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emi-hydrogenation in strained
ultrathin PdCu shell and the atomic deciphering for
the unlocking of activity-selectivity†

Fan Xue,a Qiang Li, *a Weihua Ji,b Mingxin Lv,a Hankun Xu,a Jianrong Zeng,cd

Tianyi Li, e Yang Ren,f Lihui Zhou,g Xin Chen, a Jinxia Deng,a Kun Lina

and Xianran Xing *a

Excellent ethylene selectivity in acetylene semi-hydrogenation is often obtained at the expense of activity.

To break the activity-selectivity trade-off, precise control and in-depth understanding of the three-

dimensional atomic structure of surfacial active sites are crucial. Here, we designed a novel Au@PdCu

core–shell nanocatalyst featuring diluted and stretched Pd sites on the ultrathin shell (1.6 nm), which

showed excellent reactivity and selectivity, with 100% acetylene conversion and 92.4% ethylene

selectivity at 122 °C, and the corresponding activity was 3.3 times higher than that of the PdCu alloy. The

atomic three-dimensional decoding for the activity-selectivity balance was revealed by combining pair

distribution function (PDF) and reverse Monte Carlo simulation (RMC). The results demonstrate that

a large number of active sites with a low coordination number of Pd–Pd pairs and an average 3.25%

tensile strain are distributed on the surface of the nanocatalyst, which perform a pivotal function in the

simultaneous improvement of hydrogenation activity and ethylene selectivity. Our work not only

develops a novel strategy for unlocking the linear scaling relation in heterogeneous catalysis but also

provides a paradigm for atomic 3D understanding of lattice strain in core–shell nanocatalysts.
Introduction

An ideal catalyst, which possesses high activity and high selec-
tivity, is generally required to have strong activation of reactants
but weak adsorption of intermediates.1,2 However, due to the
coupling correlation between the adsorption strengths of reac-
tants and intermediates on the surfaces of transition metals,
the achievement of high selectivity is typically accompanied by
a sacrice of activity in heterogeneous catalytic reactions.3–5
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Taking the selective hydrogenation of acetylene to ethylene as
an example, which is an important industrial process for puri-
fying alkene streams produced from petroleum cracking, Pd
nanoparticles can achieve the complete conversion of acetylene
at a lower temperature owing to their superior hydrogen acti-
vation capability, but tend to exhibit extremely low ethylene
selectivity due to their strong adsorption of ethylene.6,7 Adding
a second inert metal for this reaction, such as Cu, Ag, and Ga, is
a common method to increase selectivity, which decreases Pd
ensembles and dilutes Pd atoms in order to weaken the
adsorption of ethylene; however, it is also accompanied by
weaker hydrogen activation and requires a higher temperature
to achieve high acetylene conversion.8–10 Therefore, it is desir-
able to develop a catalyst that is capable of maintaining high
ethylene selectivity while also achieving full conversion of
acetylene at a relatively low temperature.

Core–shell nanocatalysts can provide a good platform for
optimizing catalytic performance by integrating the structural
design of shell parts and constraints of the core–shell
interfaces.11–13 Specically, the strain arising from lattice
mismatch in the core and shell is transmitted from the metal-
to-metal interface at several atomic layers to the surface of the
catalyst to modulate the geometrical and electronic properties
of active sites.14,15 It is intimately related to the adsorption and
desorption behavior of reactants or intermediates in the cata-
lytic process.16,17 For instance, tensile strain on the PdFe shell in
Chem. Sci., 2024, 15, 11837–11846 | 11837

http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc03291h&domain=pdf&date_stamp=2024-07-27
http://orcid.org/0000-0003-4259-6984
http://orcid.org/0000-0002-6234-6096
http://orcid.org/0000-0003-1779-1091
http://orcid.org/0000-0003-0704-8886
https://doi.org/10.1039/d4sc03291h
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc03291h
https://rsc.66557.net/en/journals/journal/SC
https://rsc.66557.net/en/journals/journal/SC?issueid=SC015030


