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Abstract

A density function theory (DFT) is applied to investigate the interaction and adsorption of nitrate ion on the exterior and
interior surface of the pristine, Al and Ga-doped BNNTSs. The calculated results indicate that the values of adsorption energy
and enthalpy of the NO;~ @ Al-doped BNNTs complex is more negative than pristine and Ga-doped. The adsorption energy
nitrate ion on the surface of BNNTSs is in order Al-doped > Ga-doped > pristine. This result demonstrates that the adsorption
of nitrate ion on the surface of Al-doped BNNTs is stronger than Ga doped and pristine states. The chemical potential (n)
values for nitrate ion adsorption on the pristine, Al and Ga doped BNNTs are negative and is in order pigine > Hal-doped >
MGa-doped- 1t means that these compounds are stable. The values of Vzp(ch and Hgcp) for [(NO3)O...B(BNNTSs)] at the all
adsorption models are positive and the |V/Gl ratio for all models is > 2, it denotes the strong electrostatic interaction between
nitrate ion with nanotube. In addition, the results of natural bonding orbital (NBO) and maximum charge transfer parameters
(AN) indicate that at all adsorption models, the charge transfer occurs from nitrate ion toward nanotube and nanotube acts

as p-type semiconductor.

Keywords BNNTSs - Al and Ga-doped - NO;™ adsorption - DFT - RDG - NBO

1 Introduction

One of the most contaminants and pollutants compound of
the environmental and surface or ground waters is nitrate
ion (NO;™) (Oztiirk and Bektas 2004; Xing et al. 2011). The
main sources of nitrate ion in the water and environmental
are industrial wastes, detergent manufacturing, chemical and
natural fertilizers and municipal wastewater (Samatya et al.
2006a, b; Milmile et al. 2011). When nitrate ion is abun-
dantly introduced into the water ways, it causes rapid growth
of the liver and heavy algal and thus causes stimuli eutrophi-
cation and pollution of the environment (Conley et al. 2009;
Mishra and Patel 2009). A high concentration of nitrate
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ions in drinking water and environmental system is a seri-
ous hazard to human health causing abnormalities such as
vomiting, diarrhea, increased infant mortality, hypertension,
central nervous system birth defects, respiratory tract infec-
tions diabetes, changes to the immune system and cancer-
ous growths in the human digestion system (Mossa Hosseini
et al. 2011; Fewtrell 2004; Samatya et al. 2006). Nitrate ion
is a very stable, highly soluble ion in water that is difficult
to remove by conventional water treatment methods such as
coagulation, electrochemistry, flocculation, lime softening
or surface adsorption processes (Milmile et al. 2011; Conley
et al. 2009; Della Rocca et al. 2007; Mishra and Patel 2009;
Mossa Hosseini et al. 2011; Hendricks 2006). In the recent
years, various forms of carbon nano particle, graphene,
their composites, and other compounds have been used to
improve the adsorption of nitrate ions (Ganesan et al. 2013;
Dai et al. 2009; Wehling et al. 2008; Chang et al. 2001; Yim
et al. 2003).

One of the novel nano compounds that is most con-
sidered by empirical and theoretical researchers is boron
nitride nanotube. Boron nitride nanotube (BNNTSs) was
first theoretically predicted in 1994 (Rubio et al. 1994) and
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then experimentally synthesized in 1995 by Chopra and co-
workers (1995).

