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� The catalytic performance of C2H2

semi-hydrogenation on the Pd@M
catalysts strongly depends on the
shell Pd ensemble form.

� Pd7@M with the Pd ensemble of
dimer and trimer exhibits the best
catalytic performance toward C2H4

formation.
� The activity and selectivity of C2H4

formation has a volcano curve
relationship with the d-band center of
Pd@M catalysts.

� Pd7@M catalysts with the best
catalytic performance are attributed
to the moderate d-band center.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 14 April 2021
Received in revised form 17 June 2021
Accepted 12 July 2021
Available online 14 July 2021

Keywords:
C2H2 semi-hydrogenation
Pd@M catalyst
Shell Pd ensemble
Catalytic performance
Electronic structure analysis
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To reveal the influence of shell Pd ensemble form in the core–shell Pd@M (M = Cu, Ag, Au) catalysts on the
catalytic performance of C2H2 semi-hydrogenation, the mechanism of C2H2 semi-hydrogenation on
Pd@M catalysts with different shell Pd ensemble are fully investigated using DFT and microkinetic mod-
eling calculations. The results show that C2H4 selectivity and its formation activity closely depend on the
shell Pd ensemble form; among Pd@Cu with different shell Pd ensemble, C2H4 selectivity and its forma-
tion activity has a volcano curve relationship with the d-band center of Pd@Cu, in which Pd7@Cu with the
shell Pd ensemble of dimer and trimer is the best due to the moderate d-band center. The same things
also occur on the Pd@Ag and Pd@Au. It is proposed that controlling the ensemble form of shell noble-
metal Pd may be a good way to adjust the catalytic performance toward the selective hydrogenation
of other alkynes.
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1. Introduction et al., 2016) showed that PtML@Au(111) is highly active and selec-
One of the important chemical method to remove trace C2H2

impurities in C2H4 raw materials produced by petroleum pyrolysis
is C2H2 semi-hydrogenation (Yang et al., 2012; Zhang et al., 2016).
Pd catalyst has been widely employed in C2H2 semi-hydrogenation
due to its excellent activity (Khan et al., 2006; Ngamsom et al.,
2004). However, the high cost and the poor C2H4 selectivity limit
its industrial application (Osswald et al., 2008). In order to solve
these issues, the transition metals Au (Sárkány et al., 2008;
Sárkány et al., 2002), Ag (Pei et al., 2015; Lee et al., 2011); or Cu
(Leviness et al., 1984; Guczi et al., 1999) doped into Pd catalysts
were used to improve C2H4 selectivity. Meanwhile, the metal Pd
doped into the substrate Cu, Ag and Au to form PdCu (Leviness
et al., 1984; Friedrich et al., 2013; McCue et al., 2014); PdAg (Pei
et al., 2015; Meng and Wang, 2014; Liu, 2016; Komeili et al.,
2015); and PdAu (Zhang et al., 2014) alloy catalysts are also stud-
ied for C2H2 semi-hydrogenation due to its better catalytic perfor-
mance toward C2H4 formation, for instance, the experiments
(McCue et al., 2014) showed that Pd-doped Cu/Al2O3 catalysts with
Cu:Pd ratio of 50:1 exhibits 80% C2H4 selectivity and 90% C2H2 con-
version at 363 K. Leviness et al. (Leviness et al., 1984) showed that
the decreasing of surface Pd content on PdCu/Al2O3 at elevated
temperature leads to an increase of C2H4 selectivity in C2H2 hydro-
genation. Further, the Ag-based and Au-based catalysts were also
investigated, for example, the experiments (Pei et al., 2015) indi-
cated that the simultaneous high C2H2 conversion and C2H4 selec-
tivity were attained over the single-atom Pd doped Ag alloy
catalysts. Compared to Pd catalyst, Zhang et al. (Zhang et al.,
2014) showed that both Ag-Pd and Au-Pd supported by SiO2

increase C2H4 selectivity.
Nowadays, the core–shell catalysts presented the excellent cat-

alytic performance due to their unique structures (McCue et al.,
2014; Feng et al., 2018; Tedsree et al., 2011); for example, He
et al. (He et al., 2016) demonstrated that the core–shell Cu1Pd3@-
Pd catalyst enhanced HCOOH dissociation activity with better
durability compared to Pd catalyst. The experiments (Ren et al.,
2014) found that Cu@Pd/C with a Cu:Pd atomic ratio of 27:73
has the highest activity of HCOOH oxidation. Takht et al. (Takht
et al., 2014) experimentally synthesized the core–shell Pd-Ag/a-
AlO3, in which Pd loaded as a shell layer of 20–30 lm thickness
has 100% C2H4 selectivity. Sárkány et al. (Sárkány et al., 2008) syn-
thesized Pdshell-Aucore/SiO2 with various thicknesses of Pd shell, the
68–80% Pd homogenized particle on Au core exhibits superior cat-
alytic activity and selectivity for the hydrogenation reaction. Wang
et al. (Wang et al., 2013) found that Au@Pd/N-mrGO shows better
HCOOH dissociation activity to produce H2 in comparison with its
alloy or monometallic counterparts at room temperature. Thus, the
core–shell Pd@M (M = Cu, Ag, Au) catalysts exhibit excellent per-
formance toward some targeted reactions.

