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Abstract Using density functional calculations, we have
investigated the adsorption of a H,S molecule on the
pristine and Si-doped BeO nanotubes (BeONT). It was
found that the H,S molecule is physically adsorbed on the
pristine BeONT with adsorption energies ranging from 3.0
to 4.2 kcal/mol. Substituting a Be or O atom of the tube by
Si increases the adsorption energy to 6.9-17.2 kcal/mol.
We found that substituting an O atom by Si makes the
electronic properties of the BeONT strongly sensitive to
the H,S molecule. Therefore, the process of Si doping
provides a good strategy for improving the sensitivity of
BeONT to toxic H,S, which cannot be trapped and detected
by the pristine BeONT. Also, the emitted electron current
density from the Sip—-BeONT will be significantly
increased after the H,S adsorption.
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Introduction

Since the discovery of the carbon nanotubes (CNTs) by
lijima in 1991 [1], a lot of work has been done on new
nanoscale tubular materials because of their great poten-
tials in technological applications [2-7]. It was postulated
that other compounds that form laminar graphite-like
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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 the radii and
chiralities. The electronic characteristics in non-carbon
solids depend strongly on the type of intra-particle chem-
ical bonding. This is in contrast to CNTs where nanotubes
are either metallic or semiconducting, depending on their
tubular diameter and chirality [11]. Nanotubes exhibit
potential applications in gas adsorbents and sensors
because of their unique properties such as high surface to
volume ratio [12-16].

More recently, models of pristine beryllium oxide
nanotubes (BeONTSs) were proposed and their structural,
cohesive and electronic properties were predicted [17, 18].
BeO compound often demonstrates different properties
from the counterpart of C, BN and SiC because of the large
ionicity of Be—O bond. For example, wurtzite BeO is an
insulator with a wide band gap, high melting point, high
thermal conductivity and large elastic constants [19]. In
addition, compared with CNTs, it was found that the Be-
ONTs have a larger band gap which is less dependent on
the chirality and diameter of tubes [20, 21]. Moreover, the
BeONTs adopt interesting mechanical properties, namely
their Young’s moduli are comparable with those for carbon
nanotubes [20]. These advantages give the BeONTSs con-
siderable potential for applications in nanoelectronic
devices. Meanwhile, other properties of BeONTs have
been studied extensively. For example, Gorbunova et al.
[18] studied the magnetism in BeONTs which is induced
by the presence of carbon impurities. He et al. [22] studied
the optical absorption spectra and the effect of uniaxial
strain along the tube axis of BeONTs using first-principle
density functional theory and proposed that the BeONTs
can be used as anisotropic devices and sensors of

@ Springer



726

JIRAN CHEM SOC (2014) 11:725-731

photoelectrons. Seif and Zahedi [23] calculated the elec-
tronic structures and the quadrupole coupling constants in
the pristine and carbon-doped BeONTs. Like those of the
CNTs, BNNTs and SiCNTs, the modifications of doping
and adsorption can effectively tune BeONTs electronic
structure and expand their applications.

Hydrogen sulfide (H,S) is a toxic and malodorous gas
emanating mainly from gasoline, natural gases and city
sewage. It is detrimental to human body and the environ-
ment [24]. According to the safety standards established by
American Conference of Government Industrial Hygien-
ists, the threshold limit value defined for H,S is 10 ppm.
Meanwhile, the type of oil or natural gas is correlative with
the concentration of H,S [25]. The oil or natural gas mines
can be found depending on the concentration of H,S.
Therefore, effective methods to monitor formaldehyde
have been demanded for atmospheric environmental mea-
surement and control [26]. People have been looking for
good materials such 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 nano-
tubes [27-29]. On the contrary, the dopants and defects in
nanotubes can strongly enhance the adsorption of mole-
cules [30, 31], indicating that doped atoms and defects play
important roles in the applications of them. In the present
work, within the density functional theory (DFT) frame-
work, we are interested in the following: (1) whether there
is a possibility of BeONT serving as a chemical sensor for
H,S; (2) if not, can we find a method for improving the
sensitivity of BeONT to H,S?

