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ABSTRACT: Introducing surface strain into catalysts would optimize the
adsorption energy and surface electronic structure, but it is rarely used in the
carbon dioxide reduction reaction (CO2RR) to regulate syngas. Herein, we
have demonstrated a new class of Pd/Cu core/shell icosahedra (ico) with a
tensile-strained Cu shell for efficient syngas production with tunable
compositions from the CO2RR for the first time. By tuning the composition
of Pd/Cu from 2.2 to 4.3 and 6.1, the molar ratio of H2/CO in syngas on Pd/
Cu core/shell ico could be tuned from 1/1 to 2/1 and 3/1, respectively. The
variable selectivity of the CO2RR on Pd/Cu core/shell ico originated from
the tensile-strained Cu shell, which synergistically optimizes the binding
energy of the intermediate and the electronic structure of catalysts. The work
reveals how surface strain regulation accelerates electrocatalytic performance
at the molecular level, providing new strategies to regulate CO2RR performance.

■ INTRODUCTION
Using CO2 as a potential carbon source to obtain high-value
chemical products through electrochemical catalysis is an ideal
strategy of CO2 conversion, which can directly convert CO2 into
diverse energy materials, thus closing the man-made carbon
cycle.1−4 At present, most of the research on the CO2 reduction
reaction (CO2RR) is mainly to pursue high Faradaic efficiency
(FE) and yield of products such as methane, methanol, formate,
and multi-carbon products.5−7 Therefore, it is significant to
develop high-performance electrocatalysts for the CO2RR and
suppress the side reaction of the hydrogen evolution reaction
(HER), which is generally performed under cathodic conditions
in an aqueous electrolyte.8,9 Although significant efforts have
been made to prohibit the HER by designing electrocatalysts,
the low selectivity of the CO2RR remains a key challenge.
In addition to inhibiting the HER, making full use of the

products of the HER and CO2RR, combining these two
products to obtain syngas (H2 and CO) is an alternative and
effective method to convert CO2.

10−12 The produced syngas
with a tunable composition is readily used to produce valuable
chemicals for the Fischer−Tropsch, methanol synthesis
reactions and so on.13−15 With regard to these thermochemical
processes, the product selectivity is mainly determined by the
molar ratio of H2/CO.

16−18 Therefore, controlling the
composition of syngas will provide universality for the use of
H2 and CO in electrocatalytic methods. However, achieving
high CO2RR activity while maintaining a tunable composition of
syngas within the ideal range during the thermochemical process
is not an easy task.

As we all know, palladium (Pd) has superior catalytic activity
for the HER, but it was considered to be unsuitable for CO
production during the CO2RR due to its strong CO bind-
ing.19−21 Icosahedra (ico), a kind of multiple-twinned nano-
particles, have demonstrated excellent catalytic performance in
many different reactions.22 In addition, modifying the catalyst
surface with foreign metals can provide more possibilities for
regulating the activity and selectivity of the CO2RR,

23−25 which
is attributed to the fact that the strain effects introduced by the
metal shell optimizes the binding energy of the intermediates in
the CO2RR.

26,27 Above all, introducing the metal overlayers
onto the Pd ico would optimize the strain effect of the catalyst,
which has the potential to control the types of products in the
CO2RR. However, introducing a metal layer on the strained Pd
ico surface has rarely been reported in the CO2RR to syngas.

■ EXPERIMENTAL SECTION
Materials. Palladium(II) acetylacetonate [Pd(acac)2, 99%], sodium

tetrachloropalladate (Na2PdCl4, 99.9%), ammonium bromide
(NH4Br), polyvinyl pyrrolidone [(C6H9NO)n, PVP, molecular weight
= 58,000], and copper formate [Cu(COOH)2] were obtained from
Sigma-Aldrich. Ethanol (C2H6O, ≥99.7%), N,N-dimethylformamide
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(C3H7NO, DMF), acetone (C3H6O, ≥99.7%), formic acid aqueous
solution (HCOOH,≥85%), sodium iodide (NaI, 99.0%), and ethylene
glycol (EG) (C2H6O2, EG, ≥99.0%) were obtained from Sinopharm
Chemical Reagent Co. Ltd (Shanghai, China). Molybdenum
hexacarbonyl [Mo(CO)6, 98%, Strem Chemicals] and ascorbic acid

