamically preferred
over its adsorption on clean Cu(111) (BE = -0.98 ¢eV; red dashed line in Figure 8b and S21).
Above 5/9 ML CO coverage on PdH, the effect of lateral CO-CO repulsion becomes more potent,
and the adsorption of additional CO molecules is significantly destabilized. On PdH(111), when
the CO coverage increases from 5/9 ML to 6/9 ML, the dBE of CO changes from -1.56 eV (0.58
eV more negative than BEco on clean Cu(111)) to -0.73 eV (0.25 eV more positive than BEco on
clean Cu(111)). Therefore, similar to the previously discussed case of CO spillover from 6/9 ML
CO-covered Pd(111) to Cu(111), there exists a thermochemical driving force for additional CO
molecules produced on the 5/9 ML CO-covered PdH(111) surface to migrate to Cu(111). Despite
the variance in dBE values, the same 5/9 ML threshold CO coverage for CO spillover to Cu(111)
is observed on all the other PdH slab models (Figure 8b and S21). We conclude that, as long as a
CO coverage of above 5/9 ML can be reached, PdH surfaces can also serve as a source of CO for
its spillover to the adjacent Cu(111) surface of the Janus nanocrystals.

Next, we sought to address the following question: is the required CO coverages for CO
spillover to Cu(111) (6/9 ML or above for Pd(111), 5/9 ML or above for PdH surfaces)
achievable under the electrochemical conditions for CO2 reduction? To tackle this question, we
constructed theoretical Pourbaix phase diagrams using the DFT results from our CO coverage
study on Pd(111) and PdH slab models. The procedures for the Pourbaix phase diagram
construction were adapted from the work by Zeng and co-workers®® and are detailed in the
Supporting Information. The Pourbaix phase diagrams for CO adsorption on Pd(111), PdH(111),
and PdHi./Pd(111) are shown in Figure 9. Those for PdH2./Pd(111), PdHs./Pd(111) and

PdHcomp(111) are shown in Figure S27, S28, and S29, respectively. These phase diagrams allow
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us to predict the most stable CO coverage on Pd(111), including hydride phases, under any given
applied potential. In general, as shown in Figure 9, the CO coverage gradually increases as the
applied potential becomes more negative. Based on these Pourbaix phase diagrams, the predicted
CO coverages under the experimental conditions of interest in this work (-0.7 to -1.0 Vrug) are
identified and summarized in Table 2. On Pd(111), the predicted CO coverage under these
applied potentials is either 7/9 ML or 1 ML (Figure 9b), which is clearly above the 6/9 ML
threshold for CO spillover from Pd(111) to Cu(111). On all the PdH surfaces, the predicted CO
coverages under the CO:z reduction conditions are at least 6/9 ML, which are also greater than the
5/9 ML threshold established above for CO spillover from PdH surfaces to Cu(111). Therefore,
we conclude that, under the electrochemical conditions for CO2 reduction, a sufficiently high CO
coverage can be attained on the Pd surface on our Pd-Cu Janus nanocrystals, regardless of its
nature being metallic Pd, bulk hydride, or surface hydride, to enable the continuous migration of
CO to Cu(111).

We also explored the catalytic role of twin boundaries on the Cu surface by comparing the
binding energies of common COz reduction intermediates on the twin boundary with those on the
Cu(111) terrace (Figure S31 and Table S9). DFT calculations demonstrated the stronger binding
of OH, CH, and CHxOy species on the undercoordinated Cu sites as compared to the Cu(111)
terrace, and such strong binding might restrict the desorption of intermediates and even products,
suggesting the detrimental effect of undercoordination atoms if they were in an extremely high

proportion. A more detailed discussion can be found in the Supporting Information.

Conclusions

In summary, we have demonstrated a facile, seed-mediated synthesis of Pd—Cu nanocrystals
with a twinned, Janus structure while taking different shapes. Due to the large lattice mismatch
between Cu and Pd, the Cu atoms prefer to nucleate and grow from one site on a Pd icosahedral
seed for the generation of Pd—Cu nanocrystals with a Janus structure. By simply controlling the

concentrations of the Cu(Il) precursor and HDA, the deposition of Cu atoms could be selectively
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confined to either a vertex or an edge of the Pd icosahedral seed, leading to the formation of
nanocrystals in the shapes of pentagonal bipyramid, decahedron, and truncated bitetrahedron,
respectively. Specifically, decreasing the reduction rate of the Cu(Il) precursor would result in
the growth of Cu from the vertex for the generation of a penta-twinned nanocrystal, while a
faster reduction would favor the growth from the edge for the formation of a singly twinned
product. When applied as catalysts for the electrochemical reduction of CO2in a 0.5 M
KHCO:s electrolyte, an onset potential as low as —0.7 Vrue was observed for the formation of
C2+ products, together with high Ca+ selectivity approaching 51.0% at —1.0 VruE for the Pd—Cu
decahedra. The high yields of Ca+ species could be attributed to the presence of Pd on the surface
and the twin boundaries on Cu. The former feature facilitated the generation of CO, followed by
its spillover to the Cu surface, while the latter enhanced the adsorption of CO. During the in
situ ATR-IR measurements, the appearance of CO on the Cu surface was observed at a lower
overpotential on the Pd—Cu decahedra than a reference based on pure Cu, suggesting the
important role of Pd in promoting the formation of CO. Based on DFT calculations and Pourbaix
phase diagrams, CO spillover from Pd(111) to Cu(111) is thermodynamically favored if the CO
coverage on Pd(111) exceeds 6/9 ML. On the (111) facets of bulk/surface PdH, CO spillover to
Cu(111) requires a CO coverage above 5/9 ML. Under the experimental conditions of the present
study, the CO coverage can reach 7/9 or 1 ML on Pd(111) and at least 6/9 ML on the PdH surface,
suggesting that CO can readily form on the Pd or PdH surface and subsequently migrate to the
Cu surface for participation in the coupling reactions. This work not only sheds light on the
site-selected growth of bimetallic nanocrystals with novel shapes and structures but also allows

for the rational development of bimetallic catalysts toward the CO2 reduction reaction.
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Figure 1. Summary of the experimental conditions corresponding to the formation of Pd-Cu
Janus nanocrystals with three distinctive shapes for the Cu component: pentagonal bipyramid,
decahedron, and truncated bitetrahedron. The Pd and Cu components are shown in yellow and

