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Abstract

C,H, semi-hydrogenation has been widely applied in industry to eliminate trace C,H, from C,H, feed. C;H, semi-hydrogenation to C;H4 on
a series of the newly designed catalysts, graphdiyne (GDY) as a new carbon allotrope supported different sizes of Pd,M, clusters (Pd,M,/GDY,
M = Cu, Ag, Au, Ni; x+y = 1-3), were studied using DFT calculations. The results found that C,H, semi-hydrogenation to C,H, on Pd,M,/
GDY catalysts exhibits that both the activity and selectivity greatly depend on the composition and size of Pd,M,/GDY catalysts. Surprisingly,
our results for the first time discovered the Pd;/GDY catalyst with GDY supported the single atom Pd that presents the best selectivity and
activity toward C,H, formation compared to the previously reported catalysts so far in C,H, semi-hydrogenation. This study would provide a
theoretical clue for designing and screening out the potential catalysts with GDY supported small sizes of Pd,M, and other metal clusters in
C,H, hydrogenation.
© 2020, Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-
cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

C,H, semi-hydrogenation to C,H, is a commonly used
method to remove small quantity of C,H, impurities in C,Hy-
rich stream, in which C,H, acts as an impurity that poisons the
catalysts used subsequently for the polymerization of ethylene
[1-3]. In C,H, semi-hydrogenation, the most effective catalyst
was found to be Pd-based catalysts owing to high C,H, con-
version occurred at low temperature, however, C,H,
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selectivity still needs to be improved because of C,H, over-
hydrogenation to ethane [4-6]. Thus, the development of Pd-
based catalysts with high selectivity and activity in C,H, semi-
hydrogenation is still highly expected.

Nowadays, in order to effectively utilize the active com-
ponents of the catalyst, the metal catalyst is usually dispersed
on the support with high specific surface area. However, only a
small part of surface metal atoms participate in the catalytic
reaction and the atom utilization rate is low. Thus, small size
of supported metal clusters have been reported due to high
atom utilization and more unique -catalytic performance,
however, the particle size in the subnanometer range is sen-
sitive to its structure with particular electronic properties. For
example, Liu et al. [7] theoretically found that the size of Pd,
clusters affects H, dissociation activity on
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Pd,(n = 4,6,13,19,55) clusters. Mercedes et al. [8] calculated
the LUMO and HOMO orbitals of Au;~Ausg clusters, and
predicted that Au;, Auz and Ausg have the best activity. Zhang
et al. [9] prepared the atomically dispersed Pt; clusters
anchored over the core—shell nanodiamond @ graphene, which
presented excellent catalytic performance for n-butane direct
dehydrogenation at a temperature as low as 450 °C. On the
other hand, for C,H, semi-hydrogenation, Gluhoi et al. [10]
observed that when Au particle size was less than 3 nm, Au/
Al,O5 showed high C,H, conversion and C,H, selectivity.
Abdollahi et al. [11] found that Pd, cluster have higher activity
than Pd,, cluster, indicating that Pd, cluster is more suitable.
Density functional theory (DFT) studies by Xiao et al. [12]
found that H, adsorption capacity on the graphene supported
Pd,(n = 1-5) clusters was stronger than that on Pd (111)
surface. Huang et al. [13] prepared single atom Cu catalyst
supported by the nanodiamond-graphene, C,H, conversion is
95%, C,H, selectivity is 98%, and the catalyst has good sta-
bility. Shi et al. [14] experimentally synthesized Cu single
atom and nanoparticles corresponding to the sizes of about
3.4, 7.3 and 9.3 nm over Al,O; support using atomic layer
deposition, indicating that a size decrease of Cu nanoparticle
obviously reduces the activity of C;H, semi-hydrogenation but
gradually improves both C,H, selectivity and durability. The
experiments by Huang et al. [15] prepared Pd;/ND@G cata-
lyst with the atomically dispersed Pd over a defective nano-
diamond-graphene (ND@G), which showed significantly high
C,H, selectivity (90%) and C,H, conversion (100%) in C,H,
semi-hydrogenation. Thus, the studies on small size of metal
cluster presenting particular active sites are of great signifi-
cance in C,H, semi-hydrogenation.

Recently, graphdiyne (GDY), a new allotrope carbon ma-
terial including C atoms with sp and sp® hybrid, has attracted
broad attentions [16—21]. The C atoms of GDY show a t—Tt
conjugate system, which is highly delocalized in the whole
planar framework [16,22,23]. Moreover, in comparison with
grapheme, GDY has a unique pore structure to provide
abundant adsorption site and more open storage space for
molecular adsorption. As shown in Fig. 1, the basic geometry
of GDY is 6-membered ring (6 MR) and 18-membered ring
(18 MR). The 18 MR structure provides a natural framework
for anchoring metal clusters through a strong metal carbon
covalent bond, thus forming a stable and isolated structure. For

example, Lu et al. [24] systematically examined the adsorption
of single atom Pd, Pt, Rh or Ir on the GDY, and found that the
single atom was favorable for embedding into 18 MR of GDY
and combining with four carbon atoms. The adsorption and
diffusion behavior of Au, Cu, Fe, Ni or Pt atoms on the GDY
were also researched by Lin et al. [25] using theoretical
calculation, and found that the metal atoms have good thermal
stability and very small overflow rate on the GDY even at
900 K. Chen et al. [26] studied CO oxidation reaction on the
GDY supported Agzg cluster, which showed the excellent
performance due to the unique combination of the cluster and
GDY.