(C6H8O6, AA, 99%, J&K China Chemical Ltd) were used as received.
The water (18 MΩ/cm) used in all electrolyte solutions was obtained
using an ultra-pure purification system.
Preparation of Pd Ico. Pd(acac)2 (7.4 mg), NH4Br (15 mg), and

PVP (50mg) were dissolved in 10mL ofDMF. Themixture was further

Figure 1. Synthesis and structural characterization of Pd2.2Cu core/shell ico. (a) Schematic illustration of the synthesis of Pd2.2Cu ico. (b,e) TEM
images and (c,f) their corresponding HRTEM images of one typical Pd ico and Pd2.2Cu ico. (d,g) Integrated pixel intensities and interplanar spacings
of Pd {111} lattices of Pd ico and Pd2.2Cu ico. (h) PXRD patterns of Pd ico and Pd2.2Cu ico. (i) EDS elemental mappings and (j) line-scan profile
across the Pd2.2Cu ico marked by the right arrow in the inset.
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heated to 180 °C for 2 h in an oil bath to obtain Pd ico, which were
collected by centrifugation and washed with ethanol and acetone.
The mixture of Na2PdCl4 (7.4 mg), HCOOH (0.5 mL), PVP (20

mg), NaI (5 mg), and DMF (10 mL) and the mixture of Pd(acac)2 (7.4
mg), HCOOH (0.1 mL), PVP (100 mg), Mo(CO)6 (1 mg), and DMF
(10 mL) were heated to 120 °C for 5 h in an oil bath to prepare Pd
nanocubes and tetrahedra, respectively.
Preparation of Pd6.1Cu Ico, Pd4.3Cu Ico, and Pd2.2Cu Ico. As for

Pd6.1Cu ico, Pd ico (0.5 mg) were dispersed in EG (4 mL) into a vial,
then Cu(COOH)2 (0.6 mg) and AA (18.8 mg) were added into the
vial. The mixture was ultrasonicated for around 5 min. The other
conditions (reaction temperature and time) of Pd6.1Cu ico were the
same as those for the Pd ico. The preparation of Pd4.3Cu ico and
Pd2.2Cu ico was similar to that of Pd6.1Cu ico except that the amount of
Cu(COOH)2 was increased to 1.2 and 2.4 mg, respectively. The
preparation of Pd/Cu core/shell nanocubes and tetrahedra was similar
to that of Pd2.2Cu ico except for the change of Pd ico.

Characterizations. Transmission electron microscopy (TEM)
images were collected using a JEM-2100plus transmission electron
microscope at 120 kV. High-resolution TEM (HRTEM) and scanning
transmission electron microscopy (STEM) images were captured using
an FEI Tecnai F20 transmission electron microscope at 200 kV. SEM−
energy-dispersive X-ray spectroscopy (EDS) was performed using a
HITACHI S-4800 at 30 kV. Powder X-ray diffraction (PXRD) patterns
were collected using a Philips X’Pert Pro Super diffractometer with Cu
Kα radiation (λ = 0.15406 nm). X-ray photoelectron spectroscopy
(XPS) spectra were obtained using a Kratos AXIS SUPRA+
spectrometer equipped with a monochromatic Al Kα X-ray source
operating at 600 W. 1H nuclear magnetic resonance (1H NMR) spectra
were obtained using a 400 MHz NMR spectroscope (AVANCE III
HD).
Electrochemical Measurements. The electrochemical measure-

ments of the CO2RRwere conducted in a closed H-type electrolytic cell
using a CHI 660e separated from the Nafion membrane. The Pd-based
ico catalysts were dispersed in a mixture containing isopropanol and

