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A B S T R A C T   

Graphenenanosheet (GNS), armchair graphenenanoribbon (AGNR), and zigzag graphenenanor-
ibbon (ZGNR) systems were investigated by first principle calculations using the density func-
tional theory (DFT). The DFT calculations explored the potential of utilization of these materials 
as gas sensors to detect hydrogen sulfide (H2S) gas. H2S gas adsorption was explored using: the 
adsorption energy (Eads), adsorption distance (D), charge transfer (ΔQ), density of states (DOS), 
and band structure of the generated systems before and after adsorption of H2S. The results 
showed that Eads of bare ZGNR was the highest of � 0.171 eV as compared with GNS and AGNR. 
The surfaces of GNS, AGNR, and ZGNR have been modified with epoxy and then with a hydroxyl 
groups. The adsorption capacity of the three systems has been enhanced after the modifications 
with both the epoxy and hydroxyl groups. Based on the adsorption energy and charge transfer 
results, hydroxyl modified ZGNR system can be used effectively for detection applications of H2S 
since it exhibits the highest charge transfer and large adsorption energy.   

1. Introduction 

Emission of toxic gases from industrial applications represents an environmental hazard and serious threat to all creatures on the 
earth. A considerably hazardous gas is hydrogen sulfide (H2S) that is mainly produced from petroleum extraction, natural gas, and 
decomposition of organic matter [1]. The safe threshold concentration for H2S gas is set to 20 parts per million (ppm) for 8 h work load 
as stated by the Occupational Safety and Health Administration (OSHA) [2]. The dangerous effects of H2S on human health extends 
from irritation of eyes at low concentrations to loss of consciousness and possible death in case of exposure to high concentrations 
[3–5]. Consequently, the concentration of H2S gas in air should be detected rapidly, accurately, and conveniently [6,7]. The gas 
detectors are normally characterized by their sensitivity, selectivity, and response time which are critical parameters to choose the 
suitable of sensing system [8]. 

A significant trend of research has been established recently on using materials that exhibit at least one of their dimensions in the 
range from 1 to 100 nm (nanomaterials) to build highly sensitive and low cost sensors [7,9]. Nanomaterials (NMs) are considered as 
optimum systems for the applications that include gas adsorption because of their high surface area to volume ratio and hollow 
structure [9]. From the various categories of NMs, carbon based nanomaterials (C-NMs), have gained a considerable interest in the last 
couple of decades thanks to their remarkable electronic, magnetic, and optical properties, as well as their chemical versatility and 
biocompatibility [10–13]. Different studies have been published recently on using C-NMs in the field of gas sensors. For instance, 
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pristine and functionalized zigzag carbon nanotubes (CNT) were used to detect the toxic H2S gas [9]. Particularly, they have studied 
the adsorption of H2S on pristine CNT and its Boron/Nitrogen functionalized forms and found that the sensitivity and recovery time of 
pristine CNT were better than its Boron and Nitrogen functionalized forms [9]. Another study has reported the detection of H2S gas 
based on amido-functionalized single-walled carbon nanotube (SWCNT) [14]. On the other hand, doped fullerenes have been also 
studied as a gas sensor to detect the toxic H2S gas [15]. In this study, the adsorptive capability was enhanced upon doping fullerenes 
with various dopants including N, S, B, P, and Si through providing additional negative adsorption energy. The researchers have finally 
found that the strongest interaction energy was detected for the case of B-doped fullerenes. In addition, many articles have been 
published recently on using C-NMs to detect the toxic H2S gas [16–18]. 

Among these C-NMs, graphene has been extensively studied recently for the field of gas sensors because of its outstanding me-
chanical properties as well as electrical and thermal conductivities. Graphene is described as a two dimensional material with a single 
atom thickness, and was firstly produced experimentally in 2004 [19–21]. Each carbon atom in graphene forms three σ bonds in 
graphene’s plane with sp2 hybridization and the other perpendicular pz orbital makes π covalent bond [22–24]. In spite of its 
remarkable properties, graphene has some limitations in the field of sensors due to its zero band gap nature [25]. This issue can be 
handled either by modifying the surface of graphene by functional groups such as epoxy and hydroxyl groups, or fabricating graphene 
structure that exhibits a band gap, i.e. graphene nanoribbons (GNR) [25,26]. Based on edge termination and arrangements of carbon 
atoms, GNR can be classified into zigzag graphenenaEnoribbons (ZGNR) and armchair graphenenanoribbons (AGNR) [27,28]. As a 
result of localization of the wave function at their edges, ZGNR behaves like a metal while AGNR behaves like a semiconductor due to 
quantum confinement and edge states [24,27]. 

