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ABSTRACT: In this research, the adsorption behavior of pristine, Si- and Ga- and Al-doped 

graphene is investigated toward ethionamide (EA) using Density Functional Theory (DFT) 

calculations. Total energies, and geometry optimizations were obtained and Density of State (DOS) 

analysis was performed at B3lyp level of theory with the 6-31G* basis set. The adsorption energy 

(Ead) between EA and the pristine, Si-, Ga- and Al-doped graphene is changed in the following order: 

Ga-Complex-N(ring) > Al- Complex-N(ring) > Si-Complex-N(ring) > Complex-S. The Ead of  

the Graphene-EA complex is -2.552 kcal/mol, which is low and shows that the adsorption is physical. 

The % ΔEg= -59.61% for Si-doped graphene EA shows the high sensitivity of the Si-doped graphene 

to the adsorption of EA. The Eg for Ga-doped graphene-EA decreases significantly from 2.35 to 1.11 eV 

and the rate of change is %ΔEg = -52.75%, showing the high sensitivity of Ga-doped graphene  

to the adsorption of EA. However, the high Ead of -36.66 kcal/mol shows that the Ga-doped graphene 

can be used as a suitable sensing device only at higher temperatures. The % ΔEg= -58.98 %  

for Al-doped graphene-EA indicates the high sensitivity of the Al-doped graphene to the adsorption 

of EA. The Ead of -34.53 kcal/mol can be used as a suitable sensing device only at higher temperatures.  
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INTRODUCTION 

Ethionamide (EA) is a drug used for all cases of 

pulmonary tuberculosis and extra-pulmonary tuberculosis. 

EA belongs to a group of drugs called antibiotics. 

antibiotics are a very important element in modern life and 

are used to treat diseases. In the last decade, a number of 

scientists become interested in the environmental effects  

 

 

 

of drugs that accumulated in the environment in large 

quantities and their side effects on living organisms are 

horrible [1]. 

Aheren et al observed some drugs such as tetracycline 

and erythromycin remained in the environment [2].  

In some studies, more than 60 drugs have been reported  
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as the drug contaminants in soil and water of different 

countries [3, 4].  Types of Drug contamination in the 

environment, directly and indirectly, affect human, animal, 

and plants health [5-8].  

When a drug is released in large quantities into  

the environment, it is necessary that it should be identified 

by a sensor to determine where the drug accumulated.  

The sensors are needed for the identification of the 

released drugs and the main group of the sensor can be  

the nanoparticles [9, 10]. Nanostructures have received 

much attention as chemical sensors [11-13]. 

Graphene is synthesized by a variety of techniques, 

including mechanical exfoliation, chemical synthesis, 

epitaxial growth on silicon carbide (SiC), Chemical  

Vapor Deposition (CVD), and other methods. Among 

these methods, the most popular and promising way  

to synthesize graphene is CVD because it can produce 

high-quality graphene on a large scale [14-16]. In graphene, 

each carbon atom is covalently bonded to three other 

carbon atoms which achieve great stability and a very high 

tensile strength. Since graphene is flat, every atom  

on the surface is accessible from both sides, so there is 

stronger interaction with surrounding molecules. Also,  

the carbon atoms are bonded to only three other atoms, 

although they have the capability to bond to a fourth atom. 

This capability, combined with the aforementioned tensile 

strength and high surface area to volume ratio of graphene 

may make it attractive for use in composite materials. 

Graphene also has higher electron mobility that is higher 

than any known material. Modifying the surface structure 

of the nanosheet by placing impure atoms is a promising 

way to improve its sensitivity to drug or gas molecules [17]. 

In a study conducted by Ghiasi, et al, the separation of 

CH4, H2S, N2, and CO2 gases has been done using four 

types of nanoporous graphene clusters based on the 

quantum chemical investigation. The results of this study 

suggest using a porous graphene sheet as a highly efficient 

and highly selective membrane for gas separations [18]. 

