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ARTICLE INFO ABSTRACT

Keywords: In order to probe into the size effect of Cu catalyst on the selectivity and activity of ethylene formation in
Acetylene acetylene selective hydrogenation, different sizes of Cu catalysts including Cu;3, Cusg, Cuss clusters and the
Hydrogenation periodic Cu(111) surface have been employed to systematically investigate the selective hydrogenation of CoH,
Copper cluster using density functional theory calculations. The results show that the adsorption ability of C,H, is stronger than
:Z:ceﬁf‘f]eitc; that of C,H,4 on different sizes of Cu catalysts, which is in favor of C,H, activation and hydrogenation. On Cu;3
Activity and Cusg clusters, CoH, easily undergoes over-hydrogenation to form ethane via CHCH, and CHCHj3 inter-

mediates, namely, both clusters exhibit a poor selectivity towards C,H, formation. However, on Cuss cluster,
CoH, is easily hydrogenated to form C,H, via CHCH, intermediate, and C,H, prefers desorption over its hy-
drogenation, suggesting that Cuss cluster exhibits a good selectivity towards C,H4 formation. Further, the
periodic Cu(111) surface regarded as the large Cu particle sizes has the same results with Cuss cluster. Therefore,
among different sizes of Cu cluster, the size of Cu cluster affects the preferred pathway of C,H, selective hy-
drogenation, and alters the selectivity towards C,H4 formation; moreover, beginning with Cuss cluster, Cu
cluster is beneficial to C,H, hydrogenation to CoH4. The activity of CoH, formation follows the order of Cu
(111) > Cuzg > Cuss > > Cuys, which corresponds to the d-band center of these catalysts. The identifications
about the relationship of the intrinsic selectivity and activity with cluster size effect would provide a clue for
designing highly-efficient Cu-based catalysts in C,H, hydrogenation to C,H4.

1. Introduction

Ethylene (C,H,4) from the decomposition of the higher hydrocarbons
is widely used as a polymerization feed stock and an important inter-
mediate in many industrial reactions. However, during the decom-
position process of the higher hydrocarbons, about 0.1-1% of acetylene
(C5Hy) is produced, which can poison the downstream catalyst used for
C,H,4 polymerization, as a result, the quality of poly-ethylene produc-
tion will also be affected due to the presence of C,H, [1,2]. Thus, CoH,
hydrogenation to C,H,4 in excess CoH, feed becomes an important in-
dustrial process, and it is of great economic value to promote C,H,
hydrogenation to CoHy, but also purify C,H,4 and increase its yield.

In order to remove C,H, impurities from acetylene-ethylene feed,
Pd-based catalysts have been widely used for C,H, hydrogenation to
CoHy due to its high activity. However, Pd-based catalysts easily make
CyH,4 over-hydrogenation to ethane, which wastes the feed gas; as a
result, Pd-based catalysts exhibit a poor selectivity towards C,H, for-
mation. Meanwhile, the high molecular weight oligomeric species such

as oligomers from C,H, polymerization can push away Pd particles
from the support quickly to deactivate the catalyst [3]. Moreover, the
hydride [4,5] and carbide [6-8] phases of metal Pd is easily formed to
decrease C,H, selectivity [9-16]. Thus, in order to achieve high CoH4
selectivity, one method is to add the second metal such as Cu into Pd,
which exhibits a high alkene selectivity [17-21]; the other is to control
the catalyst particle at a suitable size [22-25].

On the other hand, Kyriakou et al. [26] have explored a high-per-
formance catalyst with doping a small quantities of Pd on Cu(111)
surface, Cu becomes the dominant component while Pd acts as the
promoter, this catalyst exhibits the higher C,H, selectivity in CoH, se-
lective hydrogenation compared to the pure Cu or Pd alone. McCue
et al. [27] have prepared Cu/Al,O3 catalyst modified with Pd for C,H,
selective hydrogenation, suggesting that Cu:Pd ratio of 50:1 presents a
high selectivity and conversion (80% selectivity to CoH, formation and
more than 99% conversion at 363 K). These reported studies suggest
that Cu-based catalysts also present high selectivity towards C,H, se-
lective hydrogenation to CoHy. Bridier et al. [28] develops a Cu-Ni-Fe
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ternary catalysts with Cu as the base hydrogenation metal, which dis-
played an outstanding alkene selectivity, and Cu has an intrinsic ac-
tivity for hydrogenation [17,18,29]. Further, previous studies about
methanol decomposition also revealed that the effect of Cu size can
alter the reaction pathway and product distribution [30]. However, to
the best of our knowledge, few studies about the selective hydrogena-
tion of C,H, have been reported on Cu catalyst, moreover, the size ef-
fect of Cu catalyst on the catalytic activity and selectivity is still unclear,
as a result, it is necessary to probe into the underlying mechanism of
C,H, selective hydrogenation at a molecular level on different sizes of
Cu catalysts.