In addition to fabrication and characterization of graphene based NMs using different experimental techniques, its remarkable 
properties as well as the promising applications have been also widely studied theoretically [29]. Moreover, the modification of 
graphene was found to be a reason for enhancing the electrical conductivity, electrolyte wettability, capacitance, and electrode 
accessibility [30,31]. For example, the detection of H2S was studied based on pure and doped graphene [32]. In this study, the authors 
compared between the adsorption parameters of pure graphene and boron, aluminum, and gallium doped graphene. The results 
demonstrated an improvement in the adsorption energy as well as the adsorption distance upon doping graphene with aluminum, and 
gallium. Pristine and Pt-decorated graphene sheets have been used in another study as gas sensor to detect the toxic H2S gas [33]. The 
results of this paper showed that decorating graphene with Pt improved significantly the adsorption parameters as compared with 
pristine graphene thanks to chemisorption of the toxic H2S gas molecule [33]. Moreover, different articles have been published in the 
recent years that investigate the surface modification of graphene and GNR with different functional groups, for example as epoxy and 
hydroxyl groups, and its utilization to detect different gases [6,34–40]. 

In this work, different from the previously mentioned articles, we compared between the sensing performance of three different 
graphene based materials (GNS, AGNR, and ZGNR) to detect the toxic H2S gas. The GNS, AGNR, and ZGNR systems were built using 
Atomistic ToolKit Virtual NanoLab (ATK-VNL) based on the generalized gradient approximations (GGA). Moreover, the sensing 
performance of the GNS, AGNR, and ZGNR systems was enhanced upon introducing epoxy and hydroxyl groups to their surfaces. 

2. Computational method 

Adsorption of H2S gas on the surface of GNS, AGNR, and ZGNR systems was studied by DFT calculations using ATK-VNL package 
(version 2018.06). The generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange correlation was 
selected as the processing method [41,42]. An unpolarized basis set, a density mesh cutoff of 125 Hartree, and force tolerance of 0.01 
eV/Å were chosen during the calculations for all systems. In all calculations of GNS, a Monkhorst–Pack k point sampling of 4 � 4 � 1 
was used, while k-point sampling of 4 � 2 � 1 was used for AGNR and ZGNR. The changes in the adsorption energy (Eads), charge 
transfer (ΔQ), adsorption distance (D) (i.e. the shortest direct distance between the gas molecule and the system), band structure, and 
density of states (DOS) have been investigated to confirm the adsorption of H2S gas on the surfaces of GNS, AGNR, and ZGNR systems. 
The adsorption energy of each system: GNS, AGNR, and ZGNR to H2S gas molecule was calculated by the following formula [36, 
43–45]: 

Eads ¼EGþfunctional groupþgas � ðEGþfunctional group þEgasÞ

where EGþfunctional  groupþgas is the total energy of either GNS, AGNR, or ZGNR system after the adsorption of H2S gas on its surface. 
EGþfunctional group is the total energy of either GNS, AGNR, or ZGNR systems (including the functional group, if any), and Egas is the total 
energy of the optimized H2S gas. The more negative value of Eads reflects a configuration with enhanced stability as well as stronger 
adsorption of H2S gas [46,47]. Moreover, the charge transfer of H2S gas has been calculated based on the Mulliken population using the 
following formula [48,49]: 

ΔQ¼Qa � Qb  

where Qa and Qb are the Mulliken charges of the gas after and before the adsorption, respectively. 
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3. Results and discussion 

