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ABSTRACT: To clarify the effects of the composition and
nanocluster size of the core−shell catalysts on C2H4 selectivity
and activity in C2H2 selective hydrogenation, the kinetic
mechanisms of C2H2 selective hydrogenation over different
compositions of M@Pd (M = Au, Ag, and Cu) and M@Cu (M =
Au, Ag, and Pd) nanoclusters with different sizes are investigated
using density functional theory calculations. The results suggest that
the composition and nanocluster size of the core−shell catalyst
affect C2H4 selectivity and activity, and Cu as the core for M@Pd
catalysts exhibits excellent C2H4 selectivity and activity than that of
Au and Ag; moreover, M@Pd catalysts show better C2H4 selectivity
and activity than M@Cu. Namely, the core−shell nanocluster
catalyst with Cu as the core and Pd as the shell is beneficial to
improve C2H4 selectivity and activity in C2H2 selective hydrogenation. On the other hand, C2H4 selectivity and activity increase
over M@Pd catalysts with the increase in the nanocluster size, which means that it is necessary to have the catalyst with a larger
cluster size in the preparation of Cu@Pd core−shell catalysts. The electronic structure analysis revealed the microscopic reasons
about the effects of core−shell catalyst compositions and nanocluster size on the catalytic performance of C2H2 selective
hydrogenation. This study can provide theoretical guidance for the design of core−shell nanocluster catalysts to improve C2H4
selectivity and activity in C2H2 selective hydrogenation by adjusting the composition and nanocluster size in an efficient way.

1. INTRODUCTION

C2H2 selective hydrogenation is an important chemical process
for removing a trace amount of C2H2 impurities from C2H4

feedstock.1−4 During this process, the noble metal Pd catalyst
is considered to be one of the most promising due to its good
activity of C2H4 formation.1,3,5 Nevertheless, it has several
disadvantages including high price and poor C2H4 selectivity
due to the overhydrogenation of C2H4, lowering the selectivity
of C2H4.

5−7 As a result, several transition metals Au,8−10

Ag,3,5,11,12 and Cu7,13,14 were added into the Pd catalyst to
form a Pd-based catalyst as a selectivity modifier to improve
C2H4 selectivity. Zhang et al.15 indicated that the addition of
Ag into the Pd catalyst can improve C2H4 selectivity and lower
the catalytic activity in comparison with the single Pd catalyst.
Zhang et al.16 synthesized a series of Ag− and Au−Pd/SiO2

bimetallic catalysts for C2H2 selective hydrogenation; both
promoter Ag and Au at high coverage effectively improve C2H4

selectivity, whereas the low coverage of Au and Ag cannot

improve C2H4 selectivity due to the larger Pd ensembles.
Saŕkańy et al.10 suggested that the promoter Au-decorated Pd
catalyst inhibits the carbonaceous deposition and improves
C2H4 selectivity. Kim et al.7 experimentally found that Cu-
promoted Pd/Al2O3 catalysts exhibit higher selectivity and
activity toward C2H4 formation than the Ag-promoted Pd/
Al2O3 catalyst. Pei et al.17 indicated that the Cu-alloyed Pd
catalyst can effectively enhance C2H4 selectivity (∼85%) due
to the isolation of Pd by promoter Cu and the electron transfer
from the Cu to Pd atom, which are in favor of H2 dissociation
and the desorption of C2H4. On the other hand, at a higher
reaction temperature (above 440 K), the metal Cu become the
main active component of C2H2 selective hydrogenation and
exhibits higher C2H4 selectivity.

18−21 For instance, McCue et
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al.20 prepared a large number of Pd-modified Cu bimetallic
catalysts, and when the Cu/Pd ratio was 50:1, the catalyst
showed excellent C2H4 selectivity and activity. Kyriakou et al.

22

demonstrated that the modification of a single Pd atom for the
Cu(111) surface improves C2H4 selectivity for C2H2 selective
hydrogenation compared with the single Cu and Pd surface.
Moreover, Fu et al.23 revealed that the ensembles composed of
surface and its joint subsurface Pd atoms are beneficial to
improve the catalytic activity of H2 dissociation; this ensemble
is also beneficial to improve the C2H4 selectivity and catalytic
activity for acetylene selective hydrogenation. The above
results show that both Pd-based and Cu-based catalysts have
been widely applied to C2H2 selective hydrogenation, which
have presented better catalytic performance.
Recently, the core−shell catalysts have attracted extensive

attention and become one of the most potential catalysts due
to their unique structures.24−27 The composition of core−shell
catalysts affects their catalytic performance.28−31 For the M@
Pd core−shell catalysts, Li et al.28 confirmed that the Cu@Pd
catalyst shows higher activity toward formic acid oxidation four
times than the pure Pd catalyst. Kuhn et al.29 suggested that
the Pd−Ag/Al2O3 core−shell catalysts effectively prevent the
formation of coke and green oil during the C2H2 selective
hydrogenation and exhibit higher long-time stability relative to
the pure Pd catalyst. Saŕkańy et al.9 synthesized a series of
Au@Pd catalysts with different Pd shell thicknesses, indicating
that the core−shell catalyst with the Pd layer can significantly
enhance the catalytic activity of acetylene selective hydro-
genation than the pure Pd catalyst. McCue et al.32 have
synthesized the Au@Pd nanoparticles (NPs) by the addition of
Pd to the Au with different rates of Pd addition, suggesting that
the faster addition favored the formation of monometallic Pd
nanoparticles outside the core−shell nanoparticles, and the
catalyst shows poor C2H4 selectivity for C2H2 selective
hydrogenation; yet, the slow addition of shell Pd results in
the formation of a core−shell structure, and the catalyst
exhibits higher C2H4 selectivity. Yet, up to now, there are still a
few theoretical studies of C2H2 selective hydrogenation over
different compositions of M@Pd core−shell catalysts. On the
other hand, for the M@Cu core−shell catalysts, density
functional theory (DFT) studies by Guo et al.30 have shown
that the M@Cu12 (M = Co, Rh, Ir) core−shell catalysts have
higher activity toward water−gas shift reaction (WGSR) than
the N@Cu12 (N = Ni, Pd, Pt, Cu, Ag, Au) core−shell catalysts
does. Moreover, Lin et al.31 showed that the Cu@Ni core−
shell catalyst exhibits good CO conversion than the Ni@Cu
core−shell catalyst in WGSR. However, the reported
experimental and theoretical studies of C2H2 selective
hydrogenation over M@Cu core−shell catalysts are still
limited. Moreover, as mentioned above, the role of M@Pd
and M@Cu core−shell catalyst and the composition effects of
M@Pd and M@Cu catalysts on the C2H2 selective hydro-
genation have rarely been mentioned.
Furthermore, the nanocluster particle size of core−shell

