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Abstract 

The interactions existing between 2 distinctive small molecules of the gas (CO, NO2 and NH3) and graphene (double 
and single vacancy graphene) were examined with utilizing the Density Functional Theory (DFT) computations for 
the purpose of exploring their possible gas sensor applications. Also, electronic and structural characteristics of the 
adsorption adducts of the graphene molecules were on a basis of molecular adsorption configurations and graphene 
structures, while the resulted electronic structure regarding each of the adsorbed systems was markedly different. In 
addition, the results are showing that adsorption of (NO2, NH3 and CO) on single vacancy graphene (SVG) and (CO 
and NH3) on double vacancy graphene (DVG) are weak physisorption with an adsorption energy (Ead) ranging from 
(-0.207 to -0.922) eV. The article demonstrates the feasibility of SVG might be excellent sensor for (NO2, NH3 and CO) 
and DVG might be excellent sensor for (NH3 and CO). At the same time, the adsorption related to (NO2) on the DVG 
was strong chemisorption. Furthermore, this gas’s strong interactions on DVG is showing that the DVG might be 
activate or catalyse, proposing the probability of DVG as one of the metal free catalysts, such work indicates that 
sensitivity regarding graphene-based chemical sensors of gas might be considerably enhanced via the introduction 
of the suitable defects. 
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Introduction 

Air pollution can be defined as one of the serious 
problems related to the health of humans, also 
detecting the toxic gases is of high importance in 
ecological balance, monitoring the environment 
and industrial productions.1-3 The more and more 
increase in the emissions of toxic as well as 
greenhouse gases such as NO2, NH3 and CO 
because of many domestic and industrial activities 
resulted in major threats to environment and 
human health,4 thus, many studies were focusing 
on developing adequate solid state gas sensors. 
Good solid-state gas sensor must be having 

excellent sensitivity, low cost of production as well 
as miniature sizes.5-7 Typically, excellent gas 
sensors must have high sensitivity and selectivity, 
due to the fact that high selectivity has the ability of 
providing rapid responses to specific target gas, 
while the high sensitivity has the ability of 
improving the limit of detection.8,9 In addition, the 
graphene was specified as a promising material for 
a lot of practical applications10-16. 
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With regard to applications of gas sensing, the 
pristine graphene showed low adsorption energy 
values to detect many gas molecules due to its 
inactive surface.17-20 On the contrary, the existence 
of defects in the graphene lead to chemisorption 
regarding gas molecules21-23. For example, a study 
conducted by Sanyal etal. Have theoretically 
examined the dissociations related to N2 molecule 
at divacancy in the graphene24. Comparable 
adsorptions related to the molecule’s dissociations 
at monovacancy in the graphene have been 
indicated for H2,25 O2,26 and H2S.27,28 Past studies are 
suggesting that the gases adsorption might be 
improved via changing the graphene structures 
through creating vacancies.21,29 In certain 
experimental study, a study conducted by Zhang 
etal showed improved sensing efficiency following 
providing single carbon vacancy defects in 
graphene.21 For the total exploitation of the 
potential of graphene sensors, there is high 
importance in understanding the interactions 
between adsorbed molecules and graphene surface. 
Theoretical researches were carried out for 
examining the adsorptions related to small 
molecules on the graphene. The majority of past 
works were focusing on perfect graphene, also 
anticipated fairly low adsorption energies 
compared to essential requirements of the gas 
sensing applications.30-32 In the presented study, 
there are 2 distinctive graphene-based sensing 
materials are established. Furthermore, 
adsorptions of the molecules of (NO2, NH3 and CO) 
on DVG and SVG were examined. Also, the 
electronic properties and adsorption energy have 
been evaluated for examining the interactions 
between the two graphene sheets and gas 
molecules. 
 

Computational Approaches 

The calculations have been conducted in this work 
utilizing DFT in Generalized Gradient 
Approximation (GGA).33,34 Also, the geometric 
structures have been totally optimized utilizing 
Gaussian 09 program package. We chose the 
Perdew, Burke, and Ernzerhof (PBE) exchange 
correlation functional33 for a purpose of describing 
the correlation energy and exchange in total energy 
calculations and structural optimizations. For 
examining the adsorption mechanisms regarding 
gas molecules on DVG and SVG, the system has 

been modeled as (3×3) supercell of graphene, SVG 
(41 C atoms) through eliminating single carbon 
atom at graphene surface center, also DVG (40 C 
atoms) through eliminating 2 neighboring atoms of 
carbon at graphene’s center. As the surface of the 
graphene was extremely inactive, the formation 
regarding DV and SV in graphene lead to dangling 
bonds at vacancy.35 Actually, the molecule’s binding 
energy on the surface is revealing the adsorption 
type (chemisorption or physisorption) occurs 
between surface and molecule. Also, the 
physisorption was considered as one of the 
reversible processes, while the chemisorption 
could be irreversible particularly in the case when 
being related to the molecule’s dissociation.36,37 For 
evaluating the interactions between adsorption 
sheet surface and gas molecules, Ead for adsorbed 
systems was calculated, that is defined as Eq:38 

