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Carbon monoxide (CO) is a very poisonous air pollutant that is generated when fuels are 

not completely burned. Due to its lack of colour and scent, carbon monoxide (CO) is 

hazardous and poses a significant danger. As a result, it is necessary to have CO sensors. 

Gas sensing applications have employed many two-dimensional (2D) materials, 

including graphene, silicene, and BN. The addition of dopants or defects significantly 

increases the sensitivity of graphene-based gas sensors. This study employed Density 

Functional Theory (DFT) to examine the adsorption mechanisms of pristine and (Ga, 

As)-doped graphene, silicene, and boron nitride on the toxic gas CO. The calculations 

involved determining the adsorption energy, adsorption distance, charge transfer, 

sensitivity, and density of states. The findings indicate that introducing Ga atoms into 

G/S/BN ribbons greatly enhances the adsorption energy, but pure ribbons have very low 

adsorption energy to CO gas, indicating weak physical adsorption. The best sensitivity, 

BN-DopeAs, reaches (202.941%), while BN-DopGa has the heist adsorption energy 

(817.941). The results indicate that BN doped with (Ga, As) atoms is most suitable for 

CO sensing applications.  

Keywords: 

silicene, boron nitride, graphene, gallium, 

arsenic, DFT 

1. INTRODUCTION

Carbon monoxide (CO) is a very poisonous air pollutant 

that is generated when fuels are burned incompletely. It is 

frequently present in automotive emissions, as well as in the 

combustion of household fuels.  Due to its lack of color and 

scent, this substance is both highly poisonous and incredibly 

hazardous [1].  So, it is imperative to install carbon monoxide 

sensors in various settings, including the detection of slow-

burning fires and the monitoring of air quality in urban and 

enclosed environments [2]. The sensing material is an essential 

part of the gas sensor device [3, 4]. Gas sensing applications 

have employed many two-dimensional (2D) materials, 

including graphene, silicene, and BN. The materials are 

selected based on their outstanding stability, distinctive 

structural properties, large specific surface area, excellent 

volume ratio, low power usage, and commendable adsorption 

capability [5, 6]. However, graphene has significant 

limitations, one of which is the lack of a band gap [7, 8], The 

inadequate structural stability of silicene [9], Furthermore, the 

exceptional chemical inertness of boron nitride [10], which 

limit their utilization in gas sensing applications. Currently, 

the most practical approach to regulate the semiconductor 

properties of graphene is through atomic doping. Research has 

shown that the sensitivity of graphene-based gas sensors can 

be greatly enhanced by introducing dopants or defects [11]. 

The study of gas adsorption on pure and (Ga, As) doped 

graphene, silicene, and boron nitride nano-ribbons reveals 

significant enhancements in sensitivity and adsorption energy 

due to doping. This has implications for the development of 

advanced gas sensors.  Pure graphene exhibits weak adsorption 

energies for gases like NH3  and NO2 , while Ga-doped

graphene shows significantly increased adsorption energies, 

particularly for NO2, due to strong orbital hybridization and

charge transfer, with values reaching −1.928 eV [12]. Also, 

doping with Ga or as modifies the electronic properties, 

enhancing the sensitivity of the material to various gases. For 

instance, Ga-doped graphene opens a band gap of 0.267 to 

0.397 eV, improving gas detection capabilities [12]. Similar 

trends are observed in boron nitride nanotubes, where doping 

increases adsorption energy for harmful gases like H2SiCl2,

indicating a stronger interaction compared to pristine 

structures [13]. While specific studies on silicene were not 

highlighted, its structural similarities to graphene suggest 

potential for enhanced gas sensing through doping. In 

conclusion, doping graphene and related materials 

significantly enhances their gas adsorption capabilities, 

making them promising candidates for sensor applications. 

The present theoretical study aims to study of the structural 

and electronic properties of pure and doped graphene, silicene 

and boron nitride and investigate the possibility of using this 

nano-ribbons as a detector for carbon monoxide (CO) gas. 

through the occurrence of adsorption between nano-ribbons 

and gas molecules. This is done by using the graphene, silicene, 

and boron nitride nano-ribbons in the pure state. Then study 

the doping of these structure with (Ga, As) atoms to know the 

effect of this on adsorption. 

