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Abstract

The structural properties, electronic properties, and adsorption abilities for nitrogen monoxide (NO) molecule adsorption on
pristine and transition metal (TM =V, Cr, Mn, Nb, Mo, Tc, Ta, W, and Re) doping on B or N site of armchair (5,5) single-walled
boron nitride nanotube (BNNT) were investigated using the density functional theory method. The binding energies of TM-
doped BNNTs reveal that the Mo atom doping exhibits the strongest binding ability with BNNT. In addition, the NO molecule
weakly interacts with the pristine BNNT, whereas it has a strong adsorption ability on TM-doped BNNTs. The increase in the
adsorption ability of NO molecule onto the TM-doped BNNTSs is due to the geometrical deformation on TM doping site and the
charge transfer between TM-doped BNNTs and NO molecule. Moreover, a significant decrease in energy gap of the BNNT after
TM doping is expected to be an available strategy for improving its electrical conductivity. These observations suggest that NO
adsorption and sensing ability of BNNT could be greatly improved by introducing appropriate TM dopant. Therefore, TM-doped
BNNTs may be a useful guidance to be storage and sensing materials for the detection of NO molecule.
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Introduction

The monitoring and storing of toxic gas in environment are
considered as an important issue and many researches have
been focused on the development of gas sensing materials for
continuous monitoring [1-3]. Nitrogen monoxide (NO) is one
of the major contributes to the air pollutants, which is gener-
ally produced from combustion of chemical processing and
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fossil fuels in industrial. It destructs the ecological environ-
ment and harms human health. Additionally, it is also a cause
of acid rain formation, photochemical smog, and ozone layer
depletion [4, 5]. Several investigations have been observed to
reduce or remove of NO molecules [6—8]. Therefore, the de-
velopment of efficient nanomaterials to detect and remove NO
molecules is greatly important.

Recently, the BN-based nanomaterials including boron ni-
tride nanotubes (BNNTSs) have attracted considerable attention
as a promising material for gas detections [9—11]. Boron ni-
tride nanotubes were first predicted through the binding cal-
culation in 1994 [13, 14] and first synthesized via the arc-
discharge method in the following year [15]. Subsequently,
several investigations both theoretically and experimentally
concerning the properties of these materials have been imple-
mented [16—18]. Due to the unique and outstanding properties
such as excellent mechanical resistance [19], low dielectric
constant [20], and high thermal conductivity [21] as well as
great chemical stability especially under hazardous, oxidative,
and high-temperature environment [22], BNNTs have been
promising potentials for the nanotechnology applications
[23, 24]. Moreover, BNNTs exhibit ionic properties, due to
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the electrophilic boron and nucleophilic nitrogen atoms of B—
N bonds, which make their aqueous dispersibility and also
non-cytotoxicity. The BNNTs may have potential applications
in the biological system that the toxicity of carbon nanotubes
(CNTs) is a problem [25]. Despite all these favorable proper-
ties presented, BNNTs also show a good surface area/volume
ratio that can intrinsically act as sensor for toxic gas detections
[26]. However, these features of BNNTSs are the insulator or
wide band gap semiconductor of about 5—6 eV, which is al-
most independent of the tube diameter, chirality, and number
of walls [14, 27]. Owing to the uniform semiconducting be-
havior, BNNTs are inert to gas adsorptions [28, 29].
Therefore, it is important to overcome this increase the sensi-
tivity for detecting and adsorbing molecular species with the
nanostructures.

The sensitivity of BNNTs can be considerably enhanced
though doping modification [30]. In the process of modifica-
tions, transition metal (TM) atom doping into BNNTs has
been investigated to be an effective method for improving
the electronic properties and increasing their chemical reactiv-
ities toward gas adsorptions [31]. The molecular adsorption of
TM doping on BNNTs for experimental investigations shows
that the hydrogen storage capacity in BNNTs is 2.6 wt%,
while Pt atom doping on BNNTs can reach to be 4.2 wt% at
room temperature [32]. Concerning the effects of NO adsorp-
tion on the dopant impurity into BNNTs for theoretical studies
reveals that V, Cr, and Mn doping on BNNTs can enhance the
conductivity and reduce the band gap of BNNTs [33]. The
ability of TM atom (TM =V, Cr, Mn, Fe, Co, Ni) doping on
BNNT to chemically adsorb the NO molecule was greatly
increased in relation to that of the pristine BNNT [34].
Similarly, Wang and co-workers reported that the doping of
Ge atom can significantly increase the strength of interaction
between NO molecule and BNNT and also modify the geo-
metrical structure of BNNT [35]. These previous works have
indicated that doping BNNTs by introducing with impurity or
TM atoms can significantly improve the electronic properties
and adsorption abilities of BNNTs for the detection of many
molecules, such as, H, [36], CO [10], CO, [26], SO, [9], N,O
[12], NO, [11], NH;3 [28], CH,4 [37], CNCI [29], and COCl,
[30].

