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Abstract

The adsorption behavior and thermal activation of carbon dioxide on the Cu(111), Cu(100), and Cu(110) surfaces
have been investigated by means of density functional theory calculations and cluster models and periodic slabs.
According to the cluster models, the optimized results indicate that the basis set of C and O atoms has a distinct effect
on the adsorption energy, but an indistinct one on the equilibrium geometry. For the CO,/Cu(hkl) adsorption systems
studied here, the final structure of adsorbed CO, is near linear and the preferred modes for the adsorption of CO, onto
the Cu(111), Cu(100), and Cu(110) surfaces are the side-on adsorption at the cross bridge site with an adsorption
energy of 13.06kJ/mol, the side-on adsorption at the short bridge site (13.54kJ/mol), and the end-on adsorption on
the on-top site with C—-O bonds located along the short bridge site (26.01 kJ/mol), respectively. However, the calculated
adsorption energies from periodic slabs are lower as compared to the experimental data as well as the cluster model
data, indicating that the periodic slab approach of generalized gradient approximation in the density function theory
may be not suitable to obtain quantitative information on the interaction of CO, with Cu(hk/) surfaces.
© 2004 Elsevier B.V. All rights reserved.
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and extensive application as a cheap C1 feedstock
[1]. Partly due to the oil crisis, there were consider-
able impetus for investigating the potential useful-
ness of carbon dioxide as a reactant in
hydrocarbon synthesis. The interest in the cop-
per—-CO, system was partly stimulated by the
implications of the discovery made by the catalysis
study group in Imperical Chemical Industries that
CO, is the main source of “carbon” in the synthe-
sis of methanol using the H,—~CO-CO, mixtures
and their copper-zinc oxide catalyst [2]. There
are several overviews of CO, interaction with me-
tal complexes [3-7].

The interaction between CO, and copper sur-
faces has been studied by thermal desorption
mass spectroscopy (TDS) [8], ultraviolet photo-
electron spectroscopy (UPS) [9], X-ray photoelec-
tron spectroscopy (XPS) [9,10], Auger electron
spectroscopy (AES) [11], and ellipsometry [11].
Carbon dioxide is thought to be adsorbed on
polycrystalline Cu both in physisorbed form with
the adsorption energy (E,qs) of 18.0kJ/mol [8]
and in an anionic (CO,") chemisorbed state
(Eags < 60.0kJ/mol [10]). Chorkendorff and
coworkers [12], have reported the interaction of
CO, with the Cu(100) surface based on TPD
studies. They have also shown that methanol
could be synthesized on Cu(100) forming a bin-
ary gas mixture of CO, (or CO) and H, [13,14]
and that the reaction of adsorbed CO, with an
H adatom is the rate-determining step for formate
synthesis on the Cu(100) surface [15]. A first-
principle density functional calculation of CO,
adsorption on the (100) surface of Cu;3(9,4,1)
cluster model has been performed by Au and
Chen [16], and revealed that the preferred adsorp-
tion mode is the side-on mode with near linear
CO, lying at the short bridge site.

There are a few experiments performed with
CO, on the Cu(110) surfaces. Rodriguez et al.
[17] reported that CO, does not adsorb on
Cu(110) under UHV conditions at 110K. The
dissociative sticking coefficient for CO, on
Cu(110) has been measured by Nakamura et al.
[18] in a temperature range of 400-600K and
found to be 107! to 107° with an activation en-
ergy of 67kJ/mol. Campbell and Ernst [19] ob-
served that the dissociation of CO, occurs with

a probability estimated to be about 10~° per col-
lision at 573K at a clean Cu(l10) surface. Also,
our recent energetic analysis [20] indicates that
the most likely rate-determining step in the re-
verse water-gas shift (RWGS) reaction is the
CO, dissociative adsorption, namely CO,, —
COq + O,. In addition, there are some DFT stud-
ies of the interaction of CO, with various sur-
faces, such as Pd(111) [21], K/Pd(111) [22], and
SnO,(110) [23], etc.

Frankly, the location of CO, at these crystal
surfaces is a fundamental feature in the description
of surface processes. Meanwhile, the adsorption
and activation of CO, on metal surfaces can also
be the very useful knowledge in understanding
many electrochemically and heterogeneously cata-
lyzed reactions [3-7,20,24]. However, no system-
atic work on the investigation of the adsorption
and activation of CO, on the Cu(hkl) surfaces
can be found in the literature to the best of our
knowledge. In this article, the adsorption mode
and binding characteristics of CO, on the
Cu(l11), Cu(100), and Cu(110) surfaces have
been studied by means of density functional theory
calculations. We address the relative strength of
CO, adsorption on these Cu(/kl) surfaces, as well
as the activation. We also try to probe into the
adsorption characteristics of CO, on the well-
defined single crystal copper surfaces.