In this study, in order to probe into C,H, selective hydrogenation on
Cu catalyst and the size effect of Cu catalyst on the selectivity and ac-
tivity, the underlying mechanism of C,H, selective hydrogenation on
different size of Cu clusters have been systematically investigated using
density functional theory calculations. It is expected that the results can
provide a good clue for designing the suitable particle size of highly-
efficient Cu catalysts in C;H, hydrogenation to CoHy.

2. Computational details
2.1. Computational method

All calculations have been performed using Dmol® program package
in Materials Studio 5.5 [31,32], the generalized gradient approximation
(GGA) with the Perdew-Wang exchange—correlation functional (PW91)
was employed [33,34]. The double-numerical basis set with a polar-
ization d-function (DNP) was selected. A 3 X 3 X 1 k-point sampling in
the surface Brillouin zone was used for Cu(111) surface. 0.005 Hartree
is set for the smearing value. An effective core potential (ECP) is used
for Cu atoms and all-electron basis set is used for other atoms. Further,
in order to search transition states of the reaction, the complete LST/
QST approach have been used [35,36]. The transition state is confirmed
by frequency analysis with only one imaginary frequency; moreover, TS
confirmation has been used to confirm the transition state connected
the reactant and product [37].

The adsorption energy of the species (E,q) is calculated based on
Eq. (1):

@

Where E,uq is the energy of the total adsorbed system, E¢qgsorbaze) i the
energy of gas-phase molecule, and E_ jser/s1ap i the energy of the clus-
ters or slab.

In this study, the entropic effect has been considered for the ad-
sorption and reaction. For the adsorption process, Gibbs free energy
correction is calculated according to Eq. (2):

Eqis = E(adsorbate) + Ecluster/slab = Eiotal

(2)

Where G udsorbate)s Geluster/siab a0 Georq Tepresent the Gibbs free energy of
adsorbed molecules, clusters or slab, and the total energy of the ad-
sorbed system.

The free adsorption energy at a definite temperature was defined as
follows:

AGEads = G(adsorbate) + Gcluster/slab - Gtotal

3

Similarly, the values of reaction energy (AH) and activation barrier
(E,) are defined as the Egs. (3) and (4), respectively.

Eads,T = Ead.s‘ + AGEads

)

Where Ep, Eg, and E7s represent the total energies of the adsorbed re-
actant, product and the transition state on Cu cluster or slab, respec-
tively, AG is the value of Gibbs free energy correction.

E, = Exs — Eg + AG
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On the other hand, in order to obtain more H atoms aiming at in-
hibiting acetylene polymerization to form oligomer [38], C,H, selective
hydrogenation over Cu-based catalyst required a high operating tem-
perature (> 473 K) under the experimental condition [28,39], the
temperature is set to be 525 K. Meanwhile, previous studies have re-
ported that PdCu catalyst exhibits a good activity and selectivity to-
wards C,H, hydrogenation to C,H, at low temperatures [26,27], the
temperature at 425 K is also examined. Further, previous studies [27]
have shown that the higher H,:CoH, ratio (10:1) can reduce the oli-
gomer formation by approximately 90% with ethane selectivity re-
maining around 10%, as a result, 10 atm was set for the total pressure,
and 0.1, 1 and 8.9 atm correspond to the partial pressures of CoH,, Hy
and C,Hy, respectively, which is close to the experimental conditions.
Thus, this study only focuses on the selectivity of C,H, formation in
C,H, selective hydrogenation on different sizes of Cu catalysts.

2.2. Surface model

For Cu clusters, there exist many isomers where cluster isomers
numbers increases rapidly with the increasing of the cluster size, and it
is an important factor to keep the cluster structural stability [40]. In this
study, Cu;s, Cusg and Cuss nanoparticles with the corresponding dia-
meters of 4.9, 7.6 and 9.8 A are selected to probe into the effect of Cu
cluster size on C,H, selective hydrogenation. In addition, the periodic
Cu(111) surface is regarded as the larger particle. Fig. 1 represents the
most stable configurations of Cuys, Cusg, Cuss, Cuyyy clusters, and Cu
(111) surface.

Cu;3 cluster is the icosahedron structure including twenty (111)
surfaces [41-48], and it is a core-shell structure with 12 atoms in outer
shell and an atom in core shell; moreover, all shell atoms have the same
coordination number 6, three adsorption sites exist: Top, Bridge and
Hcep.

Cusg cluster with the truncated octahedron structure is more stable
than other isomers [45-53]. it has an outer shell of 32 atoms and a core
shell of 6 octahedral atoms, moreover, the outer shell has 8 atoms at the
center of (111) facet and 24 atoms on (100) facet. Due to different
coordination number 6 and 9 for outer shell atoms, eight adsorption
sites exist: Top I, Top II, Bridge I, Bridge II, Bridge III, Fcc, Hcp and
Hollow. Top I and Top II are two Cu atom with different coordination
number 6 at the vertex of (100) facet and 9 at the center of (111) facet.
Other adsorption sites are formed on the basis of Top I and Top II sites.

