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Abstract 
In this study, density functional theory was used to investigate the effect of 

adsorption process and interaction between methanol as a fuel and graphene as a 
catalyst. Thermodynamic studies in this field have shown that Gibb's free energy is 
positive in most cases. Therefore, adsorption of methanol on graphene is very low and 
in the physical mode. Thus, other ways are required to increase adsorption on graphene 
surface. Changing pristine graphene (PG) to vacancy graphene (VG) or N-doped 
graphene (NG) can increase absorption, and convert their adsorption into chemical 
adsorption. Vacancy and N-doped in electronic structure of graphene increase 
adsorption of methanol to graphene. Increased absorption of VG and NG, in addition to 
changes in charge transfer causes significant changes in the location of HOMO and 
LUMO, which was confirmed by adsorption energy, NBO, QTAIM, and DOS. 
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Introduction 
Air pollution and greenhouse gases are the most 

important problems in the developed countries; the main 
source of which is emission of exhaust gases from 
motor vehicles. As the number of vehicles increases, 
greenhouse gas emission also increases, and global oil 
reserves decrease every day, as a result of which the use 
of alternative fuels will increase shortly. Methanol 
(CH3OH) is used as a liquid alternative fuel [1]. 
Transportation, storage, distribution, and the use of 

methanol are similar to traditional gasoline fuel. For this 
reason, it is the most suitable and practical fuel for 
engines [2, 3]. Ignition temperature of alcohol is higher 
than that of gasoline, making it easier to transport and 
store. Exhaust gases produced from combustion of 
gasoline have a higher concentration of particulate 
matter and nitrogen oxides than those produced from 
combustion of methanol. There is an oxygen atom in 
structure of methanol molecule, making mixture of 
gasoline and methanol to have more oxygen. There have 
been several studies on the use of methanol-gasoline 
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mixtures as fuel in spark ignition (SI) engines. CO and 
NOx emissions are reduced by increasing methanol in 
methanol/ gasoline mixture, while it is accompanied by 
fuel savings of 5.7–15% [4, 5). Thus, the combined use 
of fumigation methanol and oxidation catalyst leads to a 
decrease in the concentrations of HC, CO, and NOx, as 
well as particulate mass and number of the engine [6]. 
Graphene, a layer of graphite is the thinnest 2D 
material. Graphene index properties can be used in 
many technologies [7, 8]. Also, electrical properties of 
graphene can be altered by doping nitrogen atoms or 
creating vacancy. Graphene bed catalyst with nitrogen 
dope provides excellent activity and durability for 
methanol oxidation reaction [9, 10]. According to the 
previous density functional theory (DFT) studies on 
graphene, it has been found that defects in graphene or 
doping of elements, such as N, Pt, Pd, Ru, Al, Fe, and 
Mn to graphene increase graphene uptake [11-15]. 
Investigation of electrical properties of (N-doped and 
vacancy) graphene bonding structures is important in 
terms of state density [16, 17. Both methods (N-doped 
and vacancy) can change electrical demand for 
graphene. In VG, vacancy increases concentration of a 
zigzag edge of carbon atoms in the graphene, which in 
turn reduces gap energy and increases adsorption 
energy. Usually, in doping, hetero atoms replace carbon 
atom in the graphene carbon lattice, such as nitrogen 
atom, which greatly expands applications of graphene 
[18. 

In this study, DFT of adsorption energy of methanol 
on graphene is investigated with various configurations. 
Their effects on electronic structure of the modified 
surfaces are also evaluated. To the best of our 
knowledge, such studies have not been performed at this 
level before [19, 20. What seems important in this study 
is pivotal role of the combined use of CH3OH in fuel, 
development of progressive methods, and introduction 
of new adsorbents. In theory, properties of CH3OH 
interaction on surface of the above graphene are studied. 
Geometry, electronic structure, energy calculations, load 
analysis, and graphene energy gap mentioned in 
methanol adsorption are also assessed. For this purpose, 
basic information about the adsorbed methanol on 
graphene is determined, such as optimal orientation of 
interaction (adsorption) energy at various coverages and 
distances from graphene. Then, these data will be 
available as input for fine-tuning of molecular dynamics 
simulations of methanol adsorption process. 