Revue des Composites et des Matériaux Avancés-Journal 
of Composite and Advanced Materials  

Vol. 35, No. 1, February, 2025, pp. 11-19 

Journal homepage: http://iieta.org/journals/rcma 

11

https://orcid.org/0009-0005-2085-1157
https://orcid.org/0009-0004-1805-0548
https://orcid.org/0009-0002-5063-8654
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.18280/rcma.350102&domain=pdf


 

2. MATERIALS AND METHODS 

 

The calculations in this work were conducted using 

unrestricted DFT theory, which was chosen for its high 

precision in determining the structural and electronic 

properties. We have selected the functional B3LYP with the 

6-31G basis set at ground state, which is implemented in the 

Gaussian 09 software package. The B3LYP Functional is 

widely recognized for its effectiveness in predicting electronic 

properties and spectra, particularly in coordination complexes 

[14]. Also, the 6-31G basis set, enhances the accuracy of DFT 

calculations by better representing electron distribution [15]. 

The combination of B3LYP with the 6-31G basis set allows 

for efficient calculations without significant loss of accuracy 

[16]. Also, TD-DFT was used to compute UV-visible.  

 

 
 

Figure 1. Optimization structure of student nano ribbons and 

CO gas 

 

We utilized graphene, silicene, and boron nitride 

nanoribbons, each composed of 46 atoms (32 carbon/silicon 

for graphene/silicene and 16 boron/nitrogen for boron nitride, 

together with 14 hydrogen atoms). Additionally, we 

substituted a carbon/silicon/nitrogen atom with a 

gallium/arsenic atom that has been doped, and then we 

attached a single carbon monoxide molecule to it. The dopant 

concentration that corresponds to this value is roughly 2.17% 

in pure G-NR. The bond lengths for C=C, C-⃛C (aromatic), 

and C-H in GR ribbon are 1.375, 1.4195, and 1.086 Å, in that 

order. For (C=C=C) and (C=C-H), the angles between the 

atoms are specified as (120.244) and (120.306) degrees, 

respectively, the result shows that agreement with a previous 

study [17]. For pure S-NR, the bond lengths for Si-Si and Si-

H in the SR ribbon are (2.247) and (1.496) Å, respectively. 

The (Si-Si-Si) and (Si-Si-H) atoms have angles of (120.486) 

and (119.440) degrees, respectively, the result shows that 

agreement with a previous study [18]. The bond lengths for B-

N, (N-H), and (B-H) on the pure BN-NR are (1.443), (1.012), 

and (1.191) Å, in that order. Atoms N-B-N and B-N-B have 

respective angles of (120.675) and (121.311) degrees, the 

result shows that agreement with a previous study [19]. The 

geometrical structure of the ribbons under investigation is 

shown in Figure 1. 

To further investigate the electronic conductivity and 

chemical stability of (Ga, As) doped G/S/BN-NR and the 

adsorption system, we use Eq. 1 to determine 𝑬𝒈 (energy gap) 

between the (HOMO) and (LUMO). 

 

𝑬𝒈 = 𝑬𝑳𝑼𝑴𝑶 − 𝑬𝑯𝑶𝑴𝑶 (1) 

 

The representation of the lowest unoccupied molecular orbit 

(𝑬𝑳𝑼𝑴𝑶) and the highest occupied molecular orbit (𝑬𝑯𝑶𝑴𝑶) is 

indicated [20]. 

Quantum descriptors encompass several properties such as 

ionization potential (IP), and electron affinity (EA), which can 

be derived from Eqs. (2) and (3). 

 

𝑰𝑷 = −𝑬𝑯𝑶𝑴𝑶 (2) 

 

𝑬𝑨 = −𝑬𝑳𝑼𝑴𝑶 (3) 

 

Eq. (4) calculates the energy of adsorption (Ea) by 

subtracting the sum of the molecule's energy (in gas phase) and 

the energy of pure doped G/S/BN-NR from the total energy of 

the system (including gas and Ribbon) [21]. 

 

𝑬𝒂 =  𝑬𝒕𝒐𝒕𝒂𝒍 − (𝑬𝑹𝒊𝒃𝒃𝒐𝒏 + 𝑬𝒈𝒂𝒔) (4) 

 

The energy of adsorption is a scientific word that quantifies 

the strength of adsorption. It is usually expressed as a negative 

value, and when it becomes positive, adsorption becomes 

unstable. The system's stability increases as the magnitude of 

the energy of adsorption increases. Smaller ones usually 

indicate the instability of adsorption. 

The charge transfer (Q) between the gas molecules and the 

CO- Nano ribbon is calculated using analysis of hirshfeld 

charges. 

