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Abstract
Studies of hydrogen sulfide (H2S) and ammonia (NH3) adsorption on phosphorus (P) and silicon (Si) doped graphene are
performed by ab initio calculations using the periodic density functional theory (DFT). The P and Si incorporation in graphene
distorts the unit cell altering the bond lengths and angles. Unlike the pristine, the phosphorus-doped graphene shows a metallic
behavior, and the silicon-doped graphene is a semiconductor with an energy gap of 0.25 eV. Moreover, the electronic properties of
phosphorus-doped graphene may change with the adsorption of hydrogen sulfide and ammonia. However, the silicon-doped
graphene only shows changes with the adsorption of hydrogen sulfide. In addition, the silicon-doped graphene exhibits chemi-
sorption when interacting with ammonia. According to the obtained results, phosphorus-doped graphene is suitable as a gas sensor
of hydrogen sulfide and ammonia, in contrast with the silicon-doped structure, which may be used as a sensor of hydrogen sulfide.
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Introduction

Carbon allotropes, such as graphene, a single-atom-thick layer
of sp2 bonded carbon atoms tightly packed into a 2D honey-
comb lattice [1–3], have attracted scientific and technological
attention due to physical/chemical properties, such as high
surface area, excellent conductivity (thermal and electrical),

and mechanical strength. In addition, graphene has been pro-
posed for potential applications in many fields, such as elec-
tronics, energy, and biotechnology [4–6].

Generally, pristine graphene is chemically nonreactive with
molecules. However, chemical doping is a method of electron-
ic modification or functionalization of carbon nanostructures,
where atoms with a different number of valence electrons
substitute the carbon atoms in the graphene layer. Examples
of such atoms are nitrogen and boron, with which it is possible
to increase the reactivity and provide a mechanism for the
molecule and chemical groups’ anchorage on the graphene
surface. The chemical reactivity, the electronic transport prop-
erties, and optic characteristic of the graphene can be im-
proved through the addition of suitable dopant [7–9].

For example, phosphorus (P) doped graphene nanosheets
show excellent ammonia (NH3) sensing ability at room tem-
perature, since the P atom becomes active for NH3 adsorption
[10, 11]. It has also been studied in other applications, such as
energy storage, electrocatalysts, and fuel cells [12, 13].

On the other hand, the large area silicon (Si) doped
graphene has been synthesized to enhance the molecular sens-
ing in comparison with pristine graphene [14]. The adsorption
of small molecules (such as CO, O2, NO2, and H2O) on Si-
doped graphene has been theoretically studied. The strong
interaction between SiG and the adsorbedmolecule was found
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to induce dramatic changes in the electronic properties of SiG,
which suggests the potential application of SiG as a gas sensor
[1, 15, 16].

Graphene has been studied for gas sensor applications be-
cause of its large specific surface area (2630 m2 g−1) and high
sensitivity to electrical perturbation from gas molecule adsorp-
tion. Graphene gas sensors are capable of detecting individual
gas molecules that may attach to or detach from the graphene
surface. They detect the conductivity changes upon adsorption
molecules due to the changes in the charge carrier concentra-
tion in the graphene as induced by the adsorbed gas mole-
cules. The gas-induced changes in resistivity had different
magnitudes for different gases, and the sign of the change
indicated whether the gas was an electron acceptor (e.g.,
NO2, H2O, I) or an electron donor (e.g., NH3, CO, ethanol)
[16–18].

It is worth mentioning that water (H2O) and ammonia (NH3)
are equielectron (both have ten electrons), but their properties as

reactivity or toxicity are very different. Although water and
hydrogen sulfide (H2S) are structure congener, they have dif-
ferent properties. After a literature search, we found studies
about the interaction between water and graphene. In these
works, the authors found a hydrophobic behavior [19, 20].

In this work, we perform first-principles total energy DFT
calculations to investigate the adsorption effect of hydrogen
sulfide (H2S) and ammonia (NH3) on pristine and P- and Si-
doped graphene layers.

