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Periodic density functional theory calculations with the B3LYP hybrid functional and all-electron Gaus-
sian basis set were performed to simulate the structural and electronic properties as well as the strain
and formation energies of single-walled ZnO nanotubes (SWZnONTs) and Carbon nanotubes (SWCNTs)
with different chiralities as functions of their diameters. For all SWZnONTs, the band gap, strain energy,
and formation energy converge to ~4.5eV, 0.0 eV/atom, and 0.40 eV/atom, respectively. This result
suggests that the nanotubes are formed more easily from the surface than from the bulk. For SWCNTs,
the strain energy is always positive, while the formation energy is negative for armchair and zigzag
nanotubes, therefore suggesting that these types of nanotubes can be preferentially formed from the
bulk. The electronic properties of SWCNTs depend on the chirality; all armchair nanotubes are metallic,
while zigzag and chiral nanotubes can be metallic or semiconducting, depending on the n and m vectors.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Single-walled carbon nanotubes (SWCNTs) [1-5] have attracted
great scientific and technological interest in nanoscience and na-
notechnology fields, because of their unique chemical and physical
properties.

In the last two decades, many potential nanotube applications
have been investigated, including storage and energy conversion
devices, sensors, semiconductors in nanoscale molecular sieves,
hydrogen storage materials, additives for polymeric bracket ma-
terials in catalytic processes, etc [6]. However, many of these ap-
plications have yet to be analyzed and tested properly, although
some have already reached the industrial production phase [6]. For
this reason, for the large-scale preparation of CNTs, a variety of
synthetic strategies have been recently developed and extended to
inorganic materials, such as zinc oxide [7-9], titanium dioxide
[10,11], aluminum nitride [12], boron nitride [13-15], and other
systems [16-19]. In some cases, nanotubes of inorganic materials
may be more advantageous than SWCNTs, owing to their inter-
esting qualities and well-established properties, which can pro-
vide new scientific and technological perspectives.

The strong chemical similarities between SWCNTs and
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graphene enable to apply the research experience and relevant
methodologies developed for graphene to inorganic nanotubes
[20].

In particular, CNT electronic properties sensitively depend on
the diameter and chiral angle, i.e. slight differences in these
parameters can cause significant changes in the material, such as
that from metallic to semiconductor. Previous studies based on
scanning tunneling microscopy [21,22] and performed at a large
energy scale (~2 eV) confirmed the prediction that CNTs can be
semiconducting or metallic depending on the tube diameter and
the chiral angle between the tube axis and hexagon rows in the
atomic lattice [23,24]. Specifically, armchair SWCNTs are always
metallic, while zigzag and chiral nanotubes can be metallic or
semiconducting [25], despite the metallic character of the carbon
monolayer surface (graphene) [26].

As for graphene, nanotubes without band gap have restricted
its application in electronics and, consequently, they are not sui-
table for semiconducting devices. Therefore, several ways to re-
place materials with such limitations have been studied in the last
years.

Except for the nanotube diameter, no other geometric restric-
tions are present; however, it was believed that a nanotube could
collapse and break when it reaches a diameter of ~25 A. This
collapse is linked to the short curvature of the tube [27]. Never-
theless, several experimental techniques are available to control
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the nanotube diameter and obtain SWCNTs with diameters up to
30 A as well as multiwall CNTs with diameters of at least 1000 A
[28-31].

Owing to the close structural similarity between SWCNTs and
single-walled ZnO nanotubes (SWZnONTs), the latter can provide
new scientific perspectives to technological applications. The ZnO
(0001) monolayer surface, which is formed by hexagons of Zn and
O atoms with alternate vertices and has the same symmetry and
structure observed in graphene sheets, is preferentially used to
obtain SWZnONTs by adopting the conventional experimental
methods [32,33]. This surface is polar, although the polarity dis-
appears when it is rolled up. The formed nanotubes appear to be
promising materials for application in the nanotechnology fields.

Until now, many methods to synthesize ZnO nanotubes have
been reported, including thermal reduction [34], vapor phase
growth [35], hydrothermal growth [36,37], gas-solid processes
[38], sol-gel processes [39], plasma-aided molecular beam epitaxy
[40], and metal organic chemical vapor deposition [41]. All ZnO
nanotubes are grown with large diameter and thickness.

For instance, Zhang et al. [41]| reported the formation of
SWZnONTs by the metal organic chemical vapor deposition tech-
nique at moderate temperature, 350-450 °C. The obtained nano-
tubes were grown epitaxially on (0001) sapphire substrates, with
both the ZnO c-axis and growth direction parallel to the substrate
normal. All nanotubes had a hexagonal cross section and the same
in-plane orientation. The well-defined hexagonal shape is an in-
dication of epitaxial growth and, consequently, reveals the single-
crystal nature of the tubes. According to Shen et al. [42],
SWZnONTs with small diameters are more stable than nanowires
or nanobelts, but become less stable if the diameter exceeds that
of the (24,0) nanotube. Furthermore, Zhou and coworkers [43]
studied the size-and-surface dependent stability of (8,0)
SWZnONTs, observing a good surface texture. Rout et al. [44] ex-
plored the application of SWZnONTs as solar cells, photo-
microcavities (owing to the hexagonal nature), and hydrogen and
ethanol gas sensors.