Further, the metal atoms and clusters supported by GDY are
also ideal catalysts, which have been widely applied for the
hydrogenation reaction of unsaturated hydrocarbons. For
example, Xing et al. [27] investigated C,H, semi-hydrogena-
tion over the catalysts with the cluster MyN3_, (M, N]Ru, Os)
supported by GDY, indicating that three atom metal clusters
can be firmly anchored on the 18 MR of GDY, and effectively
catalyze C,H, semi-hydrogenation to produce C,Hy; the
synergistic effect between the metal cluster and GDY as a
charge buffer contributes to the improvement of catalytic
performance. However, up to now, few studies about C,H,
semi-hydrogenation focus on the catalysts with GDY sup-
ported small size of metal clusters Pd,M,, meanwhile, the
effects of cluster composition and size on the activity and
selectivity are still unknown, which would provide an open
space for designing highly-efficient GDY supported Pd-based
catalyst in C,H, semi-hydrogenation. Moreover, previous
studies [28] showed that a Group IB metal (Cu, Ag or Au)
doped into Pd to form Pd-based bimetallic alloys can well
improve C,H, selectivity in C,H, semi-hydrogenation;
meanwhile, Abdollahi et al. [29] theoretically demonstrated
that among the Ni,(n = 2—10) nanoclusters, Nig nanocluster
could be used as a suitable catalyst in C,H, semi-hydroge-
nation. Wongwaranon et al. [30] experimentally observed that
C,H, selectivity was improved on the Pd/Ni-modified a-Al,O3
catalysts in the presence of Ni atoms. Jin et al. [31] experi-
mentally claimed that PdNi catalyst possessed high selectivity
and stability for C,H, semi-hydrogenation. Thus, the bime-
tallic PAM(M = Cu, Ag, Au, Ni) catalysts can be well applied
in C,H, semi-hydrogenation to improve its catalytic
performance.

(b)

Fig. 1. The optimized structures for the protocell (a) and the supercell (b) of GDY.
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In this study, a large number of Pd,M,/GDY catalysts using
GDY supported different sizes of Pd,M, (M = Cu,Ag,Au,Ni;
x+y = 1-3) bimetallic clusters have been for the first time
designed; Then, the underlying mechanism of the hydroge-
nation process of C,H, on the Pd,M,/GDY catalysts were
fully investigated using DFT calculations, the obtained results
were expected to illustrate the effects of cluster composition
and size in the Pd,M,/GDY catalysts on the activity and
selectivity of C,H, formation. This study would provide a
good clue for designing and screening out the potential cata-
lysts with GDY supported small sizes of PdM, clusters and
other metal clusters in C;H, hydrogenation process.

2. Computational Methods and Models
2.1. Detailed methods

Dmol® code [32,33] in Materials Studio 8.0 were carried
out for the performance of all DFT calculations. The ex-
change-correlation functional PBE with generalized gradient
approximation (GGA) [34,35] was used. The double-numeric
polarized (DNP) basis set was used to expand valence electron
functions [36,37]. The van der Waals correction (DFT-D) [38]
method was used to correct the weak adsorption free energy
underestimated by the GGA functional. The all electron and
effective core potential (ECP) basis set were used to treat the
non-metal atoms and the inner electrons of metal atoms,
respectively [39,40]. The k-point 4 x 4 x 1 was considered
together with a smearing of 0.005 Ha for all calculations. The
complete LST/QST techniques were used to obtain transition
state of an elementary step [41,42], which was confirmed by
the methods of Frequency analysis and TS confirmation
implemented in Dmol® code.

A lots of researches showed that the type of active metals
[43], the temperature [44] and the H,/C,H, ratio [45-48] in
C,H, semi-hydrogenation can all obviously affect the forma-
tion of green oil over Pd-based catalyst, suggesting that the
high temperature and high H,/C,H, ratio can prevent “green
oil” formation leading to the deactivation of polymerization
catalysts [6,49,50]. This study only focus on the investigations
about the effect of the types of active metals including the
metal cluster composition and size on the activity and selec-
tivity of C,H, hydrogenation process, as a result, the effect of
green oil formation on the activity and selectivity of C,H,
hydrogenation process are expected to be ignored, a high
temperature of 425 K and a high H,: C,H, ratio of 10 corre-
sponding to C,H,, C,H, and H, partial pressures of 0.89, 0.01
and 0.1 atm were performed. Thus, all energies in the process
of adsorption and reaction were the values at 425 K in this
study (see details in the Supplementary Material).

2.2. The models of Pd.M,/GDY catalysts

For the protocell of GDY, see Fig. 1, the C—C bond length
on the 6 MR is 1.430 A, the C—C and CC bond lengths on the
18 MR are 1.390 and 1.232 A, respectively, which agree with
the reported values of 1.430, 1.390 and 1.240 A [24,51]. For

the supercell of GDY, a single-layer p (2 x 2) structure with a
30 A vacuum thickness was constructed, and the lattice con-
stant obtained through structure optimization is 18.880 A.
During the calculations, the edge C atoms of GDY denoted as
the red balls in Fig. 1(b) were fixed; the C atoms of two 18 MR
were fully relaxed.

For Pd,M,/GDY catalysts, as shown in Fig. 2, five types of
single metal catalysts, Pd, Cu, Ag, Au and Ni, are used to form
metal clusters with the atom numbers of one, two and three,
respectively; four types of bimetallic catalysts, Cu, Ag, Au, Ni
alloyed with Pd to form Pd,M, bimetallic clusters with the
atom numbers of two and three, respectively. As a result, there
are twenty-seven kinds of Pd,M,/GDY catalysts, named as
Pd,/GDY, Pd,/GDY, Pd;/GDY, Cu,/GDY, Cu,/GDY, Cu;3/GDY,
Pd[CU[/GDY, Pd]CUz/GDY, szCU.]/GDY, Agl/GDY, Agz/
GDY, Ags;/GDY, Pd,Ag,/GDY, Pd,Ag,/GDY, Pd,Ag,/GDY,
Au,/GDY, Au,/GDY, Aus/GDY, Pd;Au,/GDY, Pd;Au,/GDY,
Pd,Au,/GDY, Ni,/GDY, Niy/GDY, Niz/GDY, Pd;Ni,/GDY,
Pd;Ni,/GDY and Pd,Ni;/GDY, respectively. Further, the
interaction between PdM, cluster and GDY is calculated
[52,53] (see details in Table S1).