catalysts significantly affects the stability and catalytic perform-
ance.33−35 For instance, An et al.35 suggested that the catalytic
activity of the Pd@Pt core−shell catalyst toward oxygen
reduction reaction (ORR) strongly depends on the catalyst
particle size. Gan et al.36 showed that the activity of ORR and
the corresponding stability have the close relationship with
PtNi3-NPs catalyst particle size, which presents a Volcano
curve, and the catalyst exhibits the best activity when the
nanocluster particle size of PtNi3-NPs was 6−8 nm. Moreover,

Chen et al.37 suggested that for the ethanol oxidation reaction
the Au@Pd catalyst presents higher catalytic activity five times
than the pure Pd catalysts; moreover, with the increase in
nanocluster particle size (2.9, 5.8, and 6.5 nm), the catalytic
activity increased. However, up to now, the nanocluster
particle size effect for M@Pd and M@Cu core−shell catalysts
on C2H4 selectivity and activity in C2H2 selective hydro-
genation is still unclear.
In this paper, aiming at discussing above issues, different

compositions of M@Pd (M = Au, Ag, and Cu) and M@Cu (M
= Au, Ag, and Pd) core−shell nanoclusters with different sizes
are selected to represent different compositions and nano-
cluster sizes of M@Pd and M@Cu core−shell catalysts. The
kinetic mechanism of C2H2 selective hydrogenation over M@
Pd and M@Cu catalysts is investigated; here, the density
functional theory calculations are carried out. The nanocluster
size and composition effects of the core−shell catalyst on the
activity and selectivity of C2H2 selective hydrogenation are
identified. Electronic structure analysis is carried out to reveal
the microscopic reasons. We hope our results to give a
theoretical clue to realize the design of high-performance
core−shell catalysts in C2H2 selective hydrogenation by
controlling the composition and nanocluster size.

2. CALCULATION METHODS AND MODELS
2.1. Calculation Methods. In this study, all density

functional theory (DFT) calculations are carried out in Dmol3

program package and38,39 the exchange-correlation functional
is described using the generalized gradient approximation
[GGA-Perdew−Burke−Ernzerhof (PBE)].40,41 The effective
core potentials (ECPs)42 are employed to describe the
interaction between the atomic core and electrons of metal,
and all-electron basis set is used for other atoms. (The details
about the choice of GGA-PBE and ECP are presented in the
Supporting Information.) The double-numerical basis set with
a polarization d-function (DNP)43 is selected to expand the
valence electron function. Moreover, the transition states
(TSs) are obtained using the complete linear synchronous
transit/quadratic synchronous transit method.44,45 Further-
more, the transition state is confirmed by the frequency
analysis with only one imaginary frequency, and the TS
confirmation was used to confirm that the transition state was
connected with the reactant and product.
The adsorption free energy (Gads) is calculated by eq 1

= + − + +

+

G E G E G E

G

(

)
ads total total adsorbate adsorbate cluster

cluster (1)

As shown in eq 1, Etotal represents the energy of the total
system and Eadsorbate and Ecluster represent the energy of the
gaseous molecule and the nanocluster catalyst, respectively.
Gadsorbate, Gcluster, and Gtotal are the Gibbs free energy of the
gaseous species, the nanocluster, and the adsorbed system at
520 K, respectively.
The activation free energy (ΔGa) and reaction free energy

(ΔG) are defined according to eqs 2 and 3, respectively.

Δ = + − +G E G E G( ) ( )a TS TS R R (2)

Δ = + − +G E G E G( ) ( )P P R R (3)

In eqs 2 and 3, EP, ER, and ETS are the energies of reactants,
products, and transition states, respectively, and GR, GTS, and
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GP represent the relative Gibbs free energies of reactants,
transition states, and products at 520 K, respectively.
2.2. Computational Models. Since this study focuses on

investigating the size and composition effect of core−shell
catalysts on C2H4 selectivity and activity in C2H2 selective
hydrogenation, the cluster models with different sizes are
employed to simulate different sizes of core−shell catalysts
rather than the periodic slab model, which is usually used to
simulate the large-size bulk catalysts and cannot reflect the size
effect such the small cluster size. Furthermore, previous studies
have demonstrated that the M13, M38, and M55 cluster models
of metal Cu or Pd with the corresponding diameters of about
5, 8, and 10 Å are the magic clusters, which exhibit excellent
stability26,46,47 and can be used to qualitatively represent the
catalysts with different sizes. More importantly, among these
cluster models, the larger-size M55 cluster model well exhibits
the similar surface structure characteristics with the periodic
Pd(111) or Cu(111) surface; as a result, the larger-size Pd55 or
Cu55 cluster model in this study is regarded as the large-size Pd
or Cu catalyst.
On the other hand, there are a number of low-coordinated

