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ABSTRACT: CO2 reduction reaction (CO2RR) facilitates the sustainable
synthesis of fuels and chemicals. Although copper (Cu) enables CO2-to-
multicarbon product (C2+) conversion, Cu-based electrocatalysts, particularly
nanocatalysts, face challenges in poor selectivity and stability owing to the
highly dynamic nature of Cu atoms under reaction conditions. Core−shell
structures present a promising approach to address these issues by
modulating the Cu overlayer−substrate interactions with atomic-level
precision. Here, we report on Pd@Cu core−shell structures with atomically
thin and nanometer-thick Cu overlayers on single-crystal Pd nanocubes with
{100} facets promoting the CO2-to-C2+ conversion. The microstructures and
surface compositions at the atomically sharp Pd/Cu interface were
investigated by atomic-scale scanning transmission electron microscopy
(STEM) imaging and electron energy-loss spectroscopy (EELS). Our results
reveal that atomic-layer Cu epitaxially grows on Pd and adapts to the lattice of the Pd substrate. The reaction-driven migration of
atomic-layer Cu is effectively suppressed on Pd due to the strong Cu−Pd interaction. While Pd only reduces CO2 to C1 products,
atomic-layer Cu on Pd can initiate the C2+ production during the CO2RR. Thick Cu overlayers (∼15 nm) on Pd further enhance the
C2+ faradaic efficiency while undergoing significant structural reconstruction, with only the 2−3 nm Cu layers near the Pd surface
remaining stable and resistant to Cu migration after the CO2RR. We anticipate that Pd@Cu core−shell structures with intermediate
Cu shell thickness hold significant potential for enhancing C2+ selectivity while maintaining high stability of nanocatalysts for CO2
reduction to liquid fuels.

■ INTRODUCTION
The electroreduction of CO2 to higher-value chemicals offers
significant potential for mitigating climate change and
advancing the chemical industry toward carbon neutralization.1

Among various heterogeneous electrocatalysts, copper (Cu)
stands out for its unique ability to convert CO2 into
multicarbon products, such as ethylene, ethanol, and propanol,
at substantial rates.2−4 Despite its capability for CO2-to-C2+
conversion, Cu faces challenges with poor selectivity and
stability in CO2 reduction reaction (CO2RR).5−7 The lattice
strain, induced by growing a metal overlayer on the substrate,
has been used as a common strategy in catalysis to tune the
adsorption energies of the reaction intermediate species.8−13

Such interfacial strain engineering has the potential to tune
reaction activity/selectivity while preserving the structural
stability of the metal overlayers14−17 through synergistic effects
with the metal substrate. However, synthesizing Cu overlayers
on specific metal substrates presents a significant challenge due
to the large lattice mismatch (>5%) between Cu and most
noble metals18,19 since the epitaxial growth often requires a <

3% lattice mismatch.20−22 Although various M@Cu (M = Au,
Pt, Pd, etc.) core−shell nanostructures have been successfully
synthesized using wet-chemistry methods,23−27 the Cu over-
layers were reported to be thicker than 5 nm to achieve
adequate strain relaxation, which behaved like bulk Cu instead
of the desirable structure of surface atomic-layer Cu on metal
substrates.

Previous reports used the underpotential deposition (UPD)
method to alter the catalytic reactivity and selectivity of Cu
overlayers for the CO2RR, which was ascribed to the ligand
and strain effects. Chorkendorff et al.28 and Strasser et al.29

deposited Cu overlayers on bulk Pt electrodes and quantified
the Cu layer thickness by the charge of Cu UPD and bulk
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electrodeposition. Their findings suggest that catalysts with Cu
overlayers exhibit higher catalytic activity toward C2+ products
when compared to bulk Cu catalysts, with a notable effect of
the Cu overlayer thickness. Kulesza et al.30 reported CO2
electroreduction on multilayered catalysts composed of
monolayer Cu covering Pd interlayers deposited on bulk Au
(111) electrodes. They found that these overlayer structures
exhibited higher catalytic activity toward CO formation than
pure Au metal substrates. Those studies involve Cu overlayers
on bulk electrodes, which may deviate significantly from
practical nanocatalysts. The correlation between the atomic
structure of the Cu overlayer and its selectivity/stability for the
CO2RR remains elusive, particularly for high-performance
nanocatalysts, due to the lack of atomic-scale characterizations
of the Cu/substrate interface.