For Cuss cluster, the most stable structure is also the icosahedron
structure with the high symmetry, which has been identified in the
previous studies [45,47,54-56]. It has three shells with 42 atoms in the
outer shell, 12 atoms in the second shell, and a Cu atom in the core.
Obviously, the outer shell corresponds to (111) facet, and most surface
atoms are located at the vertex and edge sites; the outer shell atoms
have the coordination number 6 and 8, thus, six adsorption sites exist:
Top I, Top II, Bridge I, Bridge II, Fcc and Hep.

To exhibit a large Cu clusters, Cu; 47 cluster with a radius of 1.5 nm
is selected. It is obvious that Cu;3, Cuss and Cuy4, are all the icosahe-
dron structure, with the increasing of cluster size, the coordinated
numbers of atoms on surface edge and vertex are keep at 6 and 8; Cu
atoms with 9 coordination number appeared on Cuy4; cluster.
Moreover, with the size increased to 3.5 nm, the symmetry of metal
clusters do not change, it still keep the quasicrystal icosahedral and
decahedral structures, and the coordinated numbers of atoms on sur-
face edge and vertex only keep in 6 and 8 [57]. As a result, the ad-
sorption and reaction on the low-coordinated sites for large clusters
should be similar to that on Cuss, in order to probe into the effect of
high coordination number Cu atoms, considering the time cost for the
calculations on Cu, 47 cluster, Cu, 47 is not selected here replaced by Cu
(111) surface with all Cu atoms coordination number 9, and it also be
defined as a larger cluster. Cu(111) surface has four adsorption sites:
Top, Bridge, Fcc and Hcep.
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3. Results and discussion
3.1. The proposed reaction pathway for C.H, selective hydrogenation

In order to probe into the catalytic performance of Cu catalyst to-
wards C,H, selective hydrogenation, it is necessary to understand the
reaction mechanism of C,H, selective hydrogenation, in this study,
three possible pathways have been considered, as shown in Fig. 2, Path
I is C,H, hydrogenation to form C,H,4 via C,H; intermediate, followed
by its desorption leading to gas phase C,H,; Path II is CoH, hydro-
genation to form C,H, via C,Hj; intermediate, followed by C,H4 hy-
drogenation to C,Hs; Path III is Co,H, hydrogenation to CoHs, followed
by its hydrogenation to C,Hs via CHCH; intermediate; C,Hs is easily
hydrogenated to ethane. Thus, Paths II and III are disadvantageous to
remove C,H, impurities from acetylene-ethylene feed. Obviously, for
our aim to purity ethylene feed, promoting Path I and/or suppressing
Paths II and III is a better way to improve the selectivity of CoH, hy-
drogenation to CoHy.

3.2. Adsorption of all possible species in C5Hj selective hydrogenation

Fig. 3 presents the stable adsorption configurations of all possible
CoH,, CoHs, CoHy, CHCH;3 and C,Hs species in CoHs selective hydro-
genation. As mentioned in Introduction, there are about 0.1 ~ 1% C,H,
and 89% C,H,4 in the feed gas under the experimental conditions of
C,H, selective hydrogenation, thus, only when the adsorption ability of
CoH, is much stronger than that of C,H,, the removal of trace CoH,
impurities from the large amount of C,H, feed gas can be realized.

C,H,(2)

desorption
r CH,(ad) — > CH,® Pathl

+H

+H
C,H,(ad—>C,H,(ad) —>=

+H
C,H,(ad) ——>C,H(ad)  PathII

+H
-~ CHCH,(ad) —> C,H (ad) pyep o1

Fig. 2. Possible reaction pathways of C,H, selective hydrogenation.

113

Applied Catalysis A, General 546 (2017) 111-121

Fig. 1. The optimized structures for different sizes of Cu clusters and the
Cu(111) surface. The yellow, blue and red atoms correspond to 6-, 8- and
9-coordination Cu atoms, respectively. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web
version of this article.)

For C,H, adsorption, our calculated results show that CoH, in the
gas phase has the values of dc_c and dc_yy of 1.21 A and 1.07 A, re-
spectively, which agree with the experimental values [58]. It can be
seen that the free adsorption energies at 525 K are 248.4, 212.3, 160.6
and 140.4 kJ mol ! on Cuys, Cusg, Cuss clusters and the Cu(111) sur-
face, respectively. On Cusg and Cuss clusters, it is adsorbed at the “4-
fold diagonal hollow” site, which agree with that on Ni(111), Cu(111),
Cu(100) surface [59,60]. On Cu, 3 cluster, C,H, adsorbs at 3-fold hollow
site via n%n? model, which is the same as that reported on Pd(111)
[61].

For C,H, adsorption, many studies [61,62] on Pt clusters and Pd
surface suggests that the adsorption energy increases with the de-
creasing of surface atom coordination number. As shown in Fig. 3, CoHy
on three clusters interacts with a surface Cu atom with the coordination
number 6. The corresponding free adsorption energies at 525K are
133.6, 96.9, 115.6 and 70.6 kJ mol ~! on Cu, 3, Cusg, Cuss clusters, and
Cu(111) surface, respectively, indicating that the energetic trend for
C,H, adsorption over Cu clusters is correlated with the metal co-
ordination number due to a reduced Pauli repulsion between ethylene-
occupied molecular orbitals and the surface bands of the sites with low
metal coordination number [62].

