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1. Introduction

Researchers have carried out many studies into carbon nano-
tubes (CNTs) since their discovery," owing to their unique
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Density Functional Theory (DFT) was employed to investigate the interaction between cyanogen chloride
(CICN) and the surface of a carbon nanocone (CNC). The findings of this research revealed that pristine
CNC is not an ideal material to detect CICN gas due to its minimal alterations in electronic properties. In
order to enhance the properties of carbon nanocones, multiple methods were implemented. These
included functionalizing the nanocones with pyridinol (Pyr) and pyridinol oxide (PyrO) as well as
decorating them with metals such as boron (B), aluminium (Al) and gallium (Ga). Additionally, the
nanocones were also doped with the same third-group metal (B, Al and Ga). The simulation results
indicated that doping it with aluminium and gallium atoms yielded promising results. After
a comprehensive optimization process, two stable configurations were obtained between the CICN gas
and the CNC-AL and CNC-Ga structures (configurations S21, and S22) with E,4s values of —29.11, and
—23.70 kcal mol™? respectively, using M06-2X/6-311G(d) level. The adsorption of CICN on CNC-Al and
CNC-Ga surfaces leads to a marked alteration in the electrical properties of these structures.
Calculations reveal that the energy gap between the Highest Occupied Molecular Orbital (HOMO) and
Lowest Unoccupied Molecular Orbital (LUMO) levels (Ey) of these configurations increased in the range
of 9.03% and 12.54%, respectively, thereby giving off a chemical signal. An analysis conducted by the NCI
confirms that there is a strong interaction between CICN and Al and Ga atoms in CNC-Al and CNC-Ga
structures, which is represented by the red color in the RDG isosurfaces. Additionally, the NBO charge
analysis reveals that significant charge transfer is present in S21 and S22 configurations (190 and 191
|me|, respectively). These findings suggest that the adsorption of CICN on these surfaces impacts the
electron—-hole interaction, which subsequently alters the electrical properties of the structures. Based on
the DFT results, the CNC-Al and CNC-Ga structures, which have been doped with aluminium and
gallium atoms, respectively, have the potential to serve as good candidates for detecting CICN gas.
Among these two structures, the CNC-Ga structure emerged as the most desirable one for this purpose.

attributes and widespread application.>® CNTs have been
demonstrated to be a highly versatile material with a broad
range of applications in fields as disparate as electronics,
aerospace, transportation, fuel cells, hydrogen storage, textiles,
sensors, and many more.*” Recently, there has been an
increased focus on research surrounding carbon nanocones
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(CNCs) due to their unique electrical and mechanical proper-
ties, in addition to those of carbon nanotubes (CNTs).? Carbon
nanocones are hollow, cone-shaped nanostructures made of
graphitic carbon. They differ from other carbon nanomaterials,
such as carbon nanotubes and graphene, in that they have an
open structure with a wide range of potential applications. They
have a higher surface area and porosity than other carbon
nanomaterials, making them useful for a variety of applications
such as drug delivery, biosensing, and energy storage. They also
have high mechanical strength and are highly conductive,
making them suitable for use in electronic components.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Different methods of constructing CNCs from graphene (Gr)
networks can lead to various geometrical defects at the tips. One
can cut between one to five segments of a graphene sheet and
join the edges together using the cut and glue method to
construct open-ended carbon nanocones, which have one to five
pentagons at the apex.>'® CNCs have various applications owing
to their topology.'* Owing to their capability of emitting
currents at low electric fields, carbon-based electron field
emitters exhibit superior electron field emission attributes.'
Likewise, due to their diminutive size and high rigidity, CNCs
can be regarded as promising electron field emitters and
scanning probe tips."* Carbon nanocones have numerous
practical applications in a variety of fields. In electronics, they
are used as a catalyst for the growth of nanowires and nano-
tubes, as well as to improve the performance of transistors and
other components. In the medical field, they are used to deliver
drugs and target specific cells and tissues. They can also be used
in energy storage applications, such as batteries and fuel cells,
due to their high surface area and excellent storage capacity.
Additionally, carbon nanocones can be used to create super-
capacitors, which are capable of storing and releasing large
amounts of energy in a short period of time. They can also be
used to create lightweight, strong, and durable materials, such
as aerogels, which can then be used in the aerospace industry.

Cyanogen chloride (CICN) is an extremely poisonous chem-
ical compound classified as cyanide which is used as an agent
for chemical warfare. It appears as a colourless gas or liquid and
has a highly pungent and acrid odour, which causes intense
irritation to the eyes and respiratory tract, as well as other
systemic effects. If exposed, it can occur through eye contact,
skin contact, ingestion, or inhalation. Additionally, CICN is
considered a powerful lachrymator, which is a chemical that
causes tearing in the eyes and has been employed as tear gas.*
Unfortunately, CICN has the ability to pass through and pene-
trate filters, which can be a significant problem.*® Therefore,
sensors with a high level of dependability, sensitivity, and fast,
straightforward response are in high demand in order to
adequately address this issue.

Due to their high surface-to-volume ratio, their superior
electronic sensitiveness, and other advantageous properties, the
use of gas sensors based on nanostructures has been increasing
in popularity.’”~*® There has been numerous studies conducted
utilizing density functional theory to explore the potential of
CICN nanosensors. Unfortunately, in some of these studies, it
was found that the pristine nanostructures were not sensitive to
a variety of chemicals, so it is of utmost importance to research
ways to modify the structures of the nanosensors in order to
enhance their sensitivity to various substances.***” They have
demonstrated that the electronic characteristics of nano-
structures can be altered when exposed to CICN, which has the
potential to greatly improve the sensitivity of the sensor when
the doping method strategy is employed. In this research,
a theoretical analysis was conducted to investigate the bonding
properties and the detection of CICN gas using carbon nano-
cones (CNCs). In order to enhance the performance of our
proposed sensor, several techniques were employed, such as
functionalizing it with pyridinol (Pyr) and pyridinol oxide
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(PyrO), decorating it with the metals boron (B), aluminum (Al),
and gallium (Ga), and doping it with the same metals (B, Al, and
Ga). The primary purpose of this work was to examine the
sensitivity of the electronic attributes of CNCs to CICN. The
adhesion of gasses on the surface of CNCs can result in changes
in their electrical conductivity and generate an electronic signal,
which is the basis of their detection method.