Further, the shell metal ensemble of core–shell alloy catalysts
has significant influence on their catalytic performance; for exam-
ple, Wang et al. (Wang et al., 2020) showed that Pd trimer of PdAg
catalysts were prospective for C2H2 semi-hydrogenation. Ma et al.
(Ma et al., 2017) theoretically indicated that 0.01 ML Pd on Pd/Cu
(111) surface exhibited better C2H4 selectivity and its formation
activity than 1.00 ML Pd in C2H2 semi-hydrogenation. Choi et al.
(Choi et al., 2019) demonstrated that the best activity of HCOOH
dissociation into H2 was obtained on Pd@PdAg catalysts, in which
PdAg alloy cores has an average Pd/Ag atomic ratio of 3.5:1 and Pd
shells with 1.1 atomic layers. Zhang et al. (Zhang et al., 2018) found
that Pd-modified Cu catalysts with Pd ensemble consisted of one
surface and its connected subsurface Pd atoms enhance C2H4 selec-
tivity and its formation activity, which is attributed to the elec-
tronic properties change of the catalyst surface. Duan et al. (Duan
2

tive toward HCOOH oxidation, which effectively inhibit the forma-
tion of poisonous species CO. Wang et al. (Wang et al., 2019)
theoretically revealed that Pd@Au catalysts with the shell Pd dimer
achieve the highest activity of CO2 reduction. Experimental and
theoretical studies by Lee et al. (Lee et al., 2016) demonstrated that
Pd@Au with the shell Pd trimer exhibited the excellent catalytic
performance in HCOOH dehydrogenation. Yang et al. (Yang et al.,
2019) elucidated that Pd dimer has the best activity of CO oxida-
tion at low temperature, while the tetramer outperforms the other
forms at high temperature. These reported studies showed that the
core–shell catalyst with the special shell metal ensemble can exhi-
bit the excellent catalytic performance. However, up to now, to the
best of our knowledge, for the core–shell Pdshell@Mcore (M = Cu, Ag,
Au) alloy catalysts denoted as Pd@M in this study, a fundamental
understanding about the influences of the shell Pd ensemble form
on C2H4 selectivity and its formation activity in C2H2 semi-
hydrogenation is still ambiguous, which is of very significance to
design the newly-efficient core–shell Pd@M catalyst in C2H2

semi-hydrogenation.
In this study, the core–shell Pd@M (M = Cu, Ag, Au) catalysts

with different forms of shell Pd ensemble are designed to elucidate
the influence of the shell Pd ensemble form on C2H4 selectivity and
its formation activity in C2H2 semi-hydrogenation, the density
functional theory (DFT) and microkinetic modeling calculations
are used to probe into the underlying mechanism of C2H2 semi-
hydrogenation on Pd@M catalysts. Further, the electronic proper-
ties are analyzed to reveal the microscopic essences. The results
are expected to deepen the understanding about the influence of
shell noble metal ensemble form in the core–shell catalysts on
C2H4 selectivity and its formation activity in C2H2 semi-
hydrogenation, and give out a valuable structure clue to design
the high-efficiency core–shell catalysts that are consisted of the
shell noble metal-doped into the core non-noble metal.
2. Computational details

2.1. Computational method

Dmol3 program package of Materials Studio 8.0 were employed
in all calculations in this study (Delley, 2000; Delley, 1990). Gener-
alized gradient approximation (GGA) with the exchange–correla-
tion functional Perdew-Burke-Ernzerhof (PBE) was implemented
to calculate the electronic structure (Delley, 1996; Tian et al.,
2007). The energy, maximum force and maximum displacement
convergence criteria correspond to the values of 2.0 � 10�5 Ha,
4.0 � 10�3 Ha/Å and 5.0 � 10�3 Å, respectively. The cutoff values
of Pd, Cu, Ag and Au elements were 4.0 Å. The smearing width
was 0.005 Ha. The H and C2Hx species were treated using all elec-
tron basis set; the Cu and Pd atoms were treated using the effective
core potential (ECP) (Dolg et al., 1987). A double-valued base plus
polarization function (DNP) was used to treat the valence election
wave function (Zhou et al., 2007). The Brillouin zone k-point was
selected as (2 � 2 � 1). The Complete LST/QST method was used
to search transition state (Halgren and Lipscomb, 1977; Govind
et al., 2003; Paul and Sautet, 1994), and confirmed by the TS Con-
firmation and frequency analysis.

Previous studies revealed that the high ratio of H2/C2H2 and the
high temperature promote C2H2 hydrogenation instead of its poly-
merization (Wehrli et al., 1991; Ahn et al., 2007; Battiston et al.,
1982), meanwhile, C2H2 semi-hydrogenation usually happens at
the temperature 300–500 K, thus, the temperature 425 K was con-
sidered for the energy calculations (the details are presented in the
Supplementary Material).
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2.2. Computational models

Previous experiments (Ren et al., 2014; Lu et al., 2012) demon-
strated that Pd@Cu particle exhibited a narrow size range between
1.9 and 4.5 nm, and the (111) surfaces of Pd and Pd@Cu were
detected by XRD pattern (Ren et al., 2014), indicating that the shell
surface structure around the reactive site is similar to the periodic
model, so the periodic model can be used to simulate the structural
characteristics of large particles. Further, theoretical studies by He
et al. (He et al., 2016) constructed Cu1@Pd3(111) periodic model to
model the core–shell catalysts, and the same kinds of core–shell
catalysts are also used by Yuan et al. (Yuan and Liu, 2013) and
Cho et al. (Cho et al., 2017). Thus, the periodic model of M and
Pd@M (M = Cu, Ag, Au) catalysts employed to present the core–
shell catalysts in this study is reasonable.

For the pure metal M (M = Cu, Ag, Au) catalysts, the flat (111)
surface is the mostly exposed and the most stable for the face cen-
tered cubic metal M (Eren et al., 2016; Brandt et al., 2009; Meier
and Castellani, 2017), the M(111) surface with a four-layer p
(4 � 4) unit cell is usually to model the pure metal M catalyst;
the bottom one layer is fixed with the other fragments relaxed. A
vacuum of 15 Å is considered to eliminate the layer-to-layer
unphysical interaction between surface slabs due to the periodic
images. The reliability of p(4� 4) unit cell is also confirmed, as pre-
sented in the Supplementary Material.

