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*e adsorption and activation of carbon dioxide over copper cluster (Cu4) and copper doped on the alumina support (Cu4/Al2O3)
catalytic systems have been investigated by using density functional theory and climbing image nudged elastic band. *e ad-
sorption energies, geometrical configurations, and electronic properties are analysed. *e results show the strong chemical
interaction between the copper cluster and the alumina support. Both the Cu4 cluster and Cu4/Al2O3 systems have a high
adsorption ability for CO2, and the adsorption process is of chemical nature.*e role of the alumina support in the adsorption and
activation of CO2 has been addressed. *e calculated results show that the “synergistic effect” between Al2O3 and Cu4 is the key
factor in the activation of CO2.

1. Introduction

*e greenhouse effect causing global climate change is now a
special concern for all scientists. Capture and utilization of
carbon dioxide (CO2) through its conversion into useful
products such as methane, methanol, and hydrocarbon not
only benefit economically but also reduce CO2 emissions
into the environment [1–3]. Because CO2 is thermody-
namically very stable, the C–O bond dissociation of CO2 is
not easy and it always requires novel catalytic processes. In
CO2 conversion, the adsorption and activation of CO2 over
catalytic surfaces are crucial steps.

Density functional theory (DFT) today has become an
effective tool for studying adsorption and activation of
molecular substances on metal oxide surfaces. *erefore,
adsorption and activation of CO2 have been extensively
theoretically studied using the DFTmethod on many simple
catalytic models such as flat transition metal surfaces [4–9]

and oxide single crystals [10–16]. For example, in the work of
Liu et al. [6], adsorption and decomposition of CO2 on the
face (100) of four metals (Fe, Co, Ni, and Cu) in the 3d group
element were investigated to understand the intrinsic
chemical properties of the 3d elements. *eir calculations
indicated that all four studied metals are capable of
adsorbing and activating CO2. On the metal’s surfaces, CO2
chemisorption occurs spontaneously and is thermody-
namically favourable. Ding et al. [8] studied the CO2 ad-
sorption on the Ni (110) surface, and they indicated that CO2
is weakly adsorbed on Ni (110). Studies on comparing
catalytic activities on different faces of a metal surface are
also of interest. For example, O’Shea et al. [9] studied the
adsorption of CO2 on Co (100), Co (110), and Co (111) fcc
surfaces. *eir results showed that the (110) surface exposes
the strongest interaction with CO2, and the activation
process involves charge transfer from the metal surface to
the CO2. Adsorption of CO2 on the surfaces of several
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cesium oxides (Cs2O, Cs2O2, and CsO2) have been studied
by Tai et al. [17]. By analysing the Mulliken charges, the
authors reported there is a decrease on the basicity when
going from Cs2O>Cs2O2>CsO2.

Transitional metals supported on oxides or porous
materials have been shown to be very effective in CO2
conversion [18–23]. Aluminium oxides (Al2O3) are a class of
advantaged materials with widespread applications as ad-
sorbents and catalysts [24, 25]. Particularly, c-Al2O3 is one of
the most employed supports for heterogeneous industrial
catalysts. *e assets of alumina include low cost, relatively
high surface area, large porosity, and good chemical and
thermal stability [26–29]. Moreover, Al2O3 also possesses a
special surface property, and the simultaneous presence of
acid and base centers will certainly affect the ability of the
catalytic system to interact with CO2 [27, 28]. Although
many works have been devoted to the study of interaction
between CO2 with different oxides, theoretical studies of
using c-Al2O3 as a substrate were not common due to the
complexity in its structure [30–33]. Adsorption and pro-
tonation of CO2 on the (100) and (110) partially hydrox-
ylated surfaces of c-Al2O3 have been investigated by Pan
et al. [10] using the DFT slab calculations. *eir calculated
results indicated that, on the partially hydroxylated c-Al2O3
(100) surface, the formation of the bicarbonate species
through the reaction between CO2 and the neighbouring
surface hydroxyl is both thermodynamically and kinetically
more favourable than that on the partially hydroxylated
c-Al2O3 (110) surface. Casarin et al. [30] studied CO2 ad-
sorption on α-Al2O3 using density functional molecular
cluster calculations. *ey found that CO2 interacts with the
α-Al2O3 (0001) surface to form a bidentate-chelating car-
bonate species.

