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Abstract Physical and chemical adsorption of CO, on ZnO
surfaces were studied by means of two different implemen-
tations of periodic density functional theory. Adsorption
energies were computed and compared to values in the
literature. In particular, it was found that the calculated
equilibrium structure and internuclear distances are in agree-
ment with previous work. CO, adsorption was analyzed by
inspection of the density of states and electron localization
function. Valence bands, band gap and final states of
adsorbed CO, were investigated and the effect of atomic
displacements analyzed. The partial density of states
(PDOS) of chemical adsorption of CO, on the ZnO(0001)
surface show that the p orbitals of CO, were mixed with the
ZnO valence band state appearing at the top of the valence
band and in regions of low-energy conduction band.

Keywords CO, adsorption - Electronic localization
function - First principles - Plane wave - ZnO
Introduction

Zinc oxide is a wide band gap semiconductor (3.4 eV)
[1-4]. The surface features of this oxide are of fundamental
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importance for numerous technological applications, such
as, the electrical behavior of ZnO varistor, sensors and
catalysis. From the viewpoint of molecular adsorption over
metal oxides, three surfaces of ZnO are of interest: a) (0001)
polar surface terminated with Zn atoms, b) (OOOT) polar
surface terminated with O atoms, and c) the non-polar prism
(1010) surface with Zn and O atoms. The (0001) and
(OOOT) surfaces of single-crystal ZnO are unreconstructed
or reconstructed depending upon the surface preparation
conditions [5].

Adsorption of CO, on ZnO surface is important for
environmental detection, and testing for basicity. More-
over, CO, is a precursor for the methanol synthesis,
which is also associated with defect formation [6-9]. In
this case, CO, adsorption on (0001) and nonpolar
surfaces was largely studied. The formation of CO,
anions is energetically favored by charge transfer from
the metal upon adsorption, which could lead to the
formation of carbon species [10]. Carbon dioxide ad-
sorption on (1010) surface was investigated by means
of ab initio and semiempirical methods [7-9, 11-14].
DFT showed CO, dissociation at oxygen vacancy of
(OOOT) surface [11]. Tridentate species were reported
for polar and nonpolar surfaces from high resolution
electron energy loss spectroscopy (HREELS) and other
spectroscopic methods [6, 15, 16]. Bidentate species
were also experimentally shown for the nonpolar sur-
face [17], while DFT study presented a carboxylate
species from carboxylic acids [12]. An angle of 30°
between the surface normal and the molecular plane
was obtained from near edge X-ray absorption fine
structure (NEXAFS) [18]. Quantum mechanics/molecu-
lar mechanics (QM/MM) studies indicated that CO,
upon adsorption on (0001) surface retains a linear
structure [13]. DFT study showed that unidentate struc-
ture of a carbon atom interacts with a lattice oxygen
atom leading to the formation of carbonate with bind-
ing energy of 139.6 kJ.mol ™' [14].
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On the other hand, the adsorption of CO, on polar (0001)
surface was scarcely investigated. On the (0001) surface,
each zinc cation has a single vacant coordination in relation
to the bulk within oxygen anions. This is the requirement for
the dissociation of Brensted acids on acid and basic site
pairs of ZnO surfaces [19]. A molecular beam study of CO,
on (0001) surface showed an adsorption heat of 34 kJ.mol ™’
[20-22] in agreement with the physisorption heat of
31 kJ.mol™', while chemisorption of 140 kJ.mol ' was
reported for the nonpolar surface [23, 24]. C K-edge near
edge X-ray absorption fine structure presents a peak at
290 eV for the (0001) surface and an angle of 68° between
surface normal and molecular plane [25]. Low-energy elec-
tron diffraction (LEED) analysis showed that CO, adsorbs
with both carbon and oxygen on (0001) surface [26].