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/1
0/

20
25

 3
:2

5:
57

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Pd@PdFe catalysts contributes to the oxygen with optimal
adsorption strength to enhance the activity for oxygen reduction
reaction (ORR).18 In Au@Pd1Pt3 core–alloyed shell nano-
particles, tensile strain can still be transferred to the surface in
a 2.3 nm Pd1Pt3 shell to increase formic acid oxidation reaction
(FOR) activity.15 Hence, based on the fact that palladium-based
bimetals with dispersed Pd sites can ensure high ethylene
selectivity,19 exerting tensile strain on the surface of the nano-
alloys may lead to an upward shi of the d-band center and
improve the activation of hydrogen, promising to break the
trade-off between activity and selectivity in the acetylene semi-
hydrogenation. Nevertheless, the lattice strain exhibits spatial
dependence.20 From the interface of the core and shell to the
surface of the catalyst, the distribution of lattice strain is typi-
cally non-uniform, and the strain state that is particular to each
active site on the surface is even more distinct.21 In order to
accurately understand the relationship between surface strain
and catalytic performance, as well as to effectively harness the
interfacial strain effect, it is imperative to gain insight into the
three-dimensional lattice strain of core–shell nanostructures at
the atomic scale.

Considering the tunable elemental distribution of the PdCu
alloy and the fact that Au is a superior driving force of tensile
strain which has a large lattice mismatch and solid solubility
with the Pd metal,22,23 herein, an Au@PdCu core–shell nano-
catalyst is designed and synthesized. The intrinsic activity of the
strained PdCu shell is considerably improved with the intro-
duction of the Au core while maintaining high ethylene selec-
tivity, which effectively breaks scaling relations in acetylene
semi-hydrogenation. The three-dimensional lattice strain
distribution of the PdCu shell and the local coordination envi-
ronment of the surface Pd sites were revealed by combining the
atom pair distribution function (PDF) and reverse Monte Carlo
(RMC) methods,24–28 providing quantitative local structural
evidence for the excellent catalytic performance. Superior
hydrogenation activity in Au@PdCu core–shell nanocatalysts is
attributed to the tensile strain on the surface active sites,
whereas high ethylene selectivity results from the low Pd–Pd
coordination number on the catalyst surface. DFT calculations
further demonstrate that dispersed Pd sites under tensile strain
optimize the adsorption of ethylene and hydrogen and
contribute to the efficient semi-hydrogenation of acetylene. Our
work opens a new avenue for designing efficient heterogeneous
catalysts.

Results and discussion
Core–shell structure and lattice strain

The seed-mediated growth approach29 was employed for
manufacturing Au@PdCu core–shell nanoparticles (NPs), as
illustrated in Fig. 1a. In the synthesis, PdCl2 and Cu(acac)2 were
co-reduced to form Pd–Cu alloys grown on the surface of pre-
prepared Au seeds. Oleylamine was used as surfactant and
reducing agent. Dispersed active sites can be ensured by a high
feed ratio of Cu and Pd precursors, which weaken the adsorp-
tion of intermediates and enhance selectivity. To gain insight
into the variation in the surface structure of the catalyst prior to
11838 | Chem. Sci., 2024, 15, 11837–11846
and subsequent to the introduction of Au cores, PdCu and Au
nanoparticles were synthesized employing a similar approach
to that of Au@PdCu NPs. The XRD patterns of the prepared
nanoparticles all exhibit typical face-centered cubic (FCC)
structures (Fig. 1b). For Au@PdCu NPs, in addition to the
diffraction peaks corresponding to Au, the new diffraction peak
is also clearly seen to be located between the corresponding
peak positions of pure FCC-structured Cu and Pd, indicating
the successful construction of hierarchical structure of
Au@PdCu alloy. The diffraction peaks of the (111) crystal plane
about all nanoparticles were magnied in the inset of Fig. 1b.
And the diffraction peak of the PdCu part in Au@PdCu NPs was
observed to shi to a lower 2q value compared to the PdCu
nanoparticles, indicating that the PdCu part might be under-
going tensile strain. In contrast, the diffraction peak of the Au
part in Au@PdCu NPs shied to a greater 2q value compared to
the pure Au NPs due to the compressive strain from the PdCu
part. These ndings demonstrate that the interfacial structures
of Au@PdCu nanoparticles can be compatible, which becomes
the efficient transfer station of lattice interaction and elec-
trons.30,31 The TEM images in Fig. S1† and 1c display the
produced Au, PdCu, and Au@PdCu nanocrystals, which exhibit
a quasi-spherical shape and have an average size of 10.22 ±

