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ABSTRACT: Alumina-supported copper chloride serves as an
industrial catalyst for ethylene oxychlorination, resulting from its
high activity and selectivity. A better understanding of the detailed
active site structure and reaction mechanism is highly desired. The
present work aims to explore the dependence of the structure of
active sites and the adsorption of ethylene on differently sized
(CuCl2)n (n = 1−4) clusters supported by γ-Al2O3. The effect of
the support facets (i.e., (110) and (100) surfaces) on the interface
structures between the active component CuCl2 and the support
was also investigated. The stronger CuCl2−support interaction was
found on the (110) surface compared to the (100) surface, which
is attributed to the stronger Lewis acidity of Al of the (110)
surface. The adsorption strength of (CuCl2)n) (n = 1−4) clusters
becomes weak with the increment of cluster size on the (110) surface. The cluster size has a profound influence on the interaction
between ethylene and the clusters. Ethylene binds to a copper atom on the small clusters (i.e., CuCl2 and (CuCl2)2), while it extracts
two chlorine atoms to form dichloroethane from the large clusters (i.e., (CuCl2)3 and (CuCl2)4), which explains the high activity of
catalysts with high loadings upon exposure to ethylene. The effects of cluster size and alumina facets on the short d-band center and
the Bader charge of the active sites result in the distinct formation energy of the chlorine vacancy and the interaction energy between
C2H4 and the clusters. Thus, an improved catalyst could be achieved by the modification of the surface electronic structure via fine-
tuning the support or adding promoters.

1. INTRODUCTION
Vinyl chloride monomer (VCM), which serves as the
monomer for poly(vinyl chloride), is produced through the
hydrochlorination of acetylene or the thermal dehydrochlori-
nation of 1,2-dichloroethane (EDC).1−3 EDC, in turn, is
generated by direct chlorination or ethylene oxychlorination.
Ethylene oxychlorination is widely used in the industry, owing
to the significant economic benefits by using cheap and
abundant feedback and waste HCl produced in EDC cracking.
CuCl2/ γ-Al2O3-based catalysts are effective in catalyzing
ethylene, HCl, and oxygen to produce EDC in ethylene
oxychlorination.4 It has been proved that the reaction follows a
three-step redox mechanism where copper is cycled by Cu(II)
reduction and Cu(I) oxidation.5−8

2CuCl C H 2CuCl C H Cl2 2 4 2 4 2+ → + (1)

2CuCl 1/2O Cu OCl2 2 2+ → (2)

Cu OCl 2HCl 2CuCl H O2 2 2 2+ → + (3)

The understanding of the detailed reaction mechanism is
limited due to the complicated structure of the active site and
the dynamic evolution of the active site under the reaction

conditions, despite that substantial research has been devoted
to investigating the nature of the active phase.7,9−13 Lamberti
and co-workers14,15 reported that three different copper species
are present: a highly dispersed copper chloride phase, a Cu−
aluminate phase, and an aggregated paratacamite
(Cu2(OH)3Cl) phase. The inactive surface copper aluminate
forms at low loadings, where the copper ions occupy
octahedral vacancies of the alumina surface. The amorphous
CuCl2, formed at high loadings, is reported to be the active
phase. The experimental results were analyzed by employing a
defective spinel-like structure of γ-Al2O3 since the precise
structure of γ-Al2O3 was unknown at the time. The intense
interaction between the support and the active component is
demonstrated to have a significant influence on the catalytic
performance in ethylene oxychlorination.16 Thus, employing a
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proper γ-Al2O3 model is essential to acquiring the fundamental
structure of the active sites. To date, it is generally agreed that
γ-Al2O3 is a nonspinel crystal.17,18 Based on the nonspinel
model, Louwerse et al.19 suggested that the adsorption Cu2+

and Cl− are dependent on the surfaces of γ-Al2O3. They can
adsorb on the (110) and (100) surfaces, but not on the (111)
surface for the impregnated-dried catalysts at low loadings. The
interaction between CuCl2 and the support is still not fully
resolved for the catalysts with various loadings corresponding
to the distinct sizes of the active sites.
Ethylene chlorination by the reduction of CuCl2 to CuCl is

the first step in the redox reaction mechanism and the rate-
determining step for unprompted CuCl2/Al2O3 catalysts.13,20

Lamberti and coworkers6 observed that the amorphous CuCl2
phase at high loadings is reduced upon the exposure to C2H4,
but the copper aluminate at low loadings is inactive. Neurock
et.al21 reported that the adsorption model and the adsorption
energy of ethylene are affected by the coordination number,
the oxidation state, and the ligand at the copper center.
However, the model of alumina is highly simplified due to the
limitation of computational speed almost two decades ago. The
exploration of ethylene adsorption behaviors on more accurate
models with different cluster sizes is highly desired to
understand the effects of the alumina facets and the size of
the clusters on the catalytic performance.
Herein, we built up surface clusters with distinct sizes to

simulate the catalyst structure at various Cu loadings. We
investigated the interaction between the active site CuCl2 and
two γ-Al2O3 surfaces (i.e., nonspinel γ-Al2O3(110) and (100)
surfaces). The effects of the support surfaces and the size of the
cluster on the interaction were examined. We further explored
the adsorption modes of ethylene on the various CuCl2/γ-
Al2O3 models with distinct cluster sizes and different support
surfaces. Moreover, the analyses of the formation energy of the
chorine vacancy, d-band center, and Bader charge on different
structures were investigated to unravel the underlying reason
for the distinct ethylene adsorption behaviors at different Cu
loadings.