3. Results and discussion
3.1. Possible routes of C,H, semi-hydrogenation

C,H, semi-hydrogenation follows the continuous hydro-
genation of hydrocarbons [54]. Hydrogenation of C,H, may
occur by three routes [55-58], as presented in Fig. 3, the first is
that C,H,(ad) is successively hydrogenated to form C,H,(ad)
via C,Hj3(ad) intermediate, then, C,Hy(ad) desorb from the
catalyst surface, which is the desired route for Co;H, semi-
hydrogenation defined as C,H, desorption route. The latter
two is that C,H,(ad) hydrogenation via the common C,H;(ad)
intermediate produces C,Hy(ad) or CHCHjz(ad), which could
be further hydrogenated to form ethane via C,Hs(ad) inter-
mediate; these two routes, called as C,H,4 hydrogenation route
and CHCH; hydrogenation route, are expected to be sup-
pressed to facilitate the semi-hydrogenation of C,H, to form
C2H4.

For Pd,M,/GDY catalysts, to identify whether C,H,
desorption route prefers to occur in C,H, semi-hydrogenation,
firstly, it is necessary to calculate the priority between C,Hy
desorption and its hydrogenation, if C,H, desorption is more
favored than C,H, hydrogenation, namely, C,H, desorption
route is superior to C,H,4 hydrogenation route; Then, judging
whether C,H, desorption route also prefers to occur compared
to CHCH3; hydrogenation route. Based on above two aspects
of analysis, we can confirm the catalysts with better C,H,
selectivity, on which C,H, desorption route is the dominant
among three routes.

3.2. The stable configurations of adsorbed C,H, and
C,H, species

C,H, feed produced by steam-cracking process is known to
contain about 0.1-1% of C,H, [59], only when C,H,
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Fig. 2. The optimized structures of Pd,M,/GDY (M = Cu, Ag, Au, Ni; x+y = 1-3) catalysts.

adsorption is stronger than C,H, adsorption over the catalysts,
the removal of trace C,H, in C,Hy-rich feed gas could be
achieved on the catalysts. The intuitional comparison between
C,H,4 and C,H, adsorption energies on Pd,M,/GDY catalysts
is shown in Fig. 4 (see details in Table S2 and Fig. S1). For H,
C,H;, CHCHj; and C,Hj5 species, Fig. S2 and Table S3 give
out the adsorption energies and stable configurations on above
Pd,M,/GDY catalysts.

o
N
)

Desorption
—H 5 O Hyad) ——05 C,H ()

Adsorption

CHyad) s cyad) s CHad)  +H

>czﬂs(ad)

Fig. 3. Three possible routes of C,H, semi-hydrogenation: C,H, desorption
route to form gaseous C,H,, Co,H, hydrogenation route and CHCHj; hydro-
genation route to produce C,Hs. Both (ad) and (g) stand for the adsorbed and
gaseous states, respectively.

L *H 5 CHCH,(ad)

For Pd,M,/GDY catalysts, Ag;/GDY is seriously deformed
and unstable when the C,H, or C,H, species were adsorbed.
On the Ag,/GDY and Niz/GDY, C,H, is not effectively
adsorbed due to the weak physisoption (4.9 and 8.7 kJ mol ).
On the Ag,/GDY, Au,/GDY and Pd;Au,/GDY, the adsorption
ability of C,H, and C,H, species are close (26.9 and
222 kJ mol™', 1254 and 1299 kJ mol', 552 and
53.9 kJ mol™ "), namely, trace C,H, in C,Hy-rich stream
cannot be sufficiently adsorbed. However, as listed in Table
S2, C,H; has stronger adsorption ability than C,H,4 on twenty-
one kinds of Pd,M,/GDY catalysts, including Pd,/GDY, Pd,/
GDY, Pds/GDY, Cu,;/GDY, Cu,/GDY, Cus/GDY, Pd,Cu,/GDY,
PdlCuz/ GDY, PdZCu 1/ GDY, Pd1 AgI/ GDY, Pd 1Ag2/ GDY,
Pd,Ag,/GDY, Au,/GDY, Aui/GDY, Pd;Au,/GDY, Pd,Au,/
GDY, Ni;/GDY, Ni,/GDY, Pd;Ni;/GDY, Pd;Ni,/GDY and
Pd,Ni,/GDY, namely, trace C,H, to participate into the sub-
sequent hydrogenation reaction can be sufficiently adsorbed in
C,Hy-rich stream.

Based on above analysis, six kinds of Ag;/GDY, Ag,/GDY,
Niy/GDY, Ag,/GDY, Au,/GDY and Pd;Au,/GDY catalysts are
excluded in C,H, semi-hydrogenation on the basis of the weak
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Fig. 4. C,H, and C,H, adsorption free energies on the Pd,M,/GDY catalysts at 425 K.

C,H, physisoption or the close adsorption ability between
C,H, and C,H, species. Further, on other twenty-one kinds of
Pd,M,/GDY catalysts, C,H, has stronger adsorption than
C,H,, which favors the hydrogenation of C,H,.