 

𝑸 = 𝑸𝒂𝒃𝒔𝒐𝒓𝒃𝒆𝒅 − 𝑸𝒊𝒔𝒐𝒍𝒂𝒕𝒆𝒅 (5) 

 

In this scenario, 𝑄adsorbed represents the electric charge of 

the gas molecules when they are adsorbed, while 𝑄𝑖𝑠𝑜𝑙𝑎𝑡𝑒𝑑  

refers to the charge of the gas molecules after they have been 

isolated. The transfer of electrons between gas molecules and 

the adsorbent surface is denoted by positive Q [22]. Eq. 6 can 

be used to determine the sensor's sensitivity (S). 

 

𝑺 = (
|𝑬𝒈(𝟏) − 𝑬𝒈(𝟎)|

𝑬𝒈(𝟎)
) ∗ 𝟏𝟎𝟎% (6) 

 

𝐸𝑔(1)  represents the energy gap in the presence of gas, 

𝐸𝑔(0) represents the energy gap in the absence of gas, and S 

denotes sensitivity [17]. 
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3. RESULTS AND DISCUSSION 

 

3.1 Electronic properties of the studied nano-ribbons 

 

 
(a) Total energy 

 

 
(b) HOMO&LUMO 

 

 
(c) IP&EA 

 

Figure 2. Electronic properties of studied nano-ribbons  

 

As a reflection of each structure's binding energy, the data 

shown in Figure 2(a) demonstrates that doping resulted in a 

decrease in total energy, where total energy is defined as the 

total energy of the ground state which is approximately the 

sum of the ground state energy of all atoms in each structure 

[23], indicating that these nano-ribbons have good relaxing. 

Where adding atoms leads to modifying the structure of the 

electronic bands, which affects the energy distribution in the 

material and leads to a decrease in the total energy. Energy 

band gap found by Eq. (1). The band gap refers to energy 

difference between the highest occupied molecular orbital and 

lowest unoccupied molecular orbital. Figure 2(b) shown the 

energy gap of the studied nano-ribbons, The Pure and doped 

G/S nano-ribbons were a semiconductor material whereas pure 

BNR was an insulator material, doping with an As atom 

reduced the energy gap of graphene by 2.118, the reason for 

such an outcome can be found in the small polarization 

induced by the doped nano-ribbon [24]. Also, doping BNR 

with (As) atom significantly reduces the energy gap and turns 

the material into a semiconductor, as it creates energy levels 

located between the HOMO-LUMO levels, facilitates the 

electronic transition between the valence and conduction 

bands. 

The results of ionization energy IE and electron affinity EA 

are shown in Figure 2(c). These properties are critical in 

determining the ability to distinguish or escape electrons 

between doping systems [25]. Clearly figure shows that the 

BN-Pure has the highest ionization energy value when 

compared with the G/S nano-ribbons. The ionization energy of 

BN-DopAs is lower than that of other nano-ribbons. This 

suggests that BN-DopAs have a greater ability to donate an 

electron to form a cation than the others. In comparison to 

other nano-ribbons, S-DopGa nano-ribbon have the highest 

EA value because they have a high electron acceptability to 

become anion. The electron affinity of the BN-pure is small 

because it is an insulator and stable and does not interact with 

the environment, and when Ga was added, the affinity 

increased, but when as were added, the affinity increased more, 

meaning that it became freer to interact with the environment, 

and this is due to the presence of abundance of electrons As 

nano-particles [26]. 

 

3.2 The adsorption energies of the examined 

configurations for the CO gas molecule 

 

The distance between the CO gas and the different nano-

ribbons is calculated by optimizing the pure and doped 

G/S/BN-NR. The pure and modified G/S/BN layers' surfaces 

are precisely where the carbon monoxide (CO) gas molecules 

are found. As it has been shown in Figure 3. After optimization, 

we noticed changes in the arrangement of multiple nano 

ribbons and the distance between the gas molecules and the 

nano ribbons. Figure 3 demonstrates that the G/BN, doped 

with Ga/As atoms, displays a significant interaction with the 

gas. 