 

Materials and Methods 
Optimization quantum chemistry and frequency 

calculations of all the geometric structures were 

performed using Gaussian 09 software package by DFT 
at the M062X method with 6-31 G (d) basis set, for 
obtaining real functions [21-24]. In this study, 
adsorption of MeOH onto surfaces of pristine graphene 
(PG), N-doped graphene (NG), and vacancy graphene 
(VG) was considered as adsorbent. There are three 
possible places for methanol to be adsorbed by graphene 
including top (methanol just on a carbon atom), bridge 
(methanol on a carbon-carbon bond), and hollow 
(methanol at the center of a graphene ring). Hydrogen 
atoms cap ends of these cells to neutralize electronic 
charge of terminal carbons. Methanol interacts with 
carbon, where changes, such as voids or nitrogen doping 
occur. The effects of these changes were also compared. 
Distance of methanol on graphene is the same for all the 
graphene settings and at a distance of fewer than 2Å. 
For comparing electrical changes of PG, VG, and NG, 
electronic structure descriptors must be calculated. 
Adsorption energy (Eads) and density of states (DOS) 
have been determined using the above theory level 
through energy of the highest occupied molecular 
orbital (HOMO) and energy of the lowest unoccupied 
molecular orbital (LUMO) from DFT, global 
electrophilicity index (ω), energy gap (∆Eg), chemical 
potential (µ), chemical hardness ( ), softness (S), the 
highest amount of electronic charge (∆Nmax), Gibbs̓ 
free energy (Gibbs), corrections ,and basis set 
superposition error (BSSE) [25].  

Adsorption energy (Eads) of CH3OH on graphene 
was specified using Eq. (1): 
∆Eads =E (adsorbent- CH3OH) - (Eadsorbent+ ECH3OH) + BSSE                       

(1) 
Where, E (adsorbent- CH3OH) is the total energy of 

adsorbent – CH3OH system, Eadsorbent, and ECH3OH are 
the total adsorbent energies of the isolated material and 
methanol, respectively. Energies were corrected by 
considering zero-point energy (ZPE) and BSSE using 
the Boys-Bernardi reciprocal method. 

After adsorption of CH3OH on different graphene 
configurations, charge transfer between them was 
investigated. Mechanism of interaction is as follows by 
comparing HOMO and LUMO between methanol and 
adsorbent after CH3OH adsorption:   
∆Eg= - (EHOMO -ELUMO)                                           (2) 
Where, EHOMO and ELUMO are the energies of HOMO 

and LUMO, respectively. 
Chemical potential (µ) is defined based on the 

subsequent equation [26]. 
µ = (ELUMO + EHOMO)/2                                           (3) 
Also, chemical hardness (η) can be calculated 

through the Koop-mans’ theorem (27).  
 = (ELUMO− EHOMO)/2                                             (4) 

In 1999, Parr et al., explained electrophilicity (ω) 
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ρ(r) is low. Nature of interactions is of the weak Van 
der Waals forces and if signs of ρ(r) and H oppose each 
other, the bond is partially covalent and partially 
electrostatic. 

The | ( )|( ) 	ratio is a suitable parameter to classify 
interatomic interactions. Electrostatic interactions are 
associated with | ( )|( ) ≤ 1,intermediate interactions 1 

<| ( )|( ) > 2, and the shared interactions | ( )|( ) > 2 (42). 

According to Table (4), where, | ( )|( )  is less than one in 
most cases and both Laplace and Hamilton values are 
positive or very low and electron densities are low, so 
the interaction is more likely to be of Van der Waals 
type. This is a weak attraction, but the effects of 
vacancy or doped increase electron density, which adds 
to adsorption property and transmits adsorption from 
Van der Waals force to electro-valence force. This 
confirms an increase in the adsorption energy. 