Aiming at revealing the influence of shell Pd ensemble form on
C2H4 selectivity and its formation activity in C2H2 semi-
hydrogenation, the core–shell Pd@M (M = Cu, Ag, Au) catalysts
with different forms of shell Pd ensemble are constructed with
the replacement of 1, 2, 3, 7, 8 and a monolayer (16) M atoms by
the corresponding number of Pd atoms, denoted as Pd1@M,
Pd2@M, Pd3@M, Pd7@M, Pd8@M and PdML@M, as shown in Fig. 1.
Previous studies reported that these models were reliable to model
different forms of shell Pd ensemble in the core–shell catalysts
(Wang et al., 2019; Lee et al., 2016; Yang et al., 2019), in which
the Pd1@M, Pd2@M and Pd3@M catalysts are established to model
the single-atom Pd, Pd dimer and Pd trimer. Moreover, previous
studies by Wang et al. (Wang et al., 2020) also showed that
Pd7@M and Pd8@M catalysts are established on the basis of Pd
dimer and Pd trimer. Meanwhile, the experiments (Wang et al.,
2019) have synthesized Pd@Au catalysts with various Pd disper-
sions by low temperature reduction of a palladium salt with hydro-
gen, in which the decoration of Au nanoparticles with Pd atoms can
be obtained by precisely controlling the doses and varying the
average size of Pd ensembles on the bimetallic surfaces. Similarly,
(a) Pd1@M (b)

(d) Pd7@M (e)

Fig. 1. The surface structure of Pd@M (M = Cu, Ag, Au) alloy catalysts, (a) P

3

the specific Pd shell ensemble catalyst used in this study could be
prepared by the experiments.

3. Results and discussion

3.1. Reaction pathway of C2H2 semi-hydrogenation

The possible hydrogenation process in C2H2 semi-
hydrogenation is described in Fig. 2 with three paths. The desired
C2H4 desorption path to gas phase C2H4 is C2H2(ad) + H(ad) ? C2

H3(ad) + H(ad) ? C2H4(ad) ? C2H4(g); C2H4 hydrogenation path
to ethane is C2H2(ad) + H(ad) ? C2H3(ad) + H(ad) ? C2H4(ad) +
2H(ad) ? C2H6(g); CHCH3 hydrogenation path to ethane is
C2H2(ad) + H(ad) ? C2H3(ad) + H(ad) ? CHCH3(ad) + 2H(ad) ? C2

H6(g). On the other hand, the polymerization process to produce
1,3-butadiene as the green oil precursor also includes three
paths: the first is C2H2(ad) + C2H2(ad) ? C4H4(ad); the second
is C2H2(ad) + C2H3(ad) ? C4H5(ad); the third is
C2H3(ad) + C2H3(ad) ? C4H6(ad).

Aiming at obtaining the dominant path of the hydrogenation
process on the Pd@M (M = Cu, Ag, Au) catalysts, firstly, the priority
between C2H4 desorption and its hydrogenation needs to be
judged, if it is true, C2H4 desorption path is favored instead of
C2H4 hydrogenation path; Then, to confirm whether C2H4 desorp-
tion path is also dominant compared to CHCH3 hydrogenation
path, if it is true, C2H4 desorption path is the dominant path among
three paths in the hydrogenation process. Further, the polymeriza-
tion process to form 1,3-butadiene is examined on the catalysts
with C2H4 desorption path as the dominant path.

3.2. C2H2 and C2H4 adsorption on the Pd@Cu catalysts

Industrially, C2H2 content is 0.1–1% and C2H4 content is high as
89% in the raw C2H4 (Yang et al., 2013; Huang et al., 2007; Vincent
and Gonzalez, 2004), thus, to ensure the trace C2H2 hydrogenation
to produce C2H4, C2H2 adsorption ability must surpasses C2H4

adsorption ability (Zhao et al., 2018; McCue et al., 2016). The most
stable adsorption structures of H and C2Hx species on different
kinds of Pd@Cu is depicted in Fig. 3, and the adsorption free energy
is listed in Table S1.

C2H2 is stabilized at the hcp site on the Pd3@Cu, Pd7@Cu and
PdML@Cu catalysts with the adsorption free energies of �98.1,
�86.8 and �155.0 kJ�mol�1; on the Pd1@Cu, Pd2@Cu and Pd8@Cu
catalysts, C2H2 is stabilized at the sites consisted of the hcp and
fcc sites via the Chcp-Cfcc configuration with the adsorption free
 Pd2@M (c) Pd3@M 

(f) PdML@M  Pd8@M 

d1@M, (b) Pd2@M, (c) Pd3@M, (d) Pd7@M, (e) Pd8@M and (f) PdML@M.



Fig. 2. Possible reactions in the hydrogenation and polymerization processes of C2H2 semi-hydrogenation. The (ad) and (g) stand for the adsorbed and gaseous states,
respectively.

Fig. 3. The most stable adsorption configurations and the corresponding adsorption free energy (kJ�mol�1) of H and C2Hx(x = 2–5) adsorbed on the Pd@Cu catalysts at 425 K.
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energies of �70.0, �88.6 and �72.2 kJ�mol�1, respectively. C2H4

prefers to adsorb at the bridge site on the Pd8@Cu and PdML@Cu,
and that is at the top site on the Pd1@Cu, Pd2@Cu, Pd3@Cu and
Pd7@Cu; the adsorption free energies are �7.5, �62.0, �6.4,
�13.9, �16.2 and �8.7 kJ�mol�1, respectively; Namely, expect for
PdML@Cu, once the shell Pd ensemble is formed, C2H4 adsorption
becomes weaker on the Pd1@Cu, Pd2@Cu, Pd3@Cu, Pd7@Cu and
Pd8@Cu, which is favorable for C2H4 desorption. Thus, C2H2 has
stronger adsorption ability than C2H4 on the six kinds of Pd@Cu
catalysts, the trace C2H2 in the raw C2H4 material can be suffi-
ciently adsorbed on the catalysts for C2H2 semi-hydrogenation.

For the other adsorbed species, the adsorption free energy is in
sequence of CHCH3 > C2H3 > C2H5 on Pd@Cu catalysts, the adsorp-
tion energies of these species are insensitive to the shell Pd ensem-
ble. H adsorption free energy is in the range of �234.9 to �251.
2 kJ�mol�1, which also less depend on the shell Pd ensemble.