0.85, 12.96 ± 1.10, and 13.41 ± 1.07 nm, respectively (seen in
Fig. S1† for the particle size histogram). To evaluate their
catalytic performance, all the nanoparticles were uniformly
dispersed on carbon black. Aer pretreatment, TEM and XRD
showed consistent size and structure of NPs (Fig. S2†).

Atomic-resolution aberration-corrected scanning trans-
mission electron microscopy (STEM) was utilized to reveal the
structural information of Au@PdCu nanocrystals. Fig. 1d shows
the high-angle annular dark-eld scanning transmission elec-
tron microscopy (HAADF-STEM) image of Au@PdCu nano-
crystals, from which a darker shell around a bright core due to
differences in atomic number can be resolved. Fig. 1e and i–l
demonstrate the high-resolution EDS line scanning prole and
elemental mappings of a representative Au@PdCu nano-
particle. Au and Pd signals are localized in the core and shell of
the nanoparticles, respectively, conrming the formation of the
core–shell structure. Whereas, the Cu signals are distributed
throughout the nanoparticles, which may be the result of
alloying some Cu atoms with the Au core, suggesting that
copper plays an important role in the formation of highly
compatible interfacial structures. A typical high-resolution
HADDF-STEM image of an individual Au@PdCu nanoparticle
is depicted in Fig. 1f. The enlarged image from the selected
regions highlighted by the orange rectangle in Fig. 1f is shown
in Fig. 1g. The integrated pixel intensity proles are obtained
from the outer PdCu (represented by the orange rectangle in
Fig. 1g) and inner Au (indicated by the olive rectangle in Fig. 1g),
as illustrated in Fig. 1h. For inner Au and outer PdCu, the
averaged (111) spacings are measured to be 2.38 Å and 2.25 Å,
respectively. Further, according to the formula for lattice
mismatch,32 there is a 5.8% lattice mismatch between the gold
core and the PdCu shell, and the PdCu shell endures a signi-
cant tensile strain. The (111) intergranular spacings of the pure
Au and PdCu NPs are 2.40 Å and 2.18 Å, respectively (Fig. S3†).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthesis and characterization of Au@PdCu core–shell NPs. (a) Schematic diagram of the preparation of Au@PdCu NPs and the cor-
responding effect on the shift of the d-band center and the adsorption of reactants. (b) XRD patterns of Au, PdCu, and Au@PdCu NPs. The inset
shows enlarged XRD patterns. (c–e) TEM image (c), HAADF-STEM image (d), and corresponding line-scans of the Au@PdCu NPs (e). (f) High-
resolution HAADF-STEM image of Au@PdCu NPs. (g) Enlarged high-resolution HAADF-STEM image from the selected area in panel f. (h)
Integrated pixel intensities of Au@PdCu taken along the olive and orange dashed rectangles in g. (i–l) HADDF-EDS elemental mapping of
Au@PdCu NPs.
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Taking the crystallographic spacing of PdCu nanoparticles
without the Au core as a reference, the average tensile strain
(3.21%) subjected to the PdCu shell can be calculated according
to the strain equation.14 Strain-formed PdCu shells offer
a highly conducive environment for enhancing catalytic
performance; however, they present a formidable obstacle in
terms of elucidating the local structure of the surface.