2. METHODS
DFT calculations were performed using the Bayesian error
estimation functional with the van der Waals correlation
(BEEF-vdW) functional,22 as implemented in the VASP 5.3
code.23−25 The projected augmented wave (PAW) method26

combined with the plane-wave expansion at a kinetic energy
cutoff of 400 eV was adopted. The Brillouin zone integration
was conducted with a 4 × 4 × 1 k-point grid. The ground-state
atomic geometries of the bulk and surface were obtained when
the total energy difference between two steps of the SCF loop
was below 1 × 10−4 eV, and the residual forces on atoms were
below 0.03 eV/Å. Convergence tests with a cutoff energy of
450 eV and a force convergence criterion of 0.01 eV/Å show
that the adsorption energy of CuCl2 was converged to less than
0.01 eV.
The nonspinel bulk structure of alumina proposed by Digne

et.al17,18 was adopted in this study. The optimized lattice
parameters are a = 5.593 Å, b = 8.419 Å, c = 8.082 Å, and β =
90.545°, which are similar to the reported values.17,27Two
preferentially exposed crystal facets, the (110) and (100)
surfaces, were investigated in this study. The two surfaces
account for 90% of the total surface area of γ-Al2O3. Besides,
previous investigations suggested that Cu2+ and Cl− adsorb
exclusively on these two surfaces rather than the (111)

surface.19 The surfaces are simulated using a slab model with 8
atomic layers and 12 layers for the dehydrated (110) and
(100) surfaces, respectively. A vacuum of 15 Å is set between
two periodic repeated slabs. The total thickness of the unit cell
was 29.5 and 25.0 Å for the dehydrated (100) and (110)
surfaces, respectively. The sizes of the unit cells are (1 × 1)
and (2 × 1) for the (110) and (100) surfaces, respectively. The
detailed unit cell vectors of the model are shown in Table S1,
Supporting Information. The adsorption energy of CuCl2 on γ-
Al2O3(110) with a size of (2 × 1) is −0.03 eV smaller than that
on γ-Al2O3(110) with a size of (1 × 1). Thus, we employed the
size of (1 × 1) here to save computational time. The bottom
four layers of the (110) surface or the bottom six layers of the
(100) surface were kept fixed at bulk coordinates during the
calculations, whereas the top layers were allowed to relax. The
calculated surface energies for (110) and (100) are 1531 and
961 mJ/m2, respectively, which agree well with the previously
reported results.17,27 Numerous initial adsorption configura-
tions were constructed based on chemical intuition. Different
orientations were probed; especially parallel and upright were
considered. The initial guesses of the adsorption of (CuCl2)n
are based on the optimum configuration of (CuCl2)n−1
adsorbed on the surface. The structure with the lowest total
energy is selected as the most stable configuration. Frequency
analysis was performed to confirm the selected stable
structures. The adsorption energy of CuCl2 on the alumina
surface is calculated in the following equation:

E E n E E n/ads (CuCl ) Al O CuCl Al On2 2 3 2 2 3
= [ − * − ]−

where E(CuCl2)n−Al2O3
is the total energy of the adsorbed

(CuCl2)n cluster, n is the number of CuCl2 monomers in the
cluster, ECuCl2 is the total energy of the isolated CuCl

monomer, and EAl2O3
is the total energy of the optimized

alumina slab. The interaction energy between ethylene and the
slab is calculated as Eint = EA+slab − EA − Eslab, where EA is the
total energy of the C2H4 molecule in the gas phase, Eslab is the
total energy of the clean surface, and EA+slab is the minimum
total energy of ethylene adsorbed on the slab.
Bader charge analysis28,29 provides a useful method for

assigning charge to an atom, enabling the determination of
charge transfer in an adsorption system. The quality of the grid
was tested to ensure the accuracy of the calculation. The
difference in charge density is calculated by Δρ = ρ(molecule +
slab) − ρ(slab) − ρ(molecule), which is visualized by using the
VESTA software,30 where ρ(molecuele + slab) is the charge of
the optimized structure of the molecule on the surface, ρ(slab)
is the charge of the clear surface, and ρ(molecule) is the charge
of free molecules.

3. RESULTS AND DISCUSSION

A systematic investigation of the interface structure between
the CuCl2 and the support was performed for the catalyst at
different loadings. First, the relationship between the cluster
size and the Cu loading of the real catalysts was built. The
cluster size increases with the increment of Cu loadings, as
shown in Table 1. The details of the calculation are
summarized in Section S1, Supporting Information. Moreover,
the structures of CuCl2 on γ-Al2O3(110) and (100) were
explored, where the CuCl2 binding with different sites on the
surface with different orientations was tested. All the possible
configurations are summarized in Figure S1, Supporting
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Information, and the most stable ones are reported in Figure 1
and Figure 2.
3.1. Structures of CuCl2 on the γ-Al2O3(110) Surface.

