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ABSTRACT: The surface structure of the catalyst is a key factor to affect its catalytic
performance toward the targeted reaction. In this work, aiming at revealing the surface
structure influences of Pd-based alloy catalysts on the catalytic performance of C2H2
selective hydrogenation, four kinds of surface structures of Pd-based alloy catalysts,
including the core−shell PdnL@M (M = Cu and Ag), the core−shell PdnL@PdxMy, the
uniform alloy Pd1Cu3 and Pd1Ag1, and the subsurface structure Pd1L-Msub are
engineered, and the corresponding catalytic performance is fully examined using DFT
calculations. Our results reveal that the catalytic performance of C2H2 selective
hydrogenation is closely related to the surface structures of Pd-based alloy catalysts;
among them, the Pd1Cu3, Pd1L-Cusub, Pd1Ag1, and Pd1L-Agsub catalysts are screened out
to serve as four promising candidates in the hydrogenation process, which exhibit
better activity and selectivity toward gaseous C2H4 formation, especially, Pd1Cu3 and
Pd1Ag1 with the uniform alloy structure. However, in the polymerization process, both
Pd1L-Cusub and Pd1L-Agsub catalysts are deactivated due to the easier production of
green oil, whereas both Pd1Cu3 and Pd1Ag1 catalysts effectively inhibit green oil production and present excellent thermal stability
due to their ordered atomic arrangement. This work indicates the importance of rationally engineering the surface structure of Pd-
based alloy catalysts, which may be applied to the design of other catalysts in C2H2 selective hydrogenation.

1. INTRODUCTION

In the process of C2H4 production by pyrolyzing petroleum
hydrocarbons, trace C2H2 can be generated, which not only
reduces the property of a C2H4 polymer but also leads to the
catalyst deactivation in C2H4 polymerization due to the
formation of green oil, so it is necessary to remove trace
C2H2 from the feedstock C2H4.

1,2 Nowadays, C2H2 selective
hydrogenation to C2H4 is an effective method to remove trace
C2H2 from a large amount of the feedstock C2H4.

3,4

Pd-based catalysts have been industrially used for C2H2
selective hydrogenation, such as Pd−Cu,5−8 Pd−Ag,9,10 Pd−
Au,11−13 Pd−Zn,14 and Pd−In15 catalysts; these Pd-based alloy
catalysts exhibit excellent catalytic activity and C2H4 selectivity
compared to a Pd catalyst by optimizing alloying elements.
Nuŕia and Crisa16 summarized C2H2 selective hydrogenation
on a large number of Pd-based catalysts modified by the
second metals (Cu, Au, Ag, Zn, Ga, Sn, Pb, and Bi) and
elucidated the role of the second metals. Vignola et al.17

studied the adsorption of C2H2 on Pd−Ag alloy catalysts and
found that C2H2 adsorption leads to the reorganization of the
catalyst surface. McCue and Anderson4 reviewed C2H2
selective hydrogenation on Pd-based catalysts and showed
that the introduction of a second metal (Cu, Au, Ag and Ga)
improves C2H4 selectivity by decreasing the Pd ensemble size
and hindering the formation of hydrides. Ravanchi et al.18

reviewed C2H2 selective hydrogenation on Pd-based catalysts
and concluded that C2H4 selectivity can be improved by the
addition of promoters (Ag, Na, Ga, Au, Sn, Bi, Sb, B, Ni, Cu,
Pb, Cr, and K), which is attributed to the dilution of Pd active
sites and the synergistic effect of the alloy. Meanwhile, the
catalytic performance of Pd-based catalysts can be also
adjusted by engineering the surface structure of Pd-based
alloy catalysts, in which the atomic arrangement of Pd and
alloying elements is changed.19−23

In order to rationally engineer the surface structure of Pd-
based alloy catalysts, the key factor is to probe into the intrinsic
surface structure characteristics of Pd-based alloy catalysts, in
particular, the synergistic effect that exists between the alloying
elements and the atomic arrangement, which determine the
catalytic performance. For example, three kinds of PdZn alloy
catalysts (the core−shell Pd@Zn, disordered PdZn, and
ordered PdZn) with different atomic arrangements of both
Pd and doping Zn atoms were investigated, and the influence

Received: April 8, 2021
Revised: June 23, 2021
Published: July 8, 2021

Articlepubs.acs.org/JPCC

© 2021 American Chemical Society
15251

https://doi.org/10.1021/acs.jpcc.1c03157
J. Phys. Chem. C 2021, 125, 15251−15261

D
ow

nl
oa

de
d 

vi
a 

T
A

IY
U

A
N

 U
N

IV
 O

F 
T

E
C

H
N

O
L

O
G

Y
 o

n 
Se

pt
em

be
r 

26
, 2

02
1 

at
 0

7:
09

:0
8 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenjuan+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Baojun+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maohong+Fan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lixia+Ling"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Riguang+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.1c03157&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03157?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03157?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03157?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03157?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03157?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpccck/125/28?ref=pdf
https://pubs.acs.org/toc/jpccck/125/28?ref=pdf
https://pubs.acs.org/toc/jpccck/125/28?ref=pdf
https://pubs.acs.org/toc/jpccck/125/28?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c03157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf


of different surface structures on the catalytic performance of
an oxygen reduction reaction in an alkaline medium was
clarified; among them, the core−shell Pd@Zn catalyst displays
the best catalytic performance.24 Kang et al.25 reported
HCOOH oxidation on Pt3Pb nanocrystals; the activity can
be further improved by engineering the surface structure to
form the core−shell Pt3Pb-Pt catalyst. Xie et al.26 studied the
influence of core−shell PtnL@Pd (n = 1−6) catalysts with
different Pt shell layers on the catalytic performance in the
oxygen reduction reaction; compared to a commercial Pt/C
catalyst, the formed Pt2L@Pd and Pt3L@Pd catalysts show the
highest activity. Yang et al.27 theoretically investigated
HCOOH dissociation on four types of surface structures of
Pd-based alloy catalysts doped by the metal M (M = Cu, Au,
Ag, Ir, Pt, Rh, and Ni) including the core−shell Pd@M, the
core−shell Pd@Pd-M, the uniform alloy, and the subsurface
structures; the results found that the core−shell Pd2L@Pd1Ag1
and Pd2L@Pd1Au1 exhibit the best catalytic performance
toward HCOOH dissociation to hydrogen.
In C2H2 selective hydrogenation, Takht Ravanchi et al.28

found that the core−shell Pd@Ag catalysts are more conducive
to improving C2H4 formation activity and selectivity in
comparison with the pure Pd catalyst. The experimentally
prepared core−shell Pd@Au catalysts with the thicker Pd shell
displays better C2H4 formation activity and selectivity
compared to that with the thin Pd shell.29 However, to date,
to the best of our knowledge, a few studies have been
systematically carried out to reveal the surface structure
influences of Pd-based alloy catalysts on C2H4 formation
activity and selectivity in C2H2 selective hydrogenation, in
which the surface structures of Pd-based alloy catalysts are
engineered by optimizing the alloying elements and altering
the atomic arrangement of both Pd and alloying elements.
Thus, the catalytic performance of C2H2 selective hydro-
genation on the Pd-based alloy catalysts affected by their
surface structures is still unclear.
In this study, aiming at solving above issues, C2H2 selective

hydrogenation on Pd-based alloy catalysts with four kinds of
surface structures was fully examined using density functional
theory (DFT) calculations. The synergistic effect of alloying
elements and the different atomic arrangements with the
surface layer Pd and alloying elements to form different surface
structures are considered. Two commonly used alloying
elements Cu and Ag and the corresponding four types of
atomic arrangements are investigated for Pd-based alloy
catalysts. The obtained results are expected to illustrate the
importance of rationally engineering the surface structure of
Pd-based catalysts in adjusting their catalytic performance
toward C2H2 selective hydrogenation, which may be applied to
the design of other types of catalysts.

2. COMPUTATIONAL DETAILS
2.1. Computational Methods. All DFT calculations in

this study were implemented using the Dmol3 code30,31 in
Materials Studio 8.0. The generalized gradient approximation
(GGA) and Perdew−Burke−Ernzerhof (PBE) functionals32,33
were applied to treat the exchange−correlation potential. The
effective core potential (ECP) basis set was performed for Pd-
based alloy catalysts, and the all-electron basis set was applied
to other nonmetallic species. The valence wave functions were
expanded by the double-numeric polarized (DNP) basis
set.34,35 The k-points of 3 × 3 × 1 were used to handle
surface models. A smearing width is 0.005 Ha. The transition

states of C2H2 selective hydrogenation were obtained by the
complete linear synchronous transit/quadratic synchronous
transit (LST/QST) technique.36,37 TS confirmation and
frequency analysis were further carried out to verify the
accuracy of the transition state.
C2H2 selective hydrogenation on the Pd-based catalysts

usually occurs at the temperature of 300−500 K under the
experimental conditions;38,39 thus, all energies involved in the
adsorption and the reaction were calculated at 425 K to
consider the entropy and thermal contribution.

2.2. Surface Models. In this study, for the uniform alloy
PdxMy (M = Cu and Ag), Wang et al.40 showed that the
uniform alloy PdxCuy with the Pd/Cu ratio of 1/3 has superior
catalytic performance than other Pd/Cu ratios toward C2H2
selective hydrogenation to C2H4. Wang et al.41 also found that
the uniform alloy PdxAgy with the Pd/Ag ratio of 1/1 has
superior catalytic performance compared to other Pd/Ag ratios
in C2H2 selective hydrogenation. Thus, the Pd/Cu ratio of 1/3
and the Pd/Ag ratio of 1/1 for the uniform alloy PdxMy (M =
Cu, Ag) are considered, and the corresponding optimized
lattice parameters are 3.73 and 4.04 Å, respectivey, which are
close to the previously reported values of 3.70 and 3.98 Å,42

respectively. Based on the low surface energy and the mainly
exposed surface,43−48 the (111) surfaces with a five-layer p(3 ×
3) supercell are constructed to model the pure metals Pd, Cu,
and Ag and the uniform alloy Pd1Cu3 and Pd1Ag1 catalysts.
Aiming at revealing the influence of the atomic arrangement

of Pd-based alloy catalysts, four types of atomic arrangements
were constructed in this study; the first is the core−shell
PdnL@M (M = Cu and Ag) catalysts obtained by replacing
one, two, and three layers of Cu or Ag catalysts with Pd atoms,
named as Pd1L@M, Pd2L@M, and Pd3L@M (M = Cu and Ag),
respectively; the second is the core−shell PdnL@PdxMy (M =
Cu and Ag) catalysts obtained by replacing one, two, and three
layers of the Pd1Cu3 or Pd1Ag1 catalyst with Pd atoms, named
as Pd1L@PdxMy, Pd2L@PdxMy, and Pd3L@PdxMy (M = Cu and
Ag), respectively; the third is the uniform alloy Pd1Cu3 and
Pd1Ag1 catalysts; the fourth is the subsurface structure Pd1L-
Msub (M = Cu and Ag) catalysts obtained by replacing the
subsurface layer of the Pd catalyst with Cu or Ag atoms, named
as Pd1L-Cusub or Pd1L-Agsub, respectively.
Above constructed catalyst models were optimized; during

the optimization, the bottom two layers of all catalysts are
fixed, and the top three layers are relaxed. A vacuum of 15 Å is
set to separate the periodic slabs. All the optimized catalyst
models are shown in Figure 1.