3.3. C2H2 semi-hydrogenation on the Pd@Cu catalysts

In C2H2 semi-hydrogenation, for the activation free energy of
the adsorbed reactants, previous works by Hu et al. (Yang et al.,
2013; Cao et al., 2011; Yang et al., 2014) proposed that the
transition-state of adsorption process has lower energy than the
total energy of the gas phase species. Thus, the maximum adsorp-
tion barrier of the species R corresponds to the value of TSR
(R = C2H2 or H2), where SR is the corresponding entropy of the spe-
cies R at the reaction temperature T. Moreover, the value of TSC2H2

is higher than that of TSH2, namely, C2H2 adsorption has the higher
barrier. Further, the value of TSC2H2 is selected to represent the
adsorption activation free energy of the reactants (Gad R).

In this study, the values of TSC2H2 and TSH2 were calculated to be
92.0 and 59.9 kJ�mol�1 at 425 K, respectively. Namely, C2H2 adsorp-
tion still has the higher adsorption barrier, which agree with the
previous studies by Hu et al. (Yang et al., 2013; Cao et al., 2011;
Yang et al., 2014). Thus, the adsorption barrier of the reactants
on Pd@Cu catalysts is represented by the adsorption barrier of
C2H2 (92.0 kJ�mol�1). On the other hand, the overall reaction free
energy of C2H2 hydrogenation to C2H4 is �206.3 kJ�mol�1 at
425 K obtained from DFT calculations. Therefore, the activation
free energy of the adsorbed reactants and the entropy effect are
considered for the adsorption and desorption processes.

Nowadays, the previous studies by Hu et al. (Yang et al., 2013;
Yang et al., 2012; Yang et al., 2014; Yang et al., 2016; Yang et al.,
2017), Mavrikakis et al. (Xu et al., 2018), Celik et al. (Hook and
Celik, 2017), Hafner et al. (Krajčí and Hafner, 2014), Kang et al.
(Zhao et al., 2018), Wang et al. (Ma and Wang, 2020) and Gong
et al. (Zhao et al., 2019) have proposed the simplest descriptor
when CHCH3 hydrogenation path is not the dominant path, that
is the energy difference between C2H4 desorption and its hydro-
genation to quantitatively and qualitatively evaluate C2H4 selectiv-
ity. Meanwhile, C2H4 desorption free energy is approximately
equal to its adsorption free energy (Cao et al., 2011). Thus, C2H4

selectivity (Ssel) is defined as follows:

Ssel ¼ Ga;hydr � Ga;des ¼ Ga;hydr � Gadsj j ð1Þ
where Ga,hydr corresponds to the activation free energy of the reac-
tion C2H4 + H ? C2H5, Ga,des is the adsorption free energy of C2H4

desorption; the better C2H4 selectivity corresponds to the more pos-
itive value of Ssel.

3.3.1. On Pd1@Cu catalyst
As depicted in Fig. 4 and Table 1, starting with the gas phase

reactants, the adsorption and desorption processes consider the
activation of the adsorbed reactants and the entropy effect in the
C2H2 semi-hydrogenation. C2H4 desorption is more favorable than
C2H4 hydrogenation in kinetics (6.4 vs. 86.1 kJ�mol�1, Ssel = 79.7 kJ
5

�mol�1), C2H4 desorption path becomes dominant compared to
C2H4 hydrogenation path. Then, the reaction C2H3(ad) + H(ad) ? C
HCH3(ad) is kinetically difficult to occur compared to the reaction
C2H3(ad) + H(ad)? C2H4(ad) (124.8 vs. 54.6 kJ�mol�1), that is, C2H4

desorption path is kinetically favored compared to CHCH3 hydro-
genation path. Further, the activation free energy of C2H2(ad) + H
(ad) ? C2H3(ad) is 138.5 kJ�mol�1 with the reaction free energy
of�39.8kJ�mol�1. Theactivation free energyof C2H2(g) +H2(g)?C2-
H2(ad) + 2H(ad) is 92.0 kJ�mol�1 with the reaction free energy of
�84.1 kJ�mol�1. Thus, C2H2 hydrogenation on Pd1@Cu dominantly
contributes to gas phase C2H4 formation via the desorption route.

3.3.2. On the Pd2@Cu, Pd3@Cu, Pd7@Cu and Pd8@Cu catalysts
As depicted in Figs. S3–S6, similar to Pd1@Cu catalyst, C2H4 des-

orption path to produce gas phase C2H4 is the most favorable kinet-
ically than other two paths on the Pd2@Cu, Pd3@Cu, Pd7@Cu and
Pd8@Cu catalysts, correspondingly, C2H4 selectivity is 81.2, 87.9,
151.0 and 75.4 kJ�mol�1, respectively. Thus, the Pd2@Cu, Pd3@Cu,
Pd7@Cu and Pd8@Cu catalysts are in favor of C2H2 hydrogenation
to produce gas phase C2H4 instead of ethane via other two paths.

3.3.3. On PdML@Cu catalyst
As depicted in Fig. 5, C2H4 desorption is more kinetically favor-

able than the reaction C2H4 + H ? C2H5 (62.0 vs. 87.5 kJ�mol�1),
however, C2H3 + H ? CHCH3 is more kinetically superior to
C2H3 + H? C2H4 (110.7 vs. 126.9 kJ�mol�1); moreover, with respect
to the common C2H3 + H species, CHCH3 hydrogenation path is
more favored in kinetics compared to C2H4 desorption path (-
66.9 vs.�50.7 kJ�mol�1). Thus, CHCH3 hydrogenation path becomes
dominant, which affects C2H4 selectivity on PdML@Cu catalyst, C2H4

selectivity is �16.2 kJ�mol�1, which is calculated by the descriptor
that is the difference of the overall energy between CHCH3 hydro-
genation path and C2H4 desorption path beginning with the com-
mon C2H3 + H species.

