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Defective carbon nanotubes for single-molecule sensing
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The sensing ability of metallic carbon nanotubes toward various gas species (NO,, NH;, CO, H,0, and CO,)
is investigated via ab initio calculations and Nonequilibrium Green’s Functions technique, focusing on the
salient features of the interaction between molecules and oxygenated-defective tubes. As the adsorption/
desorption of molecules induces modulations on the electrical conductivity of the tube, the computation of the
electron quantum conductance can be used to predict gas detection. Indeed, the analysis of the conductance
curve in a small energy range around the Fermi energy reveal that oxygenated-defective nanotubes are sensi-
tive to NO,, NH;, CO, and H,O, but not to CO,. Molecular selectivity can also be provided by the nature of

the charge transfer.
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I. INTRODUCTION

The quest for gas sensors with high sensitivity and selec-
tivity is a research area of growing interest for the numerous
applications in the environmental, medical, and industrial
fields. Gas sensors based on nanoscale sensing elements are
believed to overcome the present limitations of conventional
solid-state gas sensors. Indeed, the high surface to volume
ratio of one-dimensional (1D) nanostructures greatly en-
hances the sensitivity and allows for further miniaturization
of the devices. Exploiting this idea, sensing devices based on
carbon nanotubes (CNT)!? and graphene® have been pro-
posed, confirming the outstanding properties of CNT-based
sensors such as faster response, higher sensitivity, and
selectivity.*

The operating principle of CNT-based sensors consists in
inducing a modulation on the electrical conductivity of the
tube due to the adsorption of gas molecules at the CNT sur-
face, giving rise to the output signal of the nanodevice. How-
ever, the microscopic process based on the charge transfer
between the adsorbed molecule and the nanotube, affecting
its electronic conductance, is still a debated issue. Indeed,
earlier first-principles calculations, performed on pristine
nanotubes, reveal weak binding energies and small charge
transfers from the adsorbed gas, such as 02,5 NO,, and NH3.6
These theoretical predictions suggest a poor reactivity from a
defect-free CNT surface, thus leading to its insensitivity to
molecular exposure in contradiction with experiments.!-? Re-
cently, the modulation of the conductance of nitrogen doped
CNTs in presence of NH; has been studied from first
principles.7 However, as discussed further in this work, the
most abundant defect on CNTs walls is the oxygenated
vacancy.!

In order to understand the observed sensing ability of
CNTs at the atomic level, a realistic description of the gas—
tube interaction has to be provided. As most materials, CNTs
do contain defects®® which strongly affect both their
electronic!® and transport properties.!""!? These defects (such
as vacancies) modify the local electronic-charge distribution,
enhancing the tube reactivity at this specific site.!® In addi-
tion, as CNT conductance measurements are known to be
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strongly affected by air,! these highly reactive defects are
most probably oxygenated in their stable form. Indeed, even
though -OH groups have higher interaction energy with a
pristine nanotube as compared to other functional groups
containing oxygen,'* NO, molecules have been shown'> not
to bind to the hydroxylated vacancy and to bind, instead, to
the oxygenated vacancy. Consequently, the interaction be-
tween CNTs containing oxygenated vacancies and various
gas species is a realistic model to describe and engineer CNT
sensing nanodevices with improved performances and even-
tually reach the goal of the single-molecule detection limit.'¢

II. COMPUTATIONAL METHODS

In the present work, the ground-state properties of a de-
fective armchair nanotube (containing an oxygenated va-
cancy) are investigated using the density-functional theory
(DFT) (Refs. 17 and 18) as implemented in the SIESTA
code.' The interaction between the oxygenated-defective
tube and various gas species (NO,, NH;, CO, CO,, and H,0)
is predicted by calculating most stable ground-state configu-
rations, binding energies, and charge transfers. Temperature
dependence of the adsorption/desorption process is also esti-
mated using quantum molecular dynamics. At last, electronic
transport calculations are performed within the nonequilib-
rium Green’s functions (NEGF) (Ref. 20) formalism and us-
ing the one-particle Hamiltonian obtained from the DFT cal-
culations as implemented in the SMEAGOL code.?!' Electronic
conductances reveal that nanotubes with oxygenated vacan-
cies are particularly sensitive to NO,, NH;, CO, and H,O
molecules. Molecular selectivity can be achieved thanks to
the different acceptor (NO,,H,0)/donor (NH;, CO) charac-
ter of the molecules which results in charge transfer of op-
posite directions, consistently with experimental results.>3
Consequently, defective CNTs are potentially good candi-
dates for the selective detection of specific gases with high
sensitivity.

