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H I G H L I G H T S

• DFT method was used to study the adsorption of pollutant gases by SWZNT.

• SWZNT electrical conductivity is improved by CFCl3 adsorption.

• CFCl3 adsorption by BNNT is more favorable than CO2 and CH4 molecules.

• SWZNT can be a new gas sensor for CFCl3 gas detection and its derivatives.

A R T I C L E I N F O

Keywords:
Greenhouse gas sensor
Zirconium oxide nanotube
DFT

A B S T R A C T

Herein, density functional theory was used to investigate the zirconium oxide nanotube (SWZNT-c(1 1 1)) as a
possible candidate for detection of greenhouse gases such as CFCl3, CO2 and CH4. The results indicate that
SWZNT-c(1 1 1) has an energy gap selectivity for the CFCl3 molecule, increasing its electrical conductivity
by ~16.17%. This interaction causes a displacement of LUMO energy, causing the SWZNT-c (1 1 1)/CFCl3
hardness (η) complex to have the greatest decrease, proving the greatest reactivity of CFCl3. Therefore, based in
these favorable properties and the lowest adsorption energy imply that the SWZNT-c(111 can be used as a
promising CFCl3 sensor.

1. Introduction

In recent years, computational theoretical chemistry has been pre-
sented as one of the main tools for the structural and electronic study of
nanometric compounds, in order to help the development of new ma-
terials, facilitating thereby the understanding and applications of these
materials in different branches such as the development of materials
with photocatalytic properties [1–4], materials with environmental
applications [5], materials with antibacterial and fungicidal actives [6],
as well as the development of new sensors [7–10]. Among these, we
highlight the materials formed by elements belonging to group IV, such
as Ti, Zr, Hf [11], because they have mechanical resistance and also at
high temperatures [12].

The Zirconia (ZrO2) is considered one of the most important ceramic
materials due to its properties, because it has high mechanical and
thermal resistance, also has high radiation resistance and can be

effectively applied in the nuclear industry [13]. Under normal pressure
conditions, zirconia has three temperature controlled polymorphs, at
temperatures above 2350 °C the cubic phase predominates, while at
temperatures below 1150 °C the predominant phase is the monoclinic
and as intermediate between the two. In two phases, there is tetragonal
morphology [13].

With the advances obtained through the synthesis of carbon nano-
tubes [14], a new research field of materials has been opened, aiming to
synthesize new nanotubular structures from inorganic compounds,
which in turn, have properties independent of their chirality since
theoretical and experimental advances showed that carbon nanotubes
had properties dependent on their chirality [15]. Between the so-called
inorganic nanotubes, are ZrO2 nanotubes, successfully synthesized by
the anodizing method [16], as well as electrofiation, solution-based
deposition, among others [17], and these nanotubes can have a variety
of applications, such as host matrix for optical functional materials,
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solid oxide fuel cell electrolytes and gas sensing components [17].
Regarding to theoretical studies reported in the literature, two

studies have been found so far that report the stability of ZrO2 nano-
tubes, in which periodic calculations are performed for different
structures in different morphologies [18], as well as the estimation of
the modulus of ZrO2 Young is reported [19]. Until now, no theoretical
reports of interactions with greenhouse gases have been found in the
literature, such as trichloromonofluormethane (CFCl3), carbon dioxide
(CO2) and methane gas (CH4). It is interesting to point that recently
theoretical methods were used to study the adsorption of various toxic
gases in different nanomaterials such as Rh-doped MoSe2 monolayer
[20], Ni-doped InN monolayer [21] and many others as cited by Cui
[22].

Therefore, observing the lack of literature on computational theo-
retical studies regarding ZrO2 nanotubes, this work aims to present a
study of the interaction of greenhouse gas molecules on the outer sur-
face of ZrO2 nanotubes. In this way, the density fuctional theory (DFT)
was ued to analyse the formation energies of the complexes, as well as
modifications of the structural and electronic properties of the material,
contributing to the advance in the studies of new gases sensors based in
the ZrO2 nanotubes.