3.3. The priority of CoH, between its desorption and
hydrogenation

For Pd,M,/GDY catalysts with stronger adsorption ability
of C,H, than C,Hy, it is needed to firstly identify the priority
of C,H, between its desorption and hydrogenation, as listed in
Table 1 (see the structures in Fig. S3).

For Pd,M,/GDY catalysts, C,H4;+H—C;Hs is more
favored or competitive compared to C,H, desorption on the
Pd,/GDY, Pd;/GDY, Cu,/GDY, Pd,Cu,/GDY, Pd;Ag,/GDY,
Pd,Ag,/GDY, Pd;Au;/GDY and Ni,;/GDY -catalysts, which

Table 1

easily leads to ethane, thus, these eight kinds of Pd,M,/GDY
catalysts exhibit poor C,H, selectivity, CHCH; hydrogenation
route does not need to be considered. However, as listed in
Table 1, C,H,4 desorption would be superior to its hydroge-
nation to C,Hs on thirteen kinds of Pd,M,/GDY catalysts,
including Pd,/GDY, Cu,GDY, Cus/GDY, Pd,Cu,/GDY,
Pd,Cu,/GDY, Pd;Ag,/GDY, Au,/GDY, Aui/GDY, Pd,Au,/
GDY, Ni,/GDY, Pd;Ni,;/GDY, Pd;Ni,/GDY and Pd,Ni,/GDY,
which would be favor C,H, semi-hydrogenation to gaseous
C,H,, and suppress its over-hydrogenation to ethane.

3.4. C:H, semi-hydrogenation on Pd.M,/GDY catalysts
As mentioned above, C,H, preferred to be desorption

instead of its hydrogenation on thirteen kinds of Pd,M,/GDY
catalysts, namely, C,H, desorption route become dominant

The activation barrier (G/kJ-mol ™) and reaction energy (AG/kJ -mol™}) of C,H, hydrogenation to C,Hs, C,H, desorption free energy of (Gges/kJ -mol™}) on the

Pd,M,/GDY catalysts at 425 K.

Catalysts G, AG Ges(C2H4) Catalysts G, AG Ges(C2H4)
Pd,/GDY 326.5 -37.2 65.1 Au,/GDY 413.8 2.1 29.6
Pd,/GDY 68.5 —13.2 136.7 Au3/GDY 98.6 —38.1 44.5
Pd;/GDY 95.8 —19.6 111.6 Pd,Au,/GDY 244 —83.1 173.9
Cu,/GDY 429 —65.1 79.5 Pd,Au,/GDY 138.0 10.4 333
Cu,/GDY 186.4 —12.9 71.9 Ni,/GDY 214 -29.9 69.8
Cu;3/GDY 153.0 23.7 -9.6 Ni,/GDY 182.0 —51.5 106.3
Pd,Cu,/GDY 99.1 —30.4 111.2 Pd;Ni,;/GDY 116.6 35 108.2
Pd,Cu,/GDY 3734 124 64.3 Pd,Ni,/GDY 107.6 232 22.1
Pd,Cu,/GDY 158.5 —5.2 914 Pd,Ni;/GDY 204.9 11.9 54.4
Pd,Ag,/GDY 9.0 —64.9 190.8

Pd,;Ag,/GDY 77.9 28.9 58.6

Pd,Ag,/GDY 156.1 16.0 217.1
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Fig. 5. The energy profiles for three routes of C,H, semi-hydrogenation along with the structures of initial states, transition states and final states on Pd;/GDY
catalyst.

compared to C,H, hydrogenation route, thus, we need to
further identify whether C,H, desorption route also prefers to
occur compared to CHCH; hydrogenation route on these
thirteen kinds of Pd,M,/GDY catalysts (see details in Figs.
S4-S15). The energy profiles of C,H, semi-hydrogenation on
Pd;/GDY catalyst is shown in Fig. 5 as an example.

On Pd,/GDY catalyst, CoH,+H — C,H; has the activation
barrier of 384 kJ mol_l, and it is exothermic by
73.9 kJ mol ' starting from C,H; intermediate, C,H,4

formation is superior to CHCHj; formation in kinetics (1.0 vs.
116.4 kJ mol_l); further, C,H, desorption would be much
preferred kinetically compared to C,Hy,+H— C,Hs (65.1 vs.
326.5 kJ mol "), suggesting that Pd,/GDY catalyst is in favor
of C,H, semi-hydrogenation to produce gaseous C,Hy4. Simi-
larly, the easy formation of gaseous C,H, also occurs on the
Cu,/GDY (Fig. S4), Cus/GDY (Fig. S5), Pd;Cu,/GDY
(Fig. S6), Pd,Cu,/GDY (Fig. S7), Pd;Ag,/GDY (Fig. S8),
Au,/GDY (Fig. S9), Aus/GDY (Fig. S10), Pd,Au;/GDY
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(Fig. S11) and Pd;Ni,/GDY catalysts (Fig. S14). However,
CHCHj; formation leading to ethane is much easier than C,Hy
formation on the Niy/GDY (Fig. S12, 62.0 and
1057 kJ mol™ '), PdNi;/GDY (Fig. SI3, 70.3 and
137.9 kJ mol ') and Pd,Ni,/GDY catalysts (Fig. S15, 40.9 and
115.2 kJ mol™"), as a result, these three types of catalysts
present poor C,H, selectivity due to the formation of ethane.

3.5. Selectivity and activity of C,H, semi-hydrogenation
on Pd.M,/GDY catalysts

The energy difference between C,H, hydrogenation and its
adsorption was used to quantitatively describe the selectivity
of C,H, (AG;) using the Eq. (1), which has been widely
applied in many previous studies [6,28,60,61].

