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Abstract. The interaction of small gas molecules as H2, N2, CO, H2S, NH3, SO2 and CH4 on Li-functionalized graphitic
carbon nitride was investigated by using the density functional theory, to explore their gas adsorption properties. The
calculated Eads values of all gas molecules on [Li g-C3N4]? show that these gas molecules present favourable interaction
with the lithium atom coordinated on the sheet. NH3 and SO2 molecules present strong interactions, with Eads values of
-18.60 and -9.50 kcal mol-1. The natural bond orbital analysis indicates that donor orbitals belong to the lone pairs of
oxygen, nitrogen, sulphur and carbon atoms from SO2, N2, NH3, H2S, CO molecules, and acceptor orbitals (LP*) from the
lithium atom. Computational studies suggest that H2, N2, CO, H2S, NH3, SO2 and CH4 molecules on [Li g-C3N4]? present
physisorption.
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Introduction

Recently, the semiconductive polymeric graphitic carbon
nitride material has been studied due to a large number of
applications, such as photo-degradation [1], photocatalysts
[2,3], degradation of organic pollutants [3], hydrogen evolution from water [4,5], sensing [6–8], imaging [9,10],
biological applications [11] and energy conversion. This
material is non-toxic, earth-abundant and visible light-driven polymeric semiconductor and is easily fabricated by
thermal polymerization of abundant nitrogen-rich precursors, such as melamine, dicyandiamide, cyanamide, urea or
thiourea [3,12–15].
Structurally, the graphitic carbon nitride is a porous
graphene-like membrane [16,17]. The pore in this type of
structures facilitates a good dispersion of metallic atoms on
the surface [18]. In the last decade, there has been an
increase in the development of new theoretical studies to
functionalize graphitic carbon nitride for efficient energy
storage. Hankel et al [19] studied the lithium (Li) adsorption
on 2D graphitic carbon nitride membranes, C3N4 and C6N8,
observing that lithium adsorbs preferentially over the triangular pores with high adsorption energy. A similar study
has been reported by Wu et al [20] using lithium atoms on
g-CN to absorb hydrogen molecules and demonstrated that
lithium-decorated g-C4N3 and g-C3N4 are good candidates
for high-capacity energy storage. Those properties are due

to their high electron densities of nitrogen triangular holes,
where lithium ions are adsorbed. In another study, Hussain
et al [21] studied a stable allotrope of the carbon nitride (gC6N8) monolayer with lithium atoms, they found that
g-C6N8 can adsorb three, six and eight lithium adatoms in
different configurations, where the charge is transferred
from Li to the monolayer. The interaction of the lithium
atom on g-C3N4 has been poorly studied, due to this we
focused on studying the effect of functionalizing of g-C3N4
with one lithium atom, to observe the ability to absorb small
gas molecules. To our knowledge, the small gas molecules
(H2, N2, CO, H2S, SO2, NH3, CH4) are all of great practical
interest for industrial and for environmental and medical
applications [22]. Gas molecules as SO2, NH3, H2S and CO
are the byproduct of various chemical and biological processes and are considered to be hazardous [23,24]; therefore, it is important to develop new materials capable of
adsorbing those molecules. Recently, various materials have
been utilized for detection and removal of gas molecules.
For instance, H2, N2, O2, CO, CO2, NO2 and NH3 gas
molecules on two-dimensional graphitic carbon nitride (2D
g-C4N3) have already been reported [25]. Adsorption of
small gas molecules as H2O, H2, O2, CO, NO and CO2 on
graphene/g-C3N4 nanocomposite coordinated with VIII
transition metals was reported, observing characteristics of
physisorption [26]. Also, a solid-state study of g-C3N4
doped with different metals was reported for application as
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Figure 1. (a) Optimized structure of [Li g-C3N4]?. Colour code for spheres: sheet—dark grey (C); blue (N); pink (Li); white (H).
(b) Natural bond orbital (NBO), donor and acceptor orbitals.

sensors for NO2 [27]. On the other hand, the decoration of
g-C3N4 edges by the boron atom reveals high selectivity
towards H2S, SO2 and NH3, the results predicted that B-gC3N4 is an efficient sensor for the H2S, SO2 and NH3 gases
[28]. Basharnavaz et al [29] reported the adsorption of SO2
over the transition metal/P–co-doped graphitic carbon
nitride molecules (Co, Rh and Ir elements). In 2019,
Bhattacharyya and Datta [30] reported that the B/C2N
system could catalyse the reduction of N2 to NH3. Particularly, the C2N was recently reported as a potential candidate as an adsorbent for chemically hazardous pollutant
gaseous molecules (HF, HCN and H2S), for gas sensing
applications [8]. Further, the adsorption of NH3 on Osembedded g-CN system were reported by Basharnavaz et al
[31], this system is candidate for sensing and removing
NH3. The same research group reported the adsorption of
NO2 gas on the pristine graphitic carbon nitride and transition metals/g-CN. The results revealed that the Ir-embedded g-CN make this system as an excellent candidate for
NO2 gas sensor [32]. Owing to the above results, we have
explored the interaction of small gas molecules (diatomic

