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A B S T R A C T

Aiming at identifying the effects of the support types, properties and the metal-support interaction of the sup-
ported catalysts on C2H4 selectivity and its formation activity for C2H2 semi-hydrogenation, the corresponding
mechanism over the supported Pd and Cu catalysts with different supports are fully studied based on DFT
calculations. This work indicates that the support types and properties change the selectivity of C2H4 and its
formation activity, for the supported Pd catalysts, the oxygen-vacancy anatase and rutile TiO2 supports present
much better selectivity of C2H4 and its formation activity than the pure Pd catalyst does; especially, the anatase
exhibits better catalytic performance than the rutile, in which the oxygen-vacancy show the crucial function. For
the supported Cu catalysts, γ-Al2O3 is unable to enhance C2H4 selectivity compared to the pure Cu catalyst,
whereas MgO support improves C2H4 selectivity but reduces its formation activity. Further, the metal-support
interaction of the supported Pd catalysts are much stronger than that of the supported Cu catalyst, which results
in better activity and selectivity of C2H4 over the supported Pd catalysts. This study can give out a valuable clue
for the preparation of the supported Pd or Cu catalysts with better performance in C2H2 semi-hydrogenation.

1. Introduction

Removal of C2H2 from C2H4 feeds by the reaction of C2H2 semi-
hydrogenating is thought to be crucial petrochemical processes [1–5].
The most commonly used catalyst in this reaction is the supported ex-
pensive metal Pd-based catalysts because of its high catalytic activity
toward C2H4 formation [5–7]. Nevertheless, C2H2 and C2H4 are easy to
be over-hydrogenated to ethane [1,8–10]. Thus, the metal promoters
such as Au [11–13], Ag [8,14–16] or Cu [10,17–18] were added into
the Pd catalyst to improve C2H4 selectivity. Nowadays, Cu-based cata-
lysts also exhibited higher C2H4 selectivity in C2H2 semi-hydrogenation
at a high temperature (> 473 K) [18–24]. For instance, Pd-doped Cu-
based catalysts with the ratio of Cu: Pd of 50: 1 exhibits better se-
lectivity of C2H4 and its formation activity in C2H2 semi-hydrogenation
[21]. Kyriakou et al. [25] observed that the individual Pd atom doped
into Cu(1 1 1) surface presents much better C2H4 selectivity than the
pure Cu or Pd does.

The supported catalysts exhibit unusual catalytic properties and
greatly affect heterogeneous catalytic reactions [26–28]. For instance,
for the Pt NPs supported over the metal oxides with the strong metal-

support interaction [29], in which the low-coordinated active centers of
small Pt NPs exhibited better catalytic activity than the pure Pt for
water-gas shift reaction and ethanol steam reforming reaction. In
comparison with the unsupported Rh catalyst, the supported Rh/TiO2

catalyst [30] promotes the formation of CH3 species in syngas conver-
sion instead of methanol. Further, the catalytic performance of the
supported catalysts is closely related to the kinds of oxide support.
Kattel et al. [29] investigated the mechanisms of CO2 conversion by
hydrogen over the supported Pd/TiO2 and Pd/SiO2 catalysts, indicating
that TiO2 support exhibits higher activity and selectivity toward CH4

than SiO2 support. Lalik et al [31] investigated the hydrogen and
oxygen recombination reaction over the Pd-Au/SiO2 and Pd-Au/Al2O3

catalysts, indicating that SiO2 support exhibits higher catalytic activity
and stability than Al2O3 support. Compared to Al2O3, SiO2 and TiO2

supports, MgO supported Fe-Co-Ni catalyst shows better catalytic per-
formance for light olefins production in CO hydrogenation [32]. As for
methane partial oxidation, Wang et al. [33] experimentally found that
surface carbon was formed on Rh/SiO2 catalyst; in contrast, no carbon
deposition occurred on Rh/MgO catalyst, which is mainly determined
by the high stability of Rh/MgO catalyst with the stronger metal-
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support interaction.
For the metal oxide support, the properties such as crystalline phase