Using the outlined DFT formalism, ab initio ground-state
calculations within the local density approximation?? are per-
formed to investigate a (5,5) carbon nanotube. Periodic
boundary conditions with fixed lateral dimensions are used
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FIG. 1. (Color online) Ball-and-stick models illustrating fully ab
initio optimized atomic structures of a (5,5) CNT containing a re-
constructed monovacancy (a), an oxygenated monovacancy (b), and
with various gas molecules adsorbed on the oxygenated-defective
site: NO, (¢), NH;3 (d), CO (e), CO, (f), H,O (g). The color code
used to label the atoms is indicated.

to ensure 18 A of vacuum between the CNTs in neighboring
cells. When the vacancy is introduced, a 7 X 1 X 1 supercell
is considered, leading to a nearest-neighboring defect dis-
tance of ~17.5 A and a defect concentration of ~1%. In
order to deal with the large number of atoms in the supercell,
numerical atomic orbital basis sets?> are used to expand the
wave-functions, in conjunction with norm-conserving
pseudopotentials.?* The energy levels are populated using a
Fermi-Dirac distribution with an electronic temperature of
300 K. The integration over the 1D Brillouin zone is re-
placed by a summation over a regular grid of 10 k points
along the tube axis. The geometry is fully relaxed until the
forces on each atom and on the unit cell are less than
0.01 eV/A and 0.04 eV/A, respectively.

III. RESULTS AND DISCUSSION

A. Ground-state properties

Within such framework, the interaction between an O,
molecule and the defective (5,5) tube is studied in order to

TABLE I. Dissociation and binding energies (Eg,eV), bond lengths (d,A), and charge transfers (Ag,

PHYSICAL REVIEW B 80, 155447 (2009)

model realistic nanotubes in air. The monovacancy is known
to undergo a Jahn-Teller distortion [Fig. 1(a)]: two of the
unsaturated carbon atoms get closer and form a weak cova-
lent bond, inducing a pentagonlike rearrangement.”> The
third unsaturated carbon atom [pointed out by the arrow in
Fig. 1(a)] moves radially out of the tube, modifying the ini-
tial Ds;, symmetry of the hexagonal network into the favored
C, symmetry.”® Approaching the vacancy site with a O, mol-
ecule directly induces its dissociation. One of the oxygen
atoms binds covalently to the dangling carbon atom (dan-
gling oxygen—O)), creating a double bond with a C-O dis-
tance of 1.22 A. The other O sits in a bridge position (bridg-
ing oxygen—Oyp) between the two previously bonded carbon
atoms [Fig. 1(b)]. Such a chemical process is highly exother-
mic with a O, dissociation/binding energy of ~9.5 eV
(Table I). Charge transfer analysis?’*® between the oxygen
atoms and the tube is then performed. Consistently with the
high electronegativity of oxygen, both Op and Op exhibit an
excess charge of ~1|e|, provided by the neighboring carbon
atoms (~1[e| by the dangling carbon, and ~0.45|e| by each
of the previously bonded carbon). Since the dangling carbon
is now linked to Op by a double bond, the two C atoms
connected by Op are the most reactive sites of the defected
zone.