2. Computational methods

Geometry optimizations of a CNC molecule were performed
using the GAMESS software and the B3LYP functional with the 6-
31G(d) basis set in the gas phase. The CNC molecule was func-
tionalized with pyridinol (CNC/Pyr) and pyridinol oxide (CNC/
PyrO), decorated with metals (M = B, Al, and Ga) (CNC/M), and
doped with the same metals (M = B, Al, and Ga) (CNC-M) with
and without the CICN molecule.?® The B3LYP functional has been
used for theoretical studies in previous letters,> ' and also 6-
31G(d) basis set has been used in a similar work.*> After the
optimization and obtained all considered configurations, full
optimization using M06-2X/6-311G(d) are performed for favor-
able configurations (CNC-Al, CNC-Ga, S21 and S22 configura-
tions) to obtain more accurate results. The M06-2X functional
could be a high non-locality functional with double the amount
of non-local exchange (2X) to ponder dispersion forces.>® The
hybrid M06-2X functional has been applied as an acceptable
method in many nanoscale molecular systems due to the higher
percentage of Hartree-Fock exchange (54%).**** The adsorption
energy (E.qs) of CICN gas on the surface of pristine, functional-
ized, decorated, and doped Carbon Nano-Cones (CNC) has been
quantified. This energy is an indication of the degree of attraction
between the gas molecules and the surface of the CNCs. It is
calculated by measuring the energy required for the gas mole-
cules to bind to the CNCs. E,qs can be used to compare the
adsorption capacity of different CNCs, giving insight into their
reactivity. Mathematically it is calculated by eqn (1).

Eads = E(complcx) - E(gas) - E(adsorbcnl) + EBSSE [1)

where E(omplex) iS the total energy of complex formed between
CICN gas and adsorbent, and E(gas) and E(agsorben) 18 referred to
the energy of an isolated adsorbent (i.e. CNC, CNC/Pyr, CNC/
PyrO, CNC/M, or CNC-M) and CICN gas, respectively. The
basis set superposition error (BSSE)*® was also evaluated using
counterpoise method to eliminate basis functions overlap
effects. Natural bond orbitals (NBO) charge analysis is also
performed. NBO charge analysis assigns a charge to each atom
in a molecule based on the corresponding occupancy of natural
orbitals. The charges are calculated by summing the contribu-
tions from each natural orbital in the molecule, weighted by the
occupancy of that orbital. The goal of NBO charge analysis is to
provide a more accurate charge distribution for a molecule than
what is obtained from an electrostatic potential calculation. The
NBO charge analysis can be used to predict the chemical
properties of molecules, such as the bond order, bond lengths,
and dipole moments. It can also be used to calculate molecular
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properties, such as the relative stability of different conforma-
tions of a molecule. The energy gap (E,) is defined as:

E, = ELumo — Enomo (2)

where Epymo and Epomo are the highest occupied molecular
orbital and the lowest unoccupied molecular orbital energies,
respectively. Total density of states (TDOS) and partial density of
states (PDOS) analyses were carried out on the pristine, deco-
rated with boron atom, doped with Al and Ga atoms, and their
complexes with CICN gas.

The global interaction between the adsorbent and CICN gas
have been determined using the electron transfer number (AN),
which represents the fractional number of electrons, trans-
ferred from the complex between CICN gas and adsorbent to
CICN molecule, and is represented by:*

McieN — :u'complex (3)

AN =
2(F’ICICN + ncomplex)

where MclcNs Mcomplexs 7CICNy and Ncomplex A€ the chemical
potentials and chemical hardness of complex and CICN gas,
respectively. If AN < 0, charge flows from complex to CICN
(complex acts as electron donor), and if AN > 0, charge flows
from CICN to complex (complex acts as electron acceptor).

The accurate calculation of energy dissipation is the main
problem of the density functional theory which is the main
composition of the van der Waals (vdW) forces. So, reduced
density gradient is used to calculate the non-covalent
interactions:*®

1 Vol
2(37t2)1/3

Density of state
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where p is the electron density of the whole molecule. Further-
more, density functional theory cannot identify specific interac-
tion, such as hydrogen bonding, van der Waals and steric
repulsion. Therefore, to identify the types of non-covalent inter-
actions, the sign of the second largest eigenvalue 4, of the elec-
tron density Hessian matrix was used. Q = sign(4,)p identifies the
types of interaction, where sign(2,) is the sign of 1,, insomuch the
density obtained information about their strength. The RDG
studies were used for a visual representation of the intra-
molecular interaction utilizing non-covalent interaction (NCI)
theory. MULTIWFN® software package is used to draw scatter
plots between two functions and generate their cube files. The
color-filled isosurface graphs are plotted by VMD software.*

3. Results and discussion

3.1. Geometry optimization of pristine carbon nanocone
(CNC) and CICN gas

A nanocone with an apex in the shape of a pentagon and a cone
angle of 108° (illustrated in Fig. 1a) was studied, which is the
largest angle to be observed both theoretically and experimen-
tally, as reported in the literature.*** The pristine CNC was
observed to consist of 80 carbon atoms with their dangling bonds
saturated using hydrogen atoms. Additionally, different types of
C-C bonds with varied lengths associated with the carbon atoms
of the pentagonal and hexagonal rings were also identified (see
Fig. 1a). The electronic properties of CNC were also studied.
Table 1 lists the HOMO energy, LUMO energy and the energy gap
(E,) of CNC. The total density of states (TDOS) of CNC with E, of
2.43 eV is depicted in Fig. 1c. The results of this study are in
agreement with those of the previous work.*' Fig. 1c displays the
graphical representation of the distribution of HOMO and LUMO
for pure CNC, while Fig. 1b shows the optimized CICN structure.