In the recent years, the adsorption and interaction of CO
(Tontapha et al. 2013; Xie et al. 2012; Wang et al. 2014;
Wang and Zhang 2008; Roohi et al. 2017), NO (Xie et al.
2012; Wang et al. 2014; Roohi et al. 2017), CO, (Paura
et al. 2014; Mahdavifar and Abbasi 2014; Shao et al. 2013;
Tabtimsai et al. 2014), NH; (Soltani et al. 2012), H,0, (Sol-
tani et al. 2013), Imidazole (Ahmadi Peyghan et al. 2013),
Phosgene gas (Hosseinian et al. 2018), Noble gases (Wang
and Guo 2017), Anti-cancer drug (Wang et al. 2017; Hesabi
and Behjatmanesh-Ardakani 2017; Noei et al. 2017), Ethyl
benzene (Noei et al. 2017), SO, (Noei 2017), Chitosan (Rod-
riguez Juarez et al. 2013), Deuterium (Koswattage et al.
2011) Ammonia borane (Ahmadi Peyghan et al. 2014), and
Nitramide (Kakemam and Noei 2014) on the surface of pris-
tine and doped BNNTSs was investigated by using theoretical
methods. The results of these studies proved that pure and
substituted boron nitride nanotubes with different elements
can be a good absorbent for the above-mentioned pollutants.
The electrical and optical properties of the BNNTs are sig-
nificantly altered by the absorption of pollutant gases, which
is used to provide nanosensors.

Following our pervious study (Rezaei-Sameti and Yag-
hoobi 2015; Rezaei-Sameti and; Moradi 2017; Rezaei-
Sameti and Samadi Jamil 2016), in this work, we have
decided to investigate nitrate ion adsorption on the surface
of pristine, Al and Ga doped boron nitride nanotubes by

using density function theory. For this purpose, we consider
various different configurations for adsorption of nitrate ion
on the surface of nanotube. At first step the considered mod-
els are optimized at B3LYP/3-21G level of theory, and then
among of all optimized configurations, we selected the sta-
ble adsorption models without imaginary frequency. The let-
ters of D, E and F denote to the pristine, Al and Ga-doped (8,
0) zigzag BNNTs, (a) and (e) indexes are applied to deter-
mine the adsorption of NO;~ from O atoms head on the
exterior surface and interior surface of nanotube. The opti-
mized adsorption models are shown in Fig. 1. The electrical
properties, thermodynamic, quantum, natural bond orbital
(NBO), reduced density gradient (RDG), atom in molecule
(AIM) and electrostatic potentials (ESP) are calculated and
results are analyzed. The results of this study may be useful
for making an adsorbent for nitrate ion.

2 Computational methods

In the current work, the structures of all selected adsorp-
tion models are optimized by DFT methods at the Cam-
B3LYP/6-31G (d) level of theory (Zhang et al. 2014) with
performing the GAMESS suite of programs (Ditchfield
et al. 1972; Schmidt et al. 1993). The optimization crite-
ria (Max. force =0.00052, RMS force =0.00042, Max dis-
placement=0.0002 and RMS displacement=0.0008) and
confirmed by vibrational frequency calculations. From

Fig. 1 2D views for NO;~
adsorption on the surface of
BNNTs in models D-a, D-e,
E-a, E-e, F-a and F-e
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optimized structures the adsorption and thermodynamic
parameters of system are calculated by Egs. (1) and (2).

Eq = BNNTs/NO;, — (Egyyrs + Eno,-) + BSSE )
AF = Fgyyryno; — (Fawnrs + Fro,-) F: H;GS
@)

The Egyyr, /NO Egnnr, and ENO; obtained from potential

energy of the BNNTs/NO;™~ complex, BNNTs and NO;™ ion
respectively and the BSSE is base set superposition error.
The calculated results indicate that the BSSE for all adsorp-
tion models is in range 0.00065-0.00115 eV. The Fyyyy;/no.,»
Fgyyre and Fyo, are thermodynamic parameters such as
enthalpy energy (H), Gibbs free energy (G) and entropy (S)
for the BNNTs/NO;~ complex, BNNTs and NO;~ ion
respectively. By using the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) energy, the gap energy (E,,, = E;yno — Enomo)

ErypotEnomo

electronic chemical potential | u = , global

E,ymo—E .
hardness <11 = w ), and maximum charge transfer

parameters (AN = _n—” ) are calculated for all selected models

(Rezaei-Sameti and Yaghoobi 2015; Rezaei-Sameti and;
Moradi 2017; Rezaei-Sameti and Samadi Jamil 2016).