2.3. The Calculations of Gibbs Free Energy. The
adsorption free energy (Gads) is calculated according to eq 1:

G E G E G E

G

(

)

ads system system catal catal adsorbate

adsorbate

= + − + +

+ (1)

where Esystem is the total energy adsorbed of the system in its
equilibrium state, Ecatal is the total energy of the clean catalyst,
and Eadsorbate is the total energy of the gas-phase adsorbate;
Gcatal, Gadsorbate, and Gsystem are the corresponding corrections of
free energies at 425 K. According to this definition, the more
negative the value of Gads is, the stronger the adsorption ability
of the adsorbed species on the surface is.
The activation free energy (Ga) and reaction free energy

(ΔG) are calculated on the basis of eqs 2 and 3.

G E G E Ga TS TS IS IS= + − − (2)
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G E G E GFS FS IS ISΔ = + − − (3)

where EIS, ETS, and EFS represent the total energies of the initial
state (IS), the transition state (TS), and the final state (FS),
respectively; GIS, GTS, and GFS correspond to the corrections of
the free energies at 425 K. In our calculation, the values of GIS,
GTS, and GFS at a finite temperature (425 K) can be directly
obtained from the data in the DMol3 output document of
frequency analysis.

3. RESULTS AND DISCUSSION
3.1. The Possible Reaction Routes of C2H2 Selective

Hydrogenation. As presented in Figure 2, C2H2 selective
hydrogenation includes two processes of the hydrogenation
and polymerization.
In the hydrogenation process, three possible routes exist; the

first is a C2H4desorption route in which C2H2(ad) is first
hydrogenated via a C2H3(ad) intermediate to generate
C2H4(ad), followed by its desorption from the catalyst surface;
the second is a C2H4hydrogenation route in which C2H2(ad) is
excessively hydrogenated to C2H5(ad) via a C2H4 intermedi-
ate; the third is a CHCH3hydrogenation route in which
C2H2(ad) is excessively hydrogenated to C2H5(ad) via a
CHCH3 intermediate. The route of C2H4 desorption is
expected to be dominant to realize the removal of trace
C2H2 in C2H4-rich stream. Thus, it is needed to first determine
the preference between C2H4 hydrogenation and its

desorption; then, when the C2H4 desorption route is favored,
starting from the common intermediate C2H3 in three routes,
the superiority between the C2H4 desorption route and the
CHCH3 hydrogenation route is further judged; finally, the
catalysts that can produce gaseous C2H4 in three routes are
screened out.
In the polymerization process, green oil is produced to block

active centers and deactivate the catalysts. Most studies have
shown that 1,3-butadiene is the precursor for the production of
green oil (the liquid part of C4+ hydrocarbons);2,49 when the
formation of 1,3-butadiene is inhibited, the formation of green
oil can be inhibited. Thus, green oil refers to 1,3-butadiene in
this study. As a result, three possible routes of 1,3-butadiene
production are investigated; the first is the coupling of
adsorbed C2H2 to C4H4, followed by its hydrogenation to
C4H6; the second is the coupling of adsorbed C2H2 and C2H3
to C4H5, followed by its hydrogenation to C4H6; the third is
the coupling of adsorbed C2H3 to C4H6.

3.2. The Adsorption of H and C2Hx (x = 2−5) Species.
For the core−shell Pd2L@Cu and Pd3L@Cu catalysts, as
presented in Figure S2, our results show that when H and
C2Hx (x = 2−5) species are adsorbed, the surfaces of Pd2L@Cu
and Pd3L@Cu are severely deformed after geometry
optimization; further, the surfaces of Pd2L@Cu and Pd3L@
Cu catalysts with the co-adsorption of H and C2Hx (x = 2−5)
species still undergo severe deformation (see Figure S3), so the
surfaces of Pd2L@Cu and Pd3L@Cu catalysts are unstable in
C2H2 selective hydrogenation, which are not considered in this
study. For the surfaces of other 14 types of Pd-based alloy
catalysts, the most stable adsorption configurations of H and
C2Hx (x = 2−5) are presented in Figure S4 and the adsorption
free energies are listed in Table S1.
Since the amount of C2H2 in the C2H4-rich stream is small,

C2H2 must be strongly adsorbed on the catalyst than C2H4 to
ensure C2H2 hydrogenation. Thus, the difference between the
adsorption abilities of C2H2 and C2H4 species is analyzed. As
presented in Figure 3, for 10 types of core−shell Pd-based alloy
catalysts, C2H2 adsorption is much stronger than C2H4
adsorption (kJ·mol−1) on Pd1L@Cu (−114.4 vs −49.8),
Pd1L@Pd1Cu3 (−112.8 vs −40.9), Pd2L@Pd1Cu3 (−149.5 vs
−73.5), Pd3L@Pd1Cu3 (−145.5 vs −69.8), Pd1L@Ag (−152.2
vs −55.7), Pd2L@Ag (−189.0 vs −77.4), Pd3L@Ag (−183.4 vs
−71.9), Pd1L@Pd1Ag1 (−175.2 vs −71.5), Pd2L@Pd1Ag1
(−181.1 vs −71.8), and Pd3L@Pd1Ag1 (−176.9 vs −71.3).
For the uniform alloy and subsurface structure catalysts, C2H2
has a much larger adsorption energy (kJ·mol−1) than C2H4 on
Pd1Cu3 (−116.1 vs −45.5), Pd1Ag1 (−117.5 vs −49.3), Pd1L-
Cusub (−121.0 vs −40.2), and Pd1L-Agsub (−140.3 vs −58.4).