In addition, Tu and Hu, [45] using density functional theory
(DFT) calculations, found that the piezoelectric behavior of the
SWZnONTs strongly depended on their chirality, and also obtained
negative values of the binding energy (BE) in all the analyzed
models. The strong dependence between structure, electronic
profiles, and thermodynamic stability of the ZnO nanotube wall
thickness was studied by Xu et al. [46] at the Generalized Gradient
Approximation (GGA) level of theory; the close relationship be-
tween the band gap energy, Eqqp, and the BE values was found to
be inversely proportional to the number of zigzag edge
configurations.

As many of these theoretical studies have shown considerably
different results, this research topic is clearly still open and in-
definite. Furthermore, several published works focused on models
based on SWZnONTs with small diameters. Nevertheless, one-di-
mensional nanostructures have atomic order limited to the na-
noscale thus, the use of theoretical quantum chemical calculations
and more realistic theoretical models that can support the ex-
perimental findings are crucial to achieve an accurate under-
standing of the related phenomena. Theoretical chemistry meth-
ods are widely recognized as complementary tools for the inter-
pretation of experimental data, and can help predict new results
and practical strategies.

This paper discusses the structural and electronic properties of
SWZnONTs with three different nanotube arrangements (arm-
chair, zigzag, and chiral) and various diameters and chiral angles,
based on the periodic DFT formalism.

The research in SWNTs arises from the variety of nanotube
diameters and chiral angles, which can significantly affect the
structural and electronic properties, showing an ensemble of

features that can complicate the foresight of possible technological
applications.

The electronic properties were evaluated by analyzing the band
gap energies, band structures, density of states (DOS), and density
and electrostatic charge maps. The strain (Egyqin) and formation
(Eform) energies, which are not usually available as experimental
data, were calculated to estimate its preferential formation. Thus,
these theoretical findings may provide a rational development for
designing of new nanoelectronic devices.

The results were compared with similar calculated properties
of SWCNTs at the same computational level and formalism, as well
as with data available in the literature.

2. Computing method and models

The theoretical simulations of SWZnONTs and SWCNTs were
performed by using periodic DFT with standard hybrid B3LYP
functional [47] and the CRYSTAL14 software [48].

CRYSTAL14 uses a Gaussian-type basis set to represent crys-
talline orbitals as a linear combination of Bloch functions defined
in terms of local functions (atomic orbitals). An overview of the
algorithms used in the introduction of the DFT into the CRYSTAL
computer code is presented by Tawler and coworkers [49].

The usually B3LYP functional is described by the following
equation:

ERLYP=EIDA 0. 20( EXF-ELPA)+0. 72( EGGA-ELPA)+ELPA+0. 81(ESGA-ELPA) 1)

In contrast to the generally used B3LYP, the CRYSTAL code uses
the local functional fitted to the accurate correlation energy of the
uniform electron gas (Vosko-Wilk-Nusair-5) [50], which is used to
extract the local part of LYP correlation potential.

Hybrid density functionals have been extensively applied to
provide accurate descriptions of crystalline structures. In parti-
cular, this functional has been successfully employed to investigate
electronic and structural properties in previous works [51-53].
However, other three different functional were adopted for test:
PWGGA [54], PBEO [55], and HSEO06 [56]. Upon analysis of the
calculated structural and electronic properties of bulk, surface and
nanotube, the functional B3LYP showed the best results.

The zinc, oxygen, and carbon atom centers were described by
all-electron Gaussian basis sets: 86-411d31G [57] for zinc, 8-411d1
[58] for oxygen, and 6-21 G* [59] for carbon atoms. A very large
grid with 99 radial points and 1454 angular points was adopted.
The accuracy of the truncation criteria for bio-electronic integrals
(Coulomb and HF exchange series) was controlled by a set of five
thresholds (10~ 1%, 107 1%, 10~ 1°, 10-2°, 10~4°). These parameters
represent the overlap and penetration for Coulomb integrals, the
overlap for HF exchange integrals, and the pseudo-overlap (HF
exchange series), respectively.

The DOS, and band structure were analyzed using the Proper-
ties14 routine implemented in the CRYSTAL code, employing the
same k-point sampling as the diagonalization of the Fock matrix
for the optimization process. The charge and electrostatic potential
difference maps were built using the isolated atoms as references,
taking isolines at =+ 0.001 lel/A. This analysis is useful to infer on
the difference of covalent and ionic character between SWZnONTs
and SWCNTs.

The ZnO wurtzite structure has a direct wide band gap of
3.37 eV [60] and belongs to the space group P6smc with two
Bravais lattice (a=3.258 A, c=5.220 A) [61] and one internal co-
ordinate u=0.382 [61]. Its structure can be depicted as a zinc atom
surrounded by four oxygen atoms with sp>-hybridization in a
tetrahedron configuration along the c-axis, producing an accu-
mulating normal dipole moment. We have previously studied this
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Fig. 1. Scheme for generic single-walled nanotube construction (a) from a monolayer surface forming structures with (b) chiral (n,m), (c) armchair (n,n), and (d) zigzag (n,0)

symmetries.

system in several configurations, including surfaces [62] and bulk
disorder [63,64].

