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functional theory to describe both copper(I) and copper(II) oxides, followed by the
investigation of a number of different low index CuO surfaces. Different magnetic
orderings of all the surfaces were studied, and reconstructions of the polar surfaces are
proposed. A detailed discussion on stabilities, electronic structure, and magnetic
properties is presented. CuO(111) and CuO(111) were found to have the lowest
surface energies, and their planes dominate in the calculated Wulff morphology of the
CuO crystal. We next investigated the adsorption of CO, on the three most exposed
CuO surfaces, viz., (111), (111), and (011), by exploring various adsorption sites and
configurations. We show that the CO, molecule is activated on the CuO surfaces, with
an adsorption energy of —93 kJ/mol on the (011) surface, showing exothermic
adsorption, while (111) and (111) surfaces show comparatively weak adsorption. The
activation of the CO, molecule is characterized by large structural transformations and
significant charge transfer, i.e., forming a negatively charged bent Cco,™ species with
elongated C—O bonds, which is further confirmed by vibrational analyses showing considerable red shift in the frequencies as a
result of the activation.

ABSTRACT: We have used computational methodology based on the density ? @

CQ; activation on CuO surfaces

1. INTRODUCTION density (LDA)*® and generalized gradient approximations
(GGAs)* do not account properly for exchange and
correlation effects in transition metal oxides and thus lead to
self-interaction errors. Advanced methods such as self-
interaction correction (SIC)25 and the GW approximations
(GWA)*° provide a better description of CuO*”** but are very
computationally demanding and not appropriate for the large
systems required to model surfaces and clusters. However, the
DFT+U* method, which takes account of the on-site
Coulombic repulsion among localized d—d electrons by
incorporating an extra energetic penalty for delocalization, has
been successful in describing transition metal oxides at
relatively low computational cost. DFT+U with an appropriate
value of U can accurately describe the CuO structure,’”’'
although both DFT and DFT+U fail in accurately describing
the electronic structure of Cu,0.*” Scanlon et al.*” suggested a
value of U = 5.2 eV, which can closely reproduce the valence
band features of Cu,O, whereas Nolan et al.* found U = 7 eV
as the most accurate value for CuO, which closely reproduces
its electronic band gap and magnetic moment. In a recent study
by Ekuma et al,’" a value of 7.14 eV was suggested as the most
suitable value, which gives the closest match to the
experimental magnetic moment and band gap values of CuO.
As such, computational methods are available to describe both

Nanostructured transition metal oxides (TMOs) are a class of
materials, whose conducting properties range from metallic to
semiconducting and which have been developed for a variety of
novel advanced functional material applications.” In recent
years, copper oxides™ have attracted increasing interest in
numerous fields, viz., photocatalysis,4 as energy materials,”
supercapacitors,” batteries,” gas sensors,” and other applica-
tions.”™'” The physical and chemical properties of nanostruc-
tures deviate significantly from their bulk counterpart, and in
order to design functional devices based on tailor-made CuO
nanostructures, a thorough understanding at the molecular level
is necessary. Even though numerous architectures have been
prepared by state-of-the-art synthetic methods, a precise
understanding of the formation mechanisms of the different
morphologies is still challenging."’

Carbon dioxide is the primary greenhouse gas responsible for
global warming and recent climate changes.'* In the past few
years, copper oxides have been investigated extensively as
catalysts in photochemical and electrochemical CO, reduc-
tion.”™"” However, almost all catalysts, including copper
oxides, still suffer from low selectivity and activity. Con-
sequently, we need to understand the factors determining
catalytic activity to be able to design for specific applica-
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copper oxides. However, experimentally it is found that copper
oxide surfaces consist of mixed Cu,O and CuO moieties, and
there is therefore a need to identify an appropriate value for the
U parameter, which can describe adequately both CuO and
Cu,O in terms of experimental properties. In the present work,
we aim to determine such a U parameter, through systematic
investigation of structural, magnetic, and electronic properties
of both the copper oxides.

Control of the shape and structure of copper oxide
nanocrystals has recently attracted significant interest, and
different morphological structures have been synthesized for
various applications.'”***° Among their different properties,
including electrical applications and in gas sensing, the catalytic
properties are strongly influenced by the morphological surface
structures. In the present work, we provide a detailed first-
principles-based electronic structure study of different low
index surfaces of CuO, including the resulting calculated
equilibrium morphology, and discuss the stability of these
nonpolar surfaces through analyzing their structural, electronic,
and magnetic properties. Electronic structure engineering is an
effective tool to tailor catalytic surfaces by elucidating the
relationship between atomic-scale properties and the macro-
scopic functionality,*® and as the adsorption of molecules on a
catalyst surface is the first step in their activation and
conversion, we have investigated CO, adsorption on the
different surfaces appearing in the CuO morphology by
elucidating structural, vibrational, and electronic properties of
different adsorbed geometries. Catalytic processes are highly
complex in nature, occurring in a multicomponent environ-
ment, and are influenced by various environmental parameters:
temperature, pressure, and electrode potential. Nevertheless,
DFT calculations at 0 K, as presented in this paper, provide
mechanistic insight into CO, activation on CuO surfaces, and
this fundamental understanding will still be relevant for
applications at elevated temperatures.

2. COMPUTATIONAL METHODOLOGY

Spin-polarized calculations were performed using the Vienna
Ab-initio Simulation Package (VASP) with a plane-wave basis
set.”’~*" We have employed DFT+U"’ methodology with the
PBE**' exchange-correlation functional and the formalism of
Dudarev et al.”” The U, value is selected for the localized 3d
electrons of Cu, where U4 = U — ], i.e., the difference between
the Coulomb U and exchange ] parameters. The Brillouin zone
was sampled using a 9 X 9 X 9 Monkhorst—Pack** k-point
mesh for the primitive cells of both Cu,0O and CuO. Such
dense grids and a truncation kinetic energy of 450 eV for the
plane waves ensured an accurate description of properties that
are influenced by sharp features in the density of states. A total
energy convergence better than 107 eV per unit cell was
required, and the interatomic forces were minimized to 0.01
eV/A for the structural relaxations. Magnetic moments were
calculated using the code developed by Henkelman and co-
workers.***

The different CuO surfaces were obtained by the
METADISE code,” providing all possible nonpolar surface
terminations. At the base of the surface simulation cell, two
layers of atoms were fixed at their relaxed bulk positions to
simulate the bulk phase of the crystal. Above these two layers,
the surface is represented by two layers of atoms whose
positions are allowed to change freely during optimization. In
each case, the vacuum region above the surface was at least 15
A, ie, large enough to avoid interactions between the periodic
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slabs. Different slab and vacuum thicknesses as well as numbers
of relaxed layers were tested until convergence within 1 meV
per atom was achieved. We sampled the (1 X 1) surface cells
with a § X § X 1 Monkhorst—Pack* k-point mesh.

