
Contents lists available at ScienceDirect

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

Full length article

Acetylene selective hydrogenation over different size of Pd-modified Cu
cluster catalysts: Effects of Pd ensemble and cluster size on the selectivity
and activity
Riguang Zhang, Mifeng Xue, Baojun Wang⁎, Lixia Ling
Key Laboratory of Coal Science and Technology of Ministry of Education and Shanxi Province, Taiyuan University of Technology, Taiyuan 030024, Shanxi, PR China

A R T I C L E I N F O

Keywords:
Cu-based catalyst
Pd ensemble
Cluster size
Acetylene selective hydrogenation
Selectivity
Activity

A B S T R A C T

Aiming at identifying the effects of Pd ensemble and cluster size on the selectivity and activity of C2H2 selective
hydrogenation over Pd-modified Cu nano-cluster catalysts, the catalytic performance of C2H2 selective hydro-
genation over different cluster sizes of Pd-modified Cu catalyst with different Pd ensemble are examined using
density functional theory calculations. A new evaluation method of the C2H4 selectivity is defined. The results
indicate that the promoter Pd cannot improve C2H4 selectivity and activity over the small-sized Cu13 and the
large-sized Cu55 clusters. Only when Cu catalyst has a moderate size such as Cu38 cluster, the Pd ensemble
composed of outer shell with 6 coordination and its contiguous inner-layer Pd atoms can significantly improve
C2H4 selectivity and activity. This study provides a theoretical clue for the design of highly efficient and cost-
effective noble promoter-modified Cu-based catalysts by controlling the cluster size and the promoter ensemble
for C2H2 selective hydrogenation.

1. Introduction

Ethylene (C2H4) as an important chemical raw materials is from the
thermal cracking of petroleum fractions [1–4], however, a trace amount
of acetylene (C2H2) impurity is produced, which can poison the catalyst
of C2H4 polymerization [4–8]. Thus, the C2H2 impurity must be re-
moved from C2H4 feedstock. C2H2 selective hydrogenation to C2H4 in
the C2H4 feedstock is one of the most utilized methods to remove C2H2

impurity [4,9,10]. The noble-metal Pd catalyst has been widely used
due to its good activity, however, it exhibits poor selectivity toward
C2H4 formation [1,4,11,12], as a result, the second metal promoters
such as Ag [4,13,14], Co [15,16], Cu [17–20], Ni [21–23] are doped
into Pd to improve the selectivity toward C2H4 formation; Among them,
Cu is the most advantageous promoter, it can significantly enhance the
catalytic performance of C2H2 selective hydrogenation [17–20].

Recently, Pd-modified Cu-based catalyst have received extensive
attention, which shows excellent C2H4 selectivity and activity com-
pared to the single Cu and Pd catalysts [17,24–28]. In the Pd-modified
Cu-based catalysts, the synergistic effect between Cu and Pd play a key
role, the cost-effective Cu can inhibit the hydrogenation of C2H4 to by-
product ethane, and presents high C2H4 selectivity at higher tempera-
ture (above 440 K) [17,19,29,30], the noble metal Pd is the main active
component to show good activity of C2H4 formation. For example,

Kyriakou et al. [24] suggested that the modification of Cu catalyst by
isolated Pd atom significantly improve the selectivity of C2H4 for C2H2

selective hydrogenation. McCue et al. [17] experimentally show that
Pd-modified Cu/Al2O3 catalyst with larger Cu: Pd ratio (50: 1) presents
excellent selectivity and activity for C2H2 selective hydrogenation.
Therefore, Pd-modified Cu-based catalyst is of great significance to
improve the catalytic performance of C2H2 selective hydrogenation.

On the other hand, the heterogeneous catalysts usually exist in the
mixture form of different size distribution of metal particles, in which
only the metal particles with a suitable size distribution can perform as
catalytic active species, whereas other-size particles are either inert or
may trigger undesired side reactions [31–35]. Nowadays, many studies
showed that the particle size of the catalyst affect its catalytic perfor-
mance. For example, Liu et al. [31] show that the dissociation barrier of
H2 present the trend of U-type with the increasing of Pdn (n=4, 6, 13,
19, 55) cluster size, Pd13 cluster with the moderate size has the highest
activity toward H2 dissociation. The experiments by Karelovic et al.
[32] found that Cu cluster with larger size are beneficial to prevent the
formation of by-product CO of CO2 hydrogenation to methanol, en-
hance the selectivity and activity toward CH3OH. Zuo et al. [33] in-
vestigated the catalytic performance of different sizes of Cu catalyst for
methanol decomposition reaction, confirming that compared with the
larger size Cu(111) surface, the smaller cluster (Cu29 and Cu69) can
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decrease the energy barrier of methanol and formaldehyde dehy-
drogenation, and inhibit the desorption of by-product formaldehyde.
Zhang et al. [34] demonstrated that Rh4 cluster can achieve excellent
catalytic performances than the larger size Rh(111) surface for syngas
conversion to C2 species. Zhao et al. [35] suggested that the size of the
single Cu catalysts has important effects on the catalytic performance of
C2H2 selective hydrogenation, it affects the choice of the most optimal
pathway, which affects the C2H4 selectivity latter; the larger size of
Cu55 cluster enhances the selectivity toward gaseous C2H4 formation.

Up to now, to the best of our knowledge, as for the Pd-modified Cu-
based catalysts, the effects of the catalyst size on the catalytic perfor-
mance for C2H2 selective hydrogenation are still unclear.

