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� Use of S - a typical catalyst poison
enhancing catalytic performance of
C2H2 selective hydrogenation.

� Sulfur-containing Cu2O is superior to
sulfur-free Cu2O in C2H2 selective
hydrogenation.

� Sulfur-containing Cu2O promotes
C2H4 formation and inhibits green oil
precursor formation.

� S atom modifies Cu2O surface
morphology and tunes the spatial
scale of active region for associated
reactions.

� S blocks the larger active region
required for C2H2 polymerization and
C2H4 hydrogenation.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 21 November 2020
Received in revised form 14 July 2021
Accepted 27 July 2021
Available online 29 July 2021

Keywords:
Sulfur usage
Cu2O catalysts
Spatial scale
C2H2 selective hydrogenation
a b s t r a c t

Development of cost-effective catalysts with high activity and selectivity toward C2H2 hydrogenation to
gas C2H4 is challenging. This research found that the challenge could be overcome using S inherently
existing in the raw material for production of C2H4 and conventionally considered as a catalyst poison.
Specifically, the sulfur-containing Cu2O catalysts are superior to the sulfur-free Cu2O catalysts in two
dimensions, one is the improvement of C2H4 formation activity and selectivity; the other is to reduce
green oil precursor formation. The microscopic mechanism of S lies in blocking larger active region
required for C2H2 polymerization and C2H4 hydrogenation to ethane; whereas without affecting smaller
active region needed for C2H2 hydrogenation to C2H4. Namely, the S atom modified Cu2O surface mor-
phology, change the spatial scale of active region for associated reactions, and control the formation of
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Catalytic performance
 desired products. Thus, the sulfur-containing Cu2O catalysts are potentially promising candidates for
C2H2 hydrogenation to C2H4.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Ethylene (C2H4) as a critical polymer building block is domi-
nantly made from the decomposition of higher hydrocarbons.
However, during this decomposition process, a small amount of
acetylene (C2H2) (Beck et al., 2008; True, 2013) and sulfur-
containing species (Magyar et al., 2005; Liu et al., 2012;
Williams, 2003) are produced. For the former, during C2H4 poly-
merization, C2H2 can poison or deactivate the catalysts
(Borodziński and Bond, 2006; Borodziński and Bond, 2008). For
the later, the high sulfur-containing species (thiophenes and ben-
zothiophenes) are present in the heavier fraction and low sulfur-
containing species (H2S) are present in the light fraction (C2H4

feeding stream) (Magyar et al., 2005; Liu et al., 2012). The thio-
phenes and benzothiophenes can be removed by HDS reaction.
However, the elemental sulfur from H2S dissociation could block
surface active sites and poison the metal-based catalysts
(Alfonso, 2008; Spencer, 1999; Ðnoğlu and Kitchin, 2009). Thus,
the coexistence of C2H2 and H2S in C2H4 polymerization is not
desired.

Nowadays, the selective hydrogenation of C2H2 to C2H4 is
employed for reducing C2H2 concentration less than 5 ppm in
C2H4 feedstock (Zea et al., 2005; Bond, 1962) through simultaneous
C2H2 removal and C2H4 production. The state-of-the-art C2H2

hydrogenation catalysts are Pd-based bimetallic catalysts
(Borodziński and Bond, 2006; Kim et al., 2011; Khan et al., 2005;
Sárkány et al., 2002; Jin et al., 2015). To improve the performance
of Pd-based catalyst in C2H2 selective hydrogenation, CO was
added into feed gas (Borodziński and Bond, 2008; Teschner et al.,
2008; Gabasch et al., 2006; García-Mota et al., 2010) to hinder
C2H4 adsorption and thus increase C2H4 selectivity (García-Mota
et al., 2010; Nikolaev et al., 2009). Interestingly, pretreating Pd cat-
alysts with sulfur-containing species effectively improve C2H4

selectivity, for example, the diphenyl sulphide-modified Pd/TiO2

catalysts enhances C2H4 selectivity without the deactivation
(McKenna and Anderson, 2011; McKenna et al., 2011). Pd4S cata-
lyst showed high C2H4 formation activity and selectivity, which
were attributed to the unique crystal structure of Pd4S (McCue
et al., 2016; McCue et al., 2017). Pd4S displayed excellent C2H4

selectivity without deactivation or significant carbon deposition
(Liu et al., 2018).

The experiment found that PdCx formation is more of inevitabil-
ity on Pd catalysts during C2H2 semi-hydrogenation (Teschner
et al., 2008), moreover, the presence of PdCx facilitates C2H4 des-
orption to improve C2H4 selectivity (Shao et al., 2012; Liu et al.,
2020); however, the hydride formation (PdHx) occurred on Pd cat-
alysts (Sá et al., 2006), which decrease C2H4 selectivity in C2H2

semi-hydrogenation (Doyle et al., 2004; Khan et al., 2005;
Shaikhutdinov et al., 2001). As a result, Cu-based catalysts have
attracted increasing attention due to their low cost and high
C2H4 selectivity (Bridier and Pérez-Ramírez, 2010; Kyriakou et al.,
2012; McCue et al., 2014).

Further, a well-known hazard occurs when C2H2 contacts with
copper or higher copper (I) compounds, because the explosive Cu
acetylides would be formed under an alkyne atmosphere. So the
application of Cu catalyst in the alkyne process is limited (Garcia
and Morse, 2013; Jana et al., 2018). However, the fundamental
study of C2H2 semi-hydrogenation on the copper (I) compounds
in this study is under C2H4 atmosphere instead of alkyne atmo-
2

sphere, which aims to remove the trace C2H2 in the C2H4 feed,
the formation of Cu acetylides might be reduced. Thus, Cu-based
catalysts might be applied in the fundamental study of C2H2

semi-hydrogenation. On the other hand, the generation of oligo-
meric species from C2H2 polymerization (Wilde et al., 2008), one
of the key issues facing for both Pd- and Cu-based catalysts, has
not been resolved yet. In particular, compared to Pd catalysts, Cu
catalysts are more vulnerable to the threat of oligomeric species
since hydrogen dissociation is less facile. As a result, how to reduce
the possibility of C2H2 polymerization to produce oligomeric spe-
cies becomes a very key issue on Cu catalysts. These oligomers
are the C4+ species, and their liquid part is usually called ‘‘green oil”
(Larsson et al., 1998; Sarkany et al., 1984b,a) that results from the
formation of 1,3-butadiene (Asplund, 1996; Larsson et al., 1996,
1998; Yang et al., 2014) and can cause catalyst deactivation, cover
the active surface of metal particles, and reduce mass transfer pro-
cesses such as hydrogen diffusion (Borodzinski and Cybulski, 2000;
Teschner et al., 2006).