The surface energies of the relaxed slabs were obtained using
a combination of calculations for the relaxed and unrelaxed
surfaces. After surface relaxation, the top and bottom surfaces
are not equivalent, and therefore we also need to consider the
unrelaxed surface energy (y,) when we calculate the final
surface energy of the relaxed surface.

The unrelaxed surface energy is the surface energy before any
surface optimization and is calculated as

E
w 2A

dabu — MEpuikc

(1)

where E,, is the energy of the unrelaxed slab; nE,,, is the
energy of an equal number of bulk atoms; and A is the surface
area of one side of the slab. Using this value, it is then possible
to calculate the relaxed surface energy (7,) from the total energy
of the relaxed slab.

The relaxed surface energy, y,, is given by

Eslab,r - nEbulk

=

@)
where Eg,,, is the energy of the relaxed slab.

Electronic density-of-states (DOS) were calculated using a
higher 9 X 9 X 1 Monkhorst—Pack* k-point mesh with a
tetrahedron smearing parameter of 0.2 eV and a self-consistent-
field (SCF) convergence criterion of 1 X 107° eV per unit cell
(a (1 x 1) simulation slab consisting of 16 Cu and 16 O atoms)
for all the surfaces. The equilibrium morphology of a CuO
particle (ignorinﬁ higher Miller indices) was constructed using
Wulff's method,* in which the distance to a given surface from
the center of the particle is proportional to the surface energy.

We modeled the CO, adsorption by taking into account the
long-range dispersion forces, which is essential for the accurate
description of the interaction between CO, and CuO surfaces,
where we have used the correction according to the Grimme
method” for the long-range interactions (DFT-D2). While
modeling the interactions of the CO, adsorbate with the CuO
surface slabs, the atoms of the adsorbate and the two topmost
layers of the slab were allowed to relax unconstrainedly until
residual forces on all atoms reached 0.01 eV/A. In order to
avoid periodic interactions between neighboring CO, mole-
cules, we have studied the CO, adsorption on a (2 X 2)
supercell in all the surfaces. Symmetry constraints were not
included in the structural optimization; in particular, the CO,
molecule was free to move in all directions to reorient itself in
order to find its minimum energy adsorption structure.

The adsorption energy per molecule was calculated from the
relation

Eads = Esurf+mol - (Esurf + Emol) (3)

where Eg .m0 is the total energy of the adsorbate—substrate
system; E is the energy of the naked surface slab; and E_ is
the energy of the isolated CO, molecule. Within this definition,
a negative adsorption energy indicates an exothermic process.

The isolated molecule was modeled in the center of a broken
symmetry cell with lattice constants of 20 A, sampling only the
Gamma-point of the Brillouin zone with the same accuracy
parameters described for the surfaces. A Bader analysis was
carried out, using the code developed by Henkelman and co-
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workers,"”** to quantify the charge transfer between the

surfaces and CO, moiety.

3. RESULTS AND DISCUSSION

3.1. Determination of a Single Hubbard U Parameter
for CuO and Cu,0. Copper oxide exists as a compound

-

Figure 1. Representation of CuO (left) and Cu,O (right) bulk
structures. Blue and red balls indicate Cu and O atoms, respectively.

semiconductor in two different metal oxidation states, Cu(I)
and Cu(II); Cu,O is a Bloch semiconductor, while CuO is
usually regarded as a Mott or charge-transfer insulator driven by
strong electron correlation. These two compounds have energy
band gaps in the ranges 2.2—2.4 eV**"*" and 1.4—1.7 eV,"™>
respectively. Cuprous oxide (Cu,O) has a cubic structure
(space group: Pn3m) with a lattice parameter of 4.270 A>*
while CuO has a monoclinic crystal structure with C2/c
symmetry,” as shown in Figure 1. Experimentally, it is known
that CuO has a local magnetic moment per formula unit of
0.65—0.69 up."°">* However, due to nonzero self-interaction
errors of DFT and delocalization of electrons in such materials,
pure DFT provides an incorrect description of both CuO and
Cu,O.

We first modeled the CuO structure by considering the bulk
unit cell. We systematically varied U in intervals of 1 eV up to
9 eV and compared the lattice parameters, magnetic moment,
and band gap values with the experimental values (Table 1). As
expected, at U.g = 0 eV there is no band gap, and d-states cross
the Fermi level (Figure 2) with nonmagnetic states on the Cu
atoms. We note that an increase in the U value causes both
the band gap (E,) and magnetic moment (m,) to increase
(Figure 3). At U4 = 3 eV a band gap opens in the system with a
shift of d-states beyond the Fermi energy, and at U4 =7 eV, we
obtain a band gap (Eg) and a magnetic moment (m,) of 1.53 eV
and 0.67 pp, respectively, in good agreement with the
experimental values. We have plotted the variation of E; and
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Figure 2. (a) Density of states of CuO with DFT and (b) with DFT
+U (U4 =7 V). Solid black line indicates the total DOS, and dashed
lines are the projected DOS over d-orbitals (blue color), p-orbitals
(green color), and s-orbitals (red color). Perpendicular dashed line
shows the Fermi energy.

m; as a function of U (Figure 3) showing that with further
increase in U beyond 7 eV both magnetic moment and band
gap values start deviating from their experimental values. We
note that U = 7 €V not only reproduces an accurate band gap
and magnetic moment for CuO but also results in a good
match of structural parameters.”” Our results are in reasonable
agreement with earlier work by Nolan et al,”® where they
studied the effect of the Uy value on Cu—O distances,
magnetic moment, and band gap. As already mentioned in the
Introduction section, by utilizing experimental lattice parame-
ters Ekuma et al.’' recently suggested a U.g value of 7.14 eV
using PBE+U methodology; we repeated our calculations with
this U, value, but no significant changes were observed in any
of the parameters.

