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Detecting toxic gases is of great importance to protect our health and preserve the quality of life. In
this work, graphene (G) and graphene oxide with three different modifications (G-O, G-OH, and G-
0-0H) have been used to detect hydrogen selenide (H,Se), hydrogen telluride (H,Te), and phosphine
(PH3) molecules based on Atomistic ToolKit Virtual NanoLab (ATK-VNL) package. The adsorption energy
(Eags), adsorption distance (D), charge transfer (AQ ), density of states (DOS), and band structure have
been investigated to confirm the adsorption of H,Se, H,Te, and PH3 on the surface of G, G-0, G-OH, and
G-0-0H systems. The results of G revealed highest E,q4s for the case of HyTe with —0.143 eV. After the
functionalization of G surface, the adsorption parameters reflected an improvement due to the presence
of the functional groups. Particularly, the highest adsorption energy was found between G-O system and
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Gas sensor HySe gas with E,qs of —0.319 eV. The smallest adsorption distance was found between G-OH system and
g‘lirf‘rorptlon energy H;Se gas. The highest charge transfer was found for the case of H,Se gas adsorbed on G-O-OH system.

By thorough comparison of the adsorption energy, adsorption distance, and charge transfer between G,
G-0, G-OH, and G-0-0OH systems and the three gases, G-O-OH system can be considered as a potential

sensor for HpSe gas.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

existence in air may last for a while and can be easily smelled as
rotting garlic at low concentrations. However, it smells like rotting
leeks at the high concentration. Moreover, PH3 is a toxic gas used
mainly in agriculture to overcome the existence of insects, it is
also utilized in silicon device fabrication as a dopant, and used for
fabrication of phase change catalysts as well as ligands [8]. Over
breathing of PH3 gas would affect seriously the lungs which re-
sults in pulmonary edema, headache, vomiting, and tightness in
chest [9]. Consequently, the improvement of low cost, accurate,
and highly sensitive gas sensors is of great importance. Hence, a
considerable trend of research has been published in the recent
decades on the investigation of either experimental or theoretical
gas sensors with high sensitivity [10-19].

Carbon based nanomaterials (C-NMs) have been subjected, in
recent years, to intensive investigations due to their incredible
electronic, magnetic, and optical properties, as well as their chem-
ical versatility and biocompatibility [20,21]. Form the different
types of C-NMS, graphene and its derivatives have been exten-
sively investigated in the field of sensors, thanks to their outstand-

1. Introduction

The great improvements in industry and technology in recent
decades turned the quality of life to be much easier than before
in ancient times. Nevertheless, these improvements are associated
with the release of some unuseful substances in forms of solids,
liquids, and toxic gases that affect negatively our health [1,2]. The
existence of toxic gases in air even at low concentrations is a seri-
ous problem for all the creatures on the earth [3]. For instance, the
colorless HySe gas is a highly toxic and flammable with unpleas-
ant strong smell at room temperature that can be generated by
reaction of hydrogen gas and selenium or by reaction of selenide
with acids [4,5]. The presence of HySe gas on air would cause se-
rious damages to eyes and lungs [6,7]. HoTe, on the other hand,
can be generated in natural gas and crude petroleum, and it may
be generated through decomposition that occur for organic mat-
ter. It is a colorless gas with the same structure of H,Se and its
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ing characteristics such as good thermal stability, high chemical
strength, high carrier mobility, and enormous surface area [22-26].
Nevertheless, graphene showed some limitations in the field of
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Fig. 1. Top and side views of the optimized structures of: a) G, b) G-H;Se, ¢) G-H,Te, d) G-PH3, e) G-0, f) G-0-H;,Se, g) G-O-H;Te, h) G-0O-PH3s, i) G-OH, j) G-OH-H;Se, k)
G-OH-H,Te, 1) G-OH-PH3, m) G-0-OH, n) G-0-OH-H,Se, 0) G-O-OH-H,Te, and p) G-O-OH-PHj.