Cu-based catalysts can contain three valence states of Cu(0), Cu
(I) and Cu(II), which have been used for the selective hydrogena-
tion of C2H2 (Huisgen, 1963; Lee et al., 2013; McCue et al., 2014;
Zhong, 2011), at 423 ~ 523 K, they can present the great selectivity
and activity toward C2H4 formation (McCue et al., 2014). Under H2

atmosphere and within 423 ~ 523 K, Cu2O and Cu are major exist-
ing species (Maimaiti et al., 2014; Zhong, 2011). However, Cu2O(I)
catalyst has higher selectivity and activity toward C2H4 formation
than the single Cu(0) catalyst (Zhang et al., 2017). More impor-
tantly, the S species dissociated from a trace amount of sulfur-
containing species (H2S) in C2H4 feeding stream can easily be
formed over Cu2O(I) surface during C2H2 hydrogenation, for exam-
ple, our previous DFT studies (Zhang et al., 2012) fully elucidated
H2S adsorption and dissociation on the perfect and oxygen-
vacancy Cu2O(111), H2S exists in the form of molecular adsorption
on the perfect surfaces; H2S dissociative adsorption occurs on the
oxygen-vacancy surface, the produced S atom is preferably
adsorbed at the Ovacancy site to form sulfurized Cu2O(111) surface;
further, a smaller barrier of molecular adsorption H2S dissociation
into S and H species showed the easy breaking of the H-S bond of
H2S to form S species. The experiment found that H2S dissociative
adsorption on Cu2O(111) easily occurs (Galtayries and Bonnelle,
1995). The variable-energy photoelectron spectroscopy (Lin et al.,
1992) also found that H2S chemisorbed on Cu2O(111) could be
completely dissociated to produce sulfide, HS and hydroxide. Thus,
the S species dissociated from H2S can easily be formed over Cu2O
surface.

Inspired by the positive effect of S addition to Pd catalysts on
C2H2 hydrogenation (McKenna and Anderson, 2011; McKenna
et al., 2011; McCue et al., 2016; McCue et al., 2017; Liu et al.,
2018), this study was desired to investigate the feasibility of
Cu2O(I)-catalyzed C2H2 selective hydrogenation using density
functional theory (DFT) calculations, which is from the perspec-
tive of the effect of S on the catalytic activity and C2H4 selectiv-
ity as well as reducing the formation possibility of 1,3-
butadiene—the precursor of green oil. Four types of Cu2O(111)
surfaces, including the perfect, oxygen-vacancy, the sulfurized
and pre-sulfur-adsorbed surfaces, were examined. The results
were expected to provide a good clue for designing Cu-based
catalysts with higher catalytic performance in C2H2 selective
hydrogenation.
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2. Computational details

2.1. Computational methods

All DFT calculations were performed using Dmol3 program
package in Materials Studio 8.0. The generalized gradient approxi-
mation (GGA) with the exchange–correlation functional PBE pro-
posed by Perdew-Burke-Ernzerhof was employed (Delley, 1990;
Tian et al., 2007). In the computation, 2.0 � 10-5 Ha, 4.0 � 10-3

Ha∙Å�1 and 5.0 � 10-3 Å were set for the energy convergence, max-
imum force and maximum distance, respectively. To expand the
valence electron function, the double numerical basis set with a
polarization d-function (DNP) was selected (Delley, 1990). A
4 � 4 � 1 k-point sampling in the surface Brillouin zone was used
for Cu2O(111) and sulfurized Cu2O(111) surfaces. The orbital cut-
off range was set as medium quality, and 0.005 Hartree was set for
the smearing value. An effective core potential (ECP) was used for
Cu atoms and all-electron basis sets for other atoms.

To obtain accurate activation barriers of elementary reaction
involving in the selective hydrogenation of C2H2 and the formation
of green oil precursor, the transition state (TS) of every elementary
reaction was searched using the complete LST/QST method
(Govind et al., 2003; Halgren and Lipscomb, 1977). All transition
states were confirmed with only one imaginary frequency, and
using TS Confirmation to make sure that the transition state was
connected with the reactant and product.

Usually, the temperature was set to � 400 K for Pd-based cata-
lysts, for example, Yang et al. (Yang et al., 2013) theoretically inves-
tigated C2H2 hydrogenation on several Pd surfaces ((111), (100),
(211), and (211)-defect) at 350 K; Wang et al. (Wang and Yang,
2018) examined the effects of lattice strain and subsurface promot-
ers of Pd-based catalysts on C2H2 hydrogenation at 350 K; García-
Mota et al. (García-Mota et al., 2010) experimentally explore the
effect of CO on the formation of carbide and hydride phases under
the realistic conditions at 348 K; DFT studies by Wang et al. (Wang
et al., 2021) explore C2H2 hydrogenation over the Pd intermetallic
compound at 400 K. On the other hand, for Cu-based catalysts, the
atomically dispersed Cu supported on a defective nanodiamond-
graphene exhibits excellent catalytic performance toward C2H2

semi-hydrogenation at 473 K (Huang et al., 2019); the experiment
explored the performance of C2H2 hydrogenation on Cu-promoted
Pd catalysts at 573 K (Kim et al., 2011); Zhang et al. (Zhang et al.,
2019a,b) explore C2H2 hydrogenation on the M@Pd and M@Cu
(M = Au, Ag, Cu, and Pd), as well as the promoter Ni, Ag, Au, Pt,
Pd and Rh doped Cu-based catalysts at 520 K. Thus, in this study,
the temperature 525 K was considered, correspondingly, the entro-
pies of gaseous H2, C2H2, and C2H4 species at 525 K are considered.