Figure 2.CO2RR performances of Pd ico/C and Pd2.2Cu ico/C. (a) Schematic diagram of the CO2RR setup. (b) FEs of main reduction products (H2
and CO) at varied applied potentials of Pd ico/C and Pd2.2Cu ico/C. (c) Potential-dependent CO partial current densities of two different catalysts.
(d) Molar ratio of H2/CO by Pd2.2Cu ico/C at different potentials. (e) Time-dependent current density over Pd2.2Cu ico/C at −1.3 VRHE.
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Nafion (5%) to form a 0.50 mgPd/mL dispersion. A 40 μL dispersion of
Pd ico/C, Pd6.1Cu ico/C, Pd4.3Cu ico/C, and Pd2.2Cu ico/C was
deposited on a right angle glassy carbon electrode to obtain the working
electrodes (WEs).
As for CO stripping measurements, the three-electrode system was

also applied for CO strippingmeasurements at room temperature. First,
the electrode was immersed in CO-saturated 0.1 M HClO4 for around
15 min. Then, the electrode was quickly moved into a fresh 0.1 M
HClO4 solution. Finally, CO stripping curves were obtained by
performing sweep cyclic voltammetry for two cycles at 20 mV s−1.
As for the CO2RR, the electrolyte is 0.1 M KHCO3 solution. High-

purity CO2 (20 sccm) (99.99%) was purged into 10 mL of 0.1 M
KHCO3 in the cathode compartment for 15 min. The gaseous products
were quantified using a gas chromatography system. The liquid
products were characterized and quantified by 1H NMR.

■ RESULTS AND DISCUSSION
Herein, we report the monodisperse Pd/Cu core/shell ico for
the first time, which are demonstrated to promote tunable
syngas production via the CO2RR and feature a tensile-strained
Cu overlayer on Pd ico. The composition of Pd/Cu can be easily
tuned from 2.2 to 4.3 and 6.1, which is closely related to the
performance of syngas electrosynthesis from CO2. Particularly,
the Pd/Cu core/shell ico with different compositions enable
tunable molar ratios of H2/CO from 1/1 to 2/1 and 3/1,
outperforming most of the reported catalysts for syngas
electrosynthesis.28 The mechanistic discussion suggests that
the tensile-strained Cu shell may strengthen the binding of CO2
and decrease the adsorption of CO, favoring the tunable syngas
production.
The fabrication process of Pd/Cu core/shell ico is shown in

Figure 1a. First, monodisperse, uniform, and high-yield Pd ico
were prepared through a hydrothermal method (Figure S1a).
Then, Pd ico were dispersed in EG to mix with Cu(COOH)2
and ascorbic acid (AA). Cu(COOH)2 was then reduced and
precipitated on Pd ico seeds, resulting in the formation of Pd/Cu
core/shell ico.29 The high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and TEM
were first employed to investigate the morphology and structure
of Pd/Cu core/shell ico (feed ratio of Pd and Cu = 2.5:1). The
Pd/Cu ico are fairly uniform in terms of size without any
irregular nanoparticles (Figure S1b). According to the particle
size distribution of the Pd/Cu ico and Pd ico (Figure S1c,d), the
average size of the Pd/Cu ico is around 23.9 nm, which is slightly
larger than that of the Pd ico seeds (23.4 nm), indicating that Cu
has been successfully epitaxially grown on the Pd ico seed
surface. The molar ratio of Pd and Cu was 2.2/1, as determined
by EDS (Figure S2a), so that the sample was defined as Pd2.2Cu
ico. The molar ratio of Pd/Cu on the Pd2.2Cu ico surface was
further evaluated to be 54.5/45.5 by XPS, revealing that Cu was
mainly distributed on the Pd2.2Cu ico surface (Figure S2b,c). As
shown in the TEM image of the one typical Pd ico and Pd2.2Cu
ico (Figure 1b,e), it can be clearly seen that they both have
obvious twin boundaries. Furthermore, as both Pd ico and
Pd2.2Cu ico are enclosed by {111} facets, their lattice spacings of
{111} planes were compared by HRTEM. As for Pd ico (Figure
1c,d), the lattice spacing of {111} planes is 0.233 nm, slightly
larger than that of the single-crystalline bulk, proving that the
tensile strain exists on Pd ico.30 With regard to Pd2.2Cu ico
(Figure 1f,g), the measured lattice spacing is 0.225 nm, which is
slightly smaller than that of Pd ico, indicating the existence of
compressive strain after the induction of the Cu shell on Pd ico.
In order to clarify the difference between the crystal phase