Computational methods

We selected a (4, 4) armchair BeONT consisting of 56 Be
and 56 O atoms in which the end atoms have been saturated
with hydrogen atoms to reduce the boundary effects. The
full geometry optimizations and property calculations on
the pristine and Si-doped tubes in the presence and absence
of a H,S molecule were performed using three-parameter
hybrid generalized gradient approximation with the
B3LYP functional and the 6-31G basis set including the d-
polarization function (denoted as 6-31G (d)) as imple-
mented in the GAMESS suite of program [32]. GaussSum
program [33] has been used to obtain the DOS results. The
B3LYP is demonstrated to be a reliable and commonly
used theory in the study of different nanostructures [34—
36]. Vibrational frequencies were also calculated at the
same level of theory to confirm that all the stationary points
correspond to true minima on the potential energy surface.
We have defined the adsorption energy (E,q) as follows:
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E. = E(BeONT) + E (H,S) — E (H,S/BeONT)
+ E (BSSE), (1)

where E (H,S/BeONT) is the total energy of the adsorbed
H,S molecule on the BeONT surface, and E(BeONT) and
E(H,S) are the total energies of the pristine BeONT and
H,S molecules, respectively. E (BSSE) is the basis set
superposition error (BSSE) corrected for all interaction
energies. 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)/
lowest unoccupied molecular orbital (LUMO) energy gap
(Eg). 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,S adsorption on the pristine BeONT

As shown in Fig. 1, there are two types of Be—O bonds in
BeONT: one is perpendicular to the tube axis and another
one that is not in parallel with the tube axis (diagonal). The
calculated Be—O bond length and the average diameter of
the optimized BeONT were found to be about 1.56 and
5.94 A, respectively, in accordance with the previously
reported values [37]. We also obtained a rippled surface:
the cations (Be atoms) move inward the tube, while the
anions (O atoms) move outward. This reduces the total
energy of the system because the electron—electron

Energy (eV)

Fig. 1 Partial structure of optimized BeONT and its density of states
(DOS). Bonds are in A



JIRAN CHEM SOC (2014) 11:725-731

727

repulsion is lowered, which also agrees reasonably with the
previously calculated results [37]. The charge analysis
using the based on natural population analysis (NPA)
indicates that about 0.502 e charges are transferred from
the boron atom to its adjacent nitrogen atoms within the
sidewall, indicating the partially ionic character of the Be—
O bonds in the sidewall.

In order to obtain the stable configurations of a single
adsorbed-H,S on the tube, various possible initial adsorp-
tion geometries including single (hydrogen or sulfur),
double (S-H or H-H) and triple H-S-H bonded atoms to
Be and O atoms on different adsorption sites were con-
sidered. However, only two local minimum structures were
obtained after the relaxation process (Fig. 2). More

Fig. 2 Model for stable
adsorption of H,S on the
BeONT and its density of state
(DOS). Bonds are in A
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detailed information about the simulation of the H,S/
BeONT systems including the value of E,4, electronic
properties and the charge transfer (Qr) is listed in Table 1.
As shown in Fig. 2a, the H atoms of molecule is close to a
O atom of the tube surface with equilibrium distance
of 2.14 A (configuration A). The small E,; (about
3.0 kcal/mol) and transferred charge from the tube to the
molecule (about 0.092 ¢) reveal the physical nature of the
interaction. The stretching mode of S—H in the adsorbed
H,S occurs at slightly lower frequency of 2,715 cm™!
compared with that of the free molecule (2,717 cm™ Y,
confirming the weakness of the interaction.

As shown in Fig. 2b, the most stable configuration of the
H,S/BeONT system is that in which the H,S molecule can
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Table 1 Adsorption energy (E,q, kcal/mol), HOMO energies (Exomo), LUMO energies (E ymo) and HOMO-LUMO energy gap (E,), work

function (@) and Fermi level energy (Eg) of systems (Figs. 1, 2) in eV

Conﬁguration Ead QT (Iel)“ EHOMO E}: ELUMO Eg AEg (%)b (] AP°
BeONT - - —7.47 -3.95 —0.43 7.04 . -3.95 .