green colors, respectively. The red lines indicate the twin boundaries on the nanocrystal.
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Figure 2. Characterizations of the Pd-Cu Janus nanocrystals prepared using the standard
protocols: (a) TEM, (b) BF-, (c) DF-STEM, and (d) EDX mapping images of the pentagonal
bipyramids; (e¢) TEM, (f) BF-, (g) DF-STEM, and (h) EDX mapping images of the decahedra; (i)
TEM, (j) BF-, (k) DF-STEM, and (1) EDX mapping images of the truncated bitetrahedra. The
yellow and green colors in (d), (h), and (1) correspond to Pd and Cu, respectively. The red dashed

lines indicate the twin boundaries.
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Figure 3. TEM images of the Pd-Cu pentagonal bipyramids prepared using the standard protocol
except for the variation in reaction time: (a) 30, (b) 60, (¢) 90, and (d) 120 min, respectively. The

scale bars in the inset of (a) and (b) are 8 nm.
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Figure 4. TEM images of the Pd-Cu decahedra prepared using the standard protocol except for
the variation in reaction time: (a) 10, (b) 20, (¢) 60, and (d) 120 min, respectively. The scale bars

in the insets of (a) and (b) are 10 nm.
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Figure 5. TEM images of the Pd-Cu truncated bitetrahedra prepared using the standard protocol
except for the variation in reaction time: (a) 30, (b) 60, (¢) 90, and (d) 120 min, respectively. The

scale bars in the inset of (a) is 20 nm.



Figure 6. (a, b) TEM images of the Pd-Cu nanocrystals prepared using the standard protocol for
decahedra except for the variation in the amount of HDA from 45 mg to (a) 22.5 and (b) 90 mg;
(c, d) TEM images of the Pd-Cu nanocrystals prepared using the standard protocol for truncated

bitetrahedra except for the variation in the amount of HDA from 45 mg to (c) 35 and (d) 90 mg.
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Table 1. The dominant shapes of Pd-Cu nanocrystals prepared using different amounts of CuClz
and HDA (pentagonal bipyramid and truncated bitetrahedron are abbreviated as pBP and tBT,

respectively; N/A represents no product obtained).

CuCl; (mg)
1.05 2.1 5.25 10.5
HDA (mg)
22.5 pBP decahedron tBT N/A
45 pBP pBP decahedron tBT
90 pBP pBP decahedron decahedron
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Figure 7. Products for the electrochemical reduction of COz in the presence of catalysts based on
the different types of Pd-Cu nanocrystals: (a—) FEs of (a) pentagonal bipyramids, (b) decahedra,
(c) truncated bitetrahedra, and (d) partial current density toward Ca+ products normalized to the
geometric area of the electrode. (¢) The FEs of Ca+ products and (f) the mass activities toward
the production of CO and Ca+ species at -1.0 Vrue with Pd-Cu Janus nanocrystals, Pd icosahedra,
and Cu twinned nanoparticles serving as the catalysts. In (e) and (f), the pentagonal bipyramids,

truncated bitetrahedra, and nanoparticles are abbreviated as pBPs, tBT, and NPs, respectively.
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Figure 8. Calculated (a) average and (b) differential binding energies of CO on Cu(111) (red),
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dashed line in (b) indicates a dBE value of 0 eV (thermal-neutral adsorption). Red dashed line in
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For PdH(111) and PdHi1/Pd(111), open symbol indicates that H termination is preferred; solid
symbol indicates that Pd termination is preferred. (c) Illustration of transition from H termination
to Pd termination on PdH(111) when CO coverage increases from 1/9 to 2/9 ML. (d) [llustration
of transition from H termination to Pd termination on PdHi./Pd(111) when CO coverage
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Figure 9. Calculated Pourbaix phase diagram for (a, b) CO on Pd(111), (c, d) CO on PdH(111),
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and (e, f) CO on PdHi./Pd(111) at room temperature under the electrochemical conditions for
COz reduction. The free energy per surface area for each CO coverage up to 1 ML is plotted as a
function of the applied potential. At each potential, the most stable surface coverage is the one
with the lowest free energy value. In the legend, those coverages marked with tick marks appear
as the most stable phases under certain potentials; the remaining phases are not expected to be
observable. The range of applied potential evaluated experimentally in this work (-0.7 to -1.0
VriE) is denoted by the shaded area on (a), (¢), and (e). Enlarged views of the boxed area in (a),

(c), and (e) are shown in (b), (d), and (f), respectively.
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Table 2. Phase-diagram-predicted CO coverage under electrochemical CO2 reduction conditions
(room temperature, -0.7 to -1.0 Vrug) on Pd(111) and PdH surfaces and comparison with the CO

coverage required for CO spillover to Cu(111).

Predicted CO coverage under CO coverage required for CO
Surface
CO; reduction conditions (ML) spillover to Cu(111) (ML)

Pd(111) 7/9 or 1 6/9
PdH(111) 1 5/9
PdHi1/Pd(111) 6/9,7/9, or 1 5/9
PdH21/Pd(111) 7/9 or 1 5/9
PdHs1/Pd(111) 7/9 or 1 5/9
PdHcomp(111) 6/9,7/9, or 1 5/9
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Experimental Section

Chemicals and Materials. Sodium tetrachloropalladate(Il) (Na;PdCls, 98%), copper(I])
chloride dihydrate (CuCl2-:2H20, 99.0%), copper(Il) acetate (Cu(ac), 98%), hexadecylamine
(HDA, 98%), D-(+)-glucose (CsH1206, 99.5%), poly(vinyl pyrrolidone) (PVP, molecular weight
~55,000), sodium chloride (NaCl, >99%), diethylene glycol (DEG, lot no. BCBS2365V),
potassium hydrogen carbonate (KHCOs;, 99.7%), 5% Nafion solution, and phenol were all
obtained from Sigma-Aldrich. Ethanol (200 proof) was obtained from Pharmco Products.
Throughout the experiments, we used deionized (DI) water with a resistivity of 18.2 MQ-cm at
room temperature.

