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ABSTRACT: DFT studies were performed to evaluate the interaction between the H2S gas  

and the surface of a Carbon NanoCone (CNC) decorated with a boron atom as a chemical sensor.  

The optimized and electronic characteristics of pristine CNC, H2S gas, A and B configurations showed 

that the pristine CNC wasn’t a good candidate to sense the H2S gas and consequently, its electrical 

properties are changed insignificantly. To improve the properties of the CNC, several strategies were tried: 

functionalizing by pyridinol (Pyr) and pyridinol oxide (PyrO) and decorated with metals (M= B, Al, Ga, 

Mg, and Sc). The obtained data demonstrated that promising results were obtained by decorating the CNC 

with a boron atom. After full optimization, we achieved two stable configurations between the H2S gas  

and CNC/B structure (C and D configurations) with Eads= -10.16 and -11.36 kcal/mol using  

B3LYP/6-311+G(d) level of theory, respectively.  The electronic properties of the CNC/B structure are 

meaningfully changed after the H2S molecule is adsorbed. According to the calculation, the energy gap 

between HOMO and LUMO orbitals of C and D configurations is decreased which could be applied  

to a chemical signal. Eventually, we concluded that the CNC/B structure could be a potential sensor  

for the detection of H2S gas, and decorated with boron atoms is a promising strategy. 
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INTRODUCTION 

The Carbon Nanotubes (CNTs) have been discovered [1] 

and scientists have been interested in their different 

applications and properties [2,3]. CNTs have been shown 

to be a favorable material for various applications in 

electronics, aerospace, automobiles, fuel cells, hydrogen 

storage, textiles, sensors, and many more [4-7]. In addition 

to CNTs, Carbon Nanocones (CNCs) have been the subject 

of research because of their special electronic and 

mechanical properties [8]. CNCs can be constructed with 

specific methods from a graphene network, resulting in different 

geometrical defects at the tips. The open-ended CNC can 

be established by cutting 1–5 segments of angle 60° from  

 

 

 

a sheet of graphene and joining the edges made by the cut, 

with 1–5 pentagons at the apex [9,10]. Because of their unique 

topology, CNCs have several potential applications [11,12]. 

Carbon-based electron field emitters have shown good 

electron field emission properties because of their ability 

to emit high currents at low electric fields [13]. CNCs have 

been also ideally suited for use as scanning probe tips and 

electron field emitters because of their high stiffness and 

small size [14].  

Hydrogen sulfide (H2S) is a colorless chalcogen-

hydride gas and poisonous, corrosive, and flammable, with 

trace amounts in ambient atmosphere having a characteristic  
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foul odor of rotten eggs. Hydrogen sulfide is both an 

irritant and a chemical asphyxiant with effects on both 

oxygen utilization and the central nervous system.  Low 

concentrations irritate the eyes, nose, throat and  respiratory 

system (e.g., burning/tearing of eyes, cough, shortness  

of breath).  Asthmatics may experience breathing 

difficulties. Repeated or prolonged exposures may cause 

eye inflammation, headache, fatigue, irritability, insomnia, 

digestive disturbances and weight loss [15,16]. Therefore, 

the need to control the emission of H2S gas in the 

atmosphere is obligatory. For this reason, H2S sensors with 

an excellent sensitivity and dependability are in great 

demand.  Developing effective gas sensors based on the 

nanomaterials is of great interest because of their high 

electronic sensitivity, high surface to volume ratio and 

other unique properties [17-36]. In the most cases, pristine 

nanostructures are not sensitive to chemicals and, therefore, 

the development of novel nanosensors by manipulated 

structure is of great importance. Using first principle 

calculations, several studies have investigated interaction 

between H2S and carbon nanostructures [37-41]. They 

have shown that the electronic properties of carbon 

nanostructures changed in the presence of H2S. It should 

be noted that to increase the sensitivity of the sensor, they 

used the doping method and functionalizing strategy. 

Herein, we perform a theoretical study on the adsorption 

and possible detection of H2S by the CNC. To improve the 

properties of our candidate sensor, we used several 

strategies like functionalizing with pyridinol (Pyr) and 

pyridinol oxide (PyrO) and decorating with some metals 

(M= B, Al, Ga, Mg, and Sc). The main question that has 

been explored in this work is how the electronic properties 

of CNC are sensitive to the presence of H2S. The method 

of detection is based on the fact that the adsorption of a gas 

on the nanostructure may create a change in the electrical 

conductance which provides an electronic signal.  

