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A B S T R A C T   

In this study, density functional theory (DFT) has been used to build armchair graphene nanoribbon (AGNR) gas 
sensor and study its capacity to detect carbon monoxide (CO), carbon dioxide (CO2), and sulfur dioxide (SO2) 
gases. The adsorption of these gases on AGNR was confirmed based on the adsorption energy (Eads), adsorption 
distance (D), charge transfer (ΔQ), density of states (DOS), and band structure. In order to improve the 
adsorption capacity, three different modified AGNR systems have been built. AGNR was first functionalized with 
epoxy (-O-) group (AGNR-O), then with hydroxyl (-OH) group (AGNR-OH), and finally with (-O-) along with 
(-OH) groups (AGNR-O-OH). Before modification, the adsorption energies have been found to be � 0.260, 
� 0.145, and � 0.196 eV due to the adsorption of CO, CO2, and SO2, respectively. After modification, the 
adsorption energy increased remarkably to � 0.538 and � 0.767 eV for the cases of AGNR-O-OH-CO2 and AGNR- 
O-OH-SO2, respectively. Indicating that functionalizing the surface of AGNR can improve significantly its per-
formance for the field of gas sensing.   

1. Introduction 

Over the past few years, the development of low cost, reliable and 
effective toxic gas sensors becomes of great interest on many levels 
extending from medical to industrial applications. Among the toxic 
gases, carbon monoxide (CO), carbon dioxide (CO2), and sulfur dioxide 
(SO2) are seriously harmful to humans. For instance, the colorless, 
odorless, tasteless, and toxic CO gas is generated mainly during 
incomplete combustion of fuels such as natural gas and oil [1]. On the 
other hand, the emission of CO2 gas, which causes real threats to humans 
and becomes one of the major concerns globally due to its participation 
in global warming, must be controlled and monitored [2]. CO2 is mostly 
generated as a result of industrial and agriculture applications as well as 
the combustion of fossil fuels [3]. Moreover, the colorless, corrosive, and 
strong excitant odor SO2 is one of the main air pollutants that is pro-
duced mostly as a result of industrial operations as well as coal and oil 
burning [4]. SO2 produces sulfuric acid when dissolved in water, which 
affects seriously human skin as well as the mucous membrane of eyes 
and nose [4]. Consequently, the development of low cost and highly 
sensitive sensors for CO, CO2, and SO2 is of great interest. 

Recently, carbon based nanomaterials (C-NMs) have gained 

considerable interest in the field of nanosensors, thanks to their excel-
lent electrical and physical properties [5,6]. Among the various cate-
gories of C-NMs, graphene nanoribbons (GNRs) have been studied 
widely in the field of nanosensors and found to be capable to overcome 
carbon nanotubes and silicon nanowires [7–9]. The remarkable char-
acteristics of GNR for nanosensor applications are attributed to its 
enormous surface area as well as high electron and hole mobilities 
[10–12]. GNR can be produced by cutting or etching graphene in certain 
orientations [13–15]. Moreover, it can be categorized into either 
armchair GNR (AGNR) or zigzag GNR (ZGNR) depending on the edge 
termination pattern and arrangement of carbon atoms [16–18]. 

It has been reported experimentally that GNR based gas sensors work 
based on measuring the change of electrical conductivity once exposed 
to gas molecules as a result of the variation of the concentration of 
charge carriers [19–21]. Moreover, the sensing properties of graphene 
based NMs can be improved by physical or chemical functionalization of 
graphene [22]. Particularly, it has been found that functionalizing the 
surface of graphene based NMs with both epoxy and hydroxyl groups 
facilitates the interaction with gas molecules [22,23]. 