Further, the hydrogenation and polymerization processes are
included in C2H2 semi-hydrogenation. The hydrogenation process
mainly produces C2H4 and C2H6, so C2H4 selectivity and its forma-
tion activity are determined by the hydrogenation process; the
polymerization process mainly forms green oil to deactivate the
catalyst, thus, the stability of the catalyst is determined by the
polymerization process. Further, extensive studies found that the
higher H2/C2H2 ratio could reduce the possibility of green oil for-
mation and reduce the possibility of catalyst deactivation in C2H2

semi-hydrogenation (Huang et al., 2019; McCue et al., 2014;
Wang and Yang, 2018; Yang et al., 2013; Zhang et al., 2019). Thus,
in the fundamental study, when exploring the effect of the S on
C2H4 selectivity and its formation activity, a higher H2: C2H2 ratio
(10: 1) was set, the partial pressures of C2H2, H2, and C2H4 corre-
spond to 0.01, 0.1, and 0.89 atm, respectively. Moreover, the H2:
C2H2 ratio was only considered when calculating the reaction rate
using the two-step model method and it did not affect the calcula-
tion of the polymerization process in this study. The detailed
3

descriptions about the calculations for Gibbs free energies of gas-
eous and adsorbed species, the activation free energy and reaction
free energy of the involved reaction are presented in the Supple-
mentary Material.
2.2. Calculated models

Previous studies (Islam et al., 2009; Schulz and Cox, 1991)
showed that the non-polar stoichiometric O-terminated Cu2O
(111) surface is the most stable and the dominantly exposed sur-
face under realistic conditions due to the lower surface free energy,
which has been widely selected as an ideal model system to inves-
tigate the stability, structure and properties of Cu2O catalysts the-
oretically (Islam et al., 2009; Sun et al., 2007, 2008) and
experimentally (Lin et al., 1992; Önsten et al., 2009; Schulz and
Cox, 1991). Thus, the perfect Cu2O(111) surface named as Per-
Cu2O(111)) was considered and terminated by an outer atomic
layer of oxygen anions, with a second atomic layer of Cu+ cations,
and a third atomic layer of oxygen anions. The perfect Cu2O(111)
surface includes four different surface atoms denoted as CuCUS,
CuCSA, OSUF and OSUB (see Fig. 1a).

On the other hand, metal oxide surfaces under the realistic con-
ditions are not always perfect and usually contain surface vacan-
cies, which can considerably affect the properties of most metal
oxides, including surface reactivity (Yin et al., 2007). Zhang et al.
(Zhang et al., 2010, 2011, 2013, 2017) proved that the oxygen-
vacancy Cu2O(111) exhibits a strong chemical reactivity toward
the adsorption and dissociation of H2S, H2O, O2 and H2. Thus, the
oxygen-vacancy Cu2O(111) surface was selected to investigate
the effect of surface oxygen-vacancy on the formation of C2H4

and 1,3-butadiene. For the oxygen-vacancy Cu2O(111) surface or
OV-Cu2O(111), one oxygen on top atomic layer is removed from
the perfect surface as presented in Fig. 1b. The formation energy
(Ef) of one surface oxygen vacancy for Ov-Cu2O(111) is calculated
by the equation of Ef = [E(Ov-Cu2O) + 1/2E(O2)]-E(Cu2O), in which
E(Cu2O) and E(Ov-Cu2O) are the total energies of the clean Cu2O
surface and Ov-Cu2O(111) surface with one surface oxygen
vacancy, respectively; E(O2) is the energy of a gas phase O2 mole-
cule. The Ef of Ov-Cu2O(111) with one surface oxygen vacancy is
2.29 eV, which is close to the values (2.18 and 2.22 eV) obtained
by Yu et al. (Yu et al., 2015) and Wu et al. (Wu et al., 2012). Obvi-
ously, the presence of oxygen vacancy gives rise to a threefold site
of singly-coordinate Cu+ cations represented with Cu2, Cu3 and Cu4

atoms.
As presented in Introduction, the dissociated S atoms can

adsorb at the oxygen-vacancy sites of Cu2O(111) surface (Zhang
et al., 2012) to form sulfurized Cu2O(111) surface or SV-Cu2O
(111) as displayed in Fig. 1c. However, when S atoms adsorbed
at the oxygen-vacancy sites, other H2S species adsorbed at the
CuCUS site can also dissociate, which leads to the adsorption of S
atoms at the 3-fold hollow sites composed of one CuCUS and two
CuCSA atoms and formation of the pre-sulfur-adsorbed Cu2O(111)
surface, as shown in Fig. 1d. This surface is named as Sad-Cu2O
(111).

Therefore, in this study, four types of Cu2O(111) surfaces,
including the perfect, oxygen-vacancy, the sulfurized and pre-
sulfur-adsorbed surfaces, have been examined. A p(2 � 2) supercell
slab model with six atomic layers was employed for these surfaces
during calculations. The vacuum region separating the slabs in the
direction perpendicular to the surface direction was set to 15 Å. In
all calculations, the adsorbed species and the top three atomic lay-
ers of the substrate were allowed to relax, whereas the bottom
three atomic layers of the substrate were frozen in their bulk
positions.



Fig. 1. Surface morphology of (a) the perfect Cu2O(111), (b) the oxygen-vacancy Cu2O(111), (c) the sulfurized Cu2O(111), and (d) the pre-adsorbed sulfur Cu2O(111), which
are named as Per-Cu2O(111)OV-Cu2O(111)SV-Cu2O(111) and Sad-Cu2O(111) surfaces, respectively. The red, yellow and orange balls denote O, S and Cu atoms, respectively.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. The possible reaction pathways involving in the selective hydrogenation of C2H2 and the formation of 1,3-butadiene; (ad) and (g) stand for the adsorbed and gas phase
states, respectively.

