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Abstract

In this study the adsorption of selenium molecule (Se,) on the outer surface of zigzag (5,0), (8,0) and
(10,0) carbon nanotubes has been investigated. We examined number adsorbed orientations as well as
different adsorption sites on nanotubes. The adsorption energies, equilibrium distances, energy
differences between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) and interaction angles between nanotubes and selenium molecule have been studied in
details. The results showed that the best angle of the selenium molecule with the nanotubes is zero
degree. Selenium adsorption on the external surface of zigzag nanotubes increased their electrical
conductivity. It is found that an increase in nanotubes diameter leads to an increase in their stability. The
adsorption energy values of selenium molecule on the surface of zigzag (5,0) and (8,0) nanotubes was
low and negative; therefore this was a physical adsorption and exothermic. Independent to the
orientation, the adsorption process of Se, on (10,0) nanotube showed chemisorption with large charge

transfer from nanotube to adsorbed molecule.
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1. INRODUCTION

Carbon nanotubes are of great research
interest because they are used in physical,
chemical, and nanotechnological
applications since the discovery of single
wall carbon nanotubes (SWCNTSs) [1, 2].
Due to specific chemical and physical
properties of carbon nanotubes, their
practical applications have been extended
in design of sensors, energy storage,
electrochemical and electronic devices [3]
and advanced technological innovation [4].
The electrical characteristic of SWCNTs
depends on their chirality (n, m) and tube
diameter [4]. The length and the sidewall
curvature have influence on electronic
structure and energetics of a nanotube [5-
9]. Due to large current carrying capacity
and thermal stability of metallic carbon

nanotubes, they have been identified as
potential candidates for interconnect
applications [10] and emission devices
[11]. The chemical reactivity of carbon
nanotubes arises from the formation of the
electron cloud on the wall of the tube. The
physical ~ properties and electronic
structures of organic p-aromatic materials
such as SWCNTs can be altered by
molecular interactions. During the last
decades, the research efforts have been
carried out to investigate properties
changes of SWCNTs due to adsorption of
foreign molecules or atoms on external
surface of carbon nanotubes [12-14]. The
adsorption of different molecules such as
oxygen, hydrogen, and methane on
SWCNTs has been studied [15]. Using
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density functional theory (DFT), Rafati et
al. [16] have investigated the adsorption of
oxygen molecules and atoms. In their
studies, adsorption of oxygen molecules on
the inner and the outer walls of the
SWCNTSs has been found to be physical
and chemical, respectively. Javid et al.
have studied chemical adsorption of
benzene on the inside and outside of the
SWCNTs using the density functional
theory [17]. Hydrogen storage has been
investigated inside armchair SWCNTSs
using molecular dynamics simulation by
Davoodi and co-workers. Their results
showed hydrogen storage within SWCNTs
for radius larger than (5,5 SWCNTs
radius [18].

The synthesis of SWCNTs produces a
mixture of metallic and semiconducting
nanotubes and so their applications are
limited in the presence of semiconducting
[19, 20] because of their low density of
states (DOS) around the Fermi level [13,
21]. To overcome this limitation, it is
possible to change the semiconductor
nanotubes to metallic ones or separate
them. However, the challenge is separation
of metallic nanotubes from the as-
synthesized mixture [22]. One can
functionalize  SWCNTs with transition
metals (TM) [23-28] and halogens [29] to
change their electrical properties from
semiconductor to metallic.

Selenium exhibits rich chemistry and
semiconductor properties, and has several
applications in electronics [30].
Nanostructured selenium has significant
potential for applications in solar cells,
sensors, photonic  devices, rectifiers,
xerography and photographic exposure
meters [31-33].

Although, selenium is not metal and does
not belong to halogen family, but Krishnan
and co-workers’s studies [34] showed that
adsorption of atomic selenium on the outer
surface of SWCNTs can convert the
semiconductor nanotubes to metallic and
increases the conductance of the metallic
and semimetallic ones. First-principles
calculations have been employed to

determine and rationalize the structural and
electronic properties of Se monomers,
dimmers, trimmers and wires interacting
with the semiconductor (8, 0) SWNT.
These results revealed the formation of Se
clusters on SWCNTSs because Se—Se bonds
show much favorite than Se—C ones [35].
For this reason, and in order to study the
effect of molecular orientation on the
adsorption, we investigated molecular
selenium adsorption on the outer surface of
SWCNT. It is the first ab initio theoretical
study on the structural and electronic
properties of the nano tube- selenium
molecule system. This is the first time to
gain a conclusive insight into the
interaction of Se molecule (Se;) with the
zigzag SWOCNTs. In this study, we
investigate the orientation of adsorbed Se,
on the outside surface of zigzag (5,0), (8,0)
and (10,0) carbon nanotubes. We have
determined the adsorption energies,
equilibrium distances, the energy gaps
between highest occupied molecular
orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) and interaction
angles between nanotubes and Se,. This
helps to make an understanding of the
relationship between nanotubes electrical
conductivity and their stability with the
adsorption of Se;.