In order to investigate the adsorption of the various gas
species on the oxygenated-defective site of the tube surface,
a constrained conjugate gradients (CG) (Ref. 29) algorithm is
used to minimize the total energy with respect to the molecu-
lar trajectory. Starting with different initial configurations al-
lows us to follow various molecular trajectories. For each
molecular adsorption, a full ab initio CG minimization is
performed, leading to the ground-state configurations illus-
trated in Figs. 1(c)-1(g). Bond lengths and binding
energies®” are summarized in Table I. NO,, NH;, and CO are
found to be chemisorbed to the defect. The CO binding en-
ergy is the highest since it is linked both to a carbon and to
an oxygen atom (Table I). On the other hand, bond lengths
and binding energies of H,O and CO, indicate that these
molecules are physisorbed at the surface of the nanotube.
Charge transfer between the tube and the different molecules
are subsequently estimated. According to the sign of the
charge transfer, NO,, H,0O, and CO, behave as acceptors,
while NH; and CO as donors (Table I), in agreement with
experimental results on semiconducting CNTs (Ref. 2) and
on graphene.’ Hence, the nature of charge transfer turns out
to be mainly determined by the molecule and not by the host
carbon nanostructure. Since the charge exchanged by phys-

e|)

between the tube and various molecules. Positive (negative) values of Ag denote the acceptor (donor)
character of the adsorbed molecule. Atoms are labeled according to Fig. 1.

0, NO, NH; Co Co, H,0
Ep -9.528 ~2.026 ~1.031 ~2.893 ~0.180 -0.512
d 1.22 (Op) 1.58 1.54 1.53 (C) 2.8 3.0
1.38 (Op) 1.41 (Op)
Ag 1.069 (Op) 0.347 -0.408 -0.324 0.022 0.048
1.006 (Op)
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FIG. 2. (Color online) Temperature dependence of the
adsorption/desorption process of a NO, molecule at the defective
site (oxygenated monovacancy) of a (5,5) CNT. At 300 K, the mol-
ecule is chemisorbed to the tube, while its desorption is observed
around 400 K.

isorbed molecules is quite small, H,O and CO, are not ex-
pected to drastically modify the conductance of the tube. On
the contrary, chemisorbed molecules (NO,, NH;, and CO)
exchange a significant fraction of the electron charge and,
hence, are expected to have a major effect on the transport
properties of the nanotube.

B. Molecular dynamics

In order to check the validity of the CG minimization
technique, Born-Oppenheimer quantum molecular dynamics
(MD) (Ref. 31) simulation at finite temperature is also used
to investigate the adsorption process of a molecule at the
nanotube surface. Indeed, conventional CG algorithm is
known to trap the system into local energy minima of the
potential energy surface, while MD techniques allow the sys-
tem to overcome potential energy barriers and finally land
into the global minimum. Hence, MD simulations are em-
ployed to predict the most stable geometry for the molecule-
tube system and to study the temperature dependence of the
adsorption/desorption process of a NO, molecule.

MD calculations are performed using the SIESTA code'®
for a segment of tube 5 unit cells long and saturated with H
atoms, which are kept fixed during the simulation. Compu-
tational details are identical to those of ground-state calcula-
tions, except that only the I' point is used to sample the
Brillouin zone. A time step of 1 fs is used to integrate the
Newton equations of motion and a Nosé thermostat®? with a
Nosé mass of 10.0 Ry-fs? is used to control the temperature
of the system.

At first, the oxygenated tube [Fig. 1(b)] is thermalized at
300 K, using a relaxation time of 300 fs. Then, the NO,
molecule is positioned at a ~6 A distance from the tube and
projected toward the defective site with an initial velocity
(5% its average thermal velocity) in order to provide it with
enough kinetic energy to overcome the repulsive electron
cloud localized on the oxygen atoms. After ~200 fs, the
NO, molecule reaches the defect and remains chemisorbed at
the surface of the tube during ~2 ps of simulation (Fig. 2,
full line). If the whole system is cooled down to 0 K, NO,
remains bound to the tube with an analogous atomic struc-
ture as the one illustrated in Fig. 1(c). On the contrary, if the
temperature of the whole system is increased to 400 K, NO,
remains chemisorbed for a few hundreds fs and finally de-
sorbs (Fig. 2, dashed line), qualitatively in agreement with
experiment.®? It should be noticed that the simulated desorp-
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FIG. 3. (Color online) (a) Schematic representation of the model
structure used to calculate the electronic conductance: the semi-
infinite leads are shaded; the central scattering region contains 13
cells (~260 atoms). Electronic conductance in units of G of a (5,5)
CNT with an oxygenated vacancy (b) and in presence of NO, (¢),
NH; (d), CO (e), CO, (f), HyO (g) (core structures as in Fig. 1). The
conductance of pristine (5,5) is indicated with a dashed line.

tion time is extremely short compared to the experimental
time scales (of the order of tens or hundreds of minutes) and
that the temperature parameter of MD simulations is usually
higher than the physical temperature. However, the conclu-
sion that could be drawn from the present MD study is that
the switch between adsorption and desorption processes oc-
curs in a very small temperature range of the order of
~100 K.