0

=12

=10 -8 -6 -4
Energy (eV)

Fig.1 Optimized structure of (a) CNC, (b) CICN gas, and (c) total density of states (TDOS) of CNC (distances are reported in A. Fermi energy is

shown by dashed line).
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Table 1 Adsorption and interaction energy (E.qgs). the energy of HOMO and LUMO levels, energy gap (Eg), Fermi energy (Ery), the energy
difference of HOMO and LUMO for nanocone after adsorption (AEq (%)), work function (@), the working function differences of nanocone after
adsorption (A®), charge transfer between toxic molecule and nanocone (Q7), and electron transfer number (AN) for toxic gas molecule (CICN),

carbon nanocone (CCN), and S1 configuration at B3LYP/6-31G(d) level

Systems Eqs (keal mol™) Enomo (€V) Egy (eV) Erumo (eV) E, (eV) % AE, ® (eV) A® (eV) Qr (me) AN
CICN — —-9.12 —4.74 —0.35 8.77 — 4.74 — — —
CNC — —-5.01 —3.80 —2.59 2.43 — 3.80 — — —

S1 —0.22 —=5.11 —3.90 —2.69 2.42 —0.41 3.90 0.10 -8 —0.075

3.2. Adsorption of CICN on the pristine CNC

Several initial structures, such as the chlorine and nitrogen
heads of CICN located either on top of the ring center or close to
a carbon atom, were considered in order to determine the
minimum adsorption energy on both the interior and exterior
surfaces of CICN. During the complete optimization process,
the orientation of CICN was changed such that its chlorine atom
was brought close to one of the carbon atoms present in the
pentagonal ring of the CNC. Upon geometry optimization, it
was ascertained that only a single configuration (S1) was stable
(as shown in Fig. 2a). The values for the energy gap, adsorption
energy and charges, as obtained through analysis, are presented
in Table 1.

The calculated E,q value for the S1 configuration using eqn
(1) is listed in Table 1. As given in Table 1, the calculated E,qs
value for the S1 configuration using eqn (1) is —0.22 keal mol ",
which implies very weak physical adsorption and is thus ener-
getically unfavorable. The C-Cl distance in the S1 configuration
is 3.19 A, as illustrated in Fig. 2. According to the information
contained in Table 1, the adsorption of CICN gas on the CNC (S1
configuration) surface occurs in conjunction with a partial
charge transfer process (about —8 |me| transferred from nano-
cone to the gas). The results acquired demonstrated that the

weak electrostatic interaction between CICN and CNC

(a)

S1

Fig. 2
Distances are reported in A. Fermi energy is shown by dashed line.

© 2023 The Author(s). Published by the Royal Society of Chemistry

happened, and the unaltered cyanogen chloride is not a suitable
sensor for sensing and identifying CICN gas.

The electronic properties of the S1 configuration were
calculated in order to explore the impact of adsorbing CICN on
the electronic properties of pristine CNC. As can be concluded
from Table 1, the E, and Ey;, appear to have a subtle shift after
the adsorption process. The results indicated that the energy
gap (E,) in the S1 configuration was 2.42 eV. The slight variation
of E, (% AE,) was dependent on the feeble adsorption on the
outer surface of pristine CNC. The Total Density of States
(TDOS) was analysed and illustrated in Fig. 2b. As per the data
presented in the figure, there is no considerable variation
between the S1 configuration and the original CNC, thereby
affirming the weak interaction between the CICN gas and CNC.

The electron transfer number (AN) was computed. It is worth
mentioning that the tendency of electrons for deflection can be
determined by measuring the electrical, chemical potential
measures. This deflection is related to the ease of deflection of
the electron density as well as the size of ions and atoms. The
AN of adhesion sites was found to be negative, which indicated
electron transfer from the CNC to CICN. This data was
confirmed the results of NBO analysis that showed the —8 |me|
transferred from CNC to the CICN (see Table 1). The manipu-
lation of the work function of materials is an effective way of
enhancing the performance of electronic devices. Additionally,

e TDOS of S1 configuration (b)
104
£ 84
..
o
=
2 67 :
z I
N
= a4l HO I():
| LUMO,
2 Eg- 242¢V
0 T T T ) T T T T
-1z -10 -8 -6 -4 -2 ] 2 + 6

Energy (eV)

(a) The optimized structures and (b) TDOS plot of stable adsorption configuration of CICN on the outside of CNC (S1 configuration).
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the work function of nano-materials is a pivotal element in
regulating their surface characteristics. The changes in the work
function of charge transfer between the pure CNC and CICN
were investigated. The minimum energy required to extract
electrons from the Fermi level to a point beyond the surface of
solid materials is known as the work function. Furthermore, the
current density of an electron emitted into the vacuum can be
determined using the following formula:

j = AT* exp (;) (5)

where @ (eV) signifies the work function, A is the Richardson's
constant A m ™2, and T signifies the temperature (K).
The @ value was computed as follows:

@ = Einr — ErL (6)

where Eg, signifies the Fermi level energy and Ej,¢ signifies the
electrostatic potential, which was considered to be zero. The
work function values of CNC while interacting with CICN, as
provided in Table 1, have been obtained via Density Functional
Theory (DFT) calculations. It is observed that the work function
values of the pure CNC change upon the adhesion of CICN.
According to eqn (4), the electron diffusion current density is
exponentially dependent on the negative work function. Since
there was no significant alteration in the work function and
Fermi level of CNC, the current density experienced a gradual
increase after the adsorption of CICN onto the outermost layer
of CNC, indicating the slight sensitiveness of the adsorbents to
CICN. The A® values of S1 suggested that the pristine CNC cab
functions as a ¢-type sensor due to its relatively low adsorption
energy.

The interaction between the CICN and CNC can change the
electronic structure of the CNC, which can be demonstrated by
the variation in the electrical conductivity of CNC. The
conduction electron population of semiconductors responsible
for electrical conductance was computed as follows**

0 = AT exp(—E42kT) 7)

Here, A (electrons per m® per K*?) signifies a constant and &
signifies the Boltzmann's constant. As stated earlier, chemical
sensors according to the changes in their electrical conductance
following the process of adhesion. A previous study** demon-
strated that this relationship can be used to determine the
sensitiveness of detectors based on the changes in E,.

3.3. Structural manipulation to enhance sensitiveness and
reactivity

3.3.1. Functionalizing with pyridinol and pyridinol oxide.
Chemical functionalization of nanomaterials involves the
attachment of molecules to the surface of nanomaterials to alter
their surface properties. This process can be achieved through
several techniques, including physical adsorption, covalent
attachment, and electrostatic interactions. The molecules used
to functionalize nanomaterials can include organic molecules,
polymers, biological molecules, metals, and other materials.

