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Abstract The adsorption of the NH; molecule was inves-
tigated on pristine, Al-doped and Al-decorated BCj;
nanotubes (BC;NT) using density functional theory calcu-
lations. It was found that NH; prefers to be adsorbed on a B
atom of the tube wall, releasing energy of 1.02 eV. Al-
doping increases the acidity of the tube surface and, there-
fore, its reactivity toward NHj so that the released energy in
this case is about 1.62 eV, while decorating the BC;NT with
Al atom decreases the acidity and reactivity. Although Al-
doping has no significant effect on the electronic properties
of the BC3;NT, Al-decoration significantly reduces its
HOMO/LUMO energy gap from 2.37 to 1.16 eV so that
the tube becomes an n-type semiconductor. However, we
believe that the acidity of the BC;NTs may be controlled by
doping or decoration of Al atoms.

Keywords Boron carbide nanotube - Density functional
theory - Computational study - Band gap
Introduction

Since the discovery of carbon nanotubes (CNTs) by lijima in
1991 [1], much research has focused on these new nanoscale
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tubular materials because of their great potential in techno-
logical applications [2—7]. It was postulated that other com-
pounds that form laminar graphite-like structures could also
form nanotubes. Nanotubes of BN, AIN and SiC have been
synthesized successfully [8—10]. Theoretical studies have
shown that CNTs could be either metallic or semiconducting,
depending on radii and chirality. However, BN nanotubes
combine both ultimate strength and stable dielectric proper-
ties. They are predicted to be semiconductors regardless of
their diameter, chirality, or the number of walls of the tube.
Substituting CNTs with other elements like B or N can tune
their electronic properties efficiently and lead to novel ap-
plications [11, 12]. B-doped CNT or composite boron—car-
bon nanotubes of different B/C ratio have been synthesized
[13, 14]. For higher levels of boron doping, the boron car-
bide nanotube with the particular stoichiometry of BCj is
feasible [15]. Just like CNTs, BC; nanotubes (BC5NTs) can
be structurally formed by rolling a BC; sheet along the chiral
vector. On the BC; sheet and, thus, on the BC3NTs, there are
only B-C and C—C chemical bonds; the less stable B-B
bonds are excluded [16, 17]. BC3NTs have been synthesized
[18], and the electronic structures have also been investigat-
ed theoretically [19].

The reactivity of these nanotubes is often adjusted by
doping or decoration with other elements. It is important to
understand and to be able to quantify modification of the
surface properties by the addition of such elements. Surface
acidity is an important property that is used frequently to
characterize the reactivity of surfaces. Ammonia (NHj3) is
used widely as the probe molecule in experimentally deter-
mining the Lewis and Brensted acidity of surfaces, and the
binding energy to a particular site on the surface serves as a
measure of acid strength [20]. Most surfaces have several
types of reactive sites and, with the addition of a dopant and
decorant, the number of such sites can be additionally in-
creased [21]. Theoretical methods are well suited to probing
the strength of the binding of NHj3 for these numerous
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reactive sites numerically, thus providing rich information
about the reactivity of the surface [22, 23].

In this work, the interaction of NH; with BC3NTs will be
investigated theoretically based on analyses of structure,
energies, electronic properties, etc. The main purpose of this
study is to gain fundamental insights into the influence of
aluminum doping and decoration on the adsorption proper-
ties of the nanotube with NH;, and how these effects could
change the acidity of BC3NTs.

Computational methods

We selected a (8, 0) zigzag BC;NT consisting of 72 C and 24
B atoms, in which the end atoms have been saturated with
hydrogen atoms to reduce boundary effects. This tube is a
closed shell system in which all electrons are paired.
Geometry optimizations, energy calculations, and density
of states (DOS) analysis were performed on the nanotube
and different NHz/nanotube complexes using B3LYP func-
tional with 6-31G (d) basis set as implemented in the
GAMESS suite of program [24]. The DOS describes the
number of states per interval of energy at each energy level
that are available to be occupied by electrons, and was
calculated using the GaussSum program [25].