In a study conducted by Mohammad Hussein et al,  

the electronic and adsorption properties of the graphene 

interacted with 5-fluorouracil molecule (5-FU) were 

theoretically investigated in the gas phase using the 

B3LYP method. They found that the adsorption behavior 

of the (5-FU) molecule on the graphene is electrostatic  

in nature [19]. In another study by Edjlali et al,  

to find a nanosensor to detect sulfanilamide (SA) drug, 

computationally investigated and interaction with the pristine 

and Al-doped graphene-like boron nitride nanosheets have 

studied. The results indicate that the Al-BN may be  

a promising electronic and type sensor for the SA drug [20]. 

In recent years, the use of computational chemistry  

and molecular modeling with the help of computers  

has attracted the attention of chemists.   

In this manuscript, the sensing ability of pristine, Si and 

Ga, and Al-doped graphenes were studied in identifying 

the EA drug. The interaction of EA with the pristine 

graphene and graphene doped with the Al, Ga (from group 

IIIA), and Si (from group IVA) was investigated to find 

the preferred adsorption sites, interaction energies, sensing 

ability using DFT calculations. Also, it has been shown 

that replacing a carbon atom in graphene with Si, Ga, and 

Al is a useful way to improve the electronic properties 

sensing ability. The results of this research can be useful 

for making an adsorbent for the EA drug and provide 

suitable sensing.  

 

THEORETICAL SECTION 

Methods 

In this study, all calculations were performed using  

the DFT method at the theoretical level of B3LYP / 6-31G* 

using the Gaussview 05 and GAMESS programs [21].  

The B3LYP method is the commonest density functional 

in the nanostructured-based material study [22-24]. Also, 

a literature review indicates that the B3LYP is a suitable 

and reliable density functional for predicting the structural, 

optic, electronic and energetic properties of different 

nanostructures [25-31]. The DFT method is one of  

the most powerful methods in quantum calculations.  

In the optimization process, the desired molecular 

structures are optimized to achieve the minimum energy 

and the energy of the desired systems are calculated [32]. 

To ensure the lowest energy for the graphene-EA complex 

rather than a local minimum, the Potential Energy Surface (PES) 

scans were performed concerning various dihedral angles (D). 

The Gauss sum was used for drawing the DOS plots [33]. 

The adsorption energy (Ead) is calculated as follows:  

   
a d

E E d r u g a d s o r b e n t E a d s o r b e n t     (1) 

   E d r u g E B S S E  

Where E(adsorbent) is the total energy on an intrinsic 

or extrinsic molecule. 
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E(drug/adsorbent) is the total energy of the adsorbed 

drug molecule on the adsorbent surface. 

E(BSSE) is the Basis Set Superposition Error (BSSE) 

corrected for all adsorption energies using the 

counterpoise method [34].  In this study, some interaction 

indicators that are useful for analysis were evaluated. 

 

Theory 

A sensor is a device that responds to a specific stimulus 

and produces a measurable electrical signal. The LUMO -

HOMO energy gap (Eg) of the structures under study  

is computed as follows: 

L U M O H O M O
E g E E       (2) 

The HOMO-LUMO gap is the difference between 

LUMO and HOMO that showed with Eg [35-54]. 

When we evaluate the electronic sensitivity of the 

nanostructure to a drug, the HOMO and LUMO energy 

deformation are calculated as follows: 

 g g1 g2 1g
% E E E E 1 0 0    

 
    (3) 

 

RESULTS AND DISCUSSIONS 

In continuation of the previous works on the various 

fields of organic compounds [55-82], in this work,  

the adsorption of ethionamide on the surface of the pristine, 

Si and Ga, and Al-doped graphene was investigated. 

 

The Graphene characterization 

The optimized structure of graphene is shown in Fig. 1, 

where different types of C-C bonds can be identified  

with equilibrium distances of 1.41, 1.42 A0. It consists of 

57 C and 18 H atoms, and the ends of the atoms  

are saturated with 18 hydrogen atoms to avoid boundary 

effects. As shown by DOS plot in (Fig. 1). The HOMO 

energy of graphene is approximately -4.93 eV and the 

LUMO energy is -2.10 eV (Table 1), (Fig. 2). Thus, the Eg 

is approximately 2.82eV (Table 1). Fig. 2 shows that  

the levels of HOMO and LUMO are mainly located  

on the C-C atoms, respectively.  