In this paper, the AGNR have been selected due to its tunable band 
gap [24–26] which make it a potential candidate as a gas sensor. 
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Moreover, our main concern is to improve the sensing capacity of AGNR 
by functionalizing its surface. AGNR was first produced based on 
Quantumwise Atomistix Toolkit Virtual Nanolab (ATK-VNL) package 
and used as a gas sensor to detect CO, CO2, and SO2 gases. The AGNR 
reflected excellent adsorption capacity toward the three gases. The 
surface of AGNR has been functionalized with (-O-) and (-OH) groups 
generating another three different systems: AGNR-O, AGNR-OH, and 
AGNR-O-OH. Interestingly, the adsorption parameters were found to be 
significantly enhanced by functionalizing the surface of AGNR. 

2. Computational methods 

Density functional theory (DFT) calculation based on ATK-VNL 
package was used in this study to investigate the adsorption of CO, 
CO2, and SO2 gases on AGNR. A single layer of AGNR containing 28 
carbon atoms was used as a basic substrate to study the adsorption of the 
gases in addition to three different modified systems: AGNR-O, AGNR- 
OH, and AGNR-O-OH. DFT was used to optimize all the systems and to 
relax all atoms until the force convergence of 0.01 eV/Å is achieved. The 
generalized gradient approximation of the Perdew-Burke-Ernzerhof 

(GGA-PBE) exchange correlation was adopted as the processing 
method [27,28]. A density mesh cutoff of 125 Hartree and a Mon-
khorst–Pack k point sampling of 4 � 2 � 1 have been used during all 
calculations. The k-points along the direction of the AGNR have been 
selected based on some of the reported publications [29,30]. The 
high-symmetry line ΓZ has been considered during the band structure 
analysis. The adsorption of CO, CO2, SO2 gases on AGNR and its three 
functionalized systems have been investigated using the adsorption 
energy (Eads), charge transfer (ΔQ), adsorption distance (D), band 
structure, and density of states (DOS). The adsorption energy of AGNR 
and its three modified systems to CO, CO2, and SO2 gases was calculated 
with the aid of the following formula [31–33]: 

Eads¼EAGNRþfunctional groupþgas � ðEAGNRþfunctional groupþEgasÞ

where EAGNRþfunctional groupþgas is the total energy of the AGNR, AGNR-O, 
AGNR-OH, and AGNR-O-OH systems after the adsorption of any of the 
CO, CO2, and SO2 gases. EAGNRþfunctional group is the total energy of each 
AGNR and functional group(s) system, and Egas is the total energy of 
each optimized CO, CO2, and SO2 gases. The more negative value of Eads 
means stronger adsorption of CO, CO2, and SO2 gases and a configura-
tion with more stability [34,35]. With the aid of Mulliken population, 
the charge transfer of CO, CO2, and SO2 gases was calculated using the 
following formula [36,37]: 

ΔQ¼Qa � Qb  

whereΔQ,Qa and Qb represent the charge transfer of the gas, the Mul-
liken charges of the gas after and before the adsorption, respectively. A 
negative value of ΔQ means electron loss of the gas. 

3. Results and discussion 

3.1. AGNR system 

DFT with the aid of ATK-VNL is used to build AGNR gas sensor with a 
single layer of carbon atoms and study the adsorption of CO, CO2, and 
SO2 on its surface. Fig. 1(a) – 1(d) show the optimized structure of AGNR 

Fig. 1. Top and side views of the optimized: a) AGNR, b) AGNR-CO, c) AGNR-CO2, d) AGNR-SO2, e) AGNR-O, f) AGNR-O-CO, g) AGNR-O-CO2, and h) AGNR-O- 
SO2 systems. 

Table 1 
Adsorption parameters of the four systems after adsorption of CO, CO2 and SO2 
gases.  