The B3LYP has been demonstrated to be a reliable and
commonly used level of theory in the study of different
nanostructures [26—30]. Matsuda et al. [31] reported ab initio
quantum mechanical calculations of band structures of
single-walled carbon nanotubes using the B3LYP flavor of
density functional theory (DFT). They found that B3LYP
leads to very accurate £, values compared to experimental
results, suggesting its use in designing carbon nanotube de-
vices. We defined adsorption energy in the usual way as:

Ead = E(NH3 / nanotube) —E(nanotube)—E(NH3) + Epssg (1)

where £ (NHs/nanotube) corresponds to the energy of the
nanotube in which a single NH; has been adsorbed on the
inner and outer wall, £ (nanotube) is the energy of the
isolated tube, £ (NH3) is the energy of a single NH3 mole-
cule, and Epggg is the energy of the basis set superposition
error. The canonical assumption for Fermi level (EF) is that,
in a molecule at 7= 0 K, it lies approximately in the middle
of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) energy gap
(Eg). Also, E, designates the gap between singly occupied
molecular orbital (SOMO) and LUMO in open shell sys-
tems. It is noteworthy that, in fact, what lies in the middle of
the E, is the chemical potential, and since the chemical
potential of a free gas of electrons is equal to its Fermi level
as traditionally defined, the Fermi level of the systems con-
sidered herein is at the center of the £,.
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Results and discussion
NHj; adsorption on pure BC;NT

Figure la shows a partial structure of a side view of the
optimized BC;NT. Two types of B—C bonds can be found:
one with a bond length of 1.57 A and in parallel with the tube
axis, and another with bond length 1.56 A, but not in parallel
with the tube axis (diagonal). Two types of C—C bonds also
exist in the tube, with the parallel bond having a bond length
of 1.41 A and other one 1.42 A. There are two types of carbon
atoms in BC;NT; Cj is a carbon atom that is bonded to the B
atom in parallel with the tube axis, while Cy; is a carbon atom
that is bonded to the B atom (diagonal B—C bond).

To obtain the most stable configuration of single NHj;
adsorbed on the BC;NT, various possible initial adsorption
geometries, including single (hydrogen or nitrogen) and
double (N-H) bonded atoms to B and C atoms on different
adsorption sites are considered. However, only one stable
structure was obtained upon the relaxation process (Fig. 2).
More detailed information from the simulation of different
NH3/BC3NT systems, including values of E,4, £, and the
charge transfer (Or) for this configuration is listed in Table 1.
This configuration stands for the covalent bonding between
the nitrogen atom of the NH; molecule and the boron atom of
the nanotube with a distance of 1.68 A. The adsorption of
NHj; on the B site in BC3NT can be rationalized by molecular
electrostatic potential (MEP) analysis. Based on Mulliken
population analysis, the point charge of boron in BC3NT is +
0.44 e, which is in agreement with our calculated MEP. As
shown by the mapped MEP of BC;NT in Fig. 1b, B atoms
are positively charged (blue) while C atoms are negatively
charged (red) in B—C bonding. As a result, ammonia adsorp-
tion (Lewis base that acts as a probe molecule in experimen-
tally determining the acidity of surfaces) is adsorbed strongly
on Lewis acid sites (B site). This configuration indicated that
a net charge of about 0.240 electron transfers from the
molecule to the tube and its corresponding calculated E,q
value (Table 1) is about —1.02 eV. The more negative E,q of
NH; on BC3NT and the transferred charge between them
reveal the chemical nature of the interaction, suggesting the
high acidity behavior of BC;NTs.

Next, we studied the influence of NH; adsorption on the
electronic properties of the nanotube. For bare BC;NT
(Fig. 1a), it can be concluded that it is a semi-conducting
material with an E, of 2.37 eV. By referring to Fig. 2, both
conduction and valence levels move to higher energies, so
that the £, of the tube decreased from 2.37 eV in the bare
tube to 2.32 eV for the NH3/BC3;NT complex. Also, the
Fermi level of the tube (—4.96 eV) is shifted to a slightly
higher energy value (—4.77 e¢V). However, this change in
electronic properties is negligible, indicating that BC;NT is
still a semiconductor after NH; adsorption.
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Fig. 1 a Partial structure of
optimized BC3NT and its
density of states (DOS) plot.
Bonds lengths are in
Angstroms. b Calculated
molecular electrostatic potential
(MEP) surface of BC;NT. Red
High electron density, blue
positive sites

As a comparison, we investigated the adsorption of an NH;
molecule on a BC; graphene-like sheet. To this end, a BC; sheet
consisting of 102 C and 34 B atoms was selected, in which the
end atoms were saturated with hydrogen atoms. In the optimized
sheet, two types of B—-C and C—C bonds can be identified, with
corresponding lengths of 1.56, and 1.42 A, respectively. The
calculated E,, of this sheet is about 2.65 €V, which is smaller than
that of the tube by about 0.28 eV. The trend of the NH3 process
on the sheet is similar to that on the tube, whereas the NH;
molecule tends to attack a B atom of the sheet from its N atom,
forming an N-B bond with length of 1.73 A, which is longer
than the N-B formed in the NH5/tube complex. We calculated
the E,4 value for the adsorption process on the sheet to be about
0.98 eV. The longer formed N-B bond and less negative E,q
value indicate that adsorption of NH; is weaker on the sheet than