Table 1
The adsorption free energies (Gads) of H, C2Hx(x = 2–5), C4H4, C4H5 and C4H6 species in the selective hydrogenation of C2H2 and the formation of 1,3-butadiene over different types
of Cu2O(111) surfaces at 525 K.

Surfaces Gads (kJ�mol�1)

H C2H2 C2H3 C2H4 C2H5 C4H4 C4H5 C4H6

Per-Cu2O(111) 202.9 133.4 270.9 116.2 202.1 373.1 278.6 151.6
OV-Cu2O(111) 255.8 266.7 278.5 145.8 217.4 481.7 308.2 159.9
SV-Cu2O(111) 225.4 132.1 288.5 110.9 187.1 359.4 298.3 146.6
Sad-Cu2O(111) 237.9 137.9 302.3 141.0 184.0 299.5 284.4 128.1

L. Wang, B. Zhao, C.K. Russell et al. Chemical Engineering Science 246 (2021) 116984
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Fig. 3. The most stable adsorption configurations of H, C2H2, C2H3, C2H4, C2H5, C4H4, C4H5 and C4H6 species in the selective hydrogenation of C2H2 and the formation of 1,3-
butadiene over different types of Cu2O(111) surfaces. C and H atoms are shown in the grey and white balls, respectively.
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3. Results and discussion

3.1. The formation of C2H4 and 1,3-butadiene

C2H2 selective hydrogenation includes the hydrogenation and
polymerization processes. Based on previous studies on Cu2O cat-
5

alysts (Zhang et al., 2017); C2H4 intermediate pathway to C2H6

and C2H4 desorption pathway to gaseous C2H4 were considered
in the hydrogenation process, as presented in Fig. 2. The energy dif-
ference between the activation free energy of C2H4 hydrogenation
(Ga) and the value of C2H4 desorption free energy (Gdes), DGsel, is
used as a descriptor to evaluate the selectivity of catalysts toward



Table 2
The activation free energy (Ga) and reaction free energy (4G) of all possible
elementary reactions involving in the selective hydrogenation of C2H2 and the
formation of 1,3-butadiene over different types of Cu2O(111) surfaces at 525 K.

Surfaces Elementary reaction Ga/kJ�mol�1 4G/kJ�mol�1

Per-Cu2O(111) R1-1 C2H2 + H ? C2H3 87.3 �105.4
R1-2 C2H3 + H ? C2H4 104.4 �52.9
R1-3 C2H4 + H ? C2H5 85.8 �74.3
R1-4 C2H2 + C2H2 ? C4H4 139.6 �47.9
R1-5 C2H3 + C2H2 ? C4H5 284.3 �80.9
R1-6 C2H3 + C2H3 ? C4H6 247.5 �144.8

OV-Cu2O(111) R2-1 C2H2 + H ? C2H3 148.6 �35.0
R2-2 C2H3 + H ? C2H4 183.1 20.5
R2-3 C2H4 + H ? C2H5 171.9 �10.5
R2-4 C2H2 + C2H2 ? C4H4 136.2 –33.7
R2-5 C2H3 + C2H2 ? C4H5 263.8 15.4
R2-6 C2H3 + C2H3 ? C4H6 149.7 �99.5

SV-Cu2O(111) R3-1 C2H2 + H ? C2H3 35.0 �137.2
R3-2 C2H3 + H ? C2H4 87.9 �140.3
R3-3 C2H4 + H ? C2H5 146.5 �60.1
R3-4 C2H2 + C2H2 ? C4H4 275.6 –22.9
R3-5 C2H3 + C2H2 ? C4H5 167.0 �133.2
R3-6 C2H3 + C2H3 ? C4H6 277.7 �147.9

Sad-Cu2O(111) R4-1 C2H2 + H ? C2H3 142.9 �54.3
R4-2 C2H3 + H ? C2H4 112.0 �57.4
R4-3 C2H4 + H ? C2H5 148.7 �16.1
R4-4 C2H2 + C2H2 ? C4H4 220.0 �26.4
R4-5 C2H3 + C2H2 ? C4H5 282.3 �92.4
R4-6 C2H3 + C2H3 ? C4H6 238.2 �150.6
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C2H4 formation (Yang et al., 2012; Sheth et al., 2005), as presented
in Eq. (1):

DGsel = Ga—Gdes ð1Þ
Where the more positive DGsel is, the better the selectivity of

C2H4 formation is.
In the polymerization process, 1,3-butadiene can be formed via

the hydrogenation-coupling or coupling-hydrogenation pathways
(Sarkany et al., 1984). Thus, as shown in Fig. 2, three pathways,
C2H2 + C2H2, C2H2 + C2H3 and C2H3 + C2H3, were examined, which
leads to C4Hx formation and eventually followed by its hydrogena-
tion to 1,3-butadiene.

For the H, C2Hx(x = 2 ~ 5), C4H4, C4H5 and C4H6 species involving
in the hydrogenation and polymerization processes of C2H2, the
adsorption free energies at 525 K and the most stable adsorption
configurations over different types of Cu2O(111) surfaces are
shown in Table 1 and Fig. 3, respectively. Meanwhile, the activation
free energy and free reaction energy of possible elementary reac-
tions are listed in Table 2.

3.2. Formation of C2H4 and 1,3-butadiene on the surfaces of sulfur-free
Cu2O
3.2.1. Perfect Cu2O(111) surface
For the hydrogenation process of C2H2 (Fig. 4), the hydrogena-

tion activation free energy and desorption free energy of adsorbed
C2H4 are 85.8 and 116.2 kJ�mol�1, respectively. The DGsel is �30.4
kJ�mol�1, suggesting that the over-hydrogenation of C2H4 to ethane
easily occurs compared to C2H4 desorption pathway to gaseous
C2H4. As a result, ethane is the dominant product instead of C2H4.