However, the interactions of BNNT doped with 3d (V,
Cr, Mn), 4d (Nb, Mo, Tc), and 5d (Ta, W, Re) transition
metal atoms and their adsorption with NO molecule have
not been previously reported. To the best of our knowl-
edge, the geometrical structures and binding energies of
TM atoms doping on BNNT were calculated. Moreover,
the geometrical structures, adsorption energies, and elec-
tronic properties of NO adsorption on the pristine and TM-
doped BNNTs have been investigated in the present work.
The results of this study may be also very important for the
development of novel BNNT-based nanodevices acting as
gas sensors or adsorptions.
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Computational details

An armchair single-walled (5, 5) BNNT consisting of 45
boron, 45 nitrogen, and 20 hydrogen atoms (B4sN4sH»)
was modeled and computed. Hydrogen atoms were used to
saturate the boron and nitrogen atoms at the two ends of the
nanotube to avoid the boundary effects. For the transition
metal-doped boron nitride nanotubes (TM-doped BNNTs),
a single boron (B site) or nitrogen atom (N site) of BNNT
in the middle of the nanotube was replaced with 3d (V, Cr,
Mn), 4d (Nb, Mo, Tc), and 5d (Ta, W, Re) TM atoms to
form V-, Cr-, Mn-, Nb-, Mo-, Tc-, Ta-, W-, and Re-doped
BNNT systems. There are two different types of doping
sites on BNNT, i.e. TMp-doped BNNTs and TMy-doped
BNNTs, which were composed of TM—B44N4sH,o or TM—
B4sN44H», respectively. The adsorbed nitrogen monoxide
(NO) molecule has been set over two possible adsorption
sites of TMp-doped BNNTs and TMy-doped BNNTs. The
geometry optimizations of the pristine and TM-doped
BNNTs, and their adsorptions with NO molecule were per-
formed using the density functional theory (DFT) method
with the Lee—Yang—Parr correlational (B3LYP) [38—40]
and the intensive Los Alamos LanL.2DZ split—valence ba-
sis set [41, 42]. The B3LYP/LanL2DZ method was used
because this method and basis set were successfully uti-
lized for many studied systems [43—46]. Electronic prop-
erties, including the highest occupied molecular orbital
(HOMO), the lowest unoccupied molecular orbital
(LUMO,), the energy gaps (E,), the partial charge transfers
(PCTs), and the total density of states (DOSs) upon pristine
and TM-doped BNNTSs, and their NO adsorptions were
also studied at the same theoretical level. The energy gap
was obtained from the difference between HOMO and
LUMO energies. Meanwhile, the DOSs were estimated
from the eigenvalues generated with single-point calcula-
tions, by using the following equation:

DOS= Zfl:locc(i)exp{—(E—Ci)z}, where N and occ(i)

are the number of orbitals with a total energy (£) and oc-
cupation, respectively, and C; is the vector of eigenvalues
of the molecular orbitals. The PCTs during gas adsorptions
can provide a definitive description for a change in electron
charges of gas molecule during the adsorption process
using the natural bond orbital (NBO) analysis [47] imple-
mented in GAUSSIAN 09 program suite [48]. The molec-
ular graphics of all related species were generated with the
MOLEKEL 4.3 program [49]. The GaussSum 2.1.4 pro-
gram [50] was used to get the DOS plots of all systems.
The binding energies (£,) of TM-doped BNNTs were cal-
culated by the following equation:

Eb = Ermannt—(Esnnt + ETMm) (1)
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where Ernvgant Eannts and Ery are the total energies of
TM-doped BNNT, monovacant BNNT, and free metal,
respectively.

The adsorption energies (£,4s) of a NO molecule adsorbed
on the pristine and TM-doped BNNTs were defined as
follows:

Eags = Exossant—(Epnnt + Eno) (2)

Eags = Exojrv-sant—(Emv-Bant + ENo) 3)

where Enosnnt and Exo/rvi_pnnT are the total energies of
NO adsorbed on pristine and TM-doped BNNTs, respectively.
Epnnt and E1yv_gnnt are the total energies of the pristine and
TM-doped BNNTSs, respectively, and Eng is the total energies
of the isolated NO molecule. The lowest-energy structural
configurations were chosen to compute the E,4¢ value and
other properties for their adsorptions with NO molecule.