System Eads(eV)  D (Å) ΔQ (e) 

AGNR-CO � 0.260 3.14 � 0.019 
AGNR-O-CO � 0.303 2.74 � 0.024 
AGNR-OH-CO � 0.285 3.23 � 0.025 
AGNR-O-OH-CO � 0.165 2.75 � 0.021 
AGNR-CO2 � 0.145 3.25 � 0.009 
AGNR-O-CO2 � 0.137 2.82 � 0.009 
AGNR-OH-CO2 � 0.172 2.91 � 0.011 
AGNR-O-OH-CO2 � 0.538 1.79 � 0.023 
AGNR-SO2 � 0.196 3.14 � 0.008 
AGNR-O-SO2 � 0.229 3.02 � 0.066 
AGNR-OH-SO2 � 0.260 2.95 � 0.046 
AGNR-O-OH-SO2 � 0.767 1.78 � 0.015  
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before and after the adsorption of CO, CO2, and SO2. The C–C bond 
length of AGNR (Fig. 1(a)) is 1.43 Å, and 1.24 Å at the edges. To confirm 
the adsorption of the gases on the surface of AGNR, the adsorption en-
ergies, adsorption distance, and charge transfer are studied. The 
adsorption energies are � 0.260, � 0.145, and � 0.196 eV for AGNR-CO, 
AGNR-CO2, and AGNR-SO2, respectively, as shown in Table 1. While, 
the adsorption distances are 3.14, 3.25, and 3.14 Å for AGNR-CO, 
AGNR-CO2, and AGNR-SO2, respectively. Moreover, the highest 
charge transfer is observed for the case of AGNR-CO with � 0.019 e. 

Fig. 2 shows the band structure of AGNR before and after the 
adsorption of CO, CO2, and SO2. The results show that, the band gap of 
AGNR is 0.844 eV reflecting its semiconducting nature that has been 
reported [38,39]. Although, no significant changes are observed at the 
Fermi level, some changes in the bands before and after Fermi level are 
detected after the adsorption of CO, CO2, and SO2 gases. These changes 
are confirmed with the density of states results. 

The density of states of AGNR before and after the adsorption of CO, 
CO2, and SO2 gases are shown in Fig. 3(a) – 3(c). No considerable 
changes are detected at the Fermi level after the gas adsorption, 
although some changes are observed before and after Fermi level. For 
instance, Fig. 3(a) shows that, the density of states around � 9.3, � 6.3, 
3.3, 10.2, 16.0, and 19.6 eV increase significantly due to the adsorption 
of CO. Besides, two new peaks are observed around � 24.1 and 22.6 eV. 
In the case of CO2 in Fig. 3(b), in addition to the increase in the density of 
states around � 9.3, � 4.5, 6.9, 10.2, 16.0, and 19.6 eV, some new peaks 
are observed around � 23.7, 3.9, 21.2, and 22.4 eV. The peak around 
� 6.3 eV of AGNR is shifted to � 7.6 eV in addition to the significant 
increase in its intensity confirming the adsorption of CO2. Fig. 3(c) 
shows that the density of states around � 6.3, � 2.1, 1.1, 10.2, 13.3, 16.0, 
and 19.6 eV are increased significantly confirming the adsorption of SO2 

gas. Moreover, three new peaks around � 23.1, � 20.6, and 22.9 are 
observed after the adsorption of SO2 gas. All the changes as well as the 
new peaks that are observed after gas adsorption is a confirmation of the 
successful adsorption of CO, CO2, and SO2 gases on the surface of AGNR 
[16,29]. 

3.2. AGNR-O system 

The surface of AGNR is functionalized with -O- group in order to 
improve the adsorption parameters. Fig. 1(e) � 1(h) show the optimized 
structures of AGNR-O before and after the adsorption of CO, CO2, and 
SO2 gases, respectively. The C–C bond length slightly increases to 1.5 Å 
around the -O- group, while the C–O bond length is 1.47 Å. Table 1 
shows the adsorption parameters of AGNR-O after adsorption of CO, 
CO2, and SO2 gases. The results show that the adsorption parameters of 
AGNR toward CO and SO2 are improved after the functionalization with 
-O- group, while no significant changes are observed after the adsorption 
of CO2. In the case of CO, adsorption energy, adsorption distance, and 
charge transfer are � 0.303 eV, 2.74 Å, and � 0.024 e, respectively, 
reflecting a considerable enhancement in the adsorption capacity. 
Moreover, the adsorption energy increases to � 0.229 eV, the adsorption 
distance decreases to 3.02 Å, and the charge transfer significantly in-
creases to � 0.066 e after the adsorption of SO2. 