2. COMPUTATIONAL METHOD

The Tube Gen [36] was used for drawing
of all SWCNTs geometries. During the
adsorption of Se, on SWCNTSs, the
structural and electronic properties of the
tube-molecule  systems have  been
investigated using the DFT. DFT
calculations were performed using Becke’s
three-parameter exchange functional with
the Lee-Yang-Parr correlation functional
(B3LYP) [37, 38]. The Los Alamos
effective core potential with second
double-zeta (LANL2DZ) [39] was used as
the basis set. Calculations were carried out
using Gaussian 03 software [40]. The
selection of this level of theory was based
on the success of the applied methods in
theoretical studies of the chemistry of
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SWCNTSs [41-45] and their substitutionally
doped analogs by several research groups
[46, 47] and limitation of computational
costs arising from the size of the studied
system and the inclusion of selenium
dimmer. Abadir et al. in their study about
the effect of the basis set choice on the
results of carbon nanotubes DFT
calculations, recommended a double-zeta
polarized basis set for predicting the
population analysis and electronic structure
of a nanotube and a physisorbed
biomolecule [48].

The calculated vibrational frequencies
for all the structures indicate no imaginary
frequency, but show that these conformers
all correspond to the true minima on the
potential energy surface.

In the present work, we have used a
carbon nanotube of zigzag type. For
SWCNTSs, calculations were performed to
obtain the adsorption energy curves as well
as the equilibrium tube-molecule distance
for each system. The natural bond orbital
(NBO) has been used to obtain the total
charge transfers (Qq) from the nanotubes
to the Se.

To study the interactions of Se, with the
zigzag (5,0), (8,0) and (10,0) SWCNTSs,
different adsorption sites on top of the
carbon atoms of the nanotube were
considered. Average distance between C-C
atoms was 1.42 A and diameter of the
(5,0), (8,0) and (10,0) nanotubes were 3.96
, 6.3 and 7.86 A, respectively. The number
of carbon atoms in the (5,0), (8,0) and
(10,0) nanotubes were 62, 82, and 102,
respectively. Different possible
orientations of the Se, for adsorption on
the outside of the carbon nanotubes were
investigated (in angles 0, 45, 90 and 135°).
We calculated the total energy of the tube-
molecule system (Eiwpese) as well as the
distinct tube (Ewpe) and Se; (Ese). The
adsorption energy (Eag) can be calculated
with the basis sets corrections by

Ead:E(tube-Se)'(Etube+ Ese)+BSSE (1)

where BSSE is basis set superposition
error and is eliminated by the standard
counterpoise correction method of Boys
and Bernardi [49].

2. RESULTS AND DISCUSSION

In order to investigate the adsorption of
Se, and find the most stable adsorption
configurations, Se, are initially placed at
different orientations and positions above
the surface of tubes. Figure 1 demonstrates
different locations on the nanotube where
Se, can be placed. In site A, the selenium
molecule is placed on carbon atom which
is at the end of the tube. In position C, this
molecule is placed on the middle carbon.
In sites B and E the selenium molecule is
placed on the bond between the two
carbons and in location D it is placed at the
center of the ring.

J

“a
R

%
ej‘, Pa
.
g,

Figure 1. Different orientations of
selenium molecule on the nanotube.

Figure 2 shows the energy of the (10,0)
nanotube structure with selenium molecule
in positions A, B, C, D and E based on the
distance between selenium molecule and
the nanotube. As Figure 2 demonstrates,
the adsorption energy in location A is less
negative than other positions which
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represents the weaker adsorption of
selenium molecule with the nanotube. The
most stable position for Se, on the

nanotube is where the adsorption energy is
the least. Therefore, site A is not suitable
for selenium molecule.
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Figure 2. Energy of the (10,0) nanotube structure with selenium molecule.