Figure 1. Constructed catalyst models considered in this study.

Figure 2. Possible reaction pathways of C2H2 selective hydrogenation
including the hydrogenation and polymerization processes: (ad)
stands for the adsorbed state and (g) stands for the gas-phase state.
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Thus, the hydrogenation of C2H2 can be performed on these
14 types of Pd-based alloy catalysts.
3.3. Influences of Surface Structures on H2 Dissoci-

ation. Since H2 dissociation is the key initial step for C2H2
selective hydrogenation, H2 adsorption and dissociation were
further investigated over above 14 types of Pd-based alloy
catalysts (see Figures S5 and S6), suggesting that H2
dissociative adsorption proceeds spontaneously on the core−
shell Pd1L@Cu, Pd1L@Pd1Cu3, Pd2L@Pd1Cu3, Pd3L@Pd1Cu3,
Pd1L@Ag, Pd2L@Ag, Pd3L@Ag, Pd1L@Pd1Ag1, Pd2L@Pd1Ag1,
and Pd3L@Pd1Ag1, as well as the subsurface structure of Pd1L-
Cusub and Pd1L-Agsub catalysts. However, H2 molecular
adsorption occurs on the uniform alloy Pd1Cu3 and Pd1Ag1,
while the activation barriers of H2 dissociation are 19.7 and
19.6 kJ·mol−1, respectively, namely, both Pd1Cu3 and Pd1Ag1
catalysts also promote H2 dissociation to form adsorbed H
atoms.
Based on above results, among above 14 types of Pd-based

alloy catalysts, the dissociation of H2 into an H atom can easily
occur, which can provide an abundant hydrogen source to
participate into the C2H2 hydrogenation reaction.
3.4. Influences of Surface Structures on the Prefer-

ence between C2H4 Desorption and Its Hydrogenation.
The preference between C2H4 hydrogenation and its
desorption is further examined on above 14 types of Pd-
based catalysts, as shown in Figures 4−6.
For the core−shell Pd-based alloy catalysts, C2H4 prefers to

desorb rather than its hydrogenation to C2H5 on Pd1L@Cu
(49.8 vs 93.9 kJ·mol−1, Figure 4a), Pd1L@Pd1Cu3 (40.9 vs 95.6
kJ·mol−1, Figure 4b), Pd2L@Pd1Cu3 (73.5 vs 92.7 kJ·mol−1,
Figure 4c), Pd3L@Pd1Cu3 (69.8 vs 87.1 kJ·mol−1, Figure 4d),
Pd1L@Ag (55.7 vs 111.8 kJ·mol−1, Figure 5a), Pd2L@Ag (77.4
vs 106.7 kJ·mol−1, Figure 5b), Pd3L@Ag (71.9 vs 106.9 kJ·
mol−1, Figure 5c), Pd1L@Pd1Ag1 (71.5 vs 114.4 kJ·mol−1,
Figure 5d), Pd2L@Pd1Ag1 (71.8 vs 99.6 kJ·mol−1, Figure 5e),
and Pd3L@Pd1Ag1 (71.3 vs 103.4 kJ·mol−1, Figure 5f). The
same things also occur on the uniform alloy and subsurface
structure catalysts, including Pd1Cu3 (45.5 vs 97.4, Figure 6a),
Pd1Ag1 (49.3 vs 108.9, Figure 6b), Pd1L-Cusub (40.2 vs 95.1,
Figure 6c), and Pd1L-Agsub (58.4 vs 88.0, Figure 6d). Thus,
C2H4 desorption prefers to occur in kinetics instead of its
hydrogenation over these 14 types of Pd-based alloy catalysts.

Figure 3. Adsorption free energies of C2H2 (black square) and C2H4
(red circle) species on the Pd-based alloy catalysts at 425 K.

Figure 4. Free-energy profile of C2H4 hydrogenation and C2H4
desorption with the initial state, transition state, and the final state
on Pd1L@Cu and PdnL@Pd1Cu3(n = 1−3) at 425 K.

Figure 5. Free-energy profile of C2H4 hydrogenation and C2H4
desorption with the initial state, transition state, and the final state
on PdnL@Ag and PdnL@Pd1Ag1(n = 1−3) at 425 K.
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3.5. Influences of Surface Structures on the Prefer-
ence between C2H4 Desorption and CHCH3 Hydro-
genation Routes. Starting from the common intermediate
C2H3, we further determine whether the C2H4 desorption
route is also easier in kinetics than the CHCH3 hydrogenation
route.
As shown in Figure 7, take Pd1L@Cu as an example, the

CHCH3 hydrogenation route is kinetically favored compared
to the C2H4 desorption route (86.2 vs 94.7 kJ·mol−1); thus,
Pd1L@Cu is beneficial to C2H5 formation, followed by its
hydrogenation to ethane.
For the PdnL@Pd1Cu3 (n = 1−3) catalysts, C2H3 is

preferentially hydrogenated to C2H4 instead of CHCH3 on
Pd1L@Pd1Cu3 (84.6 vs 111.9 kJ·mol−1, Figure S7a), so the
CHCH3 hydrogenation route does not occur. On Pd2L@
Pd1Cu3, the C2H4 desorption route is kinetically favored
compared to the CHCH3 hydrogenation route (99.7 vs 159.2
kJ·mol−1, Figure S7b). However, on Pd3L@Pd1Cu3, the
CHCH3 hydrogenation route is kinetically favored compared
to the C2H4 desorption route (100.4 vs 146.8 kJ·mol−1, Figure
S7c). Thus, both Pd1L@Pd1Cu3 and Pd2L@Pd1Cu3 are
beneficial to the C2H4 desorption route to form gaseous
C2H4, while Pd3L@Pd1Cu3 is beneficial to C2H5 formation,
followed by its hydrogenation to ethane.
For the PdnL@Ag (n = 1−3) catalysts, C2H3 hydrogenation