3.1. Graphene nanosheets 

Bare GNS is used without modification to detect H2S gas as a first stage. To improve the adsorption capacity, the surface is then 
modified with oxygen to form GNS-O system and hydroxyl group to form GNS-OH system. The optimized structures of GNS, GNS-O, 
and GNS-OH before and after the adsorption of H2S gas are shown in Fig. 1. The C–C bond length is 1.43 Å, the C–O bond in case of 
GNS-O is 1.46 Å, and the C–O and O–H bonds in case of GNS-OH are 1.5 Å and 0.98 Å, respectively. The C–C bond length around the 
epoxy and hydroxyl groups increase to 1.5 Å after the modification. The adsorption energies, adsorption distance, band gap, and 
charge transfer of the three systems after H2S adsorption are given in Table 1. The adsorption capacity of GNS towards H2S is found to 
be enhanced by modifying the GNS with the epoxy and the hydroxyl groups. However, the best performance is for the case of GNS-OH 
with adsorption energy of � 0.245 eV and charge transfer of � 0.093 e. Fig. 2 shows the band structures of GNS, GNS-O, and GNS-OH 
systems before and after adsorption of H2S. The band structure results reveal that GNS (Fig. 2a) has a zero band gap due to the 
overlapping between the valence and conduction bands which is in good agreement with the literatures [50,51]. Although, no dra-
matic changes are detected in the band gap due to modification with epoxy and the hydroxyl groups, some modifications appear below 
and above the Fermi level confirming the adsorption of H2S gas. In the case of GNS-O (Fig. 2b), the band gap has increased to 0.292 eV 
due to the existence of oxygen. This band gap decrease in the case of GNS-O-H2S (Fig. 2e) to 0.283 eV which confirms the adsorption of 
H2S. A new band appears at the Fermi level in the cases of GNS-OH and GNS–OH–H2S (Fig. 2c and f), giving it a zero band gap due to 
the presence of the hydroxyl group. Fig. 3 shows the density of states of the three systems before and after gas adsorption. The density 

Fig. 1. Top view of the optimized a) GNS, b) GNS-O, c) GNS-OH, d) GNS-H2S, e) GNS-O-H2S, and f) GNS–OH–H2S.  

Table 1 
Adsorption energy ðEadsÞ, adsorption distance (D), band gap and charge transfer (ΔQ) of GNS, AGNR and ZGNR systems after the adsorption of H2S 
gas.  

System Eads(eV)  D (Å) Band gap (eV) ΔQ (e) 

GNS-H2S � 0.149 3.32 0.000 � 0.015 
GNS-O-H2S � 0.190 3.12 0.283 � 0.033 
GNS–OH–H2S � 0.249 3.05 0.000 � 0.093 
AGNR-H2S � 0.101 3.50 0.838 � 0.022 
AGNR-O-H2S � 0.204 2.66 0.942 � 0.027 
AGNR–OH–H2S � 0.261 2.77 0.000 � 0.061 
ZGNR-H2S � 0.171 3.29 0.000 � 0.014 
ZGNR-O-H2S � 0.194 3.12 0.000 � 0.019 
ZGNR–OH–H2S � 0.252 2.22 0.088 � 0.097  
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of states at the Fermi level is zero for the cases of GNS and GNS-O and about 3 (eV)� 1 for the case of GNS-OH, which confirms the band 
structure results. Although no significant changes can be observed at the Fermi level, there is a considerable increase in the density of 
the sates at around � 13.0, � 6.0, � 1.4, 5.5, 8.0, and 13.0 eV for the case of GNS (Fig. 3a) confirming the adsorption of H2S gas. In the 
case of GNS-O (Fig. 3b), three small peaks appear around � 23.0, 22.5, and 23.5 eV due to the presence of the oxygen. Besides, a 
considerable increase in the intensity of the peak at around 23.5 eV is detected which proves that the epoxy group is involved in 
adsorption of H2S. Additional peak around � 21.0 eV is observed in the case of GNS-OH (Fig. 3c) because of the hydroxyl group. 

3.2. Armchair graphene nanoribbons 

In this part, the adsorption of H2S gas on AGNR, AGNR-O, and AGNR-OH systems is investigated. Fig. 4 shows the optimized 
structures of AGNR, AGNR-O, and AGNR-OH systems before and after H2S adsorption. In case of AGNR, the C–C bond length is 1.43 Å, 
while at the edges the C–C bond length decreases to 1.24 Å due to the edge reconstruction that occur at the edges of bare GNR which is 

