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Abstract: In this research, the adsorption and detection abilities of Fe and Co doped graphene structures for 
methyl-mercaptan molecule were investigated by Density Functional Theory (DFT) method. B3LYP hybrid 
functional and LANL2DZ/6-31G(d,p) basis sets were used in the calculations. At the end of the adsorption 
processes, Fe and Co doped graphene structures were determined to be suitable adsorbents for the methyl-
mercaptan molecule. In addition, charge transfer happened from the methyl-mercaptan molecule to the Fe 
and Co-doped graphene structures. The electronic sensor and the Φ-type sensor properties were also 
investigated and it was determined that Fe-graphene structure could be only used as an electronic sensor for 
methyl-mercaptan molecule at room temperature. 
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1. Introduction 
One of the main causes of environmental pollution 
caused by the consumption of fossil fuels is sulfur 
compounds. Since sulfuric compounds cause acid 
rain, air pollution and depletion of the ozone layer, 
removal of sulfur compounds is of great 
importance. At the same time, the concentrations of 
these compounds should be kept at limit values in 
order to prevent their harm to human health [1-3]. 
Methyl-mercaptane (MM), one of the sulfur 
compounds, is one of the volatile organic 
compounds known for its unpleasant odor. It is 
added to natural gas because it has a very low odor 
threshold, and it can also be encountered in waste 
water treatment, in the food industry, in waste 
fields. MM is an important volatile compound that 
seriously harms human health as well as 
environmental pollutants. MM shows significant 
adverse effects on human health even at very low 
exposure doses such as 10 ppm. For this reason, the 
adsorption and detection of MM is of great 
importance. [4-8]. In this respect, investigation of 
the adsorption and sensor properties of MM has 

 
1 Corresponding Authors 
e-mail: mferdi.fellah@btu.edu.tr 

focused on boron nitride nanosheet, zeolite and 
graphene materials [1,8,9]. 
Graphene is one of the materials that attract 
attention in environmental protection applications 
with its features such as low cost, high surface area 
and high surface/volume ratio. Additionally, its 
highly stable structure, low contamination and ease 
of processing facilitate gas adsorption on its 
surfaces [10,11]. When graphene is used as a 
chemical sensor, it provides high conductivity and 
ballistic transport with little signal degradation at 
ambient temperature [12]. Hidalgo et al. have found 
that MM can be adsorbed physically on graphene 
using the DFT method [13]. In order to improve the 
adsorption and sensing ability of graphene, it is 
functionalized with transition metal atoms. The 
added metal atoms change the electronic structure 
of graphene, improving the interaction between gas 
molecules and graphene, and the sensing ability of 
graphene increases significantly [14-15]. 
Shahmoradi et al. found that MM has a weak 
adsorption energy value (-0.022 kJ/mol) on pure 
graphene by DFT method. It is noteworthy that the 
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interaction of MM with graphene increased 
significantly when they decorated the graphene 
with Ni and Pt atoms [16]. Although noble metals 
show good catalyst properties for gas adsorption, 
non-noble metals attract attention with their low 
cost and excellent detection properties [17]. In the 
study done by doping various elements on 
graphene, it was explained that the structures of Fe 
and Co doped graphene have high binding energy 
for another sulfide molecule, H2S, and that Fe 
doped graphene greatly improves the sensor ability 
compared to pure graphene [18]. In this research, 
the adsorption and detection abilities of MM on Fe 
and Co doped graphene structures were 
investigated by DFT method. 
 