3 Results and discussion

3.1 The adsorption energy and thermodynamic
parameters

To find the stable adsorption configuration as a preliminary
test, we consider various possible adsorption geometries
for nitrate ion on the exterior and interior surface of (8,0)
zigzag BNNTSs, and after optimizing all of the studied struc-
tures, we selected the most stable adsorption models such
as D-a, D-e, E-a, E-e, F-a and F-e (see Fig. 1). The B-N
bond length and gap energy of pristine (8,0) zigzag BNNTSs

is about 1.45 A and 5.70 eV, which is in agreement with
previous report (Jamshid 2017; Deng et al. 2016), and the
average diameter of nanotube is about 6.40 A. We can see
(in Table 1), in the D-a, E-a, and F-a models the distance
between nitrate ion and nanotube are as follows: 1.57, 1.85
and 1.93 A respectively. An interesting point is that the
replacement of Al and Ga atoms instead of the boron atom
(in the E-a and F-a models) increases the bonding distance
between the nanotubes and the nitrate ion. According to
the calculated results of Table 1, with doping of Al and Ga
atoms (in the E-a and F-a models), the amount of adsorp-
tion energy and enthalpy of system are become more nega-
tive than pristine models. The negative values of adsorp-
tion and enthalpy energies of system indicate an attractive
interaction between the nitrate ion and BNNTSs; thus, it also
indicates the combining processes of the hybrid systems
are exothermic. It is interesting to note that by doping Al
atom (E-a model), the adsorption process is more favorable
than the replacement of Ga atom (F-a model). The more
negative values of absorption and enthalpy energies show
that the nitrate ion has strong chemical interaction with the
Al-doped BNNTSs, thus the stable adsorbed structures are
formed. Inspection of results indicate that with doping Al
and Ga atoms the adsorption of nitrate ion on the exterior
and interior layer of nanotube increase significantly from
pristine model, the increment of adsorption nitrate ion on
the exterior and interior surface of nanotubes is in order
Al-doped(E-a) > Ga-doped(F-a) > pristine(D-a) and Ga-
doped(F-e) > Al-doped(E-e) > pristine(D-e) respectively.
The values of dipole moment indicate that the polarity of
system decreases by doping Al&Ga atoms and adsorbing of
nitrate ion on the surface of nanotube, which is the desired
attribute for nitrate ion adsorption from environmental. The
calculated results demonstrate that the adsorption energy
and enthalpy of the adsorption process have inverse trend
with the dipole moment. In addition the results of NBO and
Mulliken charges show that upon adsorption of nitrate ion on
the exterior and interior surface of pristine, Al and Ga doped
BNNTs, the charge transfer occurs from nitrate ion toward
nanotube and nanotube acts as p-type semiconductor. The
Gibbs free energy of NO;~ @ nanotube complex is negative

Table 1 The thermodynamic parameters and NBO& Mulliken charge for NO;™ adsorption on the surface of BNNTs in models D, E and F (see

Fig. 1)

Properties AH (kcal/mol) AG (kcal/mol) AS (cal/mol) E, 4 (kcal/mol) Yy (debay) d(A) APputtiken Apngo
D-a —39.24 —26.81 -41.71 —39.56 15.32 1.57 0.404 0.404
D-e —-38.01 —84.39 —42.09 —38.12 19.47 2.34 0.310 0.259
E-a —86.37 -73.32 —43.77 —85.33 14.63 1.85 0.452 0.460
E-e —51.33 —-35.95 —-51.61 —49.40 11.15 1.97 0.367 0.314
F-a —84.86 -71.73 —44.04 —83.85 15.04 1.93 0.421 0.305
F-e -51.79 —-36.43 —51.54 —49.82 10.17 2.02 0.368 0.316
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and indicates that the adsorption process is spontaneously
in view of thermodynamic approach.