sensors due to some drawbacks including its zero band gap, dif-
ficulty of attaining high quality for mass production, and the lack
of functional groups on its surface [27]. Different techniques could
be used to overcome these limitations including the generation of
graphene that exhibits a controllable band gap and functionaliz-
ing its surface with various functional groups [27,28]. Among the
various forms of graphene, graphene oxide (GO) revealed a signifi-
cant performance for sensing applications, thanks to its stimulating
mechanical and electrochemical characteristics, ease of its large

scale production, and the possibility to introduce chemically ac-
tive defects as well as functional groups on its surface [29-32].
Researchers demonstrated that the surface properties, structure,
and dispersion of GO structures in epoxy matrix can be controlled
by adjusting the content of functional groups that contain oxygen
[33]. Furthermore, carboxyl group can be used for the generation
of reactive oxygen species that is related closely with epoxide/hy-
droxyl [34]. The existence of functional groups on the surface of
GO has been reported to be the reason for enhancing the perfor-
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Fig. 2. Band structures of a) G, b) G-H;Se, c¢) G-H;Te, and d) G-PHs.

mance of GO for gas sensor applications by serving as a potential
adsorption sites for the gas molecules [26,35-37].

Different experimental studies have been reported in the recent
years about using GO based materials in the field of gas sensors.
For example, GO was prepared using ac dielectrophoresis process
and then utilized to detect hydrogen gas [38]. The researchers
of this study demonstrated that GO based sensor has a sensing
response of 5% and fast recovery time of (<60 s) at room temper-
ature. In another study GO was investigated experimentally as NO;
gas sensor and the results was confirmed using first principles cal-
culations [39]. In this study, both the experimental and theoretical
calculations reflected that GO could be utilized as an effective gas
sensor thanks to the reversible and high response at room temper-
ature.

In the study reported herein, graphene based sensors were built
using density functional theory (DFT) with the aid of Atomistic
ToolKit Virtual NanoLab (ATK-VNL) package and then used to de-
tect HySe, HyTe, and PH3 molecules. The surface of G has been
then functionalized with an epoxy (-O-) and a hydroxyl (-OH)
groups to create three different forms of graphene oxide: G-O,
G-0OH, and G-O-OH. The results showed that graphene is capa-
ble to adsorb the three gases. Moreover, an improvement in the
adsorption parameters has been observed for cases of graphene
oxide (G-0O, G-OH, and G-0O-0OH), thanks to the presence of the
functional groups which allowed the ease of adsorption of the
gases.

Table 1
Adsorption energy, adsorption distance, and charge transfer of the optimized H,Se,
H,Te, and PH3 molecules adsorbed on G and the three forms of GO.

System Eags (€V) D (A) Q (e)

G-HjSe ~0.105 352 —0.010
G-0-H,Se ~0319 228 —0.081
G-OH-H,Se —0.244 219 —0.097
G-0-OH-H;,Se —0.265 239 —0113
G-H,Te -0143 3.83 —0.006
G-0-H,Te —0.166 337 —0.011
G-OH-H,Te ~0170 3.49 ~0.026
G-0-OH-H,Te —0.186 273 —0.047
G-PH3 —0118 341 —0.011
G-0-PH3 —0116 338 —0.009
G-OH-PH; 0124 319 —0.011
G-0-OH-PH; ~0.140 3.05 —0.035

2. Computational method

Graphene and three different functional forms of GO (G-0,
G-0OH, G-0-0OH) have been investigated in the current study by
DFT calculations based on ATK-VNL package. The four generated
systems have been used as gas sensors to detect H,Se, H,Te, and
PH3 molecules. All systems and gas molecules have been initially
optimized and fully relaxed until convergence of force to 0.01 eV/A
and most stable adsorption configuration were attained. For the
exchange correlation functional, the generalized gradient approx-
imation (GGA) combining with the Perdew-Burke-Ernzerhof (PBE)
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Fig. 3. Density of states of G prior and after the adsorption of a) H,Se, b) H,Te, and c) PHs.

has been used [40,41]. A density mesh cutoff of 125 Hartree has
been used during all calculations. 4 x 4 x 1 k-point sampling was
set through Monkhorst-Pack method [42]. The adsorption energy
(Eags), adsorption distance (D), charge transfer (AQ ), band struc-
ture, and density of states (DOS) have been studied to confirm the
detection of H;Se, HyTe, and PH3 molecules. The following formula
has been used to calculate the adsorption energy between the gas
molecules and the four systems [43-45].