to C2H4 is more favored in kinetics compared to its
hydrogenation to CHCH3 on Pd1L@Ag (116.0 vs 178.9 kJ·
mol−1, Figure S8a), so the C2H4 desorption route is dominant.
The C2H4 desorption route is kinetically favored than the
CHCH3 hydrogenation route on Pd2L@Ag (148.5 vs 196.8 kJ·
mol−1, Figure S8b) and Pd3L@Ag (126.0 vs 188.4 kJ·mol−1,
Figure S8c). Thus, PdnL@Ag (n = 1−3) favor the C2H4
desorption route to form gaseous C2H4.
For the PdnL@Pd1Ag1 (n = 1−3) catalysts, the C2H4

desorption route is kinetically favored compared to the
CHCH3 hydrogenation route on Pd1L@Pd1Ag1 (139.9 vs
182.5 kJ·mol−1, Figure S9a) and Pd3L@Pd1Ag1 (111.9 vs 193.3

kJ·mol−1, Figure S9c), respectively. However, on Pd2L@
Pd1Ag1, the CHCH3 hydrogenation route is kinetically favored
compared to the C2H4 desorption route (177.4 vs 195.5 kJ·
mol−1, Figure S9b). Thus, both Pd1L@Pd1Ag1 and Pd3L@
Pd1Ag1 are beneficial to C2H4 desorption, while Pd2L@Pd1Ag1
results in C2H5 formation, followed by its hydrogenation to
ethane.
For the Pd1Cu3 and Pd1Ag1 catalysts, C2H3 hydrogenation

to C2H4 is kinetically more favorable than its hydrogenation to
CHCH3 on Pd1Cu3 (14.4 vs 175.5, Figure S10a) and Pd1Ag1
(65.9 vs 121.5, Figure S10b); thus, both Pd1Cu3 and Pd1Ag1
dominantly contribute to the C2H4 desorption route to form
gaseous C2H4.
For the Pd1L-Msub (M = Cu and Ag) catalysts, C2H3 + H ⃗

C2H4 and C2H3 + H ⃗ CHCH3 are energetically competitive on
the Pd1L-Cusub catalyst (81.6 vs 84.7 kJ·mol−1, Figure S11a),
while C2H4 desorption is more kinetically favored compared to
CHCH3 hydrogenation (40.2 vs 120.6 kJ·mol−1, Figure S11a).
On the Pd1L-Agsub catalyst, C2H3 hydrogenation to C2H4 is
kinetically more favorable than its hydrogenation to CHCH3
(93.4 vs 127.7, Figure S11b). Thus, Pd1L-Msub (M = Cu and
Ag) catalysts are beneficial to C2H4 desorption.
Therefore, the CHCH3 hydrogenation route is the preferred

route on Pd1L@Cu, Pd3L@Pd1Cu3, and Pd2L@Pd1Ag1, which
dominantly produce ethane. However, the C2H4 desorption
route is preferred on other 11 types of Pd-based catalysts
(Pd1L@Pd1Cu3, Pd2L@Pd1Cu3, Pd1L@Ag, Pd2L@Ag, Pd3L@
Ag, Pd1L@Pd1Ag1, Pd3L@Pd1Ag1, Pd1Cu3, Pd1Ag1, Pd1L-Cusub,
and Pd1L-Agsub), which mainly contribute to gaseous C2H4
formation. Namely, these 11 types of Pd-based alloy catalysts
can effectively remove trace C2H2 from the C2H4-rich stream.

Figure 6. Free-energy profile of C2H4 hydrogenation and C2H4
desorption with the initial state, transition state, and the final state
on Pd1Cu3, Pd1Ag1, Pd1L-Cusub, and Pd1L-Agsub catalysts at 425 K.

Figure 7. Free-energy profile of C2H2 selective hydrogenation with
the initial states, transition states, and final states on the Pd1L@Cu
catalyst at 425 K.
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3.6. General Discussions. 3.6.1. Influences of Surface
Structures on C2H4 Formation Activity and Selectivity. Since
11 types of Pd-based catalysts favor gaseous C2H4 formation,
C2H4 formation activity and selectivity over these catalysts are
calculated to evaluate the catalytic performance of C2H2
selective hydrogenation.42,50,51

In this study, when the route of C2H4 desorption is favored,
the energy difference between C2H4 desorption and its
hydrogenation as the simplest descriptor is employed to
quantitatively evaluate C2H4 selectivity.52−54 Meanwhile, the
rate of C2H4 formation is calculated to evaluate the activity of
C2H4 formation,55,56 which is calculated according to the two-
step model57,58 under the typical experimental conditions (T =
425 K, P = 1 atm; H2/C2H2 = 10/1, the partial pressures of
C2H4, H2, and C2H2 correspond to 0.89, 0.1, and 0.01 atm,
respectively). The details about the definition of activity and
selectivity of C2H4 formation are presented in the Supporting
Information. Further, as mentioned above, different alloying
elements and atomic arrangement lead to different surface
structures of Pd-based alloy catalysts and therefore alter the
selectivity and activity of gaseous C2H4 formation.
As presented in Figure 8a, for the Pd−Cu alloy catalysts,