Table 1. Summary of Calculated Lattice Parameters (4, b, ¢, and ), Cu—O Distances (dg,_o), O—O Distances (dgy_g), Band
Gap (E,), and Magnetic Moment (m,) for CuO Bulk at Different U, Values, Compared to the Experimental Values

Ues (eV) a (A) b (A) c(A) B (deg)
0 4.597 3.537 5.168 96.19
3 4.657 3.506 §5.152 98.06
4 4.660 3.502 5.158 98.02
5 4.665 3.498 5.155 98.12
6 4.673 3.493 5.156 98.22
7 4.688 3481 5.156 98.26
8 4.692 3.481 5.156 98.52
9 4.708 3.468 5.159 98.57
expt]*$73056738 4.6837 3.4226 5.1288 99.54
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dcu—o (A) do-o (&) E; (eV) m ()

1.928 2.599 - 0

1.966 2.613 0.44 0.55

1.965 2.615 0.68 0.58
1.965 2.618 0.95 0.61
1.966 2.620 1.23 0.64

1.966 2.623 1.53 0.67
1.967 2.627 1.86 0.70

1.967 2.631 221 0.73

1.951 2.625 14-1.7 0.65—0.69
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Figure 3. (a) Variation of band gap (Eg) and (b) magnetic moment
(mg) as a function of U value in CuO. Horizontal dashed lines
indicate range of experimental values.

Table 2. Summary of Calculated Lattice Parameters (a,),
Cu—O Distances (d¢,_p), O—O Distances (dy_g), and Cu—
Cu Distances (d¢,_c,) for Cu,O Bulk at Different U,
Values, Compared to the Experimental Values

U (eV)
structural "
parameters exptl®” 0 S 6 7 8
a, (A) 42696 4299 4277 4275 4272 4269
dewo (A) 1.84 1862 1852 1851 1850  1.849
do_o (A) 3.68 3723 3704 3702 3699  3.698
deaca (A) 3.02 3040 3024 3024 3021 3.019

Cu,O crystallizes in a simple cubic structure which can be
viewed as two sublattices, a face-centered cubic (fcc) sublattice
of copper cations and a body-centered cubic (bcc) sublattice of
oxygen anions, as shown in Figure 1. The oxygen atoms occupy
tetrahedral interstitial positions relative to the copper sublattice,
whereas copper is linearly coordinated by two neighboring
oxygens. Here, it is known that both DFT and DFT+U fail to
predict an accurate band structure for Cu,0.””*” Considering
different values of U,g, we found lattice parameter and band gap
values of 4.30 A and 0.45 eV, respectively, for U,z = 0 eV. From
the projected DOS of s, p, and d states in the total DOS of
Cu,O (Figure S1) we note significant 4s states near the Fermi
level as well as the 3d states. As we apply U only to d states
we see that the band gap value increases from 0.45 to 0.89 eV at
Uy = 7 eV, although it is still underestimated due to its Bloch
semiconductor character.”® % At this U, value, we found the
lattice parameter to be 4.270 A, which is very close to the
experimental value of 4.2696 A.>” Other structural parameters
are also found to be in close agreement with the experimental
values, as shown in Table 2. Our U, varies slightly from recent
work by Isseroff et al,,* in which they mention that U,; = 6 eV
gives better agreement with the lattice parameter of Cu,O.
Although the Hubbard correction U4 does not modify the E,
substantially for Cu,O, a value of Uy = 7 eV results in the
accurate reproduction of the structural parameters of the
Cu(II) oxide.

3.2. CuO Surfaces: Reconstruction, Electronic, and
Magnetic Properties. Tasker® considered ionic crystal
surfaces as stacks of planes, where three possibilities (type I,
11, and III) can arise. In a type I surface, each plane has overall
zero charge because it is composed of anions and cations in
stoichiometric ratio which also makes the surface nonpolar. In a
type II surface, the symmetrical stacking of three charged planes
cancels out the opposite dipole moment, so in type I and II no
reconstruction of the surface is needed because the repeat unit
has no net dipole perpendicular to the surface. However, in
type III surfaces, alternating charged planes stack in a sequence
that produces an overall dipole moment perpendicularly to the
surface, which means that the surface energy will diverge with
the size of the slab. Furthermore, polar surfaces are not stable
experimentally.”> However, this dipole can be canceled by
reconstruction of the surface through moving half of the ions
with the same charge from the top to the bottom of the
simulation slab. This dipole method also guarantees that the
surface does not generate an electrical field within the crystal,
and therefore the potential felt at each ion site reaches the

Table 3. Surface Energies (y), Work Functions (®), and Magnetic Moments (mg) of Top Surface Cu Atoms and Band-Gap (E,)

Values for Different CuO Surfaces”

surface y (J/m?) @ (eV)

(111) 0.75 524
(T11) 0.89 5.79
(o11) 094 520
(101) 117 5.08
(110):Cu 1.00 428
(110):Cu—0 and (110):0 1.37 -

(010):0 135 592
(010):Cu 1.62 -

(100):Cu 1.83 ;

(100):0 1.68 662

mg () E, (eV)
0.68 (Cucgy), 0.64 (Cucys) 0.84
0.66 (Cucsy), 0.62 (Cucys) 0.50
0.67 (Cugy1), 0.67 (Cusyr,) 0.94
0.67 (Cugug;), 0.67(Cugyr,) 097
0.59 (Cugyg) 0.00
0.63 (Cugyg), 0.63 (Cugyp,) 0.49
0.60 (Cugyg;), 0.70 (Cugyp,) 0.22

“We have calculated workfunction, magnetic moments, and band gap values only for the most stable surface terminations.

2201

DOI: 10.1021/acs.jpcc.5b10431
J. Phys. Chem. C 2016, 120, 2198—2214


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b10431/suppl_file/jp5b10431_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.5b10431

The Journal of Physical Chemistry C

(a)

Osur

Osus Cucus

[ =

Ls&;

959

OsuBt.
1922,

1.971

Cus g1 o 1928 Cusup2
£ 188 O
Osup2 1.928 “3 SUes

| 11.983
@

Q 1894 |
: TS ¢ ] 1937 Osurz __—
CUsura Csypr -
x
Vet

¥
1.911

Figure 4. (a) CuO(111), (b) (111), (c) (011), and (d) (101) surface structures after relaxations. Left panel figures show the side view of the (2 X 2)
supercell, while right panel figures show the top view of the (1 X 1) cell. We have shown (2 X 2) supercell structures with top 2-layers only for a clear
visualization of bonding and atomic arrangements in side view figures. Bond length values are in Angstroms. Blue and red balls indicate Cu and O

atoms, respectively.

constant bulk value, a condition that is not necessarily satisfied
by the alternative electron-counting model.”