and oxygen vacancy also affect the catalytic performance. Firstly, for
the crystalline phase, Al2O3 has different crystalline phases due to the
different preparation methods, the physical and chemical properties of
Al2O3 changed when the crystalline phase is different [34–37].
Komhom et al. [36] experimentally found the effect of mixed phase
Al2O3 (α-, γ-, θ-) supported Pd catalysts with different α-phase content
(0, 14, 47, 64, 100%) on C2H2 semi-hydrogenation, indicating that the
proportion of α-phase reached 64%, C2H2 conversion and C2H4 se-
lectivity increased significantly; the transition phase (γ-, θ-) accounted
for about 36% increase the specific surface area, and improve the dis-
persion of Pd leading to good stability. Lambert et al. [37] experi-
mentally indicated that Pd/γ-Al2O3 catalyst reached the highest C2H4

selectivity (85%) at 200℃ in C2H2 semi-hydrogenation, but C2H2 con-
version was low (76%). For the TiO2 support, Li et al. [38] found the
strong metal-support interaction over the Pd catalyst supported by the
anatase TiO2, but not available for the Pd catalyst supported by the
rutile TiO2 at low temperature. Yang et al. [39] obtained higher se-
lectivity of C2H4 and its formation activity for C2H2 semi-hydrogenation
over the anatase TiO2 supported Pd catalyst than that over the rutile
TiO2 support. On the other hand, for the oxygen-vacancy over the metal
oxide supports, a large number of experimental studies suggested that
the presence of oxygen-vacancy affects its catalytic performance by
altering the metal-support interaction. As for CO oxidation, Wan et al.
[40] prepared a single atomic site Au supported on the oxygen-vacancy
TiO2, and found that the oxygen-vacancy not only effectively stabilize
Au atoms by forming the Ti-Au-Ti structure, but also promote the cat-
alytic activity. Yang et al. [41] found that the interaction between the
oxygen-vacancy anatase TiO2(1 0 1) and Pd4 cluster was much stronger
than that between the perfect anatase TiO2 and Pd4 cluster, as a result,
the oxygen-vacancy surface presents excellent activity for C2H2 semi-
hydrogenation to form C2H4. Liu et al. [42] found that the metal-sup-
port interaction between Ni4 and oxygen-vacancy MgO is much
stronger than that between Ni4 and perfect MgO, thus, the oxygen-va-
cancy Ni4/MgO catalyst exhibits better activity toward CH4 dissocia-
tion.

Yet, the mechanism of C2H2 semi-hydrogenation occurred over the
metal oxides supported Pd and Cu catalysts are very limited so far, the
effects of the support types, properties and metal-support interaction on
the catalytic activity and selectivity of C2H2 semi-hydrogenation are
still unclear. Thus, this work aims at elucidating the effects of the
support types and properties on the selectivity of C2H4 and its formation
activity, C2H2 semi-hydrogenation reactions over the supported Pd and
Cu catalysts with different kinds of metal oxide supports were examined
using density functional theory (DFT) calculations; then, the effect of
metal-support interaction on the catalytic performance of the supported
Pd and Cu catalysts toward C2H2 semi-hydrogenation is identified. The
results are expected to provide some information about the support
interaction for the experimental preparation of the supported catalysts
with better-performance in C2H2 semi-hydrogenation.

2. Calculation methods and models

2.1. Calculation methods

In this study, all calculations are performed using Dmol3 package
[43,44], the GGA-PBE functional is used to describe exchange-correla-
tion effects [45,46]. For the electron treatment, all electron is used for
non-metal, while ECP [47] is used for metal atoms. A double-numerical
basis with polarization functions (DNP) [48] is used for the valence
electron functions. The complete LST/QST method [49,50] is per-
formed to identify the transition states (TS). Meanwhile, TS confirma-
tion together with frequency analysis is chosen to confirm the TS
structure.