The graphite structure consists of flat layers of hexagons of
carbon atoms. In each layer, i.e., in a graphene sheet, the
sp-hybridized carbon atoms are covalently bonded to three other
carbon atoms. Graphite belongs to the space group P63/mmc with
unit cell parameters a=2.456 A and ¢=6.696 A, and one adimen-
sional internal coordinate u=0.250 [65].

As a first step for the construction of the nanotube models, the
optimizations of the lattice parameters and internal coordinates of
ZnO and graphite were conducted to minimize the total energy.
Second, ZnO (0001) monolayer surface and graphene were built
from the optimized bulk parameters and reoptimized in function
of the coordinates. From this relaxed surface, SWNTs were con-
structed (see Fig. 1). Depending on the direction of the rolling
sheet, the nanotubes can be classified as armchair (n, n), zigzag (n,
0), and chiral nanotubes (n, m), where the integers n and m de-
termine the diameter and chirality of the nanotube (Fig. 1).

For SWCNTs, Egqp, is heavily influenced by the values of n and m;
as mentioned above, all armchair nanotubes present a metallic
character, whereas the zigzag and chiral nanotubes can be metallic
or semiconductor depending on their chirality. Theoretically, the
rule n — m=3k [21] allows foreseeing the electronic behavior of the
nanotube. However, for nanotubes with a small diameter, the rule is
not applicable, owing to the interactions present in the cavity; for
example, the (5,0) zigzag nanotube should be a semiconductor, but
it has indeed a metallic character due to its small diameter (~5 A).

For armchair and zigzag nanotubes, n=5, 10, 15, 20, 50, and 100
was selected. The chiral nanotubes were divided into four m-sets,
m=3, 4, 5, and 10, with m < n<2m with for n=4, 5, 6,..., 20. When
m=10, the values of n are between 11 and 20. These models were
adopted by their similar large diameter in comparison with

armchair and zigzag nanotubes. In total, six armchair, six zigzag,
and twenty one chiral nanotubes were constructed.

The number of atoms in a single nanotube can be determined
by the Eq. (2), while its structure is determined by means of the
chiral vector R=nd;+md, in the unrolled sheet, where &, and &, are
base vectors. In addition, the chiral nanotube angle (8) is defined
as the angle between the R and d; vectors [48,66] (Fig. 1). From R,
the nanotube diameter (D) and @ can be calculated as Egs. (3) and

(4):

4(n2 +nm + m2)~gcd*1(2n +m,2m+n) @)

2 2
D=\/§d\/n +nm+m

n ' 3

0= tan-l(ﬁ m )

2n+m “4)

where d is the Zn-0, or C-C, bond length. The armchair and zigzag
chiral angles are fixed at 30° and 0°, respectively, whereas, for
chiral nanotubes, 6 can change as a function of the n and m values.
Notably, Esqin is calculated according to the equation Esgqin=(Ent-
nNT‘1)—E(0001), where E(ogo1) is the surface energy, Enr is the en-
ergy of the nanotube, and nyy is the number of atoms in the na-
notube. As Egqin includes the energy necessary to “wrap” a na-
notube from the surface, lower Es.qin values facilitate the fabrica-
tion of the nanotube. On the other hand, Efn, is the energy of the
nanotube obtained from the bulk, and can be calculated from Efo,
=(Ent- vt~ 1) — Epuik Nouie ™ |, Where Epyy is the energy of the bulk
and npy is the number of atoms in the bulk.
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3. Results and discussion
3.1. Nanotube geometry

For ZnO, the optimized calculated parameters were a=3.274 A,
c=5.250 A, and u=0.383, corresponding to a deviation of 0.57%,
0.20%, and 0.26%, respectively, from the experimental values; Eggp
was calculated as 3.21 eV. All results were in good agreement with
the experimental values [60,61] and other theoretical works [67].
The optimized lattice parameters for the graphite structure were
a=2.451A, c=6.559 A, and u=0.250, showing a deviation 0.20%,
2.04%, and 0.0%, respectively, from the experimental values [61].

Tables 1 and 2 report the theoretical optimized diameter, na-
notube length, Zn-0 (C-C) average bond length, Zn-0-Zn (C-C-C)
average bond angle, overlap population, Mulliken charges, Egqp,
Estrain and Eg,rm, of SWZnONTs and SWCNTs, respectively.

According to the data in Tables 1 and 2, the armchair and zigzag
nanotubes had the same number of atoms, which increased with n
and m; conversely, in chiral nanotubes, the number of atoms was
not proportional to n and m. For this reason, obtaining a direct
relationship in chiral nanotubes is more complicated. The analysis
of the geometrical structure of SWZnONTs showed that the cal-
culated Zn-O bond length was ~1.89 A, whereas the Zn-0-Zn
bond angle was 119°. The (5,0) SWZnONT exhibited the smallest
diameter, length, bond length, bond angle, and overlap of all si-
mulated nanotubes, including the chiral nanotube (4,3), which had
the most similar diameter.

