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Sensitivity of carboxyl-modified carbon nanotubes to alkaline metals
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This paper considers the fabrication of a superminiaturized sensor based on carboxyl-modified carbon nanotubes. The possibility of using
nanotubes modified by carboxyl group for detection of alkaline metals is analyzed. Simulation results have been reported for the binding
process of carboxyl group to the nanotube surface and interaction of the nanosystem fabricated with atoms of potassium, sodium and lithium.
The simulation has been carried out using the molecular cluster model and the MNDO and DFT calculation methods. Sensor properties of
surface and boundary carboxyl-modified nanotubes for alkaline metals have been compared. It has been proved that surface carboxyl-modified
nanotubes are characterized by higher sensitivity for the selected atoms.
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1. Introduction

The discovery of carbon nanotubes (1D nanostructures) is one of the most important achievements of modern
science. Considered as a new material with unique physicochemical properties, nanotubes show good promise for a
wide range of applications [1-6]. Nanotubes can be used in flat displays, lithium battery anodes, gas discharge tubes
in telecommunication networks, nanoprobes and sensors, supercapacitors, gas storage, etc. [7,8]. Nanotube-based
systems display a combination of multiple properties that cannot be achieved in conventional single crystal and
polycrystalline structures, so the current stage of research into the nanotubular forms of materials is characterized
by a great interest in development and improvement of their synthesis methods, study of the properties of these
nanomaterials and attempts for their commercial applications.

As a nanotube is a surface structure, its whole weight is concentrated in its surface layers. This feature is
the origin of the uniquely large unit surface of tubulenes which in turn predetermines their electrochemical and
adsorption properties [9,10]. The high sensitivity of the electronic properties of nanotubes to molecules adsorbed
on their surface and the unparalleled unit surface providing for this high sensitivity make CNT a promising starting
material for the development of superminiaturized chemical and biological sensors [11-20]. The operation principle
of these sensors is based on changes in the V-1 curves of nanotubes as a result of adsorption of specific molecules
on their surface. The use of CNT in sensor devices is one of their most promising applications in electronics.
These sensors should have high sensitivity and selectivity, as well as rapid response and recovery.

The paper studies the possibility for fabricating superminiaturized high-sensitivity sensor based on carboxyl-
modified carbon nanotube and analyzes the process of the sensor interaction with alkaline metal atoms (sodium,
potassium and lithium). Two variants of nanotube modification with the carboxyl group are considered, namely the
boundary and surface binding of the -COOH group, and a comparative analysis of the sensor properties that takes
into account location of the carboxyl group binding to the CNT is carried out. Simulation results for a carboxyl
group binding process to a carbon nanotube and the system’s interaction with the selected potassium, sodium
and lithium ions are obtained within the framework of the molecular cluster model using the DFT calculation
method [21].

2. The study of the mechanism of nanotube modification with carboxyl group -COOH binding to the
nanotube surface

The mechanism for the boundary functionalization of a nanotube by a carboxyl group is reported in [22]. The
present paper studies the mechanism for nanotube surface modification with carboxyl group ~-COOH. A model of
a nanotube of type (6, 0) molecular cluster is considered. The cluster contained five layers of carbon hexagons
located along the axis of the nanotube. The cluster boundaries were closed by pseudoatoms of hydrogen. The
carboxyl group bound a carbon atom located on a surface site approximately in the middle of the cluster to exclude
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the effect of pseudoatoms. The mechanism of the functional group -COOH binding to the selected atom was
modeled with increment of 0.1 A along a perpendicular that was drawn to the axis of the nanotube and passed
through the selected carbon atom of the surface. The calculations were carried out using the DFT method. Fig. 1
shows a model of surface-modified carbon nanotube (6, 0) with carboxyl group. The performed calculations
enabled us to plot an energy interaction curve (Fig. 2), the analysis of which shows that a value of interaction
energy between the CNT and the carboxyl group is 183 eV. This value indicates the formation of chemical bond
between the nanotube and -COOH at the distance of 166 A that proves the possibility of surface functionalization
of single-walled carbon nanotubes with a carboxyl group to fabricate chemically active sensory probes.
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F1G. 2. Interaction energy curve of CNT with carboxyl group

3. Study of interaction between the “CNT-carboxyl group” system and atoms of alkali metals

Further, interaction of lithium, sodium, and potassium atoms with the edge atoms of hydrogen and oxygen
in the carboxyl group modifying the carbon nanotube surface was studied. The process is modeled incrementally
by moving alkaline metals (Na, K, Li) towards O or H atoms of the functional group. As a result, profiles of
potential energy surface of the system “nanotube + COOH-metal atom” are plotted (Fig. 3). Simulation results
reveal barrier-free nature of the selected metal atoms binding process to the atoms of the functional group. As the
interaction distances are sufficiently large, it can be concluded that the functional group atoms and the selected
metal atoms are held together by weak van der Waals forces. This result confirms the possibility of reusing the
fabricated sensor probe, as chemical bond formation with the selected alkaline metal atoms would have caused
destruction of the fabricated sensor. In addition, the Schottky barrier between the “nanotube + COOH” system
and the electrodes of the sensor can vary during the interaction process with metal atoms, which will be recorded
during the sensor operation.
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F1G. 3. Energy curves plotted for surface modified by carboxyl group nanotube interaction with
Li, Na, K atoms depending on a distance: a — between atoms of selected metals and an H atom
of the system; b — between atoms of selected metals and an O atom of the system

Analysis of the charge state of the system revealed that electron density is transferred from the metal atoms
to a surface-modified by carboxyl group nanotubular system, which increases the number of carriers in the system
and ensures a change in its electrical properties.