 

 
(a) G-NR 
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(b) S-NR 

 

 
(c) BN-NR 

 

Figure 3. Adsorption of CO gas molecule by G/S/BN-NR 

pure and doped (Ga, As) ball-and-stick model 

 

Table 1 demonstrates that the adsorption energy 

investigations reveal negligible adsorption energy of CO gas 

on pure G/S/BN-NR. This indicates poor physical adsorption, 

independent of the CO gas composition. Meeting the gas 

adsorption requirements became difficult as a result of the low 

adsorption energy. Subsequently, we employed CO gas 

adsorption on the models that were doped with (Ga, As) atoms. 

The computed results of the adsorption energy indicated that 

the presence of Ga atoms significantly increased the 

adsorption capacity of graphene and Boron nitride. Conversely, 

the adsorption energy maintained at a low level for G/S/BN 

doped with As atoms. The adsorption energy of BN_DopGa is 

817.491eV, which surpasses the adsorption energy of BN-NR 

doped with metal atoms (Co, P) determined by Milon et al. 

[27], Strong hybridization between the carbon p with gallium 

d orbitals is responsible for the CO molecule's adsorption on 

the gallium-doped BN [28]. In this instance, the Ga site's 

attraction energy for CO is greater than that of the As site with 

a comparable arrangement, which leads to an increase in 

effective adsorption sites on the BN-NR surface, where 

gallium can interact with molecules through covalent bonds 

[29]. 

 

Table 1. The energies of adsorption 

 

Stucture 𝑬𝒂(𝒆𝑽) 

G-Pure 0 

G-DopGa 18.517 

G-DopAs -1.605 

S-Pure -0.383 

S-DopGa -0.413 

S-DpAs -0.421 

BN-Pure -0.029 

BN-DopGa 817.491 

BN-DopAs -5.61 

 

3.3 The charge transfer and sensitivity of the investigated 

Ribbons 

 

To test the gas sensing capabilities of pure and doped nano 

ribbons, it is necessary to measure the sensitivity of gases that 

interact with their surfaces [30]. In its pure form, G/S/BN-NR 

has made CO gas-sensitive; when doped with Ga or As, the 

gas sensitivity increases. The sensitivity of G/BN-NR is 

significantly enhanced by the Ga atom, Gallium doping 

enhances adsorption interactions between the surface of the 

nanoribbons and CO molecules. This enhanced adsorption 

increases the material's response to changes in CO gas 

concentration, which increases the material's sensitivity to gas 

detection. As it has been shown in Figure 4(a), The 

BN_DopAs atom has a maximum doping-induced sensitivity 

value of 242.721. That’s because Arsenic doping adds new 

energy states within the electronic structure of the BN 

nanoribbons, narrowing the energy gap. This increases the 

interaction of the material with the presence of gas molecules 

by enhancing charge transfer between the gas and the 

nanoribbon. 

This theory is further bolstered by the charge transfer data 

presented in Figure 4(b). Charge population analysis shows 

that there is only a little amount of charge transferred from 

Pure G/S/BN-NR to CO, with values of -0.416e/-0.426/-0.421. 

However, the amount of charge transfer increases significantly 

after doping. Negative charge transfer refers which involves 

electrons moving from the Nanoribbon's surface to the gas 

molecule [22]. Depending on the grafting procedure, the 

amount of charge transfer could vary. 

 

 
(a) Sensitivity 
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(b) Charge Transfer 

 

Figure 4. The sensitivity and adsorption energy for studied 

structures 

 

3.4 Density of states (DOS) 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 
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(h) 

 
(i) 

 

Figure 5. Density of states (DOS) for studied structures with 

and without CO 

 

Molecular orbitals and their importance in chemical 

bonding are illustrated using the DOS spectra [31]. Figure 5 

shows the difference in electron properties between gas-

absorbed G/S/BN NR and G/S/BN NR with gas absorption. It 

is not immediately obvious that the conductivity changes once 

CO adsorption occurs because, as it has been shown in Figure 

5, the curves for G and BN Pure overlap near the Fermi level. 

When compared to G/BN_pure, S_pure characteristics for 

detecting CO gas are superior. A significant change in 

conductivity after absorbing CO gas is indicated by the huge 

change near the Fermi level, and the DOS change arises 

around (-5 to 0 eV) for G_Doped with (Ga, As) atoms. After 

CO gas adsorption, there is no discernible change in DOS with 

respect to the fraction of silicene doped with (Ga/As) atoms, 

while there is a small change when compared to pure S. 

Concerning BN Pure, a noticeable shift in DOS at (-1.1) 

suggests the existence of a minor degree of orbital 

hybridization. Following CO gas absorption, there is a little 

shift in DOS that manifests as (-6-0) for BN_DopGa, but no 

discernible shift in conductivity; in contrast, BN_DopAs 

shows a dramatic rise in conductivity following CO gas 

absorption. 

