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ABSTRACT

Copper oxide (CuO) can be biosynthesized using plant extracts, which has sparked an interest
in theoretical studies of the interaction between CuO and carbon, a common component found
within plant cells. Through density functional theory simulations, the monoclinic structure of CuO
has been successfully created and demonstrated to be stable. Monoclinic CuO exhibits metallic
properties, characterized by a small overlap of energy states at the I" point. This structure was fur-
ther used to create the CuO(001) facet with 14 atomic layers to study carbon atom adsorption. The
most favorable site for carbon adsorption on the CuO(001) facet is the bridge site. The bonding
between surface Cu and C was found to be non-ionic. This led to some structure change in the
surface layer of the CuO lattice, with copper atoms being displaced by a distance ranging from
0.176 to 0.373 A. Carbon was demonstrated to reach a 1:4 adsorption ratio on the CuO(001) sur-
face. The binding energy of carbon to the CuO(001) surface was calculated to be -5.783 eV. This
highly negative value signifies a strong attractive force between carbon and CuO, potentially lead
to the formation of electronic bonds between them. The carbon atom appears to have modified
some electronic and optical properties of CuO. However, to fully understand the extent of these
modifications, further calculations and investigations are warranted. This research paves the way
for a deeper understanding of how plant-based materials might influence the properties of metal

oxides, opening doors for the development of novel materials with tailored functionalities.
Key words: Density functional theory, metal oxide, simulation, SIESTA.

INTRODUCTION

Metal oxides play critical roles in numerous techno-
logical advancements and continue to be the focus of
research and development efforts across various dis-
ciplines. Their applications range from gas sensors,
batteries, catalysis, and solar panels ', to applications
in the medical field as antimicrobial agents, disinfec-
tants, cosmetics, etc.. In the field of materials sci-
ence, metal oxides are of interest due to their close-
packed structure, catalytic activity, optical properties,
and chemical reactivity. The properties of metal ox-
ides can change dramatically depending on their com-
ponents, shape and size.

Copper oxide is a type of metal oxide that can be
found in nature as tenorite, composed of deeply ox-
idized copper. CuO exhibits p-type semi-conductor
behavior and plays a crucial role as a small bandgap
semiconductor®. The bonding between Cu and O is
expected to be a combination of covalent and ionic
bonds, mostly from the interaction of O-2s, O-2p,
and Cu-3d orbitals?. CuO crystals can be found in
cubic or monoclinic structures; cubic CuO exhibits
semiconductor behavior, while monoclinic CuO is
metallic. Monoclinic is the more common struc-
ture type of CuO. Some applications of CuO include

methanol sensing®, antimicrobials®, and batteries .
Although CuO(110) surface is good for CH4 sensing,
with strong adsorption energy at all sites”. CuO(001)
has been shown to have the largest surface energy, fol-
lowed by the (110) facet®. Therefore, the CuO(001)
surface will be the focus of our study due to its high
reactivity.

To synthesize metal oxides, various methods can be
employed, ranging from bottom-up approaches such
as liquid-phase exfoliation and electrochemical ex-
foliation, to top-down approaches including pulsed
laser deposition and chemical vapor deposition®.
Among these methods, biosynthesis stands out as par-
ticularly exciting, where metal oxide nanoparticles are
synthesized from plants, fungi, bacteria, or algae’.
The green synthesis approach holds promise due to its
accessibility, environmental sustainability, and mini-
mal energy and material requirements. Using this ap-
proach, copper oxide and carbon nanoparticles have
been discovered in the leaf extract of plants such as

. In this pro-

Ficus religiosa® and Adhatoda vasica
cess, the plant extracts acted as both reducing and cap-
ping agents—reducing copper sulfate pentahydrate to

CuO, while organic molecules formed protective lay-
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ers, preventing aggregation and maintaining a uni-
form size and shape of the CuO nanoparticles. Car-
bon has been chosen for this study because it is the
most common elemental component in plant extracts
and has the ability to form nanocomposites with CuO
after the biosynthesis process, as confirmed in experi-
ments®?. Meanwhile, elements like oxygen, nitrogen,
and hydrogen may be suitable for further in-depth
studies.

This led to the interest in theoretically studying the
interaction between copper oxide and natural carbon
present in plants using ab initio simulation.

CALCULATION METHODS

To investigate the interaction of carbon atoms with
CuO material, a Density Functional Theory study
was conducted using the SIESTA simulation soft-
ware package. SIESTA, short for the Spanish Ini-
tiative for Electronic Simulations with Thousands of
Atoms, utilizes the self-consistent field loop method
to solve the Kohn-Sham equation in a plane wave ba-
sic set %, The double-zeta polarization basic set size,
and norm conserving approximation for pseudopo-
tentials were employed. For the exchange-correlation
functional correction, the generalized gradient ap-
proximation method of Perdew, Burke and Ernzerhof
was utilized'!. Optimized geometry for all models
was achieved using the conjugate gradient algorithm
on total energy, the calculation is stopped when the
maximum stress component is less than 0.02 eV/A.
Additionally, a cutoff energy of 200 Ry was used for
all calculations.