Recently, noble metal clusters have attracted much at-
tention in scientific and technological fields because of their
thermodynamic, electronic, optical, and catalytic properties
in nanomaterials [34–38]. Among them, size-selected
subnanometer Cu clusters have received considerable at-
tention and copper-based catalysts are widely investigated
for hydrocarbon productions from CO2 due to their ability
to catalyse CO2 related reactions [39–42]. Especially, highly
dispersed Cu cluster on c-Al2O3 was reported to exhibit
high catalytic activity and selectivity for methanol synthesis
from CO2 [43–48]. *erefore, many efforts have been de-
voted to discover the reaction mechanism and the nature of
the active sites in Cu catalysts, including cluster size, oxi-
dation state, and support effects [40–42, 48–50]. It is known
that Cu nanoparticles show a better performance for CO2
electroreduction than bulk Cu. However, the roles of the
size and symmetry of the Cu clusters as well as the tem-
perature in the CO2-reduction process remain elusive,
which hinders the development of advanced catalysts. In the
work of Zhao et al. [41], the density functional theory (DFT)
method is applied to investigate these factors. *ey found
that the decrease in icosahedron Cu cluster size but the
increase in truncated octahedron Cu clusters’ size con-
tributes to the selectivity of CO2 reduction. However, it was
found that, for oxide-supported metal catalysts, the metal/
support interface plays an important role in the catalytic

activity of the metal, and reaction mechanisms on a sup-
ported metal cluster can be quite different from the
mechanisms on pure metal catalysts. For example, Padama
et al. [42] studied the interaction of CO, O, and CO2 on the
Cu (111) surface and Cu3 cluster/Cu (111) surface. *eir
obtained calculations revealed that the Cu atoms in the
cluster are more reactive towards adsorption than the
Cu atoms of the flat surface. *erefore, the performance of
transition metals depends not only on the chemical
properties of the metals themselves but also on other factors
such as the size of the cluster and the role of the support, and
it is necessary to study the characterization of oxide-sup-
ported transition metal clusters [47, 51–53]. However, the
size effects in catalysis have been well addressed for Cu
nanoparticle studies on the effects of the support and of the
cluster’s size for supported ultrasmall Cu clusters with a few
atoms are still rare [42, 54, 55].

Liu et al. [48] who studied on a subnanometer Cu4
catalyst have revealed that ultrasmall copper clusters can
exhibit extraordinary catalytic activity for methanol syn-
thesis at near atmospheric pressure compared with other,
larger size catalysts. Yang et al. [55] studied the catalytic
performances of Cun (n� 3, 4, 20) supported on Al2O3 for
CO2 hydrogenation into CH3OH both theoretically and
experimentally. *e authors found that the activity for the
methanol product strongly depends on the size of cluster and
on the charge transfer interaction between clusters and the
support. *ey observed a strong size dependence in the
activity of Cun clusters with similar oxidation states at el-
evated temperatures, and their results indicated that the Cu4/
Al2O3 possesses the highest activity for CH3OH formation.
However, their work does not pay attention to the effect of
the cluster structure when interacting with the support.

In this paper, we report a study of CO2 adsorption and
activation on the Cu4 cluster and Cu4 cluster placed on
Al2O3 using DFT-based calculations. *e reason for
choosing the Cu4 cluster is that, based on the experimental
results reported by Yang et al. [55], DFT simulation will
provide insights into the geometrical structure of the Cu
cluster and the effects of the support of the Cu cluster for
CO2 adsorption and activation. In order to better under-
stand the role of Al2O3 in CO2 conversion and find out the
key factors affecting the activity and selectivity of catalysts,
we perform the similar calculations of CO2 interaction with
Al2O3. *e adsorption energies, geometrical configurations,
and analysis of the electronic properties are presented.

2. Computational Details

According to Yang et al. [55], among the Cu3, Cu4, and Cu20
supported on Al2O3 catalysts, the Cu4/Al2O3 system shows
the highest turnover rate for methanol production. *ere-
fore, in this study, cluster of Cu4 was selected to investi-
gate the adsorption behaviors. Two configurations of
Cu4—tetrahedral and rhombus—are investigated to find out
the most stable structure. *en, the selected stable cluster
will be placed on the alumina carrier (Al2O3). *e Al2O3
(104)-(3× 3×1) was chosen based on the XRD experimental
results by Yang et al. [56].
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All the geometry and energy calculations were per-
formed using the density functional theory (DFT) ap-
proach. *e generalized gradient approximation (GGA)
with the Perdew, Burke, and Ernzerhof (PBE) nonlocal
gradient-corrected functional was employed to estimate
the exchange correlation energy [57]. *e double zeta
basis plus polarization (DZP) orbitals was used for valence
electrons, while the core electrons were treated using the
norm-conserving pseudopotentials (NCPs) in its fully
nonlocal (Kleinman–Bylander) form [58]. *e Coulomb
potential was expanded in a plane-wave basis with an
energy cut-off of 150 Ryd. Spin-polarized calculations
have been performed for all systems including metals. For
all calculations with alumina supports, the periodic
boundary conditions were applied. *e sizes of the sim-
ulation box were 20.9891 × 14.277 ×16.7703 Å. All equi-
librium structures were obtained using the Quasi Newton
algorithm with the convergence criteria is that the forces
acting on the dynamic atoms are smaller than 0.05 eV/Å.
*e DFT calculations were performed using the SIESTA
(Spanish Initiative for Electronic Simulations with
*ousands of Atoms) code [59] due to its advantages in
robust and accurate aspect.