Catalytic performance of acetylene semi-hydrogenation

The selective hydrogenation of acetylene, an industrial reaction
that is very sensitive to surface structure, has been employed to
© 2024 The Author(s). Published by the Royal Society of Chemistry
study the relationship between surface local structure and
catalytic performance. Acetylene conversion and ethylene
selectivity among catalysts are illustrated in Fig. 2a as a function
of reaction temperature. While both PdCu and Au@PdCu
nanocatalysts show excellent ethylene selectivity (>90%), their
levels of activity vary considerably. The Au@PdCu catalyst ach-
ieves full acetylene conversion at a lower temperature of 122 °C
compared to the PdCu catalyst (153 °C). The corresponding
activity and ethylene yield of the Au@PdCu nanocatalyst at 122 °
C are 209.9 molC2H2

molPd
−1 h−1 and 92.4%, which are

approximately 3.3 and 2.2 times higher than those of the PdCu
Chem. Sci., 2024, 15, 11837–11846 | 11839
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Fig. 2 Catalytic evaluation of semi-hydrogenation of acetylene. (a) Plot of acetylene conversion and ethylene selectivity as a function of
temperature for PdCu and Au@PdCu catalysts. (b) Activity and ethylene yield of different catalysts at 122 °C. (c) Arrhenius plots of PdCu and
Au@PdCu catalysts. (d) Comparison of catalytic performance over different catalysts reported in the literature for semi-hydrogenation of
acetylene. (e) Stability test for the Au@PdCu/C catalyst. (f) TEM image of Au@PdCu/C after the stability test.
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nanocatalyst, respectively (Fig. 2b). Additionally, a linear t of ln
(TOF) versus 1000/T was utilized to derive the apparent activa-
tion energy of the catalysts (Fig. 2c); the Au@PdCu nanocatalyst
has a lower activation energy of 47.2 kJ mol−1 in comparison to
the PdCu nanocatalyst. These results demonstrate that the
introduction of an Au core to the PdCu shell can greatly enhance
catalytic activity and maintain superior ethylene selectivity,
giving it a competitive edge over other reported catalysts (Table
S2† and Fig. 2d). Meanwhile, the Au@PdCu catalyst also has
relatively good stability. The acetylene conversion and ethylene
11840 | Chem. Sci., 2024, 15, 11837–11846
selectivity of the catalyst remained unchanged throughout the
40 hour stability test (Fig. 2e). XRD and TEM analyses veried
that the size, shape, and crystal structure of the catalyst
remained largely unchanged aer the stability test, indicating
the excellent structural stability of the Au@PdCu nanocatalyst
(Fig. 2f and S4a†). A typical HRTEM image of the Au@PdCu
nanocatalyst following the stability test is depicted in Fig. S4d.†
Almost unchanged from prior to the test, the crystal plane
spacing of the inner and outer layers is 2.34 Å and 2.22 Å,
respectively, which correspond to the (111) crystal planes of Au
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc03291h


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/1
0/

20
25

 3
:2

5:
57

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and PdCu. That is, the stability test did not signicantly alter
the core–shell structure or lattice strain of the Au@PdCu
nanocatalyst. In addition to structural stability, the capacity to
resist carbon compound deposition is another indicator of
catalyst stability.33 The thermogravimetric analysis test was
conducted, and the result is illustrated in Fig. S4b.† The mass
loss of about 1.5% suggests that Au@PdCu exhibits a relatively
good resistance to the deposition of carbon compounds. Given
that the Au@PdCu nanocatalyst's superior catalytic perfor-
mance is probably attributed to the PdCu shell under tensile
strain, it becomes imperative to investigate the catalyst's local
structure and surface lattice strain.

Electron structure and local structure

To gain a local structural understanding of the PdCu shell
subjected to tensile strain, X-ray absorption spectroscopy (XAS)
was used to reveal the electronic structure and local coordina-
tion environment of the Pd active sites.34,35 The normalized Pd
K-edge X-ray absorption near-edge structure (XANES) shows
that the adsorption edges of the Au@PdCu and PdCu nano-
catalysts are close to the Pd foil (Fig. 3a), indicating that the
palladium atoms are primarily in the metallic state. Addition-
ally, compared with Pd foil and the PdCu catalyst, the absorp-
tion edge of Au@PdCu shis towards lower energy, suggesting
increased Pd electron density, which is favorable for improving
hydrogen activation.36 However, Au@PdCu exhibits a lower
absorption edge position in the Cu K-edge XANES spectra than
PdCu (Fig. S5†), corresponding to a more electron-rich
Fig. 3 X-ray absorption spectra (XAS) and local structure. (a) Normalize
reference to Pd foil. (b) Pd 3d XPS spectra of PdCu/C and Au@PdCu/C c
edge. (d) Comparison of Pd–Pd and Pd–Cu bond lengths, as well as P
Au@PdCu catalysts.