The (110) surface is the most exposed surface of γ-Al2O3,
accounting for 70% of the surface area of γ-Al2O3. The unit cell
in Figure 1 presents one threefold-coordinated Al3 site (i.e.,

AlA) and three fourfold-coordinated Al4 sites (i.e., AlB, AlC,
AlD), as well as three twofold-coordinated OII sites (i.e., O4,
O5, and O6) and three threefold-coordinated OIII sites (i.e., O1,
O2, and O3). The surface Al3, Al4, and OII sites are coordinately
unsaturated while only the OIII sites are saturated. Numerous
initial adsorption configurations of (CuCl2)n (n = 1−4) on the
γ-Al2O3(110) surface are constructed by adding a CuCl2
molecule on the most stable (CuCl2)n (n = 1−4) based on
chemical intuition. The most stable structures are displayed in
Figure 1, and the structure parameters, as well as the
adsorption energies, are summarized in Table 2. It is found
that the adsorption energies of CuCl2 decrease with the
increase in the cluster size. Besides, we compared the
adsorption energy of CuCl2 by using the BEEF-vdW and
rPBE functionals31 to demonstrate the effect of vdW correction

Table 1. Number of CuCl2 in the Cluster Model, the
Corresponding Site Coverage of CuCl2 on the (110) and
(100) Surfaces, and the Catalyst Loadings

no. of CuCl2 in the cluster model 1 2 3 4
sites converged on 110 (nm−2) 1.5 2.9 4.4 5.9
sites converged on 100 (nm−2) 1.6 3.1 4.7 6.2
Cu loading 2% 4% 6% 8%

Figure 1. (a−e) Adsorption configurations of (CuCl2)n (n = 1−4) on the γ-Al2O3(110) surface. Left are top views, and right are side views. (f)
Difference of the charge density of (CuCl2)3/γ-Al2O3(110). (h) The original CuCl2 molecule. O, red; Al, livid; Cu, blue; Cl, green. The same colors
are applied in the whole paper. The chlorine atoms are labeled by number. The yellow and blue in the charge density difference picture represent
the charge accumulation and depletion isosurfaces, respectively.
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on the adsorption of CuCl2. As summarized in Table S2, the
adsorption energy of CuCl2 using BEEF-vdW is larger than
that with rPBE by 0.6−0.8 eV, and the adsorption energy
change with the cluster size follows a similar trend for these
two functionals.
CuCl2 strongly adsorbs on the surface with an adsorption

energy of −2.92 eV, which results in the formation of a Cu−
aluminate phase and the transformation of both the CuCl2 and
the alumina surface, as shown in Figure 1. The original CuCl2
is linear with a Cu−Cl bond length of 2.07 Å, as shown in
Figure 1h. The CuCl2 molecule is distorted during the
optimization process; that is, θCl−Cu−Cl changes to 97° from
180°. The copper atom strongly binds to O5 and O6, and the
lengths of Cu−O5 and Cu−O6 are 1.90 and 2.02 Å,
respectively. The average Cu−O length is 1.96 Å, which

agrees well with experimental results (1.94 ± 0.1 Å).14 The
chlorine atoms bind to AlA (2.18 Å) and AlD (2.36 Å) atoms,
respectively. AlA is the strongest Lewis acid site followed by
AlD based on the calculated unoccupied s-band center,32 and
thus they strongly bind with Cl. The intense interaction
between CuCl2 and the surface atoms leads to the separation
of one Cl atom from the molecule, where the Cu−Cl bond is
elongated by 0.62 Å.
The adsorption energy of (CuCl2)2 is −2.27 eV, which is

weaker than that of CuCl2 since CuCl2 has occupied the most
unsaturated Al and O atoms. The second added CuCl2
molecule is bent via a similar angle to the first one, and the
Cu−Cl bonds are slightly elongated. The copper atom in the
second CuCl2 molecule binds to O4 and O6, and both the bond
lengths are 1.99 Å. One chlorine atom is bound to the AlB
atom with a distance of 2.43 Å, while the other attaches to the
copper atom in the first added CuCl2 molecule. The
interaction between the first CuCl2 and the second CuCl2
results in the decrease of the bond length between the copper
atom and the chlorine atoms in the first CuCl2 molecule.
For (CuCl2)3/γ-Al2O3(110), the third added CuCl2

molecule significantly modified the structure of the first two
CuCl2 on the surface. One chlorine atom in the third CuCl2 is
bound to the first copper, which results in the bond breakage
of Cu−Cl in the first CuCl2 molecule. The difference of the
charge density of (CuCl2)3/γ-Al2O3(110) clearly illustrates the
charge transfer between the CuCl2 cluster and γ-Al2O3(110).
The charge accumulation on the Cl atoms and the charge
depletion on the Cu atoms are detected. For (CuCl2)4/γ-
Al2O3(110), the fourth added CuCl2 molecule does not
directly attach to the alumina surface, and the second layer of
the CuCl2 cluster appears. The Cu−Cl bonds in the fourth

Figure 2. Adsorption configurations of (CuCl2)n (n = 1−4) on the γ-Al2O3(100) surface. Left is the top view, and right is the side view.