AGS - AGa_‘Gads| (1)

Where G,4s and AG, correspond to C,H, adsorption free en-
ergy and the activation barrier of C,H,4 hydrogenation to C,Hs,
respectively; the positive and large value of AG,, means that
the catalyst exhibits better C,H, selectivity. As mentioned
above, ten kinds of Pd,M,/GDY catalysts have better C,Hy
selectivity, including Pd;/GDY, Cu,/GDY, Cus/GDY, Pd;Cu,/
GDY, Pd,Cu,/GDY, Pd;Ag,/GDY, Au,/GDY, Aus/GDY,
Pd,Au;/GDY and Pd;Ni,/GDY.

Meanwhile, according to the two-step model widely used in
the previous work [56,58,62,63] (see details in the Supple-
mentary Material), the reaction rate of C,H, formation was
calculated to evaluate the catalytic activity on these ten kinds
of Pd,M,/GDY catalysts.

As listed in Table 2, the selectivity of C,H, over ten kinds
of PdM,/GDY catalysts, Pd;/GDY, Cu,/GDY, Cus/GDY,
Pd1Cu2/GDY, PdZCul/GDY, PdlAgz/GDY, AUZ/GDY, AU3/
GDY, Pd,Au;/GDY and Pd;Ni,/GDY, are 261.4, 114.5, 162.6,
309.1, 67.1, 19.3, 384.2, 54.1, 104.7 and 85.5 kJ mol ',
respectively, the corresponding activity of C,H, formation are
1.69 x 10%, 294 x 10° 7.63 x 107 345 x 107},
345 x 107!, 425 x 10°, 1.55 x 10% 8.71 x 107%,
216 x 107", 226 x 107 and 3.63 x 10" s '.site™’,
respectively.

Table 2
The values of GX-GEX+GE, G& (kJ-mol "), C,H, selectivity (AGy/kJ mol 1),
C,H, formation rate (/s~!-site™") and average Bader charge (e) for Pd atoms
or M atoms in C,H, semi-hydrogenation on the Pd,M,/GDY catalysts at
425 K.

Catalysts GGGl G AG, r e

Pd,/GDY —23.7 38.4 2614 169 x 10° 0.277
Cu,/GDY 44.9 31.6 1145 294 x 10° 0.387
Cu,y/GDY 95.7 130.7  162.6  7.63 x 107*  0.349
Pd,Cu,/GDY  —2.3 109.1  309.1 345 x 107! 0.112
Pd,Cu,/GDY —97.5 27.0 67.1 425 x 10° 0.177
Pd,Ag,/GDY  —12.5 38.7 19.3 1.55 x 108 0.148
Au,/GDY 317.7 2853 3842 871 x 1072  0.032
Auy/GDY 100. 108.0  54.1 2.16 x 107! 0.135
Pd,Au,/GDY  37.7 8.7 1047 226 x 10’ 0.228
Pd,Ni,/GDY  —04 19.3 85.5 3.63 x 10" 0.156

Further, H, dissociation may affect the activity of C,H4
formation; H, adsorption and dissociation were calculated on
above ten kinds of Pd,M,/GDY catalysts with better C,Hy
selectivity (see Table S4 and Fig. S19). Our results show that
only on the Aus/GDY, Pd,Au,/GDY and Pd;Ni,/GDY cata-
lysts, the activation free energies of the rate-determining in
C,H, desorption route is lower than those of H, dissociation,
namely, H, dissociation affects the catalytic activity toward
C,H, semi-hydrogenation to C,H,. Whereas it does not affect
the catalytic activity of C,H, formation on other seven types
of Pd,/GDY, Cu,/GDY, Cus/GDY, Pd,Cu,/GDY, Pd,Cu,/GDY,
Pd;Ag,/GDY and Au,/GDY catalysts. Moreover, since this
study only focus on the investigations about the effect of active
metal types including the metal cluster composition and size
on activity and selectivity of C,H, semi-hydrogenation pro-
cess, the effect of the initial H, dissociation activity on the
catalytic performance of C,H, semi-hydrogenation process
will be considered in our next work.

3.6. General discussions

3.6.1. The effects of cluster composition and size on CoH,
formation

For GDY supported single-metal catalysts, firstly, when the
supported metal is the single atom, only Pd;/GDY is favorable
for C,H4 formation, while on the Cu,;/GDY, Ag,/GDY, Au,/
GDY and Ni,;/GDY, C,H, could not be effectively adsorbed or
the over-hydrogenation of C,H, to ethane occurs. Secondly,
when the supported metal is the double and three atoms
cluster, only the Cu and Au clusters (Cu,/GDY, Cus/GDY,
Au,/GDY, Aus/GDY) are favorable for C,H, formation; while
on the Pd, Ag and Ni clusters, C;H, cannot be effectively
adsorbed or C,H, is inclined to be over-hydrogenated to
ethane. Thus, only five kinds of single metal catalysts
including Pd;/GDY, Cu,/GDY, Cus/GDY, Au,/GDY and Aus/
GDY are favorable for C,H, semi-hydrogenation to form gas
phase C,H,.

For GDY supported bimetallic catalysts, firstly, when the
supported metal is double atoms cluster, all catalysts including
Pd,Cu,/GDY, Pd;Ag,/GDY, Pd;Au,/GDY, Pd;Ni;/GDY are
not favorable for C,H, semi-hydrogenation to C;H4. However,
when the supported metal is three atoms cluster, only five
kinds of the catalysts including Pd;Cu,/GDY, Pd,Cu,/GDY,
Pd,;Ag,/GDY, Pd,Au,/GDY and Pd;Ni,/GDY are favorable for
C,H, semi-hydrogenation to C,H,.