Fig. 4 shows the band structure of the AGNR-O before and after the 
adsorption of CO, CO2, and SO2 gases. The band gap of AGNR increases 
to 0.945 eV after surface functionalization with -O- group which has 
been reported to increase the band gap of graphene based NMs [40,41]. 
After adsorption of CO, CO2, and SO2 on the AGNR-O surface, no dra-
matic changes in the band gap are detected. Nevertheless, some changes 
are observed before and after the Fermi level, which are confirmed by 

Fig. 2. Band structures of: a) AGNR, b) AGNR-CO, c) AGNR-CO2, and d) AGNR-SO2 systems.  
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the density of states result below. 
Fig. 5(a) – 5(c) show the density of states of AGNR-O before and after 

the adsorption of CO, CO2, and SO2. By comparing the density of states 
of AGNR and AGNR-O, two new peaks are detected around � 22.5 and 
22.5 eV due to the presence of -O- group. Fig. 5(a) shows that the density 
of states around � 6.3, 3.9, 11.0, 13.3 and 20.7 eV increase after the 
adsorption of CO. Moreover, the peak around � 22.5 eV is shifted to 
� 23.4 eV. On the other hand, a significant increase in the density of 
states around � 4.6, 3.9, 6.5, and 22.5 eV is observed in the case of 
AGNR-O-CO2 as in Fig. 5(b). The peaks around � 22.5 and � 6.3 eV are 
shifted to about � 23.2 and � 7.3 eV respectively with more intensity. 
Moreover, the peak around 17.8 eV disappears and two new peaks are 
observed around 16.5 and 19.6 eV confirming the successful detection of 
CO2. In the case of AGNR-O-SO2 (Fig. 5(c)), the density of states around 
� 22.5, � 6.3, � 2.1, 1.1, 6.5, 13.3, 18.7, and 22.5 eV increase signifi-
cantly. Moreover, two new peaks around � 20.4, and 17.0 eV are 
observed after the adsorption of SO2 gas indicating the successful 
adsorption of SO2 gas on the surface of AGNR-O. 

3.3. AGNR-OH system 

The surface of AGNR is functionalized with –OH group and then used 

to detect CO, CO2, and SO2 gases. Fig. 6(a) – 5(d) show the optimized 
structures of AGNR-OH before and after the adsorption of CO, CO2, and 
SO2 gases, respectively. The C–O and O–H bonds’ lengths of the opti-
mized AGNR-OH are 1.47 Å and 0.98 C, respectively. The C–C bond 
length around –OH group increases a little to 1.5 Å after the modifica-
tion. The adsorption energies, adsorption distance, and charge transfer 
of AGNR-OH after the gas adsorption are shown in Table 1. In the case of 
CO, the adsorption energy and charge transfer increase to � 0.285 eV 
and � 0.025 e, respectively. On the other hand, the adsorption distance 
between AGNR-OH and CO2 decreases to 2.91 Å, while the adsorption 
energy and charge transfer increase to � 0.172 eV and � 0.011 e, 
respectively. Moreover, a significant change of the adsorption parame-
ters are observed after adsorption of SO2 as compared with the bare 
AGNR as indicated in Table 1. The improvement of adsorption param-
eters of AGNR-OH toward CO, CO2, and SO2 gases is mainly attributed to 
the presence of –OH group. 

As shown in Fig. 7, the band gap of AGNR-OH is zero due to the 
presence of the –OH group. After gas adsorption on the surface of AGNR- 
OH, the band gap remains zero but some differences are observed below 
and above Fermi level as compared with the case before adsorption. 
These changes are attributed to the gas adsorption, which is confirmed 
by the density of states results. 