2. Computational Method 
The theoretical computations employed in present 
study were based on DFT [19] used in Gaussian 09 
software [20]. The method applied here for DFT 
calculations was the B3LYP hybrid method 

considering the effects of exchange and correlation 
[21,22]. For iron and cobalt atoms, the LanL2DZ 
basis set was utilized. The graphene sheet structure 
modeled as the cluster with 73 carbons has been 
used in this research. Hydrogen (H) atoms have 
been attached to the ends of the bonds of the free 
carbon atoms of the plate. In this study, all atoms 
were kept relaxed during the theoretical 
computations. The 6-31G (d,p) basis set has been 
utilized for carbon and hydrogen atoms. The energy 
values include zero-point energy (ZPE) corrections. 
These values have been calculated at atmospheric 
pressure (1 atm) and room temperature (298.15 K). 
The Fe and Co doped graphene structures and MM 
molecule were optimized structurally (to obtain 
equilibrium geometry (EG)). Here, Fe and Co 
atoms were doped instead of the central carbon 
atom of the graphene cluster. The adsorption energy 
values were computed by following equations in 
Gaussian09. 

 
E = ZPE + Eelectronic + Evibrational + Etranslational + Erotational    (1) 
 
H = E + RT          (2) 
 
G = H - TS         (3) 
 
Δ(E / H / G) = (E / H / G)System -[(E / H / G)Adsorptive + (E / H / G)Doped Graphene  (4) 
 
Chemical-hardness value  (𝜂𝜂) = 𝐼𝐼−𝐴𝐴

2
      (5) 

 
Chemical-potential value  (𝜇𝜇) = − 𝐼𝐼+𝐴𝐴

2
      (6) 

 
Electronegativity value (χ) = - µ       (7) 
 
Electrophilicity value  (𝜔𝜔) = 𝜇𝜇2

2𝜂𝜂
      (8) 

 
here I ≈ -ϵHOMO and A ≈ -ϵLUMO 
 
E equals to the sum of the electronic, ZPE, and 
thermal energies, H equals to the sum of the thermal 
energies and enthalpy, G equals to the sum of 
thermal enthalpy and free energy, T is the 
temperature, S is the entropy, and R is the global 
ideal gas constant. The following equation was 
utilized to calculate the relative adsorption energy, 
adsorption enthalpy, and adsorption Gibbs free 
energy values. 
 

Here system means Fe-doped graphene and Co-
doped graphene structures with adsorbate, 
adsorptive is adsorbing molecule and cluster is Fe- 
and Co-graphene clusters. The HOMO (Highest 
Occupied Molecular Orbital) and LUMO (Lowest 
Unoccupied Molecular Orbital) energy values were 
computed by full population analysis. Besides, 
chemical hardness, chemical potential, 
electronegativity, electrophilicity, HOMO (ϵHOMO) 
and LUMO (ϵLUMO) energies were calculated by 
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next equations which are based on Koopmans 
approach [23,24]. 
 
The convergence criteria applied in DFT 
calculations utilized in Gaussian software are 
18x10-4 bohr for max displacement, 12x10-4 radian 
for gradients of root-mean-square (rms) 
displacement, 45x10-5 hartree/bohr for max force 
and 3x10-4 hartreee/radian for rms force during 
DFT computations utilized in this study. In 
addition, the SCF convergence criteria applied in 
DFT calculations utilized in Gaussian software for 
rms change in the density matrix and maximum 
change in the density matrix were 1x10-8 and 1x10-

6, respectively. Gausssum software [25] has been 
used to obtain the density of states (DOS). Mulliken 
atomic charges of atoms [26] has been found by 
using the Mulliken population analysis. In addition, 
the graphs for electron localization function (ELF) 
were obtained by using Multiwfn software [27]. 
 
 
 
 

3. Results and discussion 
Firstly, the metal-doped graphene structures have 
been optimized geometrically. The optimized Fe- 
and Co-graphene clusters are shown in Fig. 1. After 
the MM molecule has also been optimized 
adsorption of MM molecule has been studied on the 
optimized Fe and Co doped graphene structures. 
The MM adsorbed metal-doped graphene structures 
are shown in Fig. 2. The adsorption energy values 
for MM on Fe- and Co-graphene structures have 
been listed in Table 1. According to adsorption 
energy (ΔE) and adsorption entalphy (ΔH) values, 
negative values were obtained for both structures 
after MM adsorption. Negative ΔH values indicate 
that the process is exothermic. It has been revealed 
that adsorption processes can occur spontaneously 
on both Fe-graphene and Co-graphene structures 
due to negative Gibbs free energy change (ΔG) 
values. The adsorption energy on Co-graphene 
structure is lower than that on Fe-doped graphene 
structure. Accordingly, as expected the bond 
distance of S-Fe (2.539 Å) is higher than the bond 
distance of S-Co (2.531 Å). 
 