 

The adsorption of EA on the Graphene 

Graphene-EA complex 

To find a stable structure, it is necessary to perform 

optimization calculations. In the optimization method,  

the molecules are optimized using the appropriate method  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Optimized structures of graphene and density of state 

(DOS) plot. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: The HOMO and LUMO profiles of graphene. 
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Fig. 3: Optimized structure of EA and its HOMO, and LUMO 

profiles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: Optimized structures of graphene-EA complexes. 

Distances are in Å. 

 

for calculating the interatomic forces, so that the atoms  

are rearranged to obtain the maximum adsorption energy. 

The optimization process is performed to achieve the 

lower energy structure of ethionamide (EA) (Fig. 3).  

In order to find the stable configurations (global minima) 

of an EA drug adsorbed on the graphene, various studies 

have been carried out. Finally, three active sites of the 

drug are predicted, including C=S, -NH2 and N)ring(, 

which the drug can adsorb onto the C atom of graphene. 

As shown in Fig. 4, we obtained three types of complexes 

that indicate the interactions between C=S, -NH2, N)ring( 

in EA and the C atom of graphene. The density of state 

plot (DOS), LUMO, and HOMO have been presented in 

Fig. 5 for the most stable complexes. It has been found 

that there are two important parameters including Ead and 

Eg in the drug sensing potential by nanostructures.  

In the most stable complex-S, the drug adsorbed from 

the S atom onto graphene with a distance of 6.42 Å. The 

adsorption energy is -2.552 kcal/mol which shows a weak 

interaction and Indicates adsorption in the range of 

physical adsorption. In Fig. 3, the HOMO of EA is more 

focused on the S atom and then NH2 whereas the LUMO 

has broadly surrounded all three functional groups.  

The DFT calculations showed that the electronic 

properties of the graphene have been changed during  

the absorption of the drug molecule. According to Table 1 

and Fig. 5, the HOMO has been changed from -4.93   

in the pristine graphene to -5.10 eV in the complex  

and the  LUMO has been changed from -2.10 to -2.30 eV 

and shifted to lower energy. These changes are to the 

extent that the LUMO and HOMO are located on the 

nanostructure atoms. The drug molecule donates a pair of 

electrons from its nitrogen atoms to the boron atom  

which has electron deficiency on the graphene surface.  

As mentioned, two important parameters, i.e., Ead and Eg 

in the drug sensing potential by nanostructures. The 

adsorption of EA onto the graphene may be reversible  

if the Ead is in a suitable range.  
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Fig. 5: Density of states (DOS) plot of graphene-EA (Complex-

S), and the HOMO, and LUMO profiles of Complex-S. 

 

Strong interactions are not favorable in drug sensing 

because of a long recovery time and thus hard desorption 

of a drug over a nanoparticle. With more negative Ead,  

the recovery time (τ) is increased and this may be determined 

using the following equation [83, 84]. 

 
1

0 a d
e x p E k T


         (4) 

Here τ is the recovery time and ν0 is the attempt 

frequency, T is the temperature, and K is the Boltzmann 

constant [85]. 

According to this equation, there is an exponential 

relationship between Ead and recovery time. The large 

recovery time is the main problem that can be solved by 

heating the sensor to a high temperature [86]. Vacuum-UV 

is applied for the recovery of drugs from the surface of  

the graphene system. 

The second most important factor in sensing 

character is the energy gap (Eg) of the graphene in the 

presence of the EA. It has been indicated that the Eg  

is proportional to the conduction electron population (σ) 

presented in Eq (5). σ increases when the energy gap (Eg) 

decreases with adsorption of EA onto the graphene.  

On the other hand, when the –%ΔEg increases, the potential 

sensing also increases. The correlation between Eg and  

the electrical conductance of nanostructures is as follows: 

 
3 2

a d
A T e x p E 2 k T       (5) 

Where k is the Boltzmann's constant, and A 

(electrons/m3K3/2) is a constant. There is an acceptable 

correlation between the obtained results of this procedure 

and experimental techniques [87]. Equation (5) is used to 

investigate the sensitivity of a nanostructure toward a drug. 