Table 2. Adsorption Energies and Structure Parameters of
n(CuCl2) (n = 1−4) on the γ-Al2O3(110) and γ-Al2O3(100)
Surfacesa

110 100

CuCl2
cluster

Eads
(eV)

dCu−Cl
(Å)

θCl−Cu−Cl
(deg)

Eads
(eV)

dCu−Cl
(Å)

θCl−Cu−Cl
(deg)

CuCl2 −2.92 2.22,
2.69

97 −1.25 2.11,
2.27

117

(CuCl2)2 −2.27 2.28,
2.29

94 −1.55 2.17,
2.22

121

(CuCl2)3 −1.95 2.17,
2.34

87 −1.49 2.12,
2.16

166

(CuCl2)4 −1.77 2.17,
2.28

153 −1.39 2.19,
2.24

169

aNote: dCu−Cl and θCl−Cu−Cl are the distance of Cu and Cl and the
bond angle in the newly added molecule.
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CuCl2 molecule are elongated by 0.10 and 0.21 Å, which are
much smaller compared to those in the first CuCl2 molecule.
Besides, the adsorption strength decreases with the accumu-
lation of CuCl2, which indicates that the interactions among
the CuCl2 molecules are weaker than those between the CuCl2
molecules and the alumina surface.
3.2. Structure of CuCl2 on the γ-Al2O3(100) Surface.

The (100) surface is one of the most detected and catalytically
active surfaces for anchoring deposited transition metal and
metal oxide particles. In the supercell of the fully dehydrated γ-
Al2O3(100) surface, 8 fivefold-coordinated Al5 and 12
threefold-coordinated O3 sites are exposed, which originate
from the sixfold-coordinated bulk Al atoms and the fourfold-
coordinated bulk O atoms. The first copper atom binds to the
O6 atom with a distance of 1.96 Å, and the chlorine atom binds
to the AlB atom with a length of 2.38 Å upon the adsorption of
CuCl2. The O6 and AlB atoms are pulled up due to the
interaction between the alumina surface and CuCl2. Similar to
the adsorption mode on the (110) surface, θCl−Cu−Cl changes
to 117°, and the bonds of Cu−Cl are elongated to 2.11 and
2.27 Å. The changes of both bond angles and bond lengths are
moderate, and the adsorption energy of −1.25 eV is less
negative compared to that on the (110) surface, which reflects
the relatively weaker interaction between the CuCl2 molecule
and the (100) surface. It is owing to the high degree of
saturation and the weak Lewis acidity of aluminum atoms of
the (100) surface.32,33

The adsorption energy of (CuCl2)2 is −1.55 eV, which is
slightly smaller compared to the adsorption of CuCl2 due to
the formation of a more stable dimer. The second added CuCl2
monomer is anchored to the surface by forming the bonds
Cu−O9 and Cl−AlH. The chlorine atom binds with the copper
atom in the first CuCl2, which displays in the shape of a T. In
the configuration of (CuCl2)3/γ-Al2O3(100), the third CuCl2
molecule, with two Cu−Cl bond lengths of 2.12 and 2.16 Å, is
parallel to the first molecule. The adsorption energy of
(CuCl2)3 is similar to the adsorption of CuCl2 on γ-Al2O3. Like
the adsorption on the (110) surface, the second layer is
initiated by the addition of the fourth added CuCl2 molecule.
The adsorption energy of (CuCl2)4/γ-Al2O3(100) slightly
increases to −1.39 eV.
It is found that the adsorption of the CuCl2 clusters on the

(100) surface is weaker than that on the (110) surface, which
is due to the weaker Lewis acidity of Al atoms on the (100)
surface.32,33 The stronger acidic site of the (110) surface owns
the lower s-conduction band mean of the Al atom (i.e., closer
to the Fermi level),33 and thus it is easier to accept electronic
charges from the Cl atoms, which results in the stronger
adsorption of CuCl2 on (110). Besides, the Al−O bond on the
(110) surface is more compact, which also results in the strong
interaction between CuCl2 and the support.
Figure 3 illustrates the decrease of the adsorption strength of

CuCl2 on the γ-Al2O3(110) with the increase of the cluster
size. The adsorption strength of the second CuCl2 on the
(100) surface is larger than that of the first one due to the
formation of a stable dimer, and then the adsorption becomes
weak with the increment of the cluster size. The difference in
the adsorption energy of the CuCl2 cluster with various sizes
on the (100) surface is smaller compared to that on the (110)
surface, which is attributed to the more homogeneous
properties of various adsorption sites on the (100) surface.
Here, we employed the dehydrated γ-Al2O3(110) and (100)

surfaces, whereas the structure of the γ-Al2O3 surfaces under

realistic reaction conditions is much more complicated. At the
reaction temperature 500 K, the Lewis acid surface sites (i.e.,
the undercoordinated Al sites) are partially occupied by
hydroxyl groups. The theoretical calculated OH coverages at
500 K are 11.8 and 8.8 OH/nm2 for the (110) surface and the
(100) surface, respectively.17,19 The adsorption energy of
CuCl2 on the (110) surface is −1.97 eV, which is still stronger
than that on the (111) surface (i.e., −1.35 eV). The hydroxyl
groups do not change the relative performance on the two
different surfaces. Thus, we investigated the adsorption
behavior of ethylene on the dehydrated models due to the
limitation of computation time. It is noted that HCl as a
reactant could result in the surface chlorination by substituting
the hydroxyl groups by Cl, which depends on the relative
partial pressure of HCl/H2O and the temperature.18,34 Besides,
we found the fresh catalyst needs HCl to trigger its activity.
The role of various surface species (i.e., OH, H2O, HCl, Cl) on
the catalytic performance will be exploited in our future
studies.