Fig. 6 shows C,H, selectivity and its formation activity
over ten kinds of Pd,M,/GDY catalysts favored the formation
of gaseous C2H4 (Pd]/GDY, CUZ/GDY, Cu";/GDY, Pd]CU.Q/
GDY, Pd,Cu,/GDY, Pd;Ag,/GDY, Au,/GDY, Aus;/GDY,
Pd;Au,/GDY and Pd;Ni,/GDY), among them, the catalysts
with high C,H, selectivity are Au,/GDY (384.2 kJ mol™ ),
Pd,Cu,/GDY (309.1 kJ mol™"), Pd,/GDY (261.4 kJ mol )
and Cus/GDY (162.6 kJ mol ™), accordingly, C,H, formation
activity are 8.71 x 1072, 345 x 107!, 1.69 x 10® and
7.63 x 10~* s "site™!, respectively, indicating that Pd;/GDY
has the highest C,H, formation activity, while Au,/GDY,
Pd;Cu,/GDY and Cu;/GDY presents poor C,H, formation
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Fig. 6. The selectivity and activity of C,H, formation in C,H, semi-hydrogenation on ten kinds of Pd,M,GDY catalysts to form gaseous C,H, at 425 K.

activity. On the other hand, the catalysts with high C,H, for-
mation activity are Pd;Ni,/GDY (3.63 x 10" s Isite ™,
Pd,Cu,/GDY (4.25 x 10 s 'site™!), Pd,/GDY (1.69 x 10®
s~ site™) and Pd;Ag/GDY (1.55 x 10° s 'site™"),
accordingly, C,H, selectivity are 85.5, 67.1, 261.4 and
19.3 kJ mol ', respectively, thus, Pd;/GDY catalyst presents
the highest C,H, selectivity. As shown in Fig. S20, generally,
there is not a seesaw effect for the activity and selectivity, only
both Au,/GDY and Pd;Cu,/GDY have higher C,H, selectivity
(384.2 and 309.1 kJ molfl), while these two catalysts have
lower activity (8.71 x 1072® and 3.45 x 107" s~ !-site™"). On
the contrary, PdNi,/GDY, Pd,Cu,/GDY and Pd;Ag,/GDY
catalysts have higher activity of C,H, formation (3.63 x 10'°,
4.25 x 10° and 1.55 x 10% s7'-site™!), while the lower C,H,
selectivity (85.5, 67.1 and 19.3 kJ molfl).

Based on above analysis, the composition and size of
supported metal cluster Pd,M, in Pd,M,/GDY catalysts pre-
sent the sensitivity toward the selectivity and activity of C,H,
semi-hydrogenation. Among them, taking C,H, selectivity and
its formation activity into consideration, GDY supported sin-
gle atom Pd catalyst (Pd;/GDY) in this study should provide
the best selectivity (261.4 kJ mol ') and excellent catalytic
activity (1.69 x 10% s Vsite™ 1) for C,H, semi-hydrogenation
to gaseous CoHy.

Further, the catalytic origin of Pd;/GDY catalyst with the
highest activity is revealed. The high C,H, selectivity should
be attributed to the structural confinement of single atom Pd in
Pd;/GDY leading to the much weaker C,H4-t bonding in-
teractions (65.1 kJ mol™ ") compared to the stronger C,H,
adsorption on the large size of Pdss cluster (189.2 kJ mol 1)
[63]. The weaker C,H4-1 bonding interactions do not facili-
tate C,Hy activation and hydrogenation. The C3Hg-7 bonding

characteristics between C3;Hg and V,/g-C3N, catalyst were
also obtained [64]. As a result, C,H; hydrogenation
(326.5 kJ molfl) is much difficult than C,H, desorption
(65.1 kJ mol_l) on Pd,/GDY catalyst, the produced C,H4 will
easily desorb from Pd;/GDY catalyst to become the dominant
product. Meanwhile, compared to the large size of metal Pdss
cluster, the faster desorption rate of C,H, on Pd;/GDY catalyst
enhances C,H, selectivity.

3.6.2. The analysis of metal-support interaction and
electronic properties

As shown in Fig. 7, the metal-support interaction (Eyisy/
kJ'mol™") of Pd,M,/GDY catalyst showed that when Epg;
value was weak (—200~-400 kJ mol_l) or strong (—600~-
800 kJ molfl), for example, Ag;/GDY (—236.0), Au;/GDY
(—265.5), Ag,/GDY (—321.5), Pd;Au;/GDY (—322.6), Ag;/
GDY (—338.5), Pd;Au,/GDY (—381.5), Pd;Ag;/GDY
(—400.7), Pd|Ni;/GDY (—604.0), Ni,/GDY (—654.4), Pds/
GDY (—654.8), Pd,Ni;/GDY (-667.8) and Niz/GDY (-772.1),
these catalysts could not adsorb C,H, preferentially or were
not conducive to Co,H, formation; however, when the values of
Eyis1 were moderate (—400~-600 kJ 'molfl), the catalyst could
adsorb C,H, preferentially and realize C,H, formation, for
example, Au;/GDY (-418.3), Cu,/GDY (-440.6), Pd;Ag,/GDY
(-463.9), Pd,/GDY (-481.1), Pd,Au,/GDY (-485.5), Pd;Cu,/
GDY (-561.4) and Pd,Cu;/GDY (-595.1) catalysts are all
favorable for C,H,4 production.