© 2024 The Author(s). Published by the Royal Society of Chemistry
characterization of the Cu atom. Actually, within the
Au@PdCu catalyst, electron transfer occurs not only between Cu
and Pd but also between Au and Cu. The increase in Au@PdCu
absorption intensity around 11 925 eV relative to Au NPs and Au
foil in the Au L3-edge XANES spectra demonstrates the transfer
of d electrons from Au to Cu (Fig. S6†).37 Copper assumes the
role of an electron transfer mediator within the Au@PdCu
catalyst.38 X-ray photoelectron spectroscopy (XPS) was further
utilized to study the electronic structure of nanocatalysts.39 As
shown in Fig. 3b, the binding energy of Pd 3d for the Au@PdCu
catalyst is moved to a lower energy position than for the PdCu
catalyst. The binding energy of Cu 2p in the Au@PdCu and
PdCu catalysts does not exhibit notable alterations. However,
the binding energy of Au 4f in the Au@PdCu catalyst exhibits
a higher energy position when compared to Au NPs (Fig. S7†).
These ndings further illustrate that the elevated electron
density of Pd can be attributed to Cu functioning as an electron
transit station in the Au@PdCu catalyst.

The Fourier transform extended X-ray absorption ne
structure (FT-EXAFS) spectra of PdCu, Au@PdCu, and Pd foil in
R space are displayed in Fig. 3c. Although there is a little
decrease in amplitude, the two Pd–Pd/Cu shells in the nano-
structure of PdCu and Au@PdCu samples do not show any clear
differences in the Fourier transformed EXAFS data of Pd K-edge.
To further validate the differences in the bonding forms of
Au@PdCu, PdCu, Au NPs, and Pd foil, EXAFS wavelet transform
(WT) analysis was carried out.40 The Au L3-edge WT-EXAFS
contours of Au NPs and Au@PdCu catalysts, as depicted in
d Pd K-edge XANES spectra of PdCu, and Au@PdCu nanocatalysts in
atalysts. (c) k3-weighted Fourier transform for EXAFS spectra of Pd K-
d dispersity. (e) Pd K-edge WT-EXAFS contours of Pd foil, PdCu, and

Chem. Sci., 2024, 15, 11837–11846 | 11841
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Fig. S8,† reveal that Au@PdCu exhibits a contribution from Au–
Cu coordination in the low-k region, indicating alloying of some
Cu atoms with the Au core. As illustrated in Fig. 3e, the WT
analysis of the Pd foil, shows a single intensity maximum at
approximately 10.1 Å−1, which corresponds to the Pd–Pd coor-
dination contribution. In contrast, the maximum intensities of
Au@PdCu and PdCu both exhibit a distinct negative shi to 8.7
Å−1 and 9.1 Å−1, respectively, which can be attributed to the
coordination of Pd–Cu. Actually, the similar Pd K-edge WT-
EXAFS contours of PdCu and Au@PdCu illustrate that the
introduction of the Au core does not signicantly change the
local coordination environment of Pd and even maintains the
dispersity of the Pd sites to some extent. Since the surface-active
site palladium is surrounded by two near-neighbor coordina-
tion atoms (copper and palladium), we dene the dispersity of
the Pd site in terms of the ratio of the coordination number of
Pd–Pd to the total coordination number of Pd–Pd (Cu). When
the ratio is smaller, the dispersity of Pd is higher. The metal–
metal bond lengths and metal coordination numbers (Tables
Fig. 4 Reverse Monte Carlo (RMC) simulation for atomic pair distribu
coordination of Pd sites. (a and b) RMC fitting of PDF. (c) The 3D distribu
Au@PdCu NPs. (d) The comparison of surface Pd–Pd bond lengths of Pd
sites within each layer of the PdCu shell for Au@PdCu NPs.