2. Methodology

2.1. Obtaining the crystalline plane (1 1 1) from cubic morphology.

The crystalline plane (1 1 1) formed by the cubic phase was based
on the unit cell of ZrO2 cubic morphology, considering the lattice
parameters, a = b = c = 5,0 Å and α = β = γ = 90°. A ZrO2 cubic
unit cell model was constructed using the Cartesian coordinates of
atoms as a function of the network parameters (a, b and c). The table 1
presents the fractional coordinates of atoms in the unit cell of cubic
morphology of ZrO2. From the unit cell, it was possible to represent the
crystalline structure of ZrO2 in the cubic morphology modeled by ap-
plying translation operations to the Cartesian coordinates of atoms.

The plane (1 1 1) was modeled from the ZrO2 unit cell, establishing
a basic unit of repetition that, when translated, generated the plane to
be studied, reproducing the coordinates of the atoms of Zr and O in the
plane. The basic unit of repetition was determined from the coordinates
of the Zr and O atoms that belonged to the studied plane, maintaining
the stoichiometry (1:2) between the Zr and O atoms, as shown in Fig. 1.
Fig. 1 presents a representation of the structure.

The translations of the basic unit were performed by applying
translation matrices at the coordinates (x; y; z) of all atoms. Horizontal
translations occurred along the xy plane, applying the translation

matrix represented in Eq. (1).
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where x, y and z are the initial coordinates of the atoms, x ', y' and z 'are
the coordinates of the atoms after translation and dx, dy and dz cor-
respond to the translation distances in the x, y and z directions of the
Cartesian system. By performing the operations indicated in the con-
version matrix indicated in Eq. (1), Eq. (2) is obtained.
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For horizontal translations, the value of dx corresponds to the value
of the negative network parameter (a) (-a), the value of dy corresponds
to the value of the positive network parameter (b) and the value of dz is
zero. To increase the number of levels (m), Eq. (2) was also applied. To
increase the number of levels (m) of the plane (1 1 1), a value of dx
equal to a negative network parameter (-a), a value of dy equal to zero
and a value of dz equal to a network positive (c) for each level added.

After modeling the plane, they were translated to the origin of the
Cartesian system and rotated to the xz plane, applying translation and
rotation matrices to generalize the plane curvature process and criate
ZrO2 nanotube models. Accomplishmenting the translation, the trans-
lation matrix presented in Eqs. (1) and (2) was again used, with values
of dx equal to the negative network parameter (-a) and values of dy and
dz equal to zero. To perform the rotation around the z axis (RZ), was
used a rotation matrix presented in Eq. (3).
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where x', y' and z'correspond to atomic coordinates after translation and
x'', y'' and z''correspond to atomic coordinates after translation and ro-
tation in z (RZ), φ corresponds to the 45° rotation angle for this op-
eration, since the plane (1 1 1) was modeled at 45° between the × and y
axes, and the basic repetition unit was moved in the negative direction
of x. Performing the operations indicated in Eq. (3), Eq. (4) was ob-
tained.

Table 1
Fractional coordinates of Zr and O atoms in ZrO2 unit cell.
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Fig. 1. Structures of the basic repetition unit taken from the ZrO2 crystal in the
cubic phase. Zirconium in cyan and oxygen in red. (For interpretation of the
color references in this figure caption, the reader is consulted on the web ver-
sion of this article).
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Replacing Eq. (2) into Eq. (4), gets Eq. (5), which allows the final
coordinates to be related to the initial coordinates of the atoms, making
it possible to execute the operation directly.
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To reorient the plane model (1 1 1) it was necessary to make an
additional rotation, applied around the x-axis (RX) at an angle of −56°,
because the crystallographic plane (1 1 1) has a greater inclination than
for example applied to the plan (1 1 0). To perform the rotation around
the × axis (RX), the rotation matrix represented in Eq. (6) was used.