For 1,3-butadiene formation, as presented in Fig. 4, C2H2 + C2H2

pathwayonly includes one elementary reaction of C2H2 +C2H2?C4-
H4 with the activation free energy of 139.6 kJ�mol�1; C2H2 + C2H3

pathway includes two elementary reactions of C2H2 + H ? C2H3

and C2H2 + C2H3 ? C4H5; similarly, C2H3 + C2H3 pathway includes
two elementary reactions of C2H2 + H? C2H3 and C2H3 + C2H3? C4-
H6. Thus, starting from C2H2 species, the C2H2 + C2H3 and
C2H3 + C2H3 pathways have the overall activation free energies of
6

178.9 and 142.1 kJ�mol�1, respectively. As a result, the pathways
of C2H2 + C2H2 and C2H3 + C2H3 are more favorable kinetically than
C2H2 + C2H3 pathway.

As mentioned above, ethane is the major product for the hydro-
genation process of C2H2. Obviously, the activation free energy of
rate-controlling step (104.4 kJ�mol�1) and the overall activation
free energies (87.3 kJ�mol�1) for the most favorable formation
pathway of ethane are smaller than those (139.6 and
139.6 kJ�mol�1 for C2H2 + C2H2 pathway, 142.1 and 142.1 kJ�mol�1

for C2H3 + C2H3 pathway) of 1,3-butadiene formation. Thus, C2H2

over-hydrogenation to ethane is more favorable than C2H2 cou-
pling to 1,3-butadiene, the perfect Cu2O(111) surface can effec-
tively reduce the formation possibility of green oil; however, it
can catalyze C2H2 over-hydrogenation to ethane.

3.2.2. Oxygen-vacancy Cu2O(111) surface
As shown in Fig. 5, C2H4 hydrogenation activation and desorp-

tion free energies of C2H4 are 171.9 and 145.8 kJ�mol�1, respec-
tively. The corresponding DGsel is 26.1 kJ�mol�1, namely, C2H4

desorption from catalyst surface is more preferred than its hydro-
genation, C2H4 is the major product on the oxygen-vacancy Cu2O
(111) surface with the overall activation free energies of
148.6 kJ�mol�1; the rate-controlling step for this reaction
(C2H3 + H ? C2H4) has an activation free energy of 183.1 kJ�mol�1.
For 1,3-butadiene formation, starting from C2H2 species, the over-
all activation free energies of C2H2 + C2H2, C2H2 + C2H3 and
C2H3 + C2H3 pathways are 136.2, 228.8 and 148.6 kJ�mol�1, respec-
tively; meanwhile, the rate-controlling steps of C2H2 + C2H2 and
C2H3 + C2H3 pathways have activation free energies of 136.2 and
149.7 kJ�mol�1, respectively. Thus, the pathway of C2H2 + C2H2 is
the most favorable for the formation of 1,3-butadiene.

As mentioned above, compared to the most favorable pathway
of C2H4 formation (183.1 and 148.6 kJ�mol�1), the activation free
energy of rate-controlling step and the overall activation free
energy for the most favorable pathway of 1,3-butadiene formation
(136.2 and 136.2 kJ�mol�1) is more favorable, suggesting that the
oxygen-vacancy Cu2O(111) surface exhibits good C2H4 selectivity;
however, the formation of green oil precursor easily occurred.

3.3. Formation of C2H4 and 1,3-butadiene on the surfaces of sulfur-
containing Cu2O
3.3.1. Sulfurized Cu2O(111) surface
As shown in Fig. 6, the hydrogenation activation and desorption

free energies of adsorbed C2H4 are 146.5 and 110.9 kJ�mol�1,
respectively, and the corresponding DGsel is 35.6 kJ�mol�1, suggest-
ing that C2H4 prefers to desorb rather than being hydrogenated,
and the sulfurized Cu2O(111) surface exhibits good selectivity
toward C2H4 formation instead of ethane formation. The rate-
controlling step is C2H4 desorption with an activation free energy
of 110.9 kJ�mol�1.

For 1,3-butadiene formation, starting from C2H2 species, the
overall activation free energies of C2H2 + C2H2, C2H2 + C2H3 and
C2H3 + C2H3 pathways are 275.6, 35.0 and 140.5 kJ�mol�1, respec-
tively, indicating that C2H2 + C2H3 pathway is the most favorable
kinetically (35.0 kJ�mol�1), correspondingly, the activation free
energy of rate-controlling step C2H2 + C2H3 ? C4H5 is
167.0 kJ�mol�1.

The comparisons of the most favorable pathway between C2H4

and 1,3-butadiene formation shows that starting from C2H2 spe-
cies, the overall activation free energies of C2H4 and 1,3-
butadiene formation are the same (35.0 kJ�mol�1), both pathways
go through the common intermediate C2H3, however, the activa-
tion free energies of C2H3 + H is much lower than that of
C2H3 + C2H2 (87.9 vs 167.0 kJ�mol�1), namely, the hydrogenation



Fig. 4. Energy profiles for the pathways involving in the selective hydrogenation of C2H2 and the formation of 1,3-butadiene together with the structures of initial states,
transition states and final states on the perfect Cu2O(111) surface at 525 K.
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pathway to form C2H4 is kinetically favored than the polymeriza-
tion pathway of C2H3 + C2H2 to form 1,3-butadiene. Thus, the sul-
furized Cu2O(111) surface possess not only high selectivity toward
C2H2 hydrogenation to gaseous C2H4, but also good ability to
reduce the formation of green oil precursor. Consequently, the sul-
furized Cu2O(111) surface can be used as an excellent catalyst in
C2H2 selective hydrogenation.
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3.3.2. Pre-sulfur-adsorbed sulfur Cu2O(111) surface
As presented in Fig. 7, the activation free energy of C2H4 hydro-

genation and its desorption free energy are 148.7 and
141.0 kJ�mol�1, respectively. Thus, a DGsel of 7.7 kJ�mol�1 suggests
that C2H4 desorption is slightly more favorable than its hydrogena-
tion. C2H4 is the main product on the pre-adsorbed sulfur Cu2O
(111) surface.