Computational details

The computational method was based on an ab initio
pseudopotential approach in the framework of the periodic
density functional theory (DFT). Density functional theory
calculations were carried out using the Plane Wave self-
consistent field (PWscf) code of the Quantum ESPRESSO
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Fig. 1 Top and side view optimized geometrical configuration of pristine graphene a, b and molecules adsorbed on the pristine graphene H2S c, d and
NH3 e, f
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package [21]. In the calculations, a plane wave basis set was
used to represent the electron states and Vanderbilt
pseudopotentials [22] with nonlinear core correction to deal
with the interaction of ionic cores and valence electrons.
Exchange-correlation energies are treated within the general-
ized gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof (PBE) parameterization [23]. We used an energy
cutoff of 30 Ry for the plane wave basis expansion for the
wave functions, 240 Ry to represent charge density, and 0.04
Ry for the value of the gaussian spreading. In addition, we
considered van der Waals forces in the calculations.

The graphene 2D layer was modeled using a supercell ge-
ometry, with a 5×5×1 unit cell, containing 50 carbon atoms
(Fig. 1). An empty space of 18.01 Å was used to avoid inter-
actions between two adjacent layers.

To analyze the electronic properties, we calculated the band
structure and total density of states (DOS).

The adsorption energy was calculated using the usual def-
inition:

Ead ¼ Emolecule−doped graphene−Emolecule−Edoped graphene ð1Þ

where Emolecule-doped graphene corresponds to the energy in
which the molecule (H2S or NH3) has been adsorbed on the
graphene doped surface, Emolecule is the energy of a single

molecule, and Edoped graphene is the energy of the isolated
graphene doped layer. Usually, two principal adsorption types
were found: physical and chemical. The physical adsorption
occurs when the adsorbate sticks to a surface through van der
Waals interactions (weak intermolecular interactions), where
the adsorption energies are between 50 and 500 meV/atom-
molecule and the distance between the adsorbate and surface
is 3 to 10 Å according to the criteria reported in the literature
[24].

Results and discussion

H2S and NH3 adsorption on pristine graphene

The adsorption of H2S and NH3 on pristine graphene is first
investigated. Molecules were placed at different sites on
graphene (e.g., on-top of carbon site, the center of a hexagonal
ring, and on C–C bond) with different orientations (adsorbed
molecule perpendicular or parallel to the graphene sheet). For
comparison, the pristine graphene study is included.
Figure 1a–f show the most stable configurations of pristine
graphene, H2S and NH3 adsorption, a, c, and e are for the
top and b, d, and f are for the side views, respectively. The
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Fig. 2 Band structure of pristine graphene a and molecules adsorbed on the pristine graphene H2S b and NH3 c
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calculated Ead values are −0.199 and −0.164 eV for H2S and
NH3, respectively. Moreover, the smallest bond lengths be-
tween the adsorbed molecules and graphene are 3.04 and
3.17 Å, respectively. The small adsorption energies and large
bond lengths indicate that the molecules undergo weak phys-
ical adsorption onto the pristine graphene, which in part is due
to the weak van der Walls interactions of the molecules with
graphene [15, 24, 25].

Band structures were calculated for pristine graphene, and
when both H2S and NH3 were adsorbed on the pristine

graphene, see Fig. 2. The three systems show that the Dirac
point matches the Fermi energy with a zero gap energy, which
is characteristic of pristine graphene [26]. In addition, the for-
mation of electronic states can be observed near the Fermi
level (−2.2 eV) in the valence bands for H2S and NH3

adsorbed systems, which may be attributed to the molecule
adsorption, respectively.

Figure 3 shows the total density of state (DOS) and partial
density of state (PDOS) of pristine graphene a, b and adsorbed
molecules on the pristine graphene H2S c, d and NH3 e, f,
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Fig. 3 The total density of state
(DOS) and partial density of state
(PDOS) of pristine graphene a, b
and molecules adsorbed on the
pristine graphene H2S c, d and
NH3 e, f. The red dotted line is the
Fermi energy
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respectively. The DOS features exhibit a zero gap at the Fermi
level (red dotted line) for all systems and the formation of
electronic states in the valence bands near the Fermi level
(−2.2 eV) for H2S and NH3 adsorbed systems. Similar behav-
ior is observed in the band structure of both systems. On the
other hand, the PDOS shows that the electronic states formed
in the valence bands for adsorbed systems are induced by
sulfur p-orbitals of H2S and nitrogen p-orbitals of NH3,
respectively.

Figure 4 shows the top and side views of the electronic
charge density maps of H2S a, b and NH3 c, d when adsorbed
on pristine graphene. It is noted that the molecules adsorption
generates no changes on the electronic charge density of pris-
tine graphene. The Löwdin’s charges corroborate the no
charge transfer from the molecules to graphene or vice versa.