The aim of this work is to investigate theoretically the
physical adsorption of CO, on the (0001) and (0001)
surfaces, and the chemical adsorption of CO, on the
(0001) surface. This task was accomplished: a) by evaluat-
ing the local structure around the CO, on ZnO surfaces, b)
through the density of states of adsorption process; c¢) ex-
amining the electronic density between adsorbed and free
molecule; d) in addition, comparing between the values of
physical and chemical adsorption energies, and also com-
paring these with the literature values. To achieve these
goals, we have used the density functional theory (DFT)
[27] to study CO, on ZnO. Since the mechanism of stabili-
zation is not well established in periodic calculations of ZnO
polar surfaces, we have simulated slabs varying the number
of layers in order to find a stationary state. Namely, we
simulated supercell slabs with four, six and eight layers
while keeping the surface areas of (0001) and (OOOT) fixed.

Computational details

DFT has been largely used to describe the adsorption on
surfaces of metal oxides, specifically the structural and
electronic properties. Bulk parameters of ZnO were well
established using DFT and pseudopotentials [28-32]. Per-
dew and Wang functional (PW91) [33] using ultrasoft pseu-
dopotential (US-PP), and Perdew-Burke-Ernzerhof (PBE)
[34] and PWI1 using projector augmented wave (PAW)
results are almost identical for simple properties like lattice
constant and bulk modulus but not for properties where
surface effects are present [35]. Although, US-PP and
PAW provide almost equivalent results for the bond lengths
and the vibrational stretch frequencies for some molecules,
PAW method shows superior to US-PP for energy differ-
ences [36]. Therefore, we have used both methods. The
positions of the nuclei were relaxed using ultrasoft pseudo-
potential (US-PP) method to describe the ion-electron inter-
action with eigenstates expanded in basis functions like
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plane waves [37], while PAW method was used for property
analysis.

Periodic calculations were performed using DFT. Swart
and Snijders [38] showed that PBE and PW91 functionals
gives almost the same mean errors for bond lengths, and the
best-performing exchange-correlation potentials are found
to be Becke—Perdew, PBE and PW91. Orita [39] showed
that all electron PBE and PW91 adsorption energies and
structures give the same trend and almost the same results
for CO adsorption. Therefore, the exchange and correlation
effects were obtained according to the generalized gradient
approximation (GGA) using the PW91 functional [34]
implemented in the algorithm of VASP4.6 computational
code [40]. The O 2s% 2p*, Zn 3d"° 25%, and C 2s* 2p* were
treated as valence states. The atomic positions of CO, mol-
ecule and ZnO were relaxed with full optimization using the
Quasi-Newton algorithm. The energy cutoff was 420 eV,
and the K points mesh was 3x3x3 in the first Brillouin
zone. All forces were converged with criteria less than
0.20 eV/A per atom.

ZnO crystallizes in a structure of B4 type (wurtzite) of
P63mce space group [41]. The experimental lattice parame-
ters values are a=3.2495 A and ¢=5.2069 A, and the inter-
nal parameter is z=0.3825 A [42]. In this work we have
studied slabs of ZnO of four, six and eight layers (Fig. 1)
with (ZnO)3,, (ZnO)4g and (ZnO)g4 units, respectively. The
overlayer structures on (0001) and (0001) surfaces for
carbon of CO, were described using Wood’s notation of
(2x2) surface. The adsorbate coverage was ¢ = 1/8 for
these structures. The (0001) surface area was 74.94 A? for
all supercell slabs. This value was chosen in order to min-
imize the dipole moment of the slab. A vacuum of 10 A
along the z axis was also used.

(0001)

Fig. 1 ZnO slab used for first principles calculations
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Fig. 2 a CO, physical
adsorption on (0001) and b
(0001) surfaces. Only the

atoms that are close to adsorbed
CO, molecule are numbered

Another point of interest of this work was to analyze
the adsorption of CO, by means of total and partial
densities of electronic states (DOS). We have evaluated
the energies of physical and chemical adsorptions, va-
lence bands, band gap, states of CO,, and final filled
states due to atomic displacements. Electron localization
function (ELF) analysis was performed using the
DGRID program [43].