For the Pd-modified Cu-based catalyst, previous experiments
[28,36] observed that a trace amount of Pd atom can penetrate into the
subsurface of Cu(111) during the deposition process, suggesting that
both the surface and subsurface Pd atoms exhibit in the alloy systems;
Thus, in this study, we turn our attention on two types of the structures,
one is that with the individual Pd atom at the surface; the other is Pd
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Fig. 1. The optimized structures for different sizes of single Cu clusters, Pd-modified Cu clusters and single Pd clusters.
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ensemble consisted of Pd atoms at both surface and its contiguous
subsurface. Especially for the ensemble effect, Duan et al. [37] in-
dicated that the Pt ensemble over Pt-modified Au(111) surface effec-
tively enhanced the catalytic activity toward HCOOH oxidation, and
prevent the formation of by-product CO. Yuan and Liu [38] confirmed
that the small Pd ensemble over Pd-modified Au(111) surface is highly
efficient for HCOOH oxidation to CO2 instead of CO. Fu and Luo [39]
revealed that the Pd ensemble formed by Pd atoms at the surface and
joint subsurface of Cu(111) are beneficial to improve the catalytic ac-
tivity of H2 dissociation, this type of Pd ensemble is also the active
center for C2H2 selective hydrogenation [28], which effectively im-
prove the C2H4 selectivity and activity. Yet, the effect of Pd ensemble in

different size of Pd-modified Cu-based catalysts on the C2H4 selectivity
and activity in C2H2 selective hydrogenation is still unknown.

In this study, to elucidate the effects of Pd ensemble and size effects
on C2H4 selectivity and activity, the mechanism of C2H2 selective hy-
drogenation on different sizes of Pd-modified Cu-based catalysts were
examined; here, the density functional theory (DFT) calculations are
employed. Moreover, different sizes of Pd-modified Cu clusters are se-
lected to represent different sizes of Pd-modified Cu-based catalyst to
achieve the effect of the catalyst size, moreover, compared to the in-
dividual Pd atom, different types of Pd ensemble consisted of the outer
shell and its contiguous inner shell Pd atoms are considered to obtain
the effect of Pd ensemble. It is hoped that our results can give a theo-
retical guidance to modifying Cu-based catalysts in industry.

2. Calculation methods and models

2.1. Calculation methods

In this study, all calculations were carried out using density func-
tional theory (DFT) in Dmol3 program package [40,41], the generalized
gradient approximation (GGA-PBE) [42,43] was employed for the ex-
change correlation effects. The DNP was selected to expand the valence
electron functions, the ECP [44] and all-electron basis set are used for
Pd-doped Cu-based catalysts and small molecules, respectively. More-
over, the approach for searching the transition states is the complete
LST/QST method. Further, the imaginary frequency and TS confirma-
tion were performed to confirm the transition state [45,46].

Previous studies [17,47] have shown that the formation of green oil
in C2H2 selective hydrogenation can be inhibited by regulating the re-
action conditions, such as higher H2/C2H2 ratio and reaction tem-
perature. Thus, a higher H2/C2H2 ratios with 10:1 and higher tem-
perature with 520 K are choose in this paper, namely, the effects of
green oil is ignored. Moreover, the pressures of H2, C2H2, and C2H4 are
set to be 0.1, 0.01, and 0.89 atm based on the realistic experiment
conditions [47,48].

The adsorption free energy (Gads) is calculated by the Eq. (1):

= + + +
+

G E G E G E
G

(all) (all) ( (mol) (mol) (sub)
(sub))

elec m elec m elec

m

ads

(1)

As shown in the Eq. (1), Eelec(all) represents the total energy of the
adsorbate-substrate system, Eelec(mol) and Eelec(sub) represents the en-
ergy of gaseous molecule and the cluster catalyst, respectively.
Gm

θ(mol), Gm
θ(sub) and Gm

θ(all) correspond to the Gibbs free energy of
gaseous molecule, the cluster, and the adsorbed system at 520 K.

The activation free energy (∆r≠Gm
θ) and reaction free energy

(∆rGm
θ) of the elementary reactions at 520 K occurred on Pd-modified

Cu cluster catalyst are calculated on the basis of the Eqs. (2) and (3)
[49].

= +G E E G G( (TS) (R)) ( (TS) (R))r m elec elec m m (2)

= +G E E G P G R( (P) (R)) ( ( ) ( ))r m elec elec m m (3)

where Eelec(TS), Eelec(R) and Eelec(P) are the electron energies of tran-
sition state, reactant and product, respectively. Gm

θ(TS), Gm
θ(R) and

Table 1
The adsorption (Gads) and activation free energy (ΔGa) of C2H4 hydrogenation, as well as C2H4 selectivity (ΔGsel) over three types of Pd-modified Cu55 clusters
obtained using different functional (GGA-PBE, GGA-PW91 and GGA-BLYP) at 520 K.

Clusters GGA-PBE GGA-PW91 GGA-BLYP

ΔGa Gads ΔGsel ΔGa Gads ΔGsel ΔGa Gads ΔGsel

PdsCu54-I 101.2 −119.3 −18.1 113.1 −129.3 −16.2 68.6 −83.9 −15.3
PdsPdsubCu53-I 77.7 −117.7 −40.0 110.0 −130.1 −20.1 61.8 −97.1 −35.3
PdsPdsubCu53-II 113.3 −100.5 12.8 114.8 −104.2 10.6 113.7 −104.6 9.1

Table 2
Adsorption free energies of C2Hx(x=2–5) species at 520 K on different sizes of
the single Cu, Pd-modified Cu, and the single Pd clusters.