Similar to work of Hu et al.,*®
on seven different low index surfaces of CuQ, viz., (111), (111),
(110), (011), (101), (010), and (100), and investigated three

different possible magnetic orderings in the surfaces, i.e., bulk-

we have focused our attention

like, line-by-line, or layer-by-layer (Figure S2). We note that

2202

among the seven low-index surfaces the (110), (010), and
(100) are Tasker type III surfaces, and hence reconstruction is
required to obtain realistic nonpolar stoichiometric surfaces.
In the following sections, we discuss the structures of the
different surfaces, giving details of the different surface
reconstructions and stabilities with respect to magnetic
ordering. We also discuss the band gap and changes in

DOI: 10.1021/acs.jpcc.5b10431
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Figure S. Electronic density-of-states (DOS) of CuO(111), (Ill), (011), and (101) surfaces with Fermi level set to zero. Double dashed lines show

the band gap.

magnetic moment of the surface atoms in the various surfaces.
Table 3 lists the surface energies of the surfaces, as well as the
magnetic moments of top layer atoms, work functions, and
band gaps.

CuO(111) Surface. CuO(111) is the most stable surface with
a calculated surface energy of 0.76 J/m”. The top layer consists
of 3- and 4-coordinated Cu and O atoms (Figure 4). 3-
coordinated O atoms (Ogyp) are the most exposed atoms,
connected to one 3-coordinated (coordinatively unsaturated
—Cucyg) and two 4-coordinated (coordinatively saturated
—Cucgs) Cu atoms as shown in Figure 4. Subsurface oxygen
atoms (Ogyg) are 4-coordinated, connected to two Cucg,
atoms on two sides, one Cucyg atom, and one Cu atom in
the second layer. After relaxation, we note that the subsurface
oxygen, Ogyp, moves up to increase the vertical Cu—Oygyp bond
distance from 1.958 to 2.032 A, while the Cucyg—Ogyr and
Cucga—Ogyp bond lengths shrink from 1.966 to 1.852 A and
1.922 A, respectively.

Among three possible magnetic orderings, we found that
CuO(111) is most stable in the bulk-like magnetic ordering,
while line-by-line and layer-by-layer ordered structures lead to
less stable surface energies by 0.01 and 0.13 J/m? respectively.
However, the negligible small difference in surface energies of
bulk-like and line-by-line magnetically ordered surfaces suggests
the co-existence of both these magnetic orderings. The work
function calculated for this surface is found to be 5.24 eV,
which matches the experimental value of 5.23 ¢V®* and is in
better agreement than earlier work.”® The calculated electronic
density of states (DOS) (Figure S) shows that the band gap of
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this surface is reduced to 0.84 eV from a bulk value of 1.56 eV.
Investigation of the magnetic moments of the surface atoms
reveals that the 4-coordinated Cu atoms possess magnetic
moments of 0.68 yp which is close to their bulk value of 0.67
Ug, although the magnetic moment reduces to 0.64 yg for the 3-
coordinated Cu surface atoms. Magnetic moments of Cu atoms
in the second and third layers are found to vary from 0.66 pp to
0.68 piy. We note that the surface O atoms acquire 0.10 py
magnetic moment, but they are antiparallel to each other and
hence do not result in any effective contribution to the total
magnetic moment of the system.

CuO(111) Surface. The CuO(111) is the second most stable
surface with a calculated surface energy of 0.89 J/ m?. Similar to
the CuO(111) surface, we note that the bulk-like magnetic
ordering is preferred over line-by-line and layer-by-layer
orderings. However, the surface energies with the other two
magnetic orderings are very similar, with the surface energy
increasing by only 0.03 and 0.02 J/ m? for line-by-line and layer-
by-layer orderings, respectively. Again, this small difference in
surface energies suggests the possible coexistence of all three
magnetically ordered structures, which is in accordance with
earlier findings of Hu et al.”> The work function calculated for
the CuO(111) surface is 5.79 €V, ie., larger than that of the
CuO(111) surface.

Similarly to the CuO(111) surface, upon relaxation,
subsurface oxygen, Ogyg, moves up into the surface, thereby
increasing the vertical bond distance Ogyz—Cu from 1.966 to
2.026 A (Figure 4). Bond lengths of Cucyg—Ogyr and Cugys—
Ogyp shrink from 1.958 to 1.796 A and 1.889 A, respectively.

DOI: 10.1021/acs.jpcc.5b10431
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Figure 6. (a) CuO(110):Cuy, (b) CuO(110):Cu—0, and (c) CuO(110):O surface structures after relaxation. Left panel shows the side view of the (2
% 2) supercell, while the top view of a (1 X 1) cell is shown in the right panel. In side view figures, we have shown a (2 X 2) supercell for a clear
visualization of bonding and atomic arrangements. Bond length values are in Angstroms. Blue and red balls indicate Cu and O atoms, respectively.

The band gap for this surface reduces to 0.50 eV, as shown in
Figure S. Similar to the CuO(111) surface, the magnetic
moments of the 3-coordinated surface copper atoms change to
0.62 py, while those of the 4-coordinated copper atoms (0.66
Up) remain close to their bulk values (0.67 ug). The surface
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oxygen atoms gain small antiparallel magnetic moments ~0.12

Hp-
CuO(011) Surface. The CuO(011) surface is the third most

stable surface with a surface energy of 0.94 J/m” The work
function calculated for this surface is 5.20 eV which is close to
that of the most stable CuO(111) surface. The surface energies

DOI: 10.1021/acs.jpcc.5b10431
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Figure 7. Electronic density-of-states (DOS) of the most stable terminations of the CuO(110), (010), and (100) surfaces with Fermi level set to

zero. Dashed lines show the Fermi level and band gaps.

of three different magnetically ordered structures differ by only
0.006 J/m?, with bulk-like magnetic ordering as marginally the
most stable magnetic ordering. The CuO(011) surface consists
of 3-coordinated O and Cu atoms, connected in a zigzag line as
shown in Figure 4. Surface oxygens, Ogyy, are the most exposed
atoms bonded to two 3-coordinated Cu atoms (Cugyp, and
Cugyp,) at the top and one 3-coordinated Cu atom (Cugyp)
vertically underneath in the z-direction. Similarly, Cugyg, and
Cugyp, atoms are bonded to two O atoms, Ogyg; and Ogyp,, in
two directions and one Ogp atom below. After relaxation, both
surface oxygen atoms, Ogygp; and Ogygy,, move up, thereby
increasing vertical bond distances, dosup;_cesusi and
dosura—casupy to 2.023 and 1.971 A from 1.958 and 1.966 A,
respectively. Bond lengths in the top layer, viz., dosug;_cusur:
and dogyps—casury Shrink to 1.857 and 1.877 A, respectively,
from 1.966 A, whereas bond distances dogyri_cusur and
dosura—cusur1 shrink to 1.879 and 1.834 A, respectively, from
1.958 A. Bond distances between Cu atoms at the top (Cugyp,
and Cugyp,) and O atoms below (Ogyp; and Ogyp,), ie.,
deusuri—osusr and deusura—osusy also shorten to 1.901 and
1.918 A from 1.966 and 1.958 A, respectively.