sites such as the edges, corners, and kinks for the metal catalyst
used in the experiment; however, the periodic slab model
usually presents the only high-coordinated terrace sites of flat
low-index surfaces, whereas the cluster models with different
sizes can exhibit the sites with different coordination numbers.
Among them, the number of low-coordinated sites increased
significantly with the decrease in particle size, such as the M13
and M38 clusters, which cannot be properly reflected using the
periodic slab models. Moreover, our previous studies48 about
C2H2 selective hydrogenation over the Pd-doped Cu bimetallic
catalyst used the periodic slab model to simulate the core−
shell Pd-doped Cu catalyst with the outermost layer Cu atoms
of the periodic Cu(111) surface replaced by Pd atoms, which
exhibits poor C2H4 selectivity; namely, the calculated results
using the periodic slab model are not consistent with the
experimental results that the Pd-doped Cu bimetallic catalyst
significantly improve C2H4 selectivity. However, our results
using the cluster model in this study show that the Pd-doped
Cu bimetallic catalyst exhibits excellent C2H4 selectivity and
activity.
On the basis of the above analysis, in this study, aiming at

investigating the effects of composition and catalyst size on the
catalytic performance of C2H2 selective hydrogenation, only
the cluster model can reflect the structure characteristics of the
core−shell catalysts with different sizes; moreover, it is reliable
to employ the cluster model (M13, M38, and M55 cluster of
metal Cu or Pd) to simulate the M@Pd and M@Cu core−
shell catalyst and its size effect. Therefore, the M@Pd (M =
Au, Ag, and Cu) core−shell nanoclusters with different sizes
are constructed by replacing the core for different sizes of the
pure Pd13, Pd38, and Pd55 clusters using the promoter Au, Ag,
and Cu, respectively. Correspondingly, M@Cu (M = Au, Ag,
and Pd) core−shell nanoclusters with different sizes are
formed by replacing the core of single Cu clusters with
different sizes (Cu13, Cu38, and Cu55) using the promoter Au,
Ag, and Pd, respectively; among them, our results show that
both M@Cu12 (M = Au and Ag) and M13@Cu42 (M = Au and
Ag) clusters are not stable as the core−shell structure, which
are not considered in this study. The corresponding stable
structures of M@Pd (M = Au, Ag, and Cu) and M@Cu (M =
Au, Ag, and Pd) nanoclusters with different sizes are shown in
Figure 1. In addition, to identify the composition effects of

core−shell catalysts, C2H2 selective hydrogenation over
different sizes of single Cu and Pd nanocluster catalysts is
also investigated in this study.

3. RESULTS AND DISCUSSION
For C2H2 selective hydrogenation over Pd-based catalysts, the
Pd hydride and Pd carbide may be formed during the reaction
process and affect C2H4 selectivity.

49−51 Yang et al.52 indicated
that the presence of subsurface species (carbon and hydrogen)
over the Pd catalyst affects the selectivity and activity of C2H4
formation. However, for CuPd alloy catalysts, Galipaud et al.53

suggested that CuPd mixtures do not form a hydride phase for
Cu/Pd bulk ratios of 0.5 and above. McCue et al.20 found that

Figure 1. Stable structures for different sizes of M@Pd (M = Au, Ag,
and Cu) and M@Cu (M = Au, Ag, and Pd) core−shell nanoclusters
as well as the single Pd and Cu clusters.
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for the CuPd bimetallic catalysts, there is no Pd hydride for the
Cu/Pd ratios of 100:1, 50:1, 25:1, and 10:1. Since this study
focuses on investigating the size and composition effect of
core−shell catalysts on C2H4 selectivity and activity in C2H2
selective hydrogenation, the effects of the Pd hydride and Pd
carbide on the selectivity and activity of C2H4 formation have
not been considered.
On the other hand, previous studies20,48,52 have demon-

strated that the higher temperature and H2/C2H2 ratio can
inhibit the formation of green oil, which will block the active
site and result in the deactivation of the catalyst. Meanwhile,
C2H2 selective hydrogenation over M@Cu catalysts is
examined in this study, and only on the higher temperature
(>473 K), metal Cu can act as the active component in C2H2
selective hydrogenation and exhibit high C2H4 selectivity.

19,21

Moreover, the present study will carry out the comparisons
between M@Pd (M = Au, Ag, and Cu) and M@Cu (M = Au,
Ag, and Pd) core−shell catalysts. Therefore, the high
temperature of 520 K and high H2/C2H2 ratio (10:1) were
selected in this study, aiming at ignoring the effect of green oil
formation on C2H2 selective hydrogenation over M@Pd and
M@Cu core−shell catalysts; only C2H2 selective hydro-
genation is considered, which can clearly identify the
composition and size effects of M@Pd and M@Cu core−
shell catalysts on the selectivity and activity of C2H4 formation.
The 0.1, 0.01, and 0.89 partial pressures are used for H2, C2H2,
and C2H4 species, respectively, which are close to the real
industrial environment.
On the basis of the above analysis, the effects of the Pd

hydride and Pd carbide formation as well as the oligomer green
oil on the selectivity and activity of C2H4 formation have not
been considered, which can make us more clearly reveal the
effect of the catalyst composition and size on the selectivity
and activity of C2H2 selective hydrogenation. In addition, the
effect of green oil formation will be further considered in our
future work.
For the C2H2 selective hydrogenation (see Figure 2), there

are three routes: C2H4 desorption route, C2H4 intermediate
route, and CHCH3 intermediate route. Among them, to
remove the trace amount of C2H2 in C2H4 feedstock, C2H4

desorption route should be promoted, whereas both C2H4
intermediate and CHCH3 intermediate routes should be
inhibited.