Clusters Adsorption free energies (Gads/kJ·mol−1)

C2H2 C2H3 C2H4 CHCH3 C2H5

Cu13 −251.5 −331.6 −128.9 −250.4 −255.4
PdsCu12 −241.4 −411.8 −136.7 −439.1 −256.9
PdsPdsubCu11 −224.3 −329.4 −139.1 −414.1 −275.4
Pd13 −198.6 −311.6 −117.9 −403.8 −224.1
Cu38 −196.3 −310.9 −95.6 −381.6 −238.7
PdsCu37-I −186.3 −319.5 −98.5 −398.1 −269.3
PdsCu37-II −172.4 −331.0 −88.9 −421.4 −259.9
PdsPdsubCu36-I −192.0 −334.3 −106.0 −427.8 −269.5
PdsPdsubCu36-II −183.5 −302.7 −83.9 −360.3 −245.7
Pd38 −244.6 −402.0 −166.3 −472.3 −295.3
Cu55 −174.5 −298.3 −103.0 −385.9 −245.1
PdsCu54-I −209.1 −327.1 −119.3 −426.5 −265.8
PdsCu54-II −204.6 −333.4 −113.7 −375.2 −277.7
PdsPdsubCu53-I −177.5 −292.8 −117.7 −368.2 −200.9
PdsPdsubCu53-II −178.2 −254.5 −100.5 −368.9 −217.4
Pd55 −295.6 −396.6 −189.2 −487.6 −301.6
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Fig. 2. The adsorption free energies of C2H2 and C2H4 over different sizes of the
single Cu, Pd-modified Cu and the single Pd catalysts.
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Gm
θ(P) are the corresponding corrections for the standard free energies

at a finite temperature (520 K). Eelec(R) and Eelec(P) can be obtained
from a geometry optimization of reactant and product, while Eelec(TS)
can be calculated from TS search using DMol3. On the other hand, once
the structures of transition state, reactant and product are determined,
the results from a vibrational analysis calculation can be used to com-
pute important thermodynamic properties, such as enthalpy (H), en-
tropy (S), free energy (G) and heat capacity at constant pressure (Cp) as

a function of temperature. In our calculation, the values of Gm
θ(TS),

Gm
θ(R) and Gm

θ(P) at a finite temperature (520 K) can be directly ob-
tained from the data in DMol3 output document of frequency analysis
which have included the contribution of the entropy term.

2.2. Calculation models

In this paper, the single Cu catalyst with different sizes is re-
presented by three Cu clusters with different diameters (5, 8 and 10 Å
for 13, 38 and 55 clusters, respectively.) Based on these clusters, a
series of Pd-modified Cu-based catalysts are formed by replacing Cu
atoms of outer shell and its contiguous inner shell with Pd atoms, which
can present different sizes of Pd-modified Cu-based catalyst and dif-
ferent types of Pd ensemble. Fig. 1 shows all structures for different
sizes of Pd-modified Cu clusters.

As shown in Fig. 1, Cu13 cluster with icosahedron structure is the
smallest magic cluster for Cu clusters, which composed of twenty (111)
facets with an outer shell includes 12 Cu atoms as well as a Cu atom as
the core [35,50–53]. All the Cu atoms located on the outer shell are
equivalent due to same coordination number, thus, there is only one
case for one Cu atom replaced by Pd atom in the outer shell of Cu13
cluster (named as PdsCu12), subsequently, there is also one case with
one inner Cu atom replaced by Pd atom in the core of PdsCu12 (named
as PdsPdsubCu11). Three adsorption sites exist.

For Cu38 cluster, previous studies [54–57] have demonstrated that
the most stable structure among all isomers is the truncated octahedron
structure. Different from Cu13 cluster, the inner shell of Cu38 cluster is
an octahedron structure including 6 Cu atoms, the outer shell includes
32 atoms composed of (111) and (100) facets, and there are two dif-
ferent coordination numbers of Cu atoms in the outer shell (6 and 9,
respectively); accordingly, a Cu atom replaced by a Pd atom in the outer
shell of Cu38 cluster have two structures named as PdsCu37-I and
PdsCu37-II. Based on PdsCu37-I and PdsCu37-II clusters, two structures of
Pd ensembles consisted of the outer shell and its contiguous inner core
Pd atoms are denoted as PdsPdsubCu36-I and PdsPdsubCu36-II, respec-
tively. Based on 6 and 9-coordination atoms of the outer shell, there are
eight different adsorption sites.

Cu55 cluster with the Ih symmetry is the most stable structure among
all the isomers [58–61], the outer shell consists of 20 (111) facets by 42
Cu atoms, and the Cu13 cluster is the core shell. There are two different
coordination numbers of Cu atoms over the outer shell numbers (6 and
8, respectively). As a result, there are two structures that a Cu atom
replaced by a Pd atom in the outer shell (PdsCu54-I and PdsCu54-II);
accordingly, two structures correspond to Pd ensembles consisted of the
outer shell and its contiguous sub-layer Pd atoms, which are called as
PdsPdsubCu53-I and PdsPdsubCu53-II, respectively. Based on 6 and 8-co-
ordination atoms on the outer shell of Pd-doped Cu55 cluster, six dif-
ferent adsorption sites are formed.
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Further, different sizes of pure Pd catalyst are also considered, C2H2

selective hydrogenation on the pure Pd13, Pd38 and Pd55 clusters (see
Fig. 1) are examined as the references to clarify the selectivity and
activity of the single Cu and Pd-modified Cu clusters toward C2H2 se-
lective hydrogenation.

