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Abstract We investigated the viability of using a BC,N
nanotube to detect formaldehyde (H,CO) molecule by
means of B3LYP and M06 density functionals. The results
indicate that the molecule is weakly adsorbed on the intrinsic
BC,N nanotube releasing energy of 0.8 kcal mol” (at
B3LYP/6-31G(d)) without significant effect on the HOMO-
LUMO energy gap and electrical conductivity of the tube.
Thus, H,CO cannot be detected using this intrinsic nanotube.
To overcome this problem, a carbon atom of the tube wall
was substituted by a Si atom. It was demonstrated that the Si-
doped tube cannot only strongly adsorb the H,CO molecule,
but also may effectively detect its presence because of the
increase in the electric conductivity of the tube.

Keywords Band gap - B3LYP - DFT - Nanostructures -
Sensor

Introduction

Carbon nanotubes (CNTs) are very prevalent in today’s
world of research and their unique properties have prompted
interest to produce inorganic nanomaterials [1-7]. The sim-
ilarity between graphite and the hexagonal boron nitride (h-
BN) leads to the production of boron nitride nanotubes
(BNNTs). Contrary to CNTs, the electronic properties of
BNNTs are almost independent of the tube chirality and its
diameter. The BNNTSs present partial ionic B-N bonds and
form a slight buckling on the surface that may be helpful for
the adsorption of molecules which interact weakly with CNT

M. Noei
Department of Chemistry, Mahshahr Branch, Islamic Azad
University, Mahshahr, Iran

A. A. Peyghan (D<)
Central Tehran Branch, Islamic Azad University, Tehran, Iran
e-mail: ahmadi.iau@gmail.com

surfaces. Another important difference resides in the fact that
while CNTs are easily oxidized, BNNTSs present strong re-
sistance to oxidation [8]. Similar to h-BN, the mixed B,C,N,
compounds (X, y, and z indicate the stoichiometry) are stable
in the hexagonal structure and they were predicted to form
one- and two-dimensional nanostructures [9—-11]. The BC,N
stoichiometry is believed to be one of the most stable forms
of the ternary BCN layers and nanotubes [12]. Considerable
experimental efforts have been devoted to the synthesis of
ByCyN, nanotubes, and they have been successfully
obtained by electrical pyrolysis, laser ablation, hot-filament
chemical vapor deposition, and the template route [13—16].
As an important industrial chemical, formaldehyde (H,CO)
is utilized in the manufacturing of building boards, plywood,
and lacquer materials [17, 18]. Moreover, it is an intermediate
in consumer products, such as detergents and soaps, and also it
is used in pharmacology and medicine because of its sterili-
zation property. It is known that formaldehyde gas can cause
asthma-like symptom and induce central nervous system and
immune system damage, as well as blindness and respiratory
disease [19, 20]. The maximum legal levels in dwellings and
work places are limited in most countries. The formaldehyde
vapors can cause various effects to human health on the basis
of the air concentration. Therefore, effective methods to mon-
itor formaldehyde have been demanded for atmospheric and
environmental measurement and control. People have been
looking for good materials as gas sensors with high sensitivity
for a long time. Basically, it is expected that the adsorption of
gas molecules on the sensors is stable and the changes of the
conductivity should be observable. However, most of gases
are found physisorbed on suspended intrinsic nanotubes
[21-23]. On the contrary, the dopants and defects in nanotubes
can strongly enhance the adsorption of molecules [24, 25],
indicating that doped atoms and defects play important roles
in the applications of them. In the present work, within the
density functional theory (DFT) framework, the interaction of
H,CO with BC,NNTs will be investigated based on analyses of
structure, energies, electronic properties, etc. We are interested
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in whether there is a possibility of BC,NNTSs serving as chem-
ical sensors for detecting H,CO molecule, and if not, can we
find a method for improving the sensitivity of BC,NNTs to
H,CO?