Results and discussion
Structure of slabs

Lattice parameters optimized for physical and chemical
adsorptions were: a=3.224 A and ¢=5.241 A, in accor-
dance to the experimental values [41, 44]. A vacuum
space of approximately 10.00 A was used in the c
direction. These lattice parameters produced a distance
of 1.996 A for the Zn-O bonding close to the experi-
mental distance [41].

There are difficulties in performing calculations of
periodic polar surfaces of metal oxides, e.g., NiO, the
Cr,03, and Fe,O3;, mainly due to the instabilities of
these surfaces [5]. The stability of polar surfaces is a
challenging task not completely understood [45-47].
Several materials have polar surfaces that are stabilized
by mechanism of reconstruction or the presence of
adsorbates [5, 48]. However, Wander and Harrison
[48] showed that polar surfaces of ZnO were not sta-
bilized by water dissociation. ZnO was believed to
form unreconstructed polar surfaces [49], while there
is evidence of missing Zn ion on the (0001) surfaces
[50]. Therefore, Meyer [49] concluded that only charge
transfer between polar surfaces can explain the polar
termination stability. In this sense, polar surface was
stabilized due to rearrangement of electronic structure
of polar surfaces [47], although charge transfer mech-
anism should result in a metallic surface state forma-
tion [45, 51]. Otherwise the stabilization mechanism is
dependent on the preparation conditions [52] and polar

surfaces of very small oxide particles could be stable
[45]. From ionic model a macroscopic field perpendicular to
the surface induces the energy to diverge with slab thickness
[47]. Therefore, it was expected that CO, adsorption could
stabilize the surface.

The surface energies for four, six and eight layers were
calculated to study the influence of slab thickness using the
following equation:

Egyyr = [Esiap — n-Epuk] /24, (1)

where Ej;,;, is the relaxed slab energy, Ej,; is the bulk
energy, n is the number of layers, and A4 is the surface area.

The results for the surface energies are 2.32 J/m? in
the case of four layers, and 1.60 J/m® for six and eight
layers. However, the structure of four layers slab is
completely distorted compared to the relaxation of six
and eight layers, which jointly with this large surface
energy suggests that the four layers slab is not stable.
Otherwise, the energies of six and eight layers suggest

Table 1 Displacement
differences (A) of Zn (@) X Y z
and O atoms between

(0001) and (00071) Zn, 0.001 0.000 0.280
surface layers for the Zn, 0.007 0.002 0.204
physical adsorption Zn;  —0.001 0.007 0.210
Zn,  —0.002 0.002 0.205
Zns 0.003 0.001 0.209
Zng  —0.001 0.003 0.210
Zn, 0.004 0.003 0.214
Zng  —0.003 0.002 0.221
0, 0.013 0.000  —0.251
0, 0.012 0.007  —0.301
(a) Atoms 1, 2 and 3 are O; 0.001 0.001 -0.312
close to CO, molecule, 04 0.005 0.002  —0.308
while atoms 4, 5, 6,7, 0.004 0.002  -0310
and 8 are the remaining
atoms of the same layer Os 0.005 0.003 —0.310
(See Fig. 2) in order of (o7 0.008 0.006 -0.325
distance from CO, Ox 0.006  —0.002  —0.328
molecule
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Fig. 3 ELF (0.8) for the
physical adsorption on a (0001)
and b (0001) layers

that only slabs with more than four layers should be
used for the adsorption study. These surface energies are
in agreement with the values found in the analyses of
(1010) and (1120) surfaces [3].