The results obtained for pristine graphene are similar to that
obtained by other research groups using similar calculation
methods [15, 26]. On the other hand, results indicate that the
interactions of the molecules with graphene are indeed weak,
according to the adsorption energies and charge density distri-
bution. The weak interactions are further confirmed by the band
structures and density of states provided that no changes are
observed in the electronic properties of the intrinsic graphene.
Thus, pristine graphene is not a suitable candidate for detecting
these gas molecules. Several scientific publications describe the

increase of graphene reactivity after doping with appropriate
dopants, and publications that describe graphene doped with
boron and nitrogen are common [9, 27]. This work examines
the effect of graphene doping with phosphorus (P) or silicon (Si)
to investigate the graphene reactivity increase to transform the
layer into a suitable material for hydrogen sulfide and ammonia
sensors.

P- and Si-doped graphene

For P-doped graphene, when one carbon atom was replaced
by one phosphorus atom in the supercell (Fig. 5a), some
changes in the graphene geometric structure were observed;
the P–C bond length is 1.61 Å, which is larger than the C–C
sp2 bond length of 1.41 Å. Moreover, the C–P–C bond angle
is 120.1°, which is close to the C–C–C bond angle (120°). The
changes in the bond length and bond angle may be attributed
to the phosphorus atomic radius, which is larger than the car-
bon radius, inducing deformations in graphene. On the other
hand, in the silicon-doped graphene (Fig. 5b) the Si–C bond
length is 1.63 Å, with no changes in the bond angle. Similar to
phosphorus, the Si atomic radius is larger than the carbon
atomic radius; consequently, it may generate changes in the
graphene layer.

a
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c

d

Top View Top View

Side View Side View

Fig. 4 Top and side electronic
charge density map of H2S a, b
and NH3 c, d molecules adsorbed
on the pristine graphene

a b

PhosphorusCarbon Silicon

Fig. 5 Optimized geometrical configuration of graphene doped with phosphorus a and silicon b, represented by green and light blue spheres,
respectively
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Fig. 8 Electronic charge density
map of phosphorus a and silicon
b doped graphene
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Additionally, P- and Si-doped graphene electronic proper-
ties were calculated to explore the effects of doping, and the
band structures and density of states were analyzed. Figure 6a
shows the P-doped graphene band structure with no energy
gap manifestations at the Fermi level indicating a metallic
behavior as induced by the phosphorus n-type dopant [28].
Unlike phosphorus-doped graphene, silicon-doped graphene,
Fig. 6b, displays an energy gap of 0.25 eV, conferring it semi-
conductor behavior.

Moreover, the total DOS and partial DOS of phosphorus
and silicon doped graphene were investigated. Figure 7a
shows the phosphorus-doped graphene total DOS with

features exhibiting changes of the electronic states in the con-
duction bands near the Fermi energy. Figure 7b displays the
PDOS, which explains the total DOS structure. Near the Fermi
energy, the feature is induced by the phosphorus and carbon p-
orbitals. On the other hand, the silicon-doped graphene DOS
represented in Fig. 7c exhibits electronic states above and
below the Fermi energy with an energy gap manifestation.
Figure 7d depicts the PDOS indicating that the Si p-orbitals
yield most of the electronic states near the Fermi energy. In
both systems, the total DOS and PDOS features agree with the
band structures (Fig. 6), where the P-doped system is metallic
and the Si-doped exhibits semiconductor behavior.
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Ead = -0.204 eV Ead = -0.650 eV

Ead = -0.259 eV

SulfurCarbon Nitrogen HydrogenPhosphorus Silicon

Fig. 9 Optimized geometrical configuration of H2S and NH3 molecules adsorbed on phosphorus a, b and silicon c, d doped graphene
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Additionally, the electronic charge density maps of the
doped graphene systems were computed as displayed in
Fig. 8. Panel a shows the phosphorus-doped graphene charge
density map where carbon atoms in the neighborhood of the
dopant (phosphorus) exhibit a charge density gain, because
carbon is more electronegative than phosphorus. Furthermore,
this effect may be corroborated by the Löwdin’s charges since
the carbons surrounding the phosphorus gained a 4.3 e− charge,
while other carbon atoms in the cell retain a value of 4 e−. A
high charge density is also found on the dopant, which de-
creases gradually as a function of distance. Similar to the
phosphorus-doped system, carbons that surround the silicon
atom gain charge density, see Fig. 8b, obtaining a Löwdin’s

charge of 4.2 e−, while the rest of the carbon atoms remain with
a charge of 4 e−, provided that the electronegativity of the car-
bon is higher than that of silicon.