(A) H,S/BeONT 3.0 —0.092 =712 —3.81 —0.50 6.62 =59 —3.81 =35
(B) H,S/BeONT 4.2 —0.103 =742 —3.89 —0.37 7.05 +0.1 —3.89 -1.5

* Or is defined as the total NPA charge on the molecule
" Change of E, of tube after H,S adsorption
¢ The change of work function of tube after the H,S adsorption
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interact with the tube as bidentate species (B, E,q of
4.2 kcal/mol). In this configuration, sulfur atom interacts
with two Be atoms with distances 3.09 and 3.27 A. The
adsorption of the H,S preferably from its S head may be
rationalized by the fact that bidentate structure is stabilized
by the overlap between the unoccupied s orbital of the Be
atom and the occupied 2p, orbital of the S atom of the H,S.
It was also found that the adsorption induces little local
structural deformation on both the H,S molecule and the
BeONT. The H-S—-H bond angle of the H,S molecule is
slightly increased from 92.8° in free H,S to 93.4° in the
adsorbed state. It is noteworthy to mention that, in contrast
to the case of configuration A, the stretching mode of S-H
(2,689 cm™') significantly reduced compared with that of
the free H,S.

For the bare BeONT in Fig. 1, it can be concluded that it
is a semi-insulator material with a wide E, of 7.04 eV. To
further understand the electronic properties, the DOS plots
for the tube after the adsorption of H,S were compared. By
referring to Fig. 2, in the case of configuration A, valence
level moves to higher energies (—7.12 eV) compared with
the bare tube (—7.47 eV), while conduction level remains
constant, so E, of BeONT slightly decreased to 6.62 €V for
H,S/BeONT complex because of charge transfer to the
tube. In the case of configuration B, both conduction and
valence levels slightly move to higher energies, so that E,
of the tube increased from 7.04 to 7.05 eV. These changes

Fig. 3 Partial structure of
optimized (a) Sig.—BeONT,
(b) Sip—BeONT and their
density of states (DOS) plot.
Bonds are in A

o
=)}

in electronic properties are negligible, indicating that
BeONT is still a semi-insulator. Thus, we conjecture that
the electronic properties of pure BeONT are insensitive to
the H,S molecule.

H,S adsorption on the Si-doped BeONT

Furthermore, the effect of substituting Be or O atom of the
tube by a Si atom on the electronic properties of the
BeONT and also their adsorption behaviors was investi-
gated. As shown in Fig. 3, the geometric structures of the
doped BeONTs are dramatically distorted, where the
impurity Si projects out of the tube wall because of its
larger size, larger than B and N atoms, and its preference to
sp> hybridization (Fig. 3). The calculated angles and bond
lengths on the Si atom center are much smaller and larger
than those on the selected Be and O atom center in the
pristine BeONT, respectively. This geometrical distortion
results in an important change in the electronic properties
of the nanotube. Here, we denote the Si impurity as Sig. or
Sip, implying that it substitutes a Be atom or an O atom in
the pristine BeONT.

For the electron-rich Sig.—BeONT, the Si atom doping
causes a dangling valence for the Si atom and induces the
BeONT into an electron-rich system. So, as shown in
Fig. 3a, a new donor-like impurity state appears near the
conduction band edge, and at the same time a new peak
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occurs on the top of the valence band, thereby reducing the
E, value of the system to 5.04 eV. Similarly, for the
electron-deficient Sip—-BeONT system, the E, value is
decreased to 2.78 eV, and a new local energy level occurs
on the top of the valence band (Fig. 3b), which may act as a
capture center for atoms or molecules which cannot be
trapped by the pristine BeONT.

