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Abstract The adsorption of CO onto Ni-doped boron ni-
tride nanotubes (BNNTs) was investigated using density
functional theory at the B3LYP/LanL2DZ level of theory.
The structures of the Ni-doped BNNTs and their CO-
adsorbed configurations were obtained. It was found that
the strength of adsorption of CO onto Ni-doped perfect
BNNTs is higher than that on defective BNNTs. The elec-
tronic properties of all of the adsorption configurations of
CO on Ni-doped BNNTs are reported.
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Introduction

Nanomaterials with low weights and large specific surfaces
have attracted increasing interest due to their potential appli-
cations, so their properties have been extensively studied.
Carbon nanotubes (CNTs) were discovered by lijima in
1991 [1], and since then, they have attracted much interest
due to their outstanding properties. Boron nitride nanotubes
(BNNTSs) are one of a number of nanomaterials that have
structures similar to CNTs [2, 3]. In comparison with CNTs,

Electronic supplementary material The online version of this article
(doi:10.1007/s00894-012-1537-6) contains supplementary material,
which is available to authorized users.

S. Tontapha - B. Wanno (D<)

Center of Excellence for Innovation in Chemistry and Department
of Chemistry, Faculty of Science, Mahasarakham University,
Maha Sarakham 44150, Thailand

e-mail: banchobw@gmail.com

V. Ruangpornvisuti

Department of Chemistry, Faculty of Science,
Chulalongkorn University,

Bangkok 10330, Thailand

BNNTs have a wider band gap, higher chemical stability,
excellent mechanical properties, and higher thermal conduc-
tivities [4, 5]. Single-, double-, triple-, and multiwalled
BNNTSs have been synthesized and identified [3, 6-8]. The
structures of defective single-walled BNNTs [9, 10], as well
as the doping [11, 12] and the functionalization [13, 14] of
single-walled BNNTs and adsorption onto them [15-17]
have been reviewed. The adsorption of small molecules
(i.e., Hy, NO, N0, O,, CO, CO,, C,H,4, C,H,, H,O, NH3)
onto BNNTs and doped BNNTs were studied using density
functional theory (DFT) [9, 18-23].

Carbon monoxide is a hazardous chemical that is pro-
duced by the incomplete burning of hydrocarbons. It is
released in almost all combustion processes and is toxic,
colorless, and odorless. Studying the adsorption of a toxic
gas onto a surface material is of great interest. The molec-
ular adsorption of CO onto a boron nitride nanocluster
(B12Nj,) has been investigated using density functional
theory [24]. It was found that CO adsorption can induce
significant changes in the cluster’s electronic properties,
suggesting that this B;,N;, cluster is a potential sensor for
CO detection.

Generally, defects in BNNT defects are either B or N
vacancies, square/octagon pair defects, doping agents, or
Stone—Wales (SW) defects. SW defects which are generated
by rotating the B-N bond by 90°, meaning that four associ-
ated hexagons fuse into two pentagon/heptagon pairs, have
been widely studied. Note that there are two possible SW
defects—straight SW and slanted SW defects—according to
the orientation of the rotated B—N bond. Also, the geome-
tries, electronic properties, relative stabilities, and reactiv-
ities of BNNTs with SW defects have been reported by Li
and coworkers [10]. They showed that the reactivity of SW
defect site is higher than that of a perfect site. Moreover, the
adsorption of Ni onto single-walled BNNTSs with intrinsic
defects has been studied using DFT calculations, and the
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results of that study were reported by Zhao and coworkers
[25]. They found that the existence of defects in BNNTs
clearly improves the chemical reactivity associated with Ni
adsorption. In addition, the charge transfer, band gap, and
density of states of Ni adsorbed onto BNNTs have been
reported.

In the work described in the present paper, we investi-
gated the configurations of CO that is adsorbed onto Ni-
doped BNNTSs and the electronic properties of these config-
urations using density functional theory with B3LYP/
LanL2DZ computations. The frontier molecular orbital en-
ergies, energy gaps, adsorption energies, partial charge
transfers, and geometric parameters of the CO adsorbed
onto Ni-doped BNNTs were determined.