In this work, Pd@Cu core−shell nanocubes with ∼15 nm
and atomic Cu overlayers on ∼20 nm single-crystal Pd
nanocubes were synthesized by controlling the deposition rate
of Cu2+ in aqueous solution. The nanocube morphology was
selected in this work to exclusively expose {100} facets on the
catalyst surface since early studies on bulk Cu single crystals
and Cu nanocubes with {100} facets showed improved
CO2RR selectivity toward C2+ products.5,31,32 We demon-
strated the successful epitaxial growth of the atomic-layer Cu
on Pd by significantly decreasing the accessible reductant
concentration during the nucleation stage. The core−shell
structures were evaluated as electrocatalysts for the CO2RR.
Our atomic-scale scanning transmission electron microscopy
(STEM) imaging and electron energy-loss spectroscopy
(EELS) directly visualize the atomic-layer Cu epitaxially
grown on Pd nanocubes, which activate the surface to produce
C2+ chemicals and remain stable through the course of the
CO2RR. The reaction-driven migration of Cu is effectively
suppressed on the Pd substrate due to the strong electronic
interaction between Cu and Pd. The thicker Cu shell (∼15
nm) enhances the formation of multicarbon products, relative

to Cu nanocube counterparts, but is susceptible to significant
structural reconstruction during the reaction.

■ RESULTS AND DISCUSSION
Thick and atomic-layer Cu shells on Pd nanocube cores (Pd@
Cu) were synthesized using a seed-mediated wet chemistry
method. By introducing ∼20 nm Pd nanocubes into the
solution as seeds, precise control over the size and shape of the
resulting Pd@Cu core−shell structures could be
achieved.18,33,34 The thickness of Cu shells was controlled by
adjusting the reduction rate of the Cu2+ precursor through the
concentration of the available reductants (ascorbic acid). The
Pd@Cu nanocubes with core−shell structures have average
sizes of ∼25 nm and ∼50 nm for Pd@Cuatomic and Pd@
Cu15 nm, respectively (Figure S1). Atomic-scale high-angle
annular dark-field (HAADF) STEM images at the Pd/Cu
interface of the Pd@Cuatomic nanocubes revealed the coherent
atomic Cu layer on the Pd surface (Figure 1a−d). Pd
nanocube core shows a high-quality single-crystal-type
structure on the [100] zone axis with d-spacings of Pd{200}
(1.95 Å). The monolayer Cu, as indicated by arrows in Figure
1b−d, was shown to share nearly the same lattice spacings as
Pd substrates, demonstrating the epitaxial relationship between
the lattice of Cu and Pd. Given the theoretical 7.7% lattice
mismatch between Cu (d{200}= 1.81 Å) and Pd (d{200}= 1.95
Å), significant strain within the Cu layer is anticipated as the
lattice of Cu adapts to that of Pd (1.95 Å) (Figure S2).
Elemental compositions were mapped using atomic-scale
STEM-based electron energy-loss spectroscopy (EELS) spec-
troscopy (Figure 1e−h) and energy dispersive X-ray (EDX)
spectroscopy (Figure S3a). STEM-EELS elemental maps of Pd
(red, Figure 1g), Cu (green, Figure 1h), and composite map of
Pd and Cu (red/green, Figure f) present a uniform atomic Cu
overlayer surrounding the Pd core.