Table 1 The adsorption energies of the MM molecule on Fe- and Co-graphene structures  
(unit of the values here is kJ/mol). 
Structure ΔE  ΔH  ΔG  

Fe-graphene -45.8 -48.3 -4.6 

Co-graphene -47.6 -50.0 -6.3 

Two parameters were generally utilized to 
investigate the sensitivity of the electrical 
characteristics of Fe- and Co-graphene structures to 
the MM molecule. The parameters to be 
investigated here are the workfunction (Φ) and the 
energy gap between HOMO and LUMO (Eg). The 
Eg values of Fe- and Co-graphene structure and 
MM adsorbed Fe- and Co-graphene structure are 
accepted as follows: 
 
𝐸𝐸𝑔𝑔 =∈𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿−∈𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿  (9) 
 
Eg has been shown to be a reliable predictor of 
nanosensor sensitivity measurements on numerous 
occasions [28,29]. The adsorption of an adsorbate 
causes a change in electrical conductivity (σ), which 
is how a chemical sensor works. The following 
relationship between Eg and σ has been determined 
[30,31]. 
 

𝜎𝜎 = 𝐴𝐴𝑇𝑇
3
2exp �−𝐸𝐸𝑔𝑔

2𝜅𝜅𝜅𝜅
�  (10) 

 
Here κ is the Boltzmann’s constant, A which has the 
unit of electrons/m3K3/2 is a constant value and T is 
temperature. Several studies have shown that the 
results of laboratory tests back up the findings of using 
this equation [32,33]. The reduction in Eg raises the 
population of conduction electrons exponentially, 
according to Eq. (10). As a result of the chemical 
present in the environment, there is an increase in 
electrical conductivity. Adsorption of a component 
alters the workfunction (Φ) value of the sensor, which 
moves the gate voltage, generates an electrical signal, 
and assists chemical recognition [34]. The amount of 
energy required to remove an electron from the Fermi 
level is known as Φ [35]. 
 
𝛷𝛷 =  𝑉𝑉𝑒𝑒𝑒𝑒(+∞) −  𝐸𝐸𝐹𝐹  (11) 
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Here EF equals to the energy of Fermi level and 
Vel(+∞) equals to the electrostatic potential energy of 
the electron located far from the surface of material. 
The value of Vel(+∞) was then taken to be zero 

[33,34]. Assuming the Vel(+∞) and Φ values 
equivalent to zero and -EF , respectively. The 
following formula can be used to determine the EF: 

 
𝐸𝐸𝐹𝐹 = ∈𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿+ 𝐸𝐸𝑔𝑔

2
=∈𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿+ ∈𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿−∈𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿

2
= ∈𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿+∈𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

2
  (12) 

 
a)

 
b)

 
Fig. 1 The geometries after optimization a) Fe-graphene structure and b) Co-graphene structure. 

 
Table 2 Electronic-properties of Fe- and Co-graphene structures and Fe- and Co-graphene/MM systems, including 
EF, Φ, HOMO and LUMO energies, Eg and ΔEg (unit of the values here is kJ/mol). 
(After the MM adsorption, the ΔΦ% and ΔEg% represent the change in and Eg.) 
Structure MOs EHOMO ELUMO Eg ΔEg ΔEg% Φ ΔΦ% 
Fe-graphene α MOs -381.8 -198.9 182.8   290.4  

β MOs -470.8 -239.9 230.8   355.4  
Fe-graphene/MM α MOs -372.6 -195.8 176.8 -6.0 3.3 284.2 2.1 

β MOs -460.7 -285.4 175.3 -55.5 24.0 373.1 4.9 
Co-graphene α MOs -375.9 -194.1 181.8   285.1  

β MOs -467.4 -311.8 155.6   389.6  
Co-graphene/MM α MOs -368.7 -189.6 179.1 -2.7 1.5 279.1 2.1 

β MOs -460.3 -290.2 170.0 14.5 9.3 375.3 3.7 
 

Table 3 The values of η, µ, χ and ω for the optimized Fe- and Co-graphene structures and Fe- and Co-
graphene/MM systems (unit of the values here is kJ/mol). 