Above results show that the adsorption free energies of C,H, is
much larger by 114.8, 115.4, 45.0 and 69.8 kJ mol ™' than those of
CoH4 on Cuys, Cusg, Cuss and Cu(111), respectively. Namely, trace
amounts of CoH, impurities in the large amount of C,H, feed gas is
more favorable to adsorb than C,H,4, which make C,H, hydrogenation
become possible on Cu catalyst.

3.3. Acetylene hydrogenation on different cCu clusters and Cu(111) surface

3.3.1. The adsorption and dissociation of H,

Since the activation of H, is the source of adsorbed H atoms in the
selective hydrogenation of C,H,, the adsorption and dissociation of Hy
is firstly examined on Cu;3, Cuss clusters, and Cu(111) surface, the
detailed results are presented in the Part 2 of Supplementary material.

The results show that on Cu, 3, Cuss clusters and Cu(111) surface, Hy
is the dissociative adsorption, the dissociation of H, is spontaneous to
form the adsorbed H atoms, which can provide enough H atoms for the
selective hydrogenation of Co,H,. On the other hand, H, dominantly
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Fig. 3. The most stable adsorption configurations of
C,H,, C,H3, CoHy, CHCH3 and C,Hs species involved
in CyH, selective hydrogenation on different Cu
clusters and Cu(111) surface together with the free
adsorption energies at 525 K and those in parenthesis

Cuis at 425 K. C, H, and Cu atoms are shown in the grey,
white and orange balls, respectively. The energy unit
is in kJ mol ™. (For interpretation of the references
to colour in this figure legend, the reader is referred

267.8(268.5) 248.4(247.4) 288.6(291.4) 397.4(392.9) 133.6(129.5) 174.7(178.5) to the web version of this article.)
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exists in the form of molecular adsorption on Cusg cluster; meanwhile, a
small quantity of molecular adsorption H, also exist on Cu;z, Cuss
clusters and Cu(111) surface; the dissociation of molecular adsorption
H, shows that the overall activation barrier of C,H, hydrogenation to
C,H, is much higher than the dissociation barrier of H,, suggesting that
compare to C,H, hydrogenation to CoHy, the dissociation of H, is more
easier to occur, which can provide sufficient H atoms for the selective
hydrogenation of CoHy on Cujs, Cusg, Cuss clusters and Cu(111) sur-
face. Thus, in the selective hydrogenation of C,H,, the adsorption and
dissociation of H, is easy to occur, and provide sufficient sources of H
atoms on Cu,3, Cusg, Cuss clusters and Cu(111) surface.

3.3.2. The definitions of desorption barrier and C,H, selectivity

Among three possible pathways of C,H, selective hydrogenation,
there is the common step of C,H, + H — C,H;. So, starting from
CoH3 + H, the highest energy of each pathway from C,H; to C,Hs is
used to evaluate the favorable pathway. Moreover, previous studies
[63] have shown that the desorption barrier is approximately equal to
the absolute value of adsorption energy, as a result, the adsorption
energy of C,H, is used as its desorption barrier in Path L.

On the other hand, in order to evaluate the selectivity of Co;H, hy-
drogenation to CoHy, the difference between the hydrogenation barrier
of C,H,4 and its desorption barrier is used to estimate C,H, selectivity,
which is denoted according to the Eq. (6): AAE, = E, — |Eqqs|, where E,
is the barrier of C,H4 hydrogenation, and E.4 is the corresponding
adsorption energy of CoH,.

3.3.3. C,H; hydrogenation on Cu;3 cluster
As listed in Table 1, at 525K, for the first step of C,H, hydro-
genation to the common intermediate C,Hj, this elementary reaction

115.6(95.8)

70.6(62.7)

114

128.6(128.1)

108.0(109.8)

Table 1
The free activation barrier (E,) and free reaction energy (/\H) of all possible elementary
reactions on different Cu clusters, Cu(111) and PdCu(111) surfaces at 525 and 425 K.

Cu clusters Elementary reactions E,/kJ mol ! /\H/kJ mol ™!

Cujz C,H, + H— C,H3 167.5 (184.8) 26.8 (31.4)
C,H; + H—IM 156.2 (145.2) —-7.2(-3.5)
IM — CoHy 27.7 (22.8) 10.8 (—0.5)
C,H; + H— CHCH3 107.4 (118.0) 12.2 (11.6)
C,H; + H— CyHs 90.4 (88.3) 11.1 (17.8)
CHCH3—C,Hs 129.7 (131.5) 2.5(2.2)

Cuzg CoHy + H— CyH3 76.3 (77.3) —37.3(—36.4)
C,H3 + H— CyHy 166.3 (162.9) —28.2 (—28.6)
C,H3; + H— CHCH3 121.3 (118.7) 18.7 (19.5)
CoH4 + H— CyHs 123.0 (118.7) —27.2 (-24.9)
CHCH3 + H — CyHs 140.8 (135.4) —74.1 (-73.0)