2. Computational methods and models

The development of modern surface science
provided the opportunity to investigate the inter-
action between catalysts and molecules or atoms
in the atomic scale. However, quantum chemical
computations of molecules containing transition
metal atoms have proven to be more difficult than
those for the first- and second-row atoms [25]. Re-
cent advances in methodology based on the tech-
nologies of pseudopotential and plane wave basis
sets and the high-speed computers have now made
it possible to obtain quantitative information on
the surface phenomena. In this work, cluster mod-
els of the surface and periodic slabs have been em-
ployed to simulate CO, adsorbed on the Cu(111),
Cu(100) and Cu(110) surfaces.
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(a) Cuys(15,3) — (111)  (b) Cuys(12,6) — (100)

(c) Cuys(12,6) - (110)

Fig. 1. The Cu;g(15,3) and Cu;g(12,6) cluster models represent the Cu(111), Cu(100), and Cu(110) surfaces, respectively.

The copper cluster models of Cu;g(15,3) (i.e. 15
atoms in the first and three atoms in the second
layer), and Cu;g(12,6) (i.e. 12 atoms in the first,
six atoms in the second layer) shown in Fig. 1 have
been chosen to represent the Cu(111), Cu(100)
and Cu(110) surfaces, respectively. The Cu(111),
Cu(100) and Cu(110) surfaces are constructed
using the bulk lattice constants of 3.615A [26].
The top views of these modes at their initial config-
urations and the side views of the final optimized
forms of modes (a to r) for the CO, adsorption
are shown schematically in Fig. 2, where four
adsorption modes (i.e. g, 1, q, r) for bent CO, mol-
ecule at the on-top sites have also been included.
For the adsorption of CO, on the Cu(100) sur-
face, only two adsorption modes have been optim-
ized, following the adsorption modes of inert CO,
on the Cu(100) surface has been studied by Au
and Chen [16]. In the present calculations, the
geometry of metal cluster was kept unchanged
while the geometry of CO, above the surface was
fully optimized, due to the fact that there is indeed
very little modification of the metal surface by the
relatively weak adsorption of CO, at low coverage
[16]. For the initial linear CO, structure, the C-O
bond length was set at 1.160A. For initial bent
CO,, the C-O bond length was set at 1.240 A while
the O—C-0O angle at 140.0°.

In the case of cluster models, the interaction
of CO, with the different adsorption sites on
Cu(l111), Cu(100) and Cu(110) surfaces has
been studied by first-principle density functional
calculations with the hybrid B3LYP exchange-
correction functional [27,28] implemented in
Gaussian 94 program package [29]. For Cu
atoms, the relativistic effective core potentials
(ECP) reported by Hay and Wadt [30] have been
used to describe the 1s-2p core while the elec-

trons arising for the 3s, 3p, 3d, 4s, 4p shells
are treated explicitly. It is customary to refer to
these ECPs as LANL2. The standard double-{
basis set, also reported by Hay and Wadt [30]
and denoted as usual as LANL2DZ, is used to
describe the electron density of the valence elec-
trons of Cu, whereas the electron density of C
and O atoms are respectively described with the
standard STO-3G and 6-31G basis set. For com-
parison, six representative adsorption modes of
CO, on Cu(hkl) have also been optimized with
6-31G™ basis set in this work. The basis set
superposition error (BSSE) has been considered
and it is small (the results have not been re-
ported here).

The natural bond orbital (NBO) procedure
[31,32] provides an efficient method for obtaining
bonds and lone pair electrons which compose an
optimized Lewis structure of a molecule from
modern ab initio wave functions. The set of ortho-
normal NBOs forms a compact and stable repre-
sentation of the electron density in a molecule
[33] and provides a convenient basis for investigat-
ing charge-transfer or hyperconjugative interac-
tions in molecular systems [32]. Reed et al. [33]
reported that the natural population analysis is
an alternative to conventional Mulliken popula-
tion analysis, and seems better to describe the
charge distributions in compounds of high ionic
character (i.e. those containing metal atoms),
where Mulliken populations often contradicts seri-
ously the density integration and the empirical
measures of ionicity. In view of the discussion,
the NBO method [34] is employed in the analysis
of electron configuration and binding characteris-
tics of the CO,/Cu(hkl) adsorption systems.