Table 1

The increase in diameter of the SWZnONTs results in bond
lengths and bond angles very similar to those of the calculated
(0001) monolayer surface. This structural similarity was also ob-
served in the following studies. Lacivita et al. [67] analyzed arm-
chair SWZnONTs from (4,4) to (50,50), and showed that the Zn-O
bond length of the (50,50) nanotube was 1.89 A, identical to that of
the monolayer (1.89 A), in agreement with the results presented in
this work. Zhou and coworkers reported SWZnONT zigzag struc-
tures that were very similar to the (0001) surface and to those of
CNTs. Wang et al. [68] also predicted the same behavior for
SWZnONTs with different chiralities. SWZnONTs with chiral
structures (4,2), (4,3), (5,3), (6,3), and (7,3) were studied by Zhang
et al.[69] by using the DFT formalism with the GGA functional.
These authors calculated the Zn-O bond length in the range of
1.908-1.926 A.

The SWCNT geometrical structures were also analyzed; the
results are reported in Table 2. All armchair, zigzag, and chiral
nanotubes exhibited a geometrical structure similar to the (0001)
monolayer surface, with average C-C bond length of 1.43 A and
bond angle of ~120° (Table 2). Even the smallest nanotubes, (4,3),
(5,5) and (5,0), showed a geometry resembling those of the surface
and bulk, as the bond lengths and angles of bulk and surface do
not differ significantly. These results were in good agreement with
the findings of Imtani and coworkers [70], who analyzed chiral
nanotubes with a fixed chirality (m/n), obtaining a geometry si-
milar to that of graphene.

Number of atoms in the nanotube (nyr), nanotube diameter (D; A), nanotube length (|Z|; A), average Zn-0 bond length (A), overlap population (mlel), average Zn-0-Zn bond

angle (degrees), Mulliken charges, band gap energy (Egqp; €V), strain energy (Esrqin; €V/atom), and formation energy (Eorm; €V/atom) of SWZnONTs.

nyr D 0 | I—.‘ Zn-0 (Overlap) Zn—é—Zn Q Egap Estrain Eform
Armchair
(5,5) 20 9.03 30.0 3.26 1.88(195) 118.83 0.883 4.46 0.03 0.43
(10,10) 40 18.05 30.0 3.26 1.89 (197) 119.79 0.885 4.52 0.01 0.40
(15,15) 60 27.08 30.0 3.26 1.89 (197) 119.86 0.885 4.53 0.00 0.40
(20,20) 80 36.11 30.0 3.26 1.89 (197) 119.94 0.885 4.54 0.00 0.40
(50,50) 200 90.27 30.0 3.26 1.89 (197) 119.98 0.885 4.54 0.00 0.40
(100,100) 400 180.54 30.0 3.26 1.89 (197) 119.99 0.885 4.54 0.00 0.40
Zigzag
(5,0) 20 5.21 0.0 5.67 1.87 (189) 112.95 0.883 432 0.11 0.51
(10,0) 40 10.42 0.0 5.67 1.89 (195) 118.77 0.884 4.49 0.02 0.42
(15,0) 60 15.64 0.0 5.67 1.89 (196) 119.14 0.885 4.52 0.01 041
(20,0) 80 20.85 0.0 5.67 1.89 (197) 119.80 0.885 4,53 0.01 0.40
(50,0) 200 52.12 0.0 5.67 1.89 (197) 119.96 0.885 4.54 0.00 0.40
(100,0) 400 104.23 0.0 5.67 1.89 (197) 120.00 0.885 4.54 0.00 0.40
Chiral
(4,3) 148 6.34 25.29 34.50 1.88 (194) 117.67 0.882 438 0.07 0.46
(5,3) 196 730 21.79 39.70 1.88 (195) 118.18 0.883 4.42 0.05 0.45
(6,3) 84 8.27 19.11 15.03 1.89 (195) 118.56 0.883 4.45 0.04 043
(5,4) 244 8.14 4911 44,52 1.89 (195) 118.53 0.883 444 0.04 043
(6,4) 152 9.09 23.41 24.80 1.89 (195) 118.81 0.883 4.46 0.03 043
(7,4) 124 10.05 21.05 18.26 1.89 (195) 119.01 0.884 4.48 0.03 0.42
(8,4) 112 11.03 19.11 15.01 1.89 (196) 119.18 0.884 4.49 0.02 0.42
(6,5) 364 9.94 26.99 5411 1.89 (195) 118.60 0.879 4,53 0.02 0.41
(7,5) 436 10.88 24.50 59.22 1.89 (195) 118.79 0.880 4.53 0.02 041
(8,5) 172 11.84 2244 2147 1.89 (196) 119.21 0.881 4.53 0.01 041
(9,5) 604 12.81 20.63 69.70 1.89 (196) 119.35 0.881 4,53 0.01 0.41
(10,5) 140 13.79 19.11 15.01 1.89 (196) 119.42 0.882 4,53 0.01 0.41
(11,10) 1324 18.96 28.43 103.19 1.89 (197) 119.72 0.883 4.53 0.01 0.40
(12,10) 728 19.89 26.99 54.11 1.89 (197) 119.73 0.884 4.54 0.01 0.40
(13,10) 532 20.82 25.69 37.77 1.89 (197) 119.77 0.884 4.54 0.01 0.40
(14,10) 872 21.77 24.50 59.22 1.89 (197) 119.78 0.884 4.54 0.01 0.40
(15,10) 380 22.72 23.41 24.72 1.89 (197) 119.80 0.884 4.54 0.00 0.40
(16,10) 344 23.68 22.41 21.47 1.89 (197) 119.82 0.884 4.54 0.00 0.40
(17,10) 2236 24.64 2149 134.11 1.89 (197) 119.83 0.884 4.54 0.00 0.40
(18,10) 1208 25.62 20.63 69.70 1.89 (197) 119.85 0.884 4.54 0.00 0.40
(19,10) 868 26.60 19.84 48.24 1.89 (197) 119.88 0.884 4.54 0.00 0.40
(20,10) 280 27.58 19.11 15.01 1.89 (197) 119.90 0.884 454 0.00 0.40
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Table 2

Number of atoms in the nanotube (ny7), nanotube diameter (D; A), nanotube length (‘Z‘;

A), average C-C bond length (A),overlap population (mlel), average C-C-C bond

angle, Mulliken charges, band gap energy (Egqp; €V), strain energy (Esyqin; €V/atom), and formation energy (Efom; €V/atom) of SWCNTs.