Computational methods

Geometry optimizations, natural bond order (NBO) analysis,
and density of states (DOS) analysis were performed on a (8,
0) zigzag BC,NNT (constructed of 24 B, 24 N and 48 C
atoms), and different H,CO/BC,NNT complexes by using
B3 (Becke three parameter exchange functional [26] and the
correlation functional of Lee, Yang and Parr (LYP) [27]) with
6-31G(d) basis set as implemented in GAMESS suite of
program [28]. Default convergence tolerances were used.
B3LYP is a popular functional which has been commonly
used for nanostructures [29-32]. The length and the diameter
of the optimized pure BC,NNT were computed to be about
11.42 A and 6.22 A, respectively. In order to reduce the
boundary effects, atoms at the open ends of the tube were
saturated with hydrogen atoms. The adsorption energy (E.q4)
of a HCN molecule on the tube is obtained using the follow-
ing equation:

Eut = E(tube / H2C0> —E(tube)-E(H,CO) + Epsse (1)

where E (tube/H,CO) is the total electronic energy of men-
tioned molecule adsorbed on the BC,NNT surface, and E
(tube) and E (H,CO) are the total electronic energies of the
tube and a molecule, respectively. Epgsg is the basis set
superposition error (BSSE) corrected for the all interaction
energies. The BSSE was obtained using counterpoise method
[33]. By the definition, a negative value of E, 4 corresponds to
exothermic adsorption. The canonical assumption for Fermi
level (EF) is that in a molecule (at T=0 K) it lies approximately

in the middle of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) energy gap (E,). It is noteworthy to mention 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,
herein, the Fermi level of the considered systems is at the
center of the E,.

Results and discussion

H,CO adsorption on pristine BC,NNT

At first, the accuracy of the method used in this work has been
tested initially to describe the properties of H,CO molecule.
The bond length of individual C-H and bond angle of H-C-H
in free H,CO are about 1.11 A and 115°, which are in good
agreement with the experimental values of 1.01 A and 118°
[34], respectively. In Fig. 1, we have shown the side view of
the optimized structure (partial) of the BC,NNT, where four
types of bonds, namely B-N, B-C, N-C and C-C, can be
identified with corresponding lengths of 1.46, 1.52, 1.44 and
1.36 A, respectively. There are two types of carbon atoms in
the BC,NNT; C, is a carbon atom that is bonded to two B
atoms and one C atom, while C, is a carbon atom that is
bonded to two N atoms and one C atom. In the C—C bonds,
the C, atoms are relaxed outward while the C, atom is relaxed
inward of the tube surface.

In order to obtain stable configurations (local minima) of
single H,CO adsorbed on the BC,NNT, various possible initial
adsorption geometries including single (hydrogen, carbon or
oxygen), double (H-C or C-O) and triple (H-C-H or H-C-O)
bonded atoms close to B, N, C; and C, atoms are considered.
However, only one local minimum structure was obtained after
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Fig. 1 Optimized structure (partial) of BC,NNT and its density of states (DOS). Distances are in A
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Fig. 2 Model for stable adsorption state for a H,CO molecule on the pristine BC,NNT and its density of states (DOS) plots. Distances are in A

the relaxation process (Fig. 2). In this configuration, H,CO
molecule was located on the top of a boron atom of the tube
wall from its oxygen head and the corresponding calculated
E.q value is about —0.8 kcal mol™. The less negative E, 4 of
H,CO on pristine BC,NNT in this structure reveals the phys-
ical nature of the interaction. The interaction distances of B...
O is about 2.39 A and a small Mulliken charge of 0.043 e is
transferred from the molecule to the tube (Table 1). It is worth
saying that other initial configurations re-oriented to this stable
configuration.

To investigate the effect of adsorption process on the elec-
tronic properties of pristine BC,NNT, the DOS plots were
calculated for the tube and H,CO/tube complex. For the bare
BC,NNT (Fig. 1), it can be concluded that it is a semicon-
ducting material with an E, 0of 2.57 eV. By referring to Fig. 2,
both conduction and valence levels slightly move to higher

energies, so that E, of the tube increased from 2.57 eV in bare
tube to 2.47 eV for HyCO/BC,NNT complex because of
charge transfer to the tube. This change in electronic property
is negligible indicating that BC,NNT is still a semiconductor
after H,CO adsorption. Thus, we conjecture that the electronic
properties of pristine BC,NNT are insensitive to the H,CO
molecule.