3. Results and discussion

3.1. Reliability evaluation of calculation methods

Firstly, since the hydrogenation and desorption of C2H4 are the key
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steps to evaluate C2H4 selectivity in the selective hydrogenation of
acetylene, different calculation functional (GGA-PBE, GGA-PW91 and
GGA-BLYP) have been employed to calculate the activation free en-
ergies corresponding to the hydrogenation and desorption of C2H4 over
a series of Pd-modified Cu clusters, as listed in Table 1, the results show
that the selectivity of C2H4 over PdsCu54-I cluster are −18.1, −16.2
and −15.3 kJ·mol−1 calculated by the GGA-PBE, GGA-PW91 and GGA-

BLYP functional, respectively, suggesting that the PdsCu54-I cluster
exhibits poor C2H4 selectivity irrespective of the used calculation
functional. Moreover, the PdsPdsubCu53-I and PdsPdsubCu53-II clusters
shows the same results with PdsCu54-I cluster, which means that the
calculation results obtained from GGA-PBE functional is reliable to
qualitatively evaluate C2H4 selectivity in the selective hydrogenation of
C2H2 over Pd-modified Cu-based bimetallic catalysts. Secondly, our
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calculation results obtained from GGA-PBE functional can well illus-
trate that a small amount of promoter Pd-modified Cu cluster catalyst
can improve the catalytic activity and selectivity of C2H4 formation in
the selective hydrogenation of C2H2, which is in agreement with the
reported experimental results. For instance, Kyriakou et al. [24] de-
monstrated that a very small quantity of individual Pd atoms in Cu
surface can substantially lower the energy barrier of H2 dissociation.
McCue et al. [17] and Cao et al. [62] suggested that the modification of
a trace amount of promoter Pd for Cu catalyst significantly improve the
catalytic activity and selectivity of C2H4 formation in the selective hy-
drogenation of C2H2, which is consistent with our results. Thirdly, our
calculation results obtained from GGA-PBE functional suggested that
the ensemble composed of surface Pd and its contiguous subsurface Pd
atoms in the Pd-modified Cu cluster catalysts can significantly improve
the activity and selectivity of C2H4 formation in the selective hydro-
genation of C2H2, which is in accordance with the theoretical calcula-
tion results by Fu and Luo [39] and Zhang et al. [28] over the Pd-
modified Cu(111) periodic surfaces, which demonstrated that the Pd
ensemble composed of the surface and contiguous subsurface atoms can
significantly reduce the energy barrier of H2 dissociation, furthermore
significantly improve the catalytic activity and selectivity for C2H2 se-
lective hydrogenation.

On the basis of above analysis, our calculation method using the
GGA-PBE functional is reliable to qualitatively evaluate the catalytic
performance of the promoter Pd-modified Cu cluster catalysts in the
selective hydrogenation of C2H2.

3.2. The adsorption of C2H2 and C2H4

In the industry process of C2H2 selective hydrogenation, there are
only about 0.1–1% C2H2, while the content of C2H4 is above 89%
[28,35]. Thus, C2H2 on the catalyst must have the stronger adsorption
ability than C2H4; as a result, the C2H2 impurities can be effectively
removed from C2H4 feedstock. The adsorption free energies of C2H2 and
C2H4 are listed in Table 2 and Fig. 2 (the corresponding stable ad-
sorption configurations are presented in Fig. S1); On Pd-modified Cu13
clusters, the stable adsorption configuration of C2H2 is the η2-η2 model
on the “3-fold hollow” site, which is consistent with the previous results
[35]. For the Pd-modified Cu38 and Cu55 clusters, the most stable ad-
sorption site is the “4-fold diagonal hollow” site for C2H2. For C2H4

species, it is adsorbed at the low-coordination top sites on all clusters
with the same adsorption configurations. In addition, the stable ad-
sorption configurations of C2H3, CHCH3 and C2H5 species are also
shown in Fig. S1.

As shown in Fig. 2, the adsorption of C2H2 over all clusters are much
stronger than that of C2H4, which means that a trace amount of C2H2 in
C2H4 feedstock can be stably adsorbed on the catalyst, and therefore
facilitate the C2H2 hydrogenation.

3.3. The evaluation method of the selectivity of C2H2 selective
hydrogenation

As shown in Fig. 3, three potential pathways exist, C2H4 desorption
pathway, C2H4 intermediate pathway and CHCH3 intermediate pathway. In
order to achieve excellent C2H4 selectivity, the C2H4 desorption
pathway should be promoted; whereas both C2H4 and CHCH3 inter-
mediate pathways should be suppressed.