Comparative calculations based on a gener-
alized gradient approximation in the density
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Fig. 2. Top views of the initial forms and side views of final optimized forms of different modes of CO, adsorption at the B3LYP/
LANL2DZ-6-31G level (the directions of side views are as indicated by arrows in the initial forms). In the view of final optimized form,
the oxygen atom on the left of carbon atom is labeled as “left O” in text and tables.
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function theory with the slab model were carried
out using a package “STATE” (Simulation Tool
for Atom TEchnology) which has been success-
fully applied to adsorption problems in the case
of semiconductor and metal surfaces [35-38].
We used the Perdew, Burke, and Ernz-erhof ex-
change and correlation functional [39,40] as well
as the Vanderbilt’s ultrasoft pseudopotentials
[41]. The energy cutoffs of the plane wave basis
sets are 25Ry and 400Ry for wave functions
and charge density, respectively. In order to
model the CO, coverage, the unit cell of 2x2
with four layers were used, and a vacuum region
of 10A thickness in between two neighboring
slabs. The surface Brillouin zone was sampled
using a 4x4, 6x4, and 4 x4 special k-point
for the Cu(100), Cu(110) and Cu(111), respec-
tively. For the structure optimization, the ad-
sorbed CO, species and two top layers are
allowed to relax. In addition, in order to get

more precision adsorption energy, we also used
the larger unit cell, p(2x3) with six layers, in
which the first three layers are allowed to be
relaxed.

3. Results and discussion

Tables 1-4 list the adsorption energies and
structural parameters of CO, adsorbed onto the
Cu(l11), Cu(100) and Cu(110) surfaces. The
adsorption energy (E,qs) is calculated according
to the formula:

E.4s = E(cluster) + E(CO,) — E(cluster + CO,),

(1)
where E(cluster), E(CO,), and E(cluster + CO,)
denote the calculated energy of a cluster without
CO,, the free CO,, and a cluster with CO,, respec-
tively. Similarly, one may calculate the adsorption
energy of CO, adsorbed onto periodic slab. A pos-

Table 1

Structural parameters and adsorption energies for the adsorption of CO, onto the Cu(hk/) surfaces at the BALYP/LANL2DZ-STO-3G

level®

Cu(111) surface ~ Cu-C distance C-O distance O-C-O angle (°)  Adsorption energy
() Left O-C (A)  Right C-O (A) (kJ/mol)

Mode (a) 3.650 1.227 1.229 179.21 1.02

Mode (b) 3.475 1.226 1.231 179.48 4.53 (—2.78)

Mode (c) 3.745 1.231 1.226 179.94 2.94

Mode (d) 3.770 1.228 1.228 179.58 1.38

Mode (e) 3.739 1.231 1.226 179.73 3.18

Mode (f) 3.740 1.231 1.226 179.75 2.67

Mode (g) 3.636 1.230 1.227 178.90 2.23

Cu(100) surface

Mode (h) 3.105 1.229 1.229 176.55 11.78 (7.02)

Mode (i) 3.920 1.232 1.226 179.78 2.33

Cu(110) surface

Mode (j) 3.619 1.228 1.228 179.23 9.92

Mode (k) 3.009 1.225 1.233 179.25 12.27

Mode (1) 2.680 1.231 1.231 178.05 20.04

Mode (m) 3.135 1.223 1.234 177.99 18.27

Mode (n) 3.300 1.229 1.229 179.46 13.29

Mode (o) 3.467 1.232 1.223 177.87 22.80 (18.24)

Mode (p) No geometry convergence

Mode (q) 3.357 1.235 1.224 178.30 22.08

Mode (r) 3.379 1.234 1.223 178.09 22.73

Note: the data in parentheses are including the zero energy correction and thermal energy correction at room temperature.
# The Cu-C distance represents the distance from C atom to the nearest-neighbor Cu atom.
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Structural parameters and adsorption energies for the adsorption of CO, onto the Cu(hk/) surfaces at the BALYP/LANL2DZ-6-31G

level

Cu(111) surface Cu-C distance (A)