3.1. Evaluation Parameters of C2H4 Selectivity. In the
industrial process of C2H2 selective hydrogenation, the content
of C2H4 is nearly 89%, whereas the content of C2H2 is only
0.1−1%;52 thus, only when the adsorption ability of C2H2 on
the catalyst is much stronger than that of C2H4, the trace
amount of C2H2 impurities in C2H4 feedstock can be
preferentially adsorbed over the catalyst surface, which is in
favor of C2H2 hydrogenation and its effective removal. As a
result, the adsorption behaviors of C2H2 and C2H4 over M@Pd
and M@Cu core−shell catalysts are first considered; as shown
in Figure 3 and Table 1, the C2H4 adsorption abilities on all

clusters are much weaker than that of C2H2, which is
conducive for C2H2 selective hydrogenation. In addition, the
stable structures of C2Hx species adsorbed over M@Pd and
M@Cu nanoclusters (see Figure S1) and the corresponding
adsorption free energies (see Table 1) are calculated.
For the C2H2 selective hydrogenation, up to now, most of

the theoretical studies54−57 investigated all elementary steps
involved in three reaction routes; then, the dominant reaction
routes are determined by the overall free energies of three
reaction routes; furthermore, when the C2H4 intermediate
route is preferred, C2H4 selectivity was determined by the
difference of overall free energies between C2H4 hydrogenation
and C2H4 desorption routes. Second, recent studies by Xu et
al.58 proposed that the Gibbs free energy difference between
the hydrogenation barrier and the desorption energy of C2H4
can be defined as the descriptor for C2H4 selectivity, and the
CHCH3 intermediate route is not considered. In fact, the
CHCH3 intermediate route can significantly affect C2H4
selectivity.
In this study, on the basis of the reported studies, a more

reasonable method is proposed to evaluate C2H4 selectivity.
First, the priority between the hydrogenation and desorption
of C2H4 is considered. If the desorption of C2H4 is more
preferred than its hydrogenation, then the preference between
the CHCH3 intermediate route and the C2H4 desorption route
should be further investigated. When the C2H4 desorptionFigure 2. Reaction routes involved in C2H2 selective hydrogenation.

Figure 3. Adsorption free energies of C2H2 and C2H4 over different
sizes of M@Pd (M = Au, Ag, and Cu) and M@Cu (M = Au, Ag, and
Pd) core−shell nanoclusters as well as the single Pd and Cu clusters.
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route is preferred than the CHCH3 intermediate route, the
catalyst exhibits better C2H4 selectivity; otherwise, the catalyst
shows poor C2H4 selectivity. On the other hand, if C2H4 is
preferred for hydrogenation to form C2H5 rather than
desorption to gaseous C2H4, then the catalyst exhibits poor
C2H4 selectivity, and the effects of the CHCH3 intermediate
route on the C2H4 selectivity are not considered.
C2H4 selectivity is evaluated by the energy difference

between the hydrogenation of C2H4 and the adsorption of
C2H4, which is calculated using eq 454,58−60

= Δ − | |G G Gsel a ads (4)

As shown in eq 4, ΔGa corresponds to the activation free
energy of hydrogenation routes (the C2H4 intermediate or
CHCH3 intermediate route) and Gads corresponds to the
activation free energy of the C2H4 adsorption route; when the
value of Gsel is more positive and larger, which represents that
C2H4 more easily undergoes desorption to form gaseous C2H4
instead of ethane formed by C2H4 successive hydrogenation,
the catalyst exhibits good C2H4 selectivity.
3.2. C2H2 Selective Hydrogenation on M@Pd (M = Au,

Ag, and Cu) Clusters. For the M@Pd12 (M = Au, Ag, and
Cu) clusters, on Au@Pd12 (see Figure 4a), the desorption of
adsorbed C2H4 to gaseous C2H4 is slightly advantageous than
the hydrogenation of C2H4 in terms of kinetics (109.3 vs 113.3
kJ mol−1). Meanwhile, the CHCH3 intermediate route is much
difficult than the C2H4 desorption route in terms of kinetics
(223.1 vs 166.8 kJ mol−1, see Figure S2); as a result, the C2H4
desorption route is an advantageous way with the C2H4
selectivity (Gsel) of 4.0 kJ mol−1. Similarly, on Ag@Pd12
(Figure 4b), the C2H4 desorption route is the most
advantageous with the Gsel of 8.7 kJ mol−1, and the CHCH3
intermediate route is much difficult than the C2H4 desorption
route (197.2 vs 112.8 kJ mol−1, see Figure S3). However, on
Cu@Pd12 clusters, the hydrogenation of C2H4 is more

advantageous than its desorption (90.5 vs 102.0 kJ mol−1,
see Figure 4c) to present poor C2H4 selectivity with the Gsel of
−11.5 kJ mol−1. In addition, the hydrogenation of C2H4 is
easier than the desorption of C2H4 to gaseous C2H4 (98.0 vs
117.9 kJ mol−1) on the single Pd13 cluster (Figure 4d) to
exhibit poor C2H4 selectivity with the Gsel of −19.9 kJ mol−1.
Hence, M@Pd12 (M = Au, Ag, and Cu) clusters slightly
improve C2H4 selectivity compared to the single Pd13 cluster.
As for the M6@Pd32 (M = Au, Ag, and Cu) clusters, as

shown in Figure 4e−g, the C2H4 desorption route is
advantageous than the C2H4 intermediate route (91.8 vs
92.9, 84.2 vs 111.5, and 74.4 vs 126.2 kJ mol−1, respectively).
Meanwhile, the CHCH3 intermediate route is also difficult
than the C2H4 desorption route (Figures S4−S6). Compared
to the single Pd38 cluster with the Gsel of −73.1 kJ mol−1