On the other hand, extensive researches [21,51,52] have

demonstrated that the reaction conditions such as high temperature and
high ratio of H2/C2H2 can inhibit C2H2 polymerization to form green
oil. Moreover, C2H2 semi-hydrogenation over Cu-based catalysts re-
quires higher temperature [20,22]. Further, this study focuses on in-
vestigating the effects of the support types and properties on the ac-
tivity and selectivity of the supported Pd and Cu catalysts in C2H2 semi-
hydrogenation. Taking above analysis into consideration, the high H2/
C2H2 ratio and temperature are set to be 10 and 520 K is set to ignore
the effect of C2H2 polymerization, and this work only examined C2H2

semi-hydrogenation on the supported Pd and Cu catalysts. Considering
the realistic reaction conditions, H2, C2H2 and C2H4 partial pressures
are set to be 0.1, 0.01 and 0.89, respectively [23,24].

The adsorption free energies (Gads) are defined using the following
equation:

= + + + +G E G E G E G( )ads total total adsorbate adsorbate catalyst catalyst (1)

where Etotal, Eadsorbate and Ecatalyst represent the energies of the system
after adsorption, the adsorbent in the gas state and the supported cat-
alyst, respectively. Gtotal, Gadsorbate and Gcatalyst correspond to the Gibbs
free energies at 520 K.

The interaction energies between the metal and the support, Eint, are
calculated as follows:

=E E E E(total) (metal') (support')int (2)

where the E(metal′) denotes the total energy of Pd or Cu clusters sup-
ported on different supports, and the E(support′) represents the total
energy of deformed support obtained after Pd or Cu cluster adsorption.

The activation free energy (ΔGa) and reaction free energy (ΔG) are
calculated on the basis of following equations:

= + +G E G E G( ) ( )a TS TS R R (3)

= + +G E G E G( ) ( )P P R R (4)

where ER, ETS, and EP correspond to the energies of reactants, transition
states and products, respectively; the corresponding Gibbs free energies
are represented by GR, GTS and GP, respectively.

2.2. Computational models

In this study, the moderate size Pd38(Cu38) cluster is used as the
active component of the supported catalysts, the outer shell Pd(Cu)
atoms of Pd38(Cu38) cluster has 6 and 9 coordination numbers, which
present the characteristics of (1 1 1) and (1 0 0) facets [53,54]; More-
over, previous research work [55,56] found that the effect of two layers
atoms at the bottom of Pd38(Cu38) cluster on the adsorption and cata-
lytic performance is not obvious. Thus, the half-part structure
Pd19(Cu19) cluster is used to represent Pd(Cu) active component sup-
ported over the metal oxide. The Pd19(Cu19) cluster not only exhibits
the structural characteristics of both Pd38(Cu38) cluster and Pd(1 1 1)
(Cu(1 1 1)) surface, but also reduces the calculation time.

2.2.1. The supported Pd catalysts
For the supported Pd catalyst, four types of support widely used in

C2H2 semi-hydrogenation, rutile TiO2, anatase TiO2, MgO and α-Al2O3,
are considered. For the rutile and anatase TiO2, previous studies
[40,41] demonstrated that the presence of oxygen-oxygen significantly
improve the metal-support interaction, which is favorable to enhance
the stability and catalytic performance of the supported catalysts. Thus,
the oxygen-vacancy rutile and anatase are used, which is denoted as
TiO2(1 1 0)-R-Ov and TiO2(1 0 1)-A-Ov, respectively. TiO2(1 1 0)-R-Ov

surface is composed of a p(4× 2) supercell with six-layers, the atoms in
the bottom three layers are frozen. TiO2(1 0 1)-A-Ov surface is com-
posed of a twelve atomic layers p(2× 3) suprtcell with four Ti atomic
layers and eight O atomic layers), the uppermost six layers is relaxed
during calculations. For the TiO2 support, the oxygen-vacancy surface is
formed by the removal of a bridge oxygen atom from the perfect TiO2
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surface.
α-Al2O3(0 0 0 1) surface is composed of a four-layers p(3× 3) su-

percell, the bottom one layer was frozen in the bulk positions. MgO
(1 0 0) surface is composed of a p(4× 5) supercell with three atomic
layers, the oxygen-vacancy MgO surface is formed by the removal of
one oxygen atom from the perfect surface; the bottom one layer is fixed.