Eads = EG/GO+gas - (EG/GO + Egas) (1)

Where Ec/cotgas is the total energy of the optimized structure
of any gas molecules adsorbed on any of G, G-O, G-OH, and
G-0O-OH systems. Eg/co is the total energy of any of the four
systems without the gas adsorption, and Eg,s is the total energy
of each optimized gas: HySe, HyTe, and PHs. Increasing the ad-
sorption energy with negative sign reflects more stable configu-
ration as well as a stronger adsorption of H;Se, HyTe, and PHj3
molecules on the surfaces of G, G-0O, G-OH, and G-O-OH sys-

tems [1,29]. Furthermore, charge transfer of H,Se, HTe, and PH3
molecules have been evaluated using Mulliken population analysis
[46,47].

3. Results and discussion
3.1. Graphene

The unmodified G is firstly used to detect HySe, H,Te, and PH3
molecules. The G, G-H,Se, G-H;Te, and G-PH3 systems are ini-
tially optimized to attain the most stable adsorption configuration
as shown in Figs. 1(a)-1(d). After optimization, the length of the
C-C bond of G is found to be 143 A. To confirm the adsorp-
tion of HySe, HyTe, and PH3 molecules on the surface of G, the
adsorption energy, adsorption distance, as well as charge transfer
have been calculated and listed in Table 1. The results reveal that
the adsorption energy of HpTe on G is the highest with E,4s of
—0.143 eV. While, the adsorption distances between H;Se, H;Te,
and PH3 molecules and G are 3.52, 3.83, and 3.41 A, respectively.
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Fig. 4. Band structures of a) G-0, b

Moreover, the charge transfer analysis shows that —0.010, —0.006,
and —0.011 e transfer between H;,Se, H,Te, and PH3 molecules and
G, respectively, during the adsorption process. Figs. 2(a)-2(d) show
the band structures of G prior and after the adsorption of HjSe,
H,Te, and PH3 molecules. The results reveal that the band gap of
G (Fig. 2a) is zero which is in agreement with the reported values
[48,49]. Furthermore, the intersection points between the valence
and the conduction bands, that are known as Dirac points, match
the Fermi level which is an original feature of pure graphene [49].
Although, no changes are observed in the band gap after the ad-
sorption of H,Se, HyTe, and PH; molecules; some changes and
new bands are detected under and above Fermi level confirming
the adsorption process. The density of states of G prior and af-
ter the adsorption of H,Se, H,Te, and PH3 molecules are shown
in Figs. 3(a)-3(c). The DOS at Fermi level is zero for the cases of
G and G-H,Se, G-H;,Te, and G-PH3. Nevertheless, considerable in-
crease in DOS around —5.8, —3.8, and 4.1 eV after the adsorption
of H,Se is observed (Fig. 3(a)) reflecting that more states are ac-
cessible to be occupied which confirms the adsorption of HySe on
the surface of G [50]. Moreover, the two peaks around —1.6 and
—0.8 eV disappear and a new peak around —1.2 eV is observed in-
stead. In the case of H,Te adsorbed on G (Fig. 3(b)), a new peak
appears around —11.3 eV and a considerable increase in the DOS
at around —3.8, —0.8 and 4.1 eV are detected as well, which verify
the adsorption of HpTe on the surface of G. Moreover, a signifi-
cant increase of DOS around —10.7, —4.4, 5.7, 8.2, and 9.7 eV, as
well as a new peak around 4.7 eV, are observed upon adsorption
of PHj3.
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G-0-H;Se, ¢) G-0-H;Te, and d) G-O-PHjs.

3.2. Functionalization with epoxy group (G-0)

To improve the sensitivity of G towards the detection of H;Se,
H,Te, and PH3 molecules, its surface is modified with one -O-
group to create the first form of GO (G-0O). After optimization,
the C-0 bond of GO-O is 146 A, while the C-C bond length
around the epoxy increases to 1.5 A as shown in Figs. 1(e)-1(h).
The adsorption parameters of the optimized H;Se, HyTe, and PH3
molecules adsorbed on G-O have been then calculated and shown
in Table 1. The results show a significant improvement in the
adsorption parameters of G after the functionalization with -O-
group for the case of HjSe. For instance, the adsorption energy
increases to —0.319 eV indicating stronger adsorption of the gas
on the surface of G-O as compared with pure G. Moreover, the
adsorption distance decreases to 2.28 A, and the charge transfer
increase significantly to —0.081 e. The significant improvement in
the adsorption parameters of G upon functionalization with the
-0O- group denotes an improvement in the sensitivity of G-O [50].
The band structures of G-O prior and after the adsorption HjSe,
H,Te, and PH3 molecules have been also investigated and shown
in Figs. 4(a)-4(b). Fig. 4(a) shows that the band gap of G-O in-
creases to 0.292 eV due to the presence of the -O- group which is
in good agreement with the reported literature [27,51]. The band
gap of G-0 then decreases to 0.282 and 0.289 eV upon the adsorp-
tion of HySe and PH3 molecules, respectively. After the adsorption
of HyTe (Fig. 4(c)), a new band is observed near the Fermi level
giving it a zero band gap indicating an improvement in the con-
ductivity of G-O due to the adsorption of the gas molecule. The