 
COMPUTATIONAL SECTION  

Geometry optimizations of a CNC, functionalizing 

with pyridinol (CNC/pyr), pyridinol oxide (CNC/PyrO) 

and decorated with some metals (M=B, Al, Ga, Mg, and 

Sc) (CNC/M( with and without the H2S molecule were 

performed using the B3LYP functional [42] and the 6-

31G(d) basis set at the gas phase as implemented in the 

GAMESS software [43]. The B3LYP functional has been 

used for theoretical studied in previous letters [44,45]. 

After the full optimization and obtained all considered 

configurations, full optimization using B3LYP/6-

311+G(d) are performed for favorable configurations 

(CNC/B, C and D configurations) to obtain more accurate 

results. The adsorption energy (Eads)  of H2S gas on the 

surface of pristine, functionalizing, and decorated CNC 

has been defined as follows: 

( ) (ads complex gas adsorben) ( t)E E – E – E=                                (1) 

Where E(complex) is the total energy of complex  formed 

between H2S gas and adsorbent, and E(gas) and E(adsorbent) 

referred to the energy of an isolated adsorbent (i.e. CNC, 

CNC/Py, CNC/PyO, or CNC/M) and H2S gas, 

respectively. Natural bond orbitals (NBO) charge analysis, 

and molecular electrostatic potential (MEP) calculations 

were using the same level of theory.  

In this research, the energy gap (Eg) and Fermi level (EF) 

are also calculated. Eg is difference between the energy 

level of HOMO and LUMO orbitals as defined in Eq. (2): 

g LUMO HOMOE E E= −                                                         (2) 

where ELUMO and EHOMO are the energy of HOMO and 

LUMO. The conventional assumption for a Fermi level 

(EF) is in the middle of the energy gap (Eg) of the molecule 

at 0 K approximately. Total Density of States (TDOS) 

analysis on the pristine CNC, A, and B configurations, and 

also TDOS and Partial Density of States (PDOS) analysis 

on the CNC/B, C, and D configurations were carried out  

at the same level of theory. All calculations have been done 

at 298.14 K and 1 atmosphere. 

 

RESULTS AND DISCUSSION 

Pristine carbon nanocone (CNC) and H2S gas geometry 

optimization 

We have focused on a CNC with a cone angle of 108° 

with a pentagon shape on the apex (Fig. 1), which is the 

largest angle previously observed experimentally and 

predicted theoretically [8,10]. The pristine CNC consists 

of 80 carbon atoms and the dangling bonds of CNC are 

saturated with hydrogen atoms. Several types of C-C bonds 

are observed in CNC with different lengths related to the 

carbon of the pentagonal and hexagonal rings, respectively 

(See Fig. 1). The electronic properties of CNC are also 

studied. The obtained frontier molecular orbital energies 

(HOMO and LUMO) and the computed energy gap (Eg) 

values for the considered CNC are shown in Table 1. 
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Table 1: Adsorption energy (Eads), Energy of HOMO and LUMO orbitals, energy difference of HOMO and  

LUMO orbitals (Eg), Fermi level energy (EFL), the change of energy gap of nanocone after adsorption(∆Eg(%)),  

bipolar moment (DM), working function (Φ), the change of working function of nanocone after adsorption (ΔФ), 

 Charge transfer from molecule to nanocone (QT), and  electron transfer number (∆N) for H2S molecule,  

carbon nanocone (CNC), A and B configurations at the theoretical level of B3LYP/6-31G(d). 

Systems 
Eads 

(kcal/mol) 

EHOMO 

(eV) 

EFL 

(eV) 

ELUMO 

(eV) 

Eg  

(eV) 
%ΔEg 

DM  

(Debye) 

Φ 

(eV) 
ΔФ (eV) 

QT 

(me) 
ΔN 

H2S - -7.12 -3.29 0.53 7.65 - 1.43 3.29 - - - 

CNC - -5.01 -3.80 -2.59 2.43 - 5.54 3.80 - - - 

A -0.99 -5.06 -3.86 -2.65 2.41 -0.55 7.22 3.86 0.06 5 0.06 

B 41.73 -5.02 -3.79 -2.57 2.45 1.01 5.24 3.79 0.01 0.1 0.05 

 

                               

                                                        (a)                                                                               (b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Optimized structure of (a) CNC (b) H2S gas, and (c) total density of states (TDOS of CNC (The dashed line  

in TDOS plots indicates EF. All distances are in Å). 