Electronic DOS of the CuO(011) surface (Figure S) show
that this surface is a semiconductor with a 0.94 eV band gap for
spin-up, while for spin-down the band gap increases to 1.18 eV.
We note that the top surface copper atoms, Cugyg;, and Cugyg,,
as well as subsurface copper atoms, Cugyp; and Cugyg,
maintain their bulk magnetic moments with 0.67 ug and 0.66
Ug values on each, respectively, while a small magnetic moment
of +0.08 yp is induced on the surface oxygen atoms.
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CuO(101) Surface. The surface energy of the CuO(101)
surface is relatively high at 1.17 J/m? while the value of the
work function is low at 5.08 eV. Line-by-line magnetic ordering
is marginally preferred for this surface over bulk-like and layer-
by-layer magnetic orderings, as their surface energies are higher,
by 0.01 and 0.06 J/m® for the bulk-like and layer-by-layer
magnetic orderings, respectively. The CuO(101) surface
consists of 3-coordinated copper (Cugyp) and oxygen (Ogyg)
atoms in the top layer, as shown in Figure 4. These Cugyg
atoms are connected to two oxygen atoms on two sides and
one oxygen atom below, and similarly, Ogyg atoms are bonded
to two oxygen atoms on two sides and one oxygen atom below.
After relaxation, we note that the bond distance dogup_cusus
changes to 1.983 from 1.958 A as these oxygen atoms move
upward, while the Cugyp—Ogyg bond, shrinks from 1.958 to
1.911 A. Cu—O bond distances in the top layer also shrink as
dosuri-casurr and dosuri—cusurs change to 1.937 and 1.894 A,
respectively from 1.966 A in the unrelaxed surface.

From the electronic DOS (Figure S) we see that the band
gap of the CuO(101) surface is 0.97 eV. Similarly to the
CuO(011) surface, here copper atoms Cugyp; and Cugyp, and
subsurface Cugyp, and Cugyg, possess magnetic moments of
0.67 pg and 0.66 py, respectively. Surface oxygens (Ogyp) and
subsurface oxygens (Ogyp) gain small magnetic moments of
0.03 yp and 0.09 pig, respectively.

CuO(110) Surface. The CuO(110) surface is a Tasker type
III surface and hence needs reconstruction to make it nonpolar.
One possible reconstructed termination, (110):Cu, is shown in
Figure 6a (unrelaxed structure is given in SI as Figure S3a),
where we have moved one Cu atom from the top to the bottom
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Figure 8. (a) CuO(010):0 and (b) CuO(010):Cu surface structures after relaxation. Left panel shows the side view of the (2 X 2) supercell, while
the top view of (1 X 1) cells is shown in the right panel. We have shown (2 X 2) supercell structures with the top two layers only for a clear
visualization of bonding and atomic arrangements in side view figures. Bond length values are in Angstroms. Blue and red balls indicate Cu and O

atoms, respectively.

of the surface slab. Cu atoms at the top connect to oxygen
below to create O—Cu—O moieties. After relaxation we observe
that these top Cu atoms (Cugyp), which were only 2-
coordinated as a result of the reconstruction, have moved
down to bond to four oxygen atoms (Ogyry, Osury Osurs
Ogurs), thus becoming 4-coordinated. The bond lengths of
these Cugup—Ogur bonds vary from 1.887 to 2.127 A
Subsurface copper atoms, Cugyg; and Cugyp,, are also 4-
coordinated, connected to oxygens with bond lengths varying
from 1.888 to 2.115 A. The calculated surface energy for this
termination is 1.00 J/m?.

In a second reconstruction, (110):Cu—O (Figure 6b, Figure
S3b), we have moved one oxygen atom from the top to the
bottom of the slab, resulting in an asymmetrical surface along
the z-axis with complementary top and bottom layers. As a
result of this reconstruction, surface (Cugyg;, Cugyg,) and one
of the subsurface (Cugyp;) copper atoms become 3-
coordinated because of the missing oxygen atom at the top.
After relaxation, we note that subsurface Cu (Cugyg,) moves
upward to bond more strongly with surface oxygen atoms, with
the bond length for Cugyp,—Ogyg; shortening to 1.948 A from
1.958 A. Cu—O bond lengths in the top layer, viz., Ogyp;—Cu
sur1 and Ogyp;—Cu gypy, are found to be 1.845 and 1.843 A,
respectively, while Ogyp,—Cugyp; and Ogyp,—Cugyp, bond
lengths are 1.867 and 1.857 A, respectively. Vertical bonds
lengths between top layer oxygen atoms and subsurface Cu
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atoms, viz., Ogyp,—Cugyg; and Ogyps—Cugyg,, are found to be
1.885 and 1.897 A, respectively.

In a third surface reconstruction, (110):0, the top and
bottom layers are reversed with respect to termination B
(Figure 6¢, Figure S3c). At the top we now have one oxygen
atom (Ogyp) connected to a copper atom (Cugygp) underneath,
which is further connected to two oxygen atoms below. After
relaxation these top O atoms bend down to bond to a further
Cu atom, thus becoming doubly coordinated, with bond
lengths Ogyp—Cugyp; and Ogyr—Cugyp, of 1.792 and 1.795 A,
respectively. As (110):Cu—O and (110):O terminations have
complementary top and bottom layers, their surface energy is
calculated as the average of the surface energies of these two
terminations and found to be 1.37 J/m?

