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Abstract

We study the effects of dopant atoms on quantum transport and adsorption properties of
environmentally harmful (CO;), toxic (CO) and common (O, and N3) molecules of carbon
nanotubes (CNTs) based on the first-principles electronic structure and quantum transport
study. It is found that CO and O, molecules can bind on the boron (B)-doped (14,0) CNTs
with relatively large adsorption energies and short binding distances in air. We also
studied the quantum transport of B-doped (14,0) CNTs for the adsorption of the molecules.
The quantum transport properties of the CNTs are found to be sizably varied by the
introduction of a dopant atom and the adsorption of the molecules. The nature of the
variation of the quantum conductance induced by the doping as well as the molecular
adsorption is discussed, and the possibility to individually detect toxic CO and common O;
molecules under low bias voltages is also discussed.
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Introduction

Carbon nanotubes (CNTs) have attracted much attention as potential electronic device materials
to be used in field-effect transistors, sensors, etc. since they show excellent transport properties
such as high carrier mobility and large current density [1,2]. Nanotube-based molecular and/or gas
sensors have been demonstrated with a fast response time and high sensitivity at room
temperatures [3-7]. In molecular sensors, target molecules can be detected by gauging the change
of conductivity of the nanotubes induced by the adsorption of molecules [3,4,8-12].

First-principles density-functional calculations suggested that a pristine CNT as well as graphene
does not chemically but rather physically bind with several molecules such as Oz and NO3, and it is
surmised that the reactivity of the pristine CNTs to adsorbates is weak [13-15]. Therefore, the
electronic structures, as well as the transport properties of the pristine CNTs, are not changed
largely by the adsorption of molecules [16]. Doping with heteroatoms often modifies their electronic
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structures as well as improves the chemical reactivity to the adsorbates around the dopant atoms
[17]. Boron and nitrogen are good dopants for carbon-based materials since they are neighboring
atoms to carbon [18,19]. Actually, it is shown that the adsorption energies of H atoms and NH3z
molecules on B-doped and N-doped CNTs are larger than those on pristine ones [20,21]. Moreover,
it is reported that the adsorption energies of various molecules on the B-doped graphene and CNTs
are enhanced than those on the N-doped ones [10,17]. Several theoretical studies for electronic
transports of CNTs and graphene decorated by doping with heteroatoms and the introduction of
defects have been reported [8,22], and however, their theoretical calculations are performed under
the zero defect-density limitation. The transport properties of doped CNTs with a finite defect
density have to be considered to understand the effects of the dopant atoms and the molecular
adsorption on the transport properties under more realistic situations.

In this paper, we report the doping effect with a heteroatom and the adsorption effects of
environmentally harmful (CO;), toxic (CO) and common (O; and N;) molecules in air on the
energetics and the quantum transport of B-doped (14,0) CNT based on first-principles electronic-
structure and quantum transport calculations. It is found that CO and O, molecules are adsorbed on
the B-doped CNTs in the air with relatively large adsorption energies. It is also found that the
guantum transport properties of nanotubes change by the introduction of the dopant atom and the
adsorption of the molecules. Scanning tunneling microscopy (STM) images for the adsorption of the
molecules on the B-doped (14,0) CNTs are demonstrated, and it is found that the B-atom dopant
and the CO and O; molecules can be distinguished from one another in the STM images.

Methodology

First-principles electronic-structure calculations have been performed within the density-
functional theory (DFT) [23]. The exchange-correlation effects are treated by the local density
approximation (LDA) parameterized by Perdew and Zunger [24-26]. The norm-conserving Troullier-
Martins pseudopotentials are used to describe the interactions between the ions and the valence
electrons [27]. For the calculation of the adsorption energy of the O, molecule on the B-doped CNTs,
we use the local-spin-density approximation.

We here use the B-doped (14,0) CNT, which has two-unit cells for the calculations of energetics and
electronic structures regarding the adsorption of various molecules. To avoid any interactions
between neighboring tubes, the supercell lattice constant of as long as 24 A (1 A = 0.1 nm) along the
direction perpendicular to a tube direction is used. The wave functions in the Kohn-Sham equations
are expanded using the plane-wave basis set with the cutoff energy of 50 Ry (1 Ry = 8.72 x 1028 J) [28].
One-dimensional Brillouin-zone integration is performed with 12 k-point samplings. The atomic
geometries are optimized until the maximum values of the Hellmann-Feynman forces acting on all
atoms are less than 0.05 eV/A (1 eV = 1.60 x 1019)).

The adsorption energy (Ea) is calculated by Eq. (1):

Ea = Etot -EcnT - Emol (1)

where Ewt and Ecnr are the total energies of B-doped (14,0) CNTs with and without the molecules,
respectively, and Emos is the total energy of an isolated molecule.