C. Quantum electron transport

At last, in order to check the gas sensitivity of CNTs,
quantum transport calculations are performed, within the
NEGF formalism, on a system consisting of a central scat-
tering region and left and right semi-infinite contacts. The
contact electrodes (leads) are taken as pristine (5,5) nano-
tubes, whereas the scattering region consists of 7 “core” cells
(including the defective site and the molecule) embedded in
3 leadlike cells on each side, in order to ensure a good
screening of the perturbed Hartree potential due to the defect
[Fig. 3(a)].

In the absence of an external potential and considering a
strong coupling between the scattering region and the leads,
the NEGF formalism reduces to the Landauer-Biittiker de-
scription for equilibrium transport,>* where the electron con-
ductance G(E) and the transmission function T(E) at a given
energy E are related by G(E)=T(E)G,, where Gy=2¢*/h is
the quantum of conductance. Within such an approach, the
ballistic conductance of a perfect system is proportional to
the number of conducting channels, that is, the number of
bands at a given energy. Indeed, the band structure of arm-
chair CNTs is characterized by the crossing of two energy
bands in the vicinity of Ep, inducing a quantum conductance
of 2G in the corresponding energy region (Fig. 3, dashed
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FIG. 4. (Color online) Quantum electron conductances (in units
of Gy) of the pristine (5,5) tube (dashed line), of the defected-
oxygenated tube (black line), and with adsorbed gas molecules at
the defect site (NO,, NH;3, CO, CO,, H,O—colored lines).

line). However, the conductance of an imperfect system is
lowered, since the defect acts as a scattering center thus im-
posing the reflection of electronic waves.?-¢ Figure 3(b) il-
lustrates that oxygenated monovacancy induce some dips in
the conductance curve of the (5,5) tube. The corresponding
conductance drops to ~1G,, that is, one transmission chan-
nel is completely suppressed. Two of these dips, positioned
at ~1.3 eV below and ~0.74 eV above Ej, correspond to
localized (quasibound) states in the DOS, as already ob-
served for the nonoxygenated vacancy.’0-38

A molecule, chemisorbed at the defective site of a CNT,
generates a shift in energy of these localized states in the
DOS, hence, relocating the corresponding dips in the con-
ductance [Figs. 3(c)-3(e)]. A wider dip in the vicinity of Ej
arises when either NO, or NHj is adsorbed at the CNT sur-
face [Figs. 3(c) and 3(d)], indicating a larger mixing of the
molecular states with those of the tube. Both the position and
the width of these dips in the transmission function can be
seen as a signature of the presence of a specific gas at the
CNT surface. Indeed, quantum conductance can be measured
by applying a voltage through the nanotube and sampling the
conductance curve at the corresponding energy. However,
detecting the shift of the —1.3 eV dip in the conductance
related to the defected-oxygenated tube to its new molecular-
dependent locations [-0.65 eV (NO,), -1 eV (NHj;), and
—1.24 eV (CO), respectively] might require high applied
voltages, thus inducing possible desorption of the molecule
from the CNT due to overheating.

Nevertheless, some specific properties of the conductance
curve around the Fermi energy, such as its slope and/or its
integral over a small energy range, could be accurately mea-
sured experimentally by applying lower voltages thus pro-
viding information at the charge transport level on the mo-
lecular adsorption. For instance, the percentage change in the
conductance at Ep with respect to the bare defected-
oxygenated tube can reveal the presence of CO (10%
change), NO, (4.6%), and even H,O (2.0%) (see Fig. 4 and
Table II). However, the eventual binding of NH; and CO,
cannot be inferred only by looking at the conductance at Ep.
On the other hand, additional indications on gas adsorption
can be extracted by comparing the integral of the conduc-
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TABLE II. Percentage of changes in the quantum conductance
at the Fermi energy [AT(Ep)] and in the energy intervals
[-0.5,0.0] eV [AT=A[% T(E)dE] and [0.0,0.5] eV [AT*
=Af 8'5T(E)dE] for various molecules adsorbed on the defected-
oxygenated (5,5) CNT. The changes are calculated with respect to
the bare defected-oxygenated tube.