Fig. 3. Density of states of: a) AGNR and AGNR-CO, b) AGNR and AGNR-CO2, and c) AGNR and AGNR-SO2 systems.  
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Fig. 8(a) – 7(c) show the density of states of AGNR-OH before and 
after the adsorption of CO, CO2, and SO2, respectively. Comparing the 
density of states of AGNR and AGNR-OH, two new peaks are observed 
around � 22.0 and 22.0 eV due to the presence of –OH group. Fig. 8(a) 
shows the density of states of AGNR-OH before and after the adsorption 
of CO. As clearly demonstrated, the intensity of the peaks around � 9.3, 
� 6.3, 13.3, 16.4, 19.4 and 22.0 eV increase after the adsorption of CO. 
On the other hand, two new peaks around � 23.9 and 2.9 eV are 
observed after CO adsorption on the surface of AGNR-OH. In the case of 
CO2 in Fig. 8(b), a considerable increase is observed in the density of 
states around � 4.1, 4.3, 6.6, 13.3, 19.4, and 22.0 eV after gas adsorp-
tion. Besides, a new peak is detected around � 23.9 eV, and the peak 
around � 6.3 eV is shifted to � 7.6 eV with a higher intensity. Moreover, 
the peak around 16.4 eV splits into two new peaks around 16.0 and 17.3 
eV. A significant increase in the density of states around � 9.3, � 6.3, 
� 2.4, 1.1, 6.3, 10.6, 13.3, 16.4, 18.2, 19.4 and 22.0 eV are also observed 
in the case of SO2 in Fig. 8(c). In addition, a new small peak is detected 
around � 22.3 eV confirming the adsorption of SO2. 

3.4. AGNR-O-OH system 

To obtain a better performance of AGNR for the detection of CO, 
CO2, and SO2 gases, the surface of AGNR is functionalized with both -O- 
and –OH groups. The optimized structures of AGNR-O-OH before and 
after the gas adsorption are given in Fig. 6(e) – 6(h). In order to confirm 
the successful adsorption of the gas on the surface of AGNR-O-OH, the 
adsorption energies, adsorption distance, and charge transfer are 
measured and presented in Table 1. The results show that the adsorption 
energy of AGNR-O-OH towards CO2 and SO2 increases significantly to 
� 0.538 and � 0.767 eV, respectively. On the other hand, the adsorption 
distances between AGNR-O-OH and CO, CO2, and SO2 gases decrease to 
2.75, 1.79, and 1.78 Å, respectively. The significant improvement of the 
adsorption energy, adsorption distance, and charge transfer of AGNR-O- 

Fig. 5. Density of states of: a) AGNR-O and AGNR-O-CO, b) AGNR-O and 
AGNR-O-CO2, and c) AGNR-O and AGNR-O-SO2 systems. 

Fig. 4. Band structure of: a) AGNR-O, b) AGNR-O-CO, c) AGNR-O-CO2, and d) AGNR-O-SO2 systems.  
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Fig. 6. Top and side views of the optimized: a) AGNR-OH, b) AGNR-OH-CO, c) AGNR-OH-CO2, d) AGNR-OH-SO2, e) AGNR-O-OH, f) AGNR-O-OH-CO, g) AGNR-O- 
OH-CO2, and h) AGNR-O-OH-SO2 systems. 

Fig. 7. Band structures of: a) AGNR-OH, b) AGNR-OH-CO, c) AGNR-OH-CO2, and d) AGNR-OH-SO2 systems.  
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OH as compared with pure AGNR indicates that functionalizing the 
AGNR surface with both -O- and –OH groups plays an enhancing role for 
the adsorption process of CO2, and SO2 gases. 