12558 | RSC Adv, 2023, 13, 12554-12571
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The functionalization of nanomaterials can be used to alter
their surface properties, including hydrophobicity, charge, or
solubility. It can also be used to enhance their performance in
applications such as drug delivery, sensing, and catalysis. In
fact, recently carried out experimental studies demonstrated
that the electronic attributes of carbon nano-structures can be
changed to make them suitable for applications by chemical
bonding of molecules or chemical elements to pure materials.*
Bekyarova et al.** have synthesized pyridinol (pyr) functional-
ized CNTs (CNT-COOC5;H,N) and investigated the changes in
electronic attributed after exposing to HCI. The results showed
that when HCIl was present, the resistivity of CNT-COOCsH,N
films decreased, making them suitable for HCl chemical
sensors. To address the issue of CNC insensitivity, the pyridinol
(Pyr) and pyridinol oxide (PyrO) were used to functionalize the
pristine CNC.

In order to achieve our goal, the tip of the CNC was func-
tionalized (see Fig. 3a and 4a). As shown in Table 2, after
functionalization of the CNC with Pyr and PyrO groups, the
HOMO shifted partially to higher energies, and the LUMO
moved slightly higher as well, resulting in a shorter gap energy
than that of pristine CNC (E, = 2.026 and 2.021 eV for CNC/Pyr
and CNC/PyrO, respectively). Once we had secured the stable
structures of CNC/Pyr and CNC/PyrO, the positioning of CICN
gas on the functional groups was examined, as demonstrated in
Fig. 3(b-g) and 4(b-g).

After optimization of the structures under consideration, six
configurations of interaction between CNC/Pyr and CICN gas
(S2-S7) and six configurations of interaction between CNC/PyrO
and CICN gas (S8-5S13) were obtained. The energy bandgap (Eg)
of the obtained configurations was found to be in the range of
2.01 to 2.03 eV, indicating only a slight change in E, due to the
weak adsorption of the molecules on the CNC/Pyr and CNC/
PyrO structures. The values of adsorption energy in Table 2
reveal that the S2-S4 and S8-S12 configurations are stable, as
the adsorption energies are negative. These results revealed that
the interaction between CICN gas and the adsorbent is very
weak. This is further emphasized by the interaction distances in
each of these configurations, which are all in the range of 2.26-
3.02 A. Table 2 shows that the adsorption of CICN gas on the
CNC/Pyr and CNC/PyrO is accompanied by a partial charge
transfer process. The adsorbent structure transfers —6 to —42
|me| to the CICN gas for S2, S3, S8-510, and S13 configurations,
and the CICN gas transfers 5-10 |me| to the adsorbent for S4-S7
and S11-S12, respectively. The values of AN for all absorption
sites were found to be negative, indicating that the electron
transfer occurred from the CNC/Pyr and CNC/Pyro structures to
the CICN gas. These results confirmed with NBO results (espe-
cially in the case of S2, S3, S8-S10, and S13). The values of A® of
these structures are presented in Table 2. These results show
that CNC functionalized with Pyr and Pyro cannot act as an ¢-
type sensor due to the low absorption energy. In conclusion, two
important parameters - E,q4, and energy gap (E,) - play a key role
in the gas sensing potential of nanoparticles. In this case, E,qs
and E, for the adsorption of CICN gas onto CNC/Pyr and CNC/
PyrO structures are extremely low, making them unsuitable as
sensitive sensors for detecting CICN gas.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Optimized structures of the carbon nanocone functionalized
with (a) pyridinol group (CNC/Pyr), (b—g) S2- S7 configurations
(distances are reported in A).

3.3.2. Decorated with metals (M = B, Al, and Ga). Recently,
a new strategy has been developed to increase the interaction
between the adsorbing molecule and the host adsorbent. This
strategy involves decorating the adsorbent with alkali metals,
alkaline earth elements, group III elements, and transition
metals (TM). This has opened up a range of possibilities in the
field of adsorption.*>™** Decorating strategy can be done by using
functional groups that can interact with the surface of the
adsorbent through hydrogen bonding, electrostatic interac-
tions, van der Waals forces, and other interactions.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(b)

Fig. 4 Optimized structures of the carbon nanocone functionalized
with (a) pyridinol oxide group (CNC/PyrO), (b—g) S8-S13 configura-
tions (distances are reported in A).

Additionally, the surface of the adsorbent can be modified to
increase the number of possible sites for the adsorbing mole-
cule to interact with, such as by using polymers, surfactants, or
hydrophilic and hydrophobic groups. By increasing the number
of sites available and increasing the strength of the interactions
between the adsorbing molecule and the adsorbent, the effi-
ciency of the adsorption process can be increased. In order to
further enhance the adsorption energy of CNC and introduce it
as a potent gas sensor for detecting CICN, the decoration
strategy was employed. This strategy consisted of decorating the
tip of pristine CNC with B, Al and Ga metals. After that, the

RSC Adv, 2023, 13, 12554-12571 | 12559
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Table 2 Adsorption and interaction energy (E,qs), the energy of HOMO and LUMO levels, energy gap (Eg), Fermi energy (Eg), the energy
difference of HOMO and LUMO for nanocone after adsorption (AEq (%)), work function (@), the working function differences of nanocone after
adsorption (A®), charge transfer between toxic molecule and nanocone (Q+), and electron transfer number (AN) for carbon nanocone func-
tionalized with pyridinol group (CNC/Pyr), S2—S7, and pyridinol oxide group (CNC/PyrO), S8—S13 configurations at the theoretical level of B3LYP/

6-31G(d)

Systems Eads (kcal mol ™) Enomo (eV) Epy (eV) Erumo (eV) Eg (eV) % AE, @ (eV) AP (eV) Qr (me) AN
CNC/Pyr — —-4.77 —3.76 —2.75 2.026 — 3.76 — — —

S2 —-3.11 —4.88 —3.87 —2.86 2.02 —0.29 3.87 0.11 —35 —0.044
S3 —-2.31 —4.88 —3.88 —2.87 2.01 —0.79 3.88 0.12 —12 —0.044
S4 —0.25 —4.75 —3.74 —2.72 2.03 0.20 3.74 —0.02 8 —0.056
S5 0.52 —4.70 —3.69 —2.67 2.03 0.20 3.69 —0.07 5 —0.061
S6 0.96 —4.70 —3.69 —2.67 2.03 0.20 3.69 —0.07 8 —0.061
S7 0.91 —4.91 -3.90 —2.88 2.03 0.20 3.90 0.13 —6 —0.043
CNC/PyrO — —4.84 —3.83 —2.82 2.021 — 3.83 — — —