Fig. 2 Model for stable
adsorption of NH3 on BC3NT
and its DOS plot. Bonds are in
Angstroms

12
_ i I
£ 4l ﬁﬁ
| |
2| /1l ||_ |||I \
E ,\m l'u' '\. ) v \I,Eg=2.37
4 R N Y
= l\|| I. |I. |'A"J|I "N, II I|| ']
| |lI |I \
) A
12 -10 -8 6 -4 -2 0 2
Energy (eV)

in the tube. This may be due to the fact that the adsorbing B
atom of the tube can be hybridized more easily to sp> than the
adsorbing B atom of the sheet.

NH; adsorption on Al-doped BC3NT

Furthermore, the effects of substituting the adsorbing B atom
by an Al atom on the geometric structure and electronic
properties of BC;NT, and on the acidity of surface were
investigated. Substituting the B atom with the impurity rep-
resented by Al distorted the geometric structure of BC3NT
dramatically (Fig. 3). It should be noted that the Al-doped
nanotube is an open shell system due to the existence of an
unpaired electron in the SOMO. In the optimized Al-doped
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Table 1 Calculated adsorption energy of NHj (E,4, €V), highest occupied molecular orbital (HOMO) energies (Ehomo), lowest unoccupied
molecular orbital (LUMO) energies (Erumo), HOMO-LUMO energy gap (E,), Fermi level (Ef) of systems (Figs. 1-6) in eV

System Eaq Or(e)a Enomo Eg Erumo E,

BC;NT - - —6.15 —4.96 —3.78 2.37
BC;NT/NH; -1.02 0.240 -5.93 —4.77 -3.61 2.32
Al-doped BC3NT - - —6.13 —4.94 —376 2.37
Al-doped BC;NT/NH; -1.62 0.286 —5.82 —4.68 —3.55 2.27
Al-decorated BC3NT - - —5.26 —4.68 —4.10 1.16
Al-decorated BC3NT/NH;3 —0.66 0.250 -5.03 —4.44 —3.85 1.18

# Or is defined as the total Mulliken charge on NH;

tube, the Al atom impurity is projected out of the tube surface in
order to reduce stress due to its larger size compared to the B
atom. The calculated bond lengths are 1.88 and 1.90 A for the C—
Al bonds in the Al-doped BC3NT, which are much longer than
the corresponding B—C bonds in the pristine tube. Also, the Al-
C-Al angles in the doped tube are 111° and 112°, i.e., smaller
than the B-C—B angles in the pristine tube (117° and 120°).
Subsequently, we explored NH; adsorption on the Al-doped
tube by locating the molecule above the Al atom with different
initial orientations including the N or H atom of the molecule
that is close to Al. After relax optimization of the initial struc-
tures, only one final stable structure was obtained (Fig. 4).
Interestingly, during optimization, the NH; reoriented in such
a way that its N atom moved closer to the Al site, with an E,4 of
—1.62 eV. Also, the corresponding interaction distance between
the Al atom of the doped-tube and the NHj is 2.00 A. Larger
charge transfer (0.286 e) and more negative E,4 between Al-
doped BCsNT and NH3 indicated that doping of Al in BC;NT
can improve the acidity of the tube, which is in agreement with
the usual mechanism proposed for such binding: the NH; binds
at the exposed Al atom, which is electron-deficient and can
receive electrons from the lone pair orbitals of nitrogen. Why is
the reaction of NH;3 with the Al-doped tube more favorable
than that with the pristine one? To answer this question, we
performed natural bond orbital (NBO) analysis of the Al-doped
BC;NT. NBO analysis indicates that, unlike boron atoms,
hybridization of the Al atom is approximately sp’, and it can

Fig. 3 Partial structure of
optimized Al-doped BC3NT and
its DOS plot. Bonds are in
Angstroms
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have a coordination number of four. This site, which can accept
electrons, is referred to as a “Lewis acid site” (and conversely,
ammonia is termed a “Lewis base”). The calculated DOS of Al-
doped BC3NT is shown in Fig. 2a, indicating that its £, value is
similar to the pristine tube with £, of 2.37 eV, revealing the
semiconducting property of Al-doped BC;NT. Figure 4 shows
that NH; adsorption through this configuration has no detect-
able effect on the electronic properties of the tube, although that
the E, of the tube has slightly decreased from 2.37 to 2.27 eV.
The calculated DOS values show that NH; adsorption on
BCsNT can be generally classified as a certain type of “elec-
tronically harmless modification”. In other words, the electron-
ic properties of BCsNT are changed only negligibly by NH;
adsorption.