For these metal oxide surfaces, the thickness of the vacuum layer is
12 Ǻ. Fig. 1 shows the top-view and side-view of the supported Pd
catalysts.

2.2.2. The supported Cu catalysts
For the supported Cu catalyst, two commonly used supports, γ-

Al2O3 and MgO, are employed. For γ-Al2O3, the mainly exposed (1 0 0)
is more easily dehydrated than the (1 1 0) surface [57]; C2H2 semi-hy-
drogenation on Cu-based catalysts operates at a higher temperature
(> 460 K) [20,22], which is in favor of the formation of dehydrated
surface; thus, the dehydrated γ-Al2O3(1 0 0) surface is selected. γ-
Al2O3(1 0 0) surface is composed of an eight-layer p(3× 2) supercell
with the bottom three layers of atoms fixed. MgO (1 0 0) surface is
consisted of a three-layer p(4× 5) supercell, the bottom one layer is
fixed, and the vacuum layer is 12 Ǻ. The optimized structures of dif-
ferent supported Cu catalysts are shown in Fig. 2.

3. Results and discussion

3.1. Evaluation parameter of C2H4 selectivity

C2H4 feedstock contains a trace amount of C2H2 (< 1%) and large
amount of C2H4 (> 89%). [52]. Therefore, only when C2H2 has

stronger adsorption ability than C2H4, C2H2 impurities can be effec-
tively removed from C2H4 feedstock. Consequently, the ability of C2H2

and C2H4 adsorption on the supported Pd and Cu catalysts are firstly
considered (Table 1), Fig. 3 presents the adsorption free energies of
C2H2 and C2H4, suggesting that C2H2 has stronger adsorption ability
than C2H4 on all supported catalysts at 520 K, namely, a small quan-
tities of C2H2 in large amount of C2H4 prefers to be adsorbed over the
catalyst surface, which promotes C2H2 semi-hydrogenation.

For C2H2 semi-hydrogenation, a lot of the theoretical work only
considered the effect of C2H4 intermediate route on C2H4 selectivity so

Fig. 1. Top view and side view of the supported Pd catalysts, (a) Pd19/
TiO2(1 1 0)-R-Ov, (b) Pd19/TiO2(1 0 1)-A-Ov, (c) Pd19/α-Al2O3(0 0 0 1) and (d)
Pd19/MgO(1 0 0)-Ov.

Fig. 2. Top view and side view of the supported Cu catalysts (a) Cu19/γ-
Al2O3(1 0 0), (b)Cu19/MgO(1 0 0)-Ov.

Table 1
Adsorption free energies of C2Hx (x=2–5) species over different supported Pd
and Cu catalysts at 520 K.

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

C2H2 C2H3 C2H4 CHCH3 C2H5

Pd19/TiO2(1 1 0)-R-Ov −178.6 −195.0 −54.9 −308.1 −127.2
Pd19/TiO2(1 0 1)-A-Ov −139.1 −229.5 −73.8 −312.2 −98.6
Pd19/α-Al2O3(0 0 0 1) −201.0 −192.3 −63.6 −292.3 −97.8
Pd19/MgO(1 0 0)-Ov −178.8 −193.7 −57.1 −301.2 −136.8
Cu19/γ-Al2O3(1 0 0) −206.2 −253.0 −75.1 −359.5 −199.9
Cu19/MgO(1 0 0)-Ov −141.8 −244.4 −60.5 −325.9 −157.4

Fig. 3. The adsorption free energies of C2H2 and C2H4 over different supported
Pd and Cu catalysts at 520 K.
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far [41,58–59]. For example, as Xu et al. [59] reported, the selectivity
of C2H4 can be defined by calculating the energy difference between
C2H4 hydrogenation and its desorption, but CHCH3 intermediate route
was not examined. As a matter of fact, the selectivity of C2H4 can be
affected by CHCH3 intermediate route. As a result, in our work, C2H4
desorption, C2H4 intermediate and CHCH3 intermediate routes of C2H2

semi-hydrogenation are investigated (see Fig. 4). Further, if the cata-
lysts could promote C2H4 desorption route and inhibit the routes via
C2H4 and CHCH3 intermediates, the catalysts would be effective for the
removal of C2H2 impurities.