EELS mapping acquired from an enlarged region at the Pd
core surface validated the presence of an atomic Cu overlayer

Figure 1. Atomic-scale HAADF-STEM imaging and EELS elemental mapping of Pd@Cuatomic core−shell nanocube. (a) Overall lattice image of a
Pd@Cuatomic core−shell nanocube on the zone axis of [100]. (b−d) Atomic-scale STEM images, acquired from the solid box in (a), show a
coherent Cu monolayer over the Pd lattice. (e−h) STEM image of a Pd@Cuatomic nanocube and the corresponding EELS elemental maps of Pd
(red), Cu (green), and composite map of Pd vs Cu. (i−l) The enlarged EELS elemental mapping, showing atomic-layer Cu on top of the Pd
nanocube substrates. (m) EELS line profiles across the Cu/Pd interface show that the Cu shell is ∼7 Å thick.
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(Figure 1i−l), with a thickness of ∼7 Å as determined from the
EELS line profile (Figure 1m) extracted from the EELS maps
(white box in Figure 1k,l). The measured thickness of 7 Å
represents the upper limit of the actual thickness of the
monolayer Cu, accounting for beam broadening and sample
mistilt effects. To the best of our knowledge, this represents
the first experimental evidence of an atomically thin Cu layer
epitaxially grown on foreign nanocrystal substrates with a
lattice mismatch exceeding 5%. The atomically sharp Cu/Pd
interface was directly visualized by aberration-corrected
HAADF-STEM imaging and EELS elemental mapping.

The ∼15 nm Cu layer surrounding the Pd core is clearly
visible in EELS and EDX mapping (Figures 2, S3b and S4),

exhibiting the substantial overgrowth of Cu layers along the
[100] directions. The shell thickness of the core−shell
structure in seed-mediated growth is controlled by the ratio
between the rate of deposition and that of surface diffusion of
Cu atoms on the Pd surface.35 For the Pd@Cu15 nm core−shell
nanocubes, Pd seeds were observed to randomly distribute
within the nanocubes (as shown by examples in Figures 2e−h,
S3b and S4), which is consistent with the previous report when
a fast deposition rate of Cu was involved.24−26 This indicates
that the growth of the Cu layer is primarily kinetically
controlled during the initial stages of the reaction due to the
rapid deposition rate of Cu. As a result, this leads to localized
nucleation and growth of Cu on some of the six facets of the
Pd nanocube seed. In contrast, when an atomic layer of Cu is
synthesized, the concentration of reductants available for the
nucleation process is significantly reduced. With a lower
quantity and slower deposition rate of Cu, the growth of a
thinner and more uniform Cu layer is facilitated by sufficient
surface diffusion of Cu on the Pd surface, enabling the
formation of a thermodynamically favorable structure.

Following the structural investigation by electron micros-
copy, the thick Cu layer and the atomic Cu layer on Pd were
evaluated as electrocatalysts for the CO2RR in an H-cell. For
comparison, monometallic Pd nanocubes and Cu nanocubes
were also tested as control groups (Figure S5). Pd nanocubes
mainly produce H2 and CO, which is consistent with a
previous study.36 In comparison, an atomic Cu layer on the Pd
surface is sufficient to initiate the formation of C2H4 with a
Faradaic efficiency (FE) of 12% (Figure 3a). Increasing the
thickness of the Cu layer suppresses the hydrogen evolution
reaction (HER) and further enhances the C2+ production,

achieving a total C2+ FE of over 50%. Although the ∼15 nm
Cu layer shows a CO2-to-C2H4 FE of 35%, slightly higher than
that of monometallic Cu (31%), there is a significant
enhancement in CO2-to-ethanol FE, with approximately 3-
fold higher in the FE toward ethanol when using the Pd@
Cu15 nm (19%) compared to monometallic Cu (7%). It should
be noted that the atomic Cu overlayer exhibits lower C2+ FE
relative to the thick Cu counterpart. This can be attributed to
the excessive strain effects of the Cu overlayer, which impact
the adsorption of reactive intermediate species due to varying
structural and electronic effects.37−40 It suggests that a Cu
overlayer with a moderate thickness might be desired for
promoting C2+ selectivity. We anticipate an optimal thickness
of the Cu layer, providing a moderate electronic effect from the
Pd substrate, for optimizing the CO2RR of the Pd@Cu core−
shell structure. This can be reflected in the nonmonotonic
trend observed in the plot of C2+ FE as a function of Cu
content derived from Figure 3a, as a higher C2+ selectivity may
be expected between the atomic and ∼15 nm Cu thickness
(Figure S6). The time-dependent FE and partial current
density for C2H4, measured from an atomic Cu layer, remain
relatively stable, as illustrated in Figures 3b and S7. The FE for
other gas products was also consistently stable on both thick
and atomic Cu layers (Figure 3c,d). A slight increase in C2H4
production was observed for the thick Cu layer (Figure S7),
indicating potential structural reconstruction of the Cu layer
during 1 h CO2RR.