NH; adsorption on Al-decorated BC;NT

We first studied the bonding of a single Al atom to BC3NT to
form Al-decorated BC5;NT. In other words, in the decorated
BC;5NT, an Al atom is adsorbed onto the surface of the tube.
All systems containing the Al-decorated BC3NT are open
shell systems due to presence of an unpaired electron in the
SOMO. With the optimized structures, the decoration energy
(Egec) of the Al on the pure nanotube is obtained using the
following equation:

Egee = E(AI-BC3NT)—E(Al)-E(BC;3NT) (2)
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Fig. 4 Models for stable
adsorption of NH; on the Al-
doped BC5NT and its DOS plot.
Bonds are in Angstroms

Fig. 5 Partial structure of
optimized Al-decorated BC;NT
and its DOS plot. Bonds are in
Angstroms. As this system is
open shell (with an unpaired
electron) in its DOS plots, red,
green and blue designate spin
up, spin down and total DOS,
respectively

Fig. 6 Model for the stable
adsorption of NH; on Al-
decorated BC3NT and its DOS
plot. Bonds are in Angstroms.
As this system is open shell
(with an unpaired electron) in its
DOS plots, red, green and blue
designate spin up, spin down
and total DOS, respectively
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where E (AI-BC;5NT) is the total energy of Al decorated on
the BC3NT surface, and £ (BCsNT) and £ (Al) are the total
energies of the pristine BC;NT and an Al atom, respectively.
To find the minimum adsorption configurations for Al-
BC;NT complexes, Al was placed initially at different posi-
tions above the BC;NT. Five possible adsorption sites on the
BC;NT, i.e., two top sites (C and B atoms), two bridge sites
(B—C and C—C bonds) and two rings (C¢ and C4B,), were
selected to examine the interaction between the tube and a
single Al, and we found that the optimal position is over the
H1 site of the BC;NT (Fig. 5). The distance between Al and
the tube surface is about 2.00 A with an E4.. of —1.58 eV.

After investigating the stability of Al-decorated BC5NT,
we next studied the interaction between this complex and the
NH; molecule. When one NH; molecule is adsorbed, the
molecule is re-oriented to the side of the Al atom near to the
BC;NT surface. As shown in Fig. 6, the distance between the
N atom of NHj, and the decorated Al atom of the tube is
2.12 A. The E,q value for this configuration is about
—0.66 ¢V with a charge transfer of about 0.250 e to the Al-
decorated BC3NT. In comparison, Al-decorated BC3;NT has
a lower reactivity than pristine and Al-doped BC5NT toward
the NH; molecule. The nature of the nanotube’s DOS near
the Fermi level is critical to the understanding of electrical
transport through these materials. Therefore, we have drawn
DOS plots for the Al-decorated tube with and without NHj.
It should be noted that, herein, E, stands for SOMO/LUMO
energy gaps for open shell systems. The calculated DOS of
Al-decorated BC;NT is shown in Fig. 3a, indicating that
HOMO and LUMO levels changed significantly, and its £,
value is reduced to 1.16 eV compared to the pristine BC;NT.
However, the Al-decorating forms a donor-like level, reveal-
ing that decorating semiconducting BC;NTs with Al atom
will create an n-type semiconducting material, resulting in
increased conductivity. Table 1 and Fig. 6 show that the
conduction, valence and Fermi levels of the tube shift simul-
taneously to higher energies upon the adsorption of NH;3 on
Al-decorated BC;NT, but cannot change the E, of the tube.
Thus, doping and decoration of Al can increase and decrease
the Lewis acidity of the surface, respectively.

Conclusions

Surface acidity is an important property that is used frequently to
characterize the reactivity of surfaces. The adsorption of ammo-
nia at Lewis acid sites on the BC;NT surface was investigated
using DFT methods. It was found that NH; can be attached to
the boron atom of the BC;NT as Lewis acid sites. The relative
magnetic order of the acidity for different surfaces is: Al-doped
BC3NT (E,q of —1.6 eV)>BC;3NT (E,q of —1.02 eV)>Al-dec-
orated BCsNT (E,4 of —0.66 eV), indicating that the acidity of
BC;NT can be controlled by doping or decorating the Al atom.