Synthesis of 12-nm Pd Icosahedral Seeds. The seeds were prepared using a protocol from
our previous work.! Typically, 80 mg of PVP was dissolved in 2 mL of DEG hosted in a 20-mL
vial and the solution was heated at 130 °C in an oil bath under magnetic stirring for 10 min.
Afterwards, 1 mL of DEG containing 15.5 mg of Na;PdCls was injected in one shot with a
pipette. The vial was then capped and continued with heating at 130 °C for 3 h. The solid product
was collected by centrifugation at a speed of 26,500 x g, washed once with acetone and twice
with water to remove DEG and excess PVP. The Pd icosahedra were finally dispersed in water at
a concentration of 1.1 mg-mL"! for use as seeds in the synthesis of Pd-Cu nanocrystals.

Synthesis of Pd-Cu Janus Nanocrystals. In a standard synthesis of Pd-Cu pentagonal
bipyramids, 50 pL of the suspension of Pd icosahedral seeds was added into a 5-mL aqueous
solution containing 45 mg of HDA, 25 mg of glucose, and 1.05 mg of CuCl,-2H>O. The mixture
was magnetically stirred overnight at room temperature. To remove the oxygen trapped in the
vial, Ar was blown over the solution for 5 min before the vial was tightly capped, transferred into
an oil bath set to 100 °C, and heated for 3 h under magnetic stirring. The solid product was
collected by centrifugation at a speed of 13,300 x g, washed once with water and twice with
ethanol to remove the excess HDA, and finally re-dispersed in ethanol for further
characterization. For Pd-Cu decahedra and truncated bitetrahedra, similar protocols were used
except that the amount of CuCl>-2H,0 was increased by five and ten times to 5.25 and 10.5 mg,
respectively.

Structural and Compositional Analysis. Transmission electron microscopy (TEM) images
were taken using a Hitachi HT7700 microscope. A small drop of the particle suspension was

placed on a carbon-coated Cu grid, followed by drying under ambient conditions. Scanning
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transmission electron microscope (STEM) images were taken using an aberration-corrected FEI
Titan 80-300 kV TEM/STEM microscope at an accelerating voltage of 300 kV, with a probe
convergence angle of 30 mrad and a large inner collection angle of 65 mrad to provide a nominal
image resolution of 0.7 A. A portion of the aberration-corrected STEM imaging was performed
on a JEM-ARM200F microscope with a spatial resolution of 0.08 nm. Energy dispersive X-ray
(EDX) mapping was obtained using a Hitachi HD2700 STEM microscope at an acceleration
voltage of 200 kV.

Ultraviolet-visible (UV-vis) extinction spectra were recorded on a Cary 60 spectrometer
(Agilent Technologies, Santa Clara, CA). The samples were washed twice with water and then
dispersed in water for UV-vis characterization. The Cu and Pd contents in the samples were
determined using an inductively coupled plasma mass spectrometry (ICP-MS, NexION 300Q,
Perkin-Elmer). X-ray diffraction (XRD) patterns were recorded using an X'Pert PRO Alpha-1
diffractometer equipped with a 1.8 kW ceramic copper tube source (PANalytical, Almelo,
Netherlands). X-ray photoelectron spectroscopy (XPS) data were obtained on a Thermo K-Alpha
spectrometer with an Al Ka source (hv = 1486.6 ¢V). For XRD and XPS measurements, the
samples were washed twice with water, twice with ethanol, and then dropped onto glass slides
and dried under ambient conditions.

Preparation of Working Electrode. The as-prepared Pd-Cu nanocrystals were loaded onto
a carbon support (Vulcan XC72) at a Cu loading ratio of 20% w/w via ultrasonication in an ice
bath for 30 min, followed by washing with ethanol twice. The concentrations of Cu and Pd in all
three samples, together with the molar ratio of Cu to Pd, are listed in Table S3 (measured by ICP-
MS). The catalysts were then re-dispersed in 0.95 mL of ethanol and 50 pL of 5% Nafion with a
Cu concentration of 1 mg/mL. For each measurement, 40 pg of the catalyst (based on the mass
of Cu) was dropped onto a pre-cleaned glassy carbon electrode (10 mm in diameter) and dried
under ambient conditions. For the Pd icosahedra and Cu twinned nanoparticles, the same
procedure was applied except for the loading of 40 ug of Pd or Cu onto the electrode.

Electrochemical Measurements and Sample Analysis. A gastight H-type cell separated by
a Nafion 117 membrane (Sigma Aldrich) was used for analyzing the electrochemical reduction of
COz. Each compartment was filled with 40 mL of 0.5 M KHCO3 solution saturated with CO»
(pH = 7.3). An Ag/AgCl electrode (Gaossunion) was used as the reference electrode while a Pt

mesh served as the counter electrode. The potentials were later converted to values with a
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reference to RHE using the equation of £ (vs. RHE) = E (vs. Ag/AgCl) + Eag/agct + 0.0591 x (7.3
— 1.1), where Eagagci is the potential of the Ag/AgCl electrode measured in the 0.1 M HClO4
solution (pH = 1.1) with reference to RHE. Before carrying out the electrochemical
measurement, CO2 (99.999%, Asia Pacific Gas Enterprise Co., LTD) was purged into the
KHCO3; solution for 1 h. During the measurement, CO, was continuously purged into each
compartment through mass flow controllers (Sevenstar) with a flow rate of 20 sccm. To release
the bubbles trapped on the working electrode, the electrolyte solution was magnetically stirred at
a rate of 700 rpm.

The gas products were analyzed using an online gas chromatography (GC2060, Ramiin,
Shanghai) equipped with the flame ionization detector (FID) and thermal conductivity detector
(TCD). Sampling was conducted sequentially at 15, 28, 41, and 54 min and the total charges
collected in the 30 s prior to each sampling were used to calculate the current density. A series of
standard gas mixtures were used to establish the calibration curves for H, CO, CH4, and CoHy
(balanced with Ar; Shanghai Haizhou Special Gas Co., LTD). After 1 h of electrolysis, the liquid
products in the KHCO3 solution were collected and analyzed using a Varian 500 MHz nuclear
magnetic resonance (NMR) spectrometer. Specifically, 50 uL of 500 x 107 M phenol contained
D,0 (J&K Chemical) was added into 450 pL of the KHCOs3 solution and the mixture was then
subjected to NMR characterization. The calibration curves were established from a series of
standard solutions (0.5 M KHCO3 solutions containing 10, 20, and 100 x 10® M of formate,
methanol, ethanol, acetate, and n-propanol). The activity and selectivity of each catalyst were
measured at least three times, from which the standard errors were derived.