CO, physical adsorption on (0001) and (0001) surfaces

We investigated the adsorption energy (£,4,) of CO, on ZnO
(0001) surface using the following equation:

- Esub)v (2)

where Eg,, + s 1S the total energy of the adsorbate-
substrate complex, E,;, is the bare surface total energy,
and Ej,;, is the total energy of isolated CO, molecule. These
values are of interest for the water-gas shift reactions and the
methanol synthesis. The adsorption energies of CO, on
(0001) and (000T) ZnO surfaces are 6.7 kJ.mol ', and
11.9 kJ.mol ', respectively. This is in agreement with the
sublimation heat of CO, and the physical heat of adsorption
of almost 31 kJ.mol ™! on ZnO [20-22].

The geometry optimization results for the CO, phys-
ical adsorption on (0001) and (OOOT) surfaces are shown
in Fig. 2. The distance between CO, molecule and the
ZnO surface is shown to be large. In general, dispersion
terms are important for an accurate description of this
physical adsorption and geometry. However, this large
distance is in accordance with the physical process.
Besides the influence of the dipole (for polar surfaces),
the CO, interaction contributes to the atom displace-
ments on the (0001) and (0001) surfaces. There was
an elastic deformation along the slab z axis. The surface
relaxation with adsorbed CO, molecule showed /; and /,
distances (see Fig. 1) of approximately 2.00 and 3.23 A,
respectively. The optimized structures presented atom
displacements for both surfaces, especially the atoms
close to adsorbed CO, molecule. Slabs showed a large
rearrangement of surface atoms when relaxed with less
than six layers and the same surface area. However, the
parameters obtained for the six and eight layer models
kept B4 phase symmetry of ZnO during the relaxation
of atomic positions. This suggests that the parameters
used in these slabs allowed charges to rearrange into the
layers of (0001) and (0001) surfaces. This type of

Eads - _(Eslab+sub - Eslab
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behavior is consistent with the reported physisorption

process.
Table 1 shows the displacement differences between
(0001) and (0001) surface layers of three Zn and O atoms
close to the CO, molecule, plus the five remaining Zn and O
atoms of the same layer. Zn and O atoms were identified in
order of increasing Zn-C distance. Table 1 shows that the
surface rumples. The first three Zn and O atoms closest to
CO, had approximately the same x and y displacement on
(0001) and (OOOT) surfaces for all atoms. This statement is
in agreement with the expected physisorption behavior.
Internal Zn—O double-layer separations (d;) were reduced
by 48 and 54 % for the CO, adsorption on (0001) and

600
400 — (a)
200 —
0 ‘ T T T 1 T J\/IJ\_A"JL
-10 -5 0 5 10
600
400 (b)
o J
2 200 M
0 | /V\M ,;v-r\«/\/\"/\/\
-10 10
600
400 (C)
200 -
0- : M"J\’\
-10 10

Energy(eV)

Fig. 4 Total DOS calculated for the a bulk on the physical adsorption
of CO,, above b (0001) and ¢ (0001) surfaces. The Fermi energy
passes through zero eV
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Fig. 5 PDOS cglculated for the 10 10
physical adsorption for the O — Os b — Os
atom of CO, molecule on a (a) —0 p ( ) — p
(0001) and b (OOOT) surfaces;
while for the C atom of CO,
molecule on ¢ (0001) and d 5 | 5 -
(0001) surfaces. The Fermi
energy passes through zero eV
2 o] | 1
O L.l WAL kb . . — o
g -10 -5 0 5 10 -10 -5 0 5 10
(=9
10 10
© @ “E
5 5
N U N
-10 -5 0 5 10 -10 -5 0 5 10
Energy(eV)
(OOOT) surfaces, respectively. This is in agreement with the
values found earlier for the bare relaxed surface using ab 20 20
initio calculations [53]. — O px (a) — O px (b)
Figure 3 shows the ELF analysis of the electronic density —Opy —Opy
using the visual molecular dynamics (VMD) program [54], 151—0p:z 151—0pz
for the physical adsorption on (0001) and (0001) surfaces at
ELF value of 0.8. Figure 3 indicates that Zn and O bonding 10 10 |
is in the ionic-covalent borderline. There is no isoline be-
tween CO, and (0001) and (OOOT) surfaces caused by the 5 5
CO, molecule. This behavior also supports the expected
physical adsorption. B
Figure 4 shows the total density of states (DOS) for phys- 8 910 5 0 Ao ;\m A 910 5 B.M:b s
ical adsorption on eight layers model. The electronic structure & B
for the eight layers model is in agreement with the full- R« 20 —O px ©) 20—o Px (d)
potential linear muffin-tin method [55]. The basic difference —O0 py —O0 py
between the bare (Fig. 4a) and CO, covered surface (Fig. 4b 15 {—O0 pz 15— O pz
and c) is the presence of states located in fundamental gap of
adsorbed system. This is due to abrupt change in external 10 10
potential that the electrons feel in surface [56], so there is a
slightly negative net charge only on the surface [56].
Analysis of occupied states was conducted through the 5 5
partial density of states (PDOS). Figure 5 shows the PDOS M M
for CO, adsorption on eight layers model on (0001) and 0 1L 0 oLl | NN
(000T) surfaces. Figure 5a and b are for the O atom, while -10 .5 0 5 10 -10 -5 0 5 10
Fig. 5c and d are for the C atom. For the (0001) surface, the Energy(eV)