—_
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Fig. 5. Density of states of G-O system prior and after the adsorption of a) H,Se, b) H,Te, and c) PHs.

changes of the DOS of G-O upon the adsorption of H,Se, HyTe,
and PHs molecules are shown in Figs. 5(a)-5(c). For instance, a
considerable increase in the DOS around —13.3 —5.2, —3.6, 4.3,
5.4, and 8.6 eV is observed after the adsorption of H;Se. For the
case of HpTe (Fig. 5(b)), a significant increase of DOS around —3.6
and 4.4 eV is observed. The two peaks around —10.5 and 13.5 eV
shift to —11.1 and 13.0 eV, respectively, with higher intensity. Be-
sides, a new peak around —0.5 eV is observed as well upon the
adsorption of gas molecule. Furthermore, a significant increase in
the DOS around —10.7, 6.2, 8.2, and 9.7 eV, as well as two new
peaks around —4.3 and 4.7 eV are detected after the adsorption of
PHs.

3.3. Functionalization with hydroxyl group (G-OH)

In this part, the surface of G is functionalized with -OH group
to form G-OH and then utilized as a gas sensor to detect H;Se,
H,Te, and PH3 molecules. G-OH with and without the H;Se, H,Te,
and PH3 molecules are firstly optimized to reach the most sta-

ble adsorption configuration. Figs. 1(i)-1(1) show the most stable
configuration of G-OH before and after the adsorption of the gas
molecules. The results show that, the C-O and O-H bonds are
1.5 A and 0.98 A, respectively, and the C-C bond close to the
-OH group increases to 1.5 A. Table 1 shows the adsorption en-
ergy, adsorption distance as well as the charge transfer between
G-OH and H,Se, H,Te, and PH3 molecules. A remarkable increase
in adsorption energy with —0.244 eV as well as charge trans-
fer with —0.097 e is observed for the case of H,Se adsorbed on
G-OH as compared with G. Moreover, the adsorption distance de-
creases to 2.19 A reflecting an improvement in the sensitivity of
G-OH toward the sensing of H,Se. An increase in the adsorp-
tion energy to —0.170 and —0.124 eV is also observed for the
cases of HpTe and PHj3, respectively. Figs. 6(a)-6(d) show the band
structures of G-OH prior and after gas adsorption of H;Se, H;Te,
and PHs molecules. Fig. 6(a) shows that a new band is detected
at the Fermi level making the band gap equal to zero upon the
functionalization with -OH group. Moreover, some changes and
new bands are observed beneath and above the Fermi level af-
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Fig. 6. Band structures of a) G-OH, b) G-OH-H,Se, ¢) G-OH-H;Te, and d) G-OH-PH3.

ter the adsorption of H,Se, HyTe, and PH3 molecules as shown
in Figs. 6(b)-6(d). The band structure results are then confirmed
by the DOS results in Figs. 7(a)-7(c). As shown in Fig. 7(a), a
new peak is observed at the Fermi level which confirms the zero
band gap as well as the appearance of new bands at Fermi level
as shown in the band structures of G-OH. The presence of this
new peak is attributed to the improvement in the conductivity of
G-OH upon the functionalization with —-OH group. After adsorp-
tion of H,Se, a considerable increase in the DOS around —12.8,
—4.7, —3.1, and 10.1 eV is observed. The two peaks around 5.7 and
6.9 eV shift to 4.9 and 6.4 eV with higher intensity. Moreover, the
peak at the Fermi level increases and shifts slightly to —0.2 eV.
For the case of HpTe (Fig. 6(b)), a significant increase in the DOS
around —3.2, 4.6, and 9.0 eV is observed. A new peak also ap-
pears around —10.8 eV and a significant increase in the peak at
Fermi level is observed. Furthermore, upon adsorption of PH3, an
increase in the DOS around —10.3, —3.9, 5.5, 6.7, 8.9, and 10.2 eV
is observed.