Fig. 9 shows the band structures of AGNR-O-OH before and after the 
adsorption of CO, CO2, and SO2 gases. The band gap of AGNR-O-OH in 
Fig. 9(a) is zero. A new band appears at the Fermi level in the case of 
AGNR-O-OH as compared with AGNR in Fig. 2(a) and AGNR-O in Fig. 4 
(a) indicating that –OH is the reason of improving the conductivity of 
AGNR-O-OH. Moreover, the changes appear above and below the Fermi 
level are the result of adsorption of the gases on the surface of AGNR-O- 
OH, which is also observed in the density of states results. 

The density of states of AGNR-O-OH before and after the adsorption 
of CO, CO2, and SO2, respectively, are shown in Fig. 10(a) – 10(c). By 
comparing the density of states of AGNR-O-OH with AGNR, three new 
peaks are observed around � 23.3, � 21.5 and 22.4 eV in the case of 
AGNR-O-OH due to the presence of -O- and –OH groups. Fig. 10(a) 
shows that the density of states around � 23.3, � 6.3, � 2.9, 3.8, 11.2, 
16.4 and 20.5 eV increase significantly due to the adsorption of CO gas. 
Furthermore, a new peak is observed around 18.7 eV. For the case of CO2 
in Fig. 10(b), in addition to the remarkable increase in the density of 
states around � 23.3, � 9.3, � 4.0, 3.8, 11.2, 13.3, 16.4, 20.5, and 22.4 
eV, a new peak is observed around � 7.8 eV after the adsorption of CO2. 
Fig. 10(c) shows the density of states of AGNR-O-OH before and after the 

adsorption of SO2. It is clearly indicating that the density of states 
around � 23.3, � 21.5, � 6.3, � 4.0, � 2.1, 5.7, 11.2, 16.4, 20.5, and 22.4 
eV increase significantly after the adsorption of SO2. 

The remarkable improvement of the adsorption energy, adsorption 
distance, and charge transfer between AGNR-O, AGNR-OH, and AGNR- 
O-OH systems and CO, CO2, SO2 gases reflect the important role of 
passivating AGNR with -O- and –OH groups in the sensing process of the 
gases. Moreover, the significant increase of the density of states of 
AGNR, AGNR-O, AGNR-OH, and AGNR-O-OH systems after the 
adsorption of CO, CO2, SO2 gases as well as the new peaks that observed 
confirm the successful detection of the gas molecules [16,29]. 

4. Conclusion 

First principle studies of the adsorption of CO, CO2, and SO2 gases on 
the surface of armchair graphene nanoribbon (AGNR) have been re-
ported in this article. It was found that AGNR was capable to detect the 
three gases with the highest adsorption energy for the case of CO with 
� 0.260 eV. In addition to the adsorption energies as well as adsorption 
of the gas on AGNR surface were confirmed by studying the adsorption 
distance, charge transfer, density of states, and band structure. The 
density of states results reflected a significant increase in the density of 
states below and above Fermi level after gas adsorption that confirmed 

Fig. 8. Density of states of: a) AGNR-OH and AGNR-OH-CO, b) AGNR-OH and AGNR-OH-CO2, and c) AGNR-OH and AGNR-OH-SO2 systems.  
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Fig. 9. Band structures of: a) AGNR-O-OH, b) AGNR-O-OH-CO, c) AGNR-O-OH-CO2, and d) AGNR-O-OH-SO2 systems.  
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the adsorption of the gas on the surface of AGNR. AGNR surface was 
modified with -O-, –OH, and both -O- and –OH groups to form three 
different functionalized systems of AGNR. The best system for detection 
of CO gas is AGNR-O, while the best system for detection of CO2 and SO2 
gases is AGNR-O-OH, based on the highest adsorption energy and lowest 
adsorption distance. The results obtained after the modifications re-
flected significant improvement in the adsorption energy, adsorption 
distance as well as charge transfer of the three systems to detect CO, 
CO2, and SO2 gases. 
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