3.4. Activity of C2H4 formation on the Pd@Cu catalysts

Hu et al. (Yang et al., 2013; Cao et al., 2011; Yang et al., 2014;
Cheng and Hu, 2011; Cheng et al., 2008) have proposed the two-
step model to describe the activity of C2H4 formation, which is cal-
culated by the Eq. (2) (see details in the Supplementary Material).

r ¼ kBT
h

¼
1� PP

PR
e
DG
RT

� �

P0

PR
e
Gad
R

�Gde
R

þGde
P

RT þ e
Gde
P
RT

ð2Þ

As listed in Table 2, PdML@Cu exhibits the lowest activity of
C2H4 formation (3.06 � 10�6 s�1�site�1), while for the Pd1@Cu,
Pd2@Cu, Pd3@Cu and Pd7@Cu catalysts, with the increasing of
alloyed shell Pd atoms, both Pd dimer and Pd trimer are formed
on the catalyst surface, the activity of C2H4 formation gradually
increased (8.40 � 10�5, 2.17 � 103, 6.29 � 104 and 5.66 � 106 s�1-
�site�1). However, when the shell Pd atoms increase to form Pd8@-
Cu, the activity of C2H4 formation decreased to 9.27 � 102

s�1�site�1. Among these six catalysts, Pd7@Cu with the shell Pd
ensemble of both Pd dimer and trimer exhibits the highest activity
of C2H4 formation (5.66 � 106 s�1�site�1).

3.5. General discussion

3.5.1. The influence of the shell Pd ensemble form on C2H4 formation
Based on above analysis, C2H4 selectivity is in sequence of

Pd7@Cu > Pd3@Cu > Pd2@Cu > Pd1@Cu > Pd8@Cu > PdML@Cu
(151.0, 87.9, 81.2, 79.7, 75.4 and �16.2 kJ�mol�1). Correspondingly,
C2H4 formation rates follows the order of Pd7@Cu > Pd3@Cu > Pd2@-



Table 1
The activation free energy (reaction free energy) (kJ�mol�1) of C2H2 semi-hydrogenation on the Pd@M (M = Cu, Ag, Au) alloy catalysts.

Catalysts Elementary reactions

C2H2 + H ? C2H3 C2H3 + H ? C2H4 C2H3 + H ? CHCH3 C2H4 + H ? C2H5 CHCH3 + H ? C2H5

Pd1@Cu 138.5(�39.8) 54.6(�88.8) 124.8(�21.8) 86.1(�28.8) —
Pd2@Cu 78.2(�44.2) 73.3(�67.2) 225.6(�15.2) 95.1(�16.2) —
Pd3@Cu 66.3(�14.5) 49.7(�74.2) 221.7(�19.8) 104.1(�1.7) —
Pd7@Cu 50.4(�59.9) 68.5(�77.2) 229.5(�20.8) 159.7(5.0) —
Pd8@Cu 81.2(�36.6) 83.0(�80.0) 196.1(�29.7) 82.9(�8.9) —
PdML@Cu 84.4(23.3) 126.9(�90.7) 110.7(�57.6) 87.5(�3.4) 160.3(�15.9)
Pd7@Ag 50.7(�28.6) 83.3(�51.6) 119.4(3.6) 90.0(5.5) —
PdML@Ag 103.7(31.0) 100.2(�22.3) 254.1(4.7) 169.8(40.5) 103.9(7.0)
Pd7@Au 61.9(�8.7) 85.2(�43.3) 197.6(�12.4) 75.2(�10.5) —
PdML@Au 83.6(30.5) 118.5(�17.0) 258.0(14.0) 110.6(35.8) 135.7(8.8)
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Fig. 4. Free energy profiles of C2H2 semi-hydrogenation with the initial states, transition states and final states on Pd1@Cu catalyst.

Y. Qi, X. Shao, B. Wang et al. Chemical Engineering Science 245 (2021) 116941
Cu > Pd8@Cu > Pd1@Cu > PdML@Cu (5.66 � 106, 6.29 � 104,
2.17 � 103, 9.27 � 102, 8.40 � 10�5 and 3.06 � 10�6 s�1�site�1).

As depicted in Fig. 1, the shell surface structure of Pd@Cu cata-
lysts showed that Pd1@Cu, Pd2@Cu and Pd3@Cu have the surface
isolated Pd atom, Pd dimer, and Pd trimer, respectively; Pd7@Cu
has both the surface Pd dimer and trimer. While PdML@Cu without
the surface Pd dimer and trimer present the surface characteristic
of the pure Pd. Pd8@Cu catalyst with more than four Pd atoms
polymers has poor C2H4 formation activity. Among them, Pd2@Cu
with the shell Pd dimer and Pd3@Cu with the shell Pd trimer exhi-
bit excellent C2H4 selectivity and its formation activity, especially,
Pd7@Cu with the shell Pd dimer and trimer shows the best C2H4

selectivity and its formation activity.
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Further, as depicted in Fig. 3, the most stable adsorption site of
both H and C2Hx(x = 2–5) on Pd@Cu catalysts is at the Pd-Cu inter-
face site near the Pd dimer and trimer. Moreover, the initial state
(IS), transition state (TS) and final state (FS) are almost adsorbed
at the Pd dimer on Pd2@Cu. Similarly, the IS, TS and FS prefer to
be located at the Pd trimer on Pd3@Cu. Especially, for the Pd7@Cu
and Pd8@Cu, the IS, TS and FS are located at the Pd-Cu interface site
near the Pd dimer and trimer.

Based on the above analysis, the existence forms of shell Pd
ensemble obviously affect C2H4 selectivity and its formation activ-
ity on Pd@Cu catalysts; meanwhile, there must be a synergy
between Pd and Cu atoms near the shell Pd dimer and trimer to
increase C2H4 selectivity and its formation activity.
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Table 2
The values of C2H4 selectivity (Ssel/kJ�mol�1), formation rate (r/s�1�site�1) and the
average Bader charge (e) obtained by the surface Pd atoms on the Pd@M (M = Cu, Ag,
Au) alloy catalysts.