Structure MOs η µ χ ω 
Fe-graphene α MOs 91.4 -290.4 290.4 461.2 

β MOs 115.4 -355.4 355.4 547.2 
Fe-graphene/MM α MOs 88.4 -284.2 284.2 456.9 

β MOs 87.6 -373.1 373.1 794.0 
Co-graphene α MOs 90.9 -285.1 285.1 446.9 

β MOs 77.8 -389.6 389.6 975.6 
Co-graphene/MM α MOs 89.6 -279.1 279.1 434.9 

β MOs 85.0 -375.3 375.3 828.2 
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a)

 
b)

 
Fig. 2 The geometries of the adsorbed MM after optimization on a) Fe-graphene structure and b) Co-graphene 

structure. 

 

According to the results (Table 2), while Eg 
decreased in Fe-graphene structure, it increased for 
Co-graphene structure. Because the band gap of the 
Co-graphene structure does not decrease after 
adsorption, this structure can not be used as an 
electronic sensor. The Fe-graphene structure, on the 
other hand, has been found to be a useful electronic 
sensor due to its decreased Eg. For the Fe-graphene 
structure, 24% change in Eg was reached. 
Additionally, it has been determined that there is no 
Φ-type sensor feature since the change of work 
function for both structures is low. For both α 
molecular orbitals and β molecular orbitals (spin-up 
and spin-down respectively), chemical hardness 
(η), chemical potential (µ), electronegativity (χ), 

and electrophilicity (ω) values were computed and 
presented in Table 3. 
 
The hardness of a chemical species is a measure of 
its resistance to changes in its electronic 
configuration. Along with electronegativity, it is 
considered a measure of chemical reactivity and 
stability. It's also been proposed that hard species 
interactions are essentially electrostatic, whereas 
soft species interactions are primarily covalent (i.e., 
through mixing of orbitals) [36]. According to the 
results in Table 3, it is seen that while the 
electronegativity of the Fe-graphene structure 
increases, the Co-graphene structure decreases. 
Thus, a stability difference emerged between the 
effect of these two atoms. In addition, it is seen that 
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while the hardness of the Fe-graphene structure 
decreases after adsorption, the Co-graphene 
structure increases. Accordingly, we can say that 
the interaction between the Fe-graphene structure 
and the MM molecule is covalent-based and the 
structure becomes softer, while the Co-graphene 
structure becomes harder and the interaction is 
electrostatically based. In present study, in order to 
acquire charge distribution after MM adsorption on 
Fe- and Co-graphene structures, the Mulliken 
population analysis have been utilized. After MM 
adsorption on the surface, MM’s total charge was 
calculated in the Mulliken analysis as +0.23e, both 
systems. Here, it was revealed that the charge 
transfer after adsorption is from the MM molecule 
to the Fe- and Co-graphene structures. The HOMO-
LUMO representations of Fe- and Co-graphene 

structures and all configurations of MM adsorbed 
Fe- and Co-graphene structures for α and β MOs 
have been illustrated in Fig. 3 and Fig. 4. In the 
HOMO-LUMO analysis, it is seen that LUMOs 
come to the fore in the interaction between the Fe- 
and Co-graphene structures and the MM molecule. 
In Fig. 3, the LUMOs concentrated in the electron-
accepting part are located between the Fe atom and 
the MM molecule, especially in β MOs, after 
adsorption. This result refers to the Eg reduction 
occurring in β MOs. Looking at Fig. 4, LUMOs in 
β MOs prior to adsorption were concentrated 
around the Co atom, while after adsorption LUMOs 
disappeared from the interaction site. This refers to 
the increase of Eg in β MOs. 
 