*e adsorption energy (Eads) was calculated using the
following equation:

Eads � Eadsorbate+substrate − Eadsorbate − Esubstrate . (1)

*e adsorption energy is considered as thermodynamic
criterion to predict the possibility of the process. If the
changes in the geometrical parameters are significant, the
analysis will be done to get more inside the nature of the
interaction between adsorbate and substrate. Besides, the
atomic partial charges, estimated by means of the Voronoi
deformation density (VDD) method, were reported. A re-
markable charge transfer between atoms may indicate the
chemisorption occurs. *e VDD method avoids the prob-
lems inherent to basis set-based schemes and provides
meaningful charges that conform to chemical experience
[60]. *e Mayer bond orders [61] were used in bonding
analysis to describe the chemical interaction (if any) between
molecules. *e Mayer quantities are close to the corre-
sponding classical values and are less dependent on the basis
set choice. *e Mayer bond order between two atoms A and
B is defined as follows:

BAB � 2 
μ∈A


]∈B

PαS( μ] PαS( ]μ + PβS μ] PβS ]μ , (2)

where Pα and Pβ are the density matrices for spin α and β
[61].

*e transition states were determined using a climbing
image nudged elastic band (CI-NEB) method [62]. *e total
number of configurations that appeared in the reaction
coordinates is seven. All forces acting on the dynamic atoms
were <0.1 eV/Å. If the adsorption involves a transition state,
the activation energy is considered as the difference between
the energy of the transition state and the energy of the initial
structure.*e activation energy (if any) will be considered to
estimate kinetics of the process.

3. Results and Discussion

3.1. Electronic Properties of Cu4 and Cu4/Al2O3 Systems.
Copper cluster is considered as an active center, and thus,
the stability and the electronic properties of cluster are
important. To determine the most stable structure of Cu4
clusters, the binding energies (Eb � [4E (Cu) − E (Cu4)]/4)
for the tetrahedral and rhombus structures (Figure 1) are
calculated and presented in Table 1. *e total spin polari-
zation for the optimal structure (Qup–Qdown, where Qup and
Qdown are the number of electrons with α-spin and β-spin,
respectively) is defined using collinear spin-polarized option
in the SIESTA code.

Since the binding energy of the rhombus structure is
higher than that of the tetrahedral one, the former structure
is more stable than the latter. *e total spin polarization for
the tetrahedral structure is two, whereas for the rhombus
form, it is zero. *is indicates the presence of two unpaired
electrons in the tetrahedral cluster, while the rhombus
structure has no unpaired electron. It is noted that the isolate
copper atom has one unpaired electron.*e reduction in the
number of unpaired electrons in the clusters compared to
that in the copper atoms alone suggested that the formation
of copper clusters involves the electron pairings. In other
words, the chemical bonds between copper atoms in the
cluster have metallic covalent characterizations as well. *is
suggestion is confirmed by evaluating the geometrical pa-
rameters and the population analysis.*e minimal distances
between copper atoms in the tetrahedral and the rhombus
clusters are determined to be 2.341 and 2.355 Å, respectively,
which are significantly smaller than twice of the atomic radii
of Cu (1.35 Å) [63]. *e calculated total bond order in the
Mayer scale between atoms for the rhombus structure is
determined to be 1.819 which is higher than that for the
tetrahedral structure (1.288). *is result suggests that the
covalent bonds (contributed to the electron pairing) in the
rhombus are stronger than that in the tetrahedral one. *is
suggestion is in a good agreement with the calculated
binding energies and spin polarization for Cu4 clusters.
*erefore, the rhombus structure is more stable than the
tetrahedral one.

In the next step, to evaluate the interaction between the
cluster and the support, the rhombus Cu4 cluster is placed on
the Al2O3 surface and the Cu4/Al2O3 structure is optimized.
*e obtained results are quite interesting: in the most stable
geometrical configuration, the initial rhombus Cu4 cluster
changed into the tetrahedral structure, as illustrated in
Figure 2.