 

Fig. 1c represents the CNC TDOS with an energy gap of 

2.43 eV. Our results are in good agreement with the 

previous study [46]. The graphical presentation of the 

HOMO and LUMO distribution of pristine CNC is 

presented in Fig. 1c, too. The optimized structure of the 

H2S gas is depicted in Fig. 1b.  

H2S adsorption on the pristine CNC 

To determine the minimum energy adsorption structure 

of H2S gas on the exterior and interior surface of the 

considered CNC, several distinct starting structures  

were used for optimization, including the hydrogen and 

sulfur heads of H2S being on top of the ring center or close  
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Fig. 2: The optimized structures, and TDOS plots of stable adsorption configurations of H2S on the outside and inside  

of CNC (A and B configurations). All distances are in Å. The dashed line in TDOS plots indicates EF. 

 

to a carbon atom. Also, we have examined the initial 

configurations in which the H-S bond has been placed 

parallel to C-C bonds. During the full optimization, H2S 

has reoriented so that its H atom gets closer to one of the 

C atoms in the pentagon ring of the CNC. After geometry 

optimization, it was found that only two configurations are 

stable (Fig. 2). In Table 1, we have summarized our results 

for Eads, charge analysis, and Eg. 

The calculated Eads values for two obtained configurations 

using Eq. (1) are listed in Table 1.  As shown in Table 1, 

Eads values for A and B configurations are -0.99 and 41.73 

kcal/mol, respectively indicating very weak physical 

adsorption they are energetically unfavorable. The C-H 

distance in the A configuration is 3.32 Å and in the B 

configuration is 3.53 and 3.81 Å (see Fig. 2). As depicted 

in Table 1, the adsorption of H2S gas on the outside and 

inside of CNC is along with a partial charge transfer 

process (about 5 and 0.1 |me| for A and B configurations, 

respectively). The obtained results confirmed that the 

weak electrostatic interaction between H2S and CNC is 

occurred, and the pristine CNC is not a favorable sensor 

for sensing and detecting H2S gas. 

The electronic properties of the A and B 

configurations were calculated to investigate the effect of 

adsorption H2S on the electronic properties of pristine 

CNC. As it can be obtained from Table 1, the Eg and EF 

show a small change after adsorption process. The results 

indicated the Eg in the A and B configurations are 2.41 

and 2.45 eV, respectively. The small shift of Eg (%∆Eg) 

is depended to the weak adsorption on the exterior and 

interior surface of pristine CNC. The TDOS and 

graphical visualization of the HOMO and LUMO are 

analyzed and depicted in Fig 2. According to this figure, 

there is no significant difference between A and B 

configurations and pristine CNC which is confirms  

the weak interactions between the H2S gas and CNC.  

A 

B 
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The value of the electron transfers number (ΔN) is 

calculated using the following equation: 

∆N =
μ

H2S
− μComplex

2(ηH2S + ηComplex)
                                                    (3) 

In this equation, μ(Complex) represents the chemical 

potential for complex between H2S gas and adsorbent, 

μ
H2S

 represents the electrical chemical potential for the 

H2S gas, η(Complex), the chemical hardness for complex 

between H2S gas and adsorbent and ηH2S is the chemical 

hardness for the H2S gas. It should be noted that the 

electrical chemical potential measures the tendency of the 

electron to deflect which is related to the size of the atoms 

and ions and the ease of deflection of the electron density. 

The value of the electron transfer number ΔN is positive 

for all absorption sites that implies that the electron 

transfer carried out from the H2S gas to the A and B 

configurations. 

In the electronics industry, controlling the work 

function of materials is considered as one of the key tasks 

to improve the performance of the device. The work 

function of nanomaterials is one of the most important 

properties to control the surface properties. The work 

function changes related to charge transfer between the 

adsorbent (pristine CNC) and the adsorbing (H2S gas) have 

been studied. The work function for a semiconductor 

molecule is the minimum amount of energy required to lift 

an electron from the Fermi surface to a point far enough 

away that it is not affected by the material. However,  

the current density of electrons emitted in a vacuum is 

theoretically described by the following classical equation: 

j = AT2 exp (
−

kT
)                                                               (4) 

Which is called Richardson's constant A m2⁄ , T is the 

temperature (K) and  (eV) are the function of a 

substance. The numerical value  is calculated using the 

following equation: 

 = Einf − EFL                                                                      (5) 

That Einf is the electrostatic potential at infinity and EFL 

are Fermi level energy. Here the electrostatic potential  

at infinity is assumed to be zero. The calculated values of 

the function  using equation (5) for the CNC nanostructure 

when interacting with the H2S molecule are given in  

Table 1. The DFT calculations clarified that the calculated 

the  values of the pristine CNC nanostructure changed 

after the adsorption of the H2S gas. According to Equation (4), 

the electron diffusion current density depends exponentially 

on the negative value. As the  and Fermi level of CNC 

are not changed sensibly, the current density slowly altered 

when the H2S gas absorbed on the exterior and the interior 

surface of CNC, indicating a little sensitivity of the 

adsorbents to the presence of the H2S gas. The ΔФ values 

of A and B indicated that pristine CNC can’t play as a  

-type sensor due to weak absorption energy.  