=
⎡

⎣

⎢
⎢
⎢

−

⎤

⎦

⎥
⎥
⎥

x y z x y z
cosφsenφ

senφcosφ[ ''' ''' '''] [ '' '' '']

0000
0 0

0 0
0001 (6)

where x''', y''' and z''' represent the coordinates of atoms in the xz plane,
x'', y'' and z'' represent the coordinates after rotation in × (RX) and φ
represents the angle of rotation employed, −56°. Performing the op-
erations indicated in Eq. (6) gets Eq. (7).
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2.2. Obtaining Z-direction nanotube models.

With the crystalline planes (1 1 1) already repositioned in the xz
plane of the Cartesian system, they were converted to the cylindrical
shape, bending them 360°. To obtain the cylindrical structure by ap-
plying the rotation with respect to the z axis, Eq. (8) is defined, where
the perimeter (pe) of the structure is equal to the length of the modeled
plane (pl) plus the distance of a bond between the atoms of Zr and O
(lb).

= +pe pl lb (8)

where the length of the plane (pl) can be calculated according to Eq.
(9).

= +pl n a b( )2 2 (9)

where (n) corresponds to the number of horizontal repeating units of
the modeled plane and the term +a b( )2 2 corresponds to the length of
the unit cell.

The length of a bond (lb) between the atoms of Zr and O has been
inserted so that the atoms do not overlap during the process of forming
nanotube models. To convert the ZrO2 crystal plane models to cylind-
rical structures, the coordinates of the crystal plane atoms were trans-
formed into polar coordinates using Eq. (10).
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where xp, yp and zp correspond to the polar coordinates, φ corresponds
to the angle of rotation and r is the radius of the atom in the obtained
nanotube model. The atoms of the modeled surfaces of ZrO2 are not in
the same plane; therefore, when they are transformed into cylindrical
structures, there are variations in the radius length of atoms in the
structure; therefore, the value of r in Eq. (10) is calculated individually
for atoms.

The radius value was obtained considering the average radius of the
structure. The average radius corresponds to the radius formed by
atoms in the crystalline plane. For atoms that are out of the plane, the
radius value is adjusted according to the y coordinate, so that the radius
value can be calculated according to Eq. (11), considering the geo-
metric formula for converting a flat rectangular surface to a cylinder
plus the y coordinate of the plane.

= +r
pe
π

y
2 (11)

The angle (φ) that corresponds to the angle between the in-
itial × coordinate in the plane to be rotated and the atom coordinate in
the nanotube model can be obtained from Eq. (12).

=φ πx
pe

2
(12)

The equations obtained through this methodology were inserted in
an internal script, written in programming language, generalizing
thereby the obtaining of the models.

3. Computational details

The initial structure of SWZNT-c(1 1 1) in cubic morphology, con-
sisting of 48 zirconium atoms and 96 oxygen atoms, was constructed
using a script written internally using the methodology presented in
sections 2.1 and 2.2. This nanotube model has d1 = 13.49, d2 = 11.45
and 10.66 Å in diameters and length, respectively. For the complexes,
the initial configurations were constructed by placing the molecules of
(CFCl3, CO2 and CH4) in different regions around the surface of SWZNT-
c(1 1 1). The molecules (CFCl3, CO2 and CH4), SWZNT-c(1 1 1) and the
complexes (SWZNT-c (1 1 1)/CFCl3, SWZNT-c (1 1 1)/CO2 and SWZNT-
c(1 1 1)/CH4) were initially optimized with Hamilton PM7 using the
MOPAC2016 program [23]. Posteriorly, the structures with minimum
energies were re-optimized with DFT calculations, considering the
functional B3LYP hybrid with the 3-21G [24]. The dispersion interac-
tion correction was take in account using the Grimme’s method (GD3)
[25]. This procedure was chosen to balance the computational cost and
the quality of the results, since the Zr atom does not have a larger base
set. The stationary points were characterized as a minimum energy
point using harmonic vibrational states, which were not observed fre-
quencies. All DFT calculations were performed under vacuum using the
Gaussian 09 package [26]. The orbital natural bonding method (NBO)
[27] was used to calculate atomic charges. The adsorption energy (Ead)
of the complex was calculated using Eq. (13).