C-O distance

0O-C-O angle (°) Adsorption energy

Left O-C (A)  Right C-O (A) (kJ/mol)
Mode (a) 3.108 1.187 1.188 179.97 18.19
Mode (b) 3.100 1.187 1.189 179.98 19.33 (13.06)
Mode (c) 3.597 1.191 1.185 179.40 15.49
Mode (d) 3.167 1.188 1.188 179.38 15.59
Mode (e) 3.517 1.190 1.185 179.35 14.72
Mode (f) 3.471 1.191 1.185 179.53 15.47
Mode (g) 3.531 1.191 1.185 179.38 14.84
Cu(100) surface
Mode (h) 2.989 1.188 1.188 178.93 22.06 (13.54)
Mode (i) 3.612 1.193 1.185 179.10 20.18
Cu(110) surface
Mode (j) 3.104 1.188 1.188 179.07 12.69
Mode (k) 3.060 1.184 1.193 179.18 25.77
Mode (1) 2911 1.193 1.183 179.46 31.75
Mode (m) 3.170 1.182 1.195 179.17 28.72
Mode (n) 2.981 1.189 1.189 178.55 20.91
Mode (o) 3.476 1.192 1.182 179.98 32.28 (26.01)
Mode (p) No geometry convergence
Mode (q) 3.424 1.191 1.183 179.97 23.86
Mode (r) 3.411 1.194 1.181 179.01 29.62

Note: the data in parentheses are including the zero energy correction and thermal energy correction at room temperature.

Table 3

Structural parameters and adsorption energies for the adsorption of CO, onto the Cu(hk/) surfaces at the BSLYP/LANL2DZ-6-31G™

level

Mode Cu-C distance C-O distance O-C-O angle Adsorption energy
(A) Left O-C (A) Right C-O (A) ©) (kJ/mol)

Mode (a) 3.301 1.169 1.170 179.68 16.05

Mode (b) 3.345 1.170 1.171 180.00 15.30 (6.27)

Mode (h) 3.226 1.169 1.169 179.55 18.34 (6.87)

Mode (i) 3.692 1.173 1.166 179.68 15.00

Mode (1) 3.467 1.174 1.165 180.00 23.71

Mode (o) 3.601 1.173 1.164 179.68 29.46 (27.95)

Note: the data in parentheses are including the zero energy correction and thermal energy correction at room temperature.

itive value of E,qs implies that the adsorption
of CO, from gas-phase is thermodynamically
favorable.

3.1. Effect of basis set of C and O atoms
In the following discussion, we use the adsorp-

tion energies not including the zero point energy
and thermal chemical correction.

In the case of cluster models, we begin our stud-
ies of the CO,/Cu(hkl) adsorption systems by
examining the effect of basis set of C and O atoms.
The adsorption energy can be considered as a kind
of quantitative criterion to appraise which kind of
basis set is more fit for the system studied here.
The data reported in Tables 1 and 2 reveal that
the adsorption energy of CO, on a given adsorp-
tion mode calculated from the STO-3G basis set
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Table 4

Structural parameters and adsorption energies for the adsorption of CO, onto the periodic slabs

Mode Cu-C distance (A) C-O distance 0O-C-O angle (°) Adsorption energy (kJ/mol)
Left O-C (A) Right C-O (A)

Mode (a) 3.480 1.190 1.180 180.00 -5.02

Mode (b) 3.430 1.190 1.180 179.50 -3.06

Mode (h) 3.370 1.190 1.190 179.20 ~6.31 (=0.23)

Mode (m) 3.690 1.190 1.180 179.80 —2.67

Mode (n) 4.320 1.180 1.180 180.00 -3.69

Mode (o) 4.710 1.190 1.200 179.00 -2.22

Note: the data in parentheses corresponding to the large unit system calculation result.

is lower than that from the 6-31G basis set. For
instance, the largest adsorption energy for CO,
adsorbed on the Cu(l11) surface (namely, the
adsorption mode (b)) is 4.53kJ/mol based on the
B3LYP/LANL2DZ-STO-3G calculation and by
using the comparative basis set of 6-31G, a satisfy-
ing adsorption energy of 19.33kJ/mol is obtained.
Because the experimental adsorption energy for
CO, onto Cu(l11) surface given by Hadden
et al. is 4-5kcal/mol (16.73-20.91kJ/mol) [42],
the calculated adsorption energy from the STO-
3G basis set for C and O atoms is underestimated.
This may be due to the shortcoming of the STO-
3G basis set, which would induce inadequate
description of the Cu—CO, binding. Also, it can
be found from Tables 2 and 3 that the adsorption
energy of CO, on a given adsorption mode calcu-
lated from the 6-31G™ basis set is lower than that
from the 6-31G basis set. To validate this observa-
tion, comparative calculations have been continu-
ously performed on the CO,/Cu(100) and CO,/
Cu(110) cluster model systems with three kinds
of basis set (i.e. STO-3G, 6-31G, and 6-31G™).
According to the CO,/Cu(100) and CO»/
Cu(110) cluster model systems, results similar to
those obtained for Cu(111) can be seen from Ta-
bles 1-3. The interaction of carbon dioxide with
Cu(100) surface has been investigated by TPD
and the adsorption energy has been measured to
25-30kJ/mol in the coverage range 0.05-0.40 ML
[12]. From Table 2 it is easy to find that the calcu-
lated results agree well with the experiments. For
the CO,/Cu(110) adsorption system, we cannot
compare directly our calculated adsorption ener-
gies with the experimental results for the lacking