The interaction between the H2S and CNC may alter 

the electronic structure of the CNC, which could be 

reflected by the change in the electrical conductance of the 

CNC. The conduction electron population of a 

semiconductor which is the responsible of electrical 

conductivity is given by [427] 

( )3/2
g AT exp E / 2kT = −                                                         (6) 

Where A (electrons/m3K3/2) is a constant, and k is the 

Boltzmann's constant. As mentioned before, a chemical 

sensor works based on the change in its electrical 

conductivity after the adsorption process. It has been 

previously [47] shown that this relation works well for 

determining the sensitivity of a detector based on the 

change of Eg.  

 

Manipulating the structure to improve reactivity and 

sensitivity 

Functionalizing with Pyr and PyrO 

One of the main ways to regulate the properties of the 

nanomaterials is using chemical functionalization. Indeed, 

recent experiments have shown that the electronic 

properties of carbon nanostructures can be controlled to fit 

the requirements of specific applications by chemical 

bonding of a molecule or a chemical element to the pristine 

material [48]. Bekyarova et al. [49] have synthesized Pyr 

functionalized CNTs (CNT-COOC5H4N) and explored the 

change of their electronic properties on exposure to HCl. 

They found that the CNT-COOC5H4N films exhibited a 

decrease in resistance in the presence of HCl and can be 

used HCl chemical sensors. Herein, to overcome the 

problem of insensitivity of the CNC we employed the same 

strategy and use Pyr and PyrO to functionalize pristine CNC. 

To this aim, we functionalized the CNC at its tip (See Figs. 3 

and 4). As shown in Table 2, after functionalization of the 

CNC with the Pyr and PyrO groups, the HOMO partially  
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Table 2: Adsorption energy (Eads), Energy of HOMO and LUMO orbitals, energy difference of HOMO and LUMO orbitals  

(Eg gap), Fermi level energy (EFL), and the change of energy gap of nanocone after adsorption(∆Eg(%)) for carbon  

nanocone functionalized with Pyridinol group (CNC/Pyr), S1, S2, S3, and Pyridinol oxide group (CNC/PyrO), S4, S5,  

and S6 configurations at the theoretical level of B3LYP/6-31G(d). 

Systems Eads (kcal/mol) EHOMO        (eV) EFL (eV) ELUMO (eV) Eg (eV) %ΔEg 

CNC/Pyr - -4.77 -3.76 -2.75 2.026 - 

S1 -4.31 -4.86 -3.85 -2.84 2.020 -0.29 

S2 -2.37 -4.86 -3.86 -2.86 2.008 -0.90 

S3 -2.17 -4.81 -3.80 -2.79 2.012 -0.67 

CNC/PyrO - -4.84 -3.83 -2.82 2.021 - 

S4 -4.31 -4.90 -3.90 -2.90 2.006 -0.77 

S5 -2.08 -4.84 -3.83 -2.82 2.020 -0.07 

S6 -2.05 -4.85 -3.84 -2.83 2.021 0 

 

shifts to the higher energies and LUMO slightly moves 

to the upper energies, and then it causes the gap energy 

to be shorter than pristine CNC (Eg= 2.026 and 2.021 eV 

for CNC/Pyr and CNC/PyrO, respectively). After we had 

obtained the stable structures of CNC/Pyr and 

CNC/PyrO, we investigated the position of H2S gas on 

the functional groups as shown in Fig. 3 and 4.  After 

optimization of considered structures, we got three 

configurations of interaction between CNC/Pyr and H2S 

gas (S1, S2, and S3) and CNC/PyrO and H2S gas (S4, S5, 

and S6). In the experimental work, the functionalized 

CNTs will undergo protonation, which is the strongly 

acidic character of HCl. In accordance, here the charged 

conjugate acid is the predicted structure of the H2S 

adsorbed CNC/Pyr and CNC/PyrO (See Fig. 3, and 4). 

