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Abstract: The B3LYP functional and 6-31G (d, p) basis set calculations were used to explore the sensitive 

features of microscopic toxic gas molecules (CO, NO, SO, HCN) on a P-doped(Al8C9) monolayer. These gases are a 

key cause of environmental degradation. Adsorption energy, adsorption distance, and charge transfer parameters 

were used to find the best adsorption point among tow adsorption sites: C, and Bridge. These (CO, NO, SO, and 

HCN) gas molecules are adsorbed on a P-doped(Al8C9) monolayer, according to the adsorption energy and electron 

localization function data. Our findings further show that there is a significant amount of charge transfer between 

SO and NO molecules and the P-doped(Al8C9) monolayer after adsorption. This means that a P-doped(Al8C9) 

monolayer is more vulnerable to NO and SO adsorption than virgin or doped graphene. Furthermore, small gas 

molecule adsorption will alter the bandgap and work function of the P-doped(Al8C9) monolayer to varying degrees. 

Our research will provide theoretical and practical applications.  
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Introduction 

Because of their fascinating optoelectronic 

features and excellent thermal and mechanical 

stability, semiconductors have drawn a lot of attention 

in the last decade[1], [2]. They are currently widely 

utilized in efficient short wavelength light-emitting 

diodes (LEDs) (blue and ultraviolet), room-

temperature laser diodes, and field-effect 

transistors[3], [4]. Aluminum nitride (AlN) has a 

higher thermal conductivity at low temperatures, 

higher thermal stability, low thermal expansion 

coefficient, high dielectric breakdown strength, good 

mechanical strength, excellent chemical stability, and 

nontoxicity than the other semiconductors nitride and 

carbide[5], [6]. The electrical characteristics of AlN 

materials are affected by chemical species adsorption, 

which is of fundamental interest and importance in the 

creation of prospective electronic sensors[7][8]. The 

charge transfers between the AlN and AlC sheet and 

the adsorbate can change the carrier density in 

semiconducting sheets,[9] which has a big impact on 

the material's electrical conductance. Several groups 

have proposed the use of AlN and AlC sheets as 

promising gas sensors based on these findings[10]. In 

the presence of NH3, we recently shown that an AlN 

sheet can detect low concentrations of NO2[7]. Nine 

out of ten people live in areas where air pollution levels 

exceed WHO guidelines, and this is due to air 

pollution, toxic gases like [NO, SO, HCN, CO] [8][11], 

found in many chemical and industrial plants, 

including natural gas processing and utilization, 

wastewater treatment, and semiconductor 

manufacturing, not to mention pollution-induced 

ozone layer depletion. Some poisonous gases aren't 
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visible, can't be smelled, or don't have a noticeable 

effect right away[12][13]. As a result, without the use 

of tools or machines, It is impossible to identify them 

only through the use of human senses. As a result, gas 

sensors were required to detect harmful chemicals and 

monitor air pollution. To address these difficulties, 

scientists must explore for materials that consume little 

energy, respond quickly, and are sensitive to gases[11].  

As a result, we discovered that two-dimensional 

monolayers have a large surface area and are part of a 

new class of sensors. Monolayer graphene has 

extraordinary features.[14][15] As well as constructing 

ultra-sensitive sensors based on theoretical and 

practical research 

 

II. Computational details 

To forecast electronic characteristics, Eads, and 

equilibrium geometries, all calculations were 

performed using density functional theory (DFT) and 

dispersion corrected B3LYP functional[16] with 6-

31G(d) basis set as implemented in Gaussian 09 

package suite of programs[17][18]. On a single-layer 

of AlC sheet (consisting of 9 Al, 8 C and 1P atoms 

arranged in hexagonal rings), geometry optimization 

was accomplished. Figure 1 shows a partial structure 

of an optimized sheet. Hydrogen atoms saturated the 

dangling bonds near the sheet's border, decreasing 

boundary effects. Eq. 1 was used to identify the Eads 

of the molecules on the sheet's surface. To do complete 

geometric optimizations of the absorption impact of 

single-layer AlC molecules on CO, SO, NO, and HCN 

gas. The chemical potential or Fermi energy (EF) of the 

complexes was obtained, as shown below[19][20]: 

EF= (EHOMO + ELUMO)/2             (1) 

Where: 

-EHOMO:  the energy of the higher occupied 

molecular orbital. 

-ELUMO:  the energy of the lower unoccupied 

molecular orbital. 

In addition, the energy gap in the energy levels 

(for example) of the system is recognized as 

follows[21]: 

Eg = ELUMO - EHOMO               (2) 

The adsorption energy (Eads) was calculated 

using the following pretty close expression[22][23]:  

Eads= E(COMPLEX) - (E(MOLECULE) +E(GAS))    (3) 

Where: 

-  E(COMPLEX): The actual molecule energy with 

gas adsorption. 

- E(MOLECULE): The total energy without 

absorption of the studied molecule. 

- E(GAS): Gas molecule's total energy[24][19]. 

The charge transfers between the sheet and the 

adsorbed molecules was calculated using natural bond 

orbital (NBO) analysis. 