The electrochemically active surface area (ECSA) of the Pd-Cu Janus nanocrystals in each
catalyst was derived from the amount of charges required for the formation of a CuO
monolayer.” Cyclic voltammograms (CVs) were recorded in the electrolysis cell with Ar-purged
0.1 M aqueous KOH serving as the electrolyte. A potential range of -0.233 to 0.766 Vrur was
employed and the amount of catalyst used in each measurement was fixed to 40 pg. The ECSA
was estimated by dividing the amount of charges associated with the anodic peak at around 0.6
Vrue with 360 uC/cm?, a value associated with the formation of a Cu>O monolayer.

In Situ Attenuated Total Reflection Infrared (ATR-IR) Spectroscopy Measurements.
Setups for in situ ATR-IR measurements were conducted using a protocol described previously.’

Real-time ATR-IR spectra were collected during linearly sweeping the catalyst-loaded Au/Si
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prism working electrode at potentials from 0.1 to -1.0 Vrug with a scanning rate of 5mV s in a
COs-saturated 0.5 M KHCOs solution. Each spectrum was collected with 44 scans (collection

duration of 10 s) at a resolution of 8 cm™ and named according to the end potential. The first

spectrum was used as the IR background.
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Table S1. Comparison of Pd-Cu Janus nanocrystals in this work with other Cu-based catalysts

reported in literature, with 0.5 M KHCOj serving as the electrolyte for all the measurements

listed below.
Onset potential Faradaic efficiency (%)
Catalyst E vs. RHE Ref
for Cy+ H; CHy4 C:H4 Ca+
Pd-Cu pentagonal
) ] -1.0 -0.7 28.5 4.8 31.3 50.3 This work
bipyramids
Pd-Cu decahedra -1.0 -0.7 259 6.2 34.0 51.0 This work
Pd-Cu truncated
-1.0 -0.7 35.7 10.2 25.4 38.5 This work
bitetrahedra
Cu octahedra -1.0 -0.85 N/A 15 7.5 N/A 4
Cu cubes -1.05 -0.8 N/A 25 21 N/A 4
Polydopamine-coated Cu
) -0.93 -0.7 10 29 17 N/A 5
nanowires
Pd-decorated Cu -0.96 -0.85 30 46 5 N/A 6
Branched CuO -1.0 <-0.7 53 5 36 ~36 7
Cubic Cu0 -0.9 <-0.7 75 2 25 ~25 7
Copper-porphyrin
PPEPOIPAYY -1.0 -0.9 N/A 27 17 N/A 8
complex
Electrodeposited
-1.2 -0.7 61 ~0 25.5 25.5 9
Cu20 on carbon
Oxide-derived
-0.8 -0.5 15 0 20 55 10
Cu-foam®
Cu wafer® -0.8 -0.6 27 10 18 26 10
Cu particles on pyridinic-
P Pyt -0.9 -0.9 N/A 0.9 19 20 11

N rich graphene

@ The electrolyte is 0.5 M NaHCO:s.
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Figure S1. TEM image of the Pd icosahedra that served as seeds for the growth of Cu.
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Figure S2. Definitions of the size or edge length of (a) an icosahedron (/ico), (b) a pentagonal
bipyramid (/,p) projected along the axis parallel to the pentagonal base, (c) a decahedron (/geca)
projected along the axis perpendicular to the pentagonal base, and (d) a truncated bitetrahedron

(/isr) projected along the axis perpendicular to the triangular base.
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Figure S3. (a) TEM image of the Pd-Cu pentagonal bipyramids prepared using the standard
protocol. The red circles indicate the nanocrystals projected along the axis perpendicular to the
pentagonal base. (b) Bright-field (BF) STEM image showing a Pd-Cu pentagonal bipyramid

projected along the axis perpendicular to the pentagonal base.
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Figure S4. Dark-field (DF) STEM image showing the position of the Pd icosahedral seed (with a

brighter contrast) in each Pd-Cu decahedron.
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Figure S5. (a) BF-STEM image of a truncated bitetrahedron viewed along <011> zone axis. The
angle between side face and triangular base was measured to be 55°. The twin boundary is
marked by a red dashed line. (b) BF-STEM image of the truncated bitetrahedron shown in Figure
2j; (c) BF-STEM image taken from the region marked by a box in (b); (d) Fast Fourier transform
(FFT) pattern of the region marked in (c).
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Figure S6. Powder XRD patterns and XPS spectra recorded from samples of Pd-Cu nanocrystals
featuring the shapes of (a, b) pentagonal bipyramid, (c, d) decahedron, and (e, f) truncated

bitetrahedron, respectively.
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Figure S7. UV-vis spectra recorded from aqueous suspensions of the Pd-Cu nanocrystals with

different shapes.
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Figure S8. TEM images of the samples in Table 1, with N/A indicating that no product was

obtained. The scale bars are 50 nm.
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The Role of Glucose. In general, the reduction kinetics of the Cu(Il) precursor depends on the
concentrations of not only the coordination ligand and precursor but also the reductant. To look
into the explicit role of glucose in the formation of Cu nanocrystals, we did another set of
experiments by fixing the amount of HDA at 45 mg while varying the concentrations of the
Cu(II) precursor and glucose (Table S2 and Figure S9). Surprisingly, increasing the concentration
of glucose did not bring any change to the shape of the resultant nanocrystals. To be specific,
when 1.05, 5.25, and 10.5 mg of CuCl> were used, the dominant shapes of the Pd-Cu
nanocrystals were pentagonal bipyramid, decahedron, and truncate bitetrahedron, regardless of
the amount of glucose added as long as it was controlled in the range of 13.9-111.0 mM. As the
concentration of glucose was increased, we also observed an increase in proportion for the
impurities, including cubes and right bipyramids purely made of Cu. Along with the acceleration
in reduction for the Cu(Il) precursor, the increase in homogeneous nucleation and thus the
consumption of Cu atoms reduced the amount of Cu actually deposited on the Pd seeds, resulting
in the formation of almost identical Pd-Cu products even though the concentration of reductant

was increased.
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Table S2. The dominant shapes of Pd-Cu nanocrystals in the samples prepared using different
amounts of CuCl, and glucose, with pentagonal bipyramid and truncated bitetrahedron being

abbreviated as pBP and tBT, respectively.