Three models of CuO were investigated, including a
monoclinic CuO unit cell, a monoclinic CuO(001)
slab with 14 layers, and a CuO(001) slab with a
carbon atom adsorbed on top of the surface. The
CuO unit cell model was employed to investigate the
band structure, phonon properties, and the correct
bond length of Cu-O. Therefore, a large number of k-
points (10x 10x 10 Monkhorst-Pack) was used in this
model. For the CuO slab and CuO/C model, a smaller
k-point mesh (3x3x3 Monkhorst-Pack) was used to
minimize the calculation time.

RESULTS AND DISCUSSION
The CuO unit cell model

The parameter for the initial Cu and O atom co-
ordinate was sourced from the Material Project
database ' to provide a closer representation of the
monoclinic crystals. The in-plane directions were set
to a = 4.25A and b = 4.0A, with the out-of-plane di-
rection set to ¢ = 5.16 A. Following this notion, the

Figure 1: The top and side views of themonoclinic
CuO structure, with copper atoms represented in
blue and oxygen inred. [Source: Authors]

o and Y angles were 90°, and uniquely for the mono-
clinic structure, the 8 angle was 92.50°.

After the geometric optimization, the relaxed lattice
for monoclinic CuO was found to be a = 4.279A, b
= 4.169A, ¢ = 5.313A, and B = 91.6704°. 'The mon-
oclinic structure is preserved after the simulation, as
the B angle differs from the 90° angle of the cubic
structure. The average bond length of Cu-O was de-
termined to be 2.0A. These results are well agreed with
the other experimental and theories study>'? (See Ta-
ble 1). The relaxed structure can be seen in Figure 1.

Table 1: The calculated lattice parameters (A) and
angle 3 (°) for the monoclinic CuO.

Lattice a(d) bA) c@A B

parameters

This work 4279 4169 5313 91.670

Ref.? 4274  4.04 5182 91.648

Ref. ? 4683 3421 5129 99.567
The band structure and phonon band structure

were analyzed along the directions of the mono-
clinic system’s Brillouin zone in reciprocal space
(Z-I'=-Y—S—X). Fermi energy correction was ap-
plied to the band structure results (See Figure 2). The
band structure of monoclinic CuO reveals metallic
properties with a small overlap across the Fermi lev-
els of electronic states at the I" point, while showing a
small gap in other directions. The phonon dispersion
curves (displayed in Figure 3) demonstrate the dy-
namic stability of the CuO structure. Three acoustic
branches, including longitudinal, transverse, and flex-
ural modes, are observed at frequencies ranging from
80 to 150 cm™~!. A phonon gap is observed at around
300 to 400 cm~! with no negative phonon branch
across the entire Brillouin zone. These results confirm
the thermodynamic stability of our CuO structure.
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Figure 2: The band structure of the monoclinic CuO.
[Source: Authors]

00

600

500

Frequency (cm I)

400
300

200

Figure 3: The phonon band structure of the mono-
clinic CuO. [Source: Authors]

The CuO(001) slab model

The relaxed unit cell parameters were further used to
construct the CuO slab. The CuO slab consists of 14
layers of Cu/O, with a total of 28 atoms per unit lattice
(14 Cu atoms and 14 O atoms). In chemical vapor de-
position, the thickness of CuO can be controlled by
the precursor flow rate, deposition time, and temper-
ature'*. In biosynthesis, the thickness of CuO may
depend on the concentration and type of plant extract

used?.

Periodic boundary conditions were applied along the
aand b lattice directions. The c direction was exposed
to a large vacuum space of 40 A before the periodic
unit cell was repeated to eliminate periodic interac-
tions in the c directionn. This setup resulted in the
creation of the monoclinic CuO structure with the

(001) facet exposed (See Figure 4).

The CuO/C model

To investigate the interaction between the CuO(001)
and carbon, a carbon atom was initially placed on
top of the CuO slab with a distance of 1.0 A to the
first exposed layer. The 10 layers at the bottom of the
CuO(001) facet were fixed, while the remaining 4 sur-
face layers were allowed to move freely to interact with
the carbon atom (See Figure 4).

Relaxation
Part

Fixed
Pari

Top view

Side view

Figure 4: The surface structure of the CuO(001) and
the side view of the CuO slab. [Source: Authors]

After relaxation, the carbon atom has moved from
the top of the Cu atom site to the more favorable
bridge site, located between two Cu atoms (See Fig-
ure 5). This could be attributed to the specific dictio-
nal properties of covalent bonding between C and Cu.
The Mulliken population analysis indicates a small
charge transfer of 0.057e from the surface Cu atoms
to the carbon atom, further suggesting this is a neu-
tral bonding type. A slight displacement of Cu atoms
on the surface is observed when bonding with carbon.
The displacement ranges from 0.176 to 0.373A, with
the Cu atoms being pull out of the CuO lattice. This
model also confirms that the surface coverage ratio of
carbon on CuO(001) could reach a 1:4 ratio (See Fig-
ure 6).

