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Abstract—Quantum chemistry calculations were performed using density functional theory (DFT) to evalu-
ate electronic and sensing properties in the presence and absence of gas molecules HF and H2O of pristine
and dope carbon nanotubes (CNTs) zigzag (6, 0), and CNTs doped with gallium and zinc, which have a sig-
nificant effect on improving the sensing properties. The results appear that the gas molecules (HF and H2O)
show weak physisorption on ZnGa-doping CNT with adsorption energy (Ead) ranging from –0.95 to
‒0.21 eV, while a powerful chemisorption molecule on pristine CNT ranging from 0.05 to 0.4 eV. Where we
note that the total energy of the cases above increased dramatically at add dopants and with adsorption of gas
molecules with total energy (Etotal) ranging from –103461 to –0.49651 eV. Through our results, we can rec-
ommend the use of ZnGa-doped CNT as a gas chemical sensor.
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1. INTRODUCTION

Carbon nanotubes (CNTs) since the discovery it
has attracted great interest due to their distinctive
chemical, physical, characteristics [1, 2]. Many
researchers studied the properties and applications of
this discovered and exceptional material [3]. They
have wide range of application in nanoelectronics,
nano-scaling biotechnology and biosensors [4–6] sin-
gle-walled carbon nanotubes (SWCNTs) character-
ized by hollow structure and size large. It is considered
a primary material for gas adsorption [7–10], biosen-
sor and chemical sensor device [11, 12]. For example,
experimentally, the possibility of CNTs has been veri-
fied for adsorption of gas molecules [13, 14], organic
vapors [15, 16], biomolecules and different ions [17].
Due to its unique engineering structure of nanotubes,
can make it as the electrochemical storage [18]. The
researchers confirmed through their new studies that
the physical properties of single-wall carbon nano-
tubes (SWNTs) are clearly affected when absorbed by
adsorption of foreign atoms or molecules [19, 20]. For
example, found that adsorption of O2, NO2, or NH3
on the surface of semiconducting SWCNTs Affects
significantly and clearly the electrical resistance and
thermoelectric power [21]. Researchers have suffered
greatly from the problem of adsorption of gas mole-
cules on the carbon nanotubes later considered this
problem a useful feature of SWCNTs, where it enabled
their use as gas sensors of pollutant gases, storage of
fuels, and removal of hazardous pollutants from gas

streams [22]. The sensing properties of CNTs can be
improved to the detection of gases molecules by dop-
ing or when there are defects in the structure [23, 24].
The possibilities of using chemically doped CNTs as
highly sensitive gas sensors are also under intensive
investigation [25]. Recent studies have demonstrated
that the use of pure nanotubes to detect gas molecules
is ineffective for all gas molecules because it cannot be
adsorbed completely on their surfaces. Therefore, the
researchers focused their experimental and theoretical
research on improving the electronic, structural and
sensing properties of pristine tubes through by doping
or functionalizing [26–29]. This is why in our work
zinc and gallium elements were used to improve the
sensing properties of carbon nanotube which limit the
practical application of graphene based gas sensors.
For improving the sensitivity of CNT towards gas mol-
ecules, the method of doping has proved to be very
efficient. Doping of graphene with group III atoms
such as boron (B), aluminum (Al), gallium (Ga), it
was found that the sensing properties of the doped
graphene were better than pure graphene [30, 31]. In
our search f luoride gas (HF) was adsorbed on the sur-
face of pristine and ZnGa doped CNT as it is exten-
sively utilized in the petrochemical industry as a part
of superacids, it is very toxic and affects human health
[32]. And also H2O molecule was adsorbed Because it
causes a serious environmental problem due to its large
and increasing proportion in the atmosphere, as well
as led to the elevation of earth temperature [33, 34]. In
the current research, DFT calculations are performed
1636
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Fig. 1. The optimized structure of pristine CNT (a) side view and (b) front view. 
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Fig. 2. (Color online) The optimized structure of (a) Zn-doped CNT and (b) Ga-doped CNT. 
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to elucidate the relationship between the electronic
structures of pristine and ZnGa-doped CNTs and the
adsorption of (H2O and HF) molecules in order to reveal
some clues for chemical sensor design. For this aim, at
first step, all structures of nanotube/(H2O and HF)
complex at different configurations have been opti-
mized, and then, the electronic structure, properties,
quantum parameters, adsorption energies, band gaps,
HOMO and LUMO orbital parameters of all models of
CNTs are investigated.
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo

Table 1. Calculated values of the electronic energies of
CNT and Zn and Ga doped CNT

System, eV CNT Zn–CNT Ga–CNT

EHOMO –4.55 –4.56 –4.92
ELUMO –4.00 –4.02 –3.22
Eg 0.552 0.544 1.69
EF –4.27 –4.29 –4.07
Etotal –49651 –96802 –100743
2. COMPUTATIONAL DETAILS
In this work, zigzag (6, 0) single-walled carbon

nanotubes SWCNTs was designed using Avogadro
program, it’s consisting of 60 atoms of carbon with
300 electrons (Fig. 1). In the first step, the structures
were allowed to relax by all atomic geometrical param-
eters in the optimization at the DFT level of B3LYP
exchange functional and 6-31G (d) standard basis set
using the Gaussian 03 set of programs [35].

Where we doping carbon nanotubes with zinc and
gallium atoms with the doping ratio reached 1.6% as
shown in Fig. 2. The adsorption energy (Eads) of (HF
and H2O) molecules on the pristine and ZnGa-doped
CNT was calculated as follows:

(1)

(2)

where E(pristine system) and E(doping system) represent total
energies of the gas molecules on the CNT and ZnGa–
CNT, respectively, ECNT and EZnGa–CNT represent the
energies of the isolated CNT and ZnGa–CNT and

= +ad pristine system pristine system CNT( ) gas( ) – ,( )E E E E

= +ad doping system doping system ZnGa–CNT( ) s) ga( – ),(E E E E
l. 94  No. 8  2020



1638 HASSAN

Fig. 3. (Color online) The optimized structure of gas molecules (a) H2O and (b) HF adsorbed on pristine CNT. 
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Egas is the energy of the isolated gas molecule. The
diversity of relative energy of the highest occupied
(HOMO) and the lowest unoccupied molecular
orbital (LUMO) of free ZnGa–CNT and adsorbed
molecule on ZnGa–CNT demonstrated the mecha-
nism of interaction [36].

3. RESULTS AND DISCUSSION

The optimum bond length for (C–C) is about
1.45 Å for pristine carbon nanotube (PCNTs) as shown
in Fig. 1a, which is in agreement with previous results
[37]. Figure 2 shows the obtained optimized structures
of Zn–CNT and Ga–CNT and it retains the planar
geometry of pristine CNT as seen in Fig. 2. The dopant
atom-carbon distance is found to be d(Zn–CNT) = 1.86 Å

in Zn–CNT and d(Ga–CNT) = 1.86 Å in Ga–CNT (see

Fig. 2).

Table 1 explains the electronic properties of
PCNTs and the effect of Zn and Ga doping to CNT,
where (HOMO) and (LUMO) energies and also the
DOS analysis values were used for theirs.

Based on the results shown in Table 2, the energy
gap (Eg) of carbon nanotube at the doping with Zn and
RUSSIAN JOURNAL O

Table 2. Electronic and structural properties of different gase

System, eV Ead Eg EH

PCNT–H2O 0.054 0.556 –4

HF 0.408 0.563 –4

Zn–CNT–H2O –0.408 0.552 –4

HF –0.462 0.558 –4

Ga–CNT–H2O –0.217 1.71 –5

HF –0.952 1.72 –4
Ga is gradually reduced and thus leads to an improve-
ment in the electronic and sensing properties of car-
bon nanotubes.