3.2 Electronic structure properties of system

To understand the electronic properties of NO;™ adsorp-
tion on the exterior and interior surface of pristine, Al
and Ga doped BNNTSs we calculated the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) and quantum parameters. The
HOMO and LUMO plots are shown in Fig. 2 and the cal-
culated quantum parameters such as HOMO and LUMO

energy; Fermi level energy, gap energy (E,,,), global hard-
ness (1), electro chemical potential (1) and charge transfer
parameters (AN) are presented in Table 2. As we know
HOMO orbital is the outer orbital containing electrons,
tend to give these electrons as an electron donor and hence
the ionization potential is directly related to the energy
of the HOMO and LUMO orbital accept electrons and
the LUMO energy is directly related to electron affin-
ity. According to calculated results of Fig. 2, the HOMO
orbital density at the D-a, E-a and F-a models are localized
on the surface of nanotube around adsorption position,
while the LUMO orbital density is localized on surface

Fig.2 Plots of HOMO and
LUMO orbital structures for
NO;™ adsorption on the surface
of BNNTs in models D-a, D-e,
E-a, E-e, F-a and F-e

D-a-L

>

F-a-L

D-e-H D-e-L

E-e-H E-e-L F-e-H F-e-L
Table 2 The quantuEn . Properties (eV) D D-a D-e E E-a E-e F F-a F-f
parameters for NO;~ adsorption
on the surface of BNNTS in Eiom0) -655 —508 —506 -850 —520 -534 —809 -521 —503
models D, E and F (see Fig. 1) Equmo) —085 276 336 -0.19 274 253 -051 273 145
m -370 —1.16 —085 —412 —123 —141 —428 —124 —179
1 285 392 421 392 397 393 376 397 324
Eqgop 570 784 842 785 794 786 753 794 648
AN 130 030 020 104 031 036 113 032 055
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of nanotube at the backside of adsorption position. On the
other hand, when nitrate ion is adsorbed to the inside of
nanotube, the HOMO orbital density is distributed over the
surface of the nanotube, and the LUMO orbitals are con-
centrated on the nitrate ion. Therefore, in the process of
adsorption of nitrate ion, the electron charge is transferred
from the nitrate ion toward the nanotube surface, and this
result is in agreement with positive values charge transfer
parameters (AN). The positive values of AN demonstrate
that the nitrate ion has donor electron effect and is a donor
electron. Comparison results indicate that with doping Al
and Ga atoms, the AN values increase and so the donor
electron effects of nitrate ion increase.

The chemical potential (u) of the pristine (D), Al-doped
(E), Ga-doped (F) and nitrate ion adsorptions models are
negative and it means that these compounds are stable.
They do not decompose spontaneously into the elements
and compounds are made up of them. Comparison results
display that with doping Al and Ga atoms the chemical
potential of system decrease from pristine model and is in
order pp, > pg > M- The global hardness shows the resistance
towards the deformation of electron cloud of system under
small perturbation encountered during the chemical process.
The global hardness of BNNTSs with doping Al and Ga atom
and absorbing nitrate ion reduce from original state and the
activity of system increase. One of the important parameters
to study the electrical and reactivity properties of system is
gap energy (E,,;). The E,, of the pristine, Al-doped, and
Ga-doped BNNTs is 6.38, 7.85 and 7.53 eV respectively.
The gap energy of the E-a, E-e and F-a models is more than
unabsorbed nanotube, whereas the gap energy of the D-a,
D-e and F-f models is more than unabsorbed nanotube. As
we know the global hardness and gap energy are related
directly to reactivity and conductivity of system, i.e. the
molecule with the least gap energy is little hardness and
more reactive and conductive. As a result, the activity and
conductivity of the D-a, D-e and F-f models is lower than
pristine state.

The densities of state (DOS) plots for in title adsorption
models are determined by using GaussSum program (O’Boyle
et al. 2008) in energy range of —15 to + 10 eV and results are
shown in Fig. 3. By using DOS plots we can find the number
of states per interval of energy at each level of energy that are
available to be occupied by electrons. A high DOS at a certain
level of energy means that there are many states available for
occupation. Inspection of DOS plots indicate that the number
of peaks at the HOMO region in the D-a, E-a and F-a models
are 11 and for D-e, E-e and F-e models are 9 peaks. On the
LUMO region the number of peaks in the D-a, E-e, F-e models
are 10 and for E-a, F-a and D-e models are 8 peaks. On the
other hand, the valence and conduction levels of nanotube for
adsorption of nitrate ion on the exterior and interior surface of

BNNTs slightly shift upward, which is negligible, and close
to that of the pristine nanotube.