The compositional distribution of Pd@Cu core−shell
nanocubes after the CO2RR was then examined to assess the
structural changes during the CO2RR. The STEM-EELS
mapping of Pd@Cu15 nm after the CO2RR reveals significant
migration of the Cu shell, leading to severe aggregation of Cu

Figure 2. STEM-EELS elemental mapping of Pd@Cu15 nm core−shell
nanocubes. (a−d) STEM image of one Pd@Cuatomic nanocube and
the corresponding EELS elemental maps of Pd (red), Cu (green), and
composite map of Pd vs Cu, showing an ∼15-nm-thick Cu layer
evenly deposited on the surface of Pd core. (e−h) STEM image and
EELS maps of another nanocube where the Pd core is not centered,
indicating the kinetically controlled growth during the initial stages of
the growth.

Figure 3. CO2RR performances of Pd@Cuatomic and Pd@Cu15 nm
core−shell nanocubes. (a) FE for Pd, Pd@Cuatomic, Pd@Cu15 nm, and
Cu nanocubes. Measurements were conducted after 1 h chronoam-
perometry at −1 V vs RHE in 0.1 M KHCO3 solution (pH = 6.8).
The C2+ products were enhanced by increasing the thickness of the
Cu overlayers on Pd, surpassing that measured from monometallic Cu
nanocubes. (b) FE of C2H4 over ∼1 h CO2RR for the Pd@Cuatomic
and Pd@Cu15 nm core−shell nanocubes. (c) FE stability of gas
products over ∼1 h CO2RR for Pd@Cu15 nm, showing an increasing
C2H4 production over the ∼1 h CO2RR. (d) FE stability of gas
products over ∼1 h CO2RR for Pd@Cuatomic with a relatively stable
C2H4 production.
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nanoclusters while Pd nanocubes remain largely unchanged
(Figures 4a−f and S8−10). This observation aligns with
previous studies on Cu nanocatalysts, which demonstrated
substantial migration and reconstruction owing to the highly
mobile and dynamic nature of Cu atoms during the
CO2RR.41−43 Interestingly, while the majority of ∼15 nm Cu
shell on the Pd surface migrated and aggregated into hundreds
of nm Cu clusters, a 2.7 nm thick Cu layer is persistently stable
and remains on the Pd surface, as indicated by the high-
resolution STEM-EELS mapping (Figure 4f). In other
examples of Pd@Cu15 nm after the CO2RR, a similar structure
of 2−3 nm Cu overlayers were left over and remained on the
Pd nanocube surface, which is significantly thinner than the
∼15 nm thick Cu layer observed in the pristine sample
(Figures S8 and S9). In addition to the Cu nanoclusters, the
high density of small nanoparticles (2−10 nm) at adjacent
locations to the Pd nanocubes, was identified as Cu clusters
through STEM-EELS analysis (Figure S11). These small
nanoparticles are likely a result of the dynamic evolution of the
thick Cu shell under reaction conditions, analogous to the
observations in the monometallic Cu electrocatalysts during
the CO2RR.42,44 It is noteworthy that these small Cu
nanoparticles were prevented from reaching the Pd surface
by the residual 2.7 nm Cu layer, as clearly depicted in Figure
4d. This observation implies a stabilized 2−3 nm Cu layers
near the Pd surface remains strongly connected to the Pd
surface while the outer section of the Cu shell (around 3 to 15
nm away from the Pd surface) migrates and reconstructs more
readily during the CO2RR. In comparison, the atomic Cu layer
of the Pd@Cuatom sample remained stable on the Pd surface
after the reaction, as shown in Figure 4g−k. The line profile
indicates a Cu overlayer of approximately 7 Å thickness, which
is consistent with that observed in the pristine sample (∼7 Å).
Similar examples of post-CO2RR Pd@Cuatomic were provided
in Figure S12. Consequently, the stable CO2RR performance
of Pd@Cuatomic (Figure 3b) can be attributed to the stable