= − +E E (E E )ad complex nanotube molecule (13)

where, Ecomplex is the total energy of the complexes (SWZNT-c (1 1 1)/
CFCl3, SWZNT-c (1 1 1)/CO2 and SWZNT-c (1 1 1)/CH4), Enanotube is the
total energy of SWZNT-c(1 1 1) and Emolecule is the total energy of
molecules (CFCl3, CO2 and CH4).

4. Results and discussion

4.1. Structural analysis

At this current work, the DFT method was used to study SWZNT-c
(1 1 1) with the intention of obtaining a new sensor to identify the
presence of polluting gases such as CFCl3, CO2 and CH4. Fig. 2 presents
the optimized structures with minimum energy obtained in the DFT
method. Overall, as can be seen in Fig. 2, no significant structural
change in SWZNT-c (1 1 1) was observed after complex formation.

For the complexes, a shorter bond length (0.245 nm) between
fluorine and zirconium atom (CFCl3) was observed. For the interactions
with (CO2) and (CH4), this length was, respectively, 0.285 (oxygen and
zirconium) and 0.314 nm (hydrogen and oxygen). From NBO analysis,
it was confirmed that CFCl3 fluorine is more strongly bound to the
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SWZNT-c(1 1 1) Zr atom with a binding order of 0.890, followed by the
CO2 oxygen atom with a binding order of 0.727 while that the hydrogen
atoms of CH4 have a surface bond order of SWZNT-c(1 1 1) equivalent
to 0.04. In the next section, the electronic structures for compounds and
complexes are presented and discussed to understand the energetic
process involved.

4.2. Electronic structure

The electronic properties were used to clarify the chemosorption
process of CFCl3, CO2 and CH4 molecules on the surface of SWZNT-c
(1 1 1). Initially, it is important to evaluate the stability of the obtained
SWZNT-c(1 1 1) model, which can be treated by the formation energy
(ΔEformation) using Eq. (14).

= − −ΔE E (4mn(E ))formation SWZNT - c(111) ZrO2 (14)

where ESWZNT-c (1 1 1) is the total energy of the nanotube, “n” is the basic
repetition unit number, “m” is the number of nanotube levels, and EZrO2
is the total energy of ZrO2. The ΔEformation value for SWZNT-c (1 1 1)

was −7645.52 kcal/mol, being energetically favorable in its formation
and in accordance with the calculations performed by Bandura and
Evarestov [18]. Table 2 summarizes some important electronic prop-
erties obtained and discussed here.

The reactivity parameters were based on the energies of the highest
energy occupied molecular orbitals (HOMO, εHOMO) and the energies of
the lowest energy unoccupied molecular orbitals (LUMO, εLUMO). For
example, according to Koopmans' theorem [28], the ionization poten-
tial (I) is described in the negative energy of HOMO, and the electronic
affinity (A) can be approximated by the energy of the LUMO opposite
signal. The energy gap (for example) is an important property obtained
through these two reactivity parameters, being defined as the difference
between HOMO and LUMO energies in modulus. Besides that, quantum
molecular descriptors such as global hardness (η), electronegativity (χ),
electronic chemical potential (μ), electrophilicity (ω) and softness
chemistry (S) can be approximated by Eqs. (15)–(19) respectively. [29],
where the values are reported in Table 2.

Fig. 2. Studied structures optimized with the DFT//B3LYP/3-21G/GD3 method. Oxygen in red, zirconium in cyan, carbon in gray, hydrogen in white, fluorine in
green and chlorine in yellow. (For interpretation of the color references in this caption, the reader is consulted on the web version of this article).

Table 2
Electronic properties calculated using DFT//B3LYP/3-21G/GD3.