p states of O from CO, are localized in the region ranging
from —10 to —5 eV. In both cases there are no states of CO,
at the top of the valence band, which is dominated by p
states of O (Zn0O), and it hybridizes with a small amount of d

Fig. 6 PDOS for the O atom from most inner layer for adsorption a on
(0001), and b (OOOT) surfaces; while for the O atom from top layer for
adsorption ¢ on (0001), and d (OOOT) surfaces. The Fermi energy
passes through zero
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Fig. 7 a Chemical adsorption
of CO, over (0001) surface with
bidentate and b tridentate
configurations

states of Zn. Another difference was found in the valence
band due to states occupied by CO,. Our results are in
agreement with experiments using X-ray photoelectron
spectroscopy that investigated the physical adsorption [57],
and found states filled by CO, in the lower energy regions.

Figure 6 shows the p orbitals of O atoms for the adsorp-
tion on (0001) (Fig. 6a and c) and (0001) (Fig. 6b and d)
surfaces. Figure 6a and b show the contribution of O p-
orbitals from the middle of the slab, i.e., the inner layers,
while Fig. 6¢c and d depict the O p-orbitals from the top
layer. The inner most layers should describe the same be-
havior as the bulk. Therefore, the p-orbitals of top layer are
displaced compared to the bulk (Fig. 6). The occupied p,
orbitals are strongly localized on (OOOT) surface. This
displacement found for O p-orbital is in agreement with
other theoretical results [53], which exhibit a large peak
close to the fermi level on the oxygen atom of (000T)
surface.

Chemical adsorption of CO, on (0001) surface
with formation of bidentate and tridentate species

Studies using infrared spectroscopy suggest that the interac-
tion of the three centers of CO, molecule (tridentate) with
the ZnO surface is responsible for methanol synthesis and
water-gas-shift reaction [15, 58]. Semi-empirical and ab
initio calculations as well as experimental data showed a
stable bidentate interaction of CO, molecule with ZnO
surface [6-9, 12, 17, 25, 59]. Therefore, chemical adsorp-
tion of CO, was studied at (0001) surface, with bidentate
and tridentate species. There is no significant difference
among results of geometry optimization, electronic density
and adsorption energy using six and eight layer models of
(0001) surface, and only the eight layer model results are
described.

Geometry optimizations for the eight layers model
(Fig. 7) give oxygen-carbon distance of 1.40 A for carbon
bidentate species, and 1.29 A for tridentate. Besides this
main difference that suggests a dissociation of bidentate
species, the geometry of CO, molecule is approximately
the same.