(Figure 4h), M6@Pd32 (M = Au, Ag, and Cu) clusters present
better C2H4 selectivity (the Gsel of 1.1, 27.3, and 51.8 kJ mol−1,
respectively); in particular, Cu6@Pd32 clusters exhibit the best
C2H4 selectivity.
For the M13@Pd42 (M = Au, Ag, and Cu) clusters, as shown

in Figure 5a−c, the C2H4 desorption route is more
advantageous than the C2H4 intermediate route (82.1 vs
118.2, 83.0 vs 121.3, and 69.7 vs 137.6 kJ mol−1, respectively);

Table 1. Adsorption Free Energies of C2H2 and C2H4 over
Different Sizes of M@Pd (M = Au, Ag, and Cu) and M@Cu
(M = Au, Ag, and Pd) Core−Shell Catalysts as Well as the
Single Pd and Cu Clusters at 520 K

adsorption free energies (Gads/kJ mol−1)

clusters C2H2 C2H3 C2H4 CHCH3 C2H5

Au@Pd12 −212.2 −339.9 −109.3 −430.5 −175.8
Ag@Pd12 −208.8 −342.8 −104.3 −350.1 −177.1
Cu@Pd12 −198.7 −340.0 −102.0 −446.3 −171.7
Pd13 −198.6 −311.6 −117.9 −403.8 −224.1
Au6@Pd32 −220.1 −431.1 −91.8 −515.0 −173.9
Ag6@Pd32 −221.6 −443.6 −84.2 −507.9 −176.4
Cu6@Pd32 −195.6 −567.3 −74.4 −588.1 −173.7
Pd38 −244.6 −402.0 −166.3 −472.3 −295.3
Au13@Pd42 −179.6 −273.7 −82.1 −348.9 −156.7
Ag13@Pd42 −175.4 −263.0 −83.0 −355.5 −166.1
Cu13@Pd42 −155.1 −243.5 −69.7 −333.2 −155.9
Pd55 −295.6 −396.6 −189.2 −487.6 −301.6
Pd@Cu12 −190.1 −399.9 −77.7 −460.7 −200.4
Cu13 −251.5 −331.6 −128.9 −250.4 −255.4
Au6@Cu32 −126.4 −265.1 −50.7 −311.4 −174.4
Ag6@Cu32 −157.4 −258.2 −52.4 −311.0 −164.0
Pd6@Cu32 −122.3 −241.7 −51.0 −313.0 −157.2
Cu38 −196.3 −310.9 −95.6 −381.6 −238.7
Pd13@Cu42 −114.5 −276.3 −44.0 −301.7 −140.8
Cu55 −174.5 −298.3 −103.0 −385.9 −245.1

Figure 4. Potential energy profiles of C2H4 hydrogenation and C2H4
desorption over the (a) Au@Pd12, (b) Ag@Pd12, (c) Cu@Pd12, (d)
single Pd13, (e) Au6@Pd3, (f) Ag6@Pd32, (g) Cu6@Pd32, and (h)
single Pd38 clusters.
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moreover, the CHCH3 intermediate route is unfavorable in
comparison with the C2H4 desorption route (202.4 vs 143.4,
220.2 vs 156.2, and 120.4 vs 97.9 kJ mol−1, respectively, see
Figures S7−S9). As a result, M13@Pd42 (M = Au, Ag, and Cu)
clusters exhibit higher C2H4 selectivity (the Gsel of 36.1, 38.3,
and 67.9 kJ mol−1, respectively) compared to the single Pd55
cluster with the Gsel of −59.1 kJ mol−1 (see Figure 5d);
especially, Cu13@Pd42 cluster shows excellent C2H4 selectivity.
3.3. C2H2 Selective Hydrogenation on M@Cu (M = Au,

Ag, and Pd) Clusters. As mentioned in Section 2.2, both
M@Cu12 (M = Au and Ag) and M13@Cu42 (M = Au and Ag)
clusters are not stable as the core−shell structure, which are
not considered in this study.
For the Pd@Cu12 cluster, the desorption of C2H4 is much

easier among the three routes (Figures 6a and S10) with the
Gsel of 16.1 kJ mol−1. The single Cu13 cluster shows poor C2H4
selectivity with the Gsel of −30.9 kJ mol−1 (Figure 6b). Thus,
the Pd@Cu12 cluster presents better C2H4 selectivity compared
to the single Cu13 cluster.
For M6@Cu32 (M = Au, Ag, and Pd) clusters, the

hydrogenation of C2H4 and C2H4 desorption routes are
energetically competitive (51.3 vs 50.7 kJ mol−1) on Au6@
Cu32 clusters (Figures 6c and S11) with the small Gsel of 0.6 kJ
mol−1. For the Ag6@Cu32 and Pd6@Cu32 clusters (Figure
6d,e), the C2H4 desorption route is the most optimal
compared to other two routes (Figures S12 and S13); both
clusters exhibit good C2H4 selectivity with the Gsel of 38.8 and
58.3 kJ mol−1, respectively. Hence, M6@Cu32 (M = Au, Ag,
and Pd) clusters effectively improve C2H4 selectivity compared
to the single Cu38 cluster (Figure 6f) with the Gsel of −21.9 kJ
mol−1.
Pd13@Cu42 clusters (Figures 6g and S14) exhibit good C2H4

selectivity with the Gsel of 16.0 kJ mol−1. However, compared
to the single Cu55 cluster (Figures 6h and S15) with the C2H4

selectivity of 23.0 kJ mol−1, Pd13@Cu42 clusters exhibit poor
C2H4 selectivity.