C2H4 selectivity is 54.7 and 19.2 kJ·mol−1 on the core−shell

Pd1L@Pd1Cu3 and Pd2L@Pd1Cu3, respectively; the activity is
1.08 × 10−1 and 1.46 × 100 s−1·site−1; C2H4 selectivity of the
former is about two times higher than that of the latter;
however, the activity of the latter is about nine times higher
than that of the former; Thus, taking C2H4 formation activity
and selectivity into consideration, Pd2L@Pd1Cu3 is a more
suitable choice for C2H2 selective hydrogenation to produce
gaseous C2H4. For the uniform alloy Pd1Cu3, the activity and
selectivity of gaseous C2H4 formation are 8.65 × 106 s−1·site−1

and 51.9 kJ·mol−1, respectively. For the subsurface structure of
the Pd1L-Cusub catalyst, the activity and selectivity of gaseous
C2H4 formation are 8.28 × 102 s−1·site−1 and 54.9 kJ·mol−1,
respectively. Therefore, three types of Pd−Cu alloy catalysts,
including Pd2L@Pd1Cu3, Pd1Cu3, and Pd1L-Cusub with different
surface structures, are more conducive to gaseous C2H4
formation, especially Pd1Cu3 (the highest activity) and Pd1L-
Cusub (the highest selectivity) catalysts.

Further, aiming at clarifying the role of different surface
structures for Pd-Cu alloy catalysts, we calculated the projected
density of states for the d-orbitals of the outermost atoms and
the average Bader charge of the outermost Pd atoms over
Pd2L@Pd1Cu3, Pd1Cu3, and Pd1L-Cusub with better catalytic
performance, in which Pd2L@Pd1Cu3 has a lower catalytic
performance compared to the Pd1Cu3 and Pd1L-Cusub catalysts.
Further, although C2H4 selectivity on Pd1Cu3 is close to that
on Pd1L-Cusub, the activity of Pd1Cu3 is higher by about 104

times than that of Pd1L-Cusub, thus taking C2H4 formation
activity and selectivity into consideration; Pd1Cu3 shows the
best catalytic performance. As presented in Figure 9a, the
distance between the Femi level and the d-band center follows
the order Pd1L-Cusub (−1.96 eV) < Pd1Cu3 (−2.12 eV) <
Pd2L@Pd1Cu3 (−2.18 eV), indicating that Pd1Cu3 with a
moderate d-band center exhibits superior activity than Pd2L@
Pd1Cu3 and Pd1L-Cusub. Moreover, Bader charges of the
outermost Pd atoms are −0.343 e, −0.126 e, and −0.031 e on
Pd1Cu3, Pd1L-Cusub, and Pd2L@Pd1Cu3, respectively; namely,
Pd1Cu3 with more Bader charges of the outermost Pd atoms
presents the best catalytic performance toward gaseous C2H4
formation.
As shown in Figure 8b, for Pd−Ag alloy catalysts, on the

PdnL@Ag and PdnL@Pd1Ag1 (n = 1−3) catalysts, C2H4
selectivity (kJ·mol−1) is ordered as Pd1L@Ag (56.1) > Pd1L@
Pd1Ag1 (42.9) > Pd3L@Ag (35.0) > Pd3L@Pd1Ag1 (32.1) >
Pd2L@Ag (29.3), while the activity (s−1·site−1) of gaseous
C2H4 formation is in the sequence of Pd3L@Pd1Ag1 (1.56 ×
10−1) > Pd1L@Ag (4.89 × 10−2) > Pd3L@Ag (2.89 × 10−3) >
Pd1L@Pd1Ag1 (5.65 × 10−5) > Pd2L@Ag (4.96 × 10−6); thus,
taking C2H4 formation activity and selectivity into consid-
eration, Pd3L@Pd1Ag1 enables superior catalytic performance
for gaseous C2H4 formation. For the uniform alloy Pd1Ag1, the
activity and selectivity of gaseous C2H4 formation are 1.09 ×
101 s−1·site−1 and 59.6 kJ·mol−1, respectively. For the
subsurface structure of Pd1L-Agsub, the activity and selectivity
of gaseous C2H4 formation are 2.93 × 101 s−1·site−1 and 29.6
kJ·mol−1, respectively. Above results show that three types of
Pd−Ag alloy catalysts, including Pd3L@Pd1Ag1, Pd1Ag1, and
Pd1L-Agsub catalysts with different structures, are screened out
to present better activity and selectivity toward gaseous C2H4
formation, especially Pd1Ag1 (the highest selectivity) and Pd1L-
Agsub (the highest activity).
Similarly, the projected density of states and the average

Bader charge of the outermost Pd atoms over the Pd3L@
Pd1Ag1, Pd1Ag1, and Pd1L-Agsub catalysts with better catalytic
performance are also analyzed, in which the Pd3L@Pd1Ag1
catalyst has lower catalytic performance compared to Pd1Ag1
and Pd1L-Agsub. Further, although the activity of Pd1Ag1 is close
to that of Pd1L-Agsub, C2H4 selectivity on Pd1Ag1 is more than
twice that on Pd1L-Agsub; thus, taking C2H4 formation activity
and selectivity into consideration, Pd1Ag1 has the best catalytic
performance. As presented in Figure 9b, Pd1L-Agsub with a
moderate d-band center (−1.81 eV) shows superior activity
than Pd3L@Pd1Ag1 (−1.75 eV) and Pd1Ag1 (−2.53 eV). The
average Bader charges for the outermost Pd atoms are −0.137
e, −0.071 e, and − 0.029 e on Pd1Ag1, Pd1L-Agsub, and Pd3L@
Pd1Ag1, respectively; namely, Pd1Ag1 with the more Bader
charges of outermost Pd atoms presents the best activity and
selectivity of gaseous C2H4 formation.
Based on above analysis, among above 11 types of Pd-based

alloy catalysts, taking C2H4 formation activity and selectivity
into consideration, Pd1L@Pd1Cu3, Pd1L@Ag, Pd2L@Ag, Pd3L@