 

III. RESULTS AND DISCUSSIONS 

1. Adsorption configurations 

As shown in Fig. 1, the P- doped(Al8C9) cone 

contains a single layer. Eight aluminum atoms and 

nine carbon atoms, one aluminum atom replaced with 

one phosphorus atom, in the P- doped(Al8C9) cone, 

there are two types of adsorption sites. The distance 

between the P- doped(Al8C9) substrate and the gas 

molecules are initially set to 2.5 Å.  Furthermore, the 

original orientation of the gas molecule is 

perpendicular to the substrate. Because gas molecules 

absorb in a variety of configurations, a variety of 

insertion geometries must be considered, (CO, SO, 

NO, and HCN) gas molecule at a distance from 2.5 Å 

over P atom and bridge. One of the triatomic original 

orientations (HCN) is on the other hand taken into 

account. The carbon atom in the HCN molecular is on 

the top of the P-C in the parallel direction, in the 

second direction while the C atoms of HCN point 

towards the bridge in P-C layer in the same direction. 

The entire system can then relax completely. The 

compounds' absorption energies will be used to 

determine how they interact with the P- doped(Al8C9) 

layer. Based on the equation. The lower the Ead value, 

the greater the adsorption of gas molecules onto P-

doped(Al8C9). The most energy-appropriate 

adsorption designs are chosen for further research. 

 

      
Fig. 1.  Geometric structures of P-doped(Al8C9) cone. 

 

The adsorption energy (Eads), electronic 

properties of the investigated molecules such as 

HOMO, LUMO, total energy (Etot), energy gap (Eg), 

and Fermi Energy (EF) were determined after 

improving the geometry, as shown in Table 1. 
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Table1: Structural and electronic properties of P- doped(Al8C9) cone. 

 

Model Site LOMO HOMO Eg eV EF e.v 

CO 

Bridge -0.12443 -0.19435 1.902616 -4.33721 

P(atom) -0.12409 -0.19444 1.914317 -4.33381 

     

      

SO 

Bridge -0.13119 -0.19565 1.754042 -4.44687 

P(atom) -0.12885 -0.19399 1.772546 -4.39245 

     

      

NO 

Bridge -0.17722 -0.19573 0.503682 -5.07423 

P(atom) -0.17444 -0.19146 0.463137 -4.97831 

     

      

HCN 

Bridge -0.11132 -0.19029 2.148878 -4.1036 

P(atom) -0.14954 -0.20739 1.574175 -4.85627 

     

 

Table 1 summarizes the adsorption energies of 

different gas molecules thought about in this work on 

P- doped(Al8C9). We ignore the different orientations 

of adsorbed gas molecules since we are only interested 

in the influence of gas adsorption on the electrical 

structure of the P- doped(Al8C9) cone. On the other 

hand, electronic structure is analyzed irrespective of 

direction and adsorption sites. 

 

Table 2: Adsorption energies, adsorption height, and transfer charges for adsorption configurations. 

 

Model Site D °A r °A Ead eV Q |e|  

CO 

Bridge 2.13989 1.86 -0.4518 +0.01 

P(atom) 2.14152 1.86 -0.4543 -0.28 

     

      

SO 

Bridge 1.82936 1.85 -0.696 +0.039 

P(atom) 1.1446 

 

1.85 -0.690 -0.003 

     

      

NO 

Bridge 1.34717 1.83 -0.645 -0.048 

P(atom) 1.2929 1.83 -1.855 -0.026 

     

      

HCN 

   Bridge 2.11191 1.86 -0.1 -0.002 

P(atom)       2.14643 1.86 -0.3 -0.008 

     

 

 

3.2.1. (CO) Adsorption on P- doped(Al8C9) 

cone. 

CO gas molecule adsorption on the P-

doped(Al8C9) Nano-cone is examined. Figure 8 shows 

the P- doped(Al8C9)-CO complex's most stable 

adsorption configuration. The CO molecule is 

positioned perpendicular to the P-doped(Al8C9) plane 

at different positions, first on the P atom, and the P-C 

bridge, (-0.4518) and (-0.4543) are the adsorption 

energies, respectively. CO and P- doped(Al8C9) have 

a mean atom-atom distance (C-P bond length) of 

2.14152, which is greater than the C-P dimer bond 

length (1.86), and the atom-atom distance between CO 

and the P-C bridge is 2.13989, which is greater than 

the length of the P-C dimer bond (1.86). CO 

physically adsorbs on the P-doped(Al8C9)  layer, 

according to these findings. 
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Top view Top view 

  

Side view Side view 

  
(a)                                                 (b)  

Fig.2: Top and side views of the most stable combinations (a) P-atom 

(b) the bridge,  CO adsorbed on the top site of P-doped(Al8C9)  

 

3.2.2.  (SO) Adsorption on P-doped(Al8C9) 

Nano-cone. 