NNt D 4 ":‘ c-C (OVCl'l&P) C_é_c Q Egap Estrain Efonn
Armchair
(5,5) 20 6.76 30.0 245 1.43 (446) 118.93 0.0 0.07 0.19 —0.58
(10,10) 40 13.51 30.0 245 1.43 (444) 119.30 0.0 0.04 0.05 —-0.72
(15,15) 60 20.27 30.0 245 1.43 (440) 119.82 0.0 0.04 0.02 -0.75
(20,20) 80 27.03 30.0 245 1.43 (438) 119.97 0.0 0.05 0.01 -0.76
(50,50) 200 67.57 30.0 245 1.43 (436) 119.99 0.0 0.07 0.00 —0.76
(100,100) 400 135.15 30.0 245 1.43 (435) 120.00 0.0 0.07 0.00 -0.77
Zigzag
(5,0) 20 3.90 0.0 4.26 1.42 (446) 117.02 0.0 0.0 0.61 -0.15
(10,0) 40 7.78 0.0 4.26 1.43 (444) 119.20 0.0 119 0.14 —0.63
(15,0) 60 11.70 0.0 4.26 1.43 (440) 119.64 0.0 0.17 0.06 -0.70
(20,0) 80 15.61 0.0 4.26 1.43 (440) 119.80 0.0 0.68 0.04 -0.73
(50,0) 200 39.01 0.0 4.26 1.43 (436) 119.96 0.0 0.27 0.01 —0.76
(100,0) 400 78.03 0.0 4.26 1.43 (436) 119.99 0.0 0.14 0.00 —0.76
Chiral
(4,3) 148 4.78 25.29 26.05 1.43 (440) 117.78 0.0 2.08 112 0.36
(5.3) 196 5.46 21.79 29.92 1.43 (444) 118.36 0.0 2.01 1.04 0.28
(6,3) 84 6.19 19.11 10.30 1.43 (445) 118.80 0.0 01 0.99 0.22
(54) 244 6.09 49.11 38.92 1.43 (436) 118.74 0.0 1.69 0.99 0.22
(6,4) 152 6.80 2341 18.64 1.43 (446) 118.93 0.0 1.60 0.95 0.18
(74) 124 7.53 21.05 13.75 1.43 (445) 119.13 0.0 0.02 0.92 0.15
(8,4) 112 8.26 19.11 11.32 1.43 (446) 119.28 0.0 119 0.89 0.12
(6,5) 364 7.50 26.99 40.81 1.43 (446) 119.11 0.0 1.40 0.92 0.15
(7,5) 436 8.21 24.50 44.64 1.43 (446) 119.26 0.0 133 0.89 0.13
(8,5) 172 8.93 2244 16.19 1.42 (446) 119.37 0.0 0.02 0.88 011
(9,5) 604 9.66 20.63 52.56 1.42 (445) 119.46 0.0 1.05 0.86 0.09
(10,5) 140 10.40 19.11 11.31 1.43 (444) 119.54 0.0 1.05 0.85 0.08
(11,10) 1324 14.30 28.43 77.82 1.43 (442) 119.75 0.0 0.72 0.81 0.04
(12,10) 728 15.00 26.99 47.21 1.43 (442) 119.77 0.0 0.69 0.81 0.04
(13,10) 532 15.70 25.69 28.48 1.43 (441) 119.79 0.0 0.02 0.81 0.04
(14,10) 872 16.41 24.50 44.66 1.43 (441) 119.81 0.0 0.62 0.80 0.03
(15,10) 380 1713 2341 18.64 1.43 (440) 119.82 0.0 0.61 0.80 0.03
(16,10) 344 17.86 2241 16.19 1.43 (440) 119.84 0.0 0.02 0.80 0.03
(17,10) 2236 18.64 21.49 101.13 1.43 (439) 119.84 0.0 0.82 0.79 0.03
(18,10) 1208 19.32 20.63 52.56 1.43 (439) 119.86 0.0 0.53 0.79 0.03
(19,10) 868 20.06 19.84 36.38 1.43 (439) 119.87 0.0 0.02 0.79 0.03
(20,10) 280 20.65 19.11 11.32 1.43 (439) 119.88 0.0 0.49 0.79 0.02

3.2. Strain energy, formation energy and electronic structures

The analysis of Egqin and Egrm helps predict the preferential
chirality formation. Fig. 2 illustrates the relationship between
Estrain, Eform, and Egqp as functions of the diameter for SWZNONTs
and SWCNTs with different chiralities. It is important notice that
the Es¢rqin and Eg,rm not allow comparisons of stabilities order as a
function of diameter and chirality.