Subsequently, we have explored H,S adsorption on the
tube by locating the molecule above the Si atom with
different initial orientations. We identified one distinct
adsorptive configuration of H,S for each Si-doped tube, as
shown in Fig. 4. Configuration P (H,S/Sig-BeONT com-
plex) gives rise to an E,q of 17.0 kcal/mol, which is more
than the E.4 values for the configuration R (H,S/Sig.—
BeONT complex, 6.9 kcal/mol). On comparison, H,S
adsorption on Si-doped BeONT is energetically more
favorable than that on the pristine tube. In configuration P,
sulfur atom of H,S was located on the top of Si atom with
the corresponding bond length of 2.25 A (Fig. 4P). In
Table 2, we have summarized the results for E,4, Ot and
E, for H,S adsorption on the Si-doped tube. Larger charge
transfer (0.205 ¢) and larger E,q between the Sig—BeONT
and the molecule indicate that the doping of Si improves
the reactivity of the tube toward the molecule, which is in
agreement with the usual mechanism proposed for such
binding: the H,S binds at the exposed Sig atom which is
electron-deficient (unlike Sig.) and can receive electrons

Fig. 4 Models for stable
adsorption of H,S/Si-doped
BeONTs and their density
of states (DOS) plot. Bonds
are in A

P) ?

from the lone pair orbitals of sulfur. In other words, unlike
beryllium atoms, the hybridization of the Si atom is close
to sp3 , and it can have a coordination number of 4. This site
which can accept more electrons is referred to as ‘‘Lewis
acid sites” (and conversely, S atom of molecule is termed
as ‘‘Lewis base”). Why is the reaction of H,S with Sig—
BeONT more favorable than that with the Sig.—BeONT?
To answer this question, we investigated frontier molecular
orbital (FMO) analysis of the doped tube. Figure 5 shows
that after Si doping, LUMO of the Sio—BeONT locates
mainly on the doped area (unlike Sig.—BeONT). It is well
known the HOMO of H,S, located on S atom, tends to
donate electrons to the LUMO. Therefore, its interaction
with Sip—BeONT will be much stronger than with Sig.—
BeONT.

In order to show a qualitative feature of the nature of the
interaction between H,S and doped Si and O atoms in more
detail, we performed the Morokuma analysis [38] on the
complexes A and P. Our results unveil that the nature of
the both interactions is mainly electrostatic rather than
covalent. Also, the interaction in the configuration A has
more electrostatic character in comparison with that of the
configuration P. Additionally, we have explored the effect
of basis set on the obtained results. The dispersion term to
the total energy may give a non-negligible contribution,
especially in the calculation of the H,S physisorption.
Therefore, we have repeated all of the E,q calculations,

(R)

$& 340
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Energy (eV)
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Table 2 Adsorption energy (E,q, kcal/mol), HOMO energies (Exomo), LUMO energies (Epymo) and HOMO-LUMO energy gap (E,), work
function (@) and Fermi level energy (Ef) of systems (Figs. 3, 4) in eV

Conﬁguration Ead QT (Iel)" EHOMO EF ELUMO Eg AEg (%)b (] Ao
Sig—BeONT - - —5.18 -3.79 —2.40 2.78 - 3.79 -

(P) H,S/Sip—-BeONT 17.0 -+0.205 -5.09 -3.12 —1.16 3.93 +41.3 3.12 —17.6
Sig.—BeONT - - -5.49 -2.97 —0.45 5.04 - 2.97 -

(R) H,S/Sig.~BeONT 6.9 +0.091 —5.43 -2.92 —0.41 5.02 —-04 2.92 -1.7

% Qr is defined as the total NPA charge on the molecule
® Change of E, of doped tube after H,S adsorption

¢ The change of work function of doped tube after the H,S adsorption

Fig. 5 LUMO profiles of different Si-doped BeONT

using 6-311 + G(d) basis set. The results show that the E,4
values of this basis set are about 18.1 and 7.4 kcal/mol for
the configurations P and R, respectively, which are slightly
larger than those of the 6-31G(d) basis set. E,4 values were
calculated to be about 4.5 and 5.7 kcal/mol for P and
R configurations, respectively. It indicates that the small
E.q values of the configurations A and B were more
influenced by changing the basis set in comparison with
those of configurations P and R.