H2, N2, CO, triatomic H2S, SO2, tetratomic NH3 and pentatomic CH4) on [Li g-C3N4]? in order to know more in
detail about their chemistry behaviour and binding nature.
Our studies were focused on the following adsorption
studies: (a) the adsorption of lithium atom onto g-C3N4,
(b) the adsorption of diatomic, triatomic, tetratomic and
pentatomic gases on [Li g-C3N4]? and (c) the proper
overlap of donor–acceptor orbitals (NBO analysis)
between gas molecules and the [Li g-C3N4]? complex.

2.

Computational details

The [Li g-C3N4]? complex was optimized using the density
functional theory. Calculations in this study were performed
with the Perdew–Burke–Ernzerhof (PBE0) [33,34] functional and the def2-TZVP basis set [35], using the Gaussian
09 program [36]. In order to characterize all optimized
structures, we have computed their vibrational modes at the
same level of theory. The basis set superposition error
(BSSE) was calculated with the counterpoise (CP) method,

Table 1. Adsorption and bandgap energies, natural charge and bond length Li-gas molecule of selected gaseous molecules N2, H2S,
NH3, SO2, CO, H2 and CH4 onto [Li g-C3N4]? calculated with the PBE0/def2-TZVP method. The BSSE corrections for Eads are included.
Molecule
N2
H2S
NH3
SO2
CO
H2
CH4

Eads (kcal mol-1)

Bandgap (eV)

Bond length (Å) Li–X*

Natural charges (Li)

Natural charges (gas molecule)

-3.55
-7.86
-18.60
-9.50
-5.50
-1.56
-2.12

4.54
4.48
4.49
3.04
4.54
4.55
4.54

N 2.23
S 2.56
N 2.04
O 2.05
C 2.28
H 2.20
C 2.64

?0.551
?0.538
?0.629
?0.600
?0.461
?0.607
?0.677

?0.017
-0.221
-1.073
-0.804
?0.608
?0.025
-0.609

*Gas molecule: N2 (N), H2S (S), NH3 (N), SO2 (O), CO (C), H2 (H) and CH4 (C) atoms.
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Figure 2. Top and side views of the molecule gases adsorbed onto the [Li g-C3N4]? sheet-optimized structures. Bond length lithium-gas
molecule (Å). Colour code for spheres: sheet—dark grey (C); blue (N); pink (Li); white (H), Gas species: yellow (S); white (H); blue (N); red (O).

in order to get more reliable adsorption energies (Eads) [37].
Geometries from local minima were used to carry out their
respective NBO analysis, at the same level of theory [38].
The bandgap of the system was calculated from the difference between highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital
(LUMO). The adsorption energy, Eads, is defined as the
difference between the sum of the energy of the isolated
molecule gas and of [Li g-C3N4]? sheet and the energy of

the system with a bonded gas molecule. Adsorption energy
(Eads) of different systems are calculated with the following
equation:
Eads ðgas moleculeÞ ¼ E ð½Li g-C3 N4 þ - gas moleculesÞ

 E ½Li g-C3 N4 þ þ E gas molecule ;
where E ([Li g-C3N4]? - gas molecule) is the total energy
of the system of [Li g-C3N4]? and gas molecules, and
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Figure 3. HOMO and LUMO orbitals for molecules adsorbed onto the [Li g-C3N4]? structures, calculated with the PBE0/def2-TZVP.
Colour code for spheres: sheet—dark grey (C); blue (N); pink (Li); white (H), Gas species: yellow (S); white (H); blue (N); red (O).

E [Li g-C3N4]? and E gas molecule are the total energies of
the sheet functionalized with lithium and a molecule of gas
present, respectively. All generated files from Gaussian 09
were analysed with the Chemcraft program v1.8.

3.

Results and discussion

3.1 The geometry and optimization of Li-functionalized
g-C3N4 sheet
The studied g-C3N4 structure (C18N27H9) in this study is
corrugated with C2 symmetry, the distance between the two N

atoms on the middle of the pore is about 6.77–6.84 Å. The
optimized structure of [Li g-C3N4]? is depicted in figure 1a.
The lithium atom was preferably adsorbed in the middle of the
pore, showing greater coordination with four nitrogen atoms,
with Li–N bond lengths of 2.13–2.62 Å and with moving
away from two longer bond lengths of nitrogen atoms (N17,
N20). First we proceeded to calculate Eads for Li–N interactions in the [Li g-C3N4]? complex obtaining a value of
104.13 kcal mol-1, this [Li g-C3N4]? complex exhibit a
bandgap value of 4.549 eV. The adsorption of lithium atom
on g-C3N4 induces to increase the local reactivity of the layer,
due to the nitrogen atoms (N3, N7, N20, N17, N14 and N10)
donating electron density to the lithium atom, see figure 1b.
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Figure 4. Correlation of the adsorption energy (Eads) and the
distance between the lithium-gas molecules (Å). Atoms in
parentheses are interacting with the lithium atom: N2 (N), H2S
(S), NH3 (N), SO2 (O), CO (C), H2 (H) and CH4 (C).