Computational details

We selected seven-layered armchair (5,5) BNNTSs for study.
All of the atoms at both ends of the BNNTs were terminated
with hydrogen atoms. All of these hydrogen-terminated
BNNT structures therefore had the same chemical formula,
B35N35H,g. The (5,5) BNNT models were categorized into
three types: “perfect site” (PS) BNNT (i.e., with no defects);
BNNT with straight Stone—Wales defects (SW1); BNNT
with slanted Stone—Wales defects (SW2). For the Ni-doped
BNNT structures, an Ni atom was added to the outer side
wall of each type (perfect and defective) of BNNT approx-
imately midway along the tube length. This procedure
allowed us to create structures for perfect and Stone—Wales
defective BNNTs doped with an Ni atom at the particular
adsorption site of each BNNT. As displayed in Fig. 1, we
denoted the chemical bonds in the vicinity of the adsorption
site as follows: “D” for a diagonal B-N bond and “O” for an
orthogonal B-N bond in the PS structure; “Zg” for a zigzag
B-B bond, “A” for an axial B-N bond, and “Zy” for a
zigzag N-N bond in the SW1 structure; and “Zg” for a
zigzag B—B bond, “A” for an axial B-N bond, and “Z\”
for a zigzag N-N bond in the SW2 structure [26].

The adsorption of carbon monoxide onto these BNNTs
doped with Ni was investigated. All geometry optimiza-
tion performed in the present study was carried out using
density functional theory. The hybrid functional B3LYP,
Becke’s three-parameter exchange functional [27], and
the Lee—Yang—Parr correlation functional [28] were
employed. The LanL.2DZ [29-31] basis set (Dunning/
Huzinaga valence double-zeta for first-row elements,
and Los Alamos effective core potentials (ECP) plus
double-zeta for heavier elements) was also used. All
calculations were performed using the program GAUSS-
IAN 03 [32]. The most stable structure obtained from the
geometric optimization of each system was used in the
final single-point energy calculations. Electronic proper-
ties, including the energy gap (Eg,p,) between the highest
occupied molecular orbital (HOMO) and the lowest un-
occupied molecular orbital (LUMO), the partial charge
transfer (PCT) upon the adsorption of CO, and the den-
sity of states (DOS), were studied. DOS plots for all of
the BNNTs and their possible Ni-doped structures as well
as their CO-adsorbed configurations were derived from
the orbital energies present in the Gaussian output file,
and were simulated using the program GaussSum 2.2
[33]. The adsorption energies (AE,qs) of a CO molecule
onto the Ni in the Ni-doped perfect and Stone—Wales
defective BNNTs were calculated according to the fol-
lowing equation:

AE.4s = Econi—pnt — (Eni—anT + Eco) (1)

where Ecomni-ennt and Enipnnt are the total energy of
the Ni-doped BNNT with CO adsorbed onto it and the
total energy of the Ni-doped BNNT, respectively. Eco is
the total energy of a CO molecule.

Basis set superposition error (BSSE) corrections for the
adsorption energies were realized at the same level of theory
using Boys—Bernardi counterpoise (CP) calculations
[34-37]. Here, the adsorption energy corrected for the BSSE

correction is denoted AEBYSE,

Fig. 1 a—c Side walls of the modeled a PS, b SW1, and ¢ SW2 BNNT
structures. Adsorption sites that are doped with Ni are labeled accord-
ing to the nearest chemical bond: a “D” for a diagonal B-N bond and
“O” for an orthogonal B-N bond in the PS structure; b “Zg” for a
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zigzag B-B bond, “A” for an axial B-N bond, and “Zy” for a zigzag
N—-N bond in the SW1 structure; ¢ “Zg” for a zigzag B-B bond, “A” for
an axial B-N bond, and “Zy” for a zigzag N-N bond in the SW2
structure [26]
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Results and discussion
Structural properties

In our previous study, we investigated and reported the
geometries and stabilities of armchair (5,5) BNNTs doped
with Ni, Pd, and Pt atoms [26]. The The B3LYP/LanL2DZ-
optimized structures of perfect and defective BNNTs (PS-
BNNT, SW1-BNNT, SW2-BNNT; see definitions above) as
well as their Ni-, Pd-, and Pt-doped structures were calcu-
lated. The relative energies, frontier molecular orbital ener-
gies, energy gaps, and chemical indices of all of the perfect
and defective BNNTs and their Ni-, Pd-, and Pt-doped
structures were also studied. The results showed that the
BNNTs show the strongest binding to Ni among the three
dopant metals. Thus, in the present work, we chose to study
the adsorption of CO onto Ni-doped BNNTs.

