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a  b  s  t  r  a  c  t

Density  functional  theory  calculations  were  performed  to  investigate  the  geometrical,  electronic  and
adsorption  properties  of  stanene  based nanotubes  in order  to  fully  exploit  the  gas  sensing  capability
of  these  nanotubes.  The  strain  energy,  structural  parameters  and  electronic  properties  of  stanene-based
nanotubes  with  armchair  and  zigzag  chirality  with  various  diameters  were  examined  in detail.  The  results
show that,  these  nanotubes  have  a  buckled  structure,  in  which  the tin atoms  were  arranged  in chair-
like  honeycomb  configuration.  Calculated  strain  energy  for  considered  nanotubes  are relatively  small
compared  to  some  other  nanotubes  pointed  to  flexibility  of  stanene  mono  layer.  It was  found  that  the
strain  energies  for (4,  0),  (5,  0)  and  (6, 0)  nanotubes  have  negative  values,  indicating  their  stability  with
respect  to stanene  nanosheet.  The  band  structure  calculations  reveal  that  the armchair  nanotubes  are
semiconductors  with  two maximums  with  nearly  same  energies  in  valence  band.  However,  the  zigzag
ones  show  both  conductor  and  semiconductor  behaviors  by direct  band  gap  in �  point. Also  the spatial
distribution  of  molecular  orbitals  in valence  band  maximums  and  conduction  band  minimums  were
presented  and discussed.  Moreover,  the  adsorption  behaviors  of  (6,  6)  and  (8,  8)  nanotubes  as  chemical
O3 detection  device  were  investigated  in  detail.  We  found  that O3 molecule  dissociates  into  O2 over
the  considered  nanotubes,  being  an  effective  strategy  to  help  in  the  reduction  of  the  concentration  of
these  harmful  pollutants  in  the environment.  The  results  also  suggest  that  O3 dissociation  over  the (6,
6)  nanotube  is more  favorable  in energy  than  that on the  (8,  8)  nanotube.  The  results  present  a  great
potential  of stanene  based  nanotube  for  application  as  a highly  sensitive  ozone  gas  sensor.

©  2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Following the discovery of carbon nanotubes in 1991 [1], try-
ing to explore and synthesis of different types of nanotubes and
study their properties have been demonstrated to be of eminent
importance in different fields of science and technology [2–5]. In
the past decades, various researchers show that the properties
of these one-dimensional nanostructures are different from their
corresponding bulk materials, and in many cases depend on their
chirality. For example, the armchair carbon nanotubes are conduc-
tor while the zigzag ones act as both conductor and semiconductor
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[6]. Exciting properties of these materials make them promising
for next generation nanodevices especially in nanoelectronics field
[7–10]. Despite the nanotubes formed from group IV elements
except for tin, especially carbon and silicon nanotubes, which have
been widely attracted attentions, the nanotubes of tin have not
been investigated so far.

Stanene is a group IV graphene-like nano material constructed
from tin atoms in a buckled configuration, which first pre-
dicted theoretically [11,12], and then synthesized by Zhu et al.
[13]. Some unique properties of stanene such as the large-gap
two-dimensional quantum spin Hall states, topological supercon-
ductivity and the near-room-temperature quantum anomalous
Hall effect, have been presented by the recently published arti-
cles, which make it attractive for study. Recently, a huge surge of
interest has arisen in the investigation of adsorption behaviors of
graphene and graphene like two-dimensional materials. The study

https://doi.org/10.1016/j.apsusc.2017.11.155
0169-4332/© 2017 Elsevier B.V. All rights reserved.

https://doi.org/10.1016/j.apsusc.2017.11.155
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2017.11.155&domain=pdf
mailto:a_abbasi@azaruniv.edu
https://doi.org/10.1016/j.apsusc.2017.11.155


734 A. Abbasi et al. / Applied Surface Science 435 (2018) 733–742

of the adsorption properties of different materials applied as chem-
ical gas sensing devices is currently focused on the fabrication of
new sensing materials with high performance. In this regard, Zhang
et al. examined the sensing capabilities of various TiO2 and car-
bon based nanostructures using DFT computations [14–16]. The
adsorption of ozone molecule on graphene has been investigated by
combined theoretical and experimental study [17]. The interaction
of ozone molecule with carbon nanotubes has been studied exper-
imentally [18–22] and theoretically [23–27]. Experimental studies
have exhibited that ozone-adsorbed CNTs possess surface-bound
functional groups such as C O, C C and C O, and a heat treat-
ment (T �>  473 K) of the ozone-adsorbed CNT causes releasing of
CO2 and CO in the environment [18]. Based on theoretical studies,
it was found that the adsorption energy of O3 molecule on CNT
is 0.2–0.3 eV depending on the diameter and chirality [23,28,29].
According to the theoretical study of Park et al. [30], the surface
of graphene has smaller reactivity than that of CNTs. Therefore,
the interaction of O3 with CNTs is strongly favored rather than
graphene surface. Understanding on the ozone interaction with
stanene nanotubes is not established, so far. Based on these find-
ings, we have studied the interaction of O3 molecule with stanene
nanotubes.

O3 molecule is a well-known air pollutant, which has detrimen-
tal impacts on respiratory tissues and ocular mucosa. The main
target of tropospheric ozone in the human body is the lung, making
harmful effects on body performance. Also, the injurious impacts
of O3 molecule on the eyes and the nervous system have been
addressed in detail [31]. Due to the important role of O3 from the
atmospheric protection and toxicology point of view, O3 removal
by efficient adsorbents would be necessary. Therefore, it is of emi-
nent importance to make efforts in the design and development of
novel stanene based nanotube sensors.