As listed in Table 2, Bader charge indicates that the Pd, Cu,
Ag, Au or Ni atoms transfer electrons to the C atom of GDY.
For Pd,M,/GDY with better C,H, selectivity, when the
average charge of metal atoms is small, such as Au,/GDY
(0.032), Pd;Cu,/GDY (0.112) and Aus/GDY (0.135), these
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Fig. 7. The effect of the metal-support interaction of Pd,M,/GDY catalysts on the activity and selectivity of C,H, formation in C,H, semi-hydrogenation.

catalysts have low C,H, formation activity of 8.71 x 10728,
3.45 x 107" and 2.16 x 107" s™"site™!, respectively. When
the average charge of metal atoms is large, such as Cus/GDY
(0.349) and Cu,/GDY (0.387), both catalysts also have low
C,H, formation activity of 7.63 x 10™* and 2.94 x 10°
s !'site”!, respectively. Only when the average charge of
metal atoms is moderate, such as Pd;Ag,/GDY (0.148),
Pd|Ni,/GDY (0.156), Pd,Cu,/GDY (0.177), Pd,Au,/GDY
(0.228) and Pd,/GDY (0.277), these catalysts have higher
C,H, formation activity of 1.55 x 10% 3.63 x 10',
4.25 x 10° and 2.26 x 107 s~ !'site ™!, respectively. Thus, the
average charge amount of metal atom is closely related to
C,H, formation activity, namely, the average charge amount of
metal atom is less or more, C,H, formation activity is low;
whereas the average charge amount of metal atom is moderate,
C,H, formation activity is high.

On the other hand, Huang et al. [65] implied that coke
formation on the single-atom Pd;/C5N, is markedly inhibited
compared to Pd NP catalysts in C,H, hydrogenation, the
geometric effect improved coking-resistance. The oligomeri-
zation of C,H, can be avoided on Pd;/ND@G catalyst, which
is attributed to the pyramidal geometry between Pd and C
atoms [15]. Indeed, C,H, polymerization to form green oil or
coke requires multiple adjacent adsorption sites that cannot be
available for Pd single atom, thus, coke formation is sup-
pressed on the Pd single atoms compared to that on the Pd NP
catalyst. Similarly, Pd;/GDY catalyst in the present study only
has a single active site, which can suppress the green oil or
coke formation due to its unique geometric effect. Further,
previous DFT studies [6] have revealed that Pd (111) with

surface or subsurface C atom make the shift of the d-projected
density of states of the surface Pd atoms to lower energy level,
which weakens C,H, adsorption compared to those on clean
Pd (111) surface, meanwhile, the activity of Pd (111) surface
slightly increase in the presence of subsurface carbon species.
As a result, C,H, desorption becomes easier, and the selec-
tivity of C,H, increase in the presence of surface and sub-
surface carbon. The projected density of states (pDOS) plots
for the d-orbitals of Pd atom on the Pd (111)-surface C, Pd
(111)-subsurface C, Pd;/GDY and Pd (111) catalysts are
calculated, as shown in Fig. S21, similar to Pd (111) in the
presence of surface or subsurface carbon species, compared to
the pure Pd (111) surface, the shift of the d-projected density
of states for surface Pd atoms to lower energy level also occur
on Pd;/GDY, which also weaken C,H, adsorption to increases
its selectivity.

3.6.3. The comparisons of catalytic performance between
Pd;/GDY and the previously reported catalysts

To deeply illustrate the excellent activity and selectivity of
Pd;/GDY catalyst, the comparisons for the activity and
selectivity of C,H, formation between Pd;/GDY and the re-
ported catalysts in the literatures were carried out. On Pd,/
GDY catalyst, CoH, selectivity was 261.4 kJ mol ™!, both
C,H,+H—C,H; and C,H;+H— C,H, reactions have the
activation barriers of 36.0 and 1.0 kJ molfl, respectively; the
overall barrier of C,H,+2H— C,H, was 38.4 kI'mol .

As shown in Fig. 8(a), for the Pd-based intermetallic
compounds (IMCs), the single atom Pd active site can be
completely isolated by the second metal, Zhou et al. [66]
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found that PdZn IMCs had highly active and selective for
C,H, semi-hydrogenation, DFT results showed that C,Hy
selectivity was 36.0 kJ molfl, meanwhile, the activation bar-
riers of C,H,+H — C,H; and C,H;+H — C,H, were 55.0 and
56.0 kJ mol ™', respectively. Feng et al. [67] found that the
single atom Pd active site in PdIn IMCs had C,H, selectivity
of 34.0 kJ mol~'; the activation barriers of CoH,+H— C,H;
and C,Hs+H—C,H, were 36.0 and 34.0 kJ mol !, respec-
tively. Sandoval et al. [68] calculated that the activation bar-
riers of C2H2+H - C2H3 and C2H3+H_> C2H4 on PdGa IMCs
were 70.0 and 75.0 kJ mol ", respectively. Hence, compared
to Pd;/GDY catalyst in this study, the activity and selectivity
of C,H, formation over these reported Pd-based IMCs cata-
lysts are lower.