 
Conclusions 

In the present study, DFT calculations were 
performed to characterize adsorption ability of methanol 
onto pristine, vacancy, and N-doped graphene, and their 
results were compared. As expected and according to 
the previous DFT studies, our results showed that the 
effect of vacancy and N-doped on graphene increases 
absorption. However, vacancy was more efficient than 
N-doped, so VG had the highest and PG had the lowest 
adsorption among graphene in different configurations. 
Poor adsorption of this molecule by PG and strong 
adsorption by VG and NG were confirmed by 
adsorption energy (Eads), and analyses, such as NBO, 
QTAIM, and DOS. The following method was 
confirmed by data about methanol energy absorption on 

graphene. 
VG-CH3OH> NG-CH3OH> PG-CH3OH 
The interaction between methanol and graphene is of 

Van der Waals type. This force is a weak attraction and 
is considered as physical adsorption because values of 
Laplacian and Hamilton are positive or very low and 
electron density is low, but vacancy and N-doped effects 
increase electron density, which converts the force 
between methanol and graphene from Van der Waals to 
electro Valence, which is a chemical adsorption and 
increases adsorption energy. 

 
References 

1. Schröder E. Methanol Adsorption on Graphene. J 
Nanomater. 2013;13:1303-3774. 

2. Elfasakhany A. Performance and emissions of spark-
ignition engine using ethanol–methanol–gasoline, n-
butanol–iso-butanol–gasoline and iso-butanol–ethanol–
gasoline blends: a comparative study. Int J Eng Sci 
Technol. 2016;19(4):2053-9. 

3. Bata RM, Roan VP. Effects of Ethanol and/or Methanol in 
Alcohol-Gasoline Blends on Exhaust Emissions. J Eng 
Gas Turbines Power. 1989;111(3):432-8. 

4. BahattinÇelik M, Özdalyan B, Alkan F. The use of pure 
methanol as fuel at high compression ratio in a single 
cylinder gasoline engine. Fuel. 2011;90(4):1591-8. 

5. Wang X, Ge Y, Liu L, Peng Z, Hao L, Yin H, et al. 
Evaluation on toxic reduction and fuel economy of a 
gasoline direct injection- (GDI-) powered passenger car 
fueled with methanol–gasoline blends with various 
substitution ratios. Appl Energy. 2015;157:134-43. 

6. Zhang Z, Cheung C, Chan T, Yao C. Emission reduction 
from diesel engine using fumigation methanol and diesel 
oxidation catalyst. Science of the Total Environment. 
2009;407(15):4497-505. 

7. Stankovich S, Dikin DA, Dommett GH, Kohlhaas KM, 
Zimney EJ, Stach EA, et al. Graphene-based composite 
materials. nature. 2006;442(7100):282-6. 

Table 4. QTAIM topological parameters for the studied complexes 
Complex CP BD  G(r) H(r) V(r) | ( )|( )  

PG-CH3OH (3,-1) H64-C14 10.333 0.0061 -0.0014 0.0046 0.754 
PG-CH3OH (3,-1) C59-C5 0.625 0.0052 -0.0011 0.0040 0.784 
NG-CH3OH (3,-1) N64-O62 0.9696 0.0090 -0.0006 0.0084 0.933 
NG-CH3OH (3,-1) N64-C27 0.0673 0.2474 0.4282 0.6757 2.731 
VG-CH3OH (3,-1) O62-C14 3.4545 0.0073 -0.0010 0.0063 0.863 
VG-CH3OH (3,-1) O62-C16 1.4782 0.0076 -0.0009 0.0067 0.882 

 
Table 5. QTAIM topological parameters at BCPs of the studied complexes (all in a.u.) 