Fig. 2. Band Structure of a) GNS, b) GNS-H2S, c) GNS-O, d) GNS-O-H2S, e) GNS-OH, and f) GNS–OH–H2S.  
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Fig. 3. Density of states of a) GNS and GNS-H2S, b) GNS-O and GNS-O-H2S, and c) GNS-OH and GNS–OH–H2S.  
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in agreement with some of the reported values [52,53]. Meanwhile, the C–O bond for AGNR-O is 1.47 Å. The C–O and O–H bonds in the 
case of AGNR-OH are 1.47 Å and 0.98 Å, respectively. The C–C bond length around epoxy and hydroxyl groups increase a little to 1.5 Å 
after the modification. The adsorption energies, adsorption distance, band gap, and charge transfer of the three systems after H2S 
adsorption are given in Table 1. Before modifying AGNR with epoxy and hydroxyl groups, the adsorption energy, adsorption distance, 
and charge transfer are found to be � 0.101 eV, 3.50 Å, and � 0.022 e, respectively. On the other hand, the adsorption energy is almost 
doubled for the case of AGNR-O and become � 0.261 eV in the case of AGNR-OH. Moreover, the charge transfer increases to � 0.027 
and � 0.061 e for AGNR-O and AGNR-OH, respectively, reflecting that addition of epoxy and hydroxyl groups on the surface of AGNR 
plays a vital role to improve the adsorption capacity of AGNR towards H2S gas. The band structure of the three systems before and after 
gas adsorption are investigated and the results are presented in Fig. 5. The band structure results show that AGNR system (Fig. 5a) has a 
0.844 eV band gap before the adsorption of H2S reflecting its semiconductor nature. This value decreases slightly after gas adsorption 
to 0.838 eV. For the case of AGNR-O, the band gap increases to 0.945 eV due to the presence of oxygen. This value then decreases to 
0.942 eV after the adsorption of H2S gas. Because of the hydroxyl group, the band gap value of AGNR-OH is zero for both cases: before 
and after the adsorption. No significant changes are observed for the band gap before and after the adsorption, while some changes 
appear below and above the Fermi level confirming the adsorption of H2S. Fig. 6 shows the density of states of the three systems before 
and after the adsorption of H2S gas. On one hand, no remarkable changes are observed at the Fermi level before and after the 
adsorption, but a small peak appears for the case of AGNR-OH confirming the zero band gap obtained by the band structure studies 
(Fig. 5e and f). On the other hand, the density of states around � 13.0, � 6.0, � 4.0, 5.0, 10.6, 13.5, 18.0, and 19.7 eV increase 
significantly after H2S adsorption on AGNR. The same behavior is observed for the cases of AGNR-O and AGNR-OH confirming the 
successful adsorption of H2S. Moreover, some new peaks appear at � 22.0, 9.0 and 22.7 eV for the case of AGNR-O and � 21.0, 9.0, and 
22.3 eV for the case of AGNR-OH due to the presence of the epoxy and hydroxyl groups. The considerable changes in the density of 
states that appear at 22.7 eV for the case of AGNR-O and 22.3 eV for the case of AGNR-OH reflect the contribution of the oxygen and 
hydroxyl on the adsorption process of H2S. 

3.3. Zigzag graphene nanoribbons 

The effects of H2S adsorption on ZGNR, ZGNR-O, and ZGNR-OH systems are studied in this part. Fig. 7 shows the optimized 
structures of ZGNR, ZGNR-O, and ZGNR-OH systems before and after H2S adsorption. For the case of ZGNR, the C–C bond length is 
1.44 Å, while at the edges, the C–C bond length decreases slightly to 1.41 and 1.39 Å as a result of the edge reconstruction. Moreover, 
the C–O and O–H bonds for the case of ZGNR-OH are 1.49 Å and 0.98 Å, respectively. The C–C bond length around the hydroxyl group 
increases slightly to 1.5 Å after the modification. For the case of ZGNR-O, the C–O bond length is 1.39 Å. ZGNR is first used to detect 
H2S gas and it shows � 0.171 eV and � 0.014 e, respectively, adsorption energy and charge transfer as indicated in Table 1. A significant 

Fig. 4. Top view of the optimized a) AGNR, b) AGNR-O, c) AGNR-OH, d) AGNR-H2S, e) AGNR-O-H2S, and f) AGNR–OH–H2S.  
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Fig. 5. Band Structure of a) AGNR, b) AGNR-H2S, c) AGNR-O, d) AGNR-O-H2S, e) AGNR-OH, and f) AGNR–OH–H2S.  
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Fig. 6. Density of states of a) AGNR and AGNR-H2S, b) AGNR-O and AGNR-O-H2S, and c) AGNR-OH and AGNR–OH–H2S.  
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improvement in the adsorption capacity is noticed after surface modification of ZGNR with epoxy and hydroxyl groups. The case of 
ZGNR–OH–H2S exhibits the highest adsorption energy and charge transfer with values of � 0.252 eV and � 0.097 e, respectively. 