Ead = Egraphene + gas molecule - (Egraphene + Egas molecule) (1) 
In which the Egraphene + GasMolecule has been defined as 
the total energy related to relaxed molecule on 
graphene, also the Egraphene has been the energy 
regarding isolated graphene, and Egasmolecule 

represents energy which is related to isolated gas 
molecule. In addition, the diversity of relative 
energy of lowest unoccupied molecular orbital 
(LUMO) and highest occupied molecular orbital 
(HOMO) of free DVG & SVG and adsorbed molecule 
on DVG and SVG provides the interaction 
mechanism. HOMO might be specified as electron 
donor due to having excess amount of the 
electrons, while LUMO lacks electrons and thus it 
has the power of accepting electrons. 
 

Results and Discussions 

1) Electronic Structure of SVG and DVG 

 The native defects in 2-D layered materials is of 
high importance to tune their electronic and 
structural characteristics to large extent.8,39-41 In the 
presented section, DFT simulations have been 
performed for characterizing the electronic 
characteristics of DVG and SVG, and the improved 
models were indicated in Figure. 1 (a) and (b), 
while the carbon atoms in graphene sheet were 
eliminated, are efficient ways for modifying the 
electronic and structural characteristics of 
graphene. SVG and DVG retain the planar form after 
full relaxation and their corresponding model have 
been illustrated in Fig. 1 a&b. 



NeuroQuantology | September 2020 | Volume 18 | Issue 9 | Page 87-95 | doi: 10.14704/nq.2020.18.9.NQ20221 
Salah Abdul Mahdi Khudair et al / Gas Sensor Investigations through Adsorption of Toxic Gas Molecules on Single and Double Vacancy Graphene 

eISSN 1303-5150 
 

www.neuroquantology.com 

 

89 

 

Fig. 1. Model of SVG (a) and DVG (b) 

Table I clarifies the impacts of defects with SVG and 
DVG on graphene’s electronic properties. SVG has 
large values of Eg, EHOMO, ELUMO and EF compared 
with DVG. As is clear from the table, EF that is 
estimated from EHOMO and ELUMO (EF = (EHOMO + 
ELUMO)/2) equal to -5.370eV and -5.344eV for SVG 
and DVG, respectively. 
Table I. Electronic characteristics of SVG and DVG 

DVG  SVG  Property (eV) 

0.006 0.043 Eg 

-5.348 -5.391 EHOMO 

-5.341 -5.348 ELUMO 

-5.344 -5.370 EF 

 There have been many main peaks in valence as 
well as conduction band, Fig. 2 (a) and (b) are 
showing the density of states (DOS), the maximum 
amount of the degenerate states in valence and 
conduction bands was 3 for DVG and 4 for SVG. 
Also, it was indicated that there were states 
provided for the occupation at elevated levels of the 
DOS for certain level of energy, while there aren’t 
any states which might be occupied at zero- DOS 
for the level of the energy. In addition, defects with 
the SVG result in insignificant increase in DOS in 
valence and conduction bands compared to those of 
DVG, as seen in Fig. 2. 
 

 

 

Fig. 2. Density of states for: (a) SVG and (b) DVG. Alpha DOS spectrum in red line, and beta DOS spectrum in blue line 

 

2) Gas Molecules Adsorption on SVG and DVG 

For the purpose of finding the major important 
configurations of the adsorption, the examined 
molecule has been originally placed at various 
positions over graphene sheet with a variety of the 
orientation values. Following full relaxation, the 

enhanced configurations which have been acquired 
from various initial states have been put to 
comparison for identifying the major energetically 
stable one. In addition, the major stable 
configurations related to NO2, NH3 and CO 
molecules on DVG and SVG were showed in Figure. 
3. Thorough information from the simulation 
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related to various molecules on the graphene 
systems, involving the adsorption energy values, 
were provided in table II. Following the adsorption 
of such gases, its impact will be examined on 
structural and electronic characteristics of the DVG 
and SVG. Also, the optimized adsorption structures 
which are related to CO adsorbed on DVG and SVG 
are showed in Figures. 3(a) and (b). At the same 
time, the bond lengths will be examined for CO 