As a result, electrical conductivity can be converted into 

an electrical signal related to the presence of drug 

molecules [88, 89]. 

The Eg of the graphene decreased when it adsorbed  

the drug, changing the Eg slightly from 2.82eV to 2.75eV 

in the complex with %ΔEg= -1.02% which shows the low 

sensitivity of the graphene to the absorption of EA.  

The change in Eg is not suitable for the sensing ability,  

the adsorption energy, Ead= -2.552 kcal/mol is so weak that 

the graphene can not effectively absorb the drug.  

So, graphene does not a suitable sensing ability with 

respect to adsorption energy for EA. 

In the complex-N(NH2), EA is adsorbed from the N atom 

onto the C atom of the graphene at a distance of 3.82Å, and 

the Ead = -2.522 kcal/mol, which shows that adsorption 

is weak with ΔEg = -0.23%. 

In a complex-N)ring(, EA is adsorbed from the N atom 

in the ring onto the C atom of Graphene with a  distance of 

5.88Å and the Ead= -2.551 kcal/mol, which shows that 

adsorption is weak with ΔEg= - 0.22%. 

 

EA adsorption onto the Si-, Al- and Ga-doped Graphene 

Si-doped Graphene 

The C atom of the graphene was replaced with the Si atom 

to find a highly sensitive nanostructure and the new 

structure was optimized. The geometric structures and 

properties of Si-doped graphene are investigated and the Density  

of the State (DOS) plot is shown in Fig. 6. Due to the greater 

radius of the Si atom than the C atom, the Si atom is placed 

outside the surface of the nanostructure. The distance  
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Table 1. Energy of HOMO, LUMO, HOMO-LUMO gap (Eg) in eV, and the change of Eg up on the ethionamide  

drug adsorption on the graphene nanostructures. The adsorption energy (Ead) is in kcal/mol. %ΔEg indicates the percentage  

of the change of Eg after the drug adsorption. 

Structure Ead (kcal/mol) EHOMO (eV) ELUMO(eV) Eg(eV) %ΔEg 

Geraphene ------- -4.93 -2.10 2.82 ------- 

Complex-S -2.552 -5.10 -2.30 2.75 -1.02% 

Complex-N(NH2) -2.522 -5.14 -2.32 2.81 -0.23% 

Complex-N(ring) -2.551 -5.13 -2.320 2.81 -0.22% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: Optimized structures of Si-doped graphene. Distances 

are in Å and Density of State (DOS) plot. 

 

of the Si-C of the nanostructure is 1.75 Å. After doping 

with Si, the HOMO decreases slightly from -4.93 in the 

pristine graphene to -4.83 eV in the Si-doped graphene 

while the LUMO increases from -2.10 in the pristine 

graphene to -2.39 eV in the Si-doped graphene. The Eg 

changes slightly from 2.82eV in the pristine graphene to 

2.44 eV in the Si-doped graphene. According to DFT 

calculations, Si-doped graphene increases electrical 

conductivity and it becomes a semiconductor compared 

to pristine graphene (Table 2). 

 

Si-doped Graphene-EA complex 

Since graphene sheets are chemically neutral, placing  

an element such as the Si atom into graphene will greatly affect 

the chemical reactivity and properties of graphene. In this case, 

the interactions between EA and Si-doped graphene are 

investigated. Three types of complexes were found that 

indicate interactions between C=S, -NH2, and N)ring( in EA 

and the Si atom of  Si-doped graphene (Fig. 7 and Table 2). 

The corresponding density of state (DOS) is also shown  

in Fig. 12. In the strongest interaction and the most stable 

complex, the Si atom of Si-doped graphene interacts from 

the N(ring) head of EA with Ead of -14.83 kcal/mol with  

the Si….N(ring) distance of 2.02 Å. The HOMO changes 

from -4.83 in the Si-doped graphene to -4.14eV in the Si-doped 

graphene-EA complex and the LUMO changes from -2.39 

to -3.15eV. The HOMO remains unchanged on the surface 

of the graphene while the LUMO is localized on the EA 

atoms which partly transfer to the Si-doped graphene  

in the complex. The Eg decreased mainly from 2.44eV to 

0.98eV and the rate change is ΔEg= -59.61% which shows 

the high sensitivity of the Si-doped graphene to the 

absorption of EA. The high change in Eg is suitable for the 

sensing ability, lower in Eg significantly increases 

 the electrical conductivity of the nanoparticles which 

 can be converted into an electrical signal, which is related 

to the presence of drug molecules. The Ead, of -14.83 

kcal/mol is suitable that the Si-doped graphene suitable 

adsorbs EA, which shows that the recovery time is suitable. 