3.3 Natural bond orbital (NBO) analysis

The natural bond orbital method is used for exploring charge
transfer in molecular interaction and intra- molecular bonding
between two compounds. The NBO analysis is an effective
tool for the chemical and electron density transfer from the
filled lone pair electron. In this work for each donor (i) and
acceptor (j) the stabilization energy (E®) associated with the
delocalization i— j is determined as (Bulat et al. 2010):

2
E® =g —— 3)
€ —¢&

where g; is donor orbital occupancy, ¢; and ¢; are orbital
energies and Fy is the off-diagonal NBO Fock matrix element.
The larger of E@ value reveals the more intensive interaction
between electron donors and electron acceptors, i.e. the more
donating tendency from electron donors to electron accep-
tors of the whole system. The possible intensive interactions
between nitrate ion and pristine, Al and Ga doped BNNTSs are
listed in Table 3. The second-order perturbation theory analy-
sis of Fock matrix in NBO basis shows the strong intramo-
lecular interactions occur between 6B62-N52 — 6*N52-B63.
The obtained E® values for interaction between above stud-
ied orbital for D-a, D-e, E-a, E-e, F-a and F-e models are
6.97, 6.94, 5.86, 5.14, 6.01 and 5.01 Kcal/mol respectively.
Comparison results indicate that the E® values for adsorbing
nitrate ion on the outer surface of pristine, Al and Ga doped
BNNTs is more than inner surface. It is noteworthy that with
doping Al and Ga atom the E® values decrease significantly
from pristine model and so the intramolecular interaction
between doped nanotube and nitrate ion is lower than pristine
model. The weak intramolecular interactions occur between
6N32-B22 — 6*N51-B41. The obtained E® values for inter-
action between above studied orbital in D-a, D-e, E-a, E-e, F-a
and F-e models are 2.08, 3.47, 3.97, 2.98, 3.60 and 2.99 Kcal/
mol respectively.

On the other hand, for interaction between
oN52-B36 — 6*N51-B62 (donor—acceptor orbital) the stabi-
lization energy for D-a, D-e, E-a, E-e, F-a and F-e models are
5.23,4.10, 4.45,3.97, 3.93 and 3.29 Kcal/mol respectively. It
is found that the stabilization energy of pristine model is more
than Al and Ga-doped models.

3.4 Molecular electrostatic potential (MEP)
Molecular electrostatic potential (MEP) is one the most

important and useful method to predict the best site of
interaction for the donor—acceptor system, from which the
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Fig.3 DOS Plots for NO;™ adsorption on the surface of BNNTSs in models D-a, D-e, E-a, E-e, F-a and F-e

electrophilic and nucleophilic positions. In the MEP plots,
the most positive electrostatic potential (blue color) is the
highest electrophilic site, and the negative regions of elec-
trostatic potential (red color) which are nucleophilic sites
are associated with the lone pair of electronegative atoms.
The calculated MEP plots for adsorption position of
nitrate ion with nanotube are shown in Fig. 4. As it is seen
the positive sites for D-a, E-a, F-a, D-e, E-e and F-e models
are located on the nitrate ion and adsorption position and
the negative sites are located on surface of nanotube. Which
shows charge transfer takes place between nitrate ion and

@ Springer

nanotube and that sites of nitrate ion and adsorption position
are suitable for the adsorption process.