structures of Pd ico and Pd2.2Cu ico, PXRD was also conducted

(Figure 1h). According to their PXRD patterns, it can be seen
that both the samples correspond to face-centered cubic (fcc)
Pd, while the Cu shell of Pd2.2Cu ico is thin enough to be
observed. However, there is a clear difference in the peak
positions between the two samples. Particularly, the main
diffraction peaks of Pd ico shifted to lower angles compared to
the standard card of Pd, while those of Pd2.2Cu ico shifted
toward higher angles than those for Pd ico, demonstrating the
smaller lattice constant of Pd2.2Cu ico. Specifically, due to the
twin structure, the lattice constant of Pd ico became larger. As
for the Pd2.2Cu ico, owing to the smaller atomic radius of Cu, the
tensile-strained Cu overlayer resulted in a smaller lattice spacing
of the Pd core, which is consistent with HRTEM results.31 In
addition, the EDS elemental mappings of Pd2.2Cu ico show that
Pd is concentrated in the interior of the ico, while Cu is
distributed on the surface of Pd (Figure 1i). The line-scan
analysis shown in Figure 1j reveals that Cu is mainly outside the
Pd core. Taken together, due to the difference in the atomic
radius of Pd and Cu, the surface Cu shell is subjected to tensile
strain by the larger Pd atoms in the Pd core, while the smaller Cu
exerts compressive strain on the inner Pd core. In a word, there is
tensile strain in the Cu shell, while compressive strain exists in
the Pd core.
Before the electrocatalytic experiments, the two different

Pd2.2Cu ico and Pd ico were first loaded on commercial carbon
(Vulcan XC72R carbon, C) via sonication (Figure S3). CO2RR
performance of Pd-based ico/C was further evaluated for
constant-potential electrolysis. As shown in Figure 2a, the
catalyst-coated glass carbon electrode was used as theWE, a Ag/
AgCl electrode was used as the reference electrode (RE), and a
carbon rod was used as the counter electrode (CE). TheWE and
RE were placed in the cathode compartment, while the CE was
in anode compartment. CO2 was continuously passed through
the catholyte (0.1 M KHCO3), and the gas production was
connected to a gas chromatograph. All potentials were calibrated
to the reversible hydrogen electrode (RHE) (Figure S4).
Chrono-amperometry results of Pd ico/C and Pd2.2Cu ico/C