3.3. C2H4 Adsorption on the (CuCl2)n Cluster
Supported by the γ-Al2O3(110) and (100) Surfaces.
Ethylene adsorption is an essential step for catalyst reduction,
and thus the investigation of the adsorption mode is essential
to identify the nature of the active site. Herein, the adsorption
geometries of ethylene on (CuCl2)n (n = 1−4)/γ-Al2O3(110)
and (CuCl2)n (n = 1−4)/γ-Al2O3(100) are explored to
elucidate the different reduction performances at various Cu
loadings. Neurock et.al21 reported that the adsorption energy
of ethylene is sensitive to the orientation of ethylene at one
adsorption site. Therefore, different orientations were exam-
ined, for example, ethylene sites atop the copper center with
varying degrees of rotation and CC bonds lying
perpendicular or parallel to the CuxCly plane. Moreover, we
examined the possibilities of ethylene binding with chlorine
atoms and with the alumina surface atoms since alumina could
be the catalyst in reactions such as ethanol dehydration to
ethylene. All the possible configurations of ethylene adsorbing
on (CuCl2)n (n = 1−4) supported by γ-Al2O3(110) and (100)
are summarized in Figure S2, Supporting Information.

Figure 3. Size-dependent adsorption energy of CuCl2 on γ-
Al2O3(110) and (100).
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Ethylene cannot bind with the surface atoms of alumina, which
just physically adsorb on the surface. The most stable
configurations of ethylene on various clusters are illustrated
in Figure 4 and Figure 5.
3.3.1. C2H4 Adsorption on (CuCl2)n/γ-Al2O3(110). Ethylene

is bound to the copper atom when ethylene adsorbs on the
CuCl2 and (CuCl2)2 clusters supported on γ-Al2O3(110),
which is similar to the result from Neurock et al.21 The lengths
of two Cu−C bonds are 2.19 and 2.20 Å, respectively. The
Cu−Cl bonds are elongated to 2.34 and 3.52 Å upon the
adsorption of ethylene, which means one Cu−Cl bond is
broken upon the ethylene adsorption. The adsorption strength

decreases with the increase of the size of the CuCl2 cluster,
which is consistent with Neurock’s work.21

With regards to the adsorption of ethylene on (CuCl2)3/γ-
Al2O3(110) and (CuCl2)4/γ-Al2O3(110), ethylene could also
bind to one copper atom. However, it is not the most stable
configuration. As shown in Figure 4, ethylene binds to two
chlorine atoms and is converted to EDC by extracting two
chlorine atoms from the surface in the most stable
configurations. Correspondingly, the surface is significantly
distorted upon the adsorption of ethylene. It is found that the
distance between two neighboring chlorine atoms needs to be
around 3.5 Å to make ethylene bind to two chlorine atoms

Figure 4. Top views and side views of the most stable adsorption configurations of ethylene on the (CuCl2)n/γ-Al2O3(110) surface. C, brown; H,
pink. The same colors are applied in the following sections.

Figure 5. Top views and side views of the most stable adsorption configurations of ethylene on the n(CuCl2) (n = 1−4)/γ-Al2O3(100) surface.
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simultaneously. However, ethylene cannot bind to the chlorine
atoms on (CuCl2)2/γ-Al2O3(110) even if there are two
neighboring chlorine atoms with a distance of around 3.5 Å.
For the (CuCl2)3/γ-Al2O3(110) surface, eight possibilities