Similar to results of Zhang et al. [35] about pristine
BNNT, the electronic properties of BC,NNT are insensitive
to H,CO molecules. Unlike BC,NNTs and BNNTs, conduc-
tivity of pristine SiC nanotubes (SiCNTs) is affected by
formaldehyde, so that with increasing the coverage of
H,CO molecules, the band gap of SiCNT is gradually de-
creased, thereby increasing its conductivity. It is expected
that SiCNT could be a promising gas sensor for H,CO
molecule [36].

Table 1 Calculated adsorption energy of a HyCO (E,q, kcal mol™"), HOMO energies (Exowmo), LUMO energies (E; ymo), Fermi level energies and
HOMO-LUMO energy gap (E,) for pristine and Si doped BC,NNT at B3LYP/6-31G(d). Energies are in eV

System Eaq “Qr (e) Enomo Er ELumo E, PAE(%)
BC,NNT - - =541 —4.12 -2.84 2.57 —
H,CO/BC,NNT -0.8 0.043 =5.24 —4.00 =2.77 2.47 -39
Si;-BC,NNT - - -5.29 —4.08 —2.87 2.42 —

A -33 0.178 =531 —4.07 —2.48 2.47 +2.0
Si,-BC,NNT - - -5.25 —4.08 —2.91 2.34 —

B -23.2 0.208 =5.06 —4.70 —4.25 0.71 —69.6

#Q is defined as the average of total Mulliken charge on the molecule
° The change of HOMO-LUMO gap of tube after H,CO adsorption
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Fig. 3 Optimized structures of
different Si-doped BC,NNT and
their density of states (DOS).
Distances are in A
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H,CO adsorption on Si-doped BC,NNT

In the next step, Si-doped BC,NNTs have been built in such a
way that either a C; or a C, atom is substituted by a Si atom.
When a C; was replaced by a Si (called Si;-BC,NNT, Fig. 3a),
the Eq,p, was calculated to be +6.47 eV, but that was found to
be about +3.76 eV for Si, doping process (called Si,-
BC,NNT, Fig. 3b). These positive values indicate that both
of the doping processes are endothermic and also suggest that
the C, doping may be a more energetically favorable process
than C; doping. Substituting the C atoms by the impurity of
Si, geometric structure of the BC,NNT is dramatically
distorted, especially in the case of Si;-BC,NNT. In this struc-
ture, the Si impurity is projected out of the tube surface to
reduce stress because of its larger size compared to the C
atom. The calculated bond lengths are about 1.79 and 1.95 A
for the Si;—C, and Si;—B bonds, being much longer than the
corresponding C;-C, bonds in the pristine tube (Fig. 3a). Also,
the B-Si;—B angle in the doped tube is about 90° which is
smaller than B—C,—B in the pristine one (113°). NBO analysis

@ Springer

suggests that it can be attributed to the change of doped atom
hybridization from sp” to nearly sp°. Calculated DOSs for both
of the Si-doped BC,NNTs are shown in Fig. 3, indicating that
their E, values are reduced to 2.42 and 2.34 eV compared to
the pristine BC,NNT. The DOS plots clearly show that the Si-
doped BC,NNTs are still semiconductor with a defect-related
gap state.

Subsequently, we have explored H,CO adsorption on both
Si-doped tubes by locating the molecule above the Si atom
with different initial orientations including H, C, or O atom of
the molecule being close to the Si atom. We identified one
distinct adsorptive configuration of H,CO for each Si-doped
BC,NNT, namely A and B, as shown in Fig. 4. In both of
these configurations, HCO molecule was located on the top
of the doped Si atom from its oxygen head. The adsorption
behavior of H,CO on the Si-doped tubes is significantly
different from that on the pristine BC,NNT. Configuration B
gives rise to an E,q of —23.2 kcal mol’!, which is more
negative than the E,4 values for configuration A (—3.3 kcal
mol ™). From the above results, it is clear that the reactivity of
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Fig. 4 Models for two stable
adsorption states for a H,CO
molecule on the different Si-
doped BC,NNT and their
density of states (DOS).
Distances are in A