This study firstly investigate the priority of C2H4 desorption and its
hydrogenation, when C2H4 was easier to desorption rather than its
hydrogenation to C2H5, the catalyst shows better selectivity of C2H4,
which was defined as the energy difference by C2H4 hydrogenation
barrier subtracting the absolute value of C2H4 adsorption energy, see
the Eq. (5) [59]:

=G G G| |sel a ads (5)

where ΔGa and Gads are C2H4 hydrogenation barrier and its adsorption
energy, respectively.

On the other hand, when C2H4 desorption route was easier than its
hydrogenation, the effect of CHCH3 intermediate route on the se-
lectivity of C2H4 needs to be further examined; moreover, when the
overall barrier of CHCH3 intermediate route is lower than that of C2H4

intermediate route, the value of C2H4 selectivity was defined as the
overall free barrier difference between CHCH3 intermediate and C2H4

desorption routes with respect to the C2H3+H species, which was
calculated using the Eq. (6):

=G G G(CHCH intermediate) (C H desorption)sel a 3 a 2 4 (6)

where ΔGa(CHCH3 intermediate) and ΔGa(C2H4 desorption) are the
overall free barriers of CHCH3 intermediate and C2H4 adsorption routes
with respect to the C2H3+H species, respectively. The more positive
and larger values of Gsel means that the catalysts shows better se-
lectivity of C2H4, namely, C2H4 desorption route prefers to occur in-
stead of other two routes.

3.2. C2H2 semi-hydrogenation on the supported Pd catalysts

On the Pd19/TiO2(1 1 0)-R-Ov (Fig. 5(a)), C2H4 desorption is more
preferred over its hydrogenation (54.9 vs. 107.4 kJ·mol−1); meanwhile,
starting from C2H3+H species, C2H4 desorption route prefers to occur
in kinetics instead of CHCH3 intermediate route (104.1 vs.
155.4 kJ·mol−1); thus, the gaseous C2H4 is dominant product with the
corresponding selectivity value Gsel of 52.5 kJ·mol−1. Similarly, on the
Pd19/TiO2(1 0 1)-A-Ov (Fig. 5(b)), C2H4 desorption route to form gas
phase C2H4 is still dominant with the selectivity value of
127.8 kJ·mol−1.

For the Pd19/α-Al2O3(0 0 0 1) (Fig. 5(c)), C2H4 desorption is much
easier in kinetics than its hydrogenation (63.6 vs. 184.6 kJ·mol−1),
however, CHCH3 intermediate route to form ethane is more favorable
in kinetics than C2H4 desorption route (248.9 vs. 288.9 kJ·mol−1),
suggesting that the Pd19/α-Al2O3(0 0 0 1) catalyst exhibits low se-
lectivity of C2H4 (−40.0 kJ·mol−1). For the Pd19/MgO(1 0 0)-Ov

(Fig. 5(d)), C2H4 desorption route is preferred in kinetics over its hy-
drogenation (57.1 vs. 213.5 kJ·mol−1), however, the overall free barrier
of CHCH3 intermediate route is higher by 9.5 kJ·mol−1 than that of
C2H4 desorption route (257.3 vs. 247.8 kJ·mol−1), thus, C2H4 deso-
rption route is competitive with CHCH3 intermediate route, the catalyst
exhibits weak selectivity of C2H4 (9.5 kJ·mol−1).