To obtain quantum transport properties, the scattering wave functions of the B-doped (14,0)
CNTs with and without molecules sandwiched between two semi-infinite B-doped (14,0) CNTs are
calculated based on the overbridging boundary-matching (OBM) method [29-32]. For the calculation
of the scattering wave functions, the real-space finite-difference approach is employed [33,34], and
the grid spacings are taken to be 0.24 A which corresponds to the cutoff energy of 46.8 Ry. The

432 (ec) T



Y. Fujimoto J. Electrochem. Sci. Eng. 12(3) (2022) 431-438

conductance G(E) is calculated from the transmission coefficients Ti(E) through the Landauer-
Buttiker formula (2) [35]:

6lE) =23 ) (2)

where i is the number of electron channels, and e and h denote the electron charge and the Planck
constant, respectively.

The STM images are obtained based on the Tersoff-Hamann (TH) approach [36], and the TH
method is known to be valid for many systems despite its simplicity [37]. In this approach, the
tunneling current I(r) is approximated to be proportional to the local density of states (LDOS) of the
surface at the tip position integrated over a range of energy restricted by the applied bias voltage
V,i.e.

I(r)~ LEV olr,e)de (3)

where Er denotes the Fermi energy. The images obtained with negative and positive voltages reflect
the occupied and unoccupied electronic states, respectively [38,39].

Results and discussion

Atomic structures and energetics

We here study the atomic structures of B-doped zigzag (14,0) CNTs without the adsorbed
molecules. Unlike graphene, the zigzag carbon nanotubes have two kinds of C-C bonds around each
atom. The two kinds of the B-C bond lengths of B-doped (14,0) CNT are found to be 1.46 and 1.49 A,
and are considerably longer than two kinds of the C-C bond lengths (1.40 and 1.41 A) in a pristine
(14,0) CNT. In addition, the two kinds of B-C bond lengths are longer and shorter, compared with
that of B-doped graphene (1.47 A) [40,41).

Table 1. Adsorption energy E, and binding distance d from B atom for each molecule adsorbed on B-doped

(14,0) CNTs
co CO2 0, N
E./ eV -0.30 -0.01 -0.20 -0.21
d/A 1.54 2.62 1.66 3.37

We also study the adsorption properties of molecules, including environmentally toxic molecules
on the B-doped (14,0) CNTs. Table 1 shows the adsorption energy and the binding distance between
the molecule and the B atom in the B-doped (14,0) CNTs, and the optimized atomic configurations
of CO and Oz molecules adsorbed on B-doped (14,0) CNTs are shown in Fig. 1. It is found that the
CO and O; molecules are adsorbed with relatively large adsorption energies and short binding
distances. It is also found that the B atoms in the B-doped CNTs protrude from the tube surface
when CO and O; molecules are adsorbed on the B-doped CNTs [Figs. 1(a) and 1(b)]. On the other
hand, the CO; and N2 molecules weakly bind with relatively small adsorption energy as well as long
binding distances. The adsorption energy of the CO molecule on the B-doped (14,0) CNT is much
smaller and larger than those on the B-doped (8,0) CNT and the B-doped graphene, respectively.
Thus, the adsorption energy would diminish as the tube diameter increases, and it is expected that
the curvature of the nanotubes could improve the chemical reactivity to the adsorbates [8,10,21].
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(b) O,

Figure 1. Optimized structures of (a) CO and (b) O; molecules on B-doped (14,0) CNTs

Scanning tunneling microscopy

Scanning tunneling microscopy (STM) is one of the most effective methods to observe the local
electronic structures of the surfaces at atomic levels [40,41]. Figure 2 shows the STM images of B-
doped (14,0) CNTs with and without CO and O, molecules. One finds that there is a triangle-shaped
hillock around the B atom in the B-doped CNT [Fig. 2(a)]. It is also observed theoretically and experi-
mentally in the B-doped graphene [17,41,42]. When the CO molecule is adsorbed on the B-doped CNT,
one can find that the gourd-shaped corrugation above the CO molecule appears [Fig. 2(b)]. On the
other hand, there are two ring-like corrugations above the O, molecule in the STM image when O;
molecule is adsorbed [Fig. 2(c)]. In addition, it is interesting that the STM images at the bias voltages
of +0.5 and -0.5 V are different from each other. Thus, the B atom and the CO molecule as well as the
02 molecule can be clearly identified in the STM images of B-doped (14,0) CNTs.