Properties CFCl3 CO2 CH4 SWZNT-c (1 1 1) SWZNT-c (1 1 1)/CFCl3 SWZNT-c (1 1 1)/CO2 SWZNTc (1 1 1)/CH4

ε eV( )HOMO − 9.09 −9.62 −10.58 −7.83 −7.79 −7.81 −7.83
ε eV( )LUMO −2.88 0.65 3.97 −2.82 −3.59 −2.80 −2.81
Ega 6.21 8.97 6.61 5.01 4.20 5.01 5.00
ΔEformation

b – – – −7645.52 – – –
Ead b – – – – –33.08 −24.58 −4.43
dipole moment c 0.09 0.00 0.00 9.70 10.04 9.94 9.67
I eV( ) 9.09 9.62 10.58 7.83 7.79 7.81 7.83
A eV( ) 2.88 −0.65 −3.97 2.82 3.59 2.80 2.81
η eV( ) 7.65 9.95 12.57 6.42 6.00 6.41 6.43
Χ eV( ) 10.53 9.30 8.60 9.24 9.59 9.21 9.24
μ eV( ) −5.99 −4.49 −3.31 −5.33 −5.69 −5.31 −5.32
ω eV( ) 2.35 1.01 0.44 2.21 2.70 2.20 2.20
S eV( ) 0.07 0.05 0.04 0.08 0.08 0.08 0.08

a −ε εHOMO LUMOat eV.
b at kcal/mol.
c at Debye.

J. Antônio Pinheiro Lobo, et al. Chemical Physics Letters 745 (2020) 137236

4



= −η I A
2 (15)

= +χ I A
2 (16)

= − +μ I A( )
2 (17)

=ω
μ
η2

2
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=S
η

1
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The large and small values of Eg imply a high stability and

reactivity, respectively, of a compound in a chemical reaction.
Therefore, CO2 is the most stable compound studied here with a value
of 8.97 eV and lower electron affinity (A). The same way, the large
energy gap (5.01 eV) that SWZNT-c(1 1 1) presents indicates an in-
sulating material, which in turn agrees with the literature [18], which
are reported ZrO2 nanotubular structures with gap between 5 and 6 eV.

Furthermore, the stability of molecular systems is related to the
hardness (η), which is a tool for understanding chemical reactivity [30].
As shown in table 2, the global hardness value (η) for SWZNT-c(1 1 1) is
6.42 eV and after complex formation (SWZNT-c (1 1 1)/CFCl3, SWZNT-
c (1 1 1)/CO2 and SWZNT-c(1 1 1)/CH4) is changed to 6.00, 6.41 and
6.43 eV, respectively. The results indicate that the value of (η) of
SWZNT-c (1 1 1) decreases with the interactions of the molecules and

Fig. 3. Representation of the HOMO and LUMO energies of the SWZNT-c(1 1 1) and molecules (CFCl3, CO2 and CH4).

Fig. 4. Representation of the electrostatic
molecular potential (MEP, in eV) of SWZNT-
c(1 1 1) and molecules (CFCl3, CO2 and
CH4). For MEP, negative and positive
charges range from red to blue, respectively.
(For interpretation of the color references in
this figure caption, the reader is consulted
on the web version of this article).
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the reactivity with CFCl3 is higher when compared with CO2 and CH4.
The electronic chemical potential (μ) of the (SWZNT-c (1 1 1)/CFCl3
complex also decreased. So the (SWZNT-c (1 1 1)/CFCl3) complex has
high chemical activity, low chemical stability and is a softness system.

The dipole moment value of (SWZNT-c(1 1 1) is increased by the
chemosorption of the CFCl3 and CO2 molecules from 9.70 Debye to
10.04 and 9.94 Debye in the complexes (SWZNT-c(1 1 1)/CFCl3,
SWZNT-c(1 1 1)/CO2), respectively, and the structure dipole moment
value (SWZNT-c(1 1 1) is decreased by the interaction of CH4 from 9.70
to 9.67 Debye in the SWZNT-c(1 1 1)/CH4) (see Table 2). The change in
dipole moment after interaction with the surface of SWZNT-c(1 1 1)
indicates a charge transfer between the molecules (CFCl3, CO2 and CH4)
and the ZrO2 nanotubes. This trend of charge transfer can be evidenced
by the charge analysis in the NBO method, and for the SWZNT-c(1 1 1)
the interacting Zr atom has an atomic charge of 1,34e-, while analyzing
the same atom after interaction it is noticed that it reduces its atomic
charge to 1.22 and 1,31e- for the complexes formed with CFCl3 and
CO2, respectively.