Catalysts Ssel r e

Pd1@Cu 79.7 8.40 � 10�5 0.941
Pd2@Cu 81.2 2.17 � 103 0.944
Pd3@Cu 87.9 6.29 � 104 0.949
Pd7@Cu 151.0 5.66 � 106 0.847
Pd8@Cu 75.4 9.27 � 102 0.870
PdML@Cu �16.2 3.06 � 10�6 0.748
Pd7@Ag 71.8 1.68 � 106 0.958
PdML@Ag 143.6 1.02 � 10�9 0.749
Pd7@Au 47.8 3.50 � 103 0.999
PdML@Au 74.5 4.30 � 10�6 0.749
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3.5.2. Electronic properties analysis of Pd@Cu catalysts
To better clarify the influences of Pd@Cu with different forms of

shell Pd ensemble on C2H4 selectivity and its formation activity, a
projected density of states (pDOS) and d-band center of Pd@Cu cat-
alysts was conducted to explain the microscopic essence, see
Fig. S12, the d-band center of Pd@Cu with different forms of shell
Pd ensemble is in the sequence of PdML@Cu (�2.501) < Pd1@Cu
(�2.500) < Pd8@Cu (�2.493) < Pd7@Cu (�2.487) < Pd3@Cu (�2.44
3) < Pd2@Cu (�2.429).

As depicted in Fig. 6a and b, the d-band center of the shell Pd
atoms and their coordinated Cu atoms has a volcano curve rela-
tionship with C2H4 selectivity and its formation activity on Pd@Cu
catalysts, namely, the d-band center of both PdML@Cu and Pd1@Cu
shifts away compared to the Fermi level, which exhibits the lower
C2H4 selectivity and formation activity; whereas the d-band center
of both Pd2@Cu and Pd3@Cu with the shell Pd ensemble of dimer



Fig. 6. The relationship between the selectivity of C2H4 (kJ�mol�1) and d-band
center (a), that between the formation rate of C2H4 (lgr/s�1�site�1) and d-band
center (b) on the Pd@Cu catalysts.
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and trimer shifts toward the Fermi level, exhibiting better catalytic
performance. Interestingly, Pd7@Cu catalyst with the moderate d-
band center presents the best C2H4 selectivity and its formation
activity, which may be attributed to the special surface geometry
structure that is the shell Pd ensemble with both Pd dimer and
Pd trimer. Thus, the existence form of shell Pd ensemble alters
the d-orbital distribution of Pd@Cu catalysts, and the synergetic
interaction of electronic properties and geometry structure affects
the catalytic performance of Pd@Cu catalysts in C2H2 semi-
hydrogenation; Namely, the catalytic performance not only
depends on the d-band center of the active center but also depends
on the shell Pd ensemble forms. In addition, previous studies (Liu
et al., 2013; Deng et al., 2020; Ando et al., 2018; Fu et al., 2020;
Song et al., 2019) also demonstrated that the catalytic activity
has a volcano curve relationship with the d-band center of the cat-
alysts, and the catalyst with a moderate d-band center exhibits the
best catalytic performance, which is attributed to that the adsorp-
tion ability of the adsorbed species have a close correlation with
the d-band center, suggesting that the farther the d-band center
of the catalyst surface from the Fermi level is, the stronger the
adsorption ability of the species on the catalysts is; when the
adsorption ability is too strong, the adsorbed species is difficult
to participate into the reaction, whereas the adsorption ability is
too weak, the adsorbed species cannot be effectively activated,
and it is difficult to initiate the subsequent reaction; thus, a mod-
erate adsorption ability is more beneficial for the adsorbed species
to initiate the subsequent reaction.

Based on the above analysis, a moderate d-band center shows
excellent catalytic performance. As presented in Fig. 3, the rela-
tionship between the adsorption energy of adsorbed species and
8

the d-band is also roughly the same trend. The moderate adsorp-
tion ability of C2H2 on Pd7@Cu catalyst is conducive to its hydro-
genation and shows high C2H4 formation activity; and the
moderate adsorption ability of C2H4 is beneficial to its desorption
and present better C2H4 selectivity.

On the other hand, the average Bader charge of shell Pd atoms is
examined, see Table 2; the charge density difference of Pd@Cu is
also considered, as depicted in Fig. 7, correspondingly, the average
Bader charge of the shell Pd atoms decreases in sequence of Pd3@-
Cu (0.949 e) > Pd2@Cu (0.944 e) > Pd1@Cu (0.941 e) > Pd8@Cu
(0.870 e) > Pd7@Cu (0.847 e) > PdML@Cu (0.748 e). Meanwhile,
the charge density differences in Fig. 7a–f shows that the electron
accumulation decreases at the region of Pd atoms with the
decreasing of the average Bader charge of the shell Pd atoms. Thus,
both Pd1@Cu and PdML@Cu catalysts at the region of Pd atoms cor-
responding to most and least electron accumulation have the low-
est catalytic performance. Although the region of Pd atoms of
Pd3@Cu and Pd2@Cu corresponds to the most electron accumula-
tion, both catalysts present better catalytic performance, which is
probably attributed to the shell Pd ensemble form. Pd7@Cu catalyst
at the region of Pd atoms with moderate electron accumulation
exhibits the excellent catalytic performance toward C2H2 semi-
hydrogenation.

Generally, Pd7@Cu with the shell Pd ensemble of dimer and tri-
mer presents the best C2H4 selectivity and its formation activity.
Thus, it is proposed that this type of catalysts with the shell Pd
ensemble of dimer and trimer can be also applied to other kinds
of Pd@M catalysts in C2H2 semi-hydrogenation.

3.5.3. The influence of shell Pd ensemble in Pd@M (M = Ag, Au) on C2H4

formation
Similar to Pd@Cu catalysts, aiming at confirming whether other

metal core with the shell Pd ensemble of dimer and trimer still
favor C2H4 formation with high selectivity and activity, C2H2

semi-hydrogenation on the Pd7@M and PdML@M (M = Ag, Au) cat-
alysts were considered (see details in the Supplementary Material).