3.5 QTAIM topological analysis

The theory of atoms in molecules was introduced for the
first time by Bader (1990). This theory defines the chemical
structure of a system as based on the distribution of electron
density between two atoms. Bader described four types of
critical points, one of them being a saddle point of elec-
tron density between two atoms forming a chemical bond is
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Table 3 _The NBC_) parameters Nuclei Donor(i) — acceptor(j) E? (kcal/mol) E.—E. F(@.,j)
for NO,~ adsorption on the r

surface of BNNTs in models D, p_4 N32-B22—06*N51-B4lo 2.08 1.27 0.680

Eand F (sce Fig. 1) oN52-B36 - o*N51-B62 523 1.24 0.072

B62-N52 — 6*N52-B63c 6.97 1.28 0.083

D-e N32-B22 —o6*N51-B4loc 3.47 1.31 0.060

B62-N52 — 6*N52-B63c 6.94 1.27 0.084

N52-B36 —6*N51-B62c 4.10 1.27 0.064

E-a N32-B22 —o*N51-B4loc 3.97 1.29 0.064

B62-N52 — 6*N52-B63c 5.86 1.35 0.080

N52-B36 —6*N51-B62c 4.45 1.28 0.068

E-e N32-B22 —o6*N51-B4lc 2.98 1.26 0.055

B62-N52 — 6*N52-B63c 5.14 1.33 0.074

N52-B36 —6*N51-B62c 3.97 1.26 0.064

F-a N32-B22 —o6*N51-B4lc 3.60 1.30 0.061

B62-N52 — 6*N52-B63c 6.01 1.36 0.081

N52-B36 —6*N51-B62c 3.93 1.29 0.064

F-e N32-B22 —o6*N51-B4lc 2.99 1.26 0.055

B62-N52 — 6*N52-B63c 5.06 1.34 0.074

N52-B36 —c6*N51-B62c 3.29 1.27 0.058

Fig.4 The MEP Plots for NO;™~
adsorption on the surface of
BNNTSs in models D-a, D-¢e,
E-a, E-e, F-a and F-e

called bond critical point (BCP). Besides the charge density
in BCP, its Laplacian (representing the local charge concen-
tration or depletion) and ellipticity (the measure of “double
bond” or & character) are also useful parameters. The Lapla-
cian parameters at the BCP is given by V2p = A, + 4, + 4,
where A, A, and A; are three parameters of the density at
the critical point. The electronic energy density (H) is the
sum of kinetic energy density (G), potential energy den-
sity (Hicpy=Giepy+ Vaepy) and helps more accurate

descriptions of the nature of bonds. Positive \/?p and H
values denote the weak covalent interactions (strong elec-
trostatic bond), negative \/?p and H values refer to strong
interaction (strong covalent bond), and medium strength
(V?p>0 and H<0) is defined as partially covalent bond.
On the other hand, the IV/GI ratio is a reliable parameter to
classify the different interactions. Based on this parameter,
weak interactions are associated with |V/G| < 1, medium
interactions 1 <IV/Gl <2, and strong interactions |V/G| > 2.
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The values of electron density (p), Laplacian (V/?p), kinetic
energy density (G), potential energy density (V), total energy
density (H), and the ratio of IV/Gl for interaction O atom of
nitrate ion with B atom of nanotube [(NO3)O...B (BNNTSs)]
for the D-a, E-a, F-a, D-e, E-e and F-e models are listed in
Table 4. The BCP plots for all adsorption models are shown
in Fig. 5. Inspection of results demonstrate that the values of
vzp and Hgcp, for [(NO3)O...B (BNNTs)] for all adsorp-
tion models are positive denote electrostatic interaction and
the IV/GI ratio for all models is > 2 denote strong interac-
tion. The IV/GI ratio for E and F models (Al and Ga doped
BNNTSs) is more than pristine BNNTSs and so the interac-
tion and adsorption of nitrate ion with Al and Ga doped is
stronger than pristine model. This result confirms that Al
and Ga doped BNNTs is a good adsorbent to nitrate ion. The
large values of the ellipticity € (> 0.1) correspond to double
bonds and that lower values correspond to broken double
bonds or the formation of single bonds. In this study it is
found that the € values for D-e and E-a models are 0.1777

and 0.1623 eV and for other models is lower than 0.1 eV.
According to the ellipticity (¢) values, the bonding between
nitrate ion and nanotube is single bond type.

3.6 Reduced density gradient (RDG) and NCl index

To determine the intramolecular interactions and evaluate
the nature of the weak interactions, the non-covalent inter-
action index (NCI) for the complexes considered have been
calculated. The NCI index provides more evidence related to
the non-covalent interaction. The reduced density gradient
(RDGQG) is defined (Johnson et al. 2010):

1 [Vp(r)|

RDG(r) = —m8M8 ———
(r) 23727 p(r)*?