of the latter, but it would be expected that the
adsorption energies of CO, on this open plane
with its more coordinatively unsaturated Cu atoms
will be higher than those of CO, absorbed on
either the Cu(100) or the closely packed
Cu(111) surface. Among other studies, the highest
adsorption energy of CO,, computed by Au and
Chen [16] with the Slater DFT code on a
Cu4(9,4,1) cluster which is taken as a cluster
model of the Cu(100) surface, was 26.31kJ/mol,
which is also in good agreement with the experi-
mental value 25-30kJ/mol [12].

3.2. Preferred mode and adsorption energy

To find the preferred mode for CO, reacting on
copper surface, we firstly examine its adsorption
behavior on the Cu(l11) surface. From Table 2
and Fig. 2, one can see that the CO, molecule re-
mains nearly linear with the O-C-O angle of
~179.50° in the final optimized form. For the
adsorptions of CO, on the on-top sites, namely
modes (c—g), the difference in adsorption energy
between them is mild (=15kJ/mol). In the final
optimized forms of modes (c—g), the molecular axis
of CO, is tilted from the surface normal by
~45.00° with the exception of mode (d) (the molec-
ular axis is nearly parallel to the surface). The side-
on adsorption of linear CO, along bridge and
cross bridge site (modes (a) and (b)) give the final
optimized forms of near linear CO, structures but
with the adsorption energies of 18.19 and 19.33kJ/
mol, respectively. Also, the molecular axis of CO,
in those two modes is nearly parallel to the surface.
Among the CO, adsorptions on the Cu(111) sur-
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face, mode (b) has the highest adsorption energy
(19.33kJ/mol), indicating that the preferred mode
for CO, absorbed on the Cu(l11) surface is the
side-on adsorption of linear CO, at the cross
bridge site (namely mode (b)).

For the adsorption of CO, on the Cu(100) sur-
face, the data reported in Table 2 reveal that the
preferred adsorption mode, namely mode (h), is
the side-on adsorption of linear CO, at the short
bridge site with an adsorption energy of 22.06kJ/
mol. In mode (i), the final optimized forms of
CO, from the initial bent structure is tilted from
the surface normal by 43.17° with an adsorption
energy of 20.18kJ/mol. It is in good agreement
with the TPD studies [12] and cluster DFT calcu-
lations [16] of CO, adsorbed on the Cu(100)
surface.

In the case of Cu(110) surface, the adsorption
mode (p) of linear CO, on the on-top site with O
atoms located above the hollow site exhibits no
geometry convergence. Hence, we turn our atten-
tion to other possible adsorption modes. It is easy
to find from Table 2 that the adsorption energies
of CO, on the Cu(110) surface for different
modes are in the order of (o) > (1) > (r) > (m) >
(k) > (q) > (n) > (j). The preferred mode is the
end-on adsorption of linear CO, on the on-top site
with C-O bonds located along the short bridge site
(cf. mode (o), shown in Fig. 2) with an adsorption
energy of 32.28kJ/mol, closely followed by mode
(1) with an adsorption energy of 31.75kJ/mol.
The least stable mode is the mode (j), the side-on
adsorption of linear CO, molecule at the cross
long-bridge site, with an adsorption energy of
12.69kJ/mol. Interestingly, there are three final
optimized forms (i.e. mode (k), (m), and (o)) which
are different from other side-on adsorption modes.
One of the O atoms of CO, is bonded with Cu
atom at the on-top site, while the other C-O bond
is tilted upward in these three modes, especially in
mode (0), the molecular axis of CO, is nearly per-
pendicular to the surface. Thus, these three modes
would be classified as the stiltedly end-on adsorp-
tion of near linear CO, molecules.