Therefore, the Si-doped graphene-EA complex is a suitable 

sensing device. As shown, a suitable sensing ability with 

respect to higher % ΔEg indicates the high sensitivity of  

Si-doped graphene to the EA drug which also confirmed  

the suitable Ead and recovery time for EA.   

In the Si-Complex-S, the EA drug is adsorbed from 

 the S head onto the Si atom of Si-doped graphene  

at a distance of 2.41 Å. The adsorption energy is -10.83 kcal/mol, 

indicating weak adsorption, ΔEg = -44.83% (Fig. 7).  

In the Si-Complex-N(NH2), the EA drug is adsorbed 

from the N(NH2) atom onto the Si atom of Si-doped graphene 

with a distance of 4.43 Å. The adsorption energy is  

-3.27 kcal/mol, indicating weak adsorption, ΔEg = -0.26 % (Fig. 7).  
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Fig. 7: Optimized structures of Si-doped graphene-EA 

complexes. Distances are in Å. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: Optimized structures of Ga-doped graphene 

nanostructures. Distances are in Å and density of state (DOS) 

plot. 

Ga-doped Graphene 

The C atom of graphene was replaced with the Ga atom 

to find a highly sensitive nanostructure and the new 

structure was optimized. The geometric structure and 

properties of Ga-doped graphene are investigated and  

the Density of State plot (DOS) for the nanostructure is shown 

in Figure. 8. Due to the larger radius of Ga compared  

to the C atom, the Ga atom is placed out of the nanostructure 

surface. The distance of the Ga-C of the graphene is 1.85 A0. 

After doping with the Ga atom, the HOMO decreases from  

-4.93 in the pristine graphene to -4.60 eV in the Ga-doped 

graphene while LUMO slightly increases from -2.10 in the 

pristine graphene to -2.25 eV in the Ga-doped graphene.  

The Eg changed from 2.82 eV in the pristine graphene to 2.35 eV 

in the Ga-doped graphene. According to DFT calculations, 

Ga-doped graphene increases the electrical conductivity and 

it becomes a semiconductor compared to pristine graphene 

(Table 2). 

 
Ga-doped Graphene-EA complex 

Here, the interactions between EA and Ga-doped 

graphene are investigated. Three types of complexes were 

found that indicate the interactions between C=S, -NH2, 

and N-ring in EA and the Ga atom of Ga-doped graphene 

(Fig.9 and Table 2). The Density of the State (DOS) plot 

is shown in Fig. 12. In the strongest interaction and the 

most stable complex, the Ga atom of Ga-doped graphene 

interacts from the N(ring) head of  EA by Ead of -36.66 

kcal/mol with a Ga….N(ring) distance of 2.02 Å. The 

HOMO changes from -4.60 in the Ga-doped graphene  

to -4.05eV in the Ga-doped graphene-EA complex while 

the LUMO changes from -2.25 to -2.94 eV. The HOMO 

remains unchanged on the graphene surface while the 

LUMO is localized on the EA atoms which partly transfer 

to the Ga-doped graphene in the complex. The Eg 

decreased significantly from 2.35 to 1.11eV and the rate of 

change is ΔEg = -52.75% which shows the high sensitivity 

of Ga-doped graphene to the adsorption of EA. Despite 

the significant change in Eg and the high sensitivity which 

are suitable for the sensing ability, the Ead of -36.66 kcal/mol 

is so high that the Ga-doped graphene strongly adsorbs 

EA, which shows that the recovery time is high, So,  

the Ga-doped graphene has a suitable sensing ability with 

respect to a higher %ΔEg. However, a higher Ead makes  

the Ga-doped graphene is a suitable sensing device only  

at higher temperatures. As mentioned above, due to   
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Fig. 9: Optimized structures of Ga-doped graphene-EA 

complexes. Distances are in Å. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10: Optimized structures of Al-doped graphene nanostructures. 