From Table 2,  the Eg of obtained configurations are in the 

range of 2.006 to 2.021 eV, which indicates a small shift 

of Eg via the adsorption process due to the weak 

adsorption on the CNC/Pyr and CNC/PyrO structures. 

The computed Eads values for S1-S6 configurations  

are listed in Table 2.  

It could be realized from this table, negative values  

of adsorption energy display the structures are stable 

though the interaction between H2S gas and considered 

adsorbent is weak. The interaction distance in achieved 

configurations also confirms the weak interactions.  

In summary, there are two important parameters including 

Eads and Eg,  in the gas sensing potential by nanoparticles. 

In This case, Eads and Eg of adsorption of the H2S gas over 

to CNC/Pyr and CNC/PyrO structures are very low, and 

consequently, these adsorbents aren’t good and sensitive 

sensors for detecting H2S gas. 

Decorated with metals (M= B, Al, Ga, Mg, and Sc)  

To enhance the interaction between the adsorbing 

molecule and the host adsorbent, decorating with alkali 

metals, alkaline earth, element of group III, and Transition 

Metals (TM) opens a new strategy in this field recently [50-53].  

In light of this idea, we used this strategy to increase 

adsorption energy and remarkable change in electronics to 

introduce CNC as a sensor for detecting H2S gas. For this aim, 

pristine CNC was decorated at its tip with B, Al, Ga, Mg, 

and Sc metals to survey optimized structures and electronic 

properties of achieved structures. Optimized structures of 

CNC/M (M=B, Al, Ga, Mg, and Sc) were depicted  

in Figs. 5-9. The distance of C-M interaction is about 2.24 

to 3.05 Å. The stabilization of the considered structures 

was obtained as follows and summarized in Tables 3 and 4: 

stab CNC/M CNC ME  E – E – E=                                                    (7) 

Where ECNC/M represents the total electronic energy of 

the CNC/M structure. ECNC and EM are the total electronic 

energy of isolated pristine CNC and the M atom, 

respectively. From those tables, the Estab values range from 

-6.38 to -54.44 kcal/mol, which indicates our structures are 

very stable. 

The electronic properties of CNC/M structures are also 

checked; the EHOMO, ELUMO, EF and Eg values for these 

mentioned structures are tabulated in Table 3 and 4. Our 

results display that the Eg of these structures has changed 

compared to the pristine CNC. It can be seen in the results, 

the HOMO and LUMO levels shifted towards upper 

energy levels (except the LUMO level of CNC/Mg 

structure) and lead to increase Eg for CNC/B, CNC/Al, and 

CNC/Ga, and decrease Eg for CNC/Mg and CNC/Sc.  
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Fig. 3: Optimized structures of the CNC/Pyr, S1, S2, and S3 

configurations (Bonds are in Å). 

 

(CNC/PyrO) 

 

(S4) 

 

(S5) 

 

(S6) 

 

Fig. 4: Optimized structures of the CNC/PyrO, S4, S5, and S6 

configurations (Bonds are in Å).  
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Table 3: Adsorption energy (Eads), Energy of HOMO and LUMO orbitals, energy difference of HOMO and LUMO orbitals  

(Eg gap), Fermi level energy (EFL), and the change of energy gap of nanocone after adsorption (∆Eg(%)) for carbon nanocone 

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

Systems Eads (kcal/mol) EHOMO  (eV) EFL (eV) ELUMO (eV) Eg (eV) %ΔEg 

CNC/Sc - -4.03 -3.17 -2.31 1.72 - 

S7 -74.47 -4.97 -3.73 -2.49 2.49 44.9 

CNC/Al - -4.78 -3.24 -1.70 3.082 - 

S8 -0.14 -4.86 -3.32 -1.78 3.079 -0.10 

S9 0.16 -4.73 -3.19 -1.65 3.078 -0.13 

CNC/Ga - -4.72 -3.22 -1.72 3.00 - 

S10 -2.96 -4.65 -3.23 -1.80 2.848 -5.07 

S11 -1.63 -4.65 -3.16 -1.67 2.979 -0.70 

S12 -1.12 -4.79 -3.30 -1.81 2.980 -0.67 

CNC/Mg - -4.68 -3.71 -2.74 1.94 - 

S13 -4.09 -4.53 -3.40 -2.27 2.26 16.5 

 

In order to check more closely, the total density of state 

(TDOS) and partial density of state (PDOS) of CNC/B 

structure illustrated in Fig. 9. Per this figure, decorated 

CNC with B atom leading to new HOMO and LUMO with 

the upper level compared to pristine CNC, hence the Eg 

between HOMO and LUMO increased. The results of 

PDOS showed that the B atom is especially responsible  

for creating the new LUMO level. Therefore, the decorated 

CNC with metals can affect the electronic properties  

of pristine CNC. 