Another reconstruction can be obtained by moving half of
the Cu and O atoms from a top O—Cu—O moiety to the
bottom. However, this reconstruction relaxed into an unrealistic
configuration with a very high surface energy (1.83 J/m?),
indicating that this configuration is not likely to appear under
standard experimental conditions.

We note that bulk-like magnetic ordering is preferred in the
(110) surface as the surface energy increases by 0.09 and 0.02
J/m? for layer-by-layer and line-by-line magnetic orderings,
respectively, for the most stable, (110):Cu, termination. We
have calculated the electronic DOS for this termination and
found the surface to be metallic with states crossing at the
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Figure 9. (a) CuO(100):Cu and (b) CuO(100):O surface structures after relaxation. Left panel shows the side view of the (2 X 2) supercell, while
the top view of the (1 X 1) cells is shown in the right panel. We have shown (2 X 2) supercell structures with the top 2 layers only for a clear
visualization of bonding and atomic arrangements in side view figures. Bond length values are in Angstroms. Blue and red balls indicate Cu and O

atoms, respectively.

Q)

Figure 10. Wulff morphology of a CuO particle determined from
calculated surface energies.

Fermi level, as shown in Figure 7. Magnetic moments of the
surface copper atoms, Cugyg, are reduced to 0.59 up. Oxygen
atoms in the second and third layers gain small values of ~0.14

g but cancel because of opposite directions. However, the top
surface oxygens, Ogyp; and Ogygpy gain positive magnetic
moments of 0.17 pg.

CuO(010) Surface. We have investigated two possible
nonpolar terminations, (010):0 and (010):Cu, for the (010)
surface, as shown in Figure 8 (unrelaxed structure is given in
Figure S4). The (010):0 terminated surface is the same as
reported by Hu et al,”> and the surface energy for this
termination is calculated to be 1.35 J/m? In this termination,
oxygen atoms, Ogyg, in the top layer are connected to two
copper atoms, Cugyp; and Cugyp,. After relaxation, the Ogyp—
Cugyr/, bond shrinks from 1.966 to 1.846 A (Figure 8a).
These copper atoms are 3-coordinated and connected to two
more oxygen atoms below, Ogyp; and Ogyg,, with bond lengths
of 1.905 and 1.981 A, respectively.

Another termination, (010):Cu, of the (010) surface is
shown in Figure 8b (unrelaxed structure is given in Figure
S4b), which was obtained by moving two Cu atoms from the
top to the bottom of the slab. As a result, surface oxygen atoms,
Ogur and Ogyp,, become 3-coordinated. After relaxation, we
find that the top Cu atoms, Cugyg, bend to create stronger
bonds with Ogyr; and Ogyp, at 1.841 and 1.821 A, respectively.
The surface energy of this termination is calculated to be 1.62
J/m? and hence less stable than (010):O termination.
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Figure 11. CO, molecule adsorbed on the CuO(111) surface in (a) configuration A, (b) configuration B, and (c) configuration C in a (2 X 2)
supercell. Left panel shows the side views, while top view is shown in right panel. Blue and red color ball indicates Cu and O surface atoms,
respectively, while O and C atoms of the CO, molecule are represented by green and black color balls, respectively. Bond length values are in
Angstroms.
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o 3 S+ s ., sc¢° surface energy increases by 0.16 and 0.01 J/m”, respectively, for
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2 010):0. We have calculated electronic DOS for this
12}
E ~ termination and found that the surface is a semiconductor
I
K E g SN with a small band gap of 0.49 eV (Figure 7). The magnetic
§ = °" = moments of the topmost surface copper atoms, Cugyp, and
° Cugygy, have reduced to 0.63 g, while all oxygen atoms are
EN - . o o 4 found to have zero magnetic moments.
8 E 25 ° 3 % Cu0(100) Surface. The CuO(100) surface is another Tasker
o s 5 type III surface, and we reconstructed the surface to remove the
5 = dipole. The first reconstruction, (100):Cu, is shown in Figure
% T o . - ~ 8 9a (unrelaxed structure is provided in Figure SSa), in which we
;& S BR 2 8 é moved one Cu atom from the top to the bottom. As a result,
@) & E’ top oxygen atoms, Ogyp, become 3-coordinated, but after
g ° relaxation, the top Cu atoms, Cugyp, bend to bond to nearby
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RS < o surface oxygen atoms, marked as Ogygs, with bond lengths of
- & e s+ o B 2.104, 1913, and 1.850 A, respectively, for Cugyp—Ogyry,
;6 3 § & 8 § E 2 Cugyr—Ogupy and Cugyp—Ogyg; bonds, as shown in Figure 9a.
° é é The surface energy for this termination is found to be 1.83 J/
= = P m? and line-by-line magnetic ordering is preferred, as the
k] = surface energy increases by 0.22 and 0.0S J/m? for bulk-like and
N < Li layer-by-layer magnetic orderings, respectively.
k<] =3 g Another reconstruction, (100):0, leads to a more stable
§ 2 22 288 g surface with a surface energy of 1.68 J/m” This surface is
- g = o S =g oxygen-terminated, and we created the nonpolar termination by
g 9 %« moving one surface oxygen atom from the top to the bottom of
£ h £ the slab (Figure SSb). In the relaxed structure, the surface
g . e oxygen, Ogyp, bonds to two copper atoms, Cugyr and Cugyp,,
Y N 2 with bond lengths of 1.804 and 1.840 A, respectively (Figure
g g sog2a892 & 9b). This surface is found to be halfmetallic, having a
=2 < R T i semiconductor nature with 0.22 eV band gap for up-spin,
g g 2 while being a conductor for down-spin, as shown in Figure 7.
S o We note that the magnetic moments of both surface copper
g . Ex atoms change: for Cugyg, it reduces to 0.60 yg, while for Cugyg,
= ’S\ NS A~ ®oen 2 it increases to 0.70 up. The magnetic moments on all oxygen
N O g odfogggd 3
@ R R s R atoms are found to be z6€r0.
2 T = We derived a Wulff* crystal morphology of CuO (Figure
g < 10) using the lowest surface energies for each Miller index. The
=1 < E three most stable surfaces (111), (111_), and (011) appear in
& ’g VL8R8 LILY 8 the morphology, with the (111) and (111) planes dominating
S QA S T S S Jha ha B B the Wulff crystal shape. Other surfaces are not expressed
E < 5 i .
ot = = because of their higher surface energies compared to these
g g three surfaces. In the next section, we present our results of the
& < 3 CO, adsorption on the surfaces expressed in the morphology,
@ g RR2IBRIIY = where we have used a (2 X 2) surface supercell of CuO in order
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g & < ) mentioned in Section 2.
2o 2 3.3. CO, Adsorption on CuO Surfaces. CuO(111)
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9{ § = E © o § 2 g ?; § "‘§ ordering, for investigating the CO, adsorption on the (111)
SE rS =T RT T o° surface. As described earlier, the CuO(111) surface consists of
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%”: = f: four different atomic sites (Ogyp, Ogyp, Cusyp, Cugyp) at the
L= g top layer, and we studied the CO, adsorption by placing the
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T T - - I - different possible directions. We note that the CO, molecule
& g 5 ctEEEEEEE B .
5§ 2238888888 3 moves away from the surface, when placed perpendicularly to
s~ o = © the surface (z-direction), while it binds both exothermally and
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Figure 12. CO, molecule adsorbed on the CuO(Ill) surface in (a) configuration A and (b) configuration B in a (2 X 2) supercell. Left panel shows
the side views, while the top view is shown in the right panel. Blue and red color balls indicate Cu and O surface atoms, respectively, while O and C
atoms of the CO, molecule are represented by green and black color balls, respectively. Bond length values are in Angstroms.