AT(Ey) AT AT*
NO, 4.6% 21.3% ~4.4%
NH, 0.5% 3.2% -3.0%
co 10.0% -10.8% ~12.8%
CO, 1.4% 0.4% 2.0%
H,0 2.0% -0.2% 7.1%

tance over a specific energy range (see Table II). For in-
stance, NO,, CO, and NH; (but not CO, or water) can be
detected by integrating the transmission curve in the
[-0.5,0.0] eV range. Instead, CO, H,O, and, to a minor ex-
tent, NO, and NH; can be detected by integrating in the
[0.0,0.5] eV range. Still, CO, seems to be difficult to detect,
even by integrating in the [0.0,0.5] eV range. Finally, it can
be noticed that NO, adsorption induces the slope of the con-
ductance at E to switch from a negative value to a positive
one, as illustrated in Fig. 4. Such a slope modification would
allow to distinguish selectively adsorption of NO, from ad-
sorption of NH;, CO, CO,, and H,O (where a negative slope
is conserved).

Note that these quantitative theoretical predictions may
depend on the nanotube diameter and on the nature of the
defect. Consequently, comparison with experimental mea-
surements should be performed with care, and theoretical
models should be adjusted accordingly. In addition, a realis-
tic model of the sensing ability of a CNT should also take
into account the combined effect of the adsorption of differ-
ent molecules on different kind of defect sites, analogously
to the study presented in Ref. 7. Nevertheless, our electronic
transport calculations suggest that each molecule affects the
conductance of the tube in a specific way and that these
conductance changes could actually be measured experimen-
tally by planning specific measurements to analyze the con-
ductance curve around Ey. The predicted sensitivity of me-
tallic CNTs toward NO,, NH;, CO, and H,O molecules is
consistent with recent experimental data.>* The case of H,O
is especially interesting since its possible detection can only
be inferred by analyzing the conductance curve and not from
ab initio binding energies and charge transfer considerations.
On the contrary, the detection of CO, is quite difficult to
achieve, still in agreement with sensing experiments
performed on graphene.’

IV. CONCLUSION

In conclusion, the potential use of carbon nanotubes as
sensitive elements for gas detection has been investigated
using first principles. The structural, electronic, and quantum
transport properties of realistic CNTs, namely, tubes contain-
ing oxygenated defects, have been predicted and analogies
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with sensing experiments on graphene and semiconducting
CNTs have been pointed out. The presence of an oxygenated
vacancy at the CNT surface results in an overall increase in
interaction strength (binding energies, charge transfer) be-
tween the tube and the various molecules. Chemisorbed mol-
ecules (NO,, NH;, and CO) exchange a significant fraction
of electronic charge with the tube, thus modifying in a spe-
cific way the tube conductance and, hence, are more likely to
be detected. Indeed, the analysis of the conductance curve
around E shows that defective CNTs are found to be sensi-
tive to NO,, NH;, and CO. In addition, the weakly bound
H,0 could be detected by measuring conductance changes in
a small energy range above the Fermi energy. The interaction
of CO, with the tube is, instead, so weak that this gas could
hardly be detected. However, to associate the change in con-
ductance to the adsorption of a specific molecule a specific
set of measurements has to be designed. Finally, the nature of
the charge transfer can be exploited to improve selectivity of
the detection.

The temperature dependence of both the adsorption and
desorption process of NO, confirms that the CNT-based sen-
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sor can be used at room temperature, and assess the reuse of
the sensor after heating it up at higher temperature. At last,
our results demonstrate that an in depth understanding of the
nature of the molecule-nanotube interaction is required to
accurately interpret experiments, but also to obtain func-
tional electronic nanodevices.
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