which is adsorbed on the SVG of C1-O and C2-O were 
3.48Å and 2.68Å, respectively, therefore the values 
were consistent with the other results for bond 
length of C1-O,42 whereas the bond lengths with 
regard to CO adsorbed on the DVG of C1-O as well as 
C2-O were 2.54Å and 2.54Å, respectively. 
Meanwhile the angles of C1-O- C2 of CO adsorbed on 
SVG and DVG are 45o and 59o, respectively. 
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Fig. 3. Top and side view of the optimized structures and key bond length of gas molecules (a) CO, (c) NH3 and (e) NO2 adsorbed on SVG, (b) CO, 
(d) NH3 and (f) NO2 adsorbed on DVG. 

It can be noticed from Table II, the Eg for adsorption 
of CO on SVG and DVG is larger than those of SVG 
and DVG, this point out that the Eg increases with 
the adsorption of CO on SVG and DVG. The 
computed EF for adsorption of CO on SVG and DVG 
is larger than the calculated value for SVG and DVG. 
It has been found that the EHOMO for adsorption of 
CO on SVG and DVG is larger than those of SVG and 
DVG, and ELUMO for adsorbed SVG is larger than 
those of SVG, while ELUMO for adsorbed DVG was 
smaller compared to those of DVG. The results are 
showing that high value related to EHOMO was -
5.478eV, such values is indicating the molecule’s 
tendency to donate electrons. Ead for adsorption of 
CO on SVG and DVG are 0.548eV and 0.422eV 
corresponding to weak physisorption.43 The 
binding strength of CO with SVG and DVG are 
intermediate with the values of Ead. Thus, SVG and 

DVG might be effectively utilized for detecting CO 
as the adsorption desorption equilibrium regarding 
CO on DVG and SVG were built easily. 
Table II. Electronic and Structural properties of different gases 
adsorbed on SVG and DVG 

EF 
(eV) 

ELUMO 
(eV) 

EHOMO 
(eV) 

Eg 
(eV) 

Ead 
(eV) 

Gas Device 

-
5.395 

-
5.353 

-
5.436 

0.083 0.548  CO  SVG 

-
5.045 

-
5.034 

-
5.056 

0.022 -
0.398 

NH3 

-
5.286 

-
5.141 

-
5.431 

0.290 -
0.207 

NO2 

-
5.392 

-
5.306 

-
5.478 

0.171 0.422 CO  DVG 

-
5.445 

-
5.394 

-
5.496 

0.101 -
0.922 

NH3 

-
5.573 

-
5.555 

-
5.591 

0.036 -
1.124 

NO2 
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The NH3 molecule is adsorbed to SVG and DVG, as 
seen in Figures 3(c) & (d), from this figure, we 
notice that the adsorption of NH3 on SVG leads to a 
distortion in planar structure of the graphene 
sheet, in return, DVG retain the planar form after 
the adsorption of NH3. The bond lengths for NH3 
adsorbed on SVG of C1-N and C2-N are 2.83Å and 
2.84Å, respectively, such values were in accordance 
with other results for the bond lengths of C1-N and 
C2-N,21 while that bond lengths for NH3 adsorbed on 
DVG of C1-N and C2-N are 2.01Å and 2.00Å, 
respectively, meanwhile the angles of C1-N-C2 of 
NH3 adsorbed on SVG and DVG are 33o and 75o, 
respectively. The overall results of adsorbed NH3 
on SVG and DVG are summarized in Table II. The 
adsorption energies indicate that binding strength 
regarding NH3 with DVG and SVG is intermediate 
with Ead (-0.922 and -0.398eV). Thus, SVG and DVG 
can be used to detect NH3. It is obvious from Tables 
I and II the adsorbed DVG leads to increase the Eg in 
comparison with DVG, while that adsorbed SVG 
leads to decrease the Eg in comparison with SVG. 
The table shows the calculated EHOMO and ELUMO of 
adsorption of NH3 on SVG are smaller than those of 
SVG, in return, EHOMO and ELUMO of adsorption of NH3 
on DVG are larger than those of DVG. The computed 
EF for adsorption of NH3 on SVG is smaller than the 
calculated value for SVG, while that EF for 
adsorption of NH3 on DVG is larger than the 
calculated value for DVG. 
The NO2 molecules are adsorbed to SVG and DVG, 
as can be seen in the Figure. 3(e) and (f). The 
optimised bond lengths for NO2 adsorbed on SVG of 
C1-N and C2-N are 2.57Å and 2.55Å, respectively, 
while that bond lengths for NO2 adsorbed on DVG 
of C1-N and C2-N are 3.45Å and 3.63Å, respectively, 
at the same time that angles of C1-N- C2 of NO2 
adsorbed on SVG and DVG are 62o and 30o, 