Cuss CoH, + H— CyH3 137.0 (146.0) —-24.1(-19.1)
CoH; + H— CyHy 105.8 (112.8) —=77.1 (—64.4)
C,H; + H— CHCH3 154.4 (158.4) 22.6 (21.7)
C,H; + H— CyHs 124.8 (128.2) 6.5 (4.7)
CHCH3 + H — C,Hs 75.9 (72.6) —93.2 (—82.5)

Cu(111) CoHy + H— CH3 124.9 (125.0) —27.8 (—28.6)
CoH3 + H— CoHy 86.4 (84.0) —69.6 (—69.0)
C,H3; + H — CHCH3 119.7 (126.0) —18.1 (-19.6)
C,H4 + H— CyHs 114.0 (112.6) —23.1 (—24.0)
CHCH, + H — CoHs 99.6 (93.4) —74.6 (—73.4)

PdCu(111) CoH, + H— CyH3 95.7(96.6) —15.6(—13.8)
CoHs + H— CyHy 71.2(70.1) —73.6(—=75.1)
CoHs + H — CHCHs 131.1(130.1) —-7.7(=7.7)
CoHy + H— CyHs 146.6(145.3) —20.6(—15.7)
CHCH3 + H — CyHs 80.3(78.0) —86.5(—83.1)

*it is noted that the values in parenthesis are obtained at 425 K.
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200, Fig. 4. Potential energy diagram for three pathways invol-
ving in C,H, selective hydrogenation together with the
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has an activation barrier of 167.5 kJ mol ~! via the transition state TS1-
1, it is endothermic by 26.8 kJ mol 1. Starting from C,Hj; intermediate,
in Path I, CoH3 hydrogenation to CoH,4 via TS1-2 needs a higher acti-
vation barrier of 156.2kJmol™!, and it is endothermic by
3.6 kJ mol ™!, in this reaction, an intermediate IM (C,H, species inter-
acting with two Cu atoms via di-o model) is formed, subsequently, it
can be easily transferred to the favorable site with only a small acti-
vation barrier of 27.7 kJ mol ™. Further, C,H, desorb from the cluster
surface with the desorption barrier of 133.6 kJ mol .

In Path II, the first two steps to form C,H4 adsorbed at the cluster
surface are similar to that in Path I, however, the formed C,H4 con-
tinues to hydrogenation to produce C,Hs via TS1-6, this elementary
reaction has an activation barrier of 90.4kJmol™!, and it is en-
dothermic by 11.1 kJ mol ™1,

In Path III, starting from C,Hj intermediate, it goes through two
hydrogenation steps to form C,Hs via another intermediate CHCHs, the
activation barriers of these two hydrogenation steps via TS1-3 and TS1-
4 are 107.4 and 129.7 kJ mol ! with reaction energies of 12.2 and
2.5 kJ mol ™!, respectively.

Since C,Hj3 is the common intermediate for three pathways, in order
to identify the favorable pathway, the co-adsorbed C,H3 + H species is
selected as the starting point, as shown in Fig. 4, it is clear that the
highest barriers of three pathways are 183.0, 183.0 and
168.7 kJ mol ?, respectively. Obviously, Path III is the most favorable
pathway with C,H, successive hydrogenations to form C,Hs via CHCH3
intermediate. Moreover, CoH, prefers to be hydrogenated to C,Hs ra-

ther than its desorption (90.4 vs. 133.6 kJ mol™1).

C,H +H

Above result show that C,H, selective hydrogenations to form C,Hs
via CHCH3; intermediate is the dominant pathway, namely, ethane is the
major product rather than C,H4 on Cu;3 cluster at 525 K. On the other
hand, as shown in Fig. S7, the same result can be obtained when the

reaction occurs at 425 K.

3.3.4. C,H, hydrogenation on Cusg cluster

As shown in Fig. 5, in Paths I and II, C,H, prefers to be desorption to
form gas phase C,H, rather than being hydrogenated to form C,Hs
(96.9 vs. 123.0 kJ mol ~ 1), suggesting that G,H, can be selectively hy-
drogenated to form C,H, via Path I. However, starting from C,H; + H
species, it is noted that for Path III with C;H, successive hydrogenations
to form C,Hs via CHCH; intermediate, the highest barrier is slightly
smaller that of Path I (122.2 and 129.0 kJ mol ~1), which means that
competitive relationship exists between these two pathways.

Thus, Path I to form C,H, is energetically compatible with Path III
to produce ethane in C;H, selective hydrogenation, namely, the major
products are ethane and ethylene on Cusg cluster at 525 K. On the other
hand, as presented in Fig. S8, the same result can be obtained when the

reaction occurs at 425 K.

3.3.5. C,H, hydrogenation on Cuss cluster

As shown in Fig. 6, CoH4 prefers to desorption to form gas phase
C,oHy in Path I rather than being hydrogenated to form C,Hs in Path II
(115.6 vs. 124.8 kJ mol ™), which means that C,H, can be selectively
hydrogenated to form gas phase C,H, via Path I with the AE, of
9.2 kJ mol ~ . Moreover, starting from C,H3; + H species, the highest
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150 Fig. 5. Potential energy diagram for three pathways of C,H,
selective hydrogenation together with the structures of re-
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barrier of Path I to form gas phase C;H, is much smaller that of Path IIT
to form C,Hs (81.7 and 130.3 kJ mol ).