(a) Boron (b) CO (c) 02

V=+0.5V

Figure 2. Scanning tunneling microscopy of B-doped (14,0) CNTs: (a) without any adsorbates; (b) with CO
molecule; (c) with O, molecule. STM images are generated at bias voltages of +0.5 V (upper panel)
and -0.5 V (lower panel)
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Quantum transport properties

We examine how the quantum transport of (14,0) CNTs is affected by the introduction of the B
atom and the adsorption of molecules. Figure 3 exhibits the quantum conductance G(E) of the (14,0)
CNTs as a function of energy E. The (14,0) CNT shows a semiconducting property with a band gap of
~0.46 eV. The pristine CNT possesses quantized conductance and step-like structures, as shown in
the black lines of Figure 3. One finds that the pristine (14,0) CNT has the conductance of 2Go near
the valence-band and the conduction-band edges, where Go=2e?/h is the unit of the quantum
conductance. Interestingly, the conductance spectrum of the (14,0) CNT shows the symmetric
behavior, whereas that of the (8,0) CNT possesses an asymmetric one: In the valence-band edge,
both of the (14,0) and (8,0) CNTs have 2 Go, while the (14,0) CNT has 2 Gp and the (8,0) CNT has 1 Go
in the conduction-band edge [8].

Introduction of the B atom into the semiconducting CNTs induces the acceptor states near the
valence-band edge, and therefore the Fermi level of the B-doped (14,0) CNT relatively moves toward
the valence bands. As a result, the B-doped (14,0) CNT shows a p-type semiconducting property [see
Fig. 3]. When a CO molecule is adsorbed on the B-dopant atom in the B-doped (14,0) CNT, one can
find that the conductance spectrum largely changes: the adsorption of the CO molecule overall
reduces the conductance of the B-doped CNTs, while the conductance of the B-doped (14,0) CNT is
guantized. In the case of the adsorption of the O, molecule, the conductance spectrum shows
similar behaviors to that for the adsorption of the CO molecule, but the slopes of both conductance
spectra from E=0to0-0.5 eV are different from each other. Figures 4(a) and 4(b) show the scattering
wave functions at the Fermi energy for the adsorption of the CO molecule and the O; molecule,
respectively. The B-doped (14,0) CNT has two conduction channels at the Fermi energy, as already
discussed [see Fig. 3]. When the CO molecule is adsorbed, electrons in one of two conduction
channels are almost scattered and therefore, its scattering wave function is localized around the CO
molecule, and the other is composed of the delocalized m-orbital state [Fig. 4(a)]. For the adsorption
of the O2 molecule, one of two conduction channels is almost localized around the O, molecule and
the other is the extending m-orbital state as well [Fig. 4(b)].
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Figure 3. Quantum conductance of pristine (14,0) CNT and B-doped (14,0) CNT without any adsorbates, and
with CO and O, molecules
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Figure 4. Iso-surfaces of squared scattering wave functions of B-doped (14,0) CNT with (a) CO molecule and
(b) O2 molecule at the Fermi energy

We now discuss the sensitivity of CNT-based molecular sensors and define the changes
AG(E) / % = ((Ga-Gb )/ Gb) x100, where G, and Gy are the conductance of the B-doped (14,0) CNT with
and without molecules, respectively. Table 2 shows the conductance change AG(0) at the Fermi energy
(E=0eV). The changes AG(E = 0) for the adsorption of the CO molecule and the O, molecule are -48.6
and -38.8 %, respectively. It is therefore found that the CO and O, molecules adsorbed on the B-doped
CNT are distinguishable without any applied bias voltages.

Table 2. Changes in the conductance at the Fermi energy [AG(0)] for the adsorption of CO and O, molecules on
the B-doped (14,0) CNT. The changes in the conductance are calculated with respect to the B-doped (14,0) CNT

Cco 0,
AG(0) / % -48.6 -38.8

Conclusions

The effects of doping and adsorption of molecules on atomic structures, energetics, and quantum
transport of B-doped (14,0) CNTs have been studied based on our first-principles electronic
structure and quantum transport studies. The CO and O, molecules are adsorbed on the B-doped
CNTs with relatively large adsorption energies, while CO; and N2 molecules are weakly adsorbed
with long binding distances. The quantum conductance of (14,0) CNTs regarding the adsorption of
the molecules is examined. The introduction of the dopant atom and the adsorption of the
molecules are found to sizably vary the quantum conductance of the CNTs. The nature of the
variation of the quantum conductance induced by the doping and the adsorption of the molecules
is clarified in terms of the spatial distributions of the scattering wave functions and the possibility
to selectively detect toxic CO molecule and common O, molecule in the air are discussed. The B-
doped CNT could selectively detect toxic CO molecules and common O; molecules under low bias
voltages.
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of Tokyo.
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