Conceptual DFT offers the global reactivity indices, which
can be used to understand the chemical processes of the stud-
ied systems. Several of these indices are considered for chem-
ical phenomena such as chemical potential (1) and chemical
hardness (7)), which are defined as the first- and second-order
partial derivatives of the system energy (F) regarding to the
number of electron (V) at a constant external potential (v(r)),
respectively [51]. The chemical potential and hardness were
evaluated using the Koopmans’ theorem as the follows [52]:

2 “CtH
=35,y

where ey and €1 denote the energies of HOMO and
LUMO, respectively.

An electrophilicity index (w) which is proposed by Parr
et al. [53] in terms of the chemical potential and chemical
hardness can be written as the following equation:

w= (6)

Results and discussion

Geometrical structures of pristine and TM-doped
BNNTs and their NO adsorptions

The B3LYP/LanL2DZ-optimized structure of the pristine
BNNT is depicted in Fig. 1a. After full relaxation, the N1—

B3, N2-B3, and N3-B3 bond lengths are estimated to be
1.455, 1.455, and 1.454 A, respectively. These results are
comparable with the values reported by Paura and co-authors,
in which the calculated B-N bond lengths of approximately
1.460 A were obtained for the (5,5) armchair BNNT [26].
While the N1-B3-N2, N2-B3-N3, and N1-B3-N3 bond an-
gles are estimated to be 119.8, 119.3, and 119.3°, respectively.
Upon doping of TM atom on nanotube surface, doping site on
either its B or N atom of BNNT is replaced with a TM atom
(V, Cr, Mn, Nb, Mo, Tc, Ta, W, or Re atom). The TM atom
forms three bonds with the nearest B or N atom, in which it
alternates to sp® character. The calculated bond lengths be-
tween the TM atoms and its neighboring three N or B atoms
are in the range of 1.812-1.985 A and 1.941-2.232 A for the
TMg-doped BNNTs and TMy-doped BNNTSs, respectively. It
could be noted here that the TM—N bond lengths are obviously
shorter than that of the TM—B bond lengths, indicating that the
attraction of N atom with more electronegative is larger than
that of the B atom. Furthermore, for almost TMg-doped
BNNT systems, the bond lengths along the tube axis TM—
N1 or TM—-N2 bond are all longer than the bond lengths with
the other adjacent off-axis TM—N3 bond due to the tube cur-
vature effect. Also, the bond angles of N-TM-N (92.5—
104.4°) for TMg-doped BNNTs are more enlarge than that
B-TM-B (71.0-86.0°) for TMy-doped BNNTs. Thus, the
TM atoms on the surface of nanotube at N site are greater
structural deformation than at B site, as it is clear from Figs.
2 and 3. It also notices that the bond angles of TM-doped
BNNTs are narrower than those of the N—-B—N or B-N-B
bond angles of pristine BNNT. Comparing the geometrical
structure, the TM atom introduces dramatically deformation
of the tube surface near the doping site of BNNT to reduce
stress. The impurity TM atoms protrude out of the tube wall
due to the atomic radius for TM atoms larger than those of B
and N atoms. The exterior change of the wall facilitates this
region to enhance the reactivity, and it is expected that the
present results play an especial important role in gas adsorp-
tion [12, 28-31].

Subsequently, the selected geometrical parameters of all
possible adsorption configurations for NO adsorption on the
pristine and TM-doped BNNTSs are listed in Tables S1 and S2
in the Supplementary material section. The NO molecule is
able to be adsorbed onto the tube surface via two different
orientations, namely, though its N and O atoms. For simplic-
ity, the N atom of NO molecule pointing toward the pristine
BNNT and TM-doped BNNT is denoted by NO/BNNT and
NO/TM-doped BNNT, respectively. Correspondingly, the O
atom of NO molecule pointing toward the pristine BNNT and
TM-doped BNNT is denoted by NO/BNNT and NO/TM-
doped BNNT, respectively. In the most stable configurations
of NO/BNNT, the adsorption distances (ADs) between NO
molecule and the pristine BNNT are 3.000 and 2.932 A when
pointing its N and O atoms toward the adsorption site,

@ Springer
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(d)