The band gap analysis conform the metallic nature of ZGNR, where the band gap is zero before and after H2S adsorption for the 
three systems except for the case of ZGNR–OH–H2S with 0.088 eV as shown in Fig. 8. No remarkable changes are found in the band 
structures before and after adsorption of H2S on ZGNR, ZGNR-O, and ZGNR-OH systems. In contrast, the three systems reveal con-
ductivity improvement as a result of H2S adsorption as demonstrated by the density of states results (Figs. 9(a)-9(c)). 

As shown for the case of ZGNR in Fig. 9a, the density of states at the Fermi level increases slightly as a result of modifying the 
conductivity of ZGNR after adsorption of H2S. Moreover, a remarkable increase in the density of states around � 5.0, � 3.0, 4.9, 10.2, 
and 19.4 eV are observed after H2S gas adsorption. Fig. 9b indicates the appearance of new peaks around � 23.0, 20.3, and 22.3 eV for 
the case of ZGNR-O. The new peaks may be attributed to the formation of the epoxy group. After H2S gas adsorption, the two peaks at 
20.3 and 22.3 eV combine and a new peak result at 21.5 eV indicating the contribution of the epoxy group for the process of H2S 
detection. After modification of ZGNR with the hydroxyl group, two new peaks around � 21.0 and 21.8 eV are detected as shown in 
Fig. 9c. The density of states at � 21.0 eV is almost fixed before and after the adsorption process. However, a significant increase at 21.8 
eV is observed reflecting the contribution of the hydroxyl group on the adsorption of H2S gas. 

3.4. Comparison between the three systems 

In this part, a comparison between the performance of GNS, AGNR, and ZGNR systems before and after modification as sensors to 
detect H2S gas in terms of adsorption distance, adsorption energy, and charge transfer is presented. Fig. 10a reveals a comparison 
between the adsorption distances of all systems. Before modification, the smallest adsorption distance was found in the case of ZGNR 
with 3.29 Å. After modification, the adsorption distance decreases for the three systems. The smallest adsorption distance between H2S 
gas and the systems is for the case of ZGNR-OH with 2.22 Å. Fig. 10b shows that the adsorption energy is the highest with a value of 
� 0.171 eV for the case of ZGNR before modification. After modification, the adsorption energy increases significantly for the three 
systems with both epoxy or hydroxyl groups. The highest adsorption energy is for the case of AGNR-OH with � 0.261 eV which is 
almost similar value for ZGNR-OH with � 0.252 eV, nevertheless, ZGNR-OH exhibits the highest charge transfer. Fig. 10c demonstrates 
a comparison between the values of charge transfer for all systems. The highest charge transfer before modification is for the case of 
pure AGNR with � 0.022 e. After modification, the charge transfer increases remarkably especially for the case of hydroxyl modifi-
cation with a value of � 0.097 e for the case of ZGNR-OH. Comparing the adsorption distance, adsorption energies, and charge transfer 
results, the hydroxyl modified ZGNR system exhibits almost the highest adsorption capacity which is consistent with the highest charge 
transfer and low adsorption distance. Therefore, the results suggest that the ZGNR-OH is the best system in this study to be considered 
as a potential gas sensor for H2S. 

Intrinsic graphene face main challenges that hinder its application for the field of sensors including the difficulty of its production 
on large scale, absence of any functional groups on its surface, and the absence of any band gap (which leads to metal-like 

Fig. 7. Top view of the optimized a) ZGNR, b) ZGNR-O, c) ZGNR-OH, d) ZGNR-H2S, e) ZGNR-O-H2S, and f) ZGNR–OH–H2S.  
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conductance) [54]. Experimental measurements demonstrated that functionalization of graphene surface enable further sensitive and 
selective performance, as compared with intrinsic graphene, of graphene based sensors [39,55]. For example, reduced graphene oxide 
was found to be functional for H2S adsorption at room temperature, and the adsorption is influenced by functional groups of adsor-
bents [56]. Moreover, functionalizing the surface of graphene oxide with dodecylamine and ethylenediamine had a positive influence 
on H2S adsorption as compared with graphene [57]. 