S8 —2.20 —4.95 —3.94 —2.93 2.02 —0.05 3.94 0.11 —42 —0.039
S9 —-2.10 —4.94 —3.93 —2.93 2.01 —0.54 3.93 0.10 -39 —0.039
510 —1.34 —4.94 —3.93 —2.93 2.01 —0.54 3.93 0.10 —12 —0.039
S11 —0.76 —4.79 —3.77 —2.76 2.03 0.44 3.77 —0.06 6 —0.053
S12 —0.03 —4.81 —3.80 —2.78 2.03 0.44 3.80 —0.03 10 —0.051
S13 1.01 —4.94 —3.93 —2.92 2.02 —0.05 3.93 0.10 —6 —0.040

optimized structures and electronic properties of the achieved
structures were studied in order to observe the remarkable
change in their performance. The optimized structures of CNC/
M (where M stands for B, Al, and Ga) were illustrated in Fig. 5-7.
The average distance of the C-M interaction was observed to be
in the range of 2.24 to 2.55 A. Additionally, the distance of the
C-M interaction can be adjusted to tailor the properties of CNC/
M for a specific application.

The electronic properties of CNC/M (CNC decorated with
metals) structures were examined, and the values of Eyomo,
Erymos Er, and E, were tabulated in Table 3. The results
revealed that compared to the pristine CNC, the E, of the CNC/
M structures had changed. Specifically, the HOMO and LUMO
levels had shifted to higher energy levels, resulting in an
increase in E, for CNC/B, CNC/Al and CNC/Ga. It can thus be
concluded that decorating the CNC with metals can signifi-
cantly affect the electronic properties of the pristine CNC. The
inspection of the adsorption of CICN on CNC/M structures in
the decorated region was conducted.

The obtained results are showcased in Fig. 5(a-d), 6(a—c) and
7(a—c), where the Cl and N of the CICN gas are seen to interact
with the M atom of the CNC/M structures. To evaluate the
adsorption energy, the E,qs values of the obtained configura-
tions was computed using eqn (1), the results of which are
presented in Table 3. From Table 3, the obtained configurations
can be seen to be divided into two groups. The first group
includes S14 (Fig. 5c) (configuration from an interaction
between CNC/B with CICN gas), which is found to be stable
(Fig. 5¢). The energy of adsorption (E.qs) for this configuration
was calculated to be —8.84 kcal mol ™", confirming the physical
adsorption of CICN gas on the exterior surface of CNC/B. This
indicates that the CICN gas molecules are able to form a strong
bond with the CNC/B molecules, thus making the configuration
stable. The interaction distance between chlorine (Cl) from
CICN gas and boron (B) from CNC/B is approximately 3.03 A,
which suggests physical adsorption between them. The Natural

12560 | RSC Adv, 2023, 13, 12554-12571

Bond Orbital (NBO) analysis revealed that there was a charge
transfer that occurred after the adsorption process as well.
According to the results tabulated in Table 3, —44 |me| was
transferred from CNC/B to CICN gas. This charge transfer is
indicative of a strong bond formed between the two substances,
as the exchange of electrons results in a higher energy state for
the combined molecules. The second group of S15-S18 config-
urations have very weak adsorption energy (Fig. 6b, c and 7b, c).
As shown in Table 3, the E,q4s for these configurations range
from 0.04 to 1.01 kcal mol . This confirms the fact that CICN
gas has very weak physical adsorption and unstable configura-
tion on the exterior surface of CNC/M (M = Al and Ga) due to
positive adsorption energy. The interaction distance between Cl
from the CICN gas and the M from CNC/M is approximately 3.80
A and 3.53 A in the S15 and S18 configurations, respectively.
Similarly, for the interaction distance between N from the CICN
gas and the M from CNC/M, it is 3.39 A and 3.07 A in S16 and
S17 configurations, respectively. This suggests that there is
a very weak interaction between them. Furthermore, the results
of the Natural Bond Orbital (NBO) analysis showed that the
charge transfer between CNC/Al and CNC/Ga and CICN gas is
—6 |me|, 17 |me|, 27 |me| and —3 |me| respectively, during the
adsorption process. This fact confirmed the very weak phys-
isorption interaction for the CICN adsorption on the exterior
surface CNC/M (M = Al, and Ga). It was further revealed that the
physisorption interaction between CICN and CNC/M was not
sufficient enough to form a stable bond between the two
materials. This makes it clear that the physisorption interaction
between CICN and CNC/M is very weak and unlikely to lead to
a stronger and more permanent bond.

To properly complete our studies, the electronic properties
such as the Eyomo energy, the Epymo energy, and the energy gap
(Eg) of various molecules was investigated. Upon analyzing
Table 3, it can be seen a remarkable change in the E, of S14
when compared to CNC/B (Fig. 5a), with a difference of 26.41%.
This is indicative of a strong adsorptive response to CICN and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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PDOS plots of S14 configuration. Distances are reported in A. Fermi energy is shown by dashed line.

an electric response, while the E, of S15-S18 compared to CNC/
M (M = Al and Ga) (Fig. 6a and 7a) is negligible, verifying a very
weak physisorption interaction. The new HOMO and LUMO
levels of S14 are lower compared to the CNC/B (Fig. 5b and d).
This is responsible for a substantial change in the E, (energy
gap between the HOMO and LUMO levels). Thus, it can be
inferred that the CNC/B is sensitive enough to detect the pres-
ence of CICN gas.

Our analysis of the AN values of our five configurations -
S14-S18 - reveal that they are all negative, with values of —0.047,
—0.081, —0.106, —0.110 and —0.083, respectively. This suggests
that the electron transfer occurred from CNC/B, CNC/Al and
CNC/Ga to CICN gas. Examining Table 3, the A® values of S14,

© 2023 The Author(s). Published by the Royal Society of Chemistry

S15, and S18 are positive and @ values of them are increased
compared to that of CNC/B, CNC/Al, and CNC/Ga, respectively.
Meanwhile, the A® values of S16 and S17 are negative.