The dopant incorporation into the graphene atomic struc-
ture induces changes of the electronic charge density, which in
turn may increase the reactivity of graphene to transform it
into a material with an active site to adsorbed molecules.

H2S and NH3 adsorption on graphene doped with P
or Si

Similar to the adsorption on pristine graphene, the molecules
were placed at different sites on the doped graphene (e.g., on-

Fig. 11 Total density of states
(DOS) and partial density of
states (PDOS) of H2S and NH3

molecules adsorbed on phospho-
rus a, b and silicon c, d doped
graphene. The red dotted line is
the Fermi energy
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top of dopant site, the center of a hexagonal ring, and on
dopant–C bond) with different orientations (adsorbed mole-
cule perpendicular or parallel to the doped graphene sheet).
Figure 9a–d show the most stable adsorption configurations of
the molecules adsorption, after geometrical optimization. Four
configurations are explored, which are termed I–IV. The ad-
sorption energy Ead of system I, see Fig. 9a, is −0.244 eV. In
this geometry the H2S is adsorbed showing an energy Ead

0.045 eV larger than that obtained by the same molecule
adsorbed on pristine graphene (Fig. 1a, −0.199 eV).
Moreover, the H2S adsorption causes a change in the doped
graphene geometrical structure, resulting in a stretch of the P–
C bond from 1.609 Å to 1.774 Å and a decrease in the C–P–C
angle from 120.1° to 98.6°. The distance between the H2S and
graphene is 4.09 Å, which is larger than that on pristine
graphene (Fig. 1a, 3.04 Å). The distance and Ead suggest
van der Waals physical adsorption in system I [15, 24, 25].

Figure 9b depicts system II, where the NH3 is adsorbed on
the P-doped graphene with an adsorption energy Ead of
−0.204 eV, which is 0.04 eV larger than that obtained with
the pristine graphene, shown in Fig. 1b, with an adsorption
energy of −0.164 eV. Similar to system I, the NH3 adsorption
induces changes in the P-doped graphene, the P–C bond is
enlarged from 1.609 Å to 1.775 Å and the C–P–C angle de-
creases from 120.1° to 98.4°. The distance between NH3 and
graphene is 3.78 Å, which is somewhat larger than the 3.17 Å
obtained in the pristine case, Fig. 1b. Results suggest physical
adsorption as induced by the weak van der Waals interactions.

Figure 9c displays system III; in this system the H2S is
adsorbed on the Si-doped graphene. The adsorption energy
Ead is −0.259 eV, which is 0.06 eV larger than the value
obtained in the pristine system, see Fig. 1a, with Ead =
−0.199 eV. The changes induced by the H2S adsorption are
the Si–C bond stretch from 1.634 Å to 1.765 Å and the C–Si–
C angle decrease from 120.1° to 103.2°. The distance between

H2S and Si-graphene is 3.65 Å, which is larger than that of the
pristine graphene, see Fig. 1a. The presence of weak physical
adsorption due to van der Waals interactions is noted. Finally,
system IV depicted in Fig. 9d corresponds to the NH3

adsorbed on Si-graphene, with an adsorption energy Ead =
−0.650 eV, which is 0.486 eV larger than the −0.164 eV ob-
tained in the pristine system, shown in Fig. 1b, and it is stron-
ger than that of adsorbedH2S (system III). The Si–C bond also
increases from 1.634 Å to 1.774 Å, and the C–Si–C angle is
reduced from 120.1° to 98.6° after adsorption. In this case, the
distance of 2.01 Å between NH3 and Si-graphene is shorter in
comparison to the 3.17 Å obtained by the pristine graphene.
The Ead and separation distance indicate chemisorption in
system IVaccording to the adsorption criteria [15, 24, 25].