 MOs 
HOMO LUMO 

a) α MOs 

  

β MOs 

  

b) α MOs 

  
β MOs 

  
Fig. 3 The representations for HOMO distributions and LUMO distributions of α molecular orbitals and β 
molecular orbitals for the optimized geometries of a) Fe-graphene structure and b) MM adsorbed on Fe-
graphene structure. 
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 MOs 
   HOMO     LUMO 

a) α MOs 

  
β MOs 

  
b) α MOs 

  
β MOs 

  
Fig. 4 The representations for HOMO distributions and LUMO distributions of α molecular orbitals and β 
molecular orbitals for the optimized geometries of a) Co-graphene structure and b) MM adsorbed Co-
graphene structure. 
 
The density-of-states (DOS) of Fe- and Co-
graphene structures and MM molecule adsorbed 
Fe- and Co-graphene structures have been 
presented in Fig. 5. It is seen that Eg reduces in Fe-
graphene structure, whereas Eg increases in Co-
graphene structure in β MOs. This means that the 
electrical conductivity of Fe-graphene structures 
increases whereas it reduces in Co-graphene 
structures. 
 
Moreover, electrostatic potential distributions 
(ESP) for Fe- and Co-graphene structures and MM 
adsorbed Fe- and Co-graphene structures have been 
shown in Fig. 6. The positively and negatively 
regions of the Van der Waals surface were used to 
define blue and red colors on the ESP maps, 
respectively [37,38]. The ESP distributions are 

mapped to an electron density region with constant. 
The ESP increases by dissimilar colors so as to 
blue>green>yellow>red. As stated by the ESP 
analysis, we see that Fe and Co atoms form a blue 
zone on the graphene surface. Thus, we can say that 
metal atoms have a higher ESP and have more 
influence on the interaction than the graphene 
structure. In addition, after MM adsorption, we see 
that there is yellow color on the sulfur atom side of 
the MM molecule, whereas there is blue color on 
the methyl group. If we consider the electron donor 
property of the methyl group [39], we can guess that 
the methyl group has a say in charge transfer. 
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a)  c)  

b)  d)  

Fig. 5 The DOS plots for optimized geometries of a) Fe-graphene structure and b) MM adsorbed on Fe-
graphene structure, c) Co-graphene structure and d) MM adsorbed on Co-graphene structure. 
a) c) 

b)

 

d) 

Fig. 6 The ESP maps with projection of for the optimized geometries of a) Fe-graphene structure and b) MM 
adsorbed on Fe-graphene structure, c) Co-graphene structure and d) MM adsorbed on Co-graphene structure. 
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a) 
 

c)  

 
 
 
b) 
 
 

 
 
 
d)  
 

Fig. 7 The ELF maps for the optimized geometries of a) Fe-graphene structure and b) MM adsorbed on Fe-
graphene structure, c) Co-graphene structure and d) MM adsorbed on Co-graphene structure. 
 

4. Conclusion 
In present research, the sensor and adsorption 
abilities of Fe-graphene and Co-graphene structures 
toward MM molecule were examined by DFT 
method. After MM adsorption was performed on 
Fe-graphene and Co-graphene structures, some 
analysis was detaily made for structural and 
electronical properties. According to the adsorption 
energy values, Fe- and Co-graphene structures were 
found to be good adsorbent materials against the 
MM molecule and the adsorption processes were 
spontaneous. Mulliken charge distributions show 
that charge transfer between the adsorbed MM 
molecule and the Fe-doped graphene and Co-doped 
graphene structure has occurred. The Eg of the Fe-
graphene structure substantially reduced upon MM 
adsorption, but the Eg of the Co-graphene structure 
increased. As a result of the improved electrical 
conductivity of the Fe-graphene structure, it has 
been revealed that it could be employed as an 
electronic sensor. Besides, it has been determined 
that there is no significant change in the work 
functions of the sensors and thus these structures 
cannot be Φ-type sensors. 
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