Table 2 shows the displacement of three Zn atoms,
and three O atoms closest to CO, molecule on (0001)
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(b) 1.29A
O / “

surface. Zn closest to C (Zn;) was displaced signifi-
cantly in relation to z-axis. The z-axis displacements of
chemical adsorption types are opposed to those direc-
tions of displacements in physical adsorption. There-
fore, displacements in the surface atoms are due to
the chemically adsorbed CO, molecule, while for the
physical adsorption displacements are due to the sur-
face relaxation.

ELF analysis for the chemical adsorption with bidentate
and tridentate species (Fig. 8) indicates a covalent bonding
between CO, and the (0001) surface in both adsorptions. In
contrast to the physical adsorption, ELF shows a clear
interaction between the CO, molecule and the surface for
chemical adsorption.

PDOS for chemical adsorption (Fig. 9) also indicates
states in the gap as found in Fig. 5 for the physical
adsorption. The p-filled states of C and O of CO, were
distributed throughout the valence band, in agreement
with the experimental results [57]. In both cases there
are depletions of C and O p states in the band gap and
low-energy of conduction band. Tridentate interaction
shows the same PDOS for the two O atoms (Fig. 9b
and d), which suggests the same interaction for these
two oxygens, while as expected, the bidendate interac-
tion has different PDOS for the two oxygen atoms
(Fig. 9a and c).

Plane wave adsorption energy of CO, bidentate species is
407.8 kJ.mol ' This value is smaller than those obtained by

Table 2 Shift (A) of nearest Zn and O atoms to CO, on (0001) surface
for chemical adsorption with bidentate and tridentate species (see
Fig. 2 for the notation)

Bidentate Tridentate

X Y Z X Y Z
Zn,; -0.025  —0.002 0.327 0.039 0.050 0.270
Zn, 0.104 0.093 0.065 —0.041 —0.061 0.046
Zny  —0.202 -0.136 0.044  -0.079 —0.010 0.041
0, 0.017 -0.143 —0.156 —0.025 -0.015 —0.111
O, -0.050 —0.111 —-0.032 -0.020 —0.059 —0.118
O3 0.096 0.026 0.180  —0.043 -0.095 -0.024

Atom notations are in order of increasing distance from the C center
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Fig. 8 ELF (0.8) for the
chemical adsorption on (0001)
surface a bidentate and b
tridentate

Martins and co-workers using semiempirical AMI1, and ab
initio Hartree-Fock method with 3-21G* basis set (RHF/3-
21G//AM1) with cluster models [9]. One main advantage of

Fig. 9 PDOS calculated for
chemical adsorption of CO, on
(0001) surface, with bidentate
and tridentate configurations.
For the first oxygen of CO, on
a bidentate and b tridentate, for
the second oxygen on ¢
bidentate and d tridentate. For
carbon atom of e bidentate and f
tridentate adsorption. The
Fermi energy passes through
zero eV

PDOS

15

1.0 1

using plane wave basis set is in relation to the basis set
superposition error (BSSE), which must be accounted for in
the LCAO based methods. The results for cluster models

()

1.5
— Os (b) — Os
— Op — Op
1.0 1

Energy(eV)
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have no implicit periodicity, while the importance of peri-
odic conditions is clear for such solid systems. Therefore, it
was expected that periodic plane wave results were in better
agreement with experimental data.