The electronic properties of systems I–IV were also inves-
tigated by calculating the band structures, the total density of
states, and projected density of states. Figure 10 is devoted to
presenting the band structures. Figure 10a shows results cor-
responding to system I, where the electronic states at the Fermi
level indicate an interaction between H2S and P-graphene.
Pristine graphene shows zero gap structure (Fig. 6a); however,
after H2S adsorption the P-graphene displays a small energy
gap. Moreover, an electronic band is generated near −2 eV in
the valence bands, which may be associated with the H2S
adsorption. Similar to system I, in system II, see Fig. 10b,
electronic states are generated at the Fermi energy and an
electronic band near −2 eV in the valence bands, which is
induced by the NH3 adsorption. Figure 10c shows the results
of system III. A gap reduction from 0.25 eV to 0.19 eV after
H2S adsorption is noted. Also, a band was generated near
−2 eV in the valence band attributed to the H2S adsorption.
Finally, Fig. 10d exhibits the system IV band structure where
the gap experiences no changes even when the molecule ad-
sorption takes place; it keeps the same gap value of 0.25 eV,
see Fig. 6b, for the pristine case. Note that electronic states

Table 1 The Löwdin’s charge
change of phosphorus (G–P) and
silicone (Si–G) doped graphene,
H2S and NH3 molecules adsorbed
on phosphorus I and II, and
silicon III and IV doped graphene.
The + sign means charge loss,
while the – sign means charge
gain

System Element Δcharge (e−) System Element Δcharge (e−)

Doped graphene G–P P +1.27 Si–G Si +0.76

C −0.27 C −0.22
H2S adsorbed I P +0.76 III Si +0.44

C −0.17 C −0.14
S −0.15 S −0.14
H +0.14 H +0.14

+0.14 +0.15

NH3 adsorbed II P +0.76 IV Si +0.74

C −0.17 C −0.23
N −0.80 N −0.59
H +0.31 H +0.35

+0.31 +0.35

+0.32 +0.35
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were generated in the conduction bands near the Fermi energy
attributed to the interaction with NH3. The changes in the
electronic properties of systems I–III are due to the interaction
with the adsorbed molecules; in contrast, system IV presents
no significant changes in the electric properties.

Figure 11 displays the total DOS and PDOS of systems I–
IV. Figure 11a exhibits the total DOS of system I, and it is
noted that electronic states at the Fermi energy emerge as a
consequence of the molecule adsorption, in a similar fashion
as in the band structure shown in Fig. 10a. In this way, the
changes in the electronic properties [15] are manifested.
Moreover, the PDOS indicates that electronic states are
formed by the contributions of the phosphorus s and p orbitals
and carbon p orbitals when the H2S is adsorbed. Figure 11b
illustrates the total DOS results of system II. The formation of

electronic states are corroborated at the Fermi level as obtain-
ed in the band structure inducing changes in the electronic
properties, see Fig. 10b. The PDOS shows that these electron-
ic states are formed by the phosphorus s and p orbitals and
carbon p orbitals that interact with the phosphorus atom.
According to the PDOS, the electronic bands generated near
−2 eV in the valence band are formed by the nitrogen p or-
bitals contained in NH3. Figure 11c depicts the system III total
DOS results. Note that changes in the conduction bands are
manifested near the Fermi energy. Moreover, the PDOS indi-
cates that those changes are produced by the silicon s and p
orbitals and the carbon p orbitals of the atoms that interact
with sulfur p orbitals of the H2S molecule. Finally, Fig. 11d
exhibits results of the system IV DOS. Similar to the band
structure shown in Fig. 10d, the formation of electronic states

a

b d

c

Top View

Side View

Top View

Side View

Top View

Side View

Top View

Side View

Fig. 12 The electronic charge
density map. a corresponds to
H2S on P-doped graphene (sys-
tem I). b NH3 on P-doped
graphene (system II). cH2S on Si-
doped graphene (system III). d
NH3 on Si-doped graphene (sys-
tem IV). The black line on the top
view corresponds to the charge
density map side view
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in the conduction bands near the Fermi energy is noted; how-
ever, no modification of the energy gap is induced. The PDOS
shows that electronic states in the conduction bands are caused
by the silicon p and d orbitals and carbon p orbitals that inter-
act with nitrogen s orbitals of the NH3 molecule.

Table 1 reports the P and Si electronic charge density
changes (Δcharge). Moreover, the first nearest neighbors of
carbon and the adsorbed molecules are also considered. The
Δcharge values were obtained from Löwdin’s charges analy-
sis of the relaxed most stable structures. The Δcharge unit is
e− (electron charge) because electrons have more mobility
than the atomic nucleus or ions. Under this scheme, a + (−)
sign means electronic charge loss (gain).