Therefore, among three pathways, Path I to form gas phase C;H, is
the dominate pathway in C,H, selective hydrogenation, namely, the
major product is CoH4 on Cuss cluster at 525 K. On the other hand, the
same result can be obtained when the reaction occurs at 425 K, as seen
in Fig. S9. Thus, Cuss cluster at 525 and 425 K can effectively remove
the small amount of C,H, impurities in ethylene feed. The reaction rates
of C,H,4 formation are 2.56x 10" and 1.01 x 105~ ! site ™! with the
/\E, of 32.4 and 9.2kJmol ™! on 425 and 525K, respectively, sug-
gesting that the higher reaction temperature is in favor of the en-
hancement of the activity, however, it decrease the selectivity of CoHy
formation.

3.3.6. C,H, hydrogenation on Cu(111) surface

As shown in Fig. 7, at 525 K, similar to Cuss cluster, C,H, prefers to
be desorption to form gas phase CoH, in Path I rather than being hy-
drogenated to form C,Hs in Path II (70.6 vs. 114.0 kJ mol ~ ') with the
/\E, of 43.4kJ mol ™. Moreover, starting from C,H; + H species, the
highest barrier of Path I to form gas phase C,H, is also smaller that of
Path III to form C,Hs (58.6 and 91.9 kJ mol™1).

As a result, CoH, is still the major product on Cu(111) surface at
525 K; the same result can be obtained at 425 K, as illustrated in Fig.
$10. Namely, Cu(111) surface can exhibit the high selectivity towards

v
7
N eggg
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gas phase C,H4 formation to removes the small amount of CoH, im-
purities in ethylene feed. The reaction rates of C,H, formation are
3.84x10°° and 4.09s ! site ! with the AE, of 19.9 and 43.4 kJ mol !
on 425 and 525 K, respectively, indicating that on Cu(111) surface, the
higher reaction temperature is beneficial for the enhancement of the
activity and the selectivity towards C,H, formation, and can purify the
acetylene-ethylene feed gas effectively.

3.4. General discussion

3.4.1. The effect of Cu cluster size on the selectivity of CoH, formation

On the basis of above results, firstly, it is obvious that the size of Cu
cluster can affect the adsorption behavior of C,H, and C,H, species;
meanwhile, with the increasing of Cu cluster size, the adsorption energy
of CyH, decreases, which will beneficial to C,H4 desorption from Cu
catalyst surface to form gas phase C,H4; moreover, the differences of
adsorption energy between C,H, and C,H, species are always main-
tained at a high level (more than 40 kJ mol 1), that is in favor of re-
moving the small amount of C,H, impurities from the larger amount of
ethylene feed.

Secondly, the size of Cu cluster alters the most favorable pathway
and major product of CoH, selective hydrogenation. For Cu;3 cluster,
the most favorable pathway is CoH, successive hydrogenations to form
C,Hs via CHCHj; intermediate, ethane is the major product. For Cusg
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Fig. 6. Potential energy diagram for three pathways of CoH,
selective hydrogenation together with the structures of re-
150 TS3-1 137.0 TS3-2 1303 actants and transition states on Cuss cluster at 525 K.
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cluster, two parallel pathways to form C,H, and C,Hs are the most
favorable pathways, namely, the major products are ethane and ethy-
lene. For Cuss cluster and the periodic Cu(111) surface regarded as the
large size of Cu catalyst, the pathway to form gas phase C,H, is the most
favorable pathway, and the major product is C,H,, suggesting that the
large size of Cu clusters can remove the small amount of CoH, im-
purities in large amount of ethylene feed.

Further, in order to better understand the effect of Cu cluster size on
the selectivity of Co;H, hydrogenation to CoHy, it is necessary to quan-
tify the selectivity between C,H, and ethane. Since ethane can be
formed by C,Hs hydrogenation, and C,Hj3 is the common intermediates,
starting from C,Hz + H species, Fig. 9 presents the comparisons of the
simplified potential energy profile for the most favorable formation
pathways of C,H4 and C,Hs on Cuys, Cusg, Cuss clusters and Cu(111)
surface, the selectivity is determined by the effective barrier difference
between C,H,4 and C,Hs formation [64]. In general, the higher barrier
differences between C,Hs and C,Hy species formation means the higher
selectivity towards C,H, formation. The results show that starting from
CoHs3 + H species, the overall barrier differences between C,Hs and
C,H, are —14.3, —6.8, 48.6 and 33.3kJmol ™! on Cuy3, Cuzg, Cuss
clusters and Cu(111) surface, respectively; suggesting that ethane for-
mation is more favorable kinetically than C,H4 on Cu;3 and Cusg
clusters. However, Co,H,4 formation is more favorable kinetically than

CoHs on Cuss cluster and Cu(111) surface, which exhibit a good se-
lectivity towards C,H, formation rather than ethane, and the size of
Cuss cluster has presented a similar catalytic performance with Cu bulk
surface.