11842 | Chem. Sci., 2024, 15, 11837–11846
S3–S5†) were extracted by tting the EXAFS curves (Fig. S9–
S17†). The Pd dispersity, Pd–Pd, and Pd–Cu bond lengths for
PdCu and Au@PdCu nanocatalysts are depicted in Fig. 3d. The
Pd–Cu bond length in the Au@PdCu catalyst showed no change
compared to the PdCu catalysts; however, the Pd–Pd bond
length notably increased, consistent with a signicant
improvement in hydrogenation activity. It has well known that
dispersed active sites can enhance ethylene selectivity in the
acetylene hydrogenation process.41 The Au@PdCu and PdCu
catalysts both exhibit high Pd dispersities, which directly relate
to their superior ethylene selectivity. The local structure deter-
mined by EXAFS appears to be closely related to the catalytic
performance in the acetylene hydrogenation reaction. However,
due to the fact that catalysis is essentially a surface-driven
phenomenon, the limited spatial resolution of EXAFS makes
it decient in describing the distribution of surface active
sites.42 The crucial surface structure information, which governs
the adsorption and desorption behavior of the reactants,
requires three-dimensional spatial peeling.
tion functions (PDF) and quantitative extractions for the neighboring
tion of the average bond length of Pd–Pd on the Pd sites of PdCu and
Cu and Au@PdCu NPs. (e) The 3D distribution of surface strain on Pd

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Surface structure and the 3D decoding of Pd–Pd pairs

The analysis of atomic pair distribution functions (PDF) based
on total scattering data (both Bragg and diffuse scattering) has
become a well-established method for determining the full-
scale atomic structure of nanocatalysts over the past few
decades.43,44 The peaks in PDF provide a graphical depiction of
the real-space atomic pair distances as the Fourier transform of
the total scattering. For revealing the 3D atomic arrangements
of Au@PdCu and PdCu NPs, the PDF data were tted utilizing
the reverse Monte Carlo (RMC) technique, as illustrated in
Fig. 4a and b. The 3D quantitative extractions of neighboring
Pd–Pd coordination numbers and Pd–Pd bond lengths on the
surface of PdCu and Au@PdCu NPs are illustrated in Fig. 4c, d,
S19 and S20.† The surface distribution of Pd–Pd coordination
numbers on PdCu NPs is remarkably similar to that of
Au@PdCu NPs (Fig. S19†). Furthermore, Au@PdCu and PdCu
have average Pd–Pd coordination numbers of 3.58 and 3.29,
respectively, on the outermost layer of nanoparticles (Fig. S20†).
The surface features of low Pd–Pd coordination numbers on
Au@PdCu and PdCu resemble those of single-atom alloys,
which facilitate ethylene desorption and thus enhance selec-
tivity. This is the structural origin at the local scale of the
superior ethylene selectivity exhibited by both Au@PdCu and
PdCu in acetylene semi-hydrogenation. However, Au@PdCu
exhibits a signicantly distinct surface Pd–Pd bond length
distribution in comparison to PdCu (Fig. 4c). The average Pd–Pd
bond length on the Au@PdCu surface is 2.767 Å, which is much
larger than the 2.666 Å of PdCu (Fig. 4d). There is a correlation
between the enhanced activity and the increased surface Pd–Pd
bonds caused by the introduction of the Au core.

It's well known that surface strain can effectively modulate
the adsorption and desorption behavior of reactants or
Fig. 5 Density functional theory (DFT) calculations. (a) Projected density
with different tensile strains. (b) Ethylene adsorption energy and hydroge
surfaces.

© 2024 The Author(s). Published by the Royal Society of Chemistry
intermediates in heterogeneous catalytic processes, thus opti-
mizing the catalytic performance.45 To date, however, the
majority of strain research has been restricted to low-
dimensional (2D) imaging or conventional diffraction, neither
of which provides details of the complete 3D strain distribution
in core–shell structures. Using the Pd–Pd bond length (2.68 Å)
in PdCu NPs obtained by EXAFS as a benchmark, we employed
DISCUS soware46 to extract the Pd–Pd bond lengths of the Pd
sites from the Au@PdCu structure model acquired by RMC
tting experimental PDF data. Further, according to the strain
equation, strains were calculated for each Pd site. From inside
to outside, we separated the PdCu shell in Au@PdCu nano-
particles into four layers, numbered 1, 2, 3, and 4 (Fig. 4e). A
large number of Pd sites subject to tensile strain are distributed
on the surface of each layer. Based on statistical analysis of the
strain across all Pd sites in each layer in Fig. S21,† it was
observed that the strain distribution on the PdCu shell was not
uniform. Higher than the average strain in the middle two
layers, the average strain of all Pd sites in the outermost and
innermost layers of the PdCu shell is 3.25% and 3.21%,
respectively.
DFT calculations