Fig.1 The B3LYP/LanL.2DZ optimized structures of a pristine BNNT, ¢ NO, and e NO adsorbed on pristine BNNT and the plots of HOMO and LUMO
density distributions of b pristine BNNT, d NO, and f NO adsorbed on pristine BNNT. Bond lengths and adsorption distances are in A

respectively. The large ADs indicate that NO molecule can
undergo weakly physical adsorption on the pristine BNNT
via the van der Waals force. For the NO/TMg-doped
BNNTs, the ADs between the NO molecule and TMp-doped
BNNTs are in the range of 1.672-1.908 A (NO adsorptions)
and 1.754-1.961 A (NO adsorptions), as shown in Figs. 4 and
5, respectively. For the NO/TMy-doped BNNTs, the ADs
between the NO molecule and TMy-doped BNNTSs are in
the range of 1.688-1.901 A (NO adsorptions) and 1.757—
2.001 A (NO adsorptions), as shown in Figs. 6 and 7, respec-
tively. The short ADs of NO/TM-doped BNNTs demonstrate
that the adsorption abilities of NO/TM—-doped BNNTs could
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be stronger than that of the NO/BNNT. It is also clear that the
NO molecule prefers to adsorb on TM-doped BNNT systems.
Therefore, a TM atom doping on BNNT shows that the
adsorption ability of NO molecule is significantly im-
proved. In addition, the N-O bond lengths of NO/TM-
doped BNNTs (1.219-1.384 A) lead to elongation in com-
parison with an isolated NO molecule (1.199 A), which are
also consistent with the previous study of N-O bond length
for NO adsorption on C- (1.230 A) [54], Si- (1.210 A) [55],
and V-doped BNNTs (1.210 A) [34]. These imply that the
adsorption process displays weaken the N-O bond of NO
molecule (Figs. 4, 5, 6 and 7).
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Fig. 2 The B3LYP/LanL2DZ optimized structures of a V-, b Crg-, ¢ Mng-, d Nbg-, e Mog-, f Tc-, g Tag-, h Wp-, and i Reg-doped BNNTs

Binding energies of TM atom doping on BNNT
and adsorption energies of NO molecule adsorbed
on pristine and TM-doped BNNTs

The reactivities of TM atoms on the nanotube were considered
from the calculated binding energies (E},), which are summa-
rized in Table 1. The negative values of E,, imply that the
interaction for TM atoms with BNNT surface corresponds to
the exothermic and thermodynamically favorable. Thus, the
binding interactions between TM atoms and BNNT are ener-
getically favorable. Besides, it is also shown that the £y, values
of TMp-doped BNNTs and TMy-doped BNNTs are in the
range of — 269.69 to — 222.35 kcal/mol and — 190.88 to —
96.01 kcal/mol, respectively. These values confirm that the £y,
values for TMp-doped BNNTs have larger than those of TMy-
doped BNNTSs, indicating that the TMpg-doped BNNTs show
strong interaction in comparison with the TMy-doped

1.941

1.812 Mn 1.824

W 1947
e

BNNTs. In which, the Mo interacting with BNNT is much
larger than that the other TM atoms for both two doping sites.
Therefore, the large binding energy shows a strong binding
interaction to form a stable complex. These results are in good
agreement with previous studies for TM atoms doping on
carbon nanotube [43], silicon carbide nanotube [44], alumi-
num nitride nanotube, and other nanostructures [1, 3].

The adsorption energies (£,35) of NO molecule adsorbed
on the pristine and TM-doped BNNTs are listed in Tables 2
and 3. As can be seen, the E,qs values of NO molecule
adsorbed via its N and O atoms toward the pristine BNNT
are calculated to be — 4.01 and — 2.76 kcal/mol, respectively.
The small E,4 value indicates that the pristine BNNT is slight-
ly sensitive to the NO molecule that corresponds to the large
AD and small PCT values. The E,4s values of NO/TMg-doped
BNNTs and NO/TMy-doped BNNTs are in the range of —
105.66 to — 48.22 kcal/mol and — 97.24 to — 59.15 kcal/mol,
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Fig. 3 The B3LYP/LanL2DZ optimized structures of a V-, b Cry-, ¢ Mny-, d Nby-, € Moy, f Ten-, g Tan-, h Wy-, and i Rey-doped BNNTSs

respectively. Whereas, the E,45 values of NO/TMg-doped
BNNTs and NO/TMy-doped BNNTs are found to be —
83.05 to — 11.50 kcal/mol and — 81.96 to — 17.45 kcal/mol,
respectively. For the NO/TMg-doped BNNTSs, the Rep- and
Tag-doped BNNTs display stronger interaction with NO mol-
ecule than the other TM atoms when pointing its N and O
atom toward the adsorption site, respectively. For the NO/
TMy-doped BNNTs, the Mny-doped BNNT displays much
stronger interaction with NO molecule than other TM atoms
for both its N and O atoms toward the adsorption site. Also,
the adsorption ability of NO/TMp-doped BNNT systems dis-
plays higher than those of the NO/TMy-doped BNNT systems
except for NO/Cr-doped BNNT and NO/Mn-doped BNNT.
Thus, the adsorption abilities of NO molecule on the BNNT
are outstandingly improved through doping with TM atoms,