CuCl; (mg)
1.05 5.25 10.5
glucose (mg)
12.5 pBP decahedron tBT
50 pBP decahedron tBT
100 pBP decahedron tBT
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Figure S9. TEM images of the samples in Table S2. The scale bars are 100 nm.
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The Role of Chloride. We also investigated the effect of Cl” ions on the shape-controlled
synthesis of Pd-Cu Janus nanocrystals. As shown in Figure S10, the Cu atoms were deposited as
irregularly-shaped, polycrystalline shells around the Pd seeds when the precursor was switched
from CuCl; to Cu(ac): (ac: acetate). In this case, the fast reduction of the precursor led to the
rapid deposition of Cu atoms onto the entire surface of each Pd seed. When NaCl was added into
the reaction solution, however, Pd-Cu nanocrystals with well-defined shapes were obtained
again, indicating the important role played by Cl™ ions in the formation of Cu nanocrystals.
Similar to HDA, CI  ions can coordinate to Cu(II) ions and thus slow down their reduction rate,'?
enabling the selective nucleation and growth of Cu from one site on the Pd seed for the

generation of a Janus nanocrystal with a well-defined shape.'?
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Figure S10. TEM images of the Pd-Cu nanocrystals prepared using the standard protocols for (a,
b) pentagonal bipyramids, (c, d) decahedra, and (e, f) truncated bitetrahedra, respectively, except

for the use of different Cu precursors: (a, ¢, €) Cu(ac), and (b, d, f) Cu(ac). plus NaCl.
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Control of Size. Although the size of the Pd-Cu nanocrystals could not be tightly controlled by
simply varying the amount of the Cu(Il) precursor, it could be tuned by altering the amount of
the Pd icosahedral seeds. In the case of Pd-Cu decahedra, when the amount of the Pd seeds was
increased by 50 and 100%, the size of the as-obtained nanocrystals decreased from 39.3 to 32.7
and 31.7 nm (Figure S11, a and b). When more seeds were used with a fixed amount of the
Cu(Il) precursor, fewer Cu atoms were deposited on each Pd seed, leading to a smaller size for
the decahedra. Similarly, the edge length of the Pd-Cu truncated bitetrahedra decreased from
48.2 to 46.4 and 41.3 nm when the amount of the Pd seeds was increased by 50 and 100%
(Figure S11, ¢ and d). It should be mentioned that the purity of the truncated bitetrahedra also
slightly dropped, with the inclusion of an increased proportion of polycrystalline particles. Taken
together, the size of both decahedra and truncated bitetrahedra could be controlled to a certain
extent by varying the amount of the Pd seeds, but the use of a large amount of seeds might

compromise the purity of the target products.
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Figure S11. TEM images of (a, b) Pd-Cu decahedra and (c, d) truncated bitetrahedra prepared
using the standard protocol, except for the use of the suspension of Pd icosahedral seeds (1.1

mg-mL™") at different volumes: (a, ¢) 75 and (b, d) 100 uL, respectively.
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Table S3. Concentrations of Cu and Pd in the inks prepared for the electrochemical tests.

Samples Conc. of Cu (mg/mL) Conc. of Pd (mg/mL) Ratio of Cu to Pd
pentagonal bipyramids 0.19 0.021 15.2

decahedra 0.23 0.0083 46.2
truncated bitetrahedra 0.24 0.0048 83.7

S22



Table S4. Details of the selectivity and geometric current density in CO> reduction using the Pd-

Cu pentagonal bipyramids as the catalyst.

EV(SV H: (60 CH4 C:H4 Ethanol  1-Propanol  Formate Acetate Total Jtotal
RHE) (%) (%) (%) (%) (%) (%) (%) (%) (%) | (mA-cm?)
299+ 278+ 104.1
-0.7 03 0.9 0+0 3.7+0 7.9+03 0£0 34.8+0.7 0£0 10 -2.1+£0.1
0 | PT2E B0 0u0 s4s12 44201 11220 347202 06205 | 93| 54402
27.7 + 100+ 03=+ 17.8 £ 94.4 +
-0.9 24 16 03 39 6.6+0.5 49+04 264+37 07+02 50 -142+25
285+ 2.0+ 4.8+ 313+ 96.5 +
-1.0 39 0.5 21 0.9 126 +1.3 5.6+09 109+24 09+0.1 02 -349+1.4

Table SS. Details of the selectivity and geometric current density in CO> reduction using the Pd-

Cu decahedra as the catalyst.

EV(SV H: CO CH4 C2H4 Ethanol  1-Propanol  Formate Acetate Total Jtotal
RHE) (%) (%) (%) (%) (%) (%) (%) (%) (%) | (mAscm?)
0.7 371'.721 2%'.3; 00 5401 580 0+0 292401 00 Log'.: 2740
0.8 3%'.9; lz'gi 0+0 “0'%; 4406  28+02 27.1+0.1 05=0.1 9‘;? 7040
0.9 23’3* 45; 0.8+0 23)'.1; 78412 62406 203+14 0.6%0 91‘? 167+ 1.0
1.0 25;; 1(.;.111 6f0i 3‘5’%* 116403 48404  94=10 0.6+0.1 915'2* 301423

Table S6. Details of the selectivity and geometric current density in CO> reduction using the Pd-

Cu truncated bitetrahedra as the catalyst.

EV(SV H: Cco CH4 C:H4 Ethanol  1-Propanol  Formate Acetate | Total Jtotal
RHE) (%) (%) (%) (%) (%) (%) (%) (%) (%) | (mAscm?)
0.7 3%’? 221'.6; 040 41205 54+25 0£0  308+18 00 91355 2340
0.8 3%.3; lz)'ji 0£0 1%.1# 53+04 35402 311+14  0+0 9%‘? 59404
0.9 2%"8; 7(')?; 1(')ii 202+0 78+16  49+0.1 220+13 05+0.1 931"97i 169412
1.0 351"7; 15; 1%'?; 251‘;“* 91406  3.6+02  88+0.0 04+0.1 9‘;"? 404+ 4.1
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Figure S12. Mass activities toward C>+ products when different types of the Pd-Cu nanocrystals

were used as catalysts. The results are based on the overall mass of Pd and Cu.
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Figure S13. (a) TEM image of the Pd icosahedra supported on carbon. (b) FEs toward CO and
H; and (c) geometric current density of the Pd icosahedra under different potentials in a 0.5 M
KHCO:; electrolyte.
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Figure S14. (a, b) TEM image of Cu twinned nanoparticles: (a) before, and (b) after deposition
on carbon. (c, d) FEs and (e) geometric current density of the Cu twinned nanoparticles under

different potentials in a 0.5 M KHCOs electrolyte.
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Figure S15. CVs recorded for the Pd-Cu Janus nanocrystals at 25 mV/s in 0.1 M KOH: (a)

pentagonal bipyramids, (b) decahedra, and (c) truncated bitetrahedra, respectively.