Distances are in Å and Density of State (DOS) plot. 

the adsorption energy of -36.66 kcal/mol and the rather 

long recovery time, a strong interaction is not suitable  

for a sensor because the adsorption of EA onto Ga-doped 

graphene would be difficult. Recovery time is too long and 

therefore can help to break down and remove this 

compound.   

In the Ga-Complex S, the EA drug is adsorbed from 

the S atom onto the Ga atom of Ga-doped graphene  

at a distance of 2.39 A0. The adsorption energy is  

-26.13 kcal/mol with ΔEg=  -45.99 % (Fig. 9).  

In the Ga-Complex-N(NH2), the EA drug is adsorbed 

from the N(NH2) atom onto the Ga atom of Ga-doped 

graphene with a distance of 2.10 A0. The adsorption energy 

is -15.94 kcal/mol, with ΔEg= -54.98% (Fig. 9).  

 

Al-doped Graphene 

The C atom of the graphene was replaced with the Al 

atom in order to find a highly sensitive nanostructure and 

the new structure was optimized. The geometric structures 

and properties of Al-doped graphene are investigated and 

the Density of State (DOS) plot for the nanostructure  

is shown in Fig. 10. Due to the larger radius of Al 

compared to the C atom, the Al atom is placed out of  

the nanostructure surface. The distance of the Al-N of  

the nanostructure is 1.84 Å. After doping with Al, the 

HOMO decreases from -4.93 to -4.53eV in the Al-doped 

graphene, whereas the LUMO slightly increases from -2.10 

in the pristine graphene to -2.14 eV in the Al-doped graphene. 

The Eg changed from 2.82eV in the pristine graphene  

to 2.38eV in Al-doped graphene. According to DFT 

calculations, Al-doped graphene increases the electrical 

conductivity and it becomes a semiconductor compared  

to the pristine graphene (Table 2).  

 

Al-doped Graphene-EA complex 

Here, the interactions between EA and the Al-doped 

graphene are investigated. Three types of complexes were 

found that indicate the interactions between C=S, -NH2, 

and N-ring in EA and the Al atom of Al-doped graphene 

(Fig. 11 and Table 2). The Density of State (DOS) plot   

is also shown in Fig. 12. In the strongest interaction and 

the most stable complex, the Al atom of Al-doped 

graphene interacts from the N(ring) head of EA with Ead of 

-34.53 kcal/mol with the Al…N(ring) distance of 2.03Å. 

The high adsorption energy in the Al-doped graphene-EA 

complex may be due to the greater curvature of the pristine 

graphene. The HOMO changes from -4.53 in the Al-doped 
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Fig. 11: Optimized structures of Al-doped graphene -EA 

complexes. Distances are in Å. 

 

graphene to -4.05eV in the Al-doped graphene -EA 

complex and the LUMO changes from -2.14 to -3.07eV. 

The HOMO remains unchanged on the graphene surface, 

while LUMO is localized on EA atoms which partly 

transfer to the Al-doped graphene in the complex. The Eg 

decreased significantly from 2.38 to 0.97 eV and the rate 

of change is ΔEg= -58.98% which shows the high 

sensitivity of Al-doped graphene to the adsorption of EA. 

The Ead of -34.53 kcal/mol is so high that the Al-doped 

graphene strongly adsorbs EA, which shows that the 

recovery time is high, So the Al-doped graphene has  

a suitable sensing ability with respect to a higher %ΔEg. 

However, a higher Ead makes the Al-doped graphene  

a suitable sensing device only at higher temperatures.  

As mentioned, due to the adsorption energy of  

-34.53 kcal/mol and the rather long recovery time,  

the strong interaction energy between the Al-doped 

graphene and EA is not suitable for a sensor because 

 the EA desorption on the Al-doped graphene will be difficult. 

A system with high adsorption energy can be a sensor at  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  12: Density of states (DOS) plots of (a) Si-Complex-

N(ring), (b) Ga-Complex-N(ring), (c) Al-Complex-N(ring). 