@ Springer

which were previously investigated and confirmed by NO
adsorption on V-, Cr-, Mn-, Fe-, Co-, and Ni-doped BNNTs
[34]. Furthermore, all E,4¢ values of NO adsorption via N
atom toward the TM-doped BNNTs (NO/TM-doped BNNT)
are higher than the NO adsorption via O atom toward the TM-
doped BNNTs (NO/TM-doped BNNT), indicating that the
NO adsorption via N atom toward the TM-doped BNNTSs is
more stable than the adsorption via O atom toward the TM-
doped BNNTs. The N atom of NO molecule toward the ad-
sorption sites presents an energetically favorable adsorption
configuration, which is in good accordance with previous re-
search for NO adsorption on the Ge-doped BNNT [35]. Based
on these calculated results, the BNNT becomes strong inter-
action toward the NO molecule after impurity doping, and TM
atoms play a crucial role in capturing the NO molecule.
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Fig.4 The B3LYP/LanL.2DZ optimized structures of a NO/Vg-, b NO/Crg-, ¢ NO/Mng-, d NO/Nbg-, e NO/Mog-, f NO/Tcg-, g NO/Tag-, h NO/Wg-,

and i NO/Reg-doped BNNTs

Electronic properties of pristine and TM-doped BNNTs
and their NO adsorptions

The sensitivity of the V-, Cr-, Mn-, Nb-, Mo-, Tc-, Ta-, W-,
and Re-doped BNNTs to the gas molecule could be related
to the energy gaps, charge transfers, and total density of
states (DOSs). Natural bond orbital (NBO) analysis was
performed to evaluate electron transfer before and after
NO adsorption. The partial charge transfers (PCTs) during
the adsorption process of pristine or TM-doped BNNT with
NO molecule were also calculated and presented in

Tables 2 and 3. The PCTs are defined as Ono/eant—Ono
and Ono/rm-BnnT~Ono Where Onosnnt and Onosrv-
snnt are the total charge of NO molecule adsorbed on
the pristine and TM-doped BNNT, respectively, and Ono
is the total charge of NO molecule in isolate system.
According to the obtained PCT results, the PCTs between
NO molecule and pristine BNNT are 0.023 and 0.019 e for
NO/BNNT and NO/BNNT, respectively; these indicate that
partial charge is slightly transferred from nanotube to NO
molecule. As NO interacts with TM-doped BNNTs, PCTs
for these systems are mainly negative values (— 0.544 to —

@ Springer
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Fig. 5 The B3LYP/LanL.2DZ optimized structures of a NO/V-, b NO/Cry-, ¢ NO/Mny-, d NO/Nby-, e NO/Mox-, f NO/Tey-, g NO/Tay-, h NO/Wy-,

and i NO/Rey-doped BNNTs

0.042 e), in which the charges are also transferred from the
NO to the TM-doped BNNTs, except for NO adsorbed on
Crg-doped BNNT, the PCT is a positive value (0.104 e).
The large charge transfers can be explained that the elec-
tronegativities of N and O atoms of NO molecule are larger
than that of TM atom on the nanotube, thus leading the
former to attract TM atom. The interactions between NO
molecule and TM-doped BNNTs prove the nature. The TM
atoms could also be contributed the electron of the

@ Springer

dangling bond binding interaction with the NO molecule,
thus charge transfers between TM-doped BNNT and NO
molecule are determined. This supported the notion that
the TM-doped BNNTs can be strongly sensitive to NO
molecule than the pristine BNNT.