For CO, adsorbed onto the periodic slabs, it
can be seen from Table 4 that the equilibrium
structures are similar to those calculated from clus-
ter models, whereas the adsorption energies are

very small (smaller than zero) even though the
large unit cell was used (i.e. p(2 x 3)-6 layers with
three layer relaxed). This means that the DFT-
GGA is not able to describe the dispersion (i.e.
van der Waals) interactions that are known to be
the driving force for the physisorption [43,44].
The reason might be due to the fact that the
long-range exchange and the vdW correction inter-
action are not included in the pure exchange—cor-
rection function [45]. Furthermore, since the
interaction of CO, with copper surfaces is so weak
(i.e. physisorption), it is reasonable to suggest that
this kind of interaction may be a local interaction
(not like the strong interaction such as atom
adsorption on metals and it is more dependent
on the cluster size effect). So, we expected that
the cluster model might be more suitable to simu-
late the local interaction, whereas the slab model
might be more fit to the case of strong bonding
adsorption state. Since the electronic structure of
substrate in the slab model is more delocalised as
compared to the cluster model, we predict that
the interaction between copper substrate with
CO, in the slab model is not so strong as the clus-
ter model [46].

We should point out that the above calculation
results are corresponding to the energy of electrons
at the temperature of absolute zero, and the exper-
imental TPD temperature is much higher than
zero, and the corrections of zero point energy
(ZPE) and the thermal chemical energy are re-
quired. Thus, we have also investigated the effect
of zero point energy and thermal chemical correc-
tion (at room temperature, i.e. 298 K) to the CO,
adsorption energy for the cluster model, and the
calculated results are listed in Tables 1-3 (see the
data in parentheses). It can be seen that the contri-
bution to the CO, adsorption energy is almost the
same for the Cu(111), Cu(100) and Cu(110) sur-
faces, i.e., the adsorption energy decreased by
~1.60kcal/mol after the zero point energy and
thermal chemical corrections. Using the 6-31G ba-
sis set, the CO, adsorption energies of Cu(111),
Cu(100) and Cu(110) were calculated to be
13.03kJ/mol, 13.54kJ/mol and 26.01kJ/mol,
respectively.

In a word, the final structure of adsorbed CO, is
near linear and the preferred modes for the
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adsorption of CO, onto the Cu(111), Cu(100),
and Cu(110) surfaces are mode (b), (h), and (o)
(shown in Fig. 2), respectively. Meanwhile, a close
scrutiny of the data given in Table 2 permits us to
draw a conclusion that the adsorption energy of
CO, is larger on the Cu(110) surface than on
Cu(100) and Cu(111), giving the following order
for the CO,Cu(hkl) binding strengths,
Cu(110) > Cu(100) > Cu(111).

3.3. Electron configuration and binding characteris-
tics of CO, with the Cu(hkl) surfaces

In this section, we will have a closer look at the
electron configuration and the binding characteris-
tics of CO, on the Cu(/kl) surfaces. At the B3LYP/
LANL2DZ-6-31G level, the NBO analysis has
been done under the optimized geometries of the
Cu(hkl)-CO, complexes. For selected two modes
with a relatively higher adsorption energy from
each copper single crystal surface, only the repre-
sentative results of the natural electron configura-

Table 5

tion are given for the CO,/Cu(hkl) systems in
Table 5. To address the binding characteristics,
we report the results from NBO analysis for the
C-0 bond with the largest occupancy in Table 6.

Based on the present DFT calculation at the
B3LYP/6-31G level, the natural electron configu-
ration for C and O atoms in free CO, molecule
is [core] 2s(0.69) 2p(2.33) 3p(0.03) and [core]
2s(1.75) 2p(4.72) (tabulated in Table 5), respec-
tively. Among the selected adsorption modes, the
extended 3s and 3p orbitals of C atom in modes
(a, b, h, 1) are similar variation, whereas there is
no extended 3s orbital of C atom in modes (i, 0).
For instance, the electrons in the 3s orbital of C
atom are all 0.0le corresponding to modes (a, b,
h, I). For the left O atom, the natural electron con-
figuration in modes (a, b, h) is the same with the
decrease of 2s orbital electron by 0.01e after opti-
mization, while for modes (i, 1, 0) the extended 3s
and 3p orbitals of O atom in modes (i, I, 0) are
similar variation (see Table 5). There is no ex-
tended orbital of the right O atom for all selected

The representatively natural electron configuration of CO, from first-principle density functional calculations at the B3LYP/

LANL2DZ-6-31G level

Mode Atom Natural charge Natural electron configuration Natural charge of CO,
CO, (free) C 0.95312 [core] 25(0.69) 2p(2.33) 3p(0.03) 0.00000
(0] —0.47656  [core] 2s(1.75) 2p(4.72)

(0] —0.47656  [core] 2s(1.75) 2p(4.72)

Mode (a) C 0.93518 [core] 2s5(0.69) 2p(2.33) 3s(0.01) 3p(0.04)  —0.01239
O(left) —0.46963  [core] 2s(1.74) 2p(4.72)