 

3.5 UV-visible (Vis) 

 

This section of the work investigates the kind of shifting 

blue or red by means of the influence of gas molecule on the 

optical characteristics of G-NR, S-NR, and BN-NR nano-

ribbons. Determining the kind of shifting for adsorption gases 

on the surface of G-NR, S-NR, and BN-NR nano ribbons 

depends in great part on the optical computation. UV-Visible 

Properties computed at basis set 6-31G using hybrid function 

B3LYP using TD-DFT approach. Figure 6 shows UV-visible 

spectra for adsorbed gas molecules respectively on the surface 

of pure, doped G-NR, S-NR, and BN-NR nano ribbons. 

Results show that blue shift exists in all BN-NR nano ribbons 

as well as pure G-NR. In the electromagnetic radiation, pure 

and doped S-NR shows red shifting. Strong interaction types 

π→π*. The highest wavelength in the interaction between the 

gas molecule and G-pure nano ribbon was (447.657) nm. 

Whereas pure and doped BN-NR is absorbed in the UV 

spectrum, S-NR pure and doped nano ribbons are all absorbed 

in the infrared area. It is obvious that strong chemical 

adsorption in CO causes a somewhat large change in UV-

Visible spectrum. 

 

 
(a) 

 
(b) 

 
(c) 

 

Figure 6. UV-Vis for studied structures with CO gas 
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3.6 Molecular Orbitals: HOMO and LUMO analysis 

 

Figure 7 illustrates the distribution of the Highest Occupied 

Molecular Orbitals (HOMO) and the Lowest Unoccupied 

Molecular Orbitals (LUMO) for nanomaterials such as 

graphene, silicene, and boron nitride when doped with gallium 

(Ga) or arsenic (As), and their effect on CO gas adsorption. In 

the pure materials (G-Pure, S-Pure, BN-Pure), the electron 

density distribution is relatively balanced, whereas this 

distribution changes significantly upon doping with gallium or 

arsenic, enhancing interaction with CO gas. In the case of 

doped graphene (G-DopGa, G-DopAs) and doped silicene (S-

DopGa, S-DopAs), a noticeable change in electron density 

distribution occurs around active sites, leading to increased 

reactivity and gas adsorption. Similarly, doped boron nitride 

(BN-DopGa, BN-DopAs) shows a significant enhancement in 

chemical adsorption due to changes in electron distribution. 

Overall, this indicates that doping these nanomaterials with Ga 

or As increases their sensitivity to CO gas detection by 

improving electronic and surface interactions. 

Since the HOMO is a more fundamental orbital on charge 

transfer, invariably nano-ribbons follow from Since mostly it 

is found on the atom of a gas molecule, the charge transfer is 

maximum when atoms of gases are closer to the surface [32]. 

 

 
(a) G-NR 

 
(b) S-NR 

 
(c) BN-NR 

 

Figure 7. Represents molecular orbital energy for CO gas 

adsorption 

4. CONCLUSION 

 

In this work, the adsorption mechanism for both pure and 

doped G/S/BN nano-ribbons onto the hazardous gas CO was 

investigated, along with the change in the electronic 

characteristics of G/S/BN-nano ribbons following doping with 

(Ga, As) atoms, using DFT. 

Based on DFT calculations, doping with Ga and As atoms 

enhances the electronic properties of G/S/BN, which affects 

the adsorption properties of CO gas, as the adsorption energy 

increases after doping while the adsorption energy of pure 

nano-ribbons on CO gas is low. This is consistent with the 

results of sensing, charge transfer, and molecular orbital 

distribution. 

The best sensitivity, BN-DopeAs, reaches (202.941%), 

while GNR-DopGa has the heist adsorption energy (817.941). 

This indicates that BN doped with (Ga, As) atoms is the most 

appropriate for CO gas sensing applications form the studied 

models. 

However, there are some limitations to consider, such as the 

simplification of the models used, which may not account for 

real-world defects, focusing on only one gas, and not 

considering the effects of temperature and pressure. To expand 

the study and improve practical outcomes, experimental 

studies should validate the theoretical predictions, explore the 

materials' sensitivity to a broader range of gases, examine the 

impact of environmental factors such as temperature and 

pressure, and investigate the effects of structural defects and 

edge configurations. 
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