*e reason for changing the geometrical structure may
lay on the lack of unpaired electrons in the rhombus
structure; therefore, in order to be able to interact with the
surface oxygen atoms of the alumina support, rhombus has
tended to convert into a tetrahedral structure. *e total spin
polarization (Qup–Qdown) calculated for the Cu4/Al2O3
structure equals to zero. *is result confirms the above
suggestion. *e total bond order between copper atoms in
Cu4/Al2O3 is 1.272, which closes to that in the parent tet-
rahedral cluster (1.288). A total bond order of 0.659 indicates
a strong interaction between copper atoms and oxygen
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atoms of the support. And this interaction is attributed to the
partly electron transfer from the metal clusters to the alu-
mina support. Due to the charge transfer, the VDD charge
on the Cu4 cluster increases from 0 to 1.045 in Cu4/Al2O3.
Significant changes in the atomic charges of the oxygen
atoms in the alumina which directly bound with the copper
atoms are also observed and presented in Table 2.

Analysis of the composition of the molecular orbitals of
the Cu4/Al2O3 structure reveals the positive overlap between
3d orbitals (AOs) of copper atoms and 2p orbitals of oxygen
atoms, as demonstrated in Figure 3.

*e expression of the HOMO-35molecular orbital of the
Cu4/Al2O3 structure is as follows:

Ψ � 0.33px(O5) − 0.20py(O5) − 0.06pz(O5)

− 0.18dxz Cu6(  + 0.11 dz
2 Cu6(  + 0.08 dx

2

− y
2 Cu6(  + 0.05 − dxy Cu6(  +  ci · ϕi,

(3)

where the last terms  ci · ϕi correspond to the AOs of the
other atoms.

*e positive overlap mainly between p AOs of oxygen in
Al2O3 and 3d AOs of copper atoms leads to the chemical
adsorption of Cu4 on the alumina support. *e calculated
projected density of states (PDOSs) for 3d orbitals of copper

2.341

(a)

2.354

(b)

Figure 1: Tetrahedral (a) and rhombus (b) structures of the Cu4 cluster. All distances are given in Å.

Table 1: Calculated binding energies (Eb, eV/atom) and the total
spin polarization (Qup–Qdown) of Cu4 clusters.

Structure Eb Qup–Qdown

Tetrahedron 2.39 2
Rhombus 2.80 0

2.339

1.897

Figure 2: *e optimized structure of Cu4/Al2O3 systems (red,
oxygen atom; grey, alumina atoms; brown, copper atoms). Key
distances are given in Å.

Table 2: Voronoi charge (e) on the oxygen atoms of the Al2O3 and
Cu4/Al2O3 systems.

Atom∗ Al2O3 Cu4/Al2O3

O1 − 0.360 − 0.407
O2 − 0.360 − 0.398
O3 − 0.285 − 0.298
O4 − 0.285 − 0.312
O5 − 0.360 − 0.390
Note: ∗schematic numbering of oxygen atoms is shown in Figure 3.

Figure 3: Molecular orbital HOMO-35 of the Cu4/Al2O3 system
depicted at an isovalue of 0.01 e/Å3.
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atoms in Cu4 clusters as well as in the Cu4/Al2O3 structure is
presented in Figure 4.

Figure 4 shows that there is an increase in the density of
states which is higher than the Fermi level for 3d orbitals of
Cu4 in the Cu4/Al2O3 system in comparison to that in the
Cu4 clusters. *is result indicates the electron transfer
from the d orbitals of copper atoms to the oxygen atoms of
the alumina support. *is finding is in a good agreement
with the total bond order (0.659) between copper atoms
and oxygen atoms discussed above. Due to the formation
of chemical bonds, the adsorption and activation ability of
Cu4/Al2O3 for CO2 are expected to differ from the pristine
Cu4 clusters. To clarify this hypothesis, in the next steps,
we investigate the adsorption of CO2 on the Al2O3 support,
on the Cu4 tetrahedral cluster and on the Cu4/Al2O3
systems.

3.2. Adsorption of CO2 on Al2O3 Support. Alumina support
is considered as a fairly good adsorbent for CO2 [64]. Our
calculation results have shown that the adsorption of CO2
on Al2O3 releases an amount of 79.31 kJ·mol− 1. *e ad-
sorption configuration of CO2 on Al2O3 support is pre-
sented in Figure 5. When adsorbing on the alumina
support, the angle OCO is slightly decreased from 180° to
177.89°. *e C–O bond lengths are determined to be 1.168
and 1.192 Å, which are not significantly differ from the
C–O bond in the gas phase (1.175 Å). *e minimal distance
from CO2 molecule to the Al2O3 surface is found to be
2.245 Å, which is much longer than the sum of the covalent
radii of O (0.60 Å) and Al (1.25 Å) [59]. *erefore, the
adsorption of CO2 over the alumina surface can be con-
sidered as physisorption.