3.4. General Discussion. Based on the above analysis,
different sizes of M@Pd (M = Au, Ag, and Cu) and M@Cu
(M = Au, Ag, and Pd) core−shell nanoclusters with good C2H4
selectivity were screened; then, the formation rate of C2H4 was
further investigated to describe the catalytic activity. Mean-
while, the formation rate of C2H4 over the corresponding sizes
of single Pd and Cu clusters was considered as a reference. The
formation rate of C2H4 was calculated through the two-step
model proposed by Cheng et al.61,62 (The detailed descriptions
are presented in the Supporting Information.) The formation
rate of C2H4 was calculated according to eq 5
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According to eq 5, the major parameters for the formation rate
of C2H4 are GR

ad, GR
de, and GP

de, and we can obtain the values of
GR

de and GP
de from the potential energy profiles of C2H2

selective hydrogenation to form C2H4 (Figure 7). On the
other hand, previous studies suggested that the TSR (R = C2H2

Figure 5. Potential energy profiles of C2H4 hydrogenation and C2H4
desorption over the (a) Au13@Pd42, (b) Ag13@Pd42, (c) Cu134@Pd42,
and (d) single Pd55 clusters.

Figure 6. Potential energy profiles of C2H4 hydrogenation and C2H4
desorption over the (a) Pd@Cu12, (b) single Cu13, (c) Au6@Cu32, (d)
Ag6@Cu32, (e) Pd6@Cu32, (f) single Cu38, (g) Pd13@Cu42, and (h)
single Cu55 clusters.
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and H2) is used to describe the value of GR
ad; in this study, at

the reaction temperature of T = 520 K, TSC2H2
= 117.6 kJ

mol−1 and TSH2
= 76.3 kJ mol−1, indicating that C2H2 has

higher adsorption free energy than H2. Thus, the adsorption
free energy of C2H2 (117.6 kJ mol−1) is selected as the limiting
adsorption barrier of the reactants. The calculated rates of
C2H4 formation over different sizes of core−shell catalysts with
good C2H4 selectivity are listed in Table 2.
3.4.1. Effects of Core and Shell Compositions on C2H4

Selectivity and Activity. As shown in Figure 8a, for different
sizes of M@Pd (M = Au, Ag, and Cu) nanoclusters, M@Pd12

clusters show poor C2H4 selectivity compared to M6@Pd32 and
M13@Pd42 clusters, and C2H4 selectivity (Gsel/kJ mol−1) over
M6@Pd32 and M13@Pd42 clusters follows the order: Pd38
(−73.1) < Au6@Pd32 (1.1) < Ag6@Pd32 (27.3) < Cu6@Pd32
(51.8), and Pd55 (−59.1) < Au13@Pd42 (36.1) < Ag13@Pd42
(38.3) < Cu13@Pd42 (67.9); namely, C2H4 selectivity (Gsel/kJ
mol−1) over M6@Pd32 and M13@Pd42 clusters follows the
order: Pd < Au@Pd < Ag@Pd < Cu@Pd. Furthermore, the
formation rates of C2H4 (r/s−1 site−1) follow the order (see
Table 2): Ag@Pd (1.18 × 10−8) < Au@Pd (2.40 × 10−4) < Pd
(8.71 × 10−2) < Cu@Pd (1.09 × 100) for M6@Pd32 clusters,
Ag@Pd (1.33 × 10−5) < Au@Pd (5.83 × 10−3) < Pd (1.19 ×
100) < Cu@Pd (1.02 × 103) for M13@Pd42 clusters. The above
results show that compared to the single Pd cluster, both Au@
Pd and Ag@Pd clusters effectively improve C2H4 selectivity;
however, these types of clusters decrease the catalytic activity
of C2H4 formation. This result is consistent with the
experimental results by Khan et al.;3 they investigated the
catalytic performance of the Al2O3-supported Pd−Ag catalyst
for C2H2 selective hydrogenation, indicating that the
modification of Ag improves C2H4 selectivity but decreases
the activity of C2H4 formation. Moreover, Saŕkańy et al.10

suggested that the modification of Au for the Pd catalyst
decreased the catalytic activity and improved C2H4 selectivity.
As a result, only the Cu@Pd nanoclusters significantly not only
improve C2H4 selectivity but also the catalytic activity of C2H4
formation. Therefore, for the M@Pd core−shell catalyst, the
core M composition affects not only C2H4 selectivity but also
the catalytic activity of C2H4 formation in C2H2 selective
hydrogenation, in which the metal Cu as the core for M@Pd
core−shell catalysts presents the excellent selectivity and
activity of C2H4 formation than Au and Ag as the core.
For different sizes of M@Cu (M = Au, Ag, and Pd) clusters,

as mentioned above, the M@Cu12 (M = Au, and Ag) and
M13@Cu42 (M = Au and Ag) nanoclusters are not stable as the
core−shell structure. Hence, when the core composition of
M@Cu nanoclusters is Au and Ag, the nanoclusters shows
poor stability, whereas different sizes of Pd@Cu nanoclusters
can exist in the form of stable structures. As shown in Figure
8b, for M@Cu12, the Pd@Cu12 nanocluster shows better C2H4
selectivity than the single Cu13 cluster (16.1 vs −30.9 kJ
mol−1); moreover, the formation rate of C2H4 (r/s−1 site−1)

Figure 7. Free energy profiles of the selective hydrogenation of C2H2
to C2H4 on different sizes of M@Pd (M = Au, Ag, and Cu), M@Cu
(M = Au, Ag, and Pd), and the single Pd and Cu clusters.