O(right) —0.47794  [core] 2s(1.74) 2p(4.73)

Mode (b) C 0.93567 [core] 25(0.69) 2p(2.33) 3s(0.01) 3p(0.04) —0.01366
O(left) —0.46840  [core] 2s(1.74) 2p(4.72)

O(right) —0.48093  [core] 2s(1.75) 2p(4.73)

Mode (h) C 0.94209 [core] 25(0.69) 2p(2.32) 3s(0.01) 3p(0.04)  —0.00622
O(left) —0.47384  [core] 2s(1.74) 2p(4.72)

O(right) —0.47447  [core] 2s(1.74) 2p(4.72)

Mode(i) C 0.96441 [core] 25(0.69) 2p(2.31) 3p(0.03) —0.00604
O(left) —0.52078  [core] 2s(1.75) 2p(4.76) 3p(0.01)

O(right) —0.44967  [core] 2s(1.74) 2p(4.70)

Mode (1) C 0.96944 [core] 25(0.69) 2p(2.31) 3s(0.01) 3p(0.03)  —0.00743
O(left) —0.53918  [core] 2s(1.74) 2p(4.79) 3p(0.01)

O(right) —0.43769  [core] 2s(1.74) 2p(4.69)

Mode (o) C 0.99240 [core] 2s(0.68) 2p(2.30) 3p(0.03) —0.00761
O(left) —0.55312  [core] 2s(1.73) 2p(4.81) 3p(0.01)

O(right) —0.43689  [core] 2s(1.75) 2p(4.69)
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Table 6

The representatively NBO analysis results for the C-O bond with the largest occupancy computed for CO,/Cu(hkl) systems at the

B3LYP/LANL2DZ-6-31G level®

Occupancy C (%) O (%)
100|Ca* 2s 2p 100|Cal? 2s 2p
CO; (free) 1.99937 35.26 50.00 50.00 64.74 33.42 66.58
Mode (a) 1.99914 35.22 50.03 49.97 64.78 33.59 66.41
Mode (b) 1.99919 35.20 50.08 49.92 64.80 33.50 66.50
Mode (h) 1.99905 35.15 50.00 50.00 64.85 33.68 66.32
Mode (I) 1.99920 34.92 50.20 49.80 65.08 33.06 66.94
Mode (1) 1.99903 34.59 50.04 49.96 65.41 33.94 66.06
Mode (o) 1.99905 34.29 49.96 50.04 65.71 34.45 65.55

& Cy is the polarization coefficient.

modes, probably due to the difference in the final
optimized form. Meanwhile, the natural charge
of oxygen atom of CO, nearer to the copper sur-
face is more than that of O atom apart from the
surface. In addition, one can observe that the
amount of electron in C and O atoms change indis-
tinctly after CO, adsorbed onto the Cu(hkl)
surfaces.

From Table 5 one can also find that the calcu-
lated charge of CO, is so small and nearly equals
to zero, which means that the COJ species is dif-
ficult to be produced during the processes of CO,
adsorption on clean copper surfaces. In fact, the
experimental result of UPS showed that the
CO; species has been observed at the CO,/K/Cu
system while only physisorbed state, CO, (phys.),
was observed on the CO,/Cu system due to weak
interaction between CO, and clean copper surfaces
[47]. In general, the lower the work function of the
substrate, the stronger the interaction between
CO, and substrate, and the easier the formation
of the CO‘ZS* species [7,47]. Thus, for the cases with
low work function, for examples, in the Fe(100)
surface [48], or the defected Cu surface [10], or
the pre-adsorbed system like CO,/K/Cu(100)
[47], which have been confirmed the formation of
COJ~ species. For the formation of COj™ species
on the various cases, we will give a systemic inves-
tigation in a separate paper later.

From Table 6, it is easy to find that the occu-
pancy of C-O bond slightly decreases after CO,
adsorbed onto the Cu(/kl) surfaces. For example,
the occupancy of C-O bond in the free CO, mole-
cule (1.99937) drops to 1.99905 in mode (o). Sim-

ilar findings hold true for the change of the
100|CA|2 (C4 is the polarization coefficient) of C
atom in the C-O bond. For the free CO, molecule,
the 100|CA|* of C atom in the C-O bond is 35.26%
with the contributions of C (2s) (50.00%) and C
(2p) (50.00%) and the contribution to the C-O
bond from O (2s) and O (2p) is 33.42% and
66.58%, respectively. In the mode (o) with the
highest adsorption energy, the 100|C4|* of C atom
(34.29) is smaller than that of C atom in free CO,
molecule, and the contribution to the C-O bond
from C (2s) and C (2p) is no longer equal because
of adsorption behavior.