3.3. Adsorption and Activation of CO2 on Cu4 Cluster and
Cu4/Al2O3Systems. When carbon dioxide is adsorbed on the
Cu4 cluster or Cu4/Al2O3, there are two possibilities: (i) CO2
molecule is bound to one copper atom via O atom (d1-
perpendicular orientation); (ii) CO2 molecule is simulta-
neously bound to two copper atoms via C and O atoms (d2-
parallel orientation). *ere will be four configurations,
therefore, for the CO2 adsorption on the Cu4 tetrahedral
cluster and on the Cu4/Al2O3 (Figure 6). *ey are named as
follows: for Cu4 cluster: d1a (perpendicular orientation) and
d2b (parallel orientation); for Cu4/Al2O3, d1c (perpendicular
orientation) and d2d (parallel orientation). *e adsorption
energies for d1 and d2 configurations are presented in
Table 3.

From the calculated results, one can obtain the following:
(i) the d2-configurations are thermodynamically more
favourable compared to the d1-configuration due to the
more negative adsorption energy; (ii) the CO2 molecule is
more strongly adsorbed by the tetrahedral cluster than by
the cluster supported on alumina. *e lowest adsorption
energy (− 150.49 kJ·mol− 1) is obtained for d2b configuration.
However, to compare the adsorption ability for CO2 between
Cu4 and Cu4/Al2O3 structures, it is necessary to include the
kinetic factor. *us, in the next step, the CI-NEB calcula-
tions have been performed to investigate the kinetics of the

CO2 adsorption process over the Cu4 cluster and Cu4/Al2O3.
*e obtained results show that there is a continuous decrease
in energy from the initial configuration over five interme-
diates to the final product on the reaction pathways. It means
that the CO2 adsorption process does not involve a tran-
sition state on both the Cu4 cluster and the Cu4/Al2O3 as
well. Figure 7 demonstrates the relative energies of the
initial, final, and five configurations during the process of
CO2 adsorption on the tetrahedral Cu4 cluster.

Because the adsorption process of CO2 is not governed
by the kinetic factors, the adsorption energy (Eads) can be
considered as a criterion to estimate the adsorption ability.
Due to the lower Eads, the Cu4 tetrahedral cluster is predicted
to adsorb CO2 more effectively than Cu4/Al2O3. To figure
out the nature of the interaction during the adsorption
process, the changes in geometrical parameters and partial
VDD atomic charges on atoms for the d2b and d2d con-
figurations are determined. *e results are presented in
Table 4.
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Figure 4: PDOS diagram for 3d orbitals of copper atoms in Cu4/
Al2O3 (black line), Cu4 (tetrahedron) (blue line), and Cu4
(rhombus) (red line).
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Figure 5: Adsorption configuration of CO2 over Al2O3 support
(red, oxygen atom; grey, alumina atoms). Key distances are given
in Å.
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For CO2 adsorbed configurations, the OCO angles are
bent from 180 in the initial CO2 gas molecule to 134.82 and
157.33° in the tetrahedral Cu4 cluster and Cu4/Al2O3, re-
spectively.*eC–O bond lengths are significantly elongated.
*e values of OCO angles and the total charges on the
carbon dioxide molecule indicate that CO2 is more strongly
bound to the Cu4 cluster than to Cu4/Al2O3. In the d2b
configuration, an amount of 0.349 e is transferred from the
Cu4 cluster to CO2, while in the d2d configuration, CO2
receives only 0.026 e. *e total atomic charge on Cu4 in d2d
is determined to be 1.092, whereas the value on the Cu4
cluster in Cu4/Al2O3 is 1.045. *is means the charge transfer
from the Cu4 cluster to CO2 is more significant than from
Cu4 doped on the alumina support. We further investigate
the molecular orbital compositions of the CO2 gas molecule
and CO2–Cu4 cluster (d2b) configurations. Figure 8 shows
that electrons are transferred from the copper atoms to the
LUMO-antibonding σ∗-MO of CO2. Consequently, an
elongation of C–O bond lengths is observed (from 1.175 Å to

1.273 Å) due to the decrease in the bond orders of CO2.
Obviously, copper plays an active site to weaken the C–O
bonds.