The strongest binding was found, when we placed the
molecule close to the Ogyg atom, parallel to the surface in the y-
direction. This was expected as the Ogyp atom is under-
coordinated with only three Cu—O bonds. The surface oxygen,
Osyp, moves up by increasing one of the Ogyp—Cucsy bond
lengths from 1.966 to 2.051 A, whereas the carbon atom, C, of
the molecule bends down to bind to the Ogyg atom (d¢.ogur =
1.465 A) (Figure 11a). As a result, the CO, molecule loses its
linearity with ZOCO changing to 133.2°, whereas the C—O
bonds are stretched to 1.293 and 1.216 A for the two oxygens
O1 and O2, respectively. One of the oxygen atoms, O1, binds
to a surface Cucyg atom, which results in an increase in the
vertical distance between Cucys and an oxygen atom in the
sublayer, from 1.923 to 1933 A. We note that in this
configuration (configuration A) the CO, molecule binds
exothermally to the (111) surface with an adsorption energy
of =71.4 kJ/mol.

We also explored CO, interaction with the surface by placing
it near Ogyy surface atoms, both parallel (x- and y-direction)
and perpendicular (z-direction) to the surface. We found that,
when the CO, molecule is placed parallel to the surface in the
x-direction, close to the Ogyp atom, the Ogyg atom moves up
and breaks its bond with the Cu atom in the second layer while
connecting to the C atom of the CO, molecule (Figure 11b).
The CO, molecule bends to 131.0°, with its carbon atom
binding to a surface Ogyp atom with a bond length of 1.453 A.
Cucsp—Ogyp and Cucys—Ogyp bond lengths also increase to
about 2.5 and 10% as a result of the CO, interaction with the
surface. In this configuration (configuration B), we found that
the CO, molecule binds endothermally with an adsorption
energy of 22.6 kJ/mol. An almost similar adsorbed geometry is
found when we placed the CO, molecule close to the Ogyg
atom, parallel to the surface in the y-direction (Configuration
C). Here also, the CO, molecule bends in a similar way, with
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Z£0CO = 134.4°, to a Ogy atom at a bond length of 1.485 A
(Figure 11c). The CO, adsorption is found to be endothermic
with an adsorption energy of 11.9 kJ/mol. For all other initial
configurations, the CO, molecule moves away from the surface.
We have given the adsorption energies and parameters of the
CO, adsorption geometries for all three configurations in Table
4.

CuO(111) Surface. The CuO(111) surface is the second-
most dominant surface in the CuO morphology, and similar to
the (111) surface, we explored four different atomic surface
sites, Cucgs, Cucysy Osup and Ogyg, for CO, adsorption. The
CO, molecule binds exothermally (E,4 = —76.0 kJ/mol) from
all the input geometries, where the molecule is close to the
Cucgy and Ogyp atoms and parallel to the surface in the x- and
y-directions, respectively. In configuration A, the CO, molecule
bends to bind with Ogy through its carbon atom (dc_ogur =
1.469 A), and one of the oxygen O1 binds to Cucgy (do;—cucsa
= 1.924 A) (Figure 12a). We note that the Ogyp atom moves
slightly upward, and the Ogyp_cycsa bond length is extended by
about 10%. As a result of this molecule—surface interaction, the
CO, molecule loses its linearity with ZOCO changing to
133.2° and the C—O1 and C—O2 bond lengths elongating to
1.305 and 1.206 A, respectively. The CO, binding in this
configuration is similar to configuration A of the (111) surface.

In another configuration (configuration B), the CO,
molecule binds endothermally, when placed on top of the
Ogyp atom and parallel to the surface in the x-axis direction.
The molecule bends to ~126°, with its C atom moving down
to bind to an Ogyp surface atom (dc_ogup = 1.421 A), while
one of the oxygen, O, binds to a nearby Cucyg atom (01—
Cucys = 2.024 A). An Ogyp atom, which was 4-coordinated
earlier, breaks its bond with a Cucyg atom, while the Cucyg
atom binds more strongly to a nearby Ogyg atom, as shown in
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Figure 13. CO, molecule adsorbed on the CuO(011) surface in (a) configuration A, (b) configuration B, and (c) configuration C in a (2 X 2)
supercell. Left panel shows the side views, while the top view is shown in the right panel. Blue and red color ball indicates Cu and O surface atoms,
respectively, while O and C atoms of the CO, molecule are represented by green and black color balls, respectively. Bond length values are in

Angstroms.

Figure 12b. However, this configuration is highly endothermic
with an adsorption energy of 137.5 kJ/mol.

We note that the CO, molecule moves away from the surface
in all configurations, where we placed the molecule near the
Cucgy surface atoms. The adsorption energies and geometrical
parameters of the adsorbed surface—molecule systems for A
and B configurations are given in Table 4.