In this study, a new evaluation method of the C2H4 selectivity is
proposed, the preference between the hydrogenation and desorption of
C2H4 is first considered, if C2H4 is prefer to desorption rather than
hydrogenation, we need to further examine CHCH3 intermediate
pathway, which may affect the C2H4 selectivity. On the contrary, if the
C2H4 intermediate pathway is more favorable than C2H4 desorption
pathway, the catalyst exhibits poor C2H4 selectivity, and the CHCH3

intermediate pathway on the C2H4 selectivity are not be considered.
According to previous studies [63–65], the adsorption free energy of

C2H4 is used to represent the desorption free energy. Recently, Xu et al.
[66] have defined a descriptor of C2H4 selectivity using the Gibbs free
energy difference (ΔG) between C2H4 hydrogenation and its desorption
energy, where a larger ΔG indicates higher C2H4 selectivity. Thus, the
C2H4 selectivity in this study is described by the energy differences
between C2H4 hydrogenation (ΔGa) and C2H4 desorption (|Gads|), which
is defined as ΔGsel in the Eq. (4):

=G G Gsel a ads (4)

The positive ΔGsel represents C2H4 prefers to desorption from cat-
alyst rather than hydrogenation, and exhibits good C2H4 selectivity.

3.4. C2H2 hydrogenation on Pd-modified Cu13 clusters

On the single Cu13 cluster, as shown in Fig. 4(a), the adsorption free
energy of C2H4 is higher than that of C2H4 hydrogenation to C2H5

(128.9 vs. 98.0 kJ·mol−1), suggesting that the C2H4 intermediate
pathway is more favorable than C2H4 desorption pathway, namely, the
single Cu13 cluster exhibits poor C2H4 selectivity with the ΔGsel of
−30.9 kJ·mol−1. For the Pd-modified Cu13 clusters, as shown in
Fig. 4(b) and (c), the adsorption free energies of C2H4 are much higher
than those of C2H4 hydrogenation, namely, both PdsCu12 and
PdsPdsubCu12 clusters show poor selectivity of C2H4 with the ΔGsel of
−71.3 and −70.3 kJ·mol−1, respectively. On the single Pd13 cluster
(Fig. 4(d)), C2H4 hydrogenation to C2H5 is more preferable than its
desorption to C2H4 gaseous (98.0 vs. 117.9 kJ·mol−1), suggesting that
C2H4 intermediate pathway is more favorable than C2H4 desorption
pathway, thus, the single Pd13 cluster exhibits poor C2H4 selectivity
with the ΔGsel of −19.9 kJ·mol−1.

As mentioned above, on the single Cu13, Pd13, and Pd-modified Cu13
clusters, the most optimal pathway is C2H4 hydrogenation pathway,
namely, C2H4 is easier to be over-hydrogenated to ethane. Thus, the
promoter Pd and its ensemble consisted of outer shell and its contiguous
inner Pd atoms cannot improve C2H4 selectivity over all the Pd-mod-
ified Cu13 clusters.

3.5. C2H2 hydrogenation on Pd-modified Cu38 clusters

As shown in Fig. 5(a), on the single Cu38 cluster, the C2H4 inter-
mediate pathway is more favorable than C2H4 desorption pathway
(73.7 vs. 95.6 kJ·mol−1), the C2H4 selectivity (ΔGsel) is −21.9
kJ·mol−1. Similarly, as shown in Fig. 5(b), (c) and (e), on the PdsCu37-I,
PdsCu37-II and PdsPdsubCu36-II clusters, C2H4 prefers to be hydro-
genated to C2H5 rather than its desorption to gaseous C2H4, thus, these
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Fig. 7. Free energy profiles for the selective hydrogenation of C2H2 to C2H4 on
different size of Pd-modified Cu clusters: (a) single Cu13, (b) single Pd13, (c)
single Cu38, (d) PdsPdsubCu36-I, (e) single Pd38, (f) single Cu55, (g) PdsPdsubCu53-
II, (h) single Pd55, respectively. The corresponding structures are shown in
Fig. 8.
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clusters shows poor C2H4 selectivity with the ΔGsel of −33.4, −26.1
and −17.1 kJ·mol−1, respectively. However, for the PdsPdsubCu36-I
cluster (Fig. 5(d)) C2H4 desorption is more advantageous than its hy-
drogenation (106.0 vs. 132.9 kJ·mol−1), thus, CHCH3 intermediate
pathway is further considered (Fig. S2), starting from C2H3 inter-
mediate, the overall free energy of CHCH3 intermediate pathway is
much higher than that of C2H4 desorption pathway (84.5 vs. 41.9
kJ·mol−1), and C2H2 prefers to be hydrogenation to C2H4 rather than
CHCH3 intermediate; thus, the gaseous C2H4 is the main product over
the PdsPdsubCu36-I cluster, which presents better C2H4 selectivity with
the ΔGsel of 26.9 kJ·mol−1. For the single Pd38 cluster, as shown in

Fig. 5(f), C2H4 desorption is much difficult than C2H4 hydrogenation
(166.3 vs. 93.2 kJ·mol−1), thus, the single Pd38 cluster shows poor C2H4

selectivity with the ΔGsel of −73.1 kJ·mol−1.
On the basis of above analysis, for the Pd-modified Cu38 clusters,

when the individual Pd atom is doped into the outer shell of Cu38
cluster to form PdsCu37-I and PdsCu37-II clusters, which cannot improve
the C2H4 selectivity (−33.4 and −26.1 kJ·mol−1) compared to the
single Cu38 cluster (−21.9 kJ·mol−1). Interestingly, when the Pd atom
is doped into the inner shell of PdsCu37-I and PdsCu37-II clusters to form
PdsPdsubCu36-I and PdsPdsubCu36-II clusters, in which the Pd ensemble
composed of outer shell and its contiguous inner shell Pd atoms can

(a)

C2H2+H TS1-1 C2H3 C2H3+H TS1-2 C2H4
(b)