the BCONNT toward the H,CO molecule presents dramatic
changes before and after the doping with the Si atom. In the
doped BC,NNT, the Si impurity Si; or Si, plays a crucial role
in capturing the H,CO molecule. In Table 1, we have sum-
marized the results for E,q, charge transfer, and E, for H,CO
adsorption on the Si-doped BC,NNTs.

In configuration A (Fig. 4), the oxygen atom of H,CO
molecule is collated on the top of the impurity Si; atom with
the bond length of 2.48 A. After the adsorption process, the
length of Si;-C, and Si;-B bonds attached to molecule is
changed to 1.78 and 1.93 A, respectively. Calculated DOS
plot (Fig. 4a) shows that the H,CO adsorption through
configuration A has no sensible effect on the electronic
properties of the BC,NNT, so that the E, of the tube has a
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negligible change from 2.42 to 2.47 eV. In the most stable
configuration (B, Fig. 4), a net charge of 0.208 e was trans-
ferred from the molecule to the tube and corresponding bond
lengths of Si,-C; and Si,-N are 1.71 and 1.74 A, respective-
ly. These data indicate that the H,CO molecule undergoes
strong chemisorption on the Si;-BC,NNT. As shown in
Fig. 4b, the distances between the O atom of H,CO, and
the Si, atom of the tube is 1.87 A.

Unlike configuration A, the DOS plot of configuration B
shows that the electronic properties of the nanotube are very
sensitive to the H,CO adsorption. By referring to Fig. 4b, the
DOS near the conduction level has a distinct change com-
pared to that of the doped tube, but valence level almost
remains constant. The E, was also decreased from 2.34 to
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Fig. 5 The LUMO profile of H,CO/Si,-BC,NNT

0.71 eV after the adsorption of H,CO molecule. Calculated
profile of LUMO for configuration B (Fig. 5) demonstrates
that the LUMO has shifted on the adsorbed formaldehyde,
while the HOMO has remained on the tube surface. It is well
known that the E, (or band gap in bulk materials) is a major
factor determining the electrical conductivity of a material
and there is a classic relation between them as follows [37]:

—-E,
Txexp <%—;> (2)

where o is the electrical conductivity and k is the Boltzmann’s
constant. According to the equation, smaller E, at a given
temperature leads to larger electrical conductivity.

Table 1 shows that the E, of Si-doped BC,NNT (configu-
ration B) decreases by about 69.6 % after H,CO adsorption.
This will increase the conductivity of the tube according to
Eq. 2. Compared with the pristine BC,NNT, the Si,-BC,NNT
may have H,CO detection ability because of its suitable
adsorption energy and conductivity change which may be
converted to electrical signals. So we believe that Si doping
process may be a strategy for improving the sensitivity of
BC,NNT to H,CO, which cannot be trapped and detected
by the pristine BC,NNT.

Table 2 Calculated adsorption energy of a HyCO (E,gq, kcal mol'l), HOMO energies (Egowmo), LUMO energies (ELymo), Fermi level energies and
HOMO-LUMO energy gap (E,) for pristine and Si doped BC,NNT at M06/6-31G(d). Energies are in eV

System Ead ‘Qr (e) Enomo Er ELumo Eg bAEg(%)
BC,NNT - - =575 —4.21 —2.68 3.07 -
H,CO/BC,NNT -1.8 0.053 -5.71 —4.19 -2.67 3.04 -1.0
Si;-BC,NNT - - —5.63 —4.17 -2.71 2.92 -

A —4.2 0.078 —5.65 —4.16 —2.68 2.97 +1.7
Si,-BC,NNT - - -5.59 —4.17 —2.76 2.83 -

B —25.2 0.237 —5.38 —4.79 —4.20 1.18 —58.3

#Q is defined as the average of total Mulliken charge on the molecule
° The change of HOMO-LUMO gap of tube after H,CO adsorption