3.3.3. Doped with metals (M = B, Al, and Ga). Metal doping
is a method of manipulating nanostructures in order to regulate
and adjust their properties. In this case, CNC characteristics
were altered by the substitution of a carbon atom at the apex
with B, Al, or Ga atoms from the third metal group. These
particular atoms have electron deficiencies associated with
their outer vacant p orbitals. The aim of this process was to
increase the sensitivity of CNCs to their environment. Several
reports exist on the doping elements of the third group in the
structure of nanocarbon materials to increase their reactivity

RSC Adv, 2023, 13, 12554-12571 | 12561
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Fig. 6 Optimized structures of the carbon nanocone (a) decorated with Al atom (CNC/AL), (b) S15, and (c) S16 configuration (distances are

reported in A).

toward chemicals.””?"*>%-51 Previous research has demon-
strated that the introduction of B, Al, and Ga ions into carbon
nanostructures has a significant effect on their electronic
properties. Through the doping processes of these elements,
the electrical conductivity, optical properties, and surface
reactivity of carbon nanostructures can be modified, leading to
new and improved applications. For example, doping carbon
nanostructures with boron can increase their conductivity and
improve the stability of their charge carriers, while introducing
aluminium can enhance their optical properties and decrease
their band gap. Similarly, doping carbon nanostructures with
gallium can also increase their electrical conductivity and
influence their magnetic properties. By taking advantage of
these effects, researchers are able to create new materials with
tailored properties and improved performance. The optimized
structures of CNC-B, CNC-Al, and CNC-Ga are presented in
Fig. 8, 9, and 10, respectively, with the corresponding calculated

12562 | RSC Adv, 2023, 13, 12554-12571

data summarized in Table 4. It can be observed that the doping
atoms have caused a slight deformation of the pristine CNC,
forming new M-C bonds with lengths between 1.49 and 1.9 A
(as seen in Fig. 8-10). Moreover, the electronic properties of the
CNC-M are significantly different from those of the pristine
CNC, with new HOMO and LUMO states formed as a result of
the doping process. The reduction of E, (energy gap) in the
range of 0.91-0.99 eV was observed as a result of this process. A
lower energy gap usually indicates lower kinetic stability and
increased reactivity. To gain a more in-depth understanding of
the process, the total density of state (TDOS) and partial density
of state (PDOS) of the CNC-Al and CNC-Ga structures were
illustrated in Fig. 9(a-d) and 10(a-d). These figures indicate that
the doped CNC with Al and Ga atoms lead to a new HOMO and
LUMO with the upper and lower levels, respectively, in
comparison to pristine CNC, thus resulting in a decrease in the
E, between HOMO and LUMO. The results of PDOS showed that

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a)

517

Fig. 7 Optimized structures of the carbon nanocone (a) decorated with Ga atom (CNC/Ga) (b) S17, and (c) S18 configuration (distances are
reported in A).

the Al and Ga atoms have a significant effect on creating the new Continuing our research, the adsorption of the CICN gas on
LUMO level. Therefore, the doped CNC with metals can affect the CNC-M structures was investigated at the top of the M
the electronic properties of pristine CNC. atoms. Fig. 8(a—c), 9(a-d), and 10(a-e) illustrate the achieved

Table 3 Adsorption and interaction energy (E,qs), the energy of HOMO and LUMO levels, energy gap (Eg), Fermi energy (Ef ), the energy
difference of HOMO and LUMO for nanocone after adsorption (AEg (%)), work function (@), the working function differences of nanocone after
adsorption (A®), charge transfer between toxic molecule and nanocone (Qy), and electron transfer number (AN) for carbon nanocone decorated
with some metals (CNC/M, M = B, Al, and Ga), their configurations at the theoretical level of B3LYP/6-31G(d)

Systems Eqqs (kcal mol ™) Enomo (eV) Eyy (eV) Erumo (eV) Ey (eV) % AE, d (eV) AP (eV) Qr (me) AN

CNC/B — —4.92 —3.40 —1.88 3.03 — 3.40 — — —
S14 —8.84 —4.94 —3.83 —-2.71 2.23 —26.41 3.83 0.43 —44 —0.047
CNC/Al — —4.78 —3.24 -1.70 3.082 — 3.24 — — —
515 0.04 —4.91 —3.37 —1.83 3.08 —0.06 3.37 0.13 -6 —0.081
S16 1.01 —4.59 —3.06 —1.53 3.06 -0.71 3.06 —-0.18 17 —0.106
CNC/Ga — —4.72 —3.22 —-1.72 3.00 — 3.22 — — —
S17 0.74 —4.50 —3.02 —1.54 2.96 —-1.33 3.02 —-0.20 27 —-0.110
518 0.88 —4.84 —3.34 —1.85 2.99 —0.33 3.34 0.12 -3 —0.083

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2023, 13, 12554-12571 | 12563
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Fig. 8 Optimized structures of the carbon nanocone doped with some metals (a) CNC-B (b) S19 and (c) S20 configuration (distances are

reported in A).

configurations in which the N or Cl component of the CICN gas
interacts with the M or C atom of the CNC-M structures. Table 4
lists the values of the adsorption energy (E.qs) for all the
considered configurations. The data obtained from the study
showed that there were two types of configurations; S19, S20
and S23. These configurations were a result of the interaction
between CNC-B, CNC-Ga and CICN gas, respectively. The N---B
and Cl---C distances in S19 and S20 configurations were 1.59
and 3.15 Angstroms, respectively, while the Cl---Ga distance in
the S23 configuration was 2.75 Angstroms. Additionally, the
adsorption energy of S19, S20, and S23 was found to be —3.95,
—0.64, and 1.90 kcal mol ', respectively, which indicated
aweak physisorption between CICN gas and CNC-M (M =B and
Ga) structure. The results of the NBO analysis revealed that 317,
—5, and 112 |me| were transferred between CICN gas and the
CNC-M (M = B and Ga) structure. As further evidence of the
stability of this interaction, two configurations, S21 and S22
(which originated from the interaction between CNC-Al, CNC-
Ga and CICN gas), were identified. The energy of adsorption

12564 | RSC Adv, 2023, 13, 12554-12571

(E.qs) for these two configurations was found to be —22.90 and
—15.59 kcal mol ™, respectively, indicating that they are both
very stable. Such negative values of E,qs are indicative of
a chemisorption process, wherein the N atom of CICN gas
interacts with the M atom of CNC-M (M = Al and Ga). The NBO
analysis thus revealed that the interactions between CICN gas
and CNC-M are stable and are the result of a chemisorption
process. The N-M distance measurements between the N-M
atoms in the S21 and S22 configurations are 1.97 and 2.04
Angstroms, respectively. A Natural Bond Orbital (NBO) analysis
showed that there was a charge transfer of 149 and 159 milli-
electronvolts (meV) from the chlorine cyanide (CICN) to the
CNC-Al and CNC-Ga atoms, respectively, during the adsorption
process. This indicated that the chemisorption interaction
between the CICN molecules and the CNC-Al and CNC-Ga
atoms was strong and confirmed the charge transfer.