atomic Cu layer, as confirmed by STEM-EELS analysis. Both
the atomic Cu layer and the remaining 2−3 nm Cu layer
exhibit the characteristic features of metallic Cu based on the
EELS analysis (Figures S13 and S14). The underlying Pd
renders the 2−3 nm Cu layer more resistant to air oxidation,
likely due to the strong electronic interaction between Cu and
Pd.

Based on the structural analysis of the post-CO2RR, we
discovered that 2−3 nm Cu layers appear to be stabilized by
the underlying Pd and remain resistant to migration into larger
Cu clusters during the CO2RR. We acknowledge that the
structural reasons for the improved C2H4 and C2H5OH FE of
Pd@Cu15 nm warrant further studies as the active states of
catalysts are mixed structures of remaining 2−3 nm Cu
overlayers on Pd cubes as well as aggregated Cu nanoclusters.
Nevertheless, 2−3 nm Cu layers remaining on the Pd surface
present a promising strategy for achieving more stable Cu
electrocatalysts for CO2RR, addressing the stability challenges
posed by structural dynamics under reaction conditions, a
concern widely recognized within the CO2RR community.

In conclusion, we have successfully synthesized an atomi-
cally thin Cu layer and a ∼15 nm Cu layer on Pd nanocubes by
controlling the deposition kinetics of Cu2+ in aqueous solution.
Atomic-scale HAADF imaging and EELS mapping of Pd@
Cuatomic reveal the presence of atomic-layer Cu epitaxially
grown on the Pd substrate. We investigated the catalytic
performance of CO2 electroreduction on Pd@Cuatomic and
Pd@Cu15 nm as well as monometallic Cu and Pd nanocube
counterparts. The deposition of an atomic Cu layer activates
the Pd surface toward the formation of multicarbon products.
However, it underperforms compared to the thicker ∼15 nm
Cu layers. In comparison, the thicker ∼15 nm Cu overlayers
are unstable and have significant reconstruction during the
CO2RR. We reported that a Cu overlayer of intermediate
thickness holds significant potential for optimizing both the
selectivity and stability of Cu electrocatalysts for CO2

Figure 4. STEM-EELS elemental mapping of Pd@Cu15 nm and Pd@Cuatomic core−shell nanocubes after 1 h CO2RR. (a) The overall morphology
of the Pd@Cu15 nm core−shell nanocubes after reaction shows migration of Cu shells, formation of small Cu nanoparticles and aggregation into
large Cu clusters. (b) Enlarged HAADF-STEM image of a broken core−shell structure from the magnified view of (a). The Pd core stays stable
while the outside Cu layers migrate and reconstruct. (c) EELS maps of Pd (red) vs Cu (green). (d−f) EELS maps of Pd (red), Cu (green) and
composite map of Pd vs Cu acquired from the dashed box in (c), revealing a 2.7 nm Cu layer remaining on the Pd surface. (g) HAADF-STEM
image of a Pd@Cuatomic core−shell nanocube. (h−j) EELS maps of Pd (red), Cu (green) and composite map of Pd vs Cu acquired from the dashed
box in (g), revealing the preservation of the atomic Cu layer of the Pd@Cuatomic structure after the CO2RR. (k) EELS line profiles corresponding to
the EELS maps in (i) and (j) across the surface, indicating a 7 Å thickness Cu layer.
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reduction. Specifically, 2−3 nm Cu layers appear to be
stabilized by the underlying Pd and demonstrate resistance to
migration during the CO2RR. The reaction-driven migration of
Cu is effectively suppressed on the Pd substrate due to the
strong Cu−Pd interaction, which is correlated to the smaller
work function value of Cu, relative to Pd.45 The Cu−Pd
interaction is similar to the strong metal−support interaction
(SMSI) in oxide-supported metal catalysts.46 The structural
investigation here may also contribute to our understanding of
a broad range of bimetallic nanocatalysts for CO2 reduc-
tion.47−49 We anticipate this study will provide guidelines for
designing selective and, more importantly, durable nano-
catalysts for electrochemical CO2 reduction to liquid fuels.