In this work, the nanotubes formed from stanene were studied
by the help of density functional theory, DFT, method. The consid-
ered nanotubes have both armchair and zigzag chirality with the

diameters in the range of 9.45–37.73 ´̊A and 4.48-21.37 ´̊A, respec-
tively. The computed properties included optimized geometrical
structures, strain energies and electronic properties of the con-
sidered nanotubes. In this paper, we have also performed a set of
systematic density functional theory (DFT) calculations to examine
the interaction of ozone molecule with (6, 6) and (8, 8) stanene
based nanotubes and identify the chemisorption binding of O3
molecule to the substrate. The main aim of this study is to exam-
ine the structural and electronic properties of novel stanene based
nanotubes and discover the excellent sensing properties of these
nanomaterials for harmful ozone gas detection. Fig. 1 shows a
schematic representation of a stanene based nanotube for sensing
of ozone molecule in the environment.

2. Computational details

The considered stanene based nanotubes, SnNTs, can be
obtained by rolling up stanene mono layers and labeled by (n, m)
same as carbon nanotubes [32]. In this research, we performed our
calculations for armchair (n, n), a-SnNTs, and zigzag (n, 0), z-SnNTs,
nanotubes, in which n belongs to {4, . . .,  10, 12, 15}. The structural
models of the considered nanotubes have been made by the help of
Graphical Display Interface for Structures, GDIS [33]. We  used DFT
in the framework of conjugated gradient algorithm. Our DFT com-
putations were carried out by SIESTA suite of computer codes [34].
The Generalized gradients approximation, GGA, parameterized by
Pedrew-Burke-Ernzerhof, PBE, have been used for the exchange
correlation functional [35]. We  used the Trouiller-Martins norm-
conserving pseudopotential [36] for core electrons and DZP basis
sets for valence atoms.

Table 1
Calculated values for diameter (D), buckling parameter (B), unit cell length (L), strain
energy (Estr), energy band gap (Eg), and energy differences between two maximums
in  valence band (�EV) of a-SnNTs.

(n, n) D ( ´̊A) B ( ´̊A) L ( ´̊A) Estr (eV) Eg (eV) �EV (eV)

(4, 4) 9.45 0.96 4.63 0.010 0.45 −0.203
(5, 5) 12.24 0.91 4.64 0.007 0.42 −0.008
(6, 6) 14.58 0.91 4.64 0.005 0.33 0.041
(7, 7) 17.30 0.90 4.65 0.004 0.28 0.084
(8, 8) 19.72 0.90 4.65 0.003 0.24 0.120
(9, 9) 22.39 0.89 4.65 0.002 0.21 0.144
(10, 10) 24.82 0.89 4.65 0.004 0.18 0.244
(12, 12) 29.98 0.89 4.65 0.004 0.15 0.201
(15, 15) 37.73 0.89 4.65 0.003 0.12 0.233

In order to obtain the optimized configuration, the unit cells
of considered nanotubes were relaxed in axial direction until the
stress components were less than 1 GPa. Also, the atomic positions
in the unit cell were optimized until the atomic forces were less

than 0.02 eV/ ´̊A. We  used 50 k-points sampling along the tube axis
according to Monkhorst-Pack approach for calculation the total
energy and band structure [37]. The open-source program XCrys-
Den [38] was employed for visualizing data such as molecular
orbitals and other figures. We  have also calculated the adsorption
properties of both (6, 6) and (8, 8) stanene based nanotubes includ-
ing the analysis of the adsorption energies and projected density of
states. Our total energy calculations were performed using the open
source package for material eXplorer (OPENMX3.8) [39]. We  found
that the O3 molecule coordinates to the (6, 6) and (8, 8) nanotube
in a bridge geometry, leading to the dissociation of O3 molecule
over the nanotube. Gas-phase O3 molecule has a bent geometrical
structure with calculated O-O bond length of 1.278 Å and O O O
bond angle of 117◦, based on GGA functional, in accordance with
previously reported theoretical and experimental results [40]. We
used the term desorption energy (Ead) to describe the binding of
the O3 molecule to the stanene based nanotubes. The adsorption
energies are obtained using

Ead= E(composite + adsorbate) − Ecomposite – Eadsorbate (1)

Here, E( substrate + adsorbate ) is the total energy of the nanotube
with O3 molecule on its surface, E substrate is the energy of the stanene
based nanotube without O3 molecule, and E adsorbate represents the
energy of an isolated O3 molecule at its equilibrium structure. By
this definition, a negative adsorption energy value represents that
the adsorption process is more energetically favorable.

3. Results and discussion

3.1. Geometrical structure and strain energy

At the first, the optimized geometrical structures for a-SnNTs
and z-SnNTs with various diameters were obtained. The optimized
structure of (6, 6) and (12, 0) SnNTs were represented in Fig. 2(a)
and (b), respectively. These figures show that the Sn atoms were
positioned on two  curvature layers because of the buckled hon-
eycomb arrangement of Sn atoms. The radial distance between
these two  atomic curvatures is known as buckling parameter, B.
The results show that for a-SnNT, B parameter decreases from

0.96 ´̊A by increasing the nanotube diameter and converges to the

value of 0.89 ´̊A. However, for z-SnNTs, B parameter increases from

1.29–1.53 ´̊A for n = 4 to n = 6, then decreases by increasing diame-

ter until 0.90 ´̊A for n = 15. These high values for B in small diameter
z-SnNTs, probably arise from more disturbance in chair conforma-
tion of Sn cyclohexane-like rings. Tables 1 and 2 summarize the B
parameter for the considered nanotubes.
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