In order to finalize our research, the various electronic
properties such as the HOMO, LUMO and the band gap (E,) of
the molecules was considered in order to gain a better

© 2023 The Author(s). Published by the Royal Society of Chemistry
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understanding of their important parameters. As observed in
Table 4, there was a significant change in the E, values of 519
and S23 when compared to CNC-B and CNC-Ga, respectively
(% AE = 30.56, 13.79, respectively). This could be used as
a potential indicator to detect CICN gas. The new HOMO and
LUMO levels of the S19 and S23 configurations, which were
upward compared to the CNC-B and CNC-Ga, respectively,
were responsible for the change in the E,. However, since both
the E,qs and E, are important factors in the gas sensing
potential of nanostructures, these two configurations could not
be used as good CICN sensors. The S20 configuration, which
was presented in Table 4, did not show any significant change in
the E; when compared to the CNC-B. The only slight change in
E, (% AE) was due to the weak physisorption on the external
surface of the CNC-B (% AE = —0.70%). Finally, the electronic
properties of the S21 and S22 configurations were inspected (as
demonstrated in Table 4). To gain a better understanding, the
Total Density of States (TDOS), and the Partial Density of States

© 2023 The Author(s). Published by the Royal Society of Chemistry

(PDOS) and visualized the HOMO and LUMO of these configu-
rations were generated, as illustrated in Fig. 9 and 10,
respectively.

It is evident that there are obvious differences between the
S21 and CNC-Al, as well as between the S22 and CNC-Ga, which
are linked to the chemisorption process. As observed from the
PDOS spectra, there are new LUMO, and HOMO levels present
due to the interaction between the CICN gas and the CNC-Al
and CNC-Ga. This is indicative of the Al and Ga atoms being
more actively involved in the process. The TDOS plots showed
that the valence and conduction levels in the S21 and S22
configurations had a notable upward shift. This resulted in an
enhanced E, value of the S21 and S22 compared to the CNC-Al
and the CNC-Ga, with an increase of 10.53% and 26.21%,
respectively. Furthermore, the graphical presentation of the
HOMO and LUMO of the $21 and S22 illustrated that the HOMO
was concentrated on the CNC-Al and CNC-Ga while the LUMO
was spread over the CICN gas molecule. The observed

RSC Adv, 2023, 13, 12554-12571 | 12565
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phenomenon is in accordance with the charge transfer from
CICN gas to the CNC-Al and the CNC-Ga structures. This
indicates that these two structures can be viable options to be

12566 | RSC Adv, 2023, 13, 12554-12571

used for the chemisorption sensing of CICN gas. Chemisorption
sensing is an effective technique for the detection of gas
molecules through the observation of changes in the electrical

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Adsorption and interaction energy (E,qs), the energy of HOMO and LUMO levels, energy gap (Eg), Fermi energy (Eg), the energy
difference of HOMO and LUMO for nanocone after adsorption (AEq (%)), work function (@), the working function differences of nanocone after
adsorption (A®), charge transfer between toxic molecule and nanocone (Q+), and electron transfer number (AN) for carbon nanocone doped

with some metals (CNC-M, M = B, Al, and Ga), their configurations at the theoretical level of B3LYP/6-31G(d)

Systems Eqqs (keal mol™) Enomo (V) Egy (eV) Erumo (eV) Eq (eV) % AE, D (eV) A® (eV) Qr (me) AN
CNC-B — —4.62 —-3.90 —3.18 1.44 — 3.90 — — —

S19 —3.95 —4.21 —3.27 —2.33 1.88 30.56 3.27 —0.63 317 —0.098
S20 —0.64 —4.78 —4.07 —3.35 1.43 —0.70 4.07 0.17 -5 —0.029
CNC-Al — —4.52 —3.76 —3.00 1.52 — 3.76 — — —

S21 —22.90 —4.05 —-3.21 —2.37 1.68 10.53 3.21 —0.55 149 —0.105
CNC-Ga — —4.55 —3.82 —-3.10 1.45 — 3.82 — — —

S22 —15.59 —4.12 —-3.21 —2.29 1.83 26.21 3.21 —0.601 159 —0.104
523 1.90 —4.52 -3.70 —2.87 1.65 13.79 3.70 —0.12 112 —0.062

properties of the sensing material. The CNC-Al and the CNC-Ga
structures have the potential to act as efficient chemisorption
sensors for CICN gas, as they can effectively detect changes in
the charge transfer due to the presence of the gas in their
vicinity.

Our configurations have negative AN values (—0.098, —0.029,
—0.105, 0.104, and —0.062 for S19, S20, S21, S22, and S23
respectively), which suggests that electron transfer is taking
place from the CNC-M to the CICN gas. Table 4 also shows us
that the A® of these configurations is —0.63, 0.17, —0.55, —0.62
and —0.12, which implies that the CNC-Al and the CNC-Ga
have the ability to act as ¢-type sensors due to their chemical
adsorption energy and their low recovery time.

To obtain the accurate data, the new calculations on the
CNC-Al, CNC-Ga structure and S21 and S22 configurations
were performed via M06-2X/6-311G(d) level. Our results re-
ported in Table 5 and Fig. 11. From this table, it is clear that the
E,qs and E, are increased and decreased, respectively. After full
optimization in this level, E,qs of C and D configurations
changed to the —29.11 and —23.70 kcal mol ' that is higher
than B3LYP/6-31G(d) level. On the other hand, M---N distance
in these configuration (M = Al and Ga) increased to 1.982 A and
2.062 A, respectively. The E, of CNC-Al and CNC-Ga aren't
significant difference between the two methods and their values
are close. Based on Table 5, E, of S21 configurations in the new
method is very close to the previous data but about S22, it is
clear that E, is broader than and the % AE, are smaller than the
B3LYP/6-31G(d) level. The TDOS and PDOS of considered
structures are confirmed the obtained data. Although, the
results of the two methods are slightly different. Nevertheless
the results of both of them confirm each other.