When the Cu4 cluster is placed on Al2O3, electrons from
the Cu4 cluster are strongly transferred to the support (the
total charge of Cu4 on Al2O3 is +1.045 e), and thus, in the
CO2–Cu4/Al2O3 system (in d2d configuration), CO2 receives
less electrons from Cu4 compared to the pristine Cu4 cluster.

3.4. Type of Adsorption. *e adsorption of CO2 on the Cu4
cluster as well as on the Cu4/Al2O3 system can be considered
as chemisorption due to the relative negative adsorption
energies and remarked charge transfers from the Cu4 cluster
to the CO2 molecule. *e CO2 molecule is activated via C
and O atoms. *e bond orders between the CO2 molecule
and the catalytic system are determined for d2 configura-
tions and presented in Table 5. We also calculated the
vertical binding energy C–O (Ebind), which is characterized
for the following step:

CO2(ads)⟶ O + CO(ads) (4)

where the subscript (ads) denoted the adsorbed species on
the catalytic surface. To calculate Ebind, all atoms are fixed
except oxygen atom cleaved.

Clearly, from Table 5, it can be seen that CO2 molecule is
“rigid” over the Cu4 cluster due to the bond formation with

1.173

1.183

1.966

(a)

1.219

134.82

1.279

1.954

1.980

(b)

1.169

1.187

2.077

(c)

1.218

157.33

1.205 2.087

2.184

(d)

Figure 6:*e optimized structure of the d1 (a, c) and d2 (b, d) adsorption configurations of CO2 on Cu4 and Cu4/Al2O3 (red, oxygen atom;
violet, alumina atoms; brown, copper atoms). Key distances are given in Å, and angles are in degree.

Table 3: Calculated adsorption energies (Eads, kJ·mol− 1).

Parameter Cu4 (tetrahedral) Cu4/Al2O3

d1a d1c
Eads − 89.16 − 68.77

d2b d2d
Eads − 150.49 − 87.15
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the total bond order of 1.275. Meanwhile, for CO2–Cu4/
Al2O3 system (d2d configuration), the CO2 molecule is hold
by copper atoms more weakly.*e total bond order between

CO2 and copper atoms is determined to be 0.34. *e dif-
ference in the CO2 adsorption ability of the Cu4 cluster and
Cu4/Al2O3 systems will result in the difference of CO2
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Figure 7: Relative energies (Erel �E − Efinal) of the seven configurations that occur during the adsorption of CO2 on the Cu4 cluster
(tetrahedral) system.

Table 4:*e geometrical parameters (bond lengths, d; bond angles, <) and the charges on atoms (q) for the d2 configurations and CO2 (gas)
molecule.

Parameters CO2–Cu4 (tetrahedral) (d2b) CO2–Cu4/Al2O3 (d2d) CO2 (gas)
d (C–O), Å 1.279; 1.219 1.218; 1.205 1.175
<OCO, degree 134.82 157.33 180.0
d (O–Cu)∗, Å 1.954 2.184 −

d (C–Cu)∗∗, Å 1.980 2.087 −

q (CO2), e − 0.349 − 0.026 −

q (Cu4), e +0.349 +1.092 −

Note: ∗the minimal distance from O of CO2 to the Cu atom; ∗∗the minimal distance from C of CO2 to the Cu atom.

(a) (b)

Figure 8: Molecular orbitals: (a) LUMO of CO2 and (b) HOMO of the CO2–Cu4 system depicted at an isovalue of 0.01 e/Å3.
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activation efficiency. Obviously, two C–O bonds in the
adsorbed CO2 molecule are not equally activated on the
catalytic systems. For the CO2 activation on Cu4 (d2b), the
bond orders of two C–O bonds are determined to be 1.197
and 1.571, while for the CO2 activation on Cu4/Al2O3 (d2d),
these values are 1.750 and 1.910. *e sharp decrease in the
C–O bond order of adsorbed CO2 in d2b configuration
compared to that of adsorbed CO2 in d2d and isolated CO2
gas molecule is expected to result in the significant decrease
in the binding energies. In other words, the vertical C–O
binding energies for the CO2–Cu4 system (d2b) are pre-
dicted to be the lowest. However, it occurs in the opposite
manner: Ebind of two oxygen atoms of CO2 in d2b config-
uration are calculated to be 669.56 and 696.31 kJ·mol− 1