respectively. Table II lists the results of adsorption 
of NO2 on SVG and DVG, it can be noticed that the Eg 
increases with the adsorption of NO2 on SVG and 
DVG in comparison with of SVG and DVG. We found 
the adsorption related to NO2 on the SVG was weak 
physisorption, with Ead being equal to -0.207eV, 
also the binding strength related to NO2 with the 
SVG was intermediate with value of Ead. Therefore, 
the SVG might be effectively utilized for detecting 
NO2 as adsorption desorption equilibrium 
regarding NO2 on SVG was built easily. Conversely, 
DVG was strong chemisorption with Ead more than 
1eV, therefore, the DVG is not suitable as a sensor 
of NO2, rather than DVG might be activating such 
adsorbate, indicating the probability of DVG as 
catalyst. The calculated EHOMO of adsorption of NO2 
on SVG is larger than SVG, while ELUMO of adsorption 
of NO2 on SVG is smaller than SVG, conversely, 
EHOMO and ELUMO of adsorption of NO2 on DVG are 
larger than DVG. EF for adsorption of NO2 on SVG is 
smaller than the calculated value for SVG, while EF 
for adsorption of NO2 on DVG is larger than DVG. 
For the purpose of identifying the impact of defects 
on the Ead, DOS of DVG and SVG with adsorbed CO 
were estimated in Fig4(a) & (b), the Figure is 
showing that DOS of DVG and SVG with adsorption 
related to gas molecules CO were distinctive from 
DVG and SVG, the reference to SVG, the maximum 
peaks become less, for instance, the valence and 
conduction bands were considered less with 
maximum number of DOS, on the other hand, DOS 
to the adsorbed DVG, the highest of peaks will be 
higher, for instance, the valence and conduction 
bands were higher with highest number of DOS. At 
the same time, the showing DOS to the adsorption 
NH3 on SVG and DVG result in increasing the DOS in 
the bands of valence and conduction compared to 
DOS of DVG and SVG, as shown in Fig4(c) & (d). 
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Fig. 4. DOS for adsorbate (a) CO, (c) NH3 and (e) NO2 on SVG, (b) CO, (d) NH3, and (f) NO2 on DVG. 

Finally, DOS for adsorption of NO2 on SVG result in 
decreasing the DOS in the bands of valence and 
conduction compared to DOS of SVG, none-the-less, 
DOS for adsorption of NO2 on DVG result in 
increasing the DOS in valence and conduction 
compared to DOS of DVG, as seen in Fig4(e) and (f).  
 

Conclusions 

In brief, adsorption which is related to NO2, NH3, 
and CO DVG and SVG was examined. We 
implemented first principles computations for 
clarifying the effects of defects on graphene as one 
of the gas sensor materials. It has been indicated 
that the existence of vacancy defects has the ability 
of enhancing Ead of NO2, NH3 and CO molecules in a 
region that is near the defect due to the 
introduction of extra potential trap. In addition, it 
might be indicated that adsorption of NO2, NH3 & 
CO gas molecules on SVG are undergoing weak 
physisorption interactions with moderate Ead. 
Consequently, SVG could be good sensor for NO2, 

NH3 and CO. Also, the adsorption related to gas 
molecule NO2 on DVG is undergoing strong 
chemisorption interactions, so it presumably 
unsuitable for usage as gas sensor for NO2, the DVG 
might be activate or catalyse, which suggest the 
potential of DVG as catalyst, while the adsorption 
related to NH3 and CO on DVG were weak 
physisorption interactions with moderate Ead, 
therefore it can be used as a good sensor for these 
gases. Thus, there are 3 molecules showing 
physisorption on DVG and SVG with low-adsorption 
energies, which is suggesting that the unmodified 
graphene wasn’t perfect material for gas sensing. 
The presented is showing that sensitivity and 
selectivity of graphene based gas sensor types 
might be considerably improved via providing 
defects into graphene, that might be utilized for 
designing chemical sensors, and graphene might be 
utilized for building sensors to detect particular 
molecules. 
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