“

Non-covalent interactions are characterized by small values
of RDG. These isosurface expand over interacting regions of
the complex. The product between electron density p(r) and

Table4 The QTAIM

parameters (atomic unit) for Pece) VZP(BCP) Secr) Hece  —Vacy VG M b A “ecr)
NO;™ adsorption on the surface 3 (.1191 0.4033 00770 0.1777 02547 33077 0.8229 —02081 —02114 0.0155
z’;el:l;gf)‘“m"dels D.EandEhy 0 00065 00236  —00007 00051 00044 62857 —0.0022 —0.0026 00284 0.1772
E-a 00678 04908 —0.0072 0.1154 0.1082 15.0277 07163 —0.1163 —0.1091 0.1623
E-e 00472 03033  —0.0037 0.0721 0.0684 18.4864 —0.0599 04181 —0.0548 0.0934
Fa 0.0855 0.4698 0.0130 0.1304 0.1434 10.8692  0.7143 —0.1176 —0.1269 0.0791
Fe 00699 0.3266 0.0098 0.0915 0.1013 103367 —0.0805 04857 —0.0784 0.0268

Fig.5 The bond critical posi-
tion for NO;™ adsorption on the
surface of BNNTSs in models
D-a, D-e, E-a, E-¢, F-a and F-e
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sign(i2)p

sign(i2)f

F-e

Fig.6 The RDG/sign(A,)p for NO;™ adsorption on the surface of BNNTSs in models D-a, D-e, E-a, E-e, F-a and F-e

the sign of the second lowest eigenvalues of electron density
hessian matrix (A,) has been proposed as a tool to distinguish
the different types of interactions. The scatter graphs of RDG
versus sign(A,)p(r) for all adsorption models are shown in

Fig. 5. The X-axis and Y axis are sign(A,)p(r) and RDG func-
tion respectively. The sign(A,)p(r) and NCI-RDG plots are
obtained with Multiwfn program (Runge and Gross 1984).
The sign (A,) is utilized to distinguish the bonded (A, <0)
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interactions from nonbonding (A, > 0) interactions. In the RDG
scatter graph blue color circle shows the attractive interactions,
red color circle denotes strong repulsive interactions and green
circle implies low electron density, corresponding to Van der
walls interactions. These isosurface are located on the reaction
sites of the NO;"/BNNTSs complex. It clearly observed that
with doping Al and Ga atom more electron density localized
in A, <0 region and the attractive interactions is increase. It is
notable that the density of electron in the Al doped models is
more than Ga doped and so Al doped is more suitable than Ga
doped for nitrate ion adsorption. On the other the attraction
and repulsion interaction in the inner layer of nanotube (Al
and Ga doped BNNTs or E-e and F-e models) is more obvious
than other models. Therefore, the adsorption of nitrate ion in
the inner layer and presence of Al and Ga doped BNNTs is
more favorable than pristine model (Fig. 6).

4 Conclusions

In this work, the effects of Al and Ga doped atoms on the
interaction of nitrate ion on the exterior and interior surface
of BNNTs is investigated by using computational methods.
The calculated results demonstrate that adsorption of nitrate
ion on the exterior and interior surface is in order Al-doped(E-
a) > Ga-doped(F-a) > pristine(D-a) and Ga-doped(F-e) > Al-
doped(E-e) > pristine(D-e) respectively. This result confirms
that Al doped BNNTs is a good candidate to nitrate ion adsorp-
tion. The IV/Gl ratio for E and F models (Al and Ga doped
BNNTSs) is more than pristine BNNTSs and so the interaction
and adsorption of nitrate ion with Al&Ga doped is stronger
than pristine model. The RDG plots show that with doping Al
and Ga atom more electron density localized in A, <0 region
and the attractive interactions is increase. The MEP results
indicate that the charge transfer occur from nitrate ion toward
nanotube.
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