Therefore, we obtained all possible adsorption configurations
for CO on the Ni-doped perfect and defective BNNTs (Ni-PS,
Ni-SW1, and Ni-SW2). When the CO is adsorbed onto Ni-PS,
Ni-SW1, and Ni-SW2, it may do so by pointing either its C or its
O atom toward the side-wall atoms of the BNNT; we denote
these orientations by CO and CO, respectively. Therefore, the
adsorption configurations in which CO points its C atom toward
the side-wall atoms of each BNNT are denoted CO/Ni-PS, CO/
Ni-SW1, and CO/Ni-SW2. Correspondingly, those in which the
O atom of CO points toward the side-wall atoms are then termed
CO/Ni-PS, CO/Ni-SW1, and CO/Ni-SW2.

Fig. 2 a—d The B3LYP/
LanL2DZ-optimized structures
for CO adsorbed onto the Ni-
doped PS BNNT: a CO/Ni-PS
at the D site, b CO/Ni-PS at the
O site, ¢ CO/Ni-PS at the D site,
and d CO/Ni-PS at the O site. In
each case, the left and right
diagrams show side and front
views of the nanotubes. Bond
distances and adsorption ener-
gies are in A and kcal mol ',
respectively

The B3LYP/LanL2DZ-optimized structures of the Ni-
doped PS, SW1, and SW2 BNNTs with a CO adsorbed onto
them are displayed in Figs. 2, 3, and 4, respectively. Select-
ed bond distances in these structures are listed in Table 1.
The calculated Ni—-CO distances are 1.708—1.829 and
1.805-2.027 A for the CO-adsorbed configurations with
CO and CO, respectively, which are much shorter than the
van der Waals distances for BNNTs with adsorbed CO
reported in [9]. The average C—O bond length in the CO
molecule when it has been adsorbed onto these BNNTSs is
about 1.179 A, while the C—O bond length of the free CO
molecule is 1.166 A. Interestingly, for the CO/Ni-SW1
configuration, the Ni atom is located above the B-N bond
at the Zy site after adsorption (see Fig. 3e).

Adsorption energy

The energies associated with the adsorption of CO onto the
Ni-doped PS, SWI1, and SW2 BNNTs, computed at the
B3LYP/LanL2DZ level with and without the BSSE correc-
tion, as well as the frontier molecular orbital energies, ener-
gy gaps, and the partial charge transfer values of the
corresponding CO-adsorbed configurations are shown in
Table 2. These adsorption energies indicate that CO adsorp-
tion by the Ni-doped BNNTSs is always an exothermic pro-
cess. In addition, the calculated results show that adsorption
via the CO orientation leads to a stronger interaction than
adsorption via the CO orientation. The binding strengths
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Fig. 3 a—f The B3LYP/
LanL.2DZ-optimized structures
for CO adsorbed onto the Ni-
doped SW1 BNNT: a CO/Ni-
SW1 at the A site, b CO/Ni-
SW1 at the A site, ¢ CO/Ni-
SW1 at the Zy site, d CO/Ni-
SW1 at the Zy site, e CO/Ni-
SW1 at the Zg site, and f CO/
Ni-SW1 at the Zg site. In each
case, the left and right diagrams
show side and front views of
the nanotubes. Bond distances
and adsorption energies are in A
and kcal mol ™", respectively

associated with the adsorption of CO at the different sites on
the Ni-doped BNNTs, obtained with and without the BSSE
correction, are reported in Table 2. Based on those calculat-
ed results, the Ni-doped BNNTs show strong binding with
CO molecule; the highest values of the adsorption energy
AE,q and AEBYSF are —68.33 and —60.24 kcal mol ',
respectively, which were obtained with the CO/Ni-PS con-
figuration where binding occurs at the O site. In this case,
the adsorption is accompanied by —0.108 e of PCT from
BNNT to CO, which occurs due to the strong electronega-
tivity of the O atom of the CO molecule. On the other hand,
the binding of CO to the Ni-doped SW2 BNNT is the
weakest among the configurations investigated, with an
estimated AE,q, of —12.70 kcal mol' and a AEBSSF of
—7.36 kcal mol ™', indicating that CO adsorption onto this
Ni-doped defective BNNT is not very favorable. The BSSE