In the following, we inspect the H2S adsorption on the 

CNC/M structures in the decorated part. Our results of 

obtained configurations represented in Fig. 5-8, and 10, 

at which the H and S of H2S gas is interact with M atom 

of the CNC/M structures. The computed Eads values for 

obtained structures using Eq. (1) are listed in Tables 3 

and 4. From Table 3, the formed structures are divided 

into three categories: one of them, S7 (configuration from 

an interaction between CNC/Sc and H2S gas), is very 

stable. Due to the bond between H-S being broken and 

forming a new bond between H-Sc and S-Sc, it isn’t 

suitable for use as a sensor.  The second category includes 

configurations that have very weak adsorption energy. 

S8-S13 configurations in Table 3 are included in this 

category. As shown in this table, the Eg for these 

configurations ranges between 0.16 to -4.09 kcal/mol, 

which confirms the weak physical adsorption of H2S gas 

on the exterior surface of CNC/M. The interaction 

distance between H or S from H2S gas and M from 

CNC/M is about 2.86-3.87 Å which indicate the weak 

interaction between them.  Finally, the third category 

gives the best and most desirable configuration. The C 

and D configurations are of this category (See Fig. 10). 

In these configurations, the H and S atoms of H2S gas 

interacted with the B atom of CNC/B, the H-B, and S-B 

distances are 2.47 and 2.56 Å, respectively. The 

calculated Eads values for C and D configurations based 

on Eq. (1) are -9.09 and -6.29 kcal/mol, respectively (See 

Table 4). Negative values of the Eads demonstrate that 

these configurations are stable, and also the interaction 

between H2S gas and CNC/B is a physisorption process. 

According to our results, it is obvious that the adsorption 

process in the C configuration is stronger than in the D 

configuration. It means that the B….H is stronger than 

S….B. Natural bond orbital analysis (NBO) showed that 

charge transfer occurred after the adsorption process, too. 

According to the listed results in Table 4, 44 |me| 

transferred from H2S to CNC/B, while 179 |me| 

transferred from CNC/B to the H2S gas. This fact 

confirmed the physisorption interaction. 

In order to complete our studies, we focused on the 

electronic properties like EHOMO, ELUMO, and Eg to explain 

important parameters about the molecules. As we seen in 

Table 3, the change of the Eg S7 compared to CNC/Sc is  
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                                               (CNC/Sc)                                                                                                   (S7) 
 

Fig. 5: Optimized structures of the CNC/Sc and S7 configuration (Bonds are in Å). 

 

            
                          (CNC/Al)                                                               (S8)                                                                (S9) 
 

Fig.6: Optimized structures of the CNC/Al, S8 and S9 configurations (Bonds are in Å). 

 

very significant (%∆E= 44.9) which confirmed the strong 

adsorption. The new HOMO and LUMO levels in 

downwards compared to the CNC/Sc are responsible for a 

significant change of the Eg. About other configurations  

in Table 3, we see slight change in the Eg related to the 

CNC/M. The small shift of Eg (%∆E) is related to the  

weak adsorption on the exterior surface of CNC/M. 

Eventually, we survey to the electronic properties of C and 

D configurations (See Table 4). TDOS, PDOS, and 

visualization of HOMO and LUMO of C and D 

configurations are displayed in Fig. 10. From obtained 

results, there is a remarkable change between considered 

configurations and CNC/B that is related to the 

physisorption process. From PDOS spectra, there are new 

LUMO and HOMO levels because of the interaction 

between H2S gas and CNC/B which is B atom more 

involved. Also from TDOS plots their valance and 

conduction levels in both the C and D configurations 

notably shift upwards and downwards, respectively, 

therefore, the Eg value of the CNC/B is notably decreased 

by %26.24 and %25.42, respectively. Thus, CNC/B 

structure can be a good candidate for physisorption sensing 

H2S gas. 

The ∆N values of our configurations are positive 

(0.05 and 0.02 for C and D configurations, respectively) 

which implies that the electron transfer carried out from 

the H2S gas to the CNC/B structures. From Table 2, ∆Φ 

of C and D configurations are 0.37 and 0.13, 

respectively, which indicate higher sensing ability. 