The increase of SWZnONT nanotube diameter showed a de-
crease in Eyqin and Eprm and renders a convergence from (15,15)
and (20,0) nanotubes. Both energies had the same calculated value
and identical behavior for equivalent nanotube diameters; how-
ever, comparing the number of atoms in the nanotube, the en-
ergies of the zigzag nanotubes were slightly higher than those of
the armchair nanotubes by 0.01 eV/atom. This little difference may
depend on the methodology or the error accumulation in the
numerical calculation process.

In a general sense, Eg,m was higher than Eyq, for both nano-
tube types, suggesting that nanotubes are more easily formed
from a monolayer surface than from the ZnO bulk. The (5,0) na-
notube (first point in Fig. 2c) had the small diameter of 5.21 A, and
exhibited the highest Esqin and Egor, values; this may be caused by
the weak interactions between the atoms of the nanotube cavity,
which lead to high Es;qin, and low stability.

In the case of the thinnest chiral nanotubes, Egyqin and Eprm
were greater than those of other chiral nanotubes with the same

chiral angle, such as (6,3) and (10,5) (0=19.11°); however, E i, of
(6,3) and (10,5) was 0.04 eV/atom and 0.01 eV/atom, respectively.
These results showed that nanotubes with a small diameter can be
more difficult to obtain than those with larger diameters, while
retaining the chirality. In general, E; 4y, for chiral nanotubes was
0.01 eV/atom for diameters in the range of 11.84-21.77 A, while it
was equal to zero for diameters in the range of 22.72-27.58,
(20,10). However, Eformuhad a value of 0.40 eV/atom in nanotubes
with a diameter of 18 A. Therefore, the three types of SWZnONTs
can be formed with the same ease for diameters up to 20 A.

By increasing the SWCNT diameter, Eqqin and Egpr, decreased,
with Efr, being smaller than Egygin. For armchair and zigzag na-
notubes, Egn Was negative, and Eg.qin had positive values; con-
versely, in chiral SWCNTSs, Ep,rm had a positive value. Comparing
the armchair, zigzag, and chiral nanotubes with diameters of
~20A, Esrain was equal to 0.02 eV/atom, 0.04eV/atom, and
0.79 eV/atom, respectively, while Egpm was equal to —0.75eV/
atom, —0,71 eV/atom, and 0,02 eV/atom, respectively. These re-
sults suggest that armchair and zigzag nanotubes are formed al-
most instantly and more easily than chiral nanotubes.

Comparing Eggqin of SWZnONTs and SWCNTs with diameters of
~20 A, the Egrqin value of the SWZnONTs was smaller than that of
the SWCNTs. Similar results were calculated by Zhao and cow-
orkers [71] for aluminum nitride nanotube (AINNT) using DFT with
the PBE functional. These authors concluded that Es;;, of SWCNTSs
was greater than that of AINNTSs, gallium nitride nanotubes, and
boron nitride nanotubes.
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Fig. 2. Strain energy (eV/atom) and formation energy (eV/atom) as a function of the diameter (A) for (a) armchair (n,n) SWZnONTs, (b) armchair (n,n) SWCNTs, (c) zigzag
(n,0) SWZnONTs, (d) zigzag (n,0) SWCNTSs, (e) chiral (n,m) SWZnONTs, and (f) chiral (n,m) SWCNTs.

In general, for nanotubes with small diameters, Eg,rm and Esgrgin, Of
the chiral nanotubes were higher than those of armchair and zigzag
nanotubes, which lead to, unfavorable obtaining this type of na-
notube. This results are in agreement with Wang and coworkers,
however, this work analyzes nanotubes with small diameters [68]
(less than 20 A). On the other hand, in the present study, are ana-
lyzed the three chiralities with large diameter, and confirmed that
the three chiralities can be obtained simultaneously.

An analysis of Fig. 2 shows that, for all SWZnONTs, the increase
in diameter led to an increase of Egyqp. The Egqp values of armchair
and zigzag SWZnONTs (Fig. 2a and c) were in the same range,
4.53 eV, very close to the calculated Egqp, for the monolayer surface
(4.56 eV). The E,qp value stabilized for diameters above 20 A, re-
maining constant at larger diameters. The Eg,, values for chiral
(n,3) and (n,4) SWZnONTs (Fig. 2e) showed the same behavior and
were smaller than those observed for armchair and zigzag nano-
tubes. For (n,5) and (n,10) nanotubes, all calculated E,q, values
were 4.53 eV and 4,54 eV, respectively, which were in agreement
with those calculated for the armchair and zigzag SWZnONTs with

large diameters and for the monolayer surface. In general, for large
SWZnONTs, the diameter, chirality, and number of atoms do not
influence the geometrical structure parameters (bonds and an-
gles), Es, and Eggp.

The Egzqp of all SWZnONTs converged to the Egqp, value of the
Zn0 monolayer surface, whereas the Eg,, of the SWCNTs depended
on their chirality. All armchair SWCNTs (Fig. 2b) showed a metallic
character, with Egy, values in the range of 0.04-0.07 eV. On the
other hand, E,qp of zigzag and chiral SWCNTs (see Table 2 and
Fig. 2d-f), according to the rule n — m=3k, was ~0.02 eV and
0.17 eV for (15,0) and (6,3) nanotubes, respectively. However, the
(5,0) nanotube, which, according to the rule, should have a semi-
conductor character, was in fact metallic, in agreement with the
studies of Ozgit-Akgun [12]. The curvature effects in nanotubes
with a small diameter can strongly influence the electrical
properties.