Table S7. ECSAs and ECSA-normalized current densities at -1.0 Vgrye of the three different

types of Pd-Cu Janus nanocrystals.

Mass-normalized

ECSA-normalized C+

Sample ECSA (em) ECSA (cm?*/mg)? current density (mAe-cm?)
Pd-Cu pentagonal bipyramids 0.42 10.5 32.8
Pd-Cu decahedra 0.29 7.25 41.5
Pd-Cu truncated bitetrahedra 0.16 4.0 76.4

2 The ECSAs were normalized to the mass of Cu.
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Table S8. The selectivity and geometric current density in CO; reduction when 20 pg of the Pd-

Cu pentagonal bipyramids were used as the catalyst.

E(V

vs H: (60 CH4 C2H4 Formate Acetate Ethanol  1-Propanol | Total | j (mAe.cm”
RuEE) | (" (%) (%) (“o) (%) (“o) (%) (%) (“o) %)
)
-0.9 26.9 12.7 0.8 17.8 27.2 0.5 5.2 4.5 95.6 9.4
-1.0 23.0 3.3 8.7 30.1 13.3 1.0 11.2 4.5 95.0 -20.0
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Figure S16. (a—c) TEM images of the Pd-Cu nanocrystals supported on carbon before
electrolysis: (a) pentagonal bipyramids, (b) decahedra, and (¢) truncated bitetrahedra. (d—f) TEM
images and (g—i) XRD patterns of the Pd-Cu nanocrystals after 1 h of electrolysis at -1.0 Vrue:
(d, g) pentagonal bipyramids, (e, h) decahedra, and (f, 1) truncated bitetrahedra. The scale bars in

the insets of (d—f) are 30 nm. The places where dissolution of Cu or formation of small Cu

nanoparticles occurred are marked by red circles.
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Figure S17. Stability test of the Pd-Cu decahedra at -1.0 Vrur for 15 h: (a) FEs of gaseous

products and (b) current density normalized to the geometric area.
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Figure S18. TEM images of the Pd-Cu decahedra after (a) 3 and (b) 5 h of electrolysis at -1.0

VRHE, respectively. The scale bar in the inset of (a) is 50 nm.
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Figure S19. Real-time ATR-IR spectra recorded at potentials varying from 0 to -0.95 Vrue on
the (a) Pd-Cu decahedra and (b) Cu twinned nanoparticles in the COz-saturated 0.5 M KHCO3
solution. The peak at 2343 cm! can be assigned to the CO» in the aqueous solution, and the band

1

located at around 1800 cm™ can be assigned to the bridge- or multiple-adsorbed *CO on Cu

surface.
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Figure S20. Minimum energy adsorption structures for CO adsorption on (a) Cu(111) and (b)
Pd(111) at 1/9 ML to 1 ML CO coverage. Color code: pink — Cu; cyan — Pd; black — C; red — O.

Dashed lines denote the (3 x 3) surface unit cell.
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Figure S21. Top and cross-sectional views, side by side in each pair of images, for the minimum
energy structures involving clean PdH(111), PdHcomp(111), PdH11/Pd(111), PdH>1/Pd(111), and
PdH;1/Pd(111) slabs. The structure of a PdH bilayer is indicated in the cross-sectional view for
PdH(111). Color code: cyan — Pd; yellow — H. Dashed lines denote the (3 x 3) surface unit cell.
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Figure S22. Calculated (a) average and (b) differential binding energies of CO on Cu(111) (red),
Pd(111) (blue), PdHcomp(111) (orange), PdH»1/Pd(111) (cyan), and PdH31/Pd(111) (wine) as a
function of CO coverage. Black dashed line in (b) indicates a dBE value of 0 eV (thermal-neutral
adsorption). Red dashed line in (b) indicates a dBE value of -0.98 eV (BE of CO on a clean
Cu(111) surface at 1/9 ML coverage). For PdHcomp(111), PdH21/Pd(111), and PdH3/Pd(111),
open symbol indicates that H termination is preferred; solid symbol indicates that Pd termination

is preferred.
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Figure S23. Minimum energy adsorption structures for CO adsorption on PdH(111) at 1/9 ML to
1 ML CO coverage, with top and side views being shown side by side in each pair of images.
Color code: cyan — Pd; yellow — H; black — C; red — O. Dashed lines denote the (3 x 3) surface
unit cell. On the top right corner of each image, orange label indicates that H termination is

preferred; blue label indicates that Pd termination is preferred.
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Figure S24. Minimum energy adsorption structures for CO adsorption on PdHi1/Pd(111) at 1/9
ML to 1 ML CO coverage, with top and side views being shown side by side in each pair of
images. Color code: cyan — Pd; yellow — H; black — C; red — O. Dashed lines denote the (3 % 3)
surface unit cell. On the top right corner of each image, orange label indicates that H termination

is preferred; blue label indicates that Pd termination is preferred.
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Figure S25. Minimum energy adsorption structures for CO adsorption on PdH21/Pd(111) at 1/9
ML to 1 ML CO coverage, with top and side views being shown side by side in each pair of
images. Color code: cyan — Pd; yellow — H; black — C; red — O. Dashed lines denote the (3 x 3)
surface unit cell. On the top right corner of each image, orange label indicates that H termination

is preferred; blue label indicates that Pd termination is preferred.
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Figure S26. Minimum energy adsorption structures for CO adsorption on PdH3/Pd(111) at 1/9
ML to 1 ML CO coverage, with top and side views being shown side by side in each pair of
images. Color code: cyan — Pd; yellow — H; black — C; red — O. Dashed lines denote the (3 x 3)
surface unit cell. On the top right corner of each image, orange label indicates that H termination

is preferred; blue label indicates that Pd termination is preferred.
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Figure S27. Minimum energy adsorption structures for CO adsorption on PdHcomp(111) at 1/9
ML to 1 ML CO coverage, with top and side views being shown side by side in each pair of
images. Color code: cyan — Pd; yellow — H; black — C; red — O. Dashed lines denote the (3 x 3)
surface unit cell. On the top right corner of each image, orange label indicates that H termination