Table 3 shows a comparison between adsorption of
CO, tridentate species of the current study and the
results of atom-centered basis set of Chuasiripattana on
ZnO (0001) surface [58], with adsorption energy in the
borderline of physical adsorption. The interatomic dis-
tances of this work are in agreement with the reported
(2%2) supercell [58]. However, the results for adsorp-
tion energies are not in agreement with the previous
theoretical study of (2x2) unit cell [58]. At low cover-
age (1/9ML), the adsorption energy calculated in a (3 x
3) unit cell is 108.1 kJ.mol™' [58]. Heat of adsorption
for the tridentate species on oxygen terminated (OOOT)
surface was calculated to be 139 kJ.mol ' using PBE
functional with cluster model [60]. Carbon dioxide is
held on zinc oxide with energies from 108.8 to
154.8 kJ.mol™' [61]. The experimental heat of adsorp-
tion for the pristine sites amounts to 34.0 kJ.mol ' for
the (0001) surface [22]. This is slightly larger than the
value reported for the physisorption of CO, of
31 kl.mol™" by Goepel et al. [23]. Heats of adsorption
of 140 kJ.mol ' for CO, chemisorption has been
reported on nonpolar ZnO surfaces [23]. Chuasiripattana
and co-coworkers [58] have used a numerical atom-
centered basis set with PBE, with lattice parameters of
a=3.302 A and ¢=5.317 A larger than experimental
values, while we have used PW91. It is well known
that these functionals lead to the difference in interac-
tion energies [35]. Therefore, this difference is partially
due to exchange correlation functional and the number
of layers used, since there is no significant difference of
our structure in relation to the reported data [58].

Conclusions

In this work we carried out CO, adsorption study on
polar surfaces of ZnO using US-PP and PAW methods.

Table 3 Comparison ]
between the theoretical This Ref.

results of adsorption work [58]°

energy of CO, with

tridentate (see Fig. 2 Eaqs (kl.mol™") —396.9 —55.0

for the notation) O - Zn, (A) 2.02 2.07
0 - Zn; (A) 2.03 2.07

. . C—7Zn (A) 2.06 2.06

The geometrical

parameters and Ccor-Zngoony (A) 1.52 1.41

adSOrptiOn energy O(‘Oz-zn(oo()l) (A) 1.85 1.89

were reported for the Ocoa-Zngoor) (A) 1.85 1.89

(2x2) unit cell
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We investigated the structural and electronic properties
of physical and chemical adsorption with focus on ad-
sorption energies, and defined the minimum number of
layers needed for the adsorption study. The atom posi-
tions were fully relaxed.

The surface energy suggests that the slabs with more
than four layers were needed to study the adsorption
process. Zn—O double-layer separation (d;) has been
reduced to 48 and 54 % due to CO, adsorption on
(0001) and (0001) surfaces, respectively, which is in
agreement with the literature. ELF showed no isoline
between CO, and (0001) and (0001) surfaces. There-
fore, as expected CO, molecule had insignificant inter-
action with surfaces (0001) and (OOOT) in physical
adsorption. However, the atoms of double layer are
displaced due to relaxation of atomic positions, showing
an elastic deformation along the slab z axis.

For the physical adsorption, there were no states of
CO, at the top of the valence band, which was domi-
nated by p states of O (from ZnO), and it hybridized
with a small amount of d states of Zn. The inner most
layers should describe the same behavior as the bulk
from the PDOS of physical adsorption. Our results are
in agreement with experiments using X-ray photoelec-
tron spectroscopy that investigated the physical adsorp-
tion, and found states filled by CO, in the lower energy
regions.

The directions of the displacements on the z-axis, in
chemical adsorption types, were opposed to those direc-
tions of the displacements in physical adsorption. This
shows that the displacements in the surface were related
to the chemically adsorbed CO, molecule, while in the
physical adsorption they were from the relaxation pro-
cess of surface. One main advantage of using plane
wave basis set is in relation to the BSSE. In addition,
comparing our chemical adsorption results with cluster
models showed the importance of periodic conditions
for such solid systems.

ELF for the chemical adsorption with bidentate and
tridentate showed a clear interaction between the CO,
molecule and the surface. The interatomic distances of
this work were in agreement with the results of litera-
ture. However, the results for adsorption energy were
not in agreement with early theoretical study, which
showed interaction energy smaller than the expected
for this chemical adsorption, in the borderline of phys-
ical adsorption. The PDOS completes the visualization
of chemical adsorption of CO, on (0001) surface, and
showed that the p orbitals of CO, are distributed
throughout the valence band and fundamental gap.
The p orbitals of CO, appeared at the top of the
valence band, and in regions of low-energy conduction
band.
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