C2H2+H TS2-1 C2H3 C2H3+H TS2-2 C2H4
(c)

C2H2+H TS3-1 C2H3 C2H3+H TS3-2 C2H4
(d)

C2H2+H TS4-1 C2H3 C2H3+H TS4-2 C2H4
(e)

C2H2+H TS5-1 C2H3 C2H3+H TS5-2 C2H4

(f)

C2H2+H TS6-1 C2H3 C2H3+H TS6-2 C2H4
(g)

C2H2+H TS7-1 C2H3 C2H3+H TS7-2 C2H4

(h)

C2H2+H TS8-1 C2H3 C2H3+H TS8-2 C2H4

Fig. 8. The structures of reactants, transition states and products for C2H2 hydrogenation to C2H4 on different size of Pd-modified Cu clusters: (a) single Cu13, (b)
single Pd13, (c) single Cu38, (d) PdsPdsubCu36-I, (e) single Pd38, (f) single Cu55, (g) PdsPdsubCu53-II, (h) single Pd55, respectively.
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improve C2H4 selectivity (26.9 and −17.1 kJ·mol−1), especially, the
PdsPdsubCu36-I cluster can substantially enhance C2H4 selectivity with
the ΔGsel of 26.9 kJ·mol−1, namely, only the ensemble composed of
outer shell Pd atom with 6 coordination and its joint inner shell Pd
atoms can substantially improve the C2H4 selectivity for C2H2 selective
hydrogenation.

3.6. C2H2 hydrogenation on Pd-modified Cu55 clusters

As shown in Fig. 6(a), on the single Cu55 cluster, C2H4 desorption is
favorable than its hydrogenation (103.0 vs. 126.0 kJ·mol−1); mean-
while, starting from C2H3 intermediate, the overall free energy of
CHCH3 intermediate pathway is higher than that of C2H4 desorption
pathway (197.7 vs. 158.8 kJ·mol−1) (Fig. S3). Thus, C2H4 desorption
pathway is the most optimal, and the single Cu55 cluster exhibits good
C2H4 selectivity with the ΔGsel of 23.0 kJ·mol−1.

On the PdsCu54-I, PdsCu54-II and PdsPdsubCu53-I clusters, as shown

in Fig. 6(b), (c) and (d), C2H4 intermediate pathway is more advanta-
geous than C2H4 desorption pathway, therefore, these clusters shows
poor C2H4 selectivity with the ΔGsel of −18.1, −42.0 and −40.0
kJ·mol−1, respectively. However, for the PdsPdsubCu53-II cluster
(Fig. 6(e)), C2H4 desorption pathway is advantageous than C2H4 in-
termediate pathway (100.5 vs. 113.3 kJ·mol−1); moreover, starting
from C2H3 intermediate, C2H4 desorption pathway is more preferred
than CHCH3 intermediate pathway (208.4 vs. 243.1 kJ·mol−1, Fig. S4);
thus, the PdsPdsubCu53-II cluster exhibits good C2H4 selectivity with the
ΔGsel of 12.8 kJ·mol−1. Further, as shown in Fig. 6(f), the single Pd55
cluster exhibits poor C2H4 selectivity with the ΔGsel of −59.1 kJ·mol−1.

In general, for the Pd-modified Cu55 clusters, the individual Pd atom
doped into the outer shell (−18.1 and −42.0 kJ·mol−1) and the en-
semble composed of outer shell and its contiguous inner shell Pd atoms
(−40.0 and 12.8 kJ·mol−1) exhibit lower C2H4 selectivity compared to
the single Cu55 cluster (23.0 kJ·mol−1). Thus, introducing the promoter
Pd into the Cu55 cluster cannot improve the selectivity of C2H4.

3.7. General discussion

According to above evaluation parameter of C2H4 selectivity, dif-
ferent sizes of Pd-modified Cu clusters with better C2H4 selectivity
(PdsPdsubCu36-I, Cu55 and PdsPdsubCu53-II clusters) can be obtained,
then, their corresponding catalytic activity of C2H4 formation are con-
sidered. In addition, C2H4 selectivity and activity over different sizes of
the single Cu and Pd clusters are also investigated as a reference to
obtain the role of Pd promoter and its ensemble in C2H2 selective hy-
drogenation over the Pd-modified Cu catalysts. The catalytic activity of
C2H4 formation is described using the two-step model proposed by Hu
et al. [67,68] (details in the Supplementary Materials), the reaction
rates of C2H4 formation are calculated via the Eq. (5).
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According to the Eq. (5), the reaction rates of C2H4 formation is
mainly depend on GR

ad, GR
de, and GP

de, the values of GR
de and GP

decan
be obtained by the free energy profiles of C2H2 selective hydrogenation
to C2H4 (as shown in Figs. 7 and 8). Moreover, the value of GR

ad is
represented by the TSR (R=C2H2, H2), in this study, at the reaction
temperature of T=520 K, TSC2H2= 117.6 kJ·mol−1 and TSH2= 76.3
kJ·mol−1, suggesting that C2H2 has higher adsorption free energy than
H2. Thus, the adsorption free energy of C2H2 (117.6 kJ·mol−1) is se-
lected as the limiting adsorption barrier of the reactants. Accordingly,
the reaction rates of C2H4 formation on different sizes of Pd-modified
Cu catalysts are calculated, as listed in Table 3.