However, it can be suggested the CNC/B can be play  

as a Φ-type sensor due to physical adsorption energy 

and low recovery time. 
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                                               (CNC/Ga)                                                                                               (S10) 

 

                            
                                               (S11)                                                                                               (S112) 

 

Fig. 7: Optimized structures of the CNC/Ga, S10, S11 and S12 configurations (Bonds are in Å). 

 

 

                            
                                               (CNC/Mg)                                                                                                   (S13) 
 

Fig. 8: Optimized structures of the CNC/Mg, and S13 configurations (Bonds are in Å). 
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Table 4: Adsorption energy (Eads), Energy of HOMO and LUMO orbitals, energy difference of HOMO and LUMO orbitals (Eg), 

Fermi level energy (EFL), the change of energy gap of nanocone after adsorption(∆Eg(%)), bipolar moment (DM), working 

function (Φ), the change of working function of nanocone after adsorption (ΔФ), Charge transfer between nanocone and molecule 

(QT), and  electron transfer number (∆N) for carbon nanocone decorated with B atom (CNC/B), C and D configurations at the 

theoretical level of B3LYP/6-31G(d) and B3LYP/6-311+G(d). 

Systems 
Eads 

(kcal/mol) 

EHOMO 

(eV) 

EFL 

(eV) 

ELUMO 

(eV) 

Eg 

(eV) 
%ΔEg 

DM 

(Debye) 

Φ 

(eV) 
ΔФ (eV) 

QT 

(me) 
ΔN 

6-31G(d) 

CNC/B - -4.92 -3.40 -1.88 3.03 - 4.06 3.40 - - - 

C -9.09 -4.89 -3.77 -2.65 2.24 -26.24 7.64 3.77 0.37 -44 0.05 

D -6.29 -4.66 -3.53 -2.40 2.26 -25.42 3.48 3.53 0.13 179 0.02 

            

6-311+G(d) 

CNC/B - -5.29 -3.77 -2.25 3.04  5.25 3.77 - - - 

C -10.16 -5.22 -4.11 -3.00 2.22 26.97 8.36 4.11 0.34 85 0.04 

D -11.36 -4.95 -3.85 -2.76 2.19 27.96 4.24 3.85 0.09 234 0.01 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: The optimized structures, TDOS, and PDOS plots of stable structure of the CNC/B. All distances are in Å.  

The dashed line in PDOS plots indicates EF. 

 

To obtain accurate data, we performed new calculations  

on the CNC/B structure and C and D configurations via 

B3LYP/6-311+G(d) level. Our results reported in Table 4 

and Fig. 11. From this table, it is clear that the Eads and Eg 

are increased and decreased, respectively. After full 

optimization with B3LYP/6-311+G(d) level, Eads of C and 

D configurations changed to the -10.16 and -11.36 

kcal/mol which is higher than B3LYP/6-31G(d) level.  

On the other hand, H…B in C configuration increased to 

2.59 Å and the S…B distance decreased to 2 Å with the new 

basis set. The Eg of CNC/B isn’t a significant difference 

between the two methods and their values are close.  

But the Eg of C and D configurations in the 6-311+G(d) 

basis set are narrower than and the %∆Eg is bigger than the 

6-31G(d) basis set. The TDOS and PDOS of CNC/B 

structure, C, and D configurations are confirmed in our 

data. Although, the results of the two basis functions are 

slightly different. Nevertheless the results of both of them  

confirm each other.   

 

NCI (non-covalent interaction) and RDG (reduced-density 

gradient) analysis 

The NCI analysis gives useful information about  

the non-covalent interaction within a molecule [54].  
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Fig. 10: The optimized structures, TDOS, and PDOS plots of the C and D configurations. All distances are in Å.  

The dashed line in PDOS plots indicates EF. 

 

From NCI-plot, the weak-inter-molecular-interactions can 

be clearly distinguished from the strong localized-inter-

atomic-forces of attraction. The NCI-RDG also represents 

weak van der Waals interactions, destabilizing repulsive 

interactions, and stabilizing attractive interactions through 

green, red, and blue isosurfaces respectively. Moreover, 

intra and intermolecular weak interactions can be visualized 

by the appearance of spikes at different places on the 

electron density ρ(λ2) axis. The large -ve sign of ρ(λ2)  

in NCI analysis shows strong attractive forces, whereas 

ρ(λ2) value closer to zero represents weak van der Waals 

interactions. Strong repulsive non-bonded overlap, shown 

in red, indicates the regions with positive (λ2)ρ, whereas 

the blue and green regions display attractive interactions 

and very weak interactions, respectively. Spikes are the 

spattering area of small ρ and 0∼medium RDG that 

introduce the weak interactions in complexes. According 

to Fig. 12, there are several spikes in the scatter plots of 

two configurations in B3LYP/6-311+G(d) level. In every 

region, more scatter points display larger electron density, 

that is, a larger contribution to the total interactions.  