at different potentials are shown in Figure S5. According to the
results of gas chromatography, H2 andCO are themain products
of Pd ico and Pd2.2Cu ico/C. The 1H NMR spectrum of Pd2.2Cu
ico/C at −1.2 VRHE shows that the remaining product is formic
acid (Figure S6). In addition, Figure 2b shows FEs of both H2
and CO under different applied potentials. Compared with Pd
ico/C, Pd2.2Cu ico/C exhibits more CO yields for all the applied
potentials. The partial current densities of CO (jCO) on Pd ico/
C and Pd2.2Cu ico/C are shown in Figure 2c. Pd2.2Cu ico/C
exhibits higher jCO than Pd ico/C at all applied potentials. The
molar ratios of H2/CO at different potentials by Pd ico/C and
Pd2.2Cu ico/C are shown in Figures S7 and 2d. It is obvious that
the molar ratio of H2/CO at all applied potentials by Pd2.2Cu
ico/C is between 1.0 and 2.0. Particularly, at both−1.2 and−1.3
VRHE, the molar ratio of H2/CO by Pd2.2Cu ico/C is around 1.0,
which would be readily used in the hydroformylation process. In
sharp contrast to these results, the molar ratios of H2/CO by Pd
ico/C at all applied potentials are all greater than 4.0, which does
not meet the ratio of syngas. Finally, the long-term stabilities of
Pd2.2Cu ico/C were also investigated using chronoamperometry
at −1.3 VRHE. As shown in Figure 2e, the current density change
of Pd2.2Cu ico/C is not significant, and the molar ratios of H2/
CO are maintained at around 1.0 during the 10 h stability test.
Furthermore, the structure, composition, and surface tensile
strain of Pd2.2Cu ico/C could largely be maintained after the
durability test (Figure S8). In addition, Pd 3d and Cu 2p spectra
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of Pd2.2Cu ico/C show that the two elements exist stably after
the durability test (Figure S9). Therefore, Pd2.2Cu ico would
serve as promising catalysts for persistently producing syngas
during the CO2 reduction process.
Encouraged by these results, the monodisperse Pd6.1Cu ico

and Pd4.3Cu ico were obtained by decreasing the Cu content
with other synthesis conditions kept the same as those for
Pd2.2Cu ico (Figure S10a,b) and the average particle sizes of the
ico products of about 23.5 and 23.8 nm, respectively (Figure
S10c,d). In addition, their atomic ratios were revealed by SEM−
EDS, as shown in Figure S10e,f. PXRD peaks of Pd6.1Cu ico and
Pd4.3Cu ico are slightly shifted to a higher angle compared to
that of Pd ico (Figure S11), indicating that the strain intensity

can be optimized by changing the amount of Cu. If the amount
of Cu(COOH)2 was further increased to 3.6 mg [Pd(acac)2/
Cu(COOH)2 = 1.5], the product is mainly composed of
irregular particles (Figure S12a). In addition, the PXRD pattern
shows two phases: Pd and Cu (Figure S12b). The results
mentioned above reveal that if the amount of Cu is further
increased, the Pd/Cu core/shell structure cannot be obtained.
The CO2RR performances of the two catalysts with different

strain intensities were further studied in the same condition as
that for Pd2.2Cu ico/C. The Pd6.1Cu ico and Pd4.3Cu ico were
loaded evenly on the carbon support (Figure S13). The chrono-
amperometry results for Pd6.1Cu ico/C and Pd4.3Cu ico/C at
different potentials are shown in Figure 3a,c. The FEs of H2 and

Figure 3. CO2RR performance of Pd6.1Cu ico/C and Pd4.3Cu ico/C. (a,c) Chrono-amperometry results, (b,d) FEs of H2 and CO by Pd6.1Cu ico/C
and Pd4.3Cu ico/C. (e) Molar ratio of H2/CO by Pd2.2Cu ico/C, Pd4.3Cu ico/C, and Pd6.1Cu ico/C at applied potentials.
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CO at corresponding potentials for Pd6.1Cu ico/C and Pd4.3Cu
ico/C are shown in Figure 3b,d. It is pertinent that the main
products in the CO2RR by the two different catalysts are CO and
H2 at all applied potentials. Moreover, the introduction of Cu
enhances the FECO of Pd ico in the CO2RR, and FECO increases
with the increase of the Cu content. As shown in Figure 3e,
Pd6.1Cu ico/C and Pd4.3Cu ico/C can be implemented such that
the molar ratio of H2/CO in syngas ranges around 3:1 to 2:1.
Especially, the developed Pd/Cu ico electrocatalysts enable a

tunable molar ratio of H2/CO, ranging from 1/1 to 2/1 and 3/1
at both −1.2 and −1.3 VRHE for Pd2.2Cu ico/C, Pd4.3Cu ico/C,
and Pd6.1Cu ico/C, respectively. Beyond that, in order to
illustrate the important role of Pd ico seeds with a twin structure
on the syngas production, Pd/Cu core/shell nanocubes and
tetrahedra were prepared by using Pd nanocubes and tetrahedra
as seeds, respectively (Figures S14 and S15). Compared with
that for Pd/Cu ico/C, the yield of H2 is much higher than the
yield of CO by the two different catalysts during the CO2RR