For the unsupported Pd38 cluster (Fig. S2), C2H4 over-hydrogenation
to ethane easily occur with the selectivity value Gsel of −73.1 kJ·mol−1,
namely, the unsupported Pd38 cluster exhibits very poor C2H4 se-
lectivity.

In general, in comparison with the unsupported Pd38 cluster, the
support of the supported Pd catalysts obviously improve the selectivity
of C2H4 (−73.1 vs. 52.5, 127.8, −40.0 and 9.5 kJ·mol−1) over the
Pd19/TiO2(1 1 0)-R-Ov, Pd19/TiO2(1 0 1)-A-Ov, Pd19/α-Al2O3(0 0 0 1)
and Pd19/MgO(1 0 0)-Ov catalysts, which depend on the types of the
used support. Especially, the anatase and rutile TiO2 supports thor-
oughly improve the selectivity of C2H4 (127.8 and 52.5 kJ·mol−1),
whereas the α-Al2O3 and MgO supports still lead to the formation of
ethane due to the occurrence of CHCH3 intermediate route with poor
C2H4 selectivity.

3.3. C2H2 semi-hydrogenation on the supported Cu catalysts

On the Cu19/γ-Al2O3(1 0 0) (Fig. 6(a)), C2H4 desorption is more
preferred in kinetics over its hydrogenation (75.1 vs. 182.9 kJ·mol−1).
However, starting from the C2H3+H species, CHCH3 intermediate
route is much preferred in kinetics over C2H4 desorption route (68.4 vs.
111.8 kJ·mol−1). Thus, CHCH3 intermediate route to form ethane be-
comes dominant, which corresponds to the selectivity value Gsel of
−43.4 kJ·mol−1. For the Cu19/MgO(1 0 0)-Ov (Fig. 6(b)), C2H4 deso-
rption route becomes dominant corresponding to the selectivity value
Gsel of 101.3 kJ·mol−1. Further, for the unsupported Cu38 cluster (Fig.
S3), C2H4 hydrogenation to C2H5 is superior to C2H4 desorption in ki-
netics (73.7 vs. 95.6 kJ·mol−1), suggesting that the unsupported Cu38
cluster is easily over-hydrogenated to form ethane, and exhibits poor
selectivity of C2H4 (−21.9 kJ·mol−1).

As mentioned above, in comparison with the unsupported Cu38
cluster, γ-Al2O3 support decreased C2H4 selectivity (−43.4 vs.
−21.9 kJ·mol−1), whereas the oxygen-vacancy MgO support sig-
nificantly improve C2H4 selectivity (101.3 vs. −21.9 kJ·mol−1). Thus,
the types of support also affect C2H4 selectivity over the supported Cu
catalysts.

3.4. General discussion

Based on above analysis, the supported Pd and Cu catalysts with
better selectivity of C2H4 have been obtained, subsequently, the for-
mation activity of C2H4 is described by calculating the rate of C2H2

semi-hydrogenation to C2H4, in which the proposed two-step model in

Fig. 4. The possible reaction routes of C2H2 semi-hydrogenation.
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the studies of Hu et al. [60–62] is employed (see details in the
Supplementary Material). Table 2 lists the rates of C2H4 formation over
the supported Pd and Cu catalysts with better C2H4 selectivity.

3.4.1. Effects of support types and properties on the selectivity and activity
For the supported Pd catalysts (see Fig. 7 and Table 2), the selectivity of

C2H4 formation (Gsel/kJ·mol−1) over the supported Pd catalysts follows the
order: Pd38(−73.1) < Pd19/α-Al2O3(0 0 0 1)(−40.0) < Pd19/MgO(1 0 0)
-Ov(9.5) < Pd19/TiO2(1 1 0)-R-Ov(52.5) < Pd19/TiO2(1 01)-A-Ov(127.8);
The rate (r/s−1∙site−1) corresponding to C2H4 formation follows the order:
Pd19/MgO(1 0 0)-Ov(4.03×10−12) < Pd38(8.71×10−2) < Pd19/TiO2
(1 1 0)-R-Ov(6.16×100) < Pd19/TiO2(1 0 1)-A-Ov(6.19×105). Thus,
compared to the unsupported Pd catalyst, the supports of α-Al2O3 and

oxygen-vacancy MgO still show poor C2H4 selectivity and lower C2H4 for-
mation activity, whereas the oxygen-vacancy anatase and rutile TiO2 sup-
ports exhibit higher selectivity of C2H4 and its formation activity.