for two neighboring chlorine atoms with a distance of around
3.5 Å were tested, that is, Cl1−Cl2, Cl1−Cl3, Cl1−Cl4, Cl2−Cl4,
Cl3−Cl4, Cl4−Cl5, Cl5−Cl6, and Cl1−Cl5. Ethylene binds with
two chlorine atoms in all the initial configurations. However,
different adsorption modes are generated after optimization.
The optimized configurations are summarized in Figure S3,
Supporting Information. Ethylene binds to two chlorine atoms
and is converted to EDC in the cases of Cl1−Cl2, Cl1−Cl5,
Cl1−Cl4, and Cl1−Cl3. In the case of Cl4−Cl5, ethylene binds
with two chlorine atoms, while the chlorine atoms also bind to
the copper atoms. Ethylene cannot bind to the surface atoms in
the cases of Cl2−Cl4, Cl3−Cl4, and Cl5−Cl6. With regards to
(CuCl2)4/γ-Al2O3(110), six possibilities with two neighboring
chlorine atoms were tested, which are Cl2−Cl4, Cl3−Cl5, Cl4−
Cl5, Cl4−Cl6, Cl5−Cl7, and Cl1−Cl6 as shown in Figure S4,
Supporting Information. Similarly, three different adsorption
modes are observed after optimization. EDC forms in the cases
of Cl1−Cl6 and Cl4−Cl6. No bond forms between ethylene and
chlorine in the instances of Cl3−Cl5. The chlorine atoms bind
with the carbon atom and the copper atoms in the other cases.
Thus, two neighboring chlorine atoms with a distance of
around 3.5 Å are not the sole requirement to obtain the stable
configuration of ethylene binding with Cl atoms. Other
structure parameters or electronic properties may also affect
the adsorption of ethylene on the surface. For example, the
chlorine atoms bind with both the aluminum atoms and the
copper atoms on CuCl2/γ-Al2O3(110) and (CuCl2)2/γ-
Al2O3(110), while at least one of the extracted chlorine
atoms exclusively binds to the copper atom on (CuCl2)3/γ-
Al2O3(110) and (CuCl2)4/γ-Al2O3(110). The underlying
reason is explored in Section 3.3.3.
EDC is formed upon ethylene adsorption on (CuCl2)3/γ-

Al2O3(110) and (CuCl2)4/γ-Al2O3(110), which indicates that
the EDC formation is an easy process. We performed
temperature-programmed reduction (TPR) on the catalyst

with 5% Cu loading to verify our theoretical results. The
detailed procedure and the results are summarized in Section
S2 and Figure S5, Supporting Information, respectively. The
TPR result elucidates that EDC can be generated at around 50
°C, which demonstrates that it is an easy process.
Besides, we investigated the adsorption mode of the second

ethylene on the clusters to check if EDC can still be formed at
a high coverage of ethylene. The most stable configurations are
summarized in Figure S6, Supporting Information. On the
small-sized clusters (n = 1 and 2), the second ethylene is
physically adsorbed. On the large-sized clusters, the second
ethylene binds to the copper atom with much lower interaction
energy between C2H4 and the clusters, instead of the formation
of EDC. The interaction energy between the second C2H4 and
the clusters is calculated as Eint = ES+2C2H4

− ES+C2H4
− EC2H4

,

where ES+2C2H4
and ES+C2H4

are the total energy of two ethylenes

and one ethylene adsorbed on the surface, respectively. EC2H4
is

the gas phase ethylene. Compared with that of the first
ethylene, the adsorption of the second ethylene becomes
weaker, which is due to the modification of the electronic
properties of the clusters via the first adsorbed ethylene. Figure
S7 illustrates that the change of interaction energy between the
second C2H4 and the clusters with the cluster size follows a
similar trend to the adsorption of the first one.

3.3.2. C2H4 Adsorption on (CuCl2)n/γ-Al2O3(100). Ethylene
sits atop of the copper atom on CuCl2/γ-Al2O3(100). The
bond lengths of two C−Cu bonds (2.49 and 2.50 Å) are larger,
and the interaction energy between ethylene and the cluster is
smaller compared to that on CuCl2/γ-Al2O3(110), which may
be attributed to the weaker interaction between the CuCl2
molecule and the alumina surface for γ-Al2O3(100). The
structure of the CuCl2 molecule is modified upon the
adsorption of ethylene; that is, it becomes linear, and both
chlorine atoms bind to the aluminum atoms. Ethylene binds to
the copper atom with distances of 2.57 and 2.50 Å on
(CuCl2)2/γ-Al2O3(100), which is similar to that on CuCl2/γ-
Al2O3(100). Ethylene extracts two chlorine atoms from the
cluster and is converted to EDC in the most stable

Figure 6. (a) Interaction energy between C2H4 and the clusters as a function of cluster size on γ-Al2O3(110) and (100). It is noted that ethylene
binds with the copper atom on smaller clusters (i.e., CuCl2 and (CuCl2)2), and EDC is formed upon the interaction between ethylene and the
larger clusters (i.e., (CuCl2)3 and (CuCl2)4). (b) Interaction energy between C2H4 and the clusters as a function of the Cu short d-band center on
CuCl2 and (CuCl2)2 clusters. The two insets are the difference of charge density on CuCl2 and (CuCl2)2/γ-Al2O3(110).
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configurations of (CuCl2)3/γ-Al2O3(100) and (CuCl2)4/γ-
Al2O3(100), as shown in Figure 5. However, one chlorine atom
in EDC still binds with the copper atom. Eight possibilities of
two neighboring chlorine atoms with a distance of around 3.5
Å were tested for (CuCl2)3/γ-Al2O3(100), and ethylene could
bind to two chlorine atoms in only one configuration. Fourteen
possibilities were tested for (CuCl2)4/γ-Al2O3(100). Three
different adsorption modes are observed; that is, ethylene
binds to two chlorine atoms with one chlorine atom binding to
the copper atoms; two chlorine atoms bind to both ethylene
and the copper atoms; and no bonds are formed between
ethylene and the surface.
It is concluded that distinct adsorption modes of ethylene

are observed on both (CuCl2)n/γ-Al2O3(110) and (CuCl2)n/γ-
Al2O3(100). C2H4 is bound to the copper atom of the small
clusters (i.e., CuCl2 and (CuCl2)2), while C2H4 is converted to
EDC by attaching to two chlorine atoms on the relatively more
massive clusters (i.e., (CuCl2)3 and (CuCl2)4). Moreover, it is
found that two neighboring chlorine atoms with a distance of
around 3.5 Å are not the sole requirement to obtain the stable
configuration of ethylene binding with Cl atoms.
Leofanti et al. investigated the effect of exposure to C2H4 on