which are although lower than that for the isolated CO2 gas
molecule, but they are higher than that of adsorbed CO2 in
Cu4/Al2O3 (d2d) (648.11 and 632.58 kJ·mol− 1).*us, it could
be said that, on the Cu4/Al2O3 system, the CO2 molecule is
more strongly activated and C–O bonds are more easily
broken. *e obtained calculations for Ebind (C–O) do not
conflict with the calculated results for bond orders discussed
above. It is noted that the bond orders characterize for the
covalent properties of a bond, while the calculated Ebind are
the sum of all interactions between atoms including elec-
trostatic forces. Because the distances between adsorbed CO2
molecule and adsorbents are close to each other, we suggest
that the key factor in the electrostatic interaction will be the
charge on atoms. *e copper atoms in Cu4/Al2O3 have a
higher positive charge than that of Cu atoms in the Cu4
cluster; therefore, the higher electrostatic forces between
oxygen atoms of CO2 and copper atoms in Cu4/Al2O3
system may govern the effectiveness of the CO2 activation
process and result in the decrease of Ebind.

*e calculated results suggest that when CO2 is activated
over Cu4/Al2O3 catalyst, Ebind of two C–O bonds are close
(648.11; 632.58); thus, the products will contain long carbon
chain, whereas, over the pristine Cu4 cluster, Ebind of two
C–O are significantly different; therefore, if one C–O bond
of CO2 is activated, the products will contain one carbon
atom such as CH3OH and HCHO. If both C–O bonds are
broken, the products with more carbon atoms will be
dominant due to the insertion chain growth mechanism.

4. Conclusions

By using density functional theory (DFT) and CI-NEB
methods, we have studied the adsorption and activation of
carbon dioxide over copper cluster (Cu4) and copper cluster
doped on the alumina support (Cu4/Al2O3) catalytic

systems. Our results have showed that, for the Cu4 cluster,
the rhombus structure is more stable than the tetrahedral
one. When being placed on the alumina support, the
rhombus structure changed to the tetrahedral due to the
strong chemical interaction with the support. *e calculated
results have also indicated that both the Cu4 cluster and Cu4/
Al2O3 systems possess a high CO2 adsorption ability. When
adsorbing on the Cu4 cluster as well as on Cu4/Al2O3, the
C–O bond orders significantly decreased due to the electron
transfer from the copper atoms to the antibondingMO σ∗ of
the CO2 molecule. During the adsorption and activation of
CO2, the alumina oxide plays not only role of a support but
also as an electron acceptor. *e later role results in the
increasing electrostatic interaction between copper active
centers and the negative charged oxygen atoms of CO2, and
thus, the C–O bonds are activated. *is “synergistic effect”
between Al2O3 support and Cu4 cluster plays an essential
role in the activation of CO2.
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J. L. G. Fierro, “Evidence for spontaneous CO2 activation on
cobalt surfaces,” Chemical Physics Letters, vol. 454, no. 4–6,
pp. 262–268, 2008.

[10] Y. Pan, C.-J. Liu, and Q. Ge, “Adsorption and protonation of
CO2 on partially hydroxylated c-Al2O3 surfaces: a density
functional theory study,” Langmuir, vol. 24, no. 21,
pp. 12410–12419, 2008.

[11] S. Huygh, A. Bogaerts, and E. C. Neyts, “How oxygen va-
cancies activate CO2 dissociation on TiO2 anatase (001),” 5e
Journal of Physical Chemistry C, vol. 120, no. 38, pp. 21659–
21669, 2016.

[12] D. Cornu, H. Guesmi, J.-M. Krafft, and H. Lauron-Pernot,
“Lewis acido-basic interactions between CO2 and MgO sur-
face: DFT and DRIFT approaches,” 5e Journal of Physical
Chemistry C, vol. 116, no. 11, pp. 6645–6654, 2012.

[13] K. R. Hahn, M. Iannuzzi, A. P. Seitsonen, and J. Hutter,
“Coverage effect of the CO2 adsorption mechanisms on CeO2
(111) by first principles analysis,” 5e Journal of Physical
Chemistry C, vol. 117, no. 4, pp. 1701–1711, 2013.

[14] H. S. Moon, S. Kwon, S. H. Kwon, M. Cho, J. G. Seo, and
S. G. Lee, “Density functional theory approach to CO2 ad-
sorption on a spinel mineral: determination of binding co-
ordination,” RSC Advances, vol. 6, no. 34, pp. 28607–28611,
2016.

[15] A. K. Mishra, A. Roldan, and N. H. de Leeuw, “CuO surfaces
and CO2 activation: a dispersion-corrected DFT + U study,”
5e Journal of Physical Chemistry C, vol. 120, no. 4,
pp. 2198–2214, 2016.