For the most stable configuration of pristine and TM-
doped BNNTs and their NO adsorptions, we examined the
highest occupied molecular orbital energies (Eyomo), the
lowest unoccupied molecular orbital energies (£ ymo), and
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Fig.6 The B3LYP/LanL.2DZ optimized structures of a NO/Vg-, b NO/Crg-, ¢ NO/Mng-, d NO/Nbg-, e NO/Mog-, f NO/Tcg-, g NO/Tag-, h NO/Wg-,

and i NO/Reg-doped BNNTs

the energy gaps (E,). The results of which are listed in
Tables 1, 2, and 3. It is found that the calculated £, for
TMp-doped BNNTs and TMy-doped BNNTs are in the
range of 1.361-2.476 and 1.796-3.211 eV, respectively,
which are significant smaller than the £, of the pristine
BNNT (6.013 eV). In which, the £, of the pristine BNNT
presents in good agreement with data obtained from the
theoretical (6.10 eV) [56] and experimental studies (5.50
eV) [57]. Thus, the TM atoms doping can induce

dramatically decrease in the E, of nanotube, in which the
chemical reactivities of TM-doped BNNTSs are also in-
creased. These are in complete agreement with Pt atom
doping on BNNT as reported by Dong et al. [58]. Upon
exposure to the NO molecule, the £, of the NO/BNNT
and NO/BNNT are found to be 3.374 and 2.939 eV, respec-
tively. For the NO/TM-doped BNNT systems, the signifi-
cant changes in £, of TM-doped BNNTs after NO adsorp-
tions are found. Overall, we expected that the change in £,

@ Springer
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Fig.7 The B3LYP/LanL.2DZ optimized structures of a NO/Vy-, b NO/Cry-, ¢ NO/Mny-, d NO/Nby-, e NO/Mox-, f NO/Tey-, g NO/Tay-, h NO/Wy-,

and i NO/Rey-doped BNNTs

would change the electrical conductivity of TM-doped
BNNTs and NO/TM-doped BNNTs. Therefore, this rela-
tionship can be given by the following equation:

-E
T=exp <2kBgT> (7)

where o is the electric conductivity and kg is the Boltzmann
constant. According to the equation, the electrical
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conductivity is exponentially related to E,, value. Therefore,
a small decrease in E leads to higher electrical conductivity at
a given temperature. As can be seen in the change of energy
gaps (AE,) in Table 1, it is shown that the TMp-doped BNNTs
display higher change of energy gaps (3.537-4.652 ¢V) than
that of the TMy-doped BNNTs (2.802—4.217 eV). This large
reduction of E, (or high AE,) will exponentially raise the
population of conductance electrons based on the Eq. 7.
Whereas, the change of AE, for NO/TM-doped BNNTs
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Table 1 Binding energies (£y),

the highest occupied molecular Species Ey' Eqomo” Erumo’ Ey’ AES TM charge®

orbitals (Eomo), the lowest

unoccupied molecular orbitals BNNT - -6.612 -0.599 6.013 - B= 1224

(ELumo), energy gaps (Ey), =—1224

changes of energy gaps (AEy), Viz-BNNT 246,94 —4517 2694 1.823 4.190 1129

and TM charges of pristine and

TM-doped BNNTS Cry-BNNT ~273.92 5442 ~3.075 2367 3.646 0.996
Mng-BNNT —222.35 -5.959 —3.483 2.476 3.537 0.994
Nbg-BNNT —262.46 —3.565 -2.177 1.388 4.625 1.266
Mog—BNNT —296.69 —-4272 -2912 1.361 4.652 1.101
Teg—BNNT —238.32 —5.007 —3.401 1.605 4.408 0.951
Tag—BNNT —285.33 -3.293 —1.742 1.551 4.462 1.317
Wg-BNNT —289.65 —3.946 —2.531 1.415 4.598 1.187
Reg—BNNT —256.35 —4.626 -3.129 1.497 4.516 1.017
VN—BNNT -96.01 —4.680 —2.340 2.340 3.673 0.211
Crn—BNNT —135.01 —-4.517 —2.095 2.422 3.591 0.134
Mny—BNNT —97.66 -5.279 —2.068 3.211 2.802 -0.019
Nby—BNNT —128.08 —4.653 —2.857 1.796 4.217 0.366
Mon—BNNT —190.88 -4.816 —2.585 2.231 3.782 0.077
Ten—BNNT —159.99 -5.279 —-2.612 2.667 3.346 -0.169
Tan—BNNT —140.16 —4.953 —2.884 2.068 3.945 0.491
Wn—BNNT —181.07 —5.143 —2.884 2.259 3.754 0.253
Ren—BNNT —180.40 -5.361 -3.102 2.259 3.754 -0.019

In kilocalories/mol (kcal/mol)
®In electron volt eV)

“In electron (e)

d
AE, defined as Eqpnnr) — Egrv-BNNT)

induces the change in the electrical conductivity of the tube, as
listed in Tables 2 and 3.