is preferred; blue label indicates that Pd termination is preferred.
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Figure S28. Calculated Pourbaix phase diagram for CO on PdH>1/Pd(111) at room temperature
under the electrochemical conditions for CO; reduction. The free energy per surface area for
each CO coverage up to 1 ML is plotted as a function of the applied potential. At each potential,
the most stable surface coverage is the one with the lowest free energy value. In the legend, those
coverages marked with tick marks appear as the most stable phases under certain potentials; the
remaining phases are not expected to be observable. The range of applied potential evaluated
experimentally in this work (-0.7 to -1.0 VruEg) is denoted by the shaded area on (a). An enlarged

view of the boxed area in (a) is shown in (b).
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Figure S29. Calculated Pourbaix phase diagram for CO on PdH31/Pd(111) at room temperature
under the electrochemical conditions for CO; reduction. The free energy per surface area for
each CO coverage up to 1 ML is plotted as a function of the applied potential. At each potential,
the most stable surface coverage is the one with the lowest free energy value. In the legend, those
coverages marked with tick marks appear as the most stable phases under certain potentials; the
remaining phases are not expected to be observable. The range of applied potential evaluated
experimentally in this work (-0.7 to -1.0 VruEg) is denoted by the shaded area on (a). An enlarged

view of the boxed area in (a) is shown in (b).
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Figure S30. Calculated Pourbaix phase diagram for CO on PdHcomp(111) at room temperature

under the electrochemical conditions for CO; reduction

. The free energy per surface area for

each CO coverage up to 1 ML is plotted as a function of the applied potential. At each potential,

the most stable surface coverage is the one with the lowest free energy value. In the legend, those

coverages marked with tick marks appear as the most stable phases under certain potentials; the

remaining phases are not expected to be observable. The range of applied potential evaluated

experimentally in this work (-0.7 to -1.0 Vrug) is denoted by the shaded area on (a). An enlarged

view of the boxed area in (a) is shown in (b).
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Density Functional Theory (DFT) Calculations. Periodic DFT calculations were performed
using the Vienna ab initio simulation package (VASP) code.!*!> The exchange-correlation
functional was described by the generalized gradient approximation (GGA-PBE),!® and the
electron-ion interactions were described using the projector augmented-wave (PAW)
potentials.!”!® The D3 method developed by Grimme ef al. was adopted to account for dispersive
interactions.!” The Kohn—Sham electron wave functions were expanded in plane-wave basis sets
with a kinetic-energy cutoff of 400 eV. During each calculation on a metal surface, the bottom
two atomic layers of the metal slab were fixed at their truncated bulk lattice positions, while all
the remaining metal atoms as well as the adsorbate atom(s) were allowed to fully relax.
Adsorption was allowed on only one side of the metal slab, and the electrostatic potential was
adjusted accordingly.?®?! Any pair of successive slabs in the surface norm direction were
separated by a vacuum layer of at least 12 A in thickness. The calculated bulk lattice constants
for Pd and Cu are 3.886 A and 3.568 A, respectively, which are in good agreement with the
experimental values of 3.890 A and 3.615 A, respectively.?? The calculated bulk lattice constant
for PdH in its NaCl crystal structure is 4.079 A, in close agreement with the experimental value
of 4.090 A%

For the study of CO adsorption at different surface coverages on Pd(111) and Cu(111), the
two close-packed metal surfaces were each modeled using a four-layer slab periodically repeated
in a (3 x 3) surface unit cell, which corresponds to a surface coverage of 1/9 monolayer (ML)
when a single adsorbate is present in the unit cell. The PdAH(111) and PdHcomp(111) surfaces were
modeled using (3 x 3) slabs consisting of four PdH bilayers, with the bottom two bilayers being
fixed at the truncated bulk lattice positions featuring the lattice constants of PdH and metallic Pd,
respectively. The PdHx1/Pd(111) surfaces were constructed by placing x (x = 1-3) layers of PdH
bilayers pseudomorphically on top of the four-layer (3 x 3) Pd(111) slab with the bottom two Pd
layers fixed. For each PdH slab model, both H and Pd terminations were evaluated. For the
PdHx1/Pd(111) slabs, all possible PdH bilayer stacking sequences were examined and the lowest-
energy one was identified and used for subsequent adsorption studies. The minimum energy
structures of all the PdH slab models are shown in Figure S21. The first Brillouin zone of the (3
x 3) unit cell was sampled with a (4 x 4 x 1) Monkhorst-Pack k-point mesh.?

The twin boundary regions on the Cu nanocrystals were modeled using a similar slab

geometry as adopted in our previous studies for icosahedral nanocrystals (Figure S31),2>?¢ which
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is consistent with the atomic stacking first reported by Mackay.?” The slab consists of two four-
layer (111) terrace regions, each consisting of six atomic rows, jointed by a twin-boundary edge
(grey atoms in Figure S31). The slab is arranged in a (1 x 2) unit cell geometry (dashed lines in
Figure S31), for which the first Brillouin zone was sampled using a (1 X 6 x 1) Monkhorst-Pack
k-point mesh. To compare the adsorption properties of the Cu twin boundaries with those on the
(111) terrace of Cu, we also constructed a four-layer (4 x 2) Cu(111) slab. We previously
demonstrated that this (4 x 2) unit cell size offers a reasonable comparison at similar surface
coverage with the aforementioned Cu twin-boundary model.?* The first Brillouin zone of the (4 x

2) unit cell was sampled with a (4 x 6 x 1) Monkhorst-Pack k-point mesh.

o

b Twin boundaries

5

Figure S31. (a) Top and (b) side views of the Cu twin boundary slab model. Grey spheres denote
the Cu atoms in twin boundary. Pink spheres denote the remaining Cu atoms. Dashed lines

denote the (1 x 2) surface unit cell.