Figure 4. (a) CO stripping curves, (b) Pd 3d spectra, (c) valence band spectra, and (d) CO2-TPD profiles for Pd ico/C and three different Pd/Cu
core/shell ico/C catalysts. (e) Illustrations of the adsorption of reactants and products on Pd ico and Pd/Cu core/shell ico during the electrochemical
CO2RR.
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(Figures S16 and S17), far from the proportion of syngas, further
highlighting the key role of twinned Pd ico in regulating the
adsorption energy of the intermediate.
To further investigate the tolerance ability of *CO

intermediates during the CO2RR after the induction of Cu,
CO stripping experiments of the four different ico/C catalysts
were carried out. As shown in Figure 4a, the position of the *CO
oxidation peaks of Pd2.2Cu ico/C is 1.40 VRHE, which is lower
than those of Pd4.3Cu ico/C (1.43 VRHE), Pd6.1Cu ico/C (1.46
VRHE), and Pd ico/C (1.50 VRHE), revealing that the induction of
Cu would weaken the adsorption energy of *CO.32 Moreover,
XPS was also conducted to decode their electronic structures
(Figures 4b, S2b,c, and S18). Figure 4b shows the Pd 3d spectra
of the four different catalysts. As we can see, Pd 3d3/2 binding
energies of the different catalysts decrease gradually with the
increase of the Cu content, indicating that electron transfer
occurred between Pd and Cu.33,34 Therefore, the Cu shell of the
Pd/Cu core/shell ico could improve the tolerance ability of
*CO intermediates, thereby accelerating the CO2 reduction
kinetics. In addition, as show in the Nyquist plot (Figure S19),
Pd2.2Cu ico/C has a smaller charge transfer resistance than Pd
ico/C, indicating its faster charge transfer process in CO2
reduction.
Furthermore, to evaluate the binding strength of intermedi-

ates on the Pd/Cu core/shell ico, the d-band center with respect
to E − EF was measured.

35 Figure 4c shows that the d-band
centers of Pd/Cu core/shell ico shift upward with the increasing
Cu content, likely enhancing the adsorption of intermediates
during the CO2RR.

36 In addition, CO2 temperature-programed
desorption (CO2-TPD) was conducted to further study the
adsorption of CO2. As shown in Figure 4d, the chemical
desorption temperature of Pd2.2Cu ico/C (466.1 °C) is higher
than those of Pd4.3Cu ico/C (431.5 °C), Pd6.1Cu ico/C (425.8
°C), and Pd ico/C (418.7 °C). It can be clearly observed that the
temperature of CO2 desorption increases with the increase of Cu
content, suggesting that the Cu shell on Pd ico remarkably
improves the chemisorption ability of CO2.

37 Above all, the
tensile-strained Cu shell enhances the binding of CO2 and
decreases the adsorption of CO, favoring syngas production
with tunable compositions (Figure 4e).

■ CONCLUSIONS
In summary, a new class of Pd/Cu core/shell ico for efficient
syngas with tunable compositions from the CO2RR have been
prepared for the first time. With the increase of Cu content in
Pd/Cu core/shell ico, the FECO increased. By tuning the
composition of Pd/Cu from 2.2 to 4.3 and 6.1, the syngas
compositions on Pd/Cu core/shell ico/C are tunable from 1/1
to 2/1 and 3/1, respectively, for H2/CO. The mechanistic
discussion implies that the tunable syngas production on Pd/Cu
core/shell ico/C during the CO2RR originated from the tensile-
strained Cu shell, which synergistically optimizes the adsorption
energy, surface electronic structure, and catalytic performance
for the CO2RR. This work not only brings forward a strategy for
tunable syngas production but also provides a new idea for the
design of high-performance electrocatalysts.
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