We also studied the adsorption properties of PCNT
and ZnGa-doped CNT to H2O and HF. Figures 3, 4

and Table 2 show the most stable adsorption structures
and corresponding data for one gas molecule adsorp-
tion on ZnGa–CNT. Two molecules have been being
placed on sites on nanotubes (parallel to NT), it is
found that all the gas molecules tend to adsorb near
the dopant (Zn and Ga atoms) site due to its high
adsorption activity. H2O and HF interact with ZnGa-

doped CNT with physisorption, due to the polyvalent
properties of the zink and gallium atoms. Where we
note that the total energy (Etotal) of the PCNTs and

ZnGa-doped CNT and with the presence of above gas
molecules increased dramatically ranging from
‒103461 to –0.49651 eV, this is proof that the impuri-
ties used in our research were the best option to
increase the sensing of nanotubes.

The chemisorption between gas molecules and the
CNTs surface in the adsorption process causes break-
age of gas molecules structure, thus reducing the
usability of the gas sensor because it impedes the
F PHYSICAL CHEMISTRY A  Vol. 94  No. 8  2020

s adsorbed on pure and doped nanotubes

OMO ELUMO EF Etotal

.69 –4.13 –4.41 –51718

.39 –3.83 –4.11 –52368

.67 –4.12 –4.39 –98869

.38 –3.82 –4.1 –99519

.01 –3.3 –4.15 –102810

.76 –3.03 –3.89 –103461
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Fig. 4. (Color online) The optimized structure of gas molecules (a) H2O and (b) HF adsorbed on Zn and Ga doped CNT. 

(a)

(b)

Fig. 5. (Color online) The density of states (DOS) of (a) pristine CNT, (b) Zn–CNT, and (c) Ga–CNT. 
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Fig. 6. (Color online) The density of states (DOS) of gas molecule H2O adsorbed on (a) pristine CNT, (b) Zn–CNT, and
(c) Ga–CNT. 
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absorption of the gas molecule. The adsorption dis-
tance between the gas molecules and the pristine and
the doping CNT are 1.5 Å. It can be noticed from
Table 2, the Eg for undoped and doped CNT with the

presence of gas molecules are larger than those with-
out the above gases. Thus, PCNT and ZnGa-doped
CNT, in particular, can be used in manufacturing sen-
sors for the detection of the molecules (H2O and HF).

The electronic density of states (DOS) describes
the energy-level distribution of electrons and it is
important for experimental measurements. The differ-
ence in DOS between the bare ZnGa–CNT and the
complex of ZnGa–CNT with the studied gases has
features that extend through the entire range of ener-
gies; those close to the Fermi level are the most rele-
vant for our discussion. It is known that the Fermi
level is a thermodynamic quantity represents the
chemical potential for electrons. DOS plots of the iso-
lated ZnGa–CNT and its complexes with guest mole-
cules are presented in Figs. 5–7.

These plots demonstrate that ZnGa–CNT com-
posites are conductors and that their Fermi level lies in
the middle of the gap. The energy value of Fermi levels
for three complexes is between 3.89 to 4.41 eV and the
interaction of the gaseous molecule has a significant
effect on its variation. Overall, the Fermi levels shift sig-
nificantly to valance bond for the H2O, however, HF

shows greater shifting behavior than H2O. HOMO,

LUMO energy levels and the energy gap are additional
parameters may be extracted from the DOS plot.

4. CONCLUSIONS

In this work, we studied the effect of the adsorption
of gas molecules (H2O and HF) on the surface of

PCNTs and ZnGa-doped CNT by using the density
functional theory (DFT) calculations, as well as struc-
tural and electronic properties including bond lengths,
bond angles, energy gaps, molecular orbital energies,
adsorption energy and total energy. Our results suggest
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vol. 94  No. 8  2020
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Fig. 7. (Color online) The density of states (DOS) of gas molecule HF adsorbed on (a) pristine CNT, (b) Zn–CNT, and (c) Ga–
CNT. 
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that the ZnGa-doped CNT are more favorable than
PCNT models for gases adsorption due to large
adsorption energy (Ead) at doping. Thus can be used to

design nanostructure as chemical sensors, and PCNTs
and ZnGa-doped CNT could be used to build sensors
for the detection to purify the air of pollutants.
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