3.7.1. The role of Pd promoter, the effects of Pd ensemble and cluster size on
C2H4 selectivity and activity

As discussed above, for the Pd-modified Cu13 clusters, as shown in
Fig. 9, the selectivity of C2H4 (ΔGsel/kJ·mol−1) follows the order:
PdsCu12 (−71.3) < PdsPdsubCu11 (−70.3) < Cu13 (−30.9) < Pd13
(−19.9), namely, C2H2 prefers to be over-hydrogenated to ethane,
suggesting that the ways by introducing the promoter Pd into the small
size of Cu13 cluster cannot improve the C2H4 selectivity compared to
the single Cu13 cluster, as a result, the activity of C2H4 formation over
Pd-modified Cu13 clusters is not considered. In addition, as listed in
Table 3, the activity of C2H4 formation on the single Cu13 and Pd13
clusters are 1.63×10−12 and 1.30× 100 s−1·site−1, respectively,
suggesting that the single Pd13 catalyst exhibits excellent catalytic ac-
tivity compared to the single Cu13 catalyst for C2H2 selective hydro-
genation, which agrees with previous studies [4–7].

For Pd-modified Cu38 clusters, as shown in Fig. 9, the C2H4 se-
lectivity (ΔGsel/kJ·mol−1) follows the order: Pd38 (−73.1) < PdsCu37-I
(−33.4) < PdsCu37-II (−26.1) < Cu38 (−21.9) < PdsPdsubCu36-II

Table 3
The 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

Cu13 −55.1 247.1 1.63×10−12

Pd13 −126.3 128.6 1.30×100

Cu38 −61.5 157.1 1.79× 10−3

PdsPdsubCu36-I −120.0 70.5 8.94×105

Pd38 −181.9 140.3 8.71× 10−2

Cu55 −42.8 138.1 1.45× 10−1

PdsPdsubCu53-II −15.5 196.1 2.16× 10−7

Pd55 −180.9 129.0 1.19×100

-80 -60 -40 -20 0 20 40

Pd55 -59.1 PdsPdsubCu53-II  12.8
PdsPdsubCu53-I -40.0

PdsCu54-II -42.0
PdsCu54-I -18.1 Cu55  23.0

Pd38 -73.1

PdsPdsubCu36-II -17.1

PdsPdsubCu36-I  26.9

PdsCu37-II -26.1
PdsCu37-I -33.4

Cu38 -21.9

Pd13 -19.9PdsPdsubCu12 -70.3

PdsCu12 -71.3
Cu13 -30.9

Fig. 9. The selectivity of C2H4 (∆Gsel) over different sizes of the single Cu, Pd-
modified Cu and the single Pd clusters at 520 K.

Table 4
The average Mulliken charges (e) of Pd and Cu atoms for different sizes of the
single Cu, Pd-modified Cu and the single Pd clusters.

Cluster Pd atoms Cu atoms

Cu13 – −0.014
Pd13 −0.032 –
Cu38 – −0.013
PdsPdsubCu36-I −0.196 (0.052) 0.004
Pd38 −0.050 –
Cu55 – −0.023
PdsPdsubCu53-II −0.213 (−0.040) 0.004
Pd55 −0.095 –
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(−17.1) < PdsPdsubCu36-I (26.9), indicating that the individual Pd
atom doped into the outer shell of Cu38 cluster cannot improve the C2H4

selectivity. However, PdsPdsubCu36-I presents the better C2H4 se-
lectivity, the corresponding activity (s−1·site−1) of C2H4 formation
(8.94×105) is much higher than those of the single Cu38 and Pd38
clusters (1.79×10−3 and 8.71×10−2). Namely, only the promoter Pd
ensemble formed by outer shell and its contiguous inner shell Pd atoms
can significantly enhance C2H4 selectivity and its formation activity.

For Pd-modified Cu55 clusters, the C2H4 selectivity (ΔGsel/kJ·mol−1)
follows the order: Pd55 (−59.1) < PdsCu54-II (−42.0) < PdsPdsubCu53-I
(−40.0) < PdsCu54-I (−18.1) < PdsPdsubCu53-II (12.8) < Cu55 (23.0).
Moreover, as listed in Table 3, the sequence of catalytic activity (s−1·site−1)
is: PdsPdsubCu53-II (2.16×10−7) < Cu55 (1.45×10−1) < Pd55
(1.19×100). Thus, the Pd-modified Cu55 clusters exhibits poor C2H4 se-
lectivity and activity compared to the single Cu55 and Pd55 cluster, namely,
the ways by introducing the promoter Pd into the larger size of Cu55 cluster
is invalid to improve the selectivity and activity of C2H4.

Based on above analysis, for the Pd-modified Cu catalyst, the ways
by an individual Pd atom replacing an outer shell Cu atom cannot
improve the catalytic performance of Cu catalysts; Moreover, the pro-
moter Pd over the small-sized Cu13 and the large-sized Cu55 clusters
cannot improve the activity and selectivity toward C2H4 formation.
Only when the size of Pd-modified Cu catalyst is at a moderate-size such
as Cu38 cluster, the Pd ensemble composed of outer shell with 6 co-
ordination and the joint inner shell Pd atoms significantly improve the
selectivity and activity of C2H4 in comparison with the single Cu and Pd
catalysts. Thus, the moderate-size Pd-modified Cu catalyst with the Pd
ensemble composed of inner shell and its contiguous inner shell Pd
atoms is an efficient way to improve catalytic performance of C2H2

selective hydrogenation.