 

high temperatures, because at high temperatures the 

recovery time is reduced. 

In the Al-Complex-N(NH2), EA is adsorbed from the 

N head of NH2 onto the Al atom of Al-doped graphene 

with a distance of 2.11Å. The adsorption energy is  

-16.50 kcal/mol, indicating weak adsorption, ΔEg= -63.67% 

(Fig. 11). 
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Table 2: Energy of HOMO, LUMO, HOMO-LUMO gap (Eg) in eV, and the change of Eg upon the Ethionamide  

drug adsorption on the Si and Ga, Al-doped graphene nanostructures. The adsorption energy (Ead) is in kcal/mol. %ΔEg  

indicates the percentage of the change of Eg after the Ethionamide adsorption. 

Structure Ead (kcal/mol) EHOMO (eV) ELUMO(eV) Eg(eV) %ΔEg 

Si-Geraphene ------- - 4.83 - 2.39 2.44 ------- 

Si-Complex-S -10.83 - 4.30 -2.95 1.34 -44.83% 

Si-Complex-N(NH2) -3.27 -5.04 -2.61 2.43 -0.26% 

Si-Complex-N(ring) -14.83 -4.14 -3.15 0.98 -59.61% 

Ga-Graphene ------- -4.60 -2.25 2.35 ------- 

Ga-Complex-S -26.13 -4.13 -2.86 1.27 -45.99% 

Ga-Complex-N(NH2) -15.94 -4.23 -3.17 1.05 -54.98% 

Ga-Complex-N(ring) -36.66 -4.05 -2.94 1.11 -52.75% 

Al-Geraphene ------- -4.53 -2.14 2.38 ------- 

Al-Complex-S -28.90 -4.13 -2.95 1.17 -50.63% 

Al-Complex-N(NH2) -16.50 -4.22 -3.36 0.86 -63.67% 

Al-Complex-N(ring) -34.53 -4.05 -3.07 0.97 -58.98% 

 

In the Al-Complex-S, EA is adsorbed from the S onto 

the Al atom of Al-doped graphene with a distance of  

2.14 Å. The adsorption energy is -28.90kcal/mol, indicating 

suitable adsorption with ΔEg=  -50.63% (Fig. 11). It is 

obvious that in the theoretical studies, the mathematical 

parameters help to improve our research works [110-129]. 

 

CONCLUSIONS 

In this research, the energy of interactions and  

the sensing ability between EA and the pristine, Si- and 

Ga- and Al-doped graphene has been studied by 

using density functional theory (DFT) calculations. Also, 

the adsorption behavior of pristine graphene, Si- and Ga- 

and Al-doped graphene has been investigated toward EA. 

The Ead of the pristine graphene-EA complex in the most 

stable complex-S is -2.552 kcal/mol which is weak,  

it is physical adsorption and this system seems not suitable 

for potential sensing. The Eg for the Si-doped graphene-EA 

complex decreased from 2.44eV to 0.98eV and the rate 

of change is ΔEg= -59.61% which shows the high 

sensitivity of the Si-doped graphene to the adsorption of 

EA. The adsorption energy of -14.83 kcal/mol is suitable 

which shows that the recovery time is suitable, and can be used 

as suitable sensing. The Eg for Ga-doped graphene-EA 

complex decreased significantly from 2.35 to 1.11eV  

and the rate of change is ΔEg= -52.75%, which shows  

the high sensitivity of the Ga-doped graphene to the 

adsorption of EA. Despite the high sensitivity, the adsorption 

energy of -36.66 kcal/mol is high which shows that the Ga-

doped graphene-EA complex can be used as a suitable 

sensing device only at higher temperatures.The Eg for the 

Al-doped graphene-EA complex decreased significantly 

from 2.38 to 0.97eV and the rate of change is  

ΔEg= -58.98% which indicates the high sensitivity  

of the Al-doped graphene to the adsorption  

of EA. The Ead of -34.53 kcal/mol is high which shows that 

the Al-doped graphene-EA complex can be used as  

a suitable sensing device only at higher temperatures.  
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