C2H2 adsorption is still much stronger than C2H4 adsorption on
the Pd7@Ag, PdML@Ag, Pd7@Au and PdML@Au (see Table S1 and
Fig. S7). As depicted in Figs. S8–S11, the formation of gas phase
C2H4 via C2H4 desorption path is kinetically favored compared to
other two hydrogenation paths to form ethane on the Pd7@Ag,
PdML@Ag, Pd7@Au and PdML@Au, correspondingly, C2H4 selectivity
is 71.8, 143.6, 47.8 and 74.5 kJ�mol�1, the formation rates are
1.68 � 106, 1.02 � 10�9, 3.50 � 103 and 4.30 � 10�6 s�1�site�1,
respectively. Previously reported works by Wang et al. (Wang
et al., 2020) found that C2H4 hydrogenation to C2H5 is energetically
comparable to its desorption over Pd2@Ag with Pd dimer (44.3 vs.
47.1 kJ�mol�1), showing a poor C2H4 selectivity, meanwhile, Pd3@-
Ag with Pd trimer exhibits better catalytic performance toward
C2H4 formation (Ssel = 44.7 kJ�mol�1, r = 7.11 � 103 s�1�site�1); thus,
Pd7@Ag shows the best catalytic activity and selectivity toward
C2H4 formation among Pd@Ag catalysts.

Markedly, both Pd7@Ag and Pd7@Au with the shell Pd ensemble
of dimer and trimer exhibit better C2H4 formation activity com-
pared to PdML@Ag and PdML@Au catalysts with a whole layer of
surface Pd. Moreover, the average charge of the shell Pd atoms
for Pd7@Ag catalyst is more than that of PdML@Ag (0.958 e vs.
0.749 e), similarly, the average charge of the shell Pd atoms for
Pd7@Au is more than that of PdML@Au (0.999 e vs. 0.749 e), which
is also confirmed by the charge density difference, see Fig. 7g–j.

3.5.4. The influence of the core metal type for Pd7@M catalysts on C2H4

formation
As mentioned above, among Pd7@M (M = Cu, Ag, Au) catalysts,

Pd7@Cu presents the highest C2H4 formation activity (5.66 � 106

vs. 1.68 � 106, 3.50 � 103 s�1�site�1) and the best C2H4 selectivity



(f) PdML@Cu

(a) Pd1@Cu (b) Pd2@Cu (c) Pd3@Cu (d) Pd7@Cu

(h) PdML@Ag

(g) Pd7@Ag

(j) PdML@Au(i) Pd7@Au

(e) Pd8@Cu

Fig. 7. Electron density difference contour maps of Pd@M (M = Cu, Ag, Au) alloy catalysts (a) Pd1@Cu, (b) Pd2@Cu, (c) Pd3@Cu, (d) Pd7@Cu, (e) Pd8@Cu, (f) PdML@Cu, (g)
Pd7@Ag, (h) PdML@Ag, (i) Pd7@Au, (j) PdML@Au. Blue represents the electron depletion regions, and red represents the electron accumulation regions. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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(151.0 vs. 71.8, 47.8 kJ�mol�1). Namely, for the same shell Pd
ensemble consisted of dimer and trimer, the kinds of metal core
obviously affect C2H4 selectivity and its formation activity.

As depicted in Fig. S12, the d-band center of Pd7@M (M = Cu, Ag,
Au) follows the order of Pd7@Au (�3.496) < Pd7@Ag (�3.374) < P
d7@Cu (�2.487), in which both Pd7@Au and Pd7@Ag shifts away
compared to the Fermi level to present the lower C2H4 selectivity
and its formation activity, whereas the d-band center of Pd7@Cu
stays near the Fermi level to exhibit the best catalytic performance.
Moreover, as listed in Table 2, the average charge of the shell Pd
atoms of Pd7@Cu (0.847 e) is at the medium level compared to that
of Pd7@Ag and Pd7@Au (0.958 and 0.999 e), thus, Pd7@Cu presents
the best catalytic performance toward C2H2 semi-hydrogenation.

Thus, C2H4 selectivity and its formation activity on the Pd7@M
(M = Cu, Ag, Au) catalysts also have a close relationship with the
kinds of the metal core, taking C2H4 selectivity and its formation
activity into account, Pd7@Cu presents the best C2H4 selectivity
(151.0 kJ�mol�1) and its formation activity (5.66 � 106 s�1�site�1).
3.5.5. The influence of shell Pd ensemble in Pd@M (M = Cu, Ag, Au) on
H2 dissociation

Since H2 dissociation is also the key step to provide hydrogen
source for C2H2 semi-hydrogenation, as depicted in Fig. S13, H2 dis-
sociation was further investigated on the Pd@M (M = Cu, Ag, Au)
catalysts, the results show that H2 dissociation is much easier in
kinetics on the Pd1@Cu, Pd2@Cu, Pd3@Cu, Pd7@Cu, Pd8@Cu, PdML@-
Cu, Pd7@Ag, PdML@Ag, Pd7@Au and PdML@Au catalysts, the corre-
sponding activation free energies are 36.6, 21.9, 25.6, 26.0, 32.9,
32.3, 23.1, 16.5, 27.6 and 15.5 kJ�mol�1, respectively. Namely,
Pd@M (M = Cu, Ag, Au) catalysts exhibit high catalytic activity
toward H2 dissociation into H atoms on these ten kinds of catalysts
considered, which is not the rate-determining step of C2H2 semi-
hydrogenation, and can provide enough hydrogen sources for
C2H2 semi-hydrogenation.
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3.5.6. The influence of Pd7@M (M = Cu, Ag, Au) on green oil formation
As depicted is Fig. S5, for the polymerization process on Pd7@Cu

catalyst, the coupling of C2H2 + C2H3 to C4H5 is kinetically favorable
among three coupling paths. However, starting from the adsorbed
C2H3 species, the polymerization process via the coupling of
C2H2 + C2H3 to C4H5 is more difficult in kinetics than C2H2 hydro-
genation process via C2H4 desorption path (93.1 vs. 68.5 kJ�mol�1).
Thus, Pd7@Cu catalyst not only favors the hydrogenation process to
produce gas phase C2H4, but also effectively inhibits the polymer-
ization process to form the green oil.