Simulation results for interaction between the boundary modified by carboxyl group carbon nanotube (6, 0)
and Na, K, Li atoms of alkaline metals are presented in [23]. Table 1 summarizes the interaction results of the
selected atoms with surface- and boundary-modified by carboxyl group CNTs.

TABLE 1. Main characteristics of the binding process of Na, K, Li atoms to the edge O and H
atoms of carboxyl group boundary and surface modifying the carbon nanotube: r;,; — interaction
distance between a metal atom and an O (or H) atom of the functional, E;,; — interaction energy

Ch th
Atom bonds | 7ing, A | Ejpe, €V arge on the

metal atoms

Boundary-modified nanosystem

Na-O 2.2 —-3.21 +0.7
Na-H 1.8 —-1.77 +0.7
K-O 2.5 —4.30 +0.4
K-H 1.8 —1.04 +0.4
Li-O 2.0 —4.39 +0.9
Li-H 1.9 —4.62 +0.9

Surface-modified nanosystem

Na-O 3.0 —2.57 +0.7
Na-H 3.4 —2.70 +0.7
K-O 4.2 —2.12 +0.4
K-H 4.1 —1.57 +0.4
Li-O 1.9 -3.92 +0.9

Li-H 2.2 —2.43 +0.9




82 N. P. Boroznina, 1. V. Zaporotskova, S. V. Boroznin

4. Modeling scanning of surface with atoms of alkaline metals

Scanning of a random site on the nanotube surface that contains Li, Na or K atoms is performed and
sensitivity of the nanotube modified by carboxyl group to the atoms selected is defined. The process was modeled
incrementally by moving a metal atom to the functional group along the line parallel to the nanotube surface
(Fig. 4). Analysis of interaction energy curves (Fig. 5) shows that the modified nanotube is sensitive to the selected
metals as the curve has a minimum that indicates a stable interaction of metal atoms with the “CNT + COOH”
system.

Simulation results of sensor activity for a boundary modified by a carboxyl group nanotube are presented
in [23]. Table 2 summarizes the results of the interaction for sensor based on surface- and boundary-modified
by carboxyl group nanotubes with atoms of the selected metals. A comparison of the interaction energies E;,¢
shows that the surface-modified by the COOH group nanotubular system display higher sensitivity for the selected
potassium, lithium and sodium atoms.

F1G. 4. Scanning of a random site on the nanotube surface that contains Li atom (a grey ball of
a bigger size); the dotted line indicates the trajectory of the Li atom in relation to the nanotube
modified by carboxyl group
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F1G. 5. Interaction energy profiles plotted for atoms of metals and a surface modified nanotubular
structure; 0 point corresponds to the point located under atom H of carboxyl group, as well as
one of atoms H of amino group and atom O of nitrogroup: a) with H atom b) with O atom



Sensitivity of carboxyl-modified carbon nanotubes to alkaline metals 83

TABLE 2. Interaction characteristics between the boundary-modified by carboxyl group nanotube
system and Na, K, Li atoms: r;,; — sensor interaction distance, F;,,; — sensor interaction energy

Atom (group -COOH) | rp,s, A | Ejpy, €V

Boundary-modified nanostem

Na-O 3.0 —0.64
Na-H 2.6 —1.73
K-O 2.5 —-1.77
K-H 2.8 —1.76
Li-O 3.0 —0.93
Li-H 3.0 —1.63

Surface-modified nanosystem

Na-O 3.0 —3.38
Na-H 3.4 —4.05
K-O 4.2 —3.75
K-H 4.1 -3.00
Li-O 1.9 —4.00
Li-H 2.2 —-3.74

5. Conclusion

As theoretical and experimental studies have shown, carbon nanotubes present a unique material for further
research and application in various fields. Advancement in nanotechnology leads to fabrication of new physical
objects with properties that are of great scientific and research interest. The proven possibility of carbon nanotube
modification by a carboxyl group can be used to create probes with high selectivity. Simulation results prove the
possibility of repeated use of modified carbon nanotubes as sensor probes for certain elements and radicals. The
presence of these elements and radicals can be experimentally documented by changing the potential in a sensor
system based on a nanotube modified by a functional group. When the fabricated sensor interacts with metal atoms,
electron density is transferred to the atoms of the carboxyl nanotubular system. Thus, the number of carriers in
the surface modified nanotube system increases and a change in the electrical properties of the nanosystem can be
fixed. The fabricated sensor element will have a distinctive selectivity that is determined by the energies of the
modified tubular nanosystem’s interaction with various elements, which will provide a different response for the
system to the presence of alkaline metal atoms. Sensors fabricated in this manner will respond to the presence
of extremely small amounts of substances, namely atoms or ions of metals, which form part of salts and alkalis,
which opens up their potential use in chemistry, biology, medicine, etc.
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