The other chemical reactivity indices, chemical hardness
and electrophilicity, were also considered for our systems.
The chemical hardness is the resistance of a chemical species
to change in electronic configuration. It is implied that increas-
ing in chemical hardness leads to an increase of stability and
diminish of reactivity for the systems. The chemical indices
for pristine and TM-doped BNNTs and their NO adsorptions
are presented in Tables S3—S5. The results show that the
chemical hardness for the pristine BNNT is calculated to be
3.01 eV, whereas TMp-doped BNNTs and TMy-doped
BNNTs are in the range 0.69-1.24 and 0.90-1.61 eV, respec-
tively. When NO approaches to the outer surface of the TM-
doped BNNTs, it can be concluded that almost chemical hard-
ness values are decreased and electrophilicity values are in-
creased in comparison with NO adsorption on the pristine
BNNT (Tables S4 and S5), leading to their reactivity of the
systems increasing. Therefore, TM atoms can improve the
molecular reactivity of NO adsorbed on the nanotube.

Furthermore, the HOMO and LUMO orbital distribu-
tions of pristine and TM-doped BNNTs and their NO ad-
sorptions are also investigated. The plots of the HOMO
and LUMO orbital distributions of pristine BNNT and

NO/BNNT are displayed in Fig. 1b, d, and f. As can be
seen, the HOMO and LUMO orbitals of the pristine BNNT
are delocalized around the tube. Whereas, the HOMO or-
bitals of the NO/BNNTs are delocalized on NO molecule
and the LUMO orbitals are delocalized around the tube,
suggesting that the LUMO is not contributed to the adsorp-
tion process. The HOMO and LUMO orbital distributions
of TM-doped BNNTs are localized on TM doping sites
(Figs. S1 and S2). While, the HOMO and LUMO orbital
distributions for the NO/TM-doped BNNT systems are lo-
calized throughout the doping and adsorption sites, sug-
gesting the electron conduction through these systems, as
displayed in Figs. S3-S6.

To better understand the electronic properties of the sys-
tems, the total electronic density of states (DOSs) for the
pristine and TM-doped BNNTs and their NO adsorptions
were plotted and observed. The DOS plots before and after
NO adsorption on pristine BNNT are displayed in Fig. 8a and
d. As can be seen, the DOS analysis indicates that the pristine
BNNT exhibits a symmetry distribution between spin up and
spin down channels with a large band gap of 6.013 eV. After
TM doping on the nanotube, the DOS plot of BNNT not only
shifts to another energy region but also appear new impurity
states in their band gap region, in which the DOSs of these
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Table 2 Adsorption energies

(Eaas)r Erionor Evomos Eg AE,, — Species Eps® Enomo” Evomo” E AES ¢ PCTs®

and partial charge transfers

(PCTs) of NO molecule adsorbed NO/BNNT —4.01 —6.612 —3.238 3.374 —2.640 0.023

on pristine and TM-doped NO/V5-BNNT ~80.77 ~5.69 ~3.619 2.150 0.327 -0.121

BNNTs NO/Crg-BNNT —48.22 —6.204 —3.619 2.585 0.218 0.104
NO/Mng-BNNT - 7591 —6.422 —4.027 2.395 —0.082 -0.117
NO/Nbg-BNNT —92.55 —5.225 —3.184 2.041 0.653 —0.403
NO/Mog-BNNT —79.60 —5.769 —3.048 2.721 1.361 -0.223
NO/Teg-BNNT —82.87 —6.313 —3.646 2.667 1.061 —0.100
NO/Tag-BNNT —104.98 —4.980 —2.857 2.123 0.571 —0.532
NO/Wg-BNNT —104.23 —5.388 —2.667 2.721 1.306 —0.403
NO/Reg-BNNT — 105.66 —6.068 —3.401 2.667 1.170 -0.218
NO/VN-BNNT —80.50 —5.197 —2.531 2.667 0.327 —0.303
NO/Crn—BNNT —64.95 —5.823 —2.558 3.265 0.844 —0.129
NO/Mny-BNNT —-97.24 - 5.987 —2.476 3.510 0.299 -0.113
NO/Nby—BNNT —59.15 —4.653 —2.531 2.123 0.327 —0.361
NO/Mon-BNNT — 7243 —5.633 —2.367 3.265 1.034 —0.188
NO/Ten—BNNT —70.10 —6.095 —2.884 3.211 0.544 —0.138
NO/Tax-BNNT —67.60 —5.306 —3.238 2.068 0.000 —0.437
NO/Wn-BNNT —74.25 —5.878 —3.265 2.612 0.354 —0.309
NO/Rexn-BNNT —71.92 —6.095 —3.510 2.585 0.327 -0.223
#In kcal/mol
°IneV
‘Ine