The adsorption of SO gas molecules on a Nano-

cone of P-doped(Al8C9) is investigated. Figure (9) 

shows the SO-P-doped(Al8C9) complex’s most stable 

adsorption structure. At certain points, the SO 

molecule is perpendicular to the P-doped(Al8C9) 

plane, namely the atom, and the P-C bridge. 

Adsorption energies are -0.696, -0.690, respectively 

for P-doped(Al8C9). The mean atom-atom distance 

(S-P bond length) between SO and P-doped(Al8C9) is 

1.1446, which is less than the sum of covalent atomic 

radii of S-P (1.85 Å), and the atom-atom distance 

between SO and the S-P bridge is 1.82936, which is 

less than the length of the P-C dimer bond (1.85). 

These findings indicate that SO is chemically 

adsorbent. 

 

Top view Top view 

  
Side view Side view 

  
(a)                                                                     (b) 

Fig.3: Top views and side views of most stable configurations of (a) P-atoms, 

)9C8doped(Al-P(b)bridge, SO adsorbed on the top site of  

 

3.2.1. (NO) Adsorption on P-doped(Al8C9) 

Nano-cone 

When NO is exposed to the P-doped(Al8C9) 

layer, it takes an oblique direction in relation to the P-

doped(Al8C9) level, as shown in Fig. 10. The N atom 
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of the NO atom indicates the C atom in the P-

doped(Al8C9). the atom's and P-C bridge's adsorption 

energies are -0.645 and -1.855, respectively, for P-

doped(Al8C9). The mean atom-atom distance (N-P 

bond length) between NO and P-doped(Al8C9)  is 

1.32613, which is less than the N-P dimer bond length 

(1.51), and the minimum distance of atom-atom from 

NO to the bridge Al-C is 1.37221, which is less than 

the length of the N-P dimer bond (1.51). These 

findings indicate that the NO is chemically adsorbing 

on the P-doped(Al8C9) layer. 

  

 

Top view Top view 

 
 

Side view Side view 

  

 

Fig.4: Top views and side views of most stable configurations of (a) P-atoms,  

(b)bridge, NO adsorbed on the top site of P-doped(Al8C9)  

 

3.2.2. (HCN) Adsorption on P-doped(Al8C9) 

Nano-cone 

        The adsorption of HCN on BN Nano-cones is 

more difficult than the adsorption of the other 

molecules discussed previously.  Parallel to P-

doped(Al8C9) the gas lies above the P-doped(Al8C9) 

Nano-cone, the carbon atom in HCN molecule placed 

above the C in the P-doped(Al8C9), and on the bridge 

between P-C as shown in fig.11. the adsorption 

energies are -0.114, -0.264 eV, respectively, the mean 

atom-atom distance (C-P) between HCN and P-

doped(Al8C9) is 2.146, which is larger than the C-P 

dimer bond (1.54), and the distance atom-bridge 

between HCN and P-doped(Al8C9) is 2.111, which is 

larger than the C-C dimer bond (1.54). These results 

show that the HCN is physically adsorbed on P-

doped(Al8C9) Nano-cone.  

  

  

1.326
13 
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Top view Top view 

  
Side view Side view 

  
(a)                                              (b) 

Fig.5: Top views and side views of most stable configurations of (a) P-atom,  

(b) bridge, HCN adsorbed on the top site of P-doped(Al8C9) 

 

3.2.3. The electronic structure of the P-

doped(Al8C9) Nano-cone 

We can learn about electron states at the Fermi 

surface as well as transported electrons since the 

HOMO and LUMO orbits are near to the Fermi plane. 

Figure 12 shows the distribution of the HOMO and 

LUMO orbitals. The electron cloud distribution in 

these two orbits is concentrated at the edge of P-

doped(Al8C9) Nano-cone, as we discovered, 

 

Model Site HOMO  LOMO 

 

 

CO 

 

 

Bridge 

  

Eg eV 

 

 

1.34968 

 

P(atom) 

 

Eg eV 

 

 

1.62043 

 
    

     

SO 

Bridge 

 Eg eV 

 

 

1.33907 

 

P(atom) 

 Eg eV 

 

 

1.62724 
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NO 

Bridge 

  

Eg eV 

 

 

0.63593 

 

P(atom) 

 

 

Eg eV 

 

 

2.1573 

 
 

    

     

HCN 

Bridge 

  

Eg eV 

 

 

1.50098 

 

P(atom) 

 

 

 

Eg eV 

 

 

2.22507 

 

    

Fig.6. The electronic structure of the P-doped(Al8C9) Nano-cone 

 

1.6  CONCLUSION 

Finally, the DFT theoretical findings 

demonstrate that P-doped(Al8C9) monolayers exhibit 

a wide range of behaviors when exposed to normal 

and contaminated gas molecules. The P-doped(Al8C9) 

monolayer has a higher affinity for CO, SO, NO, and 

HCN molecules. The chemical adsorption character of 

SO, NO, adsorptions can be readily recognized with 

broad Ead, charge transfer. For HCN and CO, there is 

also physical adsorption. As a result, the P-

doped(Al8C9) monolayers sheet is a likely candidate 

for gas sensors for SO, CO, NO, and HCN. 
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