The spike around 0 indicates the weak van der Waals 

forces of interaction, while the spike from larger 0.01 a.u. 

arises from the relatively strong interaction between the 

H2S and CNC/B. In addition, the Spike with values smaller 

-0.01 a.u. arises from the strong repulsive interactions. 

From Fig.12, it is obvious that weak forces of interaction 

are exhibited between the H2S gas and CNC/B structure, 

which can also be found in the color-filled inter-molecular 

isosurface image. The green regions between the H2S and 

CNC/B illustrate van der Waals-type interactions, which 

are weak intermolecular forces. The blue color of the 

isosurface in the Fig. 12 shows a stabilization interaction. 

But it is not an absolute stabilizing interaction and because 

of its slightly red color. These weak interactions are quite 

advantageous due to the gas can easily be removed  

C 

D 
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Fig. 11: The optimized structures, TDOS, and PDOS plots of the CNC/B, C, and D configurations in B3LYP/6-311+G(d) level.  

All distances are in Å. The dashed line in PDOS plots indicates EF. 

 

from the exterior surface of CNC/B to drain and recover 

the sensor. 

Eventually, we concluded that CNC/B structure could 

be a potential sensor for the detection H2s gas, and 

decorated with boron atom is a promising strategy. 

 

MEP analysis 

Fig. 13 shows the molecular electrostatic potential 

(MEP) surface of considered structures at the B3LYP/6-

311+G(d) level of theory. The MEP distribution helps  

to determine the electrophilic and nucleophilic sites within 

a molecule. The regions with low MEP are characterized 

by the negative charge and are shown in red color in  

a typical ESP map. Conversely, the regions with high MEP, 

the positive charge, are shown with blue color. Fig. 13 

shows that the electron density (red color) is localized on 

the B atom of CNC/B structure. Thus, H2S gas should 

approach to the CNC/B through the B atom. As shown  

CNC/B 

C 

D 
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(C) 

 

 
(D) 

 

Fig. 12: Color-filled RDG isosurface maps (isovalue = 0.5 au) and plot of the RDG versus sign (λ2)ρ for C, and D configurations. 

 

in Fig. 13, the calculated MEP demonstrates that the 

positive charge (blue color) is located on the H2S molecule 

(in D configuration) after the adsorption process, positive, 

confirming the donation of charge from the gas molecule 

to CNC/B structure. The negative perspective created  

on the B atom of the Cone/B structure is reasonable  

for the electrophilic attacking site. The data revealed that 

the CNC structure had a considerable positive electron 

density spread over its skeleton, indicating that CNC may 

be strongly linked to the B atom in CNC/N structure.  

 

CONCLUSIONS 

In the present study, the electrochemical sensing ability 

of CNC structure for H2S gas is evaluated using DFT 

method. The DFT computed results show that H2S was 

weakly adsorbed on the pristine CNC and it is not a good 

sensor. We applied several strategies to improve the adsorption 

ability on the surface of CNC including functionalizing with 

pyridinol and pyridinol oxide groups and decorating with some 

metals (M= B, Al, Ga, Mg, and Sc). The results illustrated that 

the strongest interaction is observed for CNC/B structure. The 

geometries of configurations reveal that H2S gas adsorbed 

via H or S atom on the B of CNC/B structure. The Eads  

of C and D configurations lie in range of -10.16  

to -11.36 kcal/mom. NCI analysis confirms the presence 

of van der Waals interaction among H2S and CNC/B, 

which is represented by the greencolor in RDG isosurfaces. 

NBO charge analysis reveals that the appreciable  
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Cone/B 

 

C 

 

 

D 

 

-0.02                                                                               0.02 

  

Fig. 13: MEP surface of the CNC/B, C, and D configurations. 

The surfaces are defined by the 0.0004 electrons/b3 contour of 

the electronic density. 

charge transfer is noticed for D configuration (234 |me|). 

The highest charge transfer from CNC/B to H2S gas is due 

to the lowest HOMO-LUMO energy gap. It is found that 

the electronic properties of CNC/B structure are much 

more sensitive to the presence of H2S and might be used in 

H2S chemical sensor. Totally, we concluded that CNC/B 

structure will be used in designing novel materials for 

potential applications to detect toxic H2S gas. 
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