For the other chiral and zigzag SWCNTs, Eg,, was inversely
proportional to the diameter of the nanotube. Thus, for the largest
zigzag and chiral nanotubes, the small band gap could be
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Fig. 3. Band structure of (a) bulk, (b) ZnO (0001) surface, (c) (20,20), (d) (15,0), and (e) (8,5) single-walled ZnO nanotubes.

considered as that of a moderate semiconductor. These theoretical
results for Egq, of SWCNTs are in good agreement with the ex-
perimental values reported by Wildder [21] and colleagues.

However, Egq, of SWZnONTs converged to the value of the
monolayer surface; this did not occur in SWCNTSs, as the graphene
has Egq, of 0.2 eV.

The band structures and, DOS of SWZnONTs were plotted (50
bands at valence band (VB) and conduct band (CB), respectively, and,
the top of the VB coincides with zero energy) and compared with the
band structures of bulk and (0001) monolayer surface (Fig. 3).

All band structures of the armchair (Fig. 3c), zigzag (Fig. 3d),
and chiral (Fig. 3e) SWZnONTs exhibited a slightly similar beha-
vior, with a direct band gap at the /" point. The bands of zigzag and
chiral nanotubes were flatter than those of the armchair tubes.
Wang et al. [68], performed the simulations using a double nu-
merical basis set including d-polarization functions with Dmol
package and PBE functional. They also obtained direct band gap

energy at I point for the three chiralities; however, the shape of
CB for armchair and chiral showed some difference. Another
contrast with Wang's workis the decrease of Eg,, with diameter
increase, whereas this work pointed the opposite behavior.How-
ever, Zhigang and coworkers [72] also applied Dmol package with
BLYP functional and basis set including double zeta quality plus
polarization functions, their results are in agreement with the
present work. The possible disagreement between Wang, Zhigang
and this work is regarding to the applied functional and basis set.

The band gap of the monolayer surface (Fig. 3b), 4.56 eV, also
occurred at the I" point, and the bands were more scattered than
the bands observed for the nanotubes, which were concentrated
near the gap region.

The DOS of the ZnO bulk, monolayer surface, and SWZnONTs are
shown in Fig. 4. The analyses of the principal atomic orbital (AO)
component of selected bands were performed with a threshold of
0.10 a. u. for the significant eigenvector coefficients.
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The DOS of bulk and SWZnONTs showed a major contribution
from oxygen atoms in the top of the VB and zinc atoms in the
conduction band (CB); however, for the monolayer surface, the
zinc atoms contributed in both the VB and CB.

The selected AO components for the ZnO bulk and monolayer
surface (Fig. 4a and b) indicated that the top of the VB consisted
mainly of 2p,p, orbitals of O atoms and 3d,, orbitals of Zn atoms in
the approximate region between —10 and —4 eV. The bottom of
the CB had a dominant influence from the s orbitals of Zn atoms
for both morphologies, but the 2p, orbitals showed an intense
contribution for Zn and O atoms at ~10 eV.

All SWZnONTs (Fig. 4c-e) showed the pxp, orbital of Zn and O
atoms contributing at VB. In the CB, the s orbital of the Zn atoms
was the major contributor. However, the 3d orbitals presented a
great contribution in all the VB region, wherein the 3d,, and
3dX2_y2 orbitals contributed more significantly; in the (15,0) and
(8,5) nanotubes, the 3d,, orbitals prevailed, while, in the nanotube
(20,20), the 3d,2_ 2 orbitals dominated.
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The intense peak corresponding to the Zn 3d orbitals is com-
mon to all ZnO structures. The uppermost occupied bands assume
different shapes depending on the structure. In ZnO bulk, and
(0001) monolayer surface, the 3d orbitals presents a peak at —10
to —4 eV, that corresponds to 3d,,, and in SWZnONT, the peak
appears at ~1 eV. Another correspondence it is about the Zn s
orbital, that presents a contribution at CB in all ZnO structure, but
in SWZnONT, the peak of Zn s orbitals are more intense than for
bulk and surface.

As expected, the band structures of graphite and graphene
(Fig. 5a and b) indicated that their band gap is 0 eV, which is in
good agreement with other works conducted at different theory
levels [73,74]. Their DOS (Fig. 6a and b) showed major contribu-
tions from 2p, orbitals, near the top and bottom of the VB and CB,
respectively, i.e., in the gap region; in the inner bands, the con-
tribution switched between s and 2pxp, orbitals.

The band structure for armchair and chiral SWCNTs with
n — m=3k (Fig. 5¢ and d) showed that the top of the VB and
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Fig. 5. Band structure of (a) graphite, (b) graphene, (c) (20,20), (d) (15,0), (e) (8,5) single-walled carbon nanotubes.
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bottom of the CB approached each other, leading to a small Eg,p
between /" and X points (Dirac point), whereas the top of the VB
and bottom of the CB in graphite and graphene occurred at the M
and K points (Fig. 5b). The band structure of (15,0) nanotubes
exhibited direct band gap at the I” point, while, for (5,0), it was
between I" and X points. For nanotubes that did not show a me-
tallic character, the band gap occurred at the I" point of ~0.2 eV.
The DOS of the SWCNTs (Fig. 6¢c-e) showed a predominant con-
tribution of 2p, orbitals in all regions, with a small contribution of
s and 2pxp, orbitals in the inner regions of the VB and CB.