It is noteworthy that an important characteristic of the gas
sensor is its recovery time. Such a strong interaction might be
due to the difficulty and prolonged recovery time sensor for
desorption of the adsorbate. With a significant increase in
absorption energy, it is expected that the recovery time of sensor
is prolonged. According to the conventional transition state
theory, the recovery time can expressed by the following
equation:**

= ’/071 exp(—Eaa/kT) (8)
where T is the temperature, k is the Boltzmann's constant, and
v, is the frequency of the ultraviolet light in the vacuum (=10"?
s~"), used to extract the adsorbed molecule. According to this
equation, more negative E,qs values will lengthen the recovery
time in an exponential manner. According to the results of this
study, as a utility, the adsorption energy of S21 is more than S22
and then the E,4, of the CICN gas on the CNC-Ga structure not
too large to prevent the recovery of CNC-Ga and the recovery
time may be is short.

3.3.4. Analysis of non-covalent interaction (NCI) and
reduced-density gradient (RDG). The Non-Covalent Interaction
(NCI) analysis can be used to provide valuable insights into the
non-covalent interactions within molecule.’® This method can
be used to distinguish between weak intermolecular interac-
tions and strong localized interatomic forces of attraction. The
NCI plot is represented on a blue-green-red scale and the (4,)p
range is set from —0.05 to +0.05 au. This range helps to deter-
mine the type, strength, and position of the interaction. The
data obtained from the NCI analysis can be used to gain a better
understanding of the underlying forces that govern molecular

Table 5 Adsorption energy (E,qs), the energy of HOMO and LUMO levels, energy gap (Eg), Fermi level energy (Er,), the change of energy gap of
nanocone after adsorption (AEg (%)), bipolar moment (DM), working function (), the change of working function of nanocone after adsorption
(A®), charge transfer between nanocone and molecule (Q+), and electron transfer number (AN) for carbon nanocone doped with Al and Ga
atoms (CNC-M, M = Al, and Ga), S21 and S22 configurations at the theoretical level of M06-2X/6-311G(d)

Systems  Eogs (kcalmol™)  Euowmo (6V)  Epr (eV)  Erumo (€V)  Eg(eV) % AE, DM (Debye) @ (eV) A®(eV) Qr(me) AN
CNC-Al — —-5.80 —4.19 —2.59 3.21 — 2.10 4.19 — — —
S21 —29.11 —-5.31 —3.56 —1.81 3.50 9.03 8.87 3.56 —0.63 190 —0.10
CNC-Ga — —5.80 —4.25 —2.69 3.11 — 2.52 4.25 — — —
S22 —23.70 —5.34 —3.59 —1.84 3.50 12.54 8.10 3.59 —0.66 191 —-0.10

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2023, 13, 12554-12571 | 12567
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Fig. 11 The optimized structures of stable structure of the nanocone (a) doped with Al atom (CNC-AL), (b) TDOS (c) S21, (d) PDOS plots, (e)
doped with Ga atom (CNC-Ga), (f) TDOS, (g) S22, (h) PDOS plots. Distances are reported in A. Fermi energy is shown by dashed line.

interactions, thus providing important insights into chemical red in Fig. 12. On the other hand, weaker interactions are
reactivity. The regions of positive (1,)p, which indicate strong indicated by the green and blue regions, which signify a very
repulsive non-bonded overlaps, are represented by the colour weak and attractive interaction, respectively. Additionally,
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configuration.

spikes are also visible in the scatter plots of the S21 and S22
configurations in M06-2X/6-311G(d) level, demonstrating an
area of 0 to medium RDG and small p, indicating a weak
interaction in a complex. In each region, a greater number of
scatter points indicate a larger electron density, which means
a larger contribution to the overall interactions. This is evident
with the spike located at zero, as this is an indication of the
relatively weak van der Waals forces of interaction. In addition,
further spikes with values lower than —0.01 a.u. is a result of
strong repulsive interactions. This serves to demonstrate the

© 2023 The Author(s). Published by the Royal Society of Chemistry

complex nature of interactions between particles and how these
interactions can be useful in understanding the nature of the
gases. From Fig. 12, it is clear that there are significant inter-
action forces between the CICN gas and the CNC-Al, as well as
between the S22 and the CNC-Ga structure. This can be seen
more clearly in the colour-filled inter-molecular isosurface
image, which is displayed in red. This indicates a steric effect
between the Al and Ga atoms and the CICN gas, indicating that
the CICN molecules are attracted to the Al and Ga atoms. This
demonstrates that the CICN gas molecules are able to form
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strong bonds with these atoms, allowing them to interact
closely with them. The red ring observed is a result of electron
density depletion due to electrostatic repulsion. This type of
interaction is beneficial since it makes it easier to remove gas
from the outer surface of the CNC-Al and CNC-Ga nano-
structures which is important to be able to effectively drain and
recover the sensor. Following our research, the CNC-Al and
CNC-Ga nanostructures could prove to be an effective sensor
for the detection of CICN gas and doping them with aluminium
and gallium atoms could be a potential strategy.

4. Conclusion

The DFT method was employed in this study to evaluate the
sensitivity potential of carbon nanocones (CNCs) as sensors for
the detection of CICN gas. The optimized geometrical and
electronic properties of the CNCs were determined in order to
assess their sensitivity to CICN gas. The results of the study
showed that CICN was weakly adsorbed on the pristine CNCs,
suggesting that CNCs are not suitable for use as a sensor for
CICN gas. Number of strategies were implemented to increase
the adsorption capacity of the CNC surface. These strategies
included functionalizing the CNC with pyridinol and pyridinol
oxide groups, decorating it with metals such as boron,
aluminium, and gallium, and doping it with the same metals.
After evaluating the results, it should be noted that the CNC-Al
and CNC-Ga structures were more reactive to CICN gas
compared to other structures. The electronic properties of the
structures discussed have been found to be exceptionally
sensitive to the presence of CICN. This provides the potential for
their application in CICN chemical sensors. It should be noted
that, of the various structures discussed, the CNC-Ga structure
appears to be the most favorable when it comes to sensing CICN
gas. Additionally, it has been suggested that doping gallium is
a particularly successful strategy for such applications.
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