Experimental measurements as well as many theoretical investigations have been done recently on the adsorption of H2S gas on 
pure and modified graphene. For instance, pristine and doped graphene have been used as H2S sensor [51]. In this study, the 
adsorption energy in case of H2S adsorbed on pristine graphene was found to be � 0.199 eV, while, upon doping the graphene with 
phosphorus and silicon the adsorption energy increased to � 0.244 and � 0.259 eV, respectively [51]. In another study, intrinsic and 
Fe-doped graphene were used as gas sensors to detect H2S gas [58]. For the case of intrinsic graphene, the researchers found that the 
adsorption energy was 0.15 eV. After doping the intrinsic graphene with Fe, the adsorption parameters reflected a significant 
improvement due to the H2S binding to Fe-doped graphene through Fe–S bonding [58]. In another study, intrinsic graphene, vacancy 

Fig. 8. Band Structure of a) ZGNR, b) ZGNR-H2S, c) ZGNR-O, d) ZGNR-O-H2S, e) ZGNR-OH, and f) ZGNR–OH–H2S.  
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Fig. 9. Density of states of a) ZGNR and ZGNR-H2S, b) ZGNR-O and ZGNR-O-H2S, and c) ZGNR-OH and ZGNR–OH–H2S.  
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Fig. 10. Comparison between a) adsorption distance, b) adsorption energy, and c) charge transfer between H2S and GNS, AGNR, and ZGNR systems 
before and after modification. 
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defect graphene, Ni-doped graphene, and graphene oxide have been used as a detector for H2S gas [59]. For the case of intrinsic 
graphene, the adsorption energy was found between � 0.019 and � 0.038 eV based on H2S orientation. These values were remarkably 
enhanced upon modifying graphene with Ni, vacancy, and –OH group [59]. One more paper in this regard, H2S adsorption on pristine 
graphene and graphene decorated with Ni, Pa, and Pt metals have been investigated [48]. It was found that the adsorption energy of 
H2S adsorbed on pristine graphene was between 0.122 and 0.201 eV depending on the position and orientation of H2S [48]. Upon 
decorating graphene with any of Ni, Pa, and Pt metals, the adsorption capacity demonstrated a remarkable improvement [48]. 
Moreover, pure ZGNR and AGNR have been also studied as a gas sensor to sense the toxic H2S gas [60]. The adsorption energies to the 
gas adsorbed on ZGNR and AGNR were found to be � 0.1594 and � 0.269 eV, respectively [60]. Whereas, the optimized adsorption 
distances were found to be 3.36 and 3.50 Å for the cases of ZGNR and AGNR, respectively [60]. The difference between this work and 
ours is that we further modified the surface of ZGNR and AGNR with epoxy and hydroxyl groups to enhance their adsorption pa-
rameters. Interestingly, the adsorption energies, adsorption distances, and charge transfer reflected a remarkable improvement upon 
the modification. 

In addition, many other theoretical investigations have been published recently on the adsorption of the toxic H2S gas on the 
surface of graphene based materials and the effect of modifying graphene on the adsorption parameters [61–65]. In the current work, 
rather than studying one system we compared, in a preliminary study, between the potential of three different graphene based ma-
terials to detect the toxic H2S gas. We then functionalized the surface of these systems to enhance their adsorption capacity toward H2S 
adsorption, which have been achieved in accordance with the literatures that have been mentioned above. 

4. Conclusion 

In conclusion, first principle calculations using the density functional theory (DFT) based on Atomistic ToolKit Virtual NanoLab 
(ATK-VNL) was used to study H2S gas sensitivity of graphene nanosheet (GNS), armchair graphene nanoribbons (AGNR), and zigzag 
graphene nanoribbons (ZGNR) systems. The three systems showed capability toward H2S gas detection that was quantified using the 
adsorption energy, binding distance, and charge transfer results. The three systems were modified firstly with epoxy and then with 
hydroxyl groups to improve their adsorption capacity. The results obtained after the modifications, reflected significant enhancement 
of the capability of the three systems to adsorb H2S. Nevertheless, the highest adsorption capacity was observed for the case of ZGNR- 
OH with adsorption energy of � 0.252 eV and � 0.097 eV charge transfer. Consequently, hydroxyl modified ZGNR may be considered as 
a promising candidate for the effective sensing of H2S gas. 
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