Above results show that the selectivity of gas phase C,H, formation
increases with the increasing of Cu cluster size. Starting from Cuss
cluster, Cu catalyst presents a good selectivity towards C,H4 formation
rather than ethane compared to other small Cu clusters, the reason may
be attributed to that the weaker adsorption ability of adsorbed species
on Cuss cluster and Cu(111) surface, especially for C,H, species, be-
comes a thermodynamic driving force to lower the barrier of CoHy
desorption.

3.4.2. The effect of Cu cluster size on the activity of C,H, formation

With the purpose of quantitatively describing the catalytic activity
of gas phase C,H, formation, a two-step model is employed to calculate
the reaction rate, in which the coverage of the mentioned species is also
considered. The detailed descriptions about two-step model have been
systematically reported by Hu et al. [65,66], as presented in the Sup-
plementary material.

The reaction rate is obtained by Eq. (7):
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150 Fig. 7. Potential energy diagram for three pathways of CoH,
selective hydrogenation together with the structures of re-
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Where ky,, h and R are constants, T, Pr and Pp represent the reaction
temperature, partial pressure of reactants and products, respectively;
G2 and G¥ are the effective free barriers of reactant adsorption and
desorption, respectively. G¥ is the effective free barrier of product
desorption. AG is the free energy change of overall reaction at 525 and
425 K with the corresponding "”TT = 1.0938 x 10 and 8.8554 x10'?,

Table 2
The values of G4 — G + G, GE (kJmol ") and reaction rate (r/s~ ' site ") at 525
and 425 K on Cu;s, Cusg, Cuss clusters, Cu(111) and PdCu(111) surface.

Clusters Gl — Gge + Gge Gde P r

Cuys —182.1(—189.8) 183.0(184.8) 6.78x10° (1.71x107°)
Cusg —103.5(—84.8) 129.0(126.5) 1.60(2.51 x10°%)

Cuss —78.5(—34.8) 137.0(146.0) 2.56x107(1.01 x105)
Cu(111) —48.8(-33.2) 124.9(125.0) 4.09(3.84x10%)
PdCu(111) —104.4(—105.7) 95.7(96.6) 3.29x10%(1.19x 10%)

*it is noted that the values in parenthesis are obtained at 425 K.

respectively; Thus, the overall reaction rate is dominantly related to
Gad R, Gde R and Gde P.

The energetic terms in the denominator of Eq. (7) are listed in
Table 2, we can see that Gde P is much higher than G- Gg%® + Gp®
on Cuys, Cusg, Cuss clusters and Cu(111) surface, in which Gg™ -
Gr%® + Gpd©is negative, while Gp2® is positive, they all appear on index,
which means that the effect of Gp%on reaction rate is much larger than
that of Gg% - Gr%® + G,%, as a result, Gp% will be the effective barriers
of C,H, formation. Thus, according to the reaction rate, as listed in
Table 2, the catalytic activity of gas phase C,H, formation follows the
order: Cu(111) > Cusg > Cuss > > Cuya.

In order to reveal the microscopic reason of catalytic activity of
C,H, formation, the projected density of states (pDOS) and d-band
analysis are conducted to provide a physical explanation. As we all
know, as a key parameter, the d-band center is usually selected to
measure the distribution of solid energy levels, and it can also reveal
the ability to eject an electron to the adsorbed molecule from metal d-
band. The d-band center is calculated as follows [67]:

S Epy(E)dE
&g = Efi
S py(E)E ®)

Where pq4 represents the density of states projected onto Cu atom’s d-
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Fig. 8. Potential energy diagram for three pathways of CoH,
selective hydrogenation together with the structures of re-
actants and transition states on Pd-doped Cu(111) surface at
425 K.

Fig. 9. The comparison of the simplified potential energy profile for
the most favorable formation pathway of C;H4 and C,Hs on different
Cu clusters and Cu(111) surface at 525 K, respectively.
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band, and E¢ is the Fermi energy.

For C,H, hydrogenation on Cu catalysts, since C,H, species interacts
with Cu catalyst surface via C atoms, it is regarded as a process that H
atom inserts into the Cu-C bond. The findings by Pallassana and
Neurock on C,H,4 hydrogenation suggest that the C—H bond activation
of ethyl and ethylene is primarily guided by electron-back donation to
the antibonding oCH* orbital, the catalytic activity of C—H bond for-
mation increases on Pd catalyst surfaces where the d-band is far from
the Fermi level [68,69], which also agree with the previous studies
about CH, hydrogenation to CH4 [70-72]. Thus, the surface where the
d-band center is far from the Fermi energy is more active for hydro-
genation and the d-band center of outer layer Cu atoms on Cu clusters is
selected to reveal the activity of CoH, hydrogenation.