For the supported Cu catalysts (see Fig. 7 and Table 2), the se-
lectivity of C2H4 follows the order: Cu19/γ-Al2O3(1 0 0)
(−43.4) < Cu38(−21.9) < Cu19/MgO(1 0 0)-Ov(101.3); and the se-
quence of reaction rate (r/s−1∙site−1) is: Cu19/MgO(1 0 0)-
Ov(6.87×10−5) < Cu38(1.79×10−3).

As mentioned above, the selectivity of C2H4 and its formation ac-
tivity in C2H2 semi-hydrogenation on the supported Cu and Pd catalysts
depend on the types of the support. Meanwhile, the supported Pd cat-
alyst is more favorable to improve the selectivity of C2H4 than the
supported Cu catalyst, namely, the newly-efficient Pd-based catalysts

Fig. 5. Free energy profiles of three routes involving in C2H2 semi-hydrogenation on the supported Pd catalysts. (a) Pd19/TiO2(1 1 0)-R-Ov, (b) Pd19/TiO2(1 0 1)-A-Ov,
(c) Pd19/α-Al2O3(0 0 0 1) and (d) Pd19/MgO(1 0 0)-Ov together with the structures of ISs, TSs and FSs.
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should focus on the supported Pd-based catalyst instead of the sup-
ported Cu-based catalysts. Further, the oxygen-vacancy anatase TiO2

support exhibits higher selectivity of C2H4 and its formation activity
than the oxygen-vacancy rutile TiO2. Experimental observations by
Kontapakdee et al. [63] also found that the Pd/TiO2-anatase exhibited
higher C2H2 conversion and C2H4 selectivity than the rutile TiO2 sup-
ported ones, and the oxygen-vacancy surface has better activity for
C2H2 semi-hydrogenation than the perfect surface. Thus, the support
properties such as the crystalline phase and surface oxygen-vacancy
affect the catalytic performance of the supported catalysts.

3.4.2. Effects of metal-support interaction on the selectivity and activity
In order to clarify the effects of support types and properties on the

catalytic activity and selectivity in C2H2 semi-hydrogenation, the in-
teraction and charge distribution between the metal composition and
the support were further calculated for the supported Pd and Cu cata-
lysts.

As shown in Table 3, the interaction energies (kJ·mol−1) between

Pd19 cluster and different supports follows the order: Pd19/TiO2(1 1 0)-
R-Ov(−670.0) < Pd19/α-Al2O3(0 0 0 1)(−768.5) < Pd19/MgO
(1 0 0)-Ov(−901.8) < Pd19/TiO2(1 0 1)-A-Ov(−1007.4), the metal-
support interaction between Pd19 cluster and the oxygen-vacancy
anatase TiO2 support is much stronger than that the other supported Pd
catalysts, thus, Pd19/TiO2(1 0 1)-A-Ov catalyst presents higher C2H4

selectivity and its formation activity. Moreover the average charge of
Pd atom on Pd19/TiO2(1 0 1)-A-Ov catalyst is −0.159 e, which is more
negative than those (−0.154 e, −0.149 e and −0.150 e) on the other
supported Pd catalysts, suggesting that for the supported Pd catalyst,
the stronger metal-support interaction can enhance the selectivity of
C2H4 and its formation activity.