Table 2. Values of GR
ad − GR

de + GP
de, GP

de (kJ mol−1) and
Reaction Rate (r/s−1 site−1) at 520 K on Different Clusters

clusters GR
ad − GR

de + GP
de GP

de r

Au@Pd12 −129.5 164.0 3.64 × 10−4

Ag@Pd12 −137.8 160.4 8.33 × 10−4

Cu@Pd12 −187.9 128.1 1.47 × 100

Pd13 −126.3 128.6 1.30 × 100

Au6@Pd32 −86.2 165.8 2.40 × 10−4

Ag6@Pd32 −57.7 208.7 1.18 × 10−8

Cu6@Pd32 −152.0 129.4 1.09 × 100

Pd38 −181.9 140.3 8.71 × 10−2

Au13@Pd42 −124.8 152.0 5.83 × 10−3

Ag13@Pd42 −120.9 178.3 1.33 × 10−5

Cu13@Pd42 −83.1 99.8 1.02 × 103

Pd55 −180.9 129.0 1.19 × 100

Pd@Cu12 −97.5 197.8 1.46 × 10−7

Cu13 −55.1 247.1 1.63 × 10−12

Au6@Cu32 29.7 222.8 4.50 × 10−10

Ag6@Cu32 22.2 231.5 6.26 × 10−7

Pd6@Cu32 −32.4 159.5 1.03 × 10−3

Cu38 −61.5 157.1 1.79 × 10−3

Pd13@Cu42 −32.5 115.8 2.53 × 101

Cu55 −42.8 138.1 1.45 × 10−1

Figure 8. C2H4 selectivity (Gsel) over different sizes of M@Pd (M =
Au, Ag, and Cu) and M@Cu (M = Au, Ag, and Pd), and the single Pd
and Cu clusters at 520 K.
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(see Table 2) over Pd@Cu12 nanoclusters (1.46 × 10−7) is
higher than that of single Cu13 clusters (1.63 × 10−12),
suggesting that the Pd@Cu12 nanocluster improves C2H4
selectivity and catalytic activity. For M6@Cu32 nanoclusters,
the order of C2H4 selectivity (Gsel/kJ mol−1) is as follows: Cu38
(−21.9) < Au6@Cu32 (0.6) < Ag6@Cu32 (38.8) < Pd6@Cu32
(58.3), and the formation rates of C2H4 (r/s

−1 site−1) follow
the order: Au6@Cu32 (4.50 × 10−10) < Ag6@Cu32 (6.26 ×
10−7) < Pd6@Cu32 (1.03 × 10−3) ≈ Cu38 (1.79 × 10−3),
indicating that compared to the single Cu38 cluster, the M6@
Cu32 (M = Au, Ag, and Pd) nanoclusters improve only C2H4
selectivity, whereas they do not enhance the catalytic activity of
C2H4 formation. Moreover, for M13@Cu42, the Pd13@Cu42
nanocluster cannot improve C2H4 selectivity compared to the
single Cu55 cluster (16.0 vs 23.0 kJ mol−1). Thus, the core M
composition of M@Cu core−shell catalysts alters C2H4
selectivity and catalytic activity in the selective hydrogenation
of C2H2. In the M@Cu core−shell catalyst, the metal Pd as the
core presents better C2H4 selectivity and catalytic activity than
the metals Au or Ag as the core. However, compared to the
single Cu clusters, the Pd@Cu nanoclusters with different sizes
cannot effectively improve C2H4 selectivity or catalytic activity,
which is not suitable for C2H2 selective hydrogenation.
More importantly, as mentioned above, different sizes of

Pd@Cu nanoclusters show poor C2H4 selectivity and activity
than the corresponding sizes of Cu@Pd nanoclusters; this
result further shows that the shell composition of core−shell
catalysts exhibits a great influence on C2H4 selectivity and
catalytic activity, in which the metal Pd as the shell shows
better C2H4 selectivity and catalytic activity than the metal Cu
as the shell. Thus, both the core and shell composition of the
core−shell catalyst affect C2H4 selectivity and catalytic activity.
Among them, the core−shell catalysts with the metal Cu as the
core and the Pd as the shell (Cu@Pd) are suitable catalysts to
fundamentally improve C2H4 selectivity and activity in C2H2
selective hydrogenation.
3.4.2. Cluster Size Effects of Core−Shell Catalysts on C2H4