Calculated DOS plot of H,S/Sigc—BeONT complex
(Fig. 4R) shows that the H,S adsorption through this
configuration has no sensible effect on the electronic
properties of the tube so that the E, of the Sig.—BeONT has
a negligible reduction from 5.04 to 5.02 eV. However,
DOS plot of the H,S/Sig-BeONT complex shows a

@ Springer

considerable change, indicating that the electronic proper-
ties of the Sip—BeONT are sensitive to the toxic H,S
adsorption (Fig. 4P). It is revealed from DOS plot of this
configuration that its conduction level shifts significantly to
lower energies. As shown in Fig. 4, the E, value of the
Sio—BeONT is obviously increased from 2.78 to 3.93 eV
(by about 41.3 % change) in the adsorbed form, which
would result in an electrical conductivity change of the
defected sheet according to the following equation:

— Eg

g X exp (2kT> , (2)
where o is the electric conductivity and k is the Boltzmann
constant [39]. According to the equation, smaller values of
E, at a given temperature lead to larger electric conduc-
tivity. Therefore, the predicted substantial decrement of E,
in Sig-BeONT after the adsorption process induces a
change in the electrical conductance of the doped tube.
Compared with the bare BeONT, the Sig—-BeONT network
would have excellent H,S detection ability because of its
suitable adsorption energy and conductivity.

To further investigate the sensitivity of pristine and Si-
doped BeONT, we have studied the changes of work
function of systems ascribed to the charge transfer between
H,S and the adsorbents. The work function of a semicon-
ductor is the least amount of energy required to remove an
electron from the Fermi level to a point far enough not to
feel any influence from the material. The change of work
function of an adsorbent after the gas adsorption alters its
field emission properties. The readout of gas-induced work
function changes via suspended gate field effect devices
and has been accepted as a promising technique for the
realization of a sensor platform for several years [40].
However, the emitted electron current densities in a vac-
uum are theoretically described by the following classical
equation:

Jj = AT?exp(—®/kT), (3)

where A is called the Richardson constant (A/m?), T is the
temperature (K) and @ (eV) is the material’s work function.
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Work function values were calculated using the following
equation:

® = Ejyr — EF, (4)

where E;,¢ is the electrostatic potential at infinity and Ef is
the Fermi level energy. In this consideration, the electro-
static potential at infinity is assumed to be zero. The work
function changes (A®) were calculated by subtracting the
work function of the clean tube from that of the corre-
sponding adsorbed system. The results of Table 1 reveal
that calculated work function of the pristine BeONT is
about 3.95 eV which does not significantly change after the
H,S adsorption. Interestingly, after the H,S adsorption on
the Sip-BeONT, its work function is considerably
decreased from 3.79 to 3.12 eV. A negative work function
change (Table 2) may arise from the donation of charge
from the H,S to the tube surface which correlates with an
increase in the tube conductance after exposure to the target
adsorbate, as has been shown before. However, as can be
seen from Eq. 3, the emitted electron current density is
exponentially related to the negative value of ®. Therefore,
the emitted electron current density from the Sig—BeONT
will be significantly increased after the H,S adsorption. So,
we believe that Si doping process provides a good strategy
for improving the sensitivity of BeONT to toxic H,S, which
cannot be trapped and detected by the pristine BeONT.

Conclusion

The geometric structures and electronic properties of the
pristine and different Si-doped BeONT were explored in
the presence and absence of an adsorbed H,S molecule
using DFT calculations. In the most stable states, the E.4
values corresponding to the adsorption of H,S on the
pristine and Si-doped tube were calculated to be in the
range of 3.0-4.2 and 6.9-17.0 kcal/mol, respectively.
Interaction of Sip—BeONT with the molecule is energeti-
cally more favorable than pristine BeONT and Sig.—
BeONT. HOMO/LUMO energy gap of the Sig—BeONT is
dramatically increased from 2.78 to 3.93 eV after H,S
adsorption. It suggests that Si-doped tube might be elec-
tronically sensitive to the presence of H,S molecule.
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