The binding energy of a carbon atom to the CuO(001)
surface was calculated using the following formula:
Epinding = EC/CuO — Ec — Ecuos

where Eccyo represents the total energy of the CuO
adsorbed carbon model, Ec denotes the total energy
of an isolated carbon atom and E¢, is the total en-
ergy of the CuO slab. The calculated binding energy
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Table 2: The displacements of atoms (R) along three
dimensions in the first and second layers of CuO(001).

Layer Atom x-axis y-axis  z-axis Total

1 Cu 0.247  0.279 0.023 0.373

1 Cu 0.160 0.070 0.015 0.176

2 O 0.010 0.004 0.059 0.060

2 O 0.024  0.000 0.036 0.043
Top view

P

% Side view %

Before Afier

Figure 5: The carbon position on the CuO slabbe-

fore and after relaxation. Carbon is brown. [Source:
Authors]

is —5.783 eV. This negative value suggests that the re-
action between CuO and carbon will occur sponta-
neously, as it is exothermic. The binding energy is also
a lot stronger than the physisorption threshold of 0.5
eV, indicating chemisorption processes wherein the
CuO surface forms a strong electronic bond with car-
bon.

Figure 6: The overall ratio of carbon on the surface
of CuO(001). [Source: Authors]

CONCLUSIONS

This paper has investigated the interaction between
CuO and carbon through a series of density func-
tional theory calculations. The stable monoclinic
CuO model was obtained with the metal properties.
A CuO(001) slab with 14 layers was created based on
the relaxed parameters and then applied to the car-
bon atom adsorption reaction. The favorable adsorp-
tion site for the carbon atom on the CuO(001) surface
is the bridge site, located between the two topmost Cu
atoms. This interaction slightly pulls the Cu atoms out
of the periodic lattice. The adsorption model was fully
relaxed, demonstrating that carbon could occupy the
surface with a 1:4 ratio on the CuO(001) surface. Us-
ing the total energy results, the binding energy of car-
bon was calculated as —5.783 eV. This negative value
suggests a strong attractive interaction between car-
bon and CuO(001). Conducting a larger-scale calcu-
lation regarding CuO(001) adsorbed carbon would be
worthwhile to gain a deeper understanding of the im-
pact of carbon on the electronic, optical, and mechan-
ical properties of CuO.
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Nghién citu tuong tac giita CuO(001) va cacbon: Tinh toan nguyén
ly ban dau

Nguyén Minh Phi'2, Tran Thi Thu Hanh'2"*

TOM TAT

DPéng oxit (CuO) co thé duac tdng hop sinh hoc tir chiét xuat thuc vat, tao dong luc cho viéc nghién
clu ly thuyét vé sy tuong tac gitta CuO va cacbon, vén la mot thanh phan phé bién dugc tim théy
trong thuc vat. Qua cac tinh toan DFT, cdu trdc monoclinic ctia CuO da dugc moé phdng thanh
cong va ching minh 1a &n dinh. Cau tric monoclinic ctia CuO thé hién tinh chét kim loai, dugc dac
trung bdi su chéng chat cac muc lugng nang lugng tai diém I'. Cau trdc nay da dugc st dung dé
tao ra bé mat CuO(001) v&i 14 I6p nguyén tir d& nghién clu hdp thu nguyén tir cacbon. Vi tri trén
bé mat CuO(001) thuan Igi nhat cho su hédp thu cacbon la vi tri cau. Lién két gitia dong va cacbon
dugc chi a lién két khong co suion héa. Viec hdp phu nay dan dén mot s6 thay d6i cau tric trong
I6p bé mat clia mang |udi CuO, véi Cu bi dich chuyén trong khoang 0.17 dén 0.35 A. Mo hinh nay
da chiing minh cacbon dat dugc ty 16 hap thu 1:4 trén bé mat CuO(001). Nang lugng lién két cla
cacbon véi bé mat CuO(001) dugce tim thdy [a -5.783 eV. Biéu nay thé hién cé mot luc hut manh
mé gilta cacbon va CuQ, thé hién tinh lién két dién t&. Ching toi tin rang nguyén ti cacbon da stta
déi mot s6 tinh chat dién tir va tinh chat quang clia CuO. Can thém cac tinh toan bé sung dé hiéu
sau hon vé cach cac vat lieu dya trén thuc vat c6 thé anh hudng dén cac tinh chat cla oxit kim loai,
md& ra canh clia cho viéc phat trién cac vat lieu mai.

Tu khoa: DFT, m6 phong, SIESTA, oxit kim loai.
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