Fig. 5. Energy profiles for the pathways involving in the selective hydrogenation of C2H2 and the formation of 1,3-butadiene together with the structures of initial states,
transition states and final states on the oxygen-vacancy Cu2O(111) surface at 525 K.
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For 1,3-butadiene formation, the overall activation free energies
of C2H2 + C2H2, C2H2 + C2H3 and C2H3 + C2H3 pathways are 222.0,
228.0 and 183.9 kJ�mol�1, respectively. Thus, the pathway of
C2H3 + C2H3 is the most favorable, the activation free energy of
the rate-controlling step C2H3 + C2H3 ? C4H6 for 1,3-butadiene for-
mation is 238.2 kJ�mol�1.

Comparing the most favorable pathway of C2H4 formation
with that of 1,3-butadiene, the overall activation free energy of
C2H4 formation (142.9 kJ�mol�1) is lower than that of 1,3-
8

butadiene formation (183.9 kJ�mol�1). Moreover, the activation
free energy of the rate-controlling step for 1,3-butadiene forma-
tion (238.2 kJ�mol�1) is larger than that for C2H4 formation
(142.9 kJ�mol�1). Thus, C2H2 prefers to be hydrogenated for the
generation of C2H4 instead of 1,3-butadiene on the pre-sulfur-
adsorbed Cu2O(111). Namely, the pre-sulfur-adsorbed Cu2O
(111) surface also presents good selectivity toward C2H2 hydro-
genation to C2H4 and good ability to reduce green oil precursor
formation.



Fig. 6. Energy profiles for the pathways involving in the selective hydrogenation of C2H2 and the formation of 1,3-butadiene together with the structures of initial states,
transition states and final states on the sulfurized Cu2O(111) surface at 525 K.
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Above results showed that the favorable pathways of the
dimerization to 1,3-butadiene on the perfect, oxygen-vacancy,
sulfurized and pre-adsorbed sulfur Cu2O(111) are different,
which may depend on the types of used catalysts. For example,
Zhao et al. (Zhao et al., 2019) explored green oil formation on
the (111) surface of Ag, Cu, Pd, Pt, Rh and Ir catalysts, the
dimerization of C2H3 + C2H3 was the most favorable on the Ag
(111) and Cu(111), which is similar to that on the pre-
adsorbed sulfur Cu2O(111); the dimerization of C2H3 + C2H3 or
C2H2 on Rh(111) are favored to form green oil, which is similar
9

to that on the perfect Cu2O(111); the dimerization of
C2H2 + C2H3 was the most favorable on the Pd(111), Pt(111)
and Ir(111); Meanwhile, García-Mota et al. (García-Mota et al.,
2010) also suggested that the dimerization of C2H2 + C2H3 was
also preferred on Pd(111) to form green oil, which is similar
to that on the sulfurized Cu2O(111). These catalysts have noth-
ing in common for the pathway of the involvement of partially
hydrogenated species, thus, the differences of the most favorable
pathway for the dimerization may be attributed to the different
surface electronic properties.



Fig. 7. Energy profiles for the pathways involving in the selective hydrogenation of C2H2 and the formation of 1,3-butadiene together with the structures of initial states,
transition states and final states on the pre-adsorbed sulfur Cu2O(111) surface at 525 K.
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3.4. General discussion

3.4.1. The effect of the S on C2H4 selectivity and green oil precursor
formation

Evidently, the surface morphologies of sulfur-free Cu2O affect
the favorability of the pathway for C2H2 hydrogenation and cou-
pling reactions, as presented in Fig. 8. On the perfect Cu2O(111),
the most favorable pathways of the hydrogenation and polymer-
10
ization processes correspond to C2H4 intermediate pathway to
ethane and C2H2 + C2H2 (C2H3 + C2H3) to C4H4 (C4H6), respectively,
namely, ethane formation is kinetically more favored than C4H4

(C4H6) formation, thus, the perfect Cu2O(111) surface is able to
reduce green oil formation, while it is poor in catalyzing C2H4 for-
mation. On the oxygen-vacancy Cu2O(111), the most favorable
pathways of the hydrogenation and polymerization processes cor-
respond to C2H4 desorption pathway and C2H2 + C2H2 to C4H4,



Fig. 8. Comparisons about the overall activation free energy between ethylene
(ethane) and 1,3-butadiene formation on the Per-Cu2O(111), OV-Cu2O(111), SV-
Cu2O(111) and Sad-Cu2O(111) surfaces. (The activation free energy of rate-
controlling step for gaseous C2H4 and 1,3-butadiene formation are used on SV-
Cu2O(111) surface due to the same overall activation free energy). The black bars
represent ethylene (ethane) formation, the red bars represent 1,3-butadiene
formation. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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respectively; C4H4 formation is kinetically more favored than C2H4

desorption from the surface, thus, the oxygen-vacancy Cu2O(111)
exhibits high selectivity toward C2H2 hydrogenation to gaseous
C2H4, whereas it presents poor ability to reduce green oil
formation.

Sulfur-containing Cu2O catalysts behave differently. On the sul-
furized Cu2O(111), C2H4 desorption and C2H2 + C2H3 pathways are
advantageous to C2H2 hydrogenation and coupling reactions, and
thus the formations of gaseous C2H4 and 1,3-butadiene, respec-
tively. However, gaseous C2H4 formation is more favored kineti-
cally than C4H5 formation, thus, C2H4 formation is much easier,
namely, the sulfurized Cu2O(111) surface is capable of not only
reducing green oil formation but also leading to high C2H4 selectiv-
ity. On the pre-sulfur-adsorbed Cu2O(111), the most favorable
pathways of the hydrogenation and polymerization processes cor-
respond to C2H4 desorption to gaseous C2H4 and C2H3 + C2H3 to
C4H6, respectively, obviously, gaseous C2H4 formation is kinetically
more favored than C4H6 formation; thus, the pre-sulfur-adsorbed
Cu2O(111) is good at reducing green oil formation and strong in
C2H2 hydrogenation to C2H4.