When a single adsorbate is present in each unit cell, we define the binding energy (BE) of
this species as:
BE = Ejlab+species — Eslab — Especies(g)
where, Esiab+species 1S the total energy of the slab with the species adsorbed on its surface, Esiap 1s
the total energy of the slab in the absence of any adsorbate, and Especies(g) 1S the total energy of the

species itself isolated in the gas phase. For adsorption studies on the PdH slab models, we
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examined the adsorption on both the H- and Pd-terminated surfaces. Ea», however, is always
defined as the total energy of the minimum energy slab geometry (H-terminated) as shown in
Figure S21. For the high-coverage CO adsorption studies, the average binding energy (BEavg)
when n CO molecules are adsorbed in each unit cell is defined as:
BEavg = (Estab+nco — Estab — nEco(g)) / n

where Esiab+nco 1S the total energy of the slab with n CO molecules adsorbed on its surface, and
Eco(g) is the total energy of an isolated CO molecule in the gas phase. The differential binding
energy (dBE) of CO is defined as the energy change induced by adding the nth CO molecule to a
unit cell where n—1 CO molecules are already adsorbed on the slab, using the following equation:

dBE = Esiab+nco — Estab+(n-1)co — Ecocg)

S46



Procedures for Constructing Pourbaix Phase Diagram. The free energy of a system with n
CO molecules adsorbed on Pd(111) is evaluated by assuming the following electrochemical
equilibrium (* denotes an empty surface site or an adsorbed species):

nCOx(aq) +2nH" + 2ne” + * < nCO* + nH20(1)

The free energy (Q) is then calculated as the Gibbs free energy of reaction for the equilibrium

above:
Q= ulrp. +nud oy — NU — 2nuy+ — 2npg- — o
HUncox Hy,om Heco,(ag) Uy Ue 2

where u2 denotes the standard chemical potential of Species X.

By the definition of RHE, at 0 Vrug, the Gibbs free energy of reaction for the electrochemical
equilibrium H" + " <> 0.5 Hx(g) is zero at any pH. Therefore, the chemical potential of a proton-

electron pair can be expressed in terms of the applied potential vs. RHE (Ugrue) as:

HUp+ + fe- = 0-5.“1012(g) — eUgrug

Note that this expression is independent of the pH value.

The chemical potential of CO»(aq) is estimated using its Henry’s constant of 0.034 mol/kg/bar at
the standard condition.?®

Po

#202(aq) = /’lgoz(g) + AGgolv = /’lgoz(g) — RTIn (H a)

where po and co denote the reference state for pressure (1 bar) and concentration (1 mol/kg),

respectively.

The standard chemical potential of Species X is computed from its calculated energy using
density functional theory (DFT) (Eprr) at 0 K using:

uY(T) = Eppr + ZPE + H°(T) — H°(0K) — TS°
where ZPE is the zero-point energy from DFT, and H° and S° are the standard enthalpy and

entropy, respectively.

For gas-phase and liquid-phase species, H° and S° were obtained from the NIST database.?® For

the surface species (adsorbed CO), the temperature-dependent H° and S° values were derived
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from the vibrational frequency values calculated at 1/9 ML CO coverage. The standard chemical
potential of the clean Pd(111) slab (u0) was assumed constant at the calculated DFT total energy

value for the entire four-layer slab in a (3 x 3) surface unit cell.
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Adsorption of CO: Reduction Intermediates on Cu Twin Boundaries vs. Terrace. To further
explore the role of under-coordinated sites at the Cu twin boundaries (Curg) in the nanocrystals,
we performed DFT calculations and compared the binding strength of common CO; reduction
intermediates on Cuts with those on terrace Cu(111) sites. Seven strongly bound intermediates,
namely, H, CO, OH, CH, CHO, COH, and CH30, were considered in this study. The preferred
binding sites and the respective binding energies of these seven species on Cutg and Cu(111) are
summarized in Table S9. For all the seven CO; reduction intermediates, we observed stronger
binding on Cuts compared to Cu(111). It is worth noting that for CO and H, the binding energy
difference between Cutg and Cu(111) is minimal (0.02 eV). For the other five species, the
adsorption on Curtg is notably stronger, with binding energy differences ranging from 0.06 eV
(for COH) to 0.23 eV (for OH). At room temperature, a difference of 0.06 eV in binding energy
corresponds to one order of magnitude difference in the adsorption equilibrium constant.
Therefore, under the reaction conditions, one would expect much higher coverages of OH, CH,
and CHxOy species on Cutg than on Cu(111).

The higher surface coverage on the twin boundaries may lead to two possible scenarios for
the following CO» reduction: (1) The under-coordinated sites on the twin boundaries are highly
covered but remain active. In this case, the subsequent adsorption of C; intermediates on the twin
boundaries becomes destabilized due to the high coverage, resulting in a reduced barrier for the
C-C coupling and facilitating the formation of C»+ products. Examples of such coverage effects
have been demonstrated previously in DFT studies for formic acid decomposition and Fischer-
Tropsch synthesis.?*3° (2) The adsorption on the twin boundaries becomes so strong that the
desorption of intermediates and even products is restricted, suppressing the activity of the
catalysts. According to our experimental observations, the Pd-Cu truncated bitetrahedra with the
largest size and lowest density of under-coordinated atoms on surface exhibited the highest
current density (normalized to ECSA) toward the production of Cz+ species, when compared to
the pentagonal bipyramids and decahedra. This result suggested the detrimental role of under-
coordinated atoms toward catalytic activity when they are presented in a very high proportion. A
more explicit study of the twin-boundary effect would require the evaluation of the reaction
kinetics for the C-C coupling steps as well as the diffusion of reaction intermediates from the

twin boundary to the terrace, which is beyond the scope of this work.
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Table S9. Comparison of energetically preferred structures of CO: reduction intermediates and
their respective binding energies on Cu twin boundaries and on Cu(111) at the dilute limit (one

adsorbate per unit cell).

Cu twin boundary Cu(111)
Species
BE (eV) Site®P BE (eV) Site?
H -2.60 hep (TB) -2.58 | fee
b ]
CO -1.06 | fec (TB) -1.04 | fee
CH -5.26 | fcc (TB) -5.12 | fee
OH -3.32 bridge (TB) -3.10 | fee
CHO -1.71 tbt® (TB) -1.56 | tbt®
COH -3.13 fce (TB) -3.06 | fee
CH;0 -2.70 hep (TB) -2.52 | fee

? Insets show the top and side views of the preferred binding structures side by side. Color code: grey —
twin boundary Cu atom; pink — other Cu atom; blue — H; black — C; red — O.

® ¢(TB)’ denotes a site which is either right on top of or adjacent to the twin boundary.

¢ ‘tbt” denotes a binding structure across two adjacent top sites connected by a bridge site.
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