■ EXPERIMENTAL METHODS
Chemicals. Anhydrous copper(II) chloride (CuCl2), palladium-

(II) chloride (PdCl2), ascorbic acid (AA), cetyltrimethylammonium
bromide (CTAB), hexadecylamine (HDA) were purchased from
Sigma-Aldrich. Potassium bicarbonate (KHCO3) (99.99% trace
metals basis) was purchased from Aladdin. All the above chemicals
were used as received without further purification. All aqueous
solutions were prepared using ultrapure deionized water.

Synthesis of Pd Nanocubes. In a typical synthesis, 5 mL of 10
mM H2PdCl4 solution was added to 100 mL of 12.5 mM CTAB
solution. The mixture was heated at 95 °C under stirring. After 10
min, 800 μL freshly prepared 100 mM ascorbic acid solution was
introduced and then stirred for 30 min. The product was collected by
centrifugation at 12000 rpm for 10 min, cleaned with deionized water
three times to remove the excess CTAB, and redispersed in 40 mL of
water for use as seeds.

Synthesis of Pd@Cu Core−Shell Nanocubes. Pd@Cu nano-
cubes were synthesized via the seed-mediated approach.18,27 In a
typical synthesis of Pd@Cu15 nm, 0.3 g of HDA and 2.5 mL of 0.1 M
CuCl2 solution were placed in deionized water in a glass vial and
stirred at room temperature overnight. 20 mL aqueous suspension of
Pd seeds was added to the Cu precursor solution. The mixture was
heated to 90 °C in an oil bath, following the one-shot injection of 1
mL of 1 M AA solution. The reaction proceeded at 90 °C for 1 h in an
oil bath and naturally cooled to room temperature. The products were
separated from the solution by centrifuging at 8000 rpm for 10 min
and washed three times with deionized water and ethanol to remove
the excess HDA. For the synthesis of Pd@Cuatomic, the amount of
Cu2+ was reduced to 0.05 mmol, and the injection rate of 1 mL of 0.2
M AA solution was controlled to be 1.5 μL/s to slow down the
deposition rate of Cu2+. The products were finally redispersed in
deionized water for storage.

Structural Characterizations. HAADF-STEM imaging and
EELS were conducted using an aberration-corrected Thermo Fisher
Scientific Titan Themis (S)TEM, operating at 300 keV. HAADF-
STEM images in Figure 1a−d were acquired at 300 kV, and the dwell
time is 10 μs at each scan position. EELS spectral images were
obtained with a beam convergence semiangle of 30 mrad, utilizing a
Gatan spectrometer. Elemental maps for Cu and Pd were generated
by extracting data from the Cu L and Pd M edges in the EELS
spectrum images. The spectra were processed using the principal
component analysis (PCA, with 3 components) and the linear
combination of power law (LCPL) for background subtraction in
ImageJ software. EDX measurements were performed on a JEOL
ARM 200CF equipped with an Oxford Instruments X-ray energy-
dispersive spectrometer. For the postreaction TEM characterization, a
lacey carbon TEM grid was pressed onto the glassy carbon electrode
with a drop of ethanol atop for several seconds to collect the reacted
nanoparticles after electrolysis.

CO2RR Performance Test. All performance tests were conducted
using an H-cell at room temperature, with a glassy carbon electrode as
the working electrode, a platinum mesh as the counter electrode, and
a saturated Ag/AgCl electrode as the reference electrode. Approx-
imately 50 μg of catalyst, suspended in ethanol, was drop-cast onto a 1

cm2 area of the glassy carbon electrode. The electrolyte was CO2-
saturated 0.1 M KHCO3, with CO2 continuously purged at 20 sccm
throughout the tests. Details of GC and NMR analysis can be found
in experimental sections.
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