As depicted in Fig. S8, for Pd7@Ag catalyst, beginning with the
adsorbed C2H3 species, the hydrogenation process via C2H4 desorp-
tion path is energetically competitive with the polymerization pro-
cess via the coupling route of C2H2 + C2H3 to C4H5 (83.3 vs.
85.3 kJ�mol�1). Thus, different from Pd7@Cu catalyst, Pd7@Ag
favors C2H2 semi-hydrogenation to form gas phase C2H4, however,
the polymerization to form the green oil would affect the selectiv-
ity of gas phase C2H4. Similarly, as depicted in Fig. S10, for Pd7@Au
catalyst, the polymerization process via the coupling route of
C2H2 + C2H3 to C4H5 is superior to its hydrogenation process via
C2H4 desorption path (66.4 vs. 85.2 kJ�mol�1), namely, Pd7@Au
easily produce green oil to deactivate the catalyst.
3.5.7. Microkinetic modeling on the Pd7@M (M = Cu, Ag, Au) catalysts
Microkinetic modeling (Zhang et al., 2018; Gonçalves et al.,

2020; Ayodele et al., 2020) is considered to probe into the catalytic
activity and selectivity of C2H4 formation in C2H2 semi-
hydrogenation on the Pd7@M (M = Cu, Ag, Au) catalysts under typ-
ical experimental conditions (PC2H2 = 0.01 atm, PH2 = 0.1 atm, and
T = 425 K). The results show that the reaction rate of C2H4 forma-
tion is 1.15 � 102 s�1�site�1 and the relative selectivity of C2H4 is
100% on the Pd7@Cu catalyst; meanwhile, those are 5.05 � 10�1

s�1�site�1 and 100% on Pd7@Ag, as well as 1.43 � 100 s�1�site�1

and 100% on Pd7@Au catalysts, suggesting that Pd7@Cu catalyst
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presents the highest activity of C2H4 formation (see details in the
Supplementary Material), which agrees with the results obtained
by the two-step model. Due to the impacts of surface species cov-
erage, there is a certain degree of difference in the activity of C2H4

formation between two-step model and microkinetic modeling,
however, both methods can be used to qualitatively and quantita-
tively judge C2H4 formation activity. Namely, the two-step model
has a certain degree of rationality to determine C2H4 formation
activity.

Overall, the catalytic performance of the core–shell Pd@M
(M = Cu, Ag and Au) catalysts toward C2H2 semi-hydrogenation
is closely related to the existence form of shell Pd ensemble, in
which Pd7@M catalysts with the shell Pd ensemble consisted of
dimer and trimer exhibit the best C2H4 selectivity and its formation
activity compared to Pd@M catalysts with other forms of shell Pd
ensemble. On the other hand, among three kinds of Pd7@M
(M = Cu, Ag and Au) catalysts with the shell Pd ensemble of dimer
and trimer, although both Pd7@Au and Pd7@Ag catalysts exhibit
better C2H4 selectivity and its formation activity in the hydrogena-
tion process, the green oil formation in the polymerization process
is also easier than the gas phase C2H4 formation, namely, both
Pd7@Au and Pd7@Ag catalysts are easily deactivated due to green
oil formation. However, Pd7@Cu not only favor C2H2 hydrogenation
process to form gas phase C2H4 with the highest activity and selec-
tivity, but also effectively inhibit the polymerization process to
green oil that deactivate the catalysts, suggesting that Pd7@Cu with
the shell Pd ensemble consisted of dimer and trimer is a promising
catalyst applied in C2H2 semi-hydrogenation.

Thus, it is proposed that the catalysts with the shell Pd ensem-
ble of dimer and trimer can be also applied to other kinds of the
core–shell catalysts consisted of the noble metal shell and the
non-noble metal core in C2H2 semi-hydrogenation. Our study pro-
vides the valuable structure clue for the design of highly efficient
core–shell catalyst consisted of the shell with the noble metal
and the core with the non-noble metal; and it is believed that con-
trolling the ensemble form of shell noble-metal may be a good way
to adjust the catalytic performance toward the selective hydro-
genation of other alkynes.
4. Conclusion

This study employed DFT and microkinetic modeling calcula-
tions to fully elucidate the mechanism of C2H2 semi-
hydrogenation on the core–shell Pdshell@Cucore catalysts, aiming
at revealing the influences of shell Pd ensemble form on C2H4

selectivity and its formation activity. Pd1@Cu, Pd2@Cu, Pd3@Cu,
Pd7@Cu, Pd8@Cu and PdML@Cu were constructed to model Pd@Cu
catalysts with different forms of shell Pd ensemble. Further, the
obtained structure clues are applied to the Pd@Ag and Pd@Au cat-
alysts to confirm the obtained structural information. The results
showed that PdML@Cu exhibits the lowest catalytic performance
among the Pd@Cu catalysts; Pd7@Cu catalyst with the shell Pd
ensemble of dimer and trimer exhibits the best C2H4 selectivity
and its formation activity. The same interesting results are also val-
idated on the Pd7@Ag and Pd7@Au catalysts compared with other
kinds of Pd@Ag and Pd@Au catalysts with different shell Pd ensem-
bles. The analysis of electronic properties unveiled that the better
catalytic performance of Pd7@M (M = Cu, Ag, Au) with the shell
Pd ensemble of dimer and trimer is ascribed to the moderate
charge density and charge. Thus, adjusting the shell Pd ensemble
of the core–shell alloy catalysts is an exceptional method to
enhance the catalytic performance of gas phase C2H4 formation
in C2H2 semi-hydrogenation.
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Appendix A. Supplementary material

The detailed descriptions about the activity of C2H4 formation
on the Pd@M (M = Cu, Ag, Au), the calculation of the free energy,
the effect of the unit cell size, the adsorption of H and
C2Hx(x = 2–5) species on the Pd@M (M = Ag, Au), C2H2 semi-
hydrogenation on the Pd@M (M = Cu, Ag, Au), the d-band center,
the projected density of states (pDOS) of Pd7@M (M = Cu, Ag, Au)
catalysts, H2 dissociation on the Pd@M (M = Cu, Ag, Au) and
microkinetic modeling on the Pd7@M (M = Cu, Ag, Au) catalysts
are presented. Supplementary data to this article can be found
online at https://doi.org/10.1016/j.ces.2021.116941.
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