3.4. Activation of CO; on the Cu(hkl) surfaces

In general, a major objective in studying CO,—
surface interactions is investigating the activation
because of its implications for many chemical
processes. A comprehensive overview of CO, acti-
vation by metal complexes has been given by Behr
[3]- Overviews of CO; activation in biologically rel-
evant processes as well as in heterogeneous cataly-
sis, in electrochemistry and other fields have been
reported [4,5]. Recently, Solymosi [6] and Freund
and Rorbert [7] have provided comprehensive re-
views of CO, interaction with clean and modified
single crystal metal surfaces and of related works
on real catalyst surfaces. In this section, we will
make an attempt to investigate the activation of
CO, on the Cu(111), Cu(100), and Cu(110) sur-
faces. Electron density from Bonding Mulliken
population analysis between C and O atoms at
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Table 7
Electron density from Bonding Mulliken population analysis
between C and O atoms at the BALYP/LANL2DZ-6-31G level

Left O-C Right C-O
CO, (free) 0.465353 0.465353
Mode (a) 0.432538 0.426999
Mode (b) 0.444095 0.427075
Mode (h) 0.417777 0.417441
Mode (i) 0.418299 0.458075
Mode (1) 0.407081 0.450471
Mode (o) 0.434244 0.418905

the B3ALYP/LANL2DZ-6-31G level are reported
in Table 7.

The results shown in Table 7 indicate that all
the C-O electron densities decrease after CO, ad-
sorbed onto the Cu(hkl) surfaces, suggesting that
the C-O bonds in CO, molecule gain somewhat
activation during the interaction of CO, with
the copper single crystal surfaces. For instance,
the electron densities for left O-C and right C-
O in final optimized form of mode (o) (0.434244
and 0.418905, respectively) are smaller than those
for the free CO, molecule (0.465353). The elon-
gated C-O distances (listed in Table 2) also con-
firm the activation of C-O bonds in adsorbed
CO, relative to free CO, molecule (1.160A) [26].
Furthermore, non-dissociative adsorption of
CO, molecule on the Cu(hkl) surfaces can be in-
ferred from those findings. The activation can
be also demonstrated by the above-mentioned
analysis for slightly decrease of the occupancy
of C-O bond. This kind of weakly adsorbed
behavior of CO, agrees well with the experiments
[3-7,17,18,45]. A close scrutiny of the data given
in Tables 2-7 permits us to draw a conclusion
that the degree of activation of CO, adsorbed
on the Cu(hkl) surfaces is in the order of
Cu(110) > Cu(100) > Cu(111).

4. Conclusions

In the present work, the interaction of CO, with
the Cu(hkl) surfaces has been investigated by
means of quantum chemical DFT calculations
and cluster models and periodic slabs. The calcu-
lated adsorption energies from periodic slabs are

lower as compared to the experimental data as well
as the cluster model data, indicating that the peri-
odic slab approach of generalized gradient approx-
imation in the density function theory is not
suitable to obtain quantitative information on
the CO,/Cu(hkl) adsorption systems studied here.
Through examining the effect of basis set of C
and O atoms, it is reasonable to conclude that
the results calculated from the 6-31G basis set
are more reliable than those from the STO-3G
and 6-31G™ basis set. Optimized results show that
the final structure of adsorbed CO, is near linear
and the preferred modes for the adsorption of
CO5 are the side-on adsorption at the cross bridge
site (namely mode (b)), the side-on adsorption at
the short bridge site (mode (h)), and the end-on
adsorption on the on-top site with C-O bonds lo-
cated along the short bridge site (mode (0)) on the
Cu(l11), Cu(100), and Cu(110) surfaces,
respectively.

The results from NBO analysis indicate that
CO, forms essentially a covalent bond for all
modes. It has been observed that the adsorption
energies (E,q4s) for carbon dioxide are in the order
of Cu(110) > Cu(100) > Cu(111). Similar finding
holds true for the trend in the degree of CO, acti-
vation, suggesting that the reactivity for CO, dis-
sociation on the Cu(hkl) surfaces might follow
the order of Cu(110)> Cu(100)> Cu(111). Our
present cluster DFT calculations are in accord
with the experimental reports. Additionally, we
plan to deconvolve rigorous and detailed DFT
calculations of the decomposition pathway of
molecules (i.e. H,O, CO,, HCOO, etc.) on
transition metal surfaces to gain an insight into rel-
evant heterogeneously catalyzed reactions in the
future.
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