After graphene doping, the dopant atoms yield charge to
the first nearest neighbor atoms, which are carbons. The P
atoms yield +1.27 e−, while Si atoms yield +0.76 e−. The
H2S or NH3 adsorption induces electronic and spatial structure
modifications. The doped graphene transforms from a flat to a
curved surface, and the charge density rearranges. In systems
I, II, and III, the dopant atom recovers part of the charge from
the surrounding carbon atoms. In contrast, system IV shows
no relevant changes in the electronic charge at the silicon and
its first nearest neighbors.

Hydrogen and sulfur electronic charge is almost unaltered
despite the dopant atom presence. However, the nitrogen be-
comes more negative when adsorbed on P-doped graphene
(−0.8 e−) and Si-doped graphene (−0.59 e−).

Figure 12 displays the top and side views of systems I–IV
charge density maps. The top view shows charge redistribu-
tion near the dopant atom (P or Si). Systems I–III side views
exhibit an electronic repulsion between a molecule and a dop-
ant atom. On the other hand, in system IV there is an attraction
between the NH3 free electron pair and the silicon atom.

Conclusions

Density functional theory calculations were performed to
study the H2S and NH3 adsorption onto pristine, P-, and Si-
doped graphene. The incorporation of phosphorus in graphene
confers a metallic behavior; however, when doped with sili-
con a semiconductor behavior with a gap of 0.25 eV is obtain-
ed. After H2S adsorption on P- and Si-doped graphene, chang-
es are generated in the structure and electronic properties,
making the doped graphene a suitable candidate for H2S sen-
sors. Similar changes in structure and electronic properties
were obtained after NH3 adsorption on P-doped graphene
conferring molecule sensor device properties. On the other
hand, the NH3 adsorption on the Si-doped graphene induces
nonsignificant changes in the structural and electronic proper-
ties, making this system unsuitable as a gas sensor. The doping
of graphene with P or Si transforms graphene into a more

reactive two-dimensional layer, facilitating the molecule
adsorption.

Acknowledgments The authors would like to thank the doctorate pro-
gram inmaterials of the UniversidadAutónoma deCoahuila. RGDwould
like to acknowledge CONACyT postdoctoral scholarship. G.H.C. ac-
knowledges the financial support of VIEP-BUAP, grant HECG-EXC-
157, CONACYT project #223180 and Cuerpo Académico Física
Computacional de la Materia Condensada (BUAP-CA-191).
Calculations were performed in the IFUAP and LNS-BUAP.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

References

1. Wang X, Sun G, Routh P, Kim DH, Huang W, Chen P (2014)
Heteroatom-doped graphene materials: syntheses, properties and
applications. Chem Soc Rev 43:7067–7098

2. Whitener KE, Sheehan PE (2014) Graphene synthesis. Diam Rel
Mat 46:25–34

3. GeimAK,NovoselovKS (2007) The rise of graphene. NatMater 6:
183–191

4. Shao Y, Zhang S, EngelhardM, Li G, Shao G, Wang Y, Liu J, Aksa
IA, Lin Y (2010) Nitrogen-doped graphene and its electrochemical
applications. J Mater Chem 20:7491–7496

5. Zhu Y, Murali S, Cai W, Li X, Suk JW, Potts JR, Ruoff RS (2010)
Graphene and graphene oxide: synthesis, properties, and applica-
tions. Adv Mater 22:3906–3924

6. Jo G, Choe M, Lee S, Park W, Kahng YH, Lee T (2012) The
application of graphene as electrodes in electrical and optical de-
vices. Nanotechnology 23:1–20

7. Bandosz TJ (2002) On the adsorption/oxidation of hydrogen sulfide
on activated carbons at ambient temperatures. J Colloid Interface
Sci 246:1–20

8. Liu H, Liu Y, Zhu D (2011) Chemical doping of graphene. J Mater
Chem 21(10):3335

9. Wang Y, Shao Y, Matson D, Li J, Lin Y (2010) Nitrogen-doped
graphene and its application in electrochemical biosensing. ACS
Nano 4(4):1790–1798

10. Niu F, Tao L, Deng Y, Wang Q, Song W (2014) Phosphorus doped
graphene nanosheets for room temperature NH3 sensing. New J
Chem 38:2269–2272

11. Varghese S, Lonkar S, Singh KK, Swaminathan S, Abdala A (2015)
Recent advances in graphene based gas sensors. Sensors Actuators
B 218:160–183

12. Yoo E, Zhou H (2014) Hybrid electrolyte Li-air rechargeable bat-
teries based on nitrogen- and phosphorus-doped graphene nano-
sheets. RSC Adv 4:13119–13122