Selectivity and Activity. As mentioned above, the Cu@Pd
catalysts with Pd as the shell and Cu as the core exhibit
excellent C2H4 selectivity and catalytic activity. For the
different sizes of Cu@Pd core−shell catalysts, the order of
C2H4 selectivity (Gsel/kJ mol−1) is as follows: Cu@Pd12
(−11.5) < Cu6@Pd32 (51.8) < Cu13@Pd42 (67.9); meanwhile,
the formation rates of C2H4 (r/s−1 site−1) follow the order:
Cu@Pd12 (1.46 × 10−7) < Cu6@Pd32 (1.09 × 100) < Cu13@
Pd42 (1.02 × 103). Thus, C2H4 selectivity and catalytic activity
increase with the increasing size of Cu@Pd nanoclusters, and
the large-size Cu13@Pd42 nanocluster exhibits the best C2H4
selectivity and activity, which is conducive to the selective
hydrogenation of C2H2. Namely, in the experimental
preparation of Cu@Pd core−shell catalysts, controlling the
particle size of the catalyst in a larger size range is conducive to
enhance C2H4 selectivity and catalytic activity in the selective
hydrogenation of C2H2.
3.4.3. Electronic Structure Analysis. On the basis of the

above analysis, different sizes of Cu@Pd nanoclusters exhibit
better C2H4 selectivity and catalytic activity than those of Au@
Pd and Ag@Pd nanoclusters. Thus, the projected density of
states (pDOS) of M@Pd (M = Au, Ag, and Cu) nanoclusters
with different sizes are calculated to illustrate the microscopic
reasons about the effects of compositions and nanocluster size
on the catalytic activity of C2H2 selective hydrogenation, and
the d-centers of different nanoclusters are shown in Figure 9.

According to previous results,63−65 for the C2Hx hydrogenation
reaction, the activation of the C−H bond mainly depends on
the electron backdonation to the antibonding σCH* orbital,
and when the d-band center of the metal surface is far away
from the Fermi level, the metal surface is more active for
hydrogenation and C2Hx hydrogenation should have high
activity.
For the M@Pd12 (M = Au, Ag, and Cu) clusters, as shown in

Figure 9a−c, the d-band center (eV) follows the order: Cu@
Pd12 (−1.39) < Ag@Pd12 (−1.22) < Au@Pd12 (−1.18); the
results show that the Cu@Pd12 cluster is far from the Fermi
level than Au@Pd12 and Ag@Pd12 clusters. As a result, the
formation rates of C2H4 (s−1 site−1) over M@Pd12 clusters
follow the order: Au@Pd12 (3.64 × 10−4) ≈ Ag@Pd12 (8.33 ×
10−4) < Cu@Pd12 (1.47 × 100). Interestingly, the same results
are observed on the M6@Pd32 and M13@Pd42 clusters (Figure
9d−i); in general, the Cu@Pd nanoclusters are far away from
the Fermi level than the Au@Pd and Ag@Pd clusters. Cu@Pd
clusters exhibit the highest catalytic activity for C2H4
formation. Therefore, the core composition of core−shell
catalysts changes the d-band center of the shell metal and
further affects the catalytic activity of C2H4 formation. When
metal Cu acts as the core for M@Pd catalysts, the d-band
center of shell Pd atoms is far from the Fermi level, so they
show the best catalytic activity for C2H4 formation.
Moreover, for different sizes of Cu@Pd nanoclusters, as

shown in Figure 9c,f,i, the order of d-band center (eV) is as
follows: Cu13@Pd42 (−1.71) < Cu6@Pd32 (−1.56) < Cu@Pd12
(−1.39), suggesting that the d-band center of shell Pd atoms in
Cu@Pd nanoclusters is also far away from the Fermi level with
the increase in the nanocluster size. Thus, as mentioned above,
the large-size Cu13@Pd42 (1.02 × 103 s−1 site−1) nanocluster
exhibits the best catalytic activity for C2H4 formation than both
Cu@Pd12 (1.47 × 100 s−1 site−1) and Cu6@Pd32 (1.09 × 100

s−1 site−1) nanoclusters.

4. CONCLUSIONS
In this study, C2H2 selective hydrogenation on different
compositions of M@Pd (M = Au, Ag, and Cu) and M@Cu (M

Figure 9. Projected density of states (pDOS) plots of the d-orbitals
for the outer layer Pd atoms of (a) Au@Pd12, (b) Ag@Pd12, (c) Cu@
Pd12, (d) Au6@Pd32, (e) Ag6@Pd32, (f) Cu6@Pd32, (g) Au13@Pd42,
(h) Ag13@Pd42, and (i) Cu13@Pd42 nanoclusters.
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= Au, Ag, and Pd) nanoclusters with different sizes has been
investigated, which aims at identifying the effects of the
composition and the nanocluster size on the selectivity and
activity of C2H4 formation. The results show that the metal Cu
as the core of M@Pd core−shell catalysts can effectively
improve C2H4 selectivity and activity than Au and Ag;
similarly, for M@Cu (M = Au, Ag, and Pd) nanoclusters,
the metal Pd as the core of M@Cu core−shell catalysts
exhibits the best C2H4 selectivity and activity than that of Au
and Ag; moreover, compared to Cu@Pd nanoclusters, Pd@Cu
nanoclusters show poor selectivity and activity of C2H4
formation. Thus, the shell and core composition of core−
shell catalysts have a great effect on the catalytic performance;
the Cu@Pd core−shell catalysts with Cu as the core and Pd as
the shell are the most advantageous to improve the selectivity
and activity of C2H4 formation, which are suitable catalysts for
C2H2 selective hydrogenation. On the other hand, with the
increase in the size of Cu@Pd nanoclusters, the selectivity and
activity of C2H4 formation over Cu@Pd nanoclusters increase.
Cu13@Pd42 nanoclusters exhibit the best activity of C2H4
formation, which is attributed to changes in the d-band center
of the shell metal due to the core composition of core−shell
catalysts, and further affect the catalytic activity of C2H4
formation. The d-band center of shell Pd atoms is far from
the Fermi level, so they show the best catalytic activity of C2H4
formation. Therefore, for the preparation of Cu@Pd core−
shell catalysts in C2H2 selective hydrogenation, it is expected to
have the particle size of core−shell catalysts within a larger size
range, which is conducive to enhance the selectivity and
activity of C2H4 formation.
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