As shown in Fig. 10, the d-band center (eV) of different clusters is
Cuy3(—2.09) > Cuss(—2.25) > Cu(111)(—2.46) > Cuzg(—2.48), sug-
gesting that Cu,3 is the nearest to the Fermi energy level; both Cusg
cluster and Cu(111) surface are far from the Fermi energy level; the
Fermi energy level of Cuss cluster is located at medium range. As a
result, the reaction rate (s~ !site ') of C,H, formation is that Cujz
(6.78 x10®) < Cuss (2.56x10™") < Cusg (1.60) < Cu(111) (4.09), in
which the d-band center of Cusg cluster is close to that of Cu(111)
surface, and the reaction rate of Cusg cluster and Cu(111) surface are
also close. In general, for CoH, hydrogenation to C;H,4, when the d-band
center of Cu catalyst is far away from the Fermi energy, Cu catalyst
exhibits the higher catalytic activity towards CyH4 formation.

3.4.3. The effect of Pd-doped Cu(111) surface on C,H, selective
hydrogenation

Previous studies have shown that Pd-doped Cu-based bimetallic
catalysts (PdCu bimetallic catalyst) are widely used in the selective
hydrogenation of C,H, [26,27,29,73], a very small quantity of Pd on Cu
(111) surface can effectively promote the selective hydrogenation of
CoH, to CoHy, and exhibits a higher selectivity towards CoH,4 formation
than the pure Cu or Pd alone [26]. McCue et al. [27,73] also confirmed
that Cu/Al,O3 catalysts modified with a small quantity of Pd also have a
high selectivity and activity towards C,H, formation in the selective
hydrogenation of C;H,. However, few studies have investigated the
underlying mechanism about the effect of promoter Pd on the selective
hydrogenation of C,H, over PdCu bimetallic catalysts. As a result, the
selective hydrogenation of C,H, over Pd-doped Cu(111) surface is
further investigated.

As shown in Fig. 8, at 425K, similar to Cu(111) surface (shown in
Fig. S10), C,H, prefers to be desorption to form gas phase C,H, in Path I
rather than being hydrogenated to form C,Hs in Path II (85.9 vs.
145.3kJ mol~'). Moreover, starting from C,H3; + H species, the
highest barrier of Path I to form gas phase C,H, is also smaller that of
Path III to form C,Hs (56.3 vs. 116.3 kJ mol~!). Meanwhile, for the
selectivity towards C,H, formation, the AE, on Pd-doped Cu(111)
surface is higher than that on Cu(111) surface (59.4 vs. 49.9 kJ mol 1),
suggesting that when the selective hydrogenation of CoH, occurs over
Pd-doped Cu catalyst, the selectivity of gas phase C,H, formation in-
creases. Thus, CoH, is still the major product on Pd-doped Cu(111)
surface, PdCu bimetallic catalyst can exhibit a high selectivity towards
gas phase C,H, formation than Cu catalyst alone, which is more fa-
vorable to remove the small amount of C,H, impurities in ethylene
feed. On the other hand, C,H, desorption pathway has the highest
barrier energy is 96.6 kJ mol ~! over Pd-doped Cu(111) surface, while it
is 125.0 kJ mol ! on Cu(111) surface. The reaction rates of gas phase
C,H, formation on Cu(111) and PdCu(111) are 3.84x10° an-
d1.19x10's~ ! site ™! at 425 K, respectively, suggesting that when the
selective hydrogenation of C,H, occurs over Pd-doped Cu catalyst, the
activity of gas phase C,H,4 formation significantly increases compared
to Cu catalyst.

Therefore, when Pd is doped on Cu catalysts, compared to Cu cat-
alyst, PdCu bimetallic catalyst can enhance the activity and selectivity
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Fig. 10. Projected density of states (pDOS) plots of the d-orbitals for the outer layer Cu
atoms of Cu clusters and Cu(111) surface. The vertical dashed lines represent the location
of d-band center, and the vertical solid lines indicate Fermi energy level.

of C,H, formation, which is in agreement with the previous experi-
mental results [26,27,73].

4. Conclusions

In this work, extensive DFT calculations have been carried out to
examine the activity and selectivity of Cu catalyst towards C,H, se-
lective hydrogenation to CoHy, and to reveal the size effect of Cu cat-
alyst on the activity and selectivity. Here, Cu;3, Cuzg and Cuss nano-
particles with the corresponding diameters of 4.9, 7.6 and 9.8 A are
selected to model the different sizes of Cu catalyst, and the periodic Cu
(111) surface is considered to represent the much larger particle. The
results showed that the preferable pathway of CoH, formation and the
corresponding selectivity changes with the increasing of Cu catalyst
size, in which ethane is the major product on Cu3 cluster, both ethane
and ethylene is the major products on Cusg cluster. However, the gas
phase C,H, becomes the major product on both Cuss cluster and the
periodic Cu(111) surface, suggesting that only the large size of Cu
cluster can removes the small amount of C,H, impurities from the large
amount of ethylene feed. On the other hand, the catalytic activity of
C,H, hydrogenation to C,H,4 has the relationship with the d-band center
of Cu catalysts. Thus, the catalytic activity and selectivity of CoH, hy-
drogenation to CyHy is closely related to the size of Cu catalyst, in order
to obtain the high activity and selectivity towards C,H, formation, it is
necessary to keep Cu catalysts at a relatively larger size level in the
industrial applications.
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