[16] W.-Y. Yin, B. Wen, S. Bandaru, M. Krack, M. Lau, and
L.-M. Liu, “*e effect of excesselectron and hole on CO2
adsorption and activation on rutile (110) surface,” Scientific
Reports, vol. 6, p. 23298, 2016.

[17] J. Tai, Q. Ge, R. J. Davis, andM. Neurock, “Adsorption of CO2
on model surfaces of cesium oxides determined from first
principles,” 5e Journal of Physical Chemistry B, vol. 108,
no. 43, pp. 16798–16805, 2004.

[18] G. Bonura, M. Cordaro, C. Cannilla, F. Arena, and F. Frusteri,
“*e changing nature of the active site of Cu-Zn-Zr catalysts
for the CO2 hydrogenation reaction to methanol,” Applied
Catalysis B: Environmental, vol. 152-153, pp. 152–161, 2014.

[19] Q. Pan, J. Peng, T. Sun, D. Gao, S. Wang, and S. Wang, “CO2
methanation on Ni/Ce0.5Zr0.5O2 catalysts for the production
of synthetic natural gas,” Fuel Processing Technology, vol. 123,
pp. 166–171, 2014.

[20] N. Yan and K. Philippot, “Transformation of CO2 by using
nanoscale metal catalysts: cases studies on the formation of
formic acid and dimethylether,” Current Opinion in Chemical
Engineering, vol. 20, pp. 86–92, 2018.

[21] H. Arandiyan, Y. Wang, J. Scott, S. Mesgari, H. Dai, and
R. Amal, “In situ exsolution of bimetallic Rh-Ni nanoalloys: a
highly efficient catalyst for CO2 methanation,” ACS Applied
Materials & Interfaces, vol. 10, no. 19, pp. 16352–16357, 2018.

[22] Y. Wang, H. Arandiyan, J. Scott, H. Dai, and R. Amal,
“Hierarchically porous network-like Ni/Co3O4: noble metal-
free catalysts for carbon dioxide methanation,” Advanced
Sustainable Systems, vol. 2, no. 3, Article ID 1700119, 2018.

[23] M. Rahaman, A. Dutta, A. Zanetti, and P. Broekmann,
“Electrochemical reduction of CO2 into multicarbon alcohols
on activated Cu mesh catalysts: an identical location (IL)
study,” ACS Catalysis, vol. 7, no. 11, pp. 7946–7956, 2017.

[24] A. R. Passos, S. H. Pulcinelli, V. Briois, and C. V. Santilli,
“High surface area hierarchical porous Al2O3 prepared by the
integration of sol–gel transition and phase separation,” RSC
Advances, vol. 6, no. 62, pp. 57217–57226, 2016.

[25] L. Samain, A. Jaworski, M. Edén et al., “Structural analysis of
highly porous c-Al2O3,” Journal of Solid State Chemistry,
vol. 217, pp. 1–8, 2014.

[26] F. M. Segal, M. F. Correa, R. Bacani et al., “A novel synthesis
route of mesoporous c-alumina from polyoxohydroxide
aluminum,” Materials Research, vol. 21, no. 1, Article ID
e20170674, 2018.

[27] D. F. Swearer, R. K. Leary, R. Newell et al., “Emilie transition-
metal decorated aluminum nanocrystals,” ACS Nano, vol. 11,
no. 10, pp. 10281–10288, 2017.

[28] H. Ringe, D. Weinberg, D. F. Swearer et al., “Metal-organic
frameworks tailor the properties of aluminum nanocrystals,”
Science Advances, vol. 5, no. 2, Article ID eaav5340, 2019.

[29] W. Lueangchaichaweng, B. Singh, D. Mandelli,
W. A. Carvalho, S. Fiorilli, and P. P. Pescarmona, “High
surface area, nanostructured boehmite and alumina catalysts:
synthesis and application in the sustainable epoxidation of
alkenes,” Applied Catalysis A: General, vol. 571, pp. 180–187,
2019.

[30] M. Casarin, D. Falcomer, A. Glisenti, and A. Vittadini,
“Experimental and theoretical study of the interaction of CO2
with α-Al2O3,” Inorganic Chemistry, vol. 42, no. 2,
pp. 436–445, 2003.

[31] M. Trueba and S. P. Trasatti, “c-Alumina as a support for
catalysts: a review of fundamental aspects,” European Journal
of Inorganic Chemistry, vol. 2005, no. 17, pp. 3393–3403, 2005.

[32] M.-C. Silaghi, A. Comas-Vives, and C. Copéret, “CO2 acti-
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