As shown in Fig. 8(b), for the single atom Pd doped into
metal surface, Zhang et al. [57,58] studied the hydrogenation
of C,H, on the single atom Pd-doped Cu(111), Cu(211) or
Cu,O(111) surfaces, C,H, selectivity and the overall activa-
tion barrier of Co,H,+2H — C,H4 on Pd/Cu(111) are 42.6 and

47.5 kJ'mol !, respectively; those on Pd;/Cu(211) are 36.4
and 78.8 kJ'mol !, respectively; on Pd;/Cu,O(111), C,H, is
easily over-hydrogenated to ethane via CHCH; intermediate.
On the other hand, for the single Pd atom doped-Cu,3, Cusg or
Cuss clusters [69], CoHy is easily hydrogenated to ethane.
Wang et al. [70] obtained that the single atom Pd-doped Ag
surface can facilitate the over-hydrogenation of C,H, to pro-
duce ethane. Yang et al. [6] found that when the surface
coverage of Cu, Ag or Au on Pd (111) is increased to present
the single atom Pd, C,H4 was prone to be over-hydrogenated
to ethane. Yang et al. [71] showed that trimetallic PdAg,Au/Pd
(111) surface showed C,H, selectivity of 24.0 kJ ‘mol !, the
activation barriers of C,H,+H— C,H3 and C,H;+H— C,H,
were 41.0 and 58.0 kJ'mol ', respectively. Thus, the selec-
tivity and activity of C,H, formation over the catalysts doping
the single atom Pd into metal surface are still lower than those
on Pd;/GDY catalyst.

As shown in Fig. 8(c), for the supported single atom Pd
catalysts, Wei et al. [72] experimentally prepared the
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thermodynamically stable Pd;—N, structure with the single
atom Pd anchored on the defects of nitrogen-doped carbon,
then, DFT results show that C,H, selectivity is 91.0 kJ "'mol " !;
the activation barriers of C,H, hydrogenation and C,Hj; hy-
drogenation are 37.0 and 94.0 kJ'mol ', respectively. The
experiments by Huang et al. [15] prepared the atomically
dispersed Pd over a defective nanodiamond-graphene (Pd,/
ND@G catalyst), DFT results show that C,H, selectivity is
51.0 kJ'mol " !; the activation barriers of C,H,+H — C,H; and
C,H;+H— C,H, are 110.0 and 85.0 kJ'mol !, respectively.
Huang et al. [13] experimentally prepared Cu;/ND@G cata-
lyst, which also exhibits excellent catalytic performance for
C,H,+2H — C,H4, and DFT results show that C,H, selectivity
is only 19.0 kJ'mol ™ '; the activation barrier of C,H, hydro-
genation to C,Hj is 136.0 kJ 'mol~!. Zhou et al. [73] found that
atomically dispersed Pd on nitrogen-doped graphene (Pd;/N-
graphene) exhibits better activity and selectivity for
C,H,+2H — C,H4, and DFT results show that C,H, selectivity
is 88.0 kJ'mol~!, which is much lower than that on Pd,/GDY
catalyst. Further, C;H, semi-hydrogenation on the Pd,/SVG
catalyst with the single atom Pd supported by a single vacancy
graphene (SVGQG) is calculated in this study (see details in Figs.
S16 and S17), the results show that C,H, is easily over-hy-
drogenated to C,Hs in kinetically instead of its desorption
(10.6 vs. 43.2 kJ mol ). Similarly, the selectivity and activity
of C,H, formation over these supported single atom Pd cata-
lysts reported in the literatures are still lower than those on
Pd,/GDY catalyst.

Based on above analysis, surprisingly, we found that GDY
supported single atom Pd catalyst (Pd;/GDY) in this study
should so far provide the best selectivity and activity toward
C,H, formation in C,H, semi-hydrogenation in comparison
with other types of the single atom Pd or Cu catalysts previ-
ously reported in the literatures. Moreover, the experiments by
Qi et al. [74] found that the direct oxidation-reduction reac-
tion of GDY and PdCI3~ could realize the chemical deposition
of Pd nanoparticles on GDY, which provided an important
guidance for the preparation of GDY supported single atom Pd
catalyst in the experiment.

4. Conclusions

In summary, the activity and selectivity of a series of the
designed Pd,M, (M = Cu, Ag, Au, Ni; x+y = 1-3) clus-
ters anchored on GDY (Pd,M,/GDY catalysts) in C,H,
semi-hydrogenation have been fully examined using DFT
calculations. Our results show that the activity and selec-
tivity of C,H, formation in C,H, semi-hydrogenation on the
Pd,M,/GDY catalysts strongly depend on the composition
and size of supported metal cluster, which has the rela-
tionship with the metal-support interaction of Pd,M,/GDY
catalysts and electronic properties. The supported metal is
single atom, only Pd;/GDY is favorable for C,H, formation;
the supported metal is two atoms cluster, only Cu,/GDY and
Au,/GDY are favorable for C,H, formation; the supported
metal is three atoms cluster, seven kinds of the catalysts
including Cus/GDY, Aus/GDY, Pd,Cu,/GDY, Pd,Cu,/GDY,

Pd,;Ag,/GDY, Pd,Au,/GDY and Pd;Ni,/GDY are favorable
for C,H, formation. Moreover, aiming at realizing the bal-
ance between the activity and selectivity of C,H, formation,
the metal-support interaction of Pd,M,/GDY catalysts and
the average charge amount of metal atoms should be
maintain in a moderate range.

Surprisingly, the comparisons among the catalysts consid-
ered in this study and previously reported in the literature
showed for the first time that Pd;/GDY catalyst exhibits the
high catalytic activity and selectivity toward C,H, formation
in C,H; semi-hydrogenation. The high activity of Pd,/GDY is
ascribed to Pd inherent properties toward C,H, hydrogenation,
however, the high C,H, selectivity is attributed to the struc-
tural confinement of single atom Pd in Pd;/GDY -catalyst
leading to the much weaker C,Hy-7 bonding interactions,
which is not favorable for C,H, activation and hydrogenation,
thus, the faster desorption rate of the produced C,H4 on Pd,/
GDY catalyst than its hydrogenation rate enhanced C,H,
selectivity in C,H, semi-hydrogenation. The obtained results
could provide good clues for designing and screening out the
potential catalysts with GDY supported small sizes of metal
clusters for selective hydrogenation of alkanes.
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