CuO(011) Surface. As described earlier, the CuO(011)
surface consists of two oxygen (Ogyg;, Osur,) and two copper
(Cugypy Cugup,) atoms in the top layer (Figure 4c). The
strongest binding is found by placing the CO, molecule on top
of the most exposed surface oxygen atom, Ogyp,, parallel to the
surface in the x-direction. The molecule loses linearity (£OCO
= 130.8°) and binds to the surface oxygen atom, Ogyp,, with a
C—Ogyp, bond length of 1.42 A (Figure 13a). This surface
oxygen atom, Ogyg,, also moves upward, thereby increasing its
vertical distance from the copper atom in the second layer,
from 1.971 to 2.043 A. One of the oxygen atoms, O2, of the
CO, molecule binds to the nearby surface copper atom, with an
02—Cu bond length of 2.025 A. We note that CO, binds
exothermally with an adsorption energy of —93.2 kJ/mol in this
configuration (configuration A).
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The CO, molecule also binds to the surface in a different
configuration (configuration B), when placed on top of the
most exposed surface oxygen atom (Ogyp,), parallel to the
surface in the y-direction. Here also, CO, bends when its
carbon atom interacts with surface oxygen Ogyg,, which moves
upward to form a C—Ogyp, bond (dcosurs = 1.456 A). Both
oxygen atoms Ol and O2 bind at 2.147 and 2.122 A with
nearby available top surface copper atoms (Figure 13b). As a
result of the interaction with the surface, the CO, molecule
loses linearity to change £OCO to 132.3° and the two C—O
bonds are elongated to 1.257 and 1.253 A. In this configuration
(configuration B), CO, adsorbs exothermally with a binding
energy of —54.9 kJ/mol.

We have also explored the other surface oxygen atom
(Ogyr1), which is comparatively less exposed, and observed that
placing the CO, molecule parallel to the x- as well as y-
directions results in another configuration, C, where this surface
oxygen, Ogyg;, moves up and the CO, molecule bends to form
a Ogyp—C bond (dogypi_c = 1.445 A), similar to
configurations A and B. The CO, molecule bends to 132.7°,
and one of the oxygens binds to a surface copper atom at 1.982
A (Figure 13c). As mentioned, the Ogyp, atom moves up,
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Figure 14. Electronic density difference plot of CO, adsorption structures on CuO (111), (Ill), and (011) surfaces in the most stable exothermic
configurations, showing charge transfer in the regions between the CO, and the surface atoms upon adsorption. Orange contours indicate the
electron density increases by 0.01 electrons/A% and green contours indicate the electron density decreases by 0.01 electrons/A°.

increasing its bond length to the Cu atom in the second layer
from 1.990 A to 2.140 A. Here also, the CO, molecule adsorbs
exothermally with an adsorption energy of —86.5 kJ/mol. For
all other initial configurations, where we placed the CO,
molecule close to surface copper atoms, the molecule does
not bind but moves away from the surface.

Electronic and Vibrational Analyses. We have performed
Bader charge analyses of the CuO—CO, exothermic config-
urations on all three surfaces in order to quantify the electron
transfer from the surface to the CO, molecule. From the
variation of the charges on the CO, molecule (Ag(CO,)) in
the adsorption configurations of the different surfaces (Table
4), we observe clear charge transfer from the surface to the CO,
molecule. We note that in the CuO(111) and (111) surfaces a
net charge of ~0.15 e” is transferred to the CO,, while in the
(011) surface, it is more prominent with a total 0.20 e~ charge
transfer from the CuO surface to the adsorbed CO, molecule in
the most stable configuration A, which again reflects stronger
binding on this surface. For the other two CO, adsorption
configurations, B and C, we note a charge transfer of 0.22 e~
and 0.20 e”, respectively, from the (011) surface to the CO,
molecule. In order to derive further insight into local charge
rearrangement of the surfaces due to the CO, adsorption, we
plotted the electronic charge density difference, obtained by
subtracting from the charge density of the total adsorbate—
substrate system, the sum of the charge densities of the CO,
molecule, and the clean CuO surface, calculated using the same
geometry as the adsorbate—substrate system. The electron
density difference isosurface plots (Figure 14) show the
electron redistribution within the system. We observe that as
a result of CO, activation a net negative charge is localized on
the oxygen atoms.

As noted, we observed a significant structural change in the
CO, molecule as a result of its activation, changing from a
neutral linear molecule to a negatively charged (CO,™°) bent
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species, with elongated C—O bond distances (Table 4). In
order to further elucidate the activation, we calculated the
vibrational frequencies of the adsorbed CO, geometry on the
different surfaces for the most stable exothermic configurations.
The stretched C—O bonds are confirmed by the calculated
vibrational frequencies presented in Table 4. We note a
significant red-shift in the C—O symmetric (v,) and asymmetric
(v,s) stretching modes relative to the linear gas-phase molecule,
indicating that the CO, molecule is considerably activated.
Again, the changes in the vibrational frequencies for the three
surfaces are consistent with their strength of CO, activation,
with the (011) surface exhibiting the highest red shift.

5. CONCLUSIONS

We have used DFT+U methodology to describe both bulk
CuO and Cu,O, where the U parameter was varied
systematically in the range 0—9 eV in 1 eV intervals to
determine the structural parameters, magnetic moment (m,),
and band gap (E,) of CuO. The U value of 7 eV gives a very
good match with the experimental literature values of the
magnetic moment and band gap for CuO, while further
increases result in deviation from the experimental range of
these parameters. While both DFT and DFT+U fail to
accurately describe the electronic structure of Cu,O, U = 7
eV gives a good match with its lattice constant and other
structural parameters, and employing this U correction, we have
modeled different low-index surfaces of CuO. Reconstructed
Tasker type III CuO(110), (010), and (100) surfaces are
described in detail, and the stability of different surfaces is
discussed in terms of magnetic ordering. The calculated
morphology of the CuO crystal was found to be dominated
by (111) and (111) surfaces, while the third most stable
surface, (011), also appears in the Wulff crystal shape.

We have performed analyses of the geometries, electronic
and vibrational properties of CO, adsorption on the three most
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stable, (111), (111), and (011), surfaces of CuO, with a
correction for the long-range dispersion interactions. We found
that the energetically most stable (111) surface shows
comparatively weak binding (~—71 kJ/mol), compared to
the (011) surface, which exhibits stronger adsorption (~—93
kJ/mol). We note that the CO, molecule accepts electrons into
its lowest unoccupied molecular orbital to form a negatively
charged bent species on the surfaces. Elongation of the C—O
bonds was observed in the adsorbed molecule on these surfaces
compared to the gas-phase molecule, and the activation of the
CO, molecule was confirmed via vibrational frequency analysis.
Future work will include investigations of reaction pathways for
the CO, conversion on the different surfaces of CuO.
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