3.4. Functionalization with both epoxy and hydroxyl groups (G-O-OH)

To investigate further the sensitivity, the surface of G is func-
tionalized using -O- and -OH groups to form G-0-OH system. The
stable configuration of G-0O-OH prior and after the adsorption of
the H,Se, HpTe, and PH3 molecules are shown in Figs. 1(m)-1(p).
The adsorption energy, charge transfer, as well as adsorption dis-
tance of the optimized H,Se, H,Te, and PH3 molecules adsorbed

on G-0O-OH are calculated and listed in Table 1. The results show
that the adsorption parameters are significantly improved upon
the functionalization of G with both -O- and -OH groups. For
instance, the adsorption energy rises to —0.265 eV, the adsorp-
tion distance drops to 2.39 A, and the charge transfer increases
significantly to —0.113 for the case of H,Se gas. The same behav-
ior is observed as well for the cases of HyTe and PH3 molecules.
Figs. 8(a)-8(d) show the band structures of G-O-OH prior and af-
ter the adsorption H,Se, HyTe, and PH3 molecules. Although, no
changes are detected in the band gap, some changes and new
bands are noticed beneath and above Fermi level after the adsorp-
tion of H,Se, H,Te, and PH3 molecules as shown in Figs. 8(b)-8(d).
Figs. 9(a)-9(c) show the DOS of G-0-OH prior and after the ad-
sorption of HySe, HoTe, and PH3 molecules. Fig. 9(a) shows that
a new peak is observed at the Fermi level confirming the band
structure results of G-O-OH. Upon the adsorption of H)Se, an
increase in the DOS at around —12.8, —5.0, —3.1, 4.8, 9.9, and
13.6 eV is observed. In addition, a new peak is observed around
6.4 eV. A considerable increase in the DOS around —10.6, —4.2,
—3.2, 3.9, 4.6, 16.9, and 19.4 eV is observed for the case of H,Te
(Fig. 9(b)). The two peaks around 11.0 and 11.8 eV disappear
and a new peak with higher intensity appears around 11.5 eV.
Moreover, a significant increase in the peak at Fermi level is
also observed. For the case of PH3, a remarkable increase in the
DOS around —10.3, —3.9, 5.5, 6.7, 8.9, 10.0, and 179 eV is ob-
served.
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Fig. 7. Density of states of G-OH system before and after the adsorption of a) H,Se, b) H,Te, and c) PHs.

3.5. Discussion

Different theoretical studies have been reported in the recent
years about functionalizing G-based materials with -O- and -OH
functional groups for the purpose of improving their sensitiv-
ity for the field of gas sensors [52-55]. For example, graphene
was functionalized with -OH group and used to detect HpS gas
[52]. The researchers of this study demonstrated that the adsorp-
tion energy of graphene was improved significantly upon func-
tionalizing its surface with -OH group. Very recently, three dif-
ferent G-based materials (GNS, AGNR, and ZGNR) were function-
alized with -O- and -OH groups and then used as a gas sen-
sor to detect HpS gas [56]. The results of this study revealed
that the sensing performance of the built systems was remark-
ably improved after functionalizing their surface with -O- and
-OH functional groups. Those investigations revealed that func-
tionalization of graphene with O- and -OH groups increase its
efficiency towards adsorption of polar gases. Furthermore, some

other materials have been used recently to detect H,Se, H,Te, and
PH; molecules. For example, Cl functionalized aluminum nitride
and aluminum phosphide nanocone sheets were utilized based
on density functional theory as a gas sensor to detect HpSe [57].
The results of this study showed that the adsorption energy for
the case of HySe adsorbed on aluminum phosphide nanocone
sheets was higher than the case of aluminum nitride. In an-
other study, V,05(0 0 1) surface has been used to detect H;Se,
H,Te, and PH3 molecules in addition to some other gases [58].
The researchers of this work showed that the vanadium atom
played a significant role in the adsorption process of the target
molecules.