The adsorption energy values of selenium
molecule with nanotube in sites B, C, D and
E are almost equal and they are more
negative than location A. Thus, each of
these positions is a suitable site for
placement of Se,, but the most negative
adsorption energy belongs to location C and
in this study, the Se;, is placed in site C.
Similar findings have also been obtained
for the adsorption of Se, on (5,0) and (8,0)
nanotubes.

By varying the direction of the placement
of Se;, with respect to carbon nanotube axis
with angles 0°, 45°, 90°, and 135°, the best
orientation of selenium can be achieved.
This study was done at the above-
mentioned angles.

Figure 3 demonstrates the placement of Se,
at different angles with respect to the
external surface of the (8,0) nanotube.

Table 1 shows the adsorption energy,
HOMO, LUMO and energy gap and
equilibrium distance between selenium
molecule and the external surface of the
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Figure 3. Placement of Se, at different
angles with respect to the external surface
of the (8,0) nanotube.

(5,0), (8,0), and (10,0) nanotubes at angles
0°,45°,90°, and 135° in site C.

As Table 1 demonstrates, the best
orientation of selenium with respect to
carbon nanotube is angle 0°. This can be
attributed to selenium molecule being
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Table 1. The absorption energy, HOMO,
LUMO energies, gap energy and
equilibrium distance of Se, adsorbed on the
external surface of the nanotubes at
different angles.

SWCNT 0 Eaq Enomo ELumo Egap

(n.m) CONG (kcal/mol) (V) V) V)
G0 0 460 1056 539 48 054
.0) 45 3.00 -0.68 449 385 064
.0) 9% 3.80 6.92 535 459 075
.0) 135 400 -6.04 519 438 081
©0) 0 420 14.00 434 404 030
8.0) 45 480 11.32 432 394 037
8.0) 9% 465 9.25 432 391 041
8.0) 135 420 -10.31 434 399 035
(100) 0 4.20 25.37 424 389 035
(10,0) 45 420 2145 431 394 037
(10,0) ) 3.80 2329 432 39 036
(10,0) 135 330 2237 430 396 037

exactly in line with the axis of the zigzag
nanotube. Selenium molecule prefers to
have the smallest angle with the tube axis;
this angle is in line with angle of the zigzag
nanotube (Figure 4).

Figure 4. The axis of the zigzas nanotube.

As can be seen from table 1, the
interaction distances are 4.20, 4.20, 3.80,
3.30 A and adsorption energy values of the
Se, on the external wall of the (10,0) carbon
nanotube are -25.37, -21.45, -23.29 and -

22.37 kcal/mol at angles 0°, 45°, 90°, and
135°, respectively, suggesting
chemisorption. For the rest of the
configurations, the adsorption energies are
less negative than —15 kcal/mol, indicating
that the adsorption process is physisorsption
in nature and the Se, is stabilized on the
surfaces of the (5,0) and (8,0) nanotubes
without any type of chemical bonding
between them as the adsorption values are
negative and the phenomenon is
exothermic. As table 1 shows, adsorption
energies at 0° for (5,0), (8,0), and (10,0)
nanotubes are -10.56, -14.00, and -25.37
kcal/mol, respectively. These results show
that at the best orientation (0°), adsorption
energy decreases with the increase of the
diameter of tube. Adsorption energy for
(10,0) nanotube is more negative than that
of (5,0) and (8,0) nanotubes. This is
probably due to the large diameter of (10,0)
nanotube as well as the larger number of
carbons of this nanotube. As the diameter
of (8,0) nanotube is larger than that of
nanotube (5,0), its energy is lower too. In
other words, as the nanotube diameter
increases, the stability of the nanotube-
selenium system increases.

The energy gap (Egap) Which is energy
difference between the HOMO and LUMO
for all nanotubes used in the present work
before adsorption of selenium are collected
in table 2. It is seen that the calculated band
gaps of (8,0) and (10,0) tubes are almost the
same, while the gap is much larger for (5,0)
tube. This is due to the smaller diameter of
this nanotube comparing to the other
nanotubes, but, as the (8,0) and (10,0)
nanotubes are not very different regarding
their diameters, the difference in their
energy gap is not noticeable.

Calculated Egy, for adsorption of selenium
molecule on (5,0) nanotube range from 0.54
to 0.81 eV, while it is 0.93 eV for bare (5,0)
nanotube. Therefore, adsorption of Se, has
significant effect on the electronic structure
of (5,0) nanotube. On the contrary, for
adsorption of Se, on the (8,0) and (10,0)
nanotubes, HOMO and LUMO levels
change slightly and consequently
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Table 2. HOMO energies (Exomo), LUMO
energies (ELumo) and HOMO-LUMO
energy gap (Egap) and Fermi energies (Eg)
of the nanotubes (eV).