As mentioned above, the sulfur-free Cu2O catalysts are not good
candidates for the selective hydrogenation of C2H2 due to the low
selectivity of perfect Cu2O(111) surface toward C2H4 formation
and the poor ability of oxygen-vacancy Cu2O(111) surface in
reducing green oil formation. However, the sulfur-containing
Cu2O catalysts including the sulfurized and pre-sulfur-adsorbed
Cu2O(111) surfaces perform well in both selective hydrogenation
of C2H2 to C2H4 and reduce green oil generation.
Table 3
Hydrogenation activation free energy (Ga/kJ�mol�1) and the adsorption free energy (Gads/kJ�
the reaction rate (r/s�1�site-1) involving in the selective hydrogenation of C2H2 on differen

Surfaces Ga Gads DGsel

Per-Cu2O(111) 85.8 116.2 �30.4
OV-Cu2O(111) 171.9 145.8 26.1
SV-Cu2O(111) 146.5 110.9 35.6
Sad-Cu2O(111) 148.7 141.0 7.7
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3.4.2. The effect of the S on the activity of C2H4 formation
As presented in Table 3, to describe quantitatively the catalytic

activity of different types of Cu2O catalysts in C2H2 hydrogenation
to C2H4, the two-step model reported by Hu et al. (Cheng et al.,
2008; Cheng and Hu, 2011) (see details in the Supplementary
Material) was used. The model was used for calculating the reac-
tion rates with the coverage terms of all the associated species dur-
ing C2H2 hydrogenation; the reaction rates (s�1�site-1) of C2H4

formation on Cu2O catalyst follow the order of SV-Cu2O(111)
(3.09 � 109) > Per-Cu2O(111) (2.25 � 104) > Sad-Cu2O(111)
(6.62 � 10-2) > OV-Cu2O(111) (1.79 � 10-2).

On the other hand, the catalytic performance of Cu2O is com-
pared with that of the conventional Pd surfaces. Firstly, Yang
et al. (Yang et al., 2013) calculated C2H4 selectivity and its forma-
tion activity on the Pd(111), Pd(100), Pd(211) and Pd(211)-
defect surfaces, suggesting that only Pd(111) has relatively good
C2H4 selectivity, the values of C2H4 selectivity on theses surfaces
are 5.79, �28.95, �43.42 and �36.66 kJ�mol�1, respectively; the
values of effective barriers (Gde P) for C2H2 hydrogenation on these
surfaces are 103.24, 129.29, 93.59 and 104.2 kJ�mol�1, respectively.
Zhao et al. (Zhao et al., 2019) calculated the priority of C2 hydro-
genation and C2 coupling in C2H2 hydrogenation on Pd(111), C2

hydrogenation pathway is slightly better than C2 coupling pathway
(97.45 and 99.38 kJ�mol�1). Thus, compared to above studies on Pd
catalyst, Sv-Cu2O(111) catalyst in our study exhibits better activity
and selectivity toward gaseous C2H4 formation, the values of C2H4

selectivity and Gde P on Sv-Cu2O(111) are 35.6 and 35.0 kJ�mol�1,
respectively; Meanwhile, the activation free energies of C2 hydro-
genation and C2 coupling are 87.9 and 167.0 kJ�mol�1, respectively,
Sv-Cu2O(111) can effectively reduce green oil formation.

To further illustrate the reason why the sulfur-containing Cu2O
catalysts can improve the catalytic activity of gaseous C2H4 forma-
tion, the surface structure characteristics of different types of Cu2O
surfaces are examined. As shown in Fig. 4, the CuCUS sites are the
active sites for the hydrogenation of C2H2, when the catalyst active
sites are affected, its corresponding catalytic activity changes, such
as the oxygen-vacancy on Ov-Cu2O(111) and the pre-adsorbed S
on Sad-Cu2O(111) change the coordination unsaturation of CuCUS

and reduce the numbers of CuCUS active site, therefore decrease
the catalytic activity of Cu2O catalysts, which might be the reason
why the Sad-Cu2O(111) and OV-Cu2O(111) surfaces have lower
catalytic activity than the perfect Cu2O(111) surface. On the other
hand, as shown in Fig. 6, the sulfur atom change the adsorption site
of H atoms on SV-Cu2O(111), which make C2H2 and H adsorbed at
the CuCUS site and CuCSA-CuCSA bridge, respectively. Clearly, the co-
adsorption of H and C2H2 is much closer compared to that over the
perfect surface, which is in favor of C2H2 hydrogenation to C2H4. As
a result, SV-Cu2O(111) surface has the higher catalytic activity
than the perfect Cu2O(111) surface.

3.4.3. The analysis of electronic properties
In order to further clarify the effect of S on Cu2O catalysts during

the hydrogenation to C2H4, the d-band center for the S-free and S-
containing Cu2O catalysts was calculated. Among four types of cat-
alysts, the d-band centers (eV) for OV-Cu2O(111) (-1.808) and Per-
Cu2O(111) (-1.810) are closer to the Fermi energy level; whereas
mol�1) of C2H4, as well as the energy differences (DGsel/kJ�mol�1) between Ga and Gdes,
t types of Cu2O(111) surfaces at 525 K.

Gad
R-Gde

R + Gde
P Gde

P r

�54.7 87.3 2.25 � 104

�166.8 148.6 1.79 � 10-2

17.5 35.0 3.09 � 109

�70.5 142.9 6.62 � 10-2



L. Wang, B. Zhao, C.K. Russell et al. Chemical Engineering Science 246 (2021) 116984
the d-band centers for SV-Cu2O(111) (-1.819) and Sad-Cu2O(111)
(-2.103) are more away from the Fermi energy level. Namely, the
distance from the d-band center to the Fermi energy level is too
close, which would lead to ethane or green oil formation, whereas
it would lead to high selectivity of C2H4 formation and reduce
ethane and green oil formation; meanwhile, the distance between
the d-band center and the Fermi energy level should be kept within
a moderate range in order to achieve high catalytic activity for
C2H2 hydrogenation to C2H4 over the S-containing Cu2O catalysts.