d
AEg defined as EonomnNT) — EeBNNT) OF Egno/mM-BNNT) — Eg(tM-BNNT)

systems are induced to reduce the band gap successively, as
displayed in Figs. S7 and S8. This confirms that the DOS of
pristine BNNT increased the conductivity owing to the pres-
ence of TM atoms. For the DOS of NO adsorption on BNNT,
it is revealed that the DOS of NO/BNNT is slightly changed
by NO adsorption, which indicates low sensible effect on the
electronic properties of the tube. After NO adsorption on TM-

doped BNNTs, the DOSs of TM-doped BNNTs are also sig-
nificantly changed with unsymmetry distributions (Figs. S9—
S12), except for NO/Cr-, NO/Mo-, and NO/W-doped
BNNTs, in which the DOSs of NO/Mo-doped BNNTs are
displayed in Fig. 8b, c, e, and f. As mentioned above, it can
be concluded that these changes in the DOSs are beneficial
for gas sensing application.

Table 3 Adsorption energies

(Eats). Ertonor Evonios Eg: AEg, Species Epd Enomo® ErLumo’ E AES ¢ PCTs*

and PCTs of NO molecule

adsorbed on pristine and TM- NO/BNNT -2.76 - 6.612 -3.674 2.939 -3.075 0.019

doped BNNTS NO/Vi-BNNT —54.84 ~5.089 ~3.102 1.986 - 0354 -0258
NO/Crg-BNNT -11.50 —5.796 -3.810 1.986 —0.435 —0.042
NQ/MnB—BNNT —62.74 -6.177 —3.864 2.313 —0.898 —0.426
NO/Nbg-BNNT —-61.74 —5.089 —3.048 2.041 0.245 —0.495
NQ/MOB—BNNT —34.20 -5.197 —3.238 1.959 —-0.272 —0.304
NO/Teg-BNNT —54.58 —6.041 —3.456 2.585 —0.082 —0.250
NQ/TaB—BNNT —83.05 —4.381 —2.449 1.932 —-0.136 —0.544
NQ/ngBNNT —49.06 —4.735 —2.748 1.986 —-0.272 —0.464
NO/Reg-BNNT —54.64 -5415 —3.048 2.367 0.109 -0.335
NQ/VNfBNNT —4597 -5.170 -2912 2.259 —0.082 —-0.292
NO/Crn—BNNT —4321 —5.850 —2.884 2.966 0.544 -0.175
NO/Mny-BNNT —81.96 —5.442 —-2.721 2.721 —0.490 —-0.479
NO/NbN-BNNT —51.01 —5.089 —3.048 2.041 0.245 —0.457
NO/Mon-BNNT - 1745 —5.306 —2.966 2.340 0.109 —-0.222
NO/Ten—BNNT —34.07 —5.578 —2.966 2.612 —0.054 —-0.332
NQ/TaN—BNNT —5348 —5.143 —3.265 1.878 —0.190 —0.479
NQ/WWBNNT —24.50 —5.878 —3.265 2.612 0.354 —0.287
NQ/ReN—BNNT —42.15 -5714 —3.102 2.612 0.354 —0.350
#1n kcal/mol
®IneV
‘Ine
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Fig. 8 DOSs of NO molecule adsorption on a pristine, b Mog-, and ¢ Moy-doped BNNTs and DOSs of NO molecule adsorption on d pristine, ¢ Mog-,

and f Moyn-doped BNNTs

Conclusions

The adsorptions of NO molecule onto the pristine and TM-
doped BNNTs were investigated using the density functional
theory method. The structural properties, electronic proper-
ties, and adsorption abilities for the most stable configuration
of NO adsorptions on pristine and TM-doped BNNTs were
calculated. The binding energies of TM-doped BNNTs reveal
that the Mo atom doping exhibits the strongest binding ability
with BNNT. In addition, the NO molecule weakly interacts
with the pristine BNNT, whereas it has a strong adsorption
ability on TM-doped BNNTs. The increase in the adsorption
ability of NO molecule onto the TM-doped BNNTs is due to
the geometrical deformation on TM doping site and the charge
transfer between TM-doped BNNTs and NO. Moreover, a
significant decrease in energy gap of the BNNT after TM
doping is expected to be an available strategy for improving
its electrical conductivity. These observations suggest that NO
adsorption and sensing ability of BNNT could be drastically
improved by introducing appropriate TM dopant. Therefore,
TM-doped BNNTs can be used as advancing novel material
for reliable and efficient NO storage and sensing.
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