Figure 8. C2H4 selectivity and its formation activity in C2H2 selective
hydrogenation on the (a) Pd−Cu and (b) Pd−Ag alloy catalysts at
425 K.
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Ag, and Pd1L@Pd1Ag1 have poor catalytic performance for
gaseous C2H4 formation, while Pd2L@Pd1Cu3, Pd1Cu3, Pd1L-
Cusub, Pd3L@Pd1Ag1, Pd1Ag1, and Pd1L-Agsub show better
catalytic performance, especially Pd1Cu3, Pd1Ag1, Pd1L-Cusub,
and Pd1L-Agsub. Moreover, among the Pd−Cu and Pd−Ag
alloy catalysts with better catalytic performances, a moderate
distance between the Femi level and the d-band center leads to
superior activity; the more the quantity of average Bader
charges for the outermost Pd atoms is, the better the catalytic
performance of gaseous C2H4 formation is.
Further, the microkinetic modeling has been widely used in

C2H2 selective hydrogenation, and the effects of species
coverage, temperature, and pressure on the catalytic perform-
ance are considered.59−61 In this study, the microkinetic
modeling is further implemented to probe into C2H4 formation
activity and its selectivity in C2H2 selective hydrogenation on

Pd-based catalysts under the typical experimental conditions
(PC2H2 = 0.01 atm, PH2 = 0.1 atm, and T = 425 K). As
presented in Figure 8, the Pd1Cu3, Pd1L-Cusub, Pd1Ag1, and
Pd1L-Agsub catalysts are screened out to exhibit better activity
and selectivity toward gaseous C2H4 formation; thus, the
microkinetic modeling is conducted on these four catalysts
(see details in the Supporting Information). As listed in Table
S3, the C2H4 formation rates (s−1·site−1) on above four
catalysts are in the sequence of Pd1Cu3 (4.64 × 10−11) > Pd1L-
Cusub (6.57 × 10−14) > Pd1L-Agsub (3.49 × 10−14) > Pd1Ag1
(1.64 × 10−16), which agrees with the results obtained by the
two-step model method. For the selectivity of C2H4, since the
value of rC2H5 is much smaller than that of rC2H4, the selectivity
of C2H4 on these four catalysts are 100%, which is also
consistent with the calculated results obtained by the
difference between C2H4 hydrogenation and its desorption.

Figure 9. Projected density of states (PDOS) plots for the d-orbitals of the outmost layer atoms on the (a) Pd−Cu and (b) Pd−Ag alloy catalysts.
The dashed red lines represent the location of the d-band center, and the solid red lines indicate the Fermi energy level to be zero.
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3.6.2. Influences of Surface Structures on Green Oil
Production. Since green oil can block active centers and
deactivate the catalyst in C2H2 selective hydrogenation, green
oil production is further investigated on the Pd1Cu3, Pd1L-
Cusub, Pd1Ag1, and Pd1L-Agsub catalysts with excellent activity
and selectivity of gaseous C2H4 formation.
Our previously reported studies40 found that the production

of green oil on the Pd1Cu3 and Pd1Ag1 uniform alloy catalysts
can be validly suppressed. For the Pd1L-Cusub catalyst, see
Figure S12a, compared to the routes of C2H2 + C2H2 (97.6 kJ·
mol−1) and C2H2 + C2H3 (46.9 kJ·mol−1), the route of C2H3 +
C2H3 (28.3 kJ·mol−1) to produce 1,3-butadiene is the most
advantageous in kinetics, which is also much easier in kinetics
than the C2H4 desorption route (28.3 vs 81.6 kJ·mol−1). For
the Pd1L-Agsub catalyst, see Figure S12b, the route of C2H3 +
C2H3 to produce 1,3-butadiene is the most advantageous in
kinetics (50.1 vs 101.9 and 74.7 kJ·mol−1), which is also much
easier in kinetics than the C2H4 desorption route (50.1 vs 93.4
kJ·mol−1). Hence, green oil is easily formed on the subsurface
structure of Pd1L-Cusub and Pd1L-Agsub catalysts.
Based on above results, it is concluded that both Pd1Cu3 and

Pd1Ag1 catalysts with the uniform alloy surface structures not
only display the superior activity and selectivity toward gaseous
C2H4 formation but also effectively inhibit green oil formation.
Thus, among the Pd-based alloy catalysts with four kinds of
surface structures, the core−shell PdnL@M (M = Cu and Ag),
core−shell PdnL@PdxMy, the uniform alloys Pd1Cu3 and
Pd1Ag1, and the subsurface structure Pd1L-Msub, it is concluded
that engineering Pd-based alloy catalysts with the uniform alloy
surface structure is the best choice for gaseous C2H4 formation
in C2H2 selective hydrogenation.
3.6.3. Influences of Subsurface Hydrogen on C2H4