Zhang et al. (Zhang et al., 2018) investigated C2H2 hydrogena-
tion on the NiCu(111), AuCu(111), PtCu(111), PdCu(111), Cu
(111) and Pd(111) with the distance between d-band center and
Fermi energy of �2.32, �2.67, �2.49, �2.45, �2.47 and �2.02 eV,
respectively, and C2H4 selectivity and its formation activity has a
roughly volcano type relationship with the location of surface d-
band centers, PdCu(111) exhibits the highest C2H4 selectivity
and formation activity with a moderate location of d-band center
(-2.45 eV). Zhang et al., 2018 explored C2H2 hydrogenation on
the AgCu(211), PtCu(211), PdCu(211), RhCu(211) and NiCu
(211) with the distance between d-band center and Fermi energy
of �2.67, �2.32, �2.28, �2.18 and �2.14 eV, respectively, suggest-
ing that the location of d-band center has a roughly volcano type
relationship with C2H4 selectivity and its formation activity, PdCu
(211) with the moderate location of d-band center (-2.28 eV) exhi-
bits the best C2H4 selectivity and formation activity. Further, Wang
et al. (Wang et al., 2021) investigated C2H2 hydrogenation on the
Pd intermetallic catalyst, the distance between d-band center and
Fermi energy for the PdAg3(111), PdAg(111) and Pd3Ag(111) are
�3.14, �2.46 and �2.14 eV, respectively, in which PdAg(111) with
the moderate location of d-band center (-2.46 eV) not only reduce
green oil formation, but also exhibit better C2H4 selectivity and its
Fig. 9. The sketch map for the effect of surface S on the formation of ethylene, ethane an
interpretation of the references to colour in this figure legend, the reader is referred to
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formation activity. Above results show that the catalysts with a
moderate d-band center exhibit better catalytic performance
toward C2H2 hydrogenation, in which the moderate range of d-
band center depends on the types of catalysts.
3.4.4. The microscopic mechanism toward the desired performance of
S-containing Cu2O catalysts

To explore the mechanism of the great performance of H2S or S-
containing Cu2O catalysts during C2H2 hydrogenation, all adsorp-
tion configuration of the initial states and their coupling reactions
in Figs. 4 ~ 7 were examined over four types of Cu2O(111) surfaces.
Fig. 9 presents the effect of S on the formation of C2H4, C2H6 and
green oil precursor over the S-free and S-containing Cu2O catalysts.
The SV-Cu2O(111) and OV-Cu2O(111) surfaces with high C2H4

selectivity are used for illustrating the role of surface S over Cu2O
catalysts.

During C2H2 hydrogenation, both C2H2 and H on the sulfur-
containing Cu2O catalysts are adsorbed at the CuCUS and CuCSA-
CuCSA bridge sites, respectively. As indicated, the interaction of H
with C2H2 is in one hexagon region, which makes C2H2 hydrogena-
tion to C2H4 occur more easily. However, on the sulfur-free Cu2O,
both C2H2 and H are adsorbed at the CuCUS and oxygen-vacancy
sites, respectively. Here, the interaction of H with C2H2 in two adja-
cent hexagon regions is not in favor of C2H2 hydrogenation to C2H3

and then to C2H4. Thus, the S atoms make the interaction distance
between H and C2H2 (C2H3) closer over Cu2O catalysts to promote
C2H2 hydrogenation to C2H4 in one hexagon region.

How does C2H4 hydrogenation occur on the sulfur-free Cu2O
catalysts? C2H4 and H are adsorbed at the CuCUS and oxygen-
vacancy sites in one hexagon region. However, on the sulfur-
containing Cu2O catalysts, both C2H4 and H are adsorbed at the
d green oil precursor over the sulfur-free and sulfur-containing Cu2O catalysts. (For
the web version of this article.)
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CuCUS and CuCSA-CuCSA bridge sites in two adjacent hexagon
regions, as such, the S atoms make the interaction distance of H
and C2H4 longer, which is not in favor of C2H4 hydrogenation. As
a result, C2H4 on the sulfur-containing Cu2O catalysts is easier to
desorb from the catalyst surface and increases the probability of
C2H4 formation.

How does C2H2 coupling occur on the sulfur-free Cu2O cata-
lysts? They are adsorbed at the CuCUS and oxygen-vacancy sites
in one hexagon region, respectively. However, on the sulfur-
containing Cu2O catalysts, two C2H2 are adsorbed at two CuCUS

sites in two adjacent hexagon regions, suggesting that the S atoms
make the interaction distance of two C2H2 longer, which does not
favor C2H2 coupling. The same interaction logic applies in the cou-
pling reaction of C2H3 + C2H2 and C2H3 + C2H2. Therefore, the
sulfur-containing Cu2O catalysts are beneficial to the reduction of
green oil precursor.

In summary, based on above analysis, it is concluded that for
the formation reaction of C2H4 and green oil, the surface S atom
modifies the surface morphology of Cu2O catalyst, and changes
the spatial scale of active region required for the reactions, and
therefore it alters the interaction ability of reactants to form the
products, specifically, the surface S atom blocked the larger spatial
active sites required for the polymerization of C2H2 to generate
green oil and C2H4 hydrogenation to ethane, whereas the surface
S atom cannot affect C2H2 hydrogenation to C2H4 reactions, since
these reactions only need smaller spatial active sites. In addition,
in our next work, we will quantitatively measure the size of the
space scale of the active region to exhibit the most appropriate cat-
alytic performance, and provide an experimental clue for the cov-
erage of S over Cu2O catalysts.

4. Conclusions

Sulfur, a typical catalyst poison, was found to be a promising
candidate for not only enhancing C2H4 selectivity but also reducing
the generation of 1,3-butadiene as the precursor of green oil during
C2H2 hydrogenation. Realization of multiple purposes with S in this
field is paramount, especially considering the fact that sulfur is
often present in form of H2S as a contaminant in the feeding stream
during C2H4 production. However, more works need to be con-
ducted prior to the theoretical and technological matures in the
uncharted S-containing catalyst development for cost-effective
production of C2H4, the most important monomer for organic syn-
thesis. These include further understanding the role of subsurface
atoms in the formation of effective and stable transition states
and quantifying the need of S and optimizing the associated reac-
tion conditions during the important catalytic hydrogenation
process.
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