Based on the results of the coordination number and bond
length of surface Pd sites in Fig. S20† and 4d, the surface models
of PdCu alloy with different tensile strains were built for DFT
calculations to understand the excellent catalytic performance of
the Au@PdCu catalyst (Fig. S22†). With increasing tensile strain,
as depicted in Fig. 5a, the center of the d-band of Pd gradually
approaches the Fermi energy level. This implies that the tensile
strain exerted by Au on the PdCu shells in Au@PdCu nano-
catalysts leads to the rise of the d-band center of Pd and the
of states (PDOS) for the total d orbitals of Pd on PdCu surface models
n adsorption energy on Pd (111), 0% PdCu (111), and 3.25% PdCu (111)
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reduction of the antibonding component, which facilitates the
adsorption and activation of acetylene and hydrogen and is
responsible for its excellent catalytic activity. To further elucidate
the correlation between tensile strain and adsorption behavior,
DFT calculations were performed on the adsorption energies of
hydrogen and ethylene (Fig. S23 and S24†). Owing to the differ-
ence in the surface Pd–Pd coordination numbers (CN), the
ethylene adsorption pattern on the Pd (111) model with CN of 9
tends to be strong di-s binding, while the 0%-PdCu (111) model
with CN of 3 exhibits weak p-bonding adsorption. The weak
ethylene binding energies of 0.76 eV and 0.78 eV for the Pd sites
in the 0%-PdCu (111) and 3.25%-PdCu (111)models, respectively,
facilitate ethylene desorption and enhance ethylene selectivity, as
compared to the Pd (111) model. This suggests that the superior
ethylene selectivity exhibited by both the PdCu shell surface prior
to and subsequent to the incorporation of the Au core is attrib-
utable to the comparable and low Pd–Pd coordination number
on the PdCu shell surface. Moreover, the Pd sites in the 3.25%-
PdCu (111) model adsorb hydrogen more strongly than those in
the 0%-PdCu (111) model, with an adsorption energy of−0.44 eV,
making it easier to hydrogenate and contributing to enhancing
the catalytic activity. This also proves that tensile strain is the
driving force behind the substantial increase in acetylene
hydrogenation activity in the Au@PdCu nanocatalyst. Based on
all the DFT calculations, the dispersed Pd sites under tensile
strain contribute to breaking the trade-off between activity and
selectivity, allowing for the complete conversion of acetylene at
a lower temperature and maintaining excellent ethylene
selectivity.

Conclusions

In summary, we have successfully constructed core–shell NPs
comprising an Au core and a PdCu alloy shell containing diluted
Pd sites using a seed-mediated method. The Au@PdCu core–
shell nanocatalyst shows excellent performance for acetylene
semi-hydrogenation, achieving complete conversion of acety-
lene at a relatively mild temperature andmaintaining a superior
ethylene selectivity of 92.4%. The three-dimensional distribu-
tion of lattice strain and the local coordination environment of
surface active sites in Au@PdCu core–shell nanoparticles are
revealed by the combination of the atomic pair distribution
function (PDF) and the reverse Monte Carlo (RMC) method. The
quantitative extraction results demonstrate that a large number
of active sites with a low Pd–Pd coordination number and in the
tensile strain state existed on the surface. DFT calculations
further validate that such active sites lead to optimal adsorption
of ethylene and hydrogen, contributing to the simultaneous
enhancement of hydrogenation activity and ethylene selectivity.
This study highlights the importance of local structure insight
into core–shell nanocatalysts and lays the structural foundation
for the development of efficient heterogeneous catalysts.
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