3.7.2. The analysis of electronic properties
Previous studies [69–72] have demonstrated that the electronic

properties of the catalyst can affect the adsorption and catalytic per-
formance, Han et al. [70] investigated the catalytic performance of
PdmAgn (m+ n=2–5) clusters supported on the defective anatase TiO2

for C2H2 selective hydrogenation, suggesting that compared to the
single Pd cluster, the modification of Ag changes the electronic states of
Pd atoms, and weaken the adsorption ability of both C2H2 and C2H4,
and therefore, improve the catalytic performance of C2H2 selective
hydrogenation. In this study, the Mulliken charge distributions and the

electron density difference of Pd-modified Cu clusters are presented in
Table 4 and Fig. 10, respectively.

On the single Cu13 and Pd13 clusters, the charge of the outer atoms is
uniformly distributed, and the average charge of Pd atoms for Pd13
cluster (−0.032 e) is more negative than that of Cu atoms (−0.014 e).
Similarly, the electron density difference in Fig. 10(a) and (b) shows
that the electron accumulation at the region of Pd atoms is more than
that of Cu atoms, as a result, the single Pd13 cluster exhibits better
activity of C2H4 formation than the single Cu13 cluster.

On the single Cu38 and Pd38 clusters, the charge of 6-coordinate
outer shell Cu and Pd atoms are −0.013 and −0.050 e, respectively,
which is more negative than that of 9-coordinate Cu and Pd atoms
(−0.001 and 0.033 e), as a result, the 6-coordinate Cu and Pd atoms is
the active center, which agrees with above kinetic results. As shown in
Fig. 10(c) and (e), the charge density of Pd-Pd atoms are stronger than
that of Cu-Cu atoms, thus, the single Pd38 cluster shows better activity
of C2H4 formation than the single Cu38 cluster. Interestingly, for the
PdsPdsubCu36-I cluster, the charges of Pd atoms on the outer shell
(−0.196 e) is more negative than that of the single Cu38 and Pd38
clusters; meanwhile, as shown in Fig. 10(d), on the PdsPdsubCu36-I
cluster, the electron mainly accumulated in the area of Pd ensemble;
Further, the charges of outer shell Pd atom (−0.196 e) and its joint
inner shell Pd atom (0.052 e) show that the charge transfer from the
inner shell Pd to the outer shell Pd atom is more than that of the single
Cu38 and Pd38 clusters. As a result, PdsPdsubCu36-I cluster shows ex-
cellent catalytic activity toward C2H4 formation than the single Cu38
and Pd38 clusters.

On the Pd-modified Cu55 clusters, the charge of Pd atom on the
outer shell of PdsPdsubCu53-II cluster is −0.213 e, which is more ne-
gative than that of Cu and Pd atoms for the single Cu55 and Pd55 clusters
(−0.023 and−0.095 e, respectively). However, as shown in
Fig. 10(f)–(h), the charge density of Pd ensemble is weaker than that of
Cu-Cu and Pd-Pd atoms for the single Cu55 and Pd55 clusters, respec-
tively. Thus, the PdsPdsubCu53-II cluster exhibits poor catalytic activity
compared to the single Cu55 and Pd55 clusters.

4. Conclusions

In this work, C2H2 selective hydrogenation on a series of Pd-mod-
ified Cu nano-cluster catalysts have been investigated to examine the
effects of Pd promoter, its ensemble and cluster size on the C2H4

(c) Cu38 (d) PdsPdsubCu36-I

(e) Pd38 (f) Cu55 (g) PdsPdsubCu53-II (h)Pd55

(a) Cu13 (b) Pd13

Cu Pd Cu
Pds Pdsub

Cu

Pd
Cu

Pds

Cu

Pdsub Pd

Fig. 10. Electron density difference contour maps of different size of Pd-modified Cu clusters: (a) single Cu13, (b) single Pd13, (c) single Cu38, (d) PdsPdsubCu36-I, (e)
single Pd38, (f) single Cu55, (g) PdsPdsubCu53-II, (h) single Pd55 cluster, respectively. Green represents the electron depletion regions, and orange represents the
regions of electron accumulation.
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selectivity and activity by DFT calculations. The results show that Pd-
modified Cu13 and Cu55 clusters shows lower C2H4 selectivity and ac-
tivity, however, only when Cu catalyst has a moderate size such as Cu38
cluster, Pd ensemble composed of outer shell and its contiguous inner-
layer Pd atoms can significantly enhance C2H4 selectivity and activity,
which is attributed to the more negative charges on the shell Pd atom as
the active center for C2H2 selective hydrogenation. While the individual
Pd atom replacing the outer shell Cu atom cannot improve the catalytic
performance. Thus, controlling the size of Cu catalyst at a moderate
size, followed by introducing Pd into Cu catalyst to form Pd ensemble
composed of inner shell and its contiguous inner shell Pd atoms is an
efficient way to improve the catalytic performance of C2H2 selective
hydrogenation.
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Appendix A. Supplementary data

The detailed descriptions about all the possible adsorption config-
uration of C2Hx (x= 2–5) species, the structures of initial, transition,
final states of all reactions involving in the selective hydrogenation of
C2H2 over the PdsPdsubCu36-I, the single Cu55 and the PdsPdsubCu53-II
clusters, as well as the details of two-step model for C2H4 formation
have been presented. Supplementary data to this article can be found
online at https://doi.org/10.1016/j.apsusc.2019.03.006.
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