13. Wen Y, Wang B, Huang C, Wang L, Hulicova-Jurcakova D (2015)
Synthesis of phosphorus-doped graphene and its wide potential
window in aqueous supercapacitors. Chem Eur J 21:80–85

14. Lv R, dos SantosMC, Antonelli C, Feng S, Fujisawa K, Berkdemir
A, Cruz-Silva R, Elías AL, Perea-López N, Lópes-Urías F, Terrones
H, Terrones M (2014) Large-area Si-doped graphene: controllable
synthesis and enhanced molecular sensing. Adv Mater 26:7593–
7599

15. ZouY, Li F, Zhu ZH, ZhaoMW,XuXG, SuXY (2011)An ab initio
study on gas sensing properties of graphene and Si-doped graphene.
Eur Phys J B 81:475–479

16. Mao S, Lu G, Chen J (2014) Nanocarbon-based gas sensors: prog-
ress and challenges. J Mater Chem A 2(16):5573–5579

J Mol Model           (2019) 25:94 Page 11 of 12    94 



17. Robinson JT, Perkins FK, Snow ES, Wei Z, Sheehan PE (2008)
Reduced graphene oxide molecular sensor. Nano Lett 8(10):3137–
3140

18. Shen F, Wang D, Liu R, Pei X, Zhang T, Jin J (2013) Edge-tailored
graphene oxide nanosheet-based field effect transistors for fast and
reversible electronic detection of sulfur dioxide. Nanoscale 5:537–
540

19. Ma J,Michaelides A, Alfè D, Schimka L, Kresse G,Wang E (2011)
Adsorption and diffusion of water on graphene from first principles.
Phys Rev B 84:033402-1 033402-4

20. Leenaerts O, Partoens B, Peeters FM (2009) Water on graphene:
hydrophobicity and dipole moment using density functional theory.
Phys Rev B 79:235440-1 235440-5

21. Giannozzi P, Baroni S, Bonini N, Calandra M, Car R, Cavazzoni C,
Ceresoli D, Chiarotti G, Cococcioni M, Dabo I, Corso A, Gironcoli
S, Fabris S, Fratesi G, Gebauer R, Gerstmann U, Gougoussis C,
Kokalj A, Lazzeri M, Martin L, Marzari N, Mauri F, Mazzarello R,
Sbraccia C, Scandolo S, Sclauzero G, Seitsonen A, Smogunov A,
Umari P, Wentzcovitch R (2009) QUANTUMESPRESSO: a mod-
ular and open-source software project for quantum simulations of
materials. J Phys Condens Matter 21:395502

22. Vanderbilt D (1990) Soft self-consistent pseudopotentials in a gen-
eralized eigenvalue formalism. Phys Rev B 41:7892

23. Perdew JP, Burke K, Ernzerhof M (1996) Generalized gradient
approximation made simple. Phys Rev Lett 77:3865–3868

24. Popov VN, Lambin P (2006) Carbon nanotubes: from basic re-
search to nanotechnology. Springer, Dordrecht, p 253

25. Chi M, Zhao YP (2009) Adsorption of formaldehyde molecule on
the intrinsic and Al-doped graphene: a first principle study. Comput
Mater Sci 46(4):1085–1090

26. Hernández JJ, Ramírez RE, Escobedo A, Chigo E (2011) First
principles calculations of the electronic and chemical properties of
graphene, graphane, and graphene oxide. J MolModel 17(5):1133–
1139

27. Panchakarla LS, Subrahmanyam KS, Saha SK, Govindaraj G,
Krishnamurthy HR, Waghmare UV, Rao CNR (2009) Synthesis,
structure and properties of boron- and nitrogen-doped graphene.
Adv Mater 21:4726–4730

28. Xue Y, Wu B, Liu H, Tan J, Liu Y (2014) Direct synthesis of
phosphorus and nitrogen co-doped monolayer graphene with air-
stable n-type characteristics. Phy Chem Chem Phys 16:20392–
20397

   94 Page 12 of 12 J Mol Model           (2019) 25:94 


	Studies of hydrogen sulfide and ammonia adsorption �on P- and Si-doped graphene: density functional theory calculations
	Abstract
	Introduction
	Computational details
	Results and discussion
	H2S and NH3 adsorption on pristine graphene
	P- and Si-doped graphene
	H2S and NH3 adsorption on graphene doped with P or Si

	Conclusions
	References