@ Springer

Although Al-doping has no significant effect on the electronic
properties of the BC;NT, the Al-decoration significantly reduces
its £, value from 2.37 to 1.16 V.

References

1. lijima S (1991) Nature 354:56-58
2. Chetmecka E, Pasterny K, Kupka T, Stobinski L (2012) J Mol
Model 18:2241-2246
3. Beheshtian J, Soleymanabadi H, Kamfiroozi M, Ahmadi A (2012)
J Mol Model 18:2343-2348
4. Garberoglio G, Vallauri R (2003) Phys Lett A 316:407—412
5. Rajarajeswari M, lyakutti K, Kawazoe Y (2011) J Mol Model
11:2773-2780
6. Peralta-Inga Z, Boyd S, Murray JS, O'Connor CJ, Politzer P (2003)
Struct Chem 14:431-443
7. Adhikari K, Ray AK (2011) Phys Lett A 375:1817-1823
8. Loiseau A, Willaime F, Demoncy N, Schramcheko N, Hug G,
Colliex C, Pascard H (1998) Carbon 36:743-752
9. Taguchi T, Igawa N, Yamamoto H, Jitsukawa S (2005) J Am Ceram
Soc 88:459-461
10. Tondare V, Balasubramanian C, Shende S, Joag D, Godbole V,
Bhoraskar S, Bhadhade M (2002) Appl Phys Lett 80:4813—-4815
11. Panchakarla LS, Govindaraj A, Rao CNR (2010) Inorg Chim Acta
363:4163-4174
12. Chen GX, Zhang JM, Wang DD, Xu KW (2009) Physica B
404:4173-4177
13. Golberg D, Bando Y, Han W, Kurashima K, Sato T (1999) Chem
Phys Lett 308:337-342
14. Golberg D, Bando Y, Bourgeois L, Kurashima K, Sato T (2000)
Carbon 38:2017-2027
15. Hernandez E, Goze C, Bernier P, Rubio A (1998) Phys Rev Lett
80:4502-4505
16. Wang Q, Chen LQ, Annett JF (1996) Phys Rev B 54:2271-2275
17. Tanaka H, Kawamata Y, Simizu H, Fujita T, Yanagisawa H, Otani
S, Oshima C (2005) Solid State Commun 136:22-25
18. Fuentes GG, Borowiak-Palen E, Knupfer M, Pichler T, Fink J,
Wirtz L (2004) Phys Rev B 69:245403-245408
19. YiJY, Bernholc J (1993) Phys Rev B 47:1708-1711
20. Yao H, Chen Y, Wei Y, Zhao Z, Liu Z, Xu C (2012) Surf Sci
606:1739-1748
21. Joshi A, Rammohan A, Jiang Y, Ogunwumi S (2009) J Mol Struct
(Theochem) 912:73-81
22. Onal I, Soyer S, Senkan S (2006) Surf Sci 600:2457-2469
23. Elanany M, Koyama M, Kubo M, Broclawik E, Miyamoto A
(2005) Appl Surf Sci 246:96-101
24. Schmidt MW, Baldridge KK, Boatz JA, Elbert ST, Gordon MS,
Jensen JH, Koseki S, Matsunaga N, Nguyen KA, Su S, Windus TL,
Dupuis M, Montgomery JA (1993) J Comput Chem 14:1347-1363
25. O’Boyle N, Tenderholt A, Langner K (2008) J Comput Chem
29:839-845
26. Peyghan AA, Omidvar A, Hadipour NL, Bagheri Z, Kamfiroozi M
(2012) Phys E 44:1357-1363
27. Beheshtian J, Peyghan AA, Bagheri Z (2012) Phys E 44:1963-1968
28. Baei MT, Peyghan AA, Bagheri Z, Tabar MB (2012) Phys Lett A
377:107-111
29. Beheshtian J, Bagheri Z, Kamfiroozi M, Ahmadi A (2012) J Mol
Model 18:2653-2658
30. Beheshtian J, Kamfiroozi M, Bagheri Z, Peyghan AA (2012) Chin J
Chem Phys 25:60-64
31. Matsuda Y, Tahir-Kheli J, Goddard WA (2010) J Phys Chem Lett
1:2946-2950



	NH3 on a BC3 nanotube: effect of doping and decoration of aluminum
	Abstract
	Introduction
	Computational methods
	Results and discussion
	NH3 adsorption on pure BC3NT
	NH3 adsorption on Al-doped BC3NT
	NH3 adsorption on Al-decorated BC3NT

	Conclusions
	References