Consequently, as expected, the strongest interactions were observed
between SWZNT-c(1 1 1) and CFCl3 and CO2 molecules, as shown in
Fig. 2. The Ead values (Table 2) follow the order:
−3.08 < − 24.58 < − 4.43 kcal/mol for (SWZNT-c(1 1 1)/CFCl3,
SWZNT-c(1 1 1)/CO2 and SWZNT-c(1 1 1)/CH4), respectively. The
higher Ead value for SWZNT-c(1 1 1)/CH4 indicates a physical adsorp-
tion due the Van der Waals interactions. For instance, the energy gap
difference (Table 2) is very similar to the SWZNT-c(1 1 1) and SWZNT-c
(1 1 1)/CO2 complex, SWZNT-c(1 1 1)/CH4, indicating that the ad-
sorption of CO2 and CH4 does not significantly alter the electronic
properties of SWZNT-c(1 1 1). Consequently, this result suggests that
SWZNT-c(1 1 1) is not suitable to be used as a gas sensor to detect CO2

and CH4 using electrical conductivity, presenting higher selectivity to
the CFCl3 molecule, whose energy gap difference was larger. For ex-
ample, conductivity can be estimated using Eq. (20) [31].

=
−

σ e
Eg

kbT2 (20)

where, σ is the electrical conductivity, Eg is the energy gap, kb is the
Boltzmann constant and T is the temperature. Therefore, the lower
value of the Eg implies a higher electrical conductivity.

With favorable Ead and increased conductivity in ~16.17%, these
results suggest that SWZNT-c(1 1 1) may be a promising sensor for
CFCl3, showing selectivity over other greenhouse gases. Although all
gases interact favorably with SWZNT-c(1 1 1), their presence does not
significantly affect the density of their HOMO and LUMO energies, as
shown in Fig. 3. In detail the most significant change was observed for
the formation of the SWZNT-c(1 1 1)/CFCl3 complex, in which the
nanotube decreased its LUMO energy density by fixing it on the CFCl3
molecule.

A good chemical sensor should be recovered after work. Thereby,
CFCl3 desorption from the surface of nanotubes can be obtained using
physical (for example, temperature) and/or chemical processes, be-
cause the HOMO and LUMO energies are located only in the CFCl3
molecule in SWZNT-c(1 1 1). MEP analysis shows that CFCl3, CO2, CH4

adsorbed on the nanotube does not significantly change their electro-
static surfaces (see Fig. 4). The main changes observed are due to the
charge transfer of CFCl3 and CO2 to the −0.12 and −0.03e- nanotubes,
respectively.

5. Conclusions

At this work, the DFT method was used to study the adsorption of
polluting gases (CFCl3, CO2 and CH4) in SWZNT-c(1 1 1), with the in-
tention of obtaining a new gas sensor for polluting agents. The SWZNT-
c(1 1 1) structure is preserved throughout the adsorption process. The
adsorption energy indicates that the interaction between the gases and
the nanotube is a favorable process, whose SWZNT-c(1 1 1) interacting

with CFCl3 has the lowest Ead with a value of −3.08 kcal / mol. The Eg
analysis showed that SWZNT-c(1 1 1) cannot be used as a gas sensor
(CO2 and CH4) based on conductivity, showing selectivity for the CFCl3
molecule, observing a ~ 16.17% variation in conductivity throughout
the adsorption process. Therefore, the SWZNT-c(1 1 1) is more suited to
be a new gas sensor for the CFCl3 molecule. Overall, our theoretical
results obtained here can be used to support future theoretical and
experimental studies on the use of SWZNT-c(1 1 1) as a green house gas
detector.
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