Table 3 Calculated adsorption energy of a HyCO (E,q, kcal mol™"), HOMO energies (Exomo), LUMO energies (E; ymo), Fermi level energies and
HOMO-LUMO energy gap (E,) for pristine and Si doped BC,NNT at B3LYP/6-311++G(d,p). Energies are in eV

System Ead *Qr (o) Enomo Er Erumo E, PAE,(%)
BC,NNT — — =5.67 —4.37 -3.07 2.60 -
H,CO/BC,NNT -1.01 0.045 -5.50 —4.25 -3.00 2.50 -3.8
Si;-BC,NNT - - —5.54 —4.31 -3.09 2.45 -

A =35 0.084 -5.56 —4.32 —3.08 248 +1.2
Si,-BC,NNT — - =5.51 —4.32 -3.13 2.38 -

B —24.1 0.174 -5.32 —4.94 —4.57 0.75 —-68.5

#Q is defined as the average of total Mulliken charge on the molecule
° The change of HOMO-LUMO gap of tube after H,CO adsorption
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As mentioned in H2CO adsorption on pristine BC2NNT,
Zhang et al. [35] by using the generalized-gradient approx-
imation functional with the Perdew-Wang functional
(PW91) have shown that the E,q of H,CO on the BNNT
dramatically increased from 1.2 to 42.0 kcal mol™ after
Si doping. They found that Si doping can also improve
the sensitivity of BNNT toward H,CO. Unlike BNNT,
in which both forms of Siy-BNNT and Sig-BNNT can
detect H,CO, we have shown that just one form of Si-
doped BC,NNT (Si,-BC,NNT) is sensitive toward the
target molecule.

Finally, we have explored the effect of DFT functional,
basis set and tube length on the obtained results. The dispersion
term to the total energy may give a non-negligible contribution,
especially in the calculation of the H,CO physisorption. There-
fore, we have repeated all of the energy calculations, using
dispersion corrected functional M06 [38] with the same basis
set. The results were summarized in Table 2, showing that the
E.q values of M06 are somewhat more negative than those of
the B3LYP, especially in the two cases of weak interactions
(H,CO/BC,NNT and A). It may be due to the fact that the M06
includes dispersion interactions. As shown in Table 2, the
energies of HOMO, LUMO and Fermi level slightly changed
by changing the functional. It was found that the E, values
depend on the type of functional method.

As seen in Table 2, although the calculated values of E, for
the studied systems using M06/6-31G(d) are somewhat larger
than the results of B3LYP, both functionals indicate that the E,
of Si,-BC,NNT significantly changes after formaldehyde ad-
sorption (configuration B). Also, the results of a larger basis set
(6-311++G(d,p)) in Table 3 show that the effect of basis set is
less than that of functional. In addition, we have repeated the
calculations on a longer BC,NNT constructed of 40 B, 40 N
and 80 C atoms where its optimized length with the B3LYP
functional and 6-31G(d) basis set is about 20.11 A. The results
indicated that the change in length has insignificant influence
on the energy values. The calculated E, for this tube is about
2.54 eV which is slightly smaller than that of the shorter tube
(2.57 eV). Overall, in contrast to the used method and basis set,
the effect of tube length may be negligible on the obtained
results.

Conclusions

The geometric structures and electronic properties of the
pristine and different Si-doped BC,NNTs were explored in
the presence and absence of an H,CO molecule using DFT
calculations. It was found that the H,CO molecule weakly
interacts with the pristine BC,NNT, but it presents much
higher reactivity toward the Si-doped BC,NNT. E,4 on the
pristine tube is about —0.8 kcal mol™, while it is about —3.3
to —23.2 kcal mol™" on the doped tubes at B3LYP/6-31G(d).

Based on DOS analysis, it was suggested that Si-doped
BC,NNTs may be used as a H,CO gas sensor. BCoNNT in
which a C, atom is substituted by a Si one is more favorable
for H,CO adsorption.
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