@ Springer

values for CO adsorption onto the studied surfaces are rather
low: 5.34-8.24 kcal mol . The adsorption of CO onto the
Ni-doped BNNTs is much more favorable that the absorp-
tion of CO onto pure BNNTs and chemical-doped BNNTs
(as reported in [9, 38]). It is interesting to note that the
BNNTs with PS and SW defects show different reactivities
toward CO adsorption. This interaction can be described as
molecular chemisorption as it is highly exothermic.

Frontier orbitals and energy gaps

The frontier orbitals and energy gaps for the adsorption of a
CO molecule by Ni-doped PS, SW1, and SW2 BNNTs, as
obtained using B3LYP/LanL.2DZ, are listed in Table 2. The
energy gaps (Eg,p) of Ni-doped PS-BNNT, SWI1-BNNT,
and SW2-BNNT are 2.75-3.62 eV, which are much lower
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Fig. 4 a—f The B3LYP/
LanL.2DZ-optimized structures
for CO adsorbed onto the Ni-
doped SW2 BNNT: a CO/Ni-
SW2 at the A site, b CO/Ni-
SW2 at the A site, ¢ CO/Ni-
SW2 at the Zy site, d CO/Ni-
SW2 at the Zy site, e CO/Ni-
SW2 at the Zg site, and f CO/
Ni-SW2 at the Zg site. In each
case, the left and right diagrams
show side and front views of
the nanotubes. Bond distances
and adsorption energies are in A
and kcal mol ™", respectively

AE,, =-48.34
e

than those of the corresponding undoped nanotubes (see
our previous work [26]; the energy gaps for the
undoped PS-BNNT, SWI-BNNT, and SW2-BNNT are
6.10, 5.20, and 4.79 eV, respectively). The frontier
orbitals of the Ni-doped PS, SWI1, and SW2 BNNTs
with CO adsorbed onto them are displayed in Figs. S1,
S2, and S3 of the “Electronic supplementary material”
(ESM), respectively. The frontier orbitals show that the
HOMO orbitals of all of these complexes are located in
the vicinity of the Ni dopant, while the LUMO orbitals
are located around the CO, indicating that Ni transfers
electrons to the CO molecule. These results confirm that
the CO molecule forms strong complexes with Ni-doped
BNNTs.

AE,, =-18.28
f

Partial charge transfer

Values for the partial charge transfer (PCT), defined as the
charge transfer from the CO molecule to the atom in the Ni-
doped BNNT to which it binds (in other words, as the
difference between the charge on the CO molecule when
has been adsorbed onto the Ni-doped BNNT and the charge
on the isolated CO molecule), were obtained using natural
bond orbital analysis. The calculated partial charge transfer
values are listed in Table 2. The results show that for most of
the CO-adsorbed configurations, the PCTs are negative,
indicating that charge is transferred from the Ni-doped
BNNT to the CO molecule when it is adsorbed. There are,
however, two exceptions to this rule: the configuations CO/
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Table 1 C-O bond lengths and CO adsorption distances (i.e., between
CO and the Ni atom, in A) in the Ni-doped PS, SW1, and SW2 BNNTs
with CO adsorbed onto them, as shown in Figs. 2, 3, and 4

Ni-SW2 (at Zy site) and CO/Ni-SW2 (at Zy site), for which
the PCT values are positive.