Formation Activity and Selectivity. For the Pd catalyst,
since previous studies by Yang et al.57 have shown that the
presence of subsurface hydrogen significantly changes the
reactivity and selectivity toward C2H2 selective hydrogenation
on Pd surfaces, the effect of subsurface hydrogen on the C2H4
formation activity and selectivity is investigated over the
uniform alloy Pd1Cu3 and Pd1Ag1 catalysts with excellent
catalytic performance toward C2H4 formation.
For the Pd1Cu3 catalyst, as shown in Figure S13, four types

of subsurface adsorption sites are considered; when H is
initially adsorbed at the tetrahedron 1 (TET1) site and
octahedron 2 (OCT2) site, the optimized structure showed
that the H atom diffuses from the subsurface to the surface;
when H is adsorbed at the TET2 and OCT1 sites, H is still
located at the subsurface sites after optimization; however, as
listed in Table S4, the adsorption ability of the H atom at the
OCT1 site is stronger than that at the TET2 site, so the stable
adsorption site of H at the subsurface is the OCT1 site.
Similarly, on the Pd1Ag1 catalyst, the stable adsorption site of
H at the subsurface is the OCT1 site. Thus, according to the
previous studies by Yang et al.,57 both Pd1Cu3(111) and
Pd1Ag1(111) surfaces with 1 monolayer (ML) of H atoms at
the stable subsurface adsorption sites (named as Pd1Cu3/Hsub
and Pd1Ag1/Hsub) are employed to clarify the effect of
subsurface H on C2H4 formation activity and selectivity (see
details in the Supporting Information).
As shown in Figure S14, the C2H4 desorption route is

preferred on Pd1Cu3/Hsub and Pd1Ag1/Hsub; meanwhile, as
listed in Table 1, C2H4 selectivity is 54.7 kJ·mol−1 on Pd1Cu3/
Hsub, which is close to that on Pd1Cu3 (51.9 kJ·mol−1);
however, the activity of C2H4 formation on Pd1Cu3/Hsub is

much lower than that of Pd1Cu3 (8.21 × 100 vs 8.65 × 106 s−1·
site−1); thus, the presence of subsurface H on the Pd1Cu3
catalyst decreases the activity of gaseous C2H4 formation. For
Pd1Ag1/Hsub, C2H4 selectivity is 65.6 kJ·mol−1, which is slightly
higher than that on Pd1Ag1 (59.6 kJ·mol−1); meanwhile, the
activity is 4.37 × 101 s−1·site−1, which is higher than that on
Pd1Ag1 (1.09 × 101 s−1·site−1); thus, the presence of subsurface
H on the Pd1Ag1 catalyst promotes C2H4 formation activity
and selectivity.

4. CONCLUSIONS
In this work, the catalytic performance of gaseous C2H4
formation in C2H2 selective hydrogenation on Pd-based alloy
catalysts are fully investigated using DFT calculations; here,
four kinds of surface structures, including the core−shell
PdnL@M (M = Cu and Ag), the core−shell PdnL@PdxMy, the
uniform alloys Pd1Cu3 and Pd1Ag1, and the subsurface
structure Pd1L-Msub, are engineered to reveal the influences
of the surface structures on the gaseous C2H4 formation
activity and selectivity. The results show that the surface
structures of Pd-based alloy catalysts significantly affect the
activity and selectivity of gaseous C2H4 formation on all
considered Pd-based alloy catalysts. Among them, the Pd1Cu3,
Pd1L-Cusub, Pd1Ag1, and Pd1L-Agsub catalysts are screened out
to serve as four promising candidates in the hydrogenation
process, which exhibit better activity and selectivity toward
gaseous C2H4 formation, especially Pd1Cu3 and Pd1Ag1 with
the uniform alloy structure. However, in the polymerization
process, green oil is easily formed on the Pd1L-Cusub and Pd1L-
Agsub catalysts. Namely, only the uniform alloy surface
structures, Pd1Cu3 and Pd1Ag1, are the most suitable choice
among all considered Pd-based alloy catalysts for C2H2
selective hydrogenation to C2H4, which not only can exhibit
excellent activity and selectivity toward gaseous C2H4
formation but also effectively suppress green oil production;
moreover, both the intermetallic Pd1Cu3 and Pd1Ag1 alloy
catalysts have great thermal stability. This study could serve as
an example of rationally engineering the surface structure of

Table 1. Adsorption Free Energies (Gads/kJ·mol−1) of C2H4,
the Activation Barriers (Ga/kJ·mol−1) of C2H4
Hydrogenation to C2H5, C2H4 Selectivity (Gsel/kJ·mol−1),
and the Rate of C2H4 Formation (r/s−1·site−1) in C2H2
Selective Hydrogenation over the Pd-Based Alloy Catalysts
at 425 K

catalysts Gads(C2H4) Ga Gsel r

Pd1L@Cu −49.8 93.9  
Pd1L@Pd1Cu3 −40.9 95.6 54.7 1.08 × 10−1

Pd2L@Pd1Cu3 −73.5 92.7 19.2 1.46 × 100

Pd3L@Pd1Cu3 −69.8 87.1  
Pd1L@Ag −55.7 111.8 56.1 4.89 × 10−2

Pd2L@Ag −77.4 106.7 29.3 4.96 × 10−6

Pd3L@Ag −71.9 106.9 35.0 2.89 × 10−3

Pd1L@Pd1Ag1 −71.5 114.4 42.9 5.65 × 10−5

Pd2L@Pd1Ag1 −71.8 99.6  
Pd3L@Pd1Ag1 −71.3 103.4 32.1 1.56 × 10−1

Pd1Cu3 −45.5 97.4 51.9 8.65 × 106

Pd1Ag1 −49.3 108.9 59.6 1.09 × 101

Pd1L-Cusub −40.2 95.1 54.9 8.28 × 102

Pd1L-Agsub −58.4 88.0 29.6 2.93 × 101

Pd1Cu3/Hsub −84.0 138.7 54.7 8.21 × 100

Pd1Ag1/Hsub −50.3 115.9 65.6 4.37 × 101
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Pd-based alloy catalysts in C2H2 selective hydrogenation,
which may be applied to the design of other types of catalysts.
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