For the supported Cu catalysts, the interaction energies (kJ·mol−1)
between Cu19 cluster and different supports follows the order of Cu19/γ-
Al2O3(−695.5) < Cu19/MgO(1 0 0)-Ov(−725.3), the average charge
of Cu atom on Cu19/MgO(1 0 0)-Ov catalyst is also more negative than
that on Cu19/γ-Al2O3 catalyst (−0.240 e vs. −0.095 e), as a result,
Cu19/MgO(1 0 0)-Ov catalyst exhibits higher C2H4 selectivity and its
formation activity than Cu19/γ-Al2O3 catalyst.

In general, the stronger metal-support interaction in the supported
Pd and Cu catalysts is in favor of enhancing the selectivity of C2H4 and
its formation activity. Moreover, the interaction between the support
and Pd is much stronger than that between the support and Cu. Thus, in
comparison with the supported Cu catalyst, the supported Pd catalyst,
especially Pd19/TiO2(1 0 1)-A-Ov, is the best candidate catalyst in C2H2

semi-hydrogenation.

3.4.3. The analysis of electronic structure
As mentioned above, the supported Pd catalyst is more suitable to

form gaseous C2H4 in C2H2 semi-hydrogenation, the local density of
states (pDOS) for the Pd atom of the supported Pd catalysts were cal-
culated. As shown in Fig. 8(a–c), d-band center of different supported
Pd catalysts follows the sequence of Pd19/TiO2(1 0 1)-A-
Ov(−2.55) < Pd19/TiO2(1 1 0)−R-Ov(−1.81) < Pd19/MgO(1 0 0)-
Ov(−1.55). Among them, the d-band center for the Pd atoms of Pd19/
TiO2(1 0 1)-A-Ov and Pd19/TiO2(1 1 0)-R-Ov catalysts tends to stay
away from the Fermi level than that of Pd19/MgO(1 0 0)-Ov catalyst,
especially, Pd19/TiO2(1 0 1)-A-Ov. Thus, for the supported Pd catalysts,
the support types and properties alter the d-orbital distribution of active
component metal, and therefore affect the adsorption and activation
process of the species on the catalysts, and further regulate the se-
lectivity of C2H4 and its formation activity for C2H2 semi-hydrogena-
tion. The oxygen-vacancy anatase TiO2 support increase the distance
between the d-band center of active Pd atom and the Fermi level, re-
sulting in the highest activity.

4. Conclusions

This work aims at identifying the functions of the support types,
properties and metal-support interaction in affecting the selectivity of
C2H4 and its formation activity for C2H2 semi-hydrogenation; different
supported Pd and Cu catalysts are examined. The results show that the
support types affect the selectivity of C2H4 and its formation activity;
for the supported Pd catalysts, both α-Al2O3 and oxygen-vacancy MgO
supports present low C2H4 selectivity and its formation activity, while
the oxygen-vacancy anatase and rutile TiO2 supports show better se-
lectivity of C2H4 and its formation activity. For the supported Cu cat-
alysts, γ-Al2O3 support shows lower C2H4 selectivity in contrast to the
unsupported Cu catalyst, whereas the oxygen-vacancy MgO support
effectively enhances the selectivity of C2H4 but reduced its formation
activity. On the other hand, the support properties such as crystalline
phase and oxygen-vacancy affect the selectivity of C2H4 and its for-
mation activity; the anatase TiO2 support exhibits better catalytic

Fig. 5. (continued)
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Fig. 6. Free energy profiles of three routes involving in C2H2 semi-hydrogenation on (a) Cu19/γ-Al2O3(1 0 0) and (b) Cu19/MgO(1 0 0)-Ov together with the structures
of ISs, TSs and FSs.
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performance toward C2H4 formation than the rutile phase, moreover,
the surface oxygen-vacancy significantly enhance the selectivity of
C2H4 and its formation activity. Further, the supported Pd catalysts
exhibit better catalytic performance than the supported Cu catalysts,
which is attributed to that the metal-support interaction of the sup-
ported Pd catalysts was much stronger than that of the supported Cu
catalysts. Thus, the supported Pd catalyst, especially Pd19/TiO2(1 0 1)-
A-Ov catalyst, is the promising catalyst for C2H2 semi- hydrogenation.
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