The overlap population for SWZnONTs with different chiralities
(see Table 1) showed the same value of the (0001) surface, 197 ml
el, when the nanotube diameter increased. However, nanotubes
and surface exhibited a stronger chemical bond covalent character
than that observed for the ZnO bulk, 143 mlel.

The SWCNT overlap population analyses exhibited an opposite
trend compared with those of the SWZnONTs; by increasing the
nanotube diameter, the covalent character decreased, approaching
that of graphite and graphene, 435 mlel.

The electrostatic and charge density maps along the C-C and
Zn-0 bonds (Figs. 1S and 2S) showed the main difference of po-
larity between them in each nanotube. Although no significant
differences were observed in the bond of each atom pair within
the symmetry, compared with CNTs, the ZnO bonds exhibited an
ionic character, as mentioned above. In highly strained nanotubes,
the bonds tend to become more tensioned and, consequently,
more polar. Correspondingly, the band gap changes faster under
those conditions.

As a result, in the case of SWZnONTS, Egyqain and Egq, does not
depend strongly on (n,m), but chiral nanotubes with small diameter
are more difficult to form (energetically instable); notably, all chiral
nanotubes with diameters up to 20 A can be formed as easily as
armchair and zigzag nanotubes, and all are energetically stable. For
SWCNTS, Egin does not depend on chirality, but chiral nanotubes are
more difficult to obtain; Egqp, strongly depends on the chirality for

zigzag and chiral nanotubes, which can be semiconducting or me-
tallic, depending on their diameter, (5,0), and if the difference be-
tween n and m is a multiple of 3. For armchair SWCNTS, Egg, remains
constant for all diameters. Owing to their properties, SWZnONTs and
SWCNTs can be used in photocatalysis, as both present, in all nano-
tube types, a major contribution from pyp, orbitals, which is critical
for photocatalysis. However, SWCNTs are organic and only the na-
notubes with semiconducting character can be applied, whereas the
SWZnONTs can be applied with different chiralities and sizes.

4. Conclusions

Gaussian basis set were performed to simulate the structural
and electronic properties as well as estimate the Egyqin and Eprm
values of SWZnONTs and SWCNTs with different chiralities as
functions of their diameters.

The simulation results showed that Egap, Estrain, and Eg,rm of all
SWZnONTs converged to ~4.5 eV, 0.0 eV/atom, and 0.40 eV/atom,
respectively, for diameters up to 20 A, indicating that the chirality
is not determinant at large diameters. For all SWZnONTs, Eform Was
larger than Eg,qin, Suggesting that the nanotubes are formed more
easily from the surface than from the bulk.

The analysis of the band structure and DOS of bulk, (0001)
monolayer surface, and SWZnONTs showed a direct band gap at
the I points of 3.21 eV, 4.56 eV, and 4.54 eV, respectively, with
major contributions from the pypy orbitals of oxygen and zinc
atoms in the VB and s orbital of zinc atoms in the CB.

The results obtained in this study are in agreement with the
experimental findings, not only from a structural point of view, but
also in relation to the electronic properties.

For armchair, zigzag, and chiral SWCNTS, Egqin converged to
0.0, 0.0, and 0.79 eV/atom, respectively, and Ep,m, to —0.76, —0.77,
and 0.02 eV/atom, respectively. Whereas Eg;qin, Was always posi-
tive, Efrm was negative for armchair and zigzag nanotubes, and
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positive for chiral nanotubes. The negative values of E,, suggest
that SWCNTs are preferentially formed from the bulk and that
armchair and zigzag nanotubes are formed almost instantly and
more easily than chiral nanotubes. This preferably formation from
bulk is expected because the structure of graphite has a layered
structure and the ZnO wurtzite structure has a different atomic
configuration. In contrast, the graphene has a similar structure of
(0001) surface of ZnO.

The band structures of graphite and graphene showed a direct
gap at the K point, while that of SWCNTs had a direct gap at the I”
point for (15,0) and (8,5), but, for all armchair nanotubes, the gap
occurred between the I and X points. The DOSs of graphite, gra-
phene, and SWCNTs showed major contributions from 2p, orbitals
throughout the entire range under investigation.

Comparing SWCNTs withSWZnONTs, the latter have higher
Eform than the former, suggesting that they are obtained more
easily from the surface, while CNTs can be obtained more easily
from the bulk. With respect to the band gap, ZnO nanotubes retain
a semiconductor character and their properties are conserved,
whereas the carbon nanotube properties depend on the chirality.
Therefore, synthesis control is necessary to obtain SWCNTs with
desired chirality.

Due to SWZnONTs electronic and optical properties, all chirality
of nanotubes with large diameter can be used interchangeably in
semiconductor applications.

The methodology and accuracy of our theoretical models from
bulk to surfaces and nanotubes is reliable and can be extended and
applied to other computational simulations, as doping or adsorp-
tion process.
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