CuCl2/Al2O3 catalysts with different Cu loadings. They
observed that the catalyst with a Cu loading of 1.4% is
inactive in ethylene conversion to dichloroethane and the
catalyst with Cu loading of 9.0% shows high activity.6 At low
loadings, the copper surface aluminate phase is formed, and the
catalyst is difficult to be reduced, which is demonstrated by the
strong binding between CuCl2 and Al2O3 at low CuCl2
coverage, as shown in Table 2. EDC is formed on the large-
sized clusters, which is consistent with the observed high
activity of the catalysts with high loadings. It is noted that a
certain fraction of CuCl2 is also in the form of surface copper
aluminate even for the large-sized cluster (i.e., the catalyst with
high loadings), and it is nonreducible.
3.3.3. Size-Dependent Adsorption of Ethylene. Figure 6

reveals that the relationship between the interaction energy of
ethylene and the cluster size features a volcano curve. Ethylene
adsorption becomes weaker from the cluster with one CuCl2 to
the cluster of (CuCl2)2. Then, the interaction becomes

stronger on the larger clusters ((CuCl2)4 > (CuCl2)3) on the
γ-Al2O3(100) surface. The cluster size dependence of ethylene
on the γ-Al2O3(110) surface follows a similar tendency on the
(100) surface, except for a tiny difference between the
interaction energy on the cluster (CuCl2)3 and the cluster
(CuCl2)4 supported by the γ-Al2O3(110) surface. In addition,
the ethylene adsorption is stronger on CuCl2 supported on γ-
Al2O3(110) than on the (100) surface, regardless of the cluster
size. The significantly strong adsorption on the clusters
(CuCl2)3 and (CuCl2)4 is due to the formation of EDC
during the adsorption. Ethylene binds with the copper atom on
smaller clusters (i.e., CuCl2 and (CuCl2)2), and the charge
transfer between the carbon atoms and the copper is observed
in Figure 6.
The adsorption of ethylene on metal atoms follows the

classic Dewar−Chatt donation/back-donation model.35−37 On
the one hand, the cupric ion has nine 9d electrons, and thus
one d orbital available to accept electrons from ethylene; on
the other hand, the electron can back-donate from a filled d
orbital to the empty π* orbital. The short d-band center (εd) of
copper atoms was calculated to explain the size-dependent
ethylene adsorption on the small-sized clusters (i.e., CuCl2 and
(CuCl2)2 on γ-Al2O3(110) and (100)) since it was
demonstrated to better characterize the reactivity of metal
oxides and metal carbides compared to the infinite d-band

center.38,39 It is defined as
E E

Ed
d

d
ε = ∫

∫
ρ

ρ
, where p is the density of

states, E is the energy with respect to the Fermi level, and a
cutoff of 1 Å was used in the calculation of the density of state.
As illustrated in Figure 6, the weaker interaction energy
between ethylene and the clusters can be attributed to the
smaller short d-band center of Cu, since the shift-down of the
short d-band center results in a more significant energy
difference between the metal d orbitals and π* orbitals and
weakens the back-donation.
To explain the distinct adsorption modes for small-sized and

large-sized clusters, we introduced a term named the formation
energy of the Cl vacancy. The formation energy of the oxygen
vacancy has been used in the studies of oxides to describe the
oxidizing ability, and a smaller formation energy of oxygen

Figure 7. (a) Size-dependent formation energy of the Cl vacancy and average Bader charge of Cl. (b) Formation energy of the Cl vacancy
determines the interaction modes between C2H4 and the clusters on (CuCl2)4/γ-Al2O3(110). (c) Relationship between the formation energy of the
Cl vacancy and the Bader charge of the Cl atom on (CuCl2)4/γ-Al2O3(110) and the mapping of the ΔEv of all the Cl atoms on (CuCl2)4/γ-Al2O3
(inset figure).
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vacancy means the surface is a better oxidant.40 Metal oxides
and metal chlorides are in the same class of catalysts, and they
have a considerable similarity. Here, the formation energy of
the chlorine vacancy ΔEν is calculated as the reaction energy of
the following reaction:

(CuCl ) (CuCl ) 1/2Cl (g)n n2 2 v 2→ +

where (CuCl2)n is the chloride cluster and (CuCl2)nv is the
cluster with a chlorine vacancy on the surface. The most stable
configurations of (CuCl2)nv/γ-Al2O3(110) or (100) are shown
in Figure S8, Supporting Information. It is found that the
surface is highly dynamic, where Cl1 migrates to the position of
Cl2 or Cl3 after the optimization process if removing Cl2 or Cl3
from (CuCl2)3 in the initial configuration. It indicates the
possibility of Cl migration on the catalyst surface.
The evolution of the formation energy of the Cl vacancy

with the cluster size on two alumina surfaces is plotted in
Figure 7a. The formation energy of the Cl vacancy (ΔEv)
gradually decreases with the increase of the cluster size on the
(100) surface, while it decreases dramatically from CuCl2 to
(CuCl2)3 and then tends to be constant on the (110) surface.
The intense interaction between CuCl2 and the surface for the
small clusters results in the high formation energy of the Cl
vacancy. CuCl2 and (CuCl2)2 clusters generate large ΔEv, and
thus, they are hard to be reduced. (CuCl2)3 and (CuCl2)4
clusters have a smaller ΔEv as shown in Figure 7a, which
means they are easily reduced. It is concluded that the size-
dependent adsorption modes of ethylene are attributed to the
size-dependent formation energy of the Cl vacancy. It means
that making a smaller ΔEv can result in a catalyst with higher
oxidizing ability. Notably, the gas oxidant, such as oxygen,
must be able to reoxidize the surface to complete the catalytic
cycle. If the chlorine is too natural to remove from the surface,
it will be challenging to get back. Therefore, it is suggested to
follow “a medium principle”, that is, modify the surface to get a
moderate ΔEv.
To find the underlying reason for the different ΔEv, Bader

charges of all the chlorine atoms in (CuCl2)n are calculated.
The average charge of the Cl atoms in the cluster models
increases with the increment of the cluster size. The Cl atoms
are less charged means less electron are transferred to the Cl
atoms in the large cluster, which indicates the interaction
between Cl and the neighboring atoms is weaker, and thus the
Cl atom is easier to be removed. Thus, ethylene could extract
two Cl atoms in the larger clusters, and the interaction energy
becomes more negative from (CuCl2)3 to (CuCl2)4.
In Section 3.3.1, we explored the adsorption behavior of

ethylene for the cases of two neighboring chlorine atoms with a
distance of around 3.5 Å on the (CuCl2)4/γ-Al2O3(110), and
three distinct models were identified. Here, we analyzed the
formation energy of each Cl vacancy and the Bader charge of
each Cl atom to exploit the underlying reason. A linear
relationship between the interaction energy between C2H4 and
the clusters and the formation energy of the Cl vacancy is
witnessed, as illustrated in Figure 7b. Notably, ΔEv should be
smaller to facilitate the migration of chlorine atoms from the
surface to ethylene. Therefore, the site required for the highly
oxidizing activity should have two neighboring chlorine atoms,
and the formation energy of the Cl vacancy is small. The
mapping of the ΔEv of all the Cl atoms on (CuCl2)4/γ-
Al2O3(110) is displayed in the inset figure in Figure 7c. ΔEv
decreases with the color changes from red to blue, and the
bluest chlorine atom displays the lowest formation energy of

the Cl vacancy. The different colors demonstrate the
heterogeneity of the surface. The formation energy of various
Cl vacancies can be attributed to the distinct Bader charge of
Cl.

4. CONCLUSIONS

In this paper, the interface structures of the (CuCl2)n cluster
on γ-Al2O3(110) and γ-Al2O3(100) were investigated first. It is
found that the structures of both CuCl2 and the alumina
surface were distorted upon the adsorption of CuCl2. The
adsorption energy of CuCl2 on γ-Al2O3 (110) gradually
decreases with the increment of the cluster size. The
adsorption of (CuCl2)n clusters on γ-Al2O3(110) is stronger
than that on γ-Al2O3 (100), which is attributed to the stronger
Lewis acidity of Al atoms on γ-Al2O3(110).
Moreover, the adsorption of ethylene on (CuCl2)n/γ-

Al2O3(110) and (CuCl2)n/γ-Al2O3(100) was examined, and
the cluster-size-dependent adsorption mode was discovered.
Ethylene sits on the top of one copper atom on the small-sized
clusters (i.e., CuCl2 and (CuCl2)2), while ethylene converts to
EDC by extracting two chlorine atoms from the large-sized
clusters (i.e., (CuCl2)3 and (CuCl2)4) for both γ-Al2O3(110)
and (100). The size-dependent adsorption modes of ethylene
can be explained by the size-dependent formation energy of
the Cl vacancy and the size-dependent Bader charge of Cl. The
formation energy of the Cl vacancy decreases with the increase
of the cluster size, which results in the strong oxidizing ability
of the catalyst at high loadings.
It is concluded that the mechanism of ethylene adsorption

depends on the cluster size or, more precisely, on the
formation energy of the Cl vacancy. The interaction between
ethylene and CuCl2 changes from the Eley-Rideal mechanism
on the large clusters with a low formation energy of the Cl
vacancy to the Langmuir−Hinshword mechanism on the small
clusters with a high formation energy of the Cl vacancy. The
distinct Cl vacancy formation energy of each Cl atom in one
cluster reflects the heterogeneity of the surface. A better
catalyst could be developed by using different supports or
adding promoters to tune the electronic structure and the
formation energy of the Cl vacancy.
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