Complex CP BD(Å) (e/a0
3) (e/a0

5)    
PG-CH3OH (3,-1) H64-C14 0.0072 -0.0076 -0.0034 -0.0003 0.0341 
PG-CH3OH (3,-1) C59-C5 0.0074 -0.0064 -0.0026 -0.0016 0.0299 
NG-CH3OH (3,-1) N64-O62 0.0105 -0.0096 -0.0065 -0.0033 0.0483 
NG-CH3OH (3,-1) N64-C27 0.2869 0.1809 -0.5502 -0.5155 0.3423 
VG-CH3OH (3,-1) O62-C14 0.0090 -0.0084 -0.0049 -0.0011 0.0396 
VG-CH3OH (3,-1) O62-C16 0.0095 -0.0085 -0.0057 -0.0023 0.0422 



DFT Study of Methanol Adsorption on Vacancy and N-Doped Graphene and … 

61 

8. Huang X, Qi X, Boey F, Zhang H. Graphene-based 
composites. Chem Soc Rev. 2012;41(2):666-86. 

9. Xu X, Zhou Y, Yuan T, Li Y. Methanol electrocatalytic 
oxidation on Pt nanoparticles on nitrogen doped graphene 
prepared by the hydrothermal reaction of graphene oxide 
with urea. Electrochim Acta. 2013;112:587-95. 

10. Zhang L-S, Liang X-Q, Song W-G, Wu Z-Y. 
Identification of the nitrogen species on N-doped graphene 
layers and Pt/NG composite catalyst for direct methanol 
fuel cell. Phys Chem Chem Phys. 2010;12(38):12055-9. 

11. Jia X, Zhang H, Zhang Z, An L. Effect of doping and 
vacancy defects on the adsorption of CO on graphene. 
Materials Chemistry and Physics. 2020;249:123114. 

12. Zhu X, Zhang L, Zhang M, Ma C. Effect of N-doping on 
NO2 adsorption and reduction over activated carbon: An 
experimental and computational study. Fuel (Guildford). 
2019;258:116109. 

13. Dong L, Gari RRS, Li Z, Craig MM, Hou S. Graphene-
supported platinum and platinum–ruthenium nanoparticles 
with high electrocatalytic activity for methanol and 
ethanol oxidation. Carbon. 2010;48(3):781-7. 

14. Rad AS. Density functional theory study of the adsorption 
of MeOH and EtOH on the surface of Pt-decorated 
graphene. Physica E: Low-dimensional Systems and 
Nanostructures. 2016;83:135-40. 

15. Kiyani R, Rowshanzamir S, Parnian MJ. Nitrogen doped 
graphene supported palladium-cobalt as a promising 
catalyst for methanol oxidation reaction: Synthesis, 
characterization and electrocatalytic performance. Energy. 
2016;113:1162-73. 

16. Lv R, Terrones M. Towards new graphene materials: 
Doped graphene sheets and nanoribbons. Mater Lett. 
2012;78:209-18. 

17. Zhao XW, Tian YL, Yue WW, Chen MN, Hu GC, Ren JF, 
et al. Adsorption of methanol molecule on graphene: 
Experimental results and first-principles calculations. Int J 
Mod Phys B. 2018;32(09):1850102. 

18. Wang H, Maiyalagan T, Wang X. Review on Recent 
Progress in Nitrogen-Doped Graphene: Synthesis, 
Characterization, and Its Potential Applications. ACS 
Catalysis. 2012;2(5):781-94. 

19. Doronin M, Bertin M, Michaut X, Philippe L, Fillion J-H. 
Adsorption energies and prefactor determination for 
CH3OH adsorption on graphite. J Chem Phys. 
2015;143:084703. 

20. Xu X, Zhou Y, Lu J, Tian X, Zhu H, Liu J. Single-step 
synthesis of PtRu/N-doped graphene for methanol 
electrocatalytic oxidation. Electrochim Acta. 
2014;120:439-51. 

21. Becke AD. Density‐functional thermochemistry. III. The 
role of exact exchange. J Chem Phys. 1993;98(7):5648-52. 

22. Calais J-L. Density-functional theory of atoms and 
molecules. R.G. Parr and W. Yang, Oxford University 
Press, New York, Oxford, 1989. IX + 333 pp. Price 
£45.00. Int J Quantum Chem. 1993;47(1):101-. 

23. Lee C, Yang W, Parr RG. Development of the Colle-
Salvetti correlation-energy formula into a functional of the 
electron density. Phys Rev B. 1988;37(2):785-9. 

24. Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, et.al. 
G09. Exp limit comput chem 2009. 

25. ShokuhiRad A, Shabestari SS, Jafari SA, Zardoost MR, 
Mirabi A. N-doped graphene as a nanostructure adsorbent 
for carbon monoxide: DFT calculations. Molecular 
Physics. 2016;114(11):1756-62. 

26. Chattaraj PK, Sarkar U, Roy DR. Electrophilicity Index. 
Chem Rev. 2006;106(6):2065-91. 

27. Morrison RC. The extended Koopmans’ theorem and its 
exactness. The Journal of Chemical Physics. 1992;96(5 
):10.1063/1.461875. 

28. Parr RG, Szentpály Lv, Liu S. Electrophilicity Index. 
Journal of the American Chemical Society. 
1999;121(9):1922-4. 

29. Liu G-H, Parr RG. On Atomic and Orbital 
Electronegativities and Hardnesses. J Am Chem Soc. 
1995;117(11):3179-88. 

30. Raju HB, Goldberg JL. Nanotechnology for ocular 
therapeutics and tissue repair. Expert Review of 
Ophthalmology. 2008;3(4):431-6. 

31. Shao Y, Wang J, Wu H, Liu J, Aksay IA, Lin Y. Graphene 
Based Electrochemical Sensors and Biosensors: A 
Review. Electroanalysis. 2010;22(10):1027-36. 

32. Marcou G, Flamme B, Beck G, Chagnes A, Mokshyna O, 
Horvath D, et al. In silico Design, Virtual Screening and 
Synthesis of Novel Electrolytic Solvents. Molecular 
Informatics. 2019;38(10):1900014. 

33. Rozas I, Alkorta I, Elguero J. Behavior of Ylides 
Containing N, O, and C Atoms as Hydrogen Bond 
Acceptors. J Am Chem Soc. 2000;122(45):11154-61. 

34. Politzer P, Murray JS. Quantitative Analyses of Molecular 
Surface Electrostatic Potentials in Relation to Hydrogen 
Bonding and Co-Crystallization. Cryst Growth Des. 
2015;15(8):3767-74. 

35. Esfandfard SM, Elahifard M, Behjatmanesh-Ardakanii R, 
Kargar H. DFT study on oxygen-vacancy stability in 
rutile/anatase TiO2: Effect of cationic substitutions. 
Physical Chemistry Research. 2018;6:547-63. 

36. Khosravi A, Vessally E, Oftadeh M, Behjatmanesh-
Ardakani R. Ammonia capture by MN4 (M = Fe and Ni) 
clusters embedded in graphene. Journal of Coordination 
Chemistry. 2018;71(21):3476-86. 

37. O'Boyle N, Tenderholt A, Langner K. cclib: A Library for 
Package-Independent Computational Chemistry 
Algorithms. J Comput Chem. 2008;29(5):839-45. 

38. Bader RFW. Atoms in Molecules: A Quantum Theory 
(International Series of Monographs on Chemistry (22)). 
Science & Math. 1994;22:458. 

39. Padmanabhan J, Parthasarathi R, Elango M, Subramanian 
V, Krishnamoorthy BS, Gutierrez-Oliva S, et al. 
Multiphilic Descriptor for Chemical Reactivity and 
Selectivity. J Phys Chem A. 2007;111(37):9130-8. 

40. Islam DN, Ghosh D. On the Electrophilic Character of 
Molecules Through Its Relation with Electronegativity and 
Chemical Hardness. Int J Mol Sci. 2012;13:2160-75. 

41. Weinhold F, Landis CR. NATURAL BOND ORBITALS 
AND EXTENSIONS OF LOCALIZED BONDING 
CONCEPTS. Chemistry Education Research and Practice. 
2001;2(2):91-104. 

42. Ziolkowski M, Grabowski SJ, Leszczynski J. 
Cooperativity in hydrogen-bonded interactions: ab initio 
and "atoms in molecules" analyses. J Phys Chem A. 
2006;110(20):6514-21. 