SWCNT Enomo ELumo Egap Er

(n,m) (eV) (eV) (V)  (eV)
(5,0) -4.21 328 093 -3.75
(8.,0) -4.07 365 042  -3.86
(10,0) -4.10 -3.60 041 -3.90

their Egap values are almost unchanged. Egap
values for the configurations of (8,0) and
(10,0) nanotubes vary in the range between
0.30-041 eV and 0.35-0.37 eV,
respectively, compared to 0.42 eV for bare
(8,0) nanotube and 0.41 eV for bare (10,0)
nanotube. Egyp has the least value at 0° for
all nanotubes. Table 1 shows that variations
in the orientation of selenium molecule at
angles 45°, 90°, and 135° doesn't have an
equal effect on the energy gap of (5,0),
(8,0), and (10,0) nanotubes. Regarding
(10,0) nanotube Egqp at 45°, 90°, and 135°
does not have noticeable differences. The
effect of selenium's approaching (8,0)
nanotube at the mentioned angles is similar
to that of (10,0) nanotube; but, in (5,0)
nanotube, as the angle increases, the Egap
value increases. Compared with (8,0) and
(10,0) nanotubes, the (5,0) nanotube has a
smaller diameter, and the orientation
variation of the adsorbed molecule on its
energy gap is distinct. By the increase in the
angle and selenium's receding from the
nanotube axis, the amount of Eg,, increases
and electric conduction decreases.

As HOMO energy is usually used as a
criterion for determining the electrophilicity
ability of a molecule, an increase in the
amount of HOMO energy with the
appropriate orientation of the adsorbed
molecule to give the electrons of this orbital
to a suitable recipient, can lead to the
increase in reaction, and finally leads to
better adsorption. Table 1 indicates that the
placement of selenium molecule at angle 0°
relative to the axis of the nanotube leads to
decrease in energy gap. Therefore, electric
conduction of the nanotube increases by the
adsorption of Se,.

To verify the effect of the Se, adsorption
on the electronic properties of nanotubes,
the DOSs of some Se,- nanotubes systems
were calculated and indicated in Figure 5.
Consistent with adsorption energies, the
DOS analysis shows that interactions
between Se, and (5,0) and (8,0) nanotubes
are weaker than (10,0) nanotube. Inspection
of the Figure 5 indicates that in Se,-(10,0)
nanotube system the strong interaction
causes dramatic changes in the DOS on
both sides near the Fermi level.

Figure 5. DOSs for the bar nanotubes
(black curves) and Se,-nanotubes systems
(red curves) calculated for the
configurations at 0° shown in table 1. The
dashed lines shows the Fermi energies. (a)
(5,0) nanotube, (b) (8,0) nanotube, (c)
(10,0) nanotube.

To investigate the molecular properties,
the total charge transfer (Q.:), defined as the
charge variation in considered nanotubes
caused by the adsorption of Se, molecule, is
calculated based on natural bond orbital
(NBO) population schemes [50]. The NBO
population analysis indicates charge
transfers from nanotubes to the Se,. High
charge transfer from nanotubes to Se; is an
indicator of acceptor character of selenium
molecule. In the most stable configurations,
the Se, adsorbed aligns along the carbon
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nanotube axis, the transferred charges from
the (5,0), (8,0) and (10,0) nanotubes to Se,
are -0.321 e, -0.451 e, and -0.297 e,
respectively. These charge transfers can be
predicted by the location of the HOMO and
LUMO energy levels of Se, with respect to
the Fermi levels of nanotubes. The HOMO
and LUMO energies of Se, calculated at
B3LYP level are -5.35 and -6.08 eV. The
Fermi levels of (5,0), (8,0) and (10,0)
nanotubes are -3.75, -3.86 and -3.90 eV,
respectively (table 2). Previous
investigations [51, 52] have shown that
adsorbates with the LUMO lying below the
graphene Fermi level, act as acceptor and
graphene exhibits p-type semiconducting.
Since graphenes have many properties
similar to SWCNTs, so the results of
present work for nanotubes are in
agreement with previous studies for
grapheme [51, 52]. Consequently, all
studied nanotubes  exhibit  p-type
semiconducting due to Se, adsorption.

3. CONCLUSION
Studying the energy curves of selenium
molecule’s approaching the nanotubes
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