Molecular species Site Ni—X distance C-O bond length Density of states (DOS)
PS Syétem: . The B3LYP/LanL.2DZ-computed values for the electronic
QO/N%'PS b 1.709 . 1.186 density of states of Ni-doped PS, SW1, and SW2 BNNTs
CQ/N%'PS b 1.810 . 1183 with CO adsorbed onto them are plotted in Figs. S4, S5, and
QO/N?'PS o 1708 . 1187 S6 in the ESM, respectively. The Fermi level (Ef) values
CONi-PS o 1.805 1183 observed in the present work are in the range —3.129 to
SW1 ?yStem: ' —4.919 eV, which indicates that the DOS at around the
CONi-SW1 A 1722 . 1.182 Fermi level for each Ni-doped BNNT with CO adsorbed
CONi-SW1 A 1.834 ' 1179 onto it is slightly different from that of the Ni-doped BNNT
CONi-SW1 Zn 1.710 . 1.187 (i.e., without CO adsorbed). Interestingly, Figs. S6e and S6h
CONi-SW1 Zn 1.808 1.183 show that the Fermi levels of the CO-adsorbed configura-
CONi-SW1 Zg 1.727° 1.182 tions are significantly different from those of other com-
CONi-SW1 Zg 1.849 1.180 plexes, indicating that CO adsorption generates an impurity
SW2 system: state near the conduction band.
CO/Ni-SW2 A 1.725 ¢ 1.182
CO/Ni-SW2 A 1.833° 1.180
CO/Ni-SW2 Zn 1.829 * 1.166 Conclusions
CO/Ni-SW2 N 2.027° 1.168
CO/Ni-SW2 Zg 1.751° 1.180 The structures of the adsorption configurations of Ni-doped
CO/Ni-SW2 Zg 1.896 ° 1.176 BNNTs with CO adsorbed onto them were obtained using
(¢0) - 1.166 B3LYP/LanL2DZ. Seven-layered armchair (5,5) BNNTs were
- selected for study, and all of the atoms at each end were
. B terminated with hydrogen atoms, giving all of them a chemical
X=0 formula of B3sN35H». The adsorption energies for the adsorp-
tion of CO by Ni-doped BNNTs were in the range —68.33 to
Table 2 Energies associated ] ] - ] 5 ) ) -
with the adsorption of CO onto Complexes Site AEqq ° BSSE * A* Enomo Erumo Eqap PCT ¢
the Ni-doped PS, SW1, and
SW2 BNNT structures, as well PS system:
as the frontier molecular orbital  CO/Ni-PS D —66.88 8.09 -58.79  —5.290 -1.073 4216 —0.102
energies, energy gaps, and the CO/Ni-PS D ~27.03 560 2143 —4.941 -1717 3224 —0.089
partial charge transfer values of -
the corresponding CO-adsorbed ~ CO/Ni-PS 0 -68.33 809  —6024  —5241 -1.071 4170 —0.108
configurations CO/Ni-PS (6] —27.05 5.54 —21.51 —4.680 —1.551 3.129 -0.110
SWI system:
CO/Ni-SW1 A -61.37 8.24 —53.13 —5.504 —1.781 3.723 —0.075
CO/Ni-SW1 A —24.76 5.80 —18.96 —5.051 —2.106 2.946 —0.100
CO/Ni-SW1 N —66.16 8.15 —58.01 —5.189 -1.297 3.892 —0.109
CO/Ni-SW1 Zn —26.12 5.52 —20.60 —4.746 —1.695 3.051 —0.100
CO/Ni-SW1 Zg —59.88 8.09 —51.79 —5.577 —1.807 3.770 —0.075
CO/Ni-SW1 Zg —22.50 5.87 —16.63 —5.101 —2.018 3.083 —0.071
SW2 system:
CO/Ni-SW2 A —60.53 8.15 —52.38 —5.661 —1.945 3.716 —0.075
CO/Ni-SW2 A —24.44 5.54 -18.90 -5.214 -2.114 3.100 —0.060
CO/Ni-SW2 Zn -34.19 7.79 —26.40 —6.461 —3.376 3.086 0.026
. CO/Ni-SW2 N —12.70 5.34 —7.36 —6.275 —3.053 3.221 0.030
# In kcal mol -
A CO/Ni-SW2 Zg —48.34 7.95 —40.39 —5.687 —1.884 3.803 —0.069
ne CO/Ni-SW2 Zg —18.28 5.72 —12.56 —5.146 —2.404 2.742 —0.034
‘Ine -
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—12.70 keal mol . The energy gaps for the Ni-doped BNNTs
with CO adsorbed onto them, derived using B3LYP/
LanL2DZ, were 2.742-4.216 eV. The highest binding strength
of CO to the Ni-doped BNNT was noted for the CO/Ni-PS
configuration with binding at the “O” site (AE,4s=—68.33 kcal
mol "), which was associated with a large amount of charge
transfer.
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