The remarkable improvement of the adsorption parameters and
hence the sensitivity of GO is obtained thanks to the existence of
-0- and -OH functional groups that were reported to facilitate
the gas adsorption [26,35,36]. After optimization of gas molecules,
each molecule reorients itself based on its reactivity at a certain
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Fig. 8. Band Structures of a) G-0-OH, b) G-0-OH-H,Se, ¢) G-0-OH-H;Te, and d) G-O-OH-PHj3.

distance from G and GO, known as adsorption distance [50]. For
the case of G shown in Figs. 1(b)-1(d), the H,Se, HyTe, and PH3
molecules reorient themselves in which the selenide atom of H,Se
and two hydrogen atoms of PH3 located close to the G plane while
for the largest molecule H,Te becomes almost parallel to the sur-
face plane of G. For the cases of G-0, G-OH, and G-O-OH shown
in Figs. 1(e)-1(p), the gas molecules reorient themselves in which
the hydrogen atoms become closer to the oxygen atoms of -O-
and -OH groups with much smaller adsorption distances as com-
pared with G. The obtained configurations indicate that the ad-
sorption may take place among the hydrogen atoms of the H;Se,
H,Te, and PH3 molecules and the oxygen atoms of -O- and -OH
groups. The charge transfer can be discussed using the hybridiza-
tion principle of the HOMO and LUMO for adsorbate molecules
along through surface states following reference [59]. Herein, mix-
ing the HOMO adsorbates with surface states overhead Fermi level
for the adsorbent cause charge transfer to the surface from the
molecule. The involvement of the LUMO for gas molecule of oc-
cupied states of the surface causes charge transmission from the
surface to the gas molecule. These processes happen if the con-
sidered orbitals are close energy levels and they include non-zero
overlap. The significant increase in the density of states after the
adsorption of H,Se, HyTe, and PH3 molecules demonstrating that
more number of states become available to be occupied upon the
adsorption of gas molecules which confirm the successful detection
of HySe, HyTe, and PH3 molecules [50]. Furthermore, the appear-

ance of new bands in the band structures as well as the increase
in the DOS at Fermi level are indications of the improvement of G
and GO conductivity upon the adsorption of H,Se, HoTe, and PH3
molecules which is in rational agreement with the reported litera-
ture [60-62]. The sensing mechanism of H,Se and H,Te adsorption
on G-OH and G-0-OH systems can be described using the follow-
ing equation [63]:

HyX + OH — XH + H,0 2)

with X is either Se or Te. The surface potential energy for the
HyX + OH reaction was tested and demonstrated its ability [63].
The adsorption energy of PH3 is expected to be high since the P
atom has high electron density. However, the main factors that de-
termine the efficiency of gas adsorption are its electronegativity
and dipole moment [64]. Therefore, the above systems are more
efficient for H,Se adsorption.

Fig. 10 shows a comparison between the adsorption parame-
ters of the optimized H;Se, H,Te, and PH3 molecules adsorbed on
the surface of G, G-O, G-OH, and G-O-OH systems. The calcu-
lations show that functionalizing the surface of G to create GO
improved the adsorption parameters. Particularly, the adsorption
energy, charge transfer as well as adsorption distance between the
three different forms of GO and H,Se significantly enhanced as
compared with the other two gases. These results indicate that
GO is more selective to HSe gas than for the cases of HyTe and
PHs.
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Fig. 9. Density of states of G-O-OH system before and after the adsorption of a) H,Se, b) HyTe, and c) PH3.

4. Conclusion

In this paper, first principles investigations of the H,Se, H,Te,
and PH3 molecules adsorption on the surface of graphene (G)
and graphene oxide (GO) have been reported. The obtained results
show that, G was capable to detect the gas molecules. For instance,
the highest adsorption energy was found for the case of H,Te with
—0.143 eV, the smallest adsorption distance was found for the case
of PH3 with 3.41 A, and the highest charge transfer with —0.011
e was found for the case of PHs. To enhance the sensitivity, the
surface of G is then functionalized with -O- and -OH functional
groups to form: G-0, G-OH, and G-O-OH. The adsorption energies,
adsorption distances as well as charge transfer have been signifi-
cantly enhanced upon the functionalization. The highest adsorption
energy with —0.319 eV as well as the smallest adsorption distance
with 2.28 A were observed for the case of H,Se adsorbed on G-O.
In addition, the highest charge transfer was found for the case of
H,Se adsorbed on G-O-OH with —0.113 e. Those results confirm
that functionalization of the surface of G with -O- and -OH func-

tional groups leads to advance its sensitivity for the application of
gas Sensors.
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