Table 2. Donor and acceptor orbitals for the interactions from all
gas molecules towards [Li g-C3N4]?.
Molecule

Donor

N2
H2S
NH3
SO2
CO
CH4
H2

LPN
LPS
LPN
LPO
LPC
BDC–H
BDH–H

E(j)-E F(i, j)
E(2)
Acceptor (kcal mol-1)a (i) (a.u.)b (a.u.)c
Li
Li
Li
Li
Li
Li
Li

51.70
57.51
20.99
28.32
94.86
8.68
12.55

0.92
0.77
0.71
1.11
0.71
0.63
0.54

0.197
0.190
0.111
0.161
0.234
0.067
0.073

a

E(2) means energy of hyper conjugative interaction (stabilization
energy).

b

Energy difference between donor and acceptor i and j BNO
orbitals.

c

F(i, j) is the Fork matrix element between i and j NBO orbitals.

3.2

Adsorption of molecular gases on [Li g-C3N4]? sheet

In order to study the adsorption behaviour of gas molecules
on the [Li g-C3N4]? complex, their coordination nature and
NBO orbitals were studied. For the case of the H2 molecule,
the hydrogen molecule is coordinated with the metal with a
distance of 2.20 Å. This value was consistent with those
theoretical data (2.04 Å) reported before [21]. On the other
hand, the Li–S in H2S molecule has a longer value 2.56 Å,
as a consequence of the large atomic radius for both atoms.
Sulphur, oxygen and nitrogen atoms in H2S, SO2 and NH3,
interact in vertical position with the lithium atom. In, this
respect, the adsorption of NH3, SO2 and H2S molecules
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cause a decrease in the interaction of lithium atom and the
nitrogen atoms (N3, N10) of the sheet (see figure 1a). For
CO and CH4 molecules, C atoms in CO and CH4 are
directly bonded to lithium atom, showing bond lengths of
2.28 Å (CO) and 2.64 Å (CH4). Adsorption of SO2 is
through the interaction of one oxygen atom with a perpendicular orientation towards the lithium atom. The bond
length of one S–O after the adsorption is 1.43 Å, showing
slightly decrease from 1.44 Å compared to an isolated SO2
molecule. We can clearly observe that all small molecules
(N2, H2S, NH3, SO2, CO, H2, CH4) have coordination’s
with short distances with the lithium atom (see table 1 and
figure 2), those interactions are significantly smaller than
the sum of their van der Waals radii [39].
The molecular orbital picture after the adsorption of gas
molecules on [Li g-C3N4]? indicates that the electron
density of HOMO and LUMO orbitals are localized on
nitrogen atoms of sheet (figure 3). In case of SO2/[Li
g-C3N4]?, the LUMO orbital is significantly situated on
oxygen atoms of SO2. The energies of HOMO–LUMO for
the gas molecules (N2, H2S, NH3, SO2, CO, H2, CH4) on [Li
g-C3N4]? were HOMO (-9.60, -9.49, -9.44, -9.42,
-9.59, -9.63, -9.60 eV) and LUMO (-5.05, -5.01,
-4.95, -6.38, -5.05, -5.08, -5.06 eV), respectively,
while the energies of HUMO–LUMO of [Li g-C3N4]?
structure were -9.64 and -5.09 eV. These values indicate
that the HOMO–LUMO energies after adsorption of gas
molecules slightly increased, upon the interaction between
the gas molecule and the sheet, except for SO2 adsorption
on sheet. The bandgap of g-C3N4 is 4.55 eV and our calculated bandgaps show that the adsorption of gas molecules
on the doped sheet do not affect the non-conductor character of [Li g-C3N4]?. Only a slight decrease of bandgap of
*3.04 eV is observed for SO2/[Li g-C3N4]? (see table 1).
The calculated adsorption energies of the studied molecules
adsorbed on [Li g-C3N4]? are listed in table 1. It is
observed that the Eads are negative, indicating adsorption
was exothermic showing favourable interaction of those
small molecules. The descending order of those adsorption
energies is the following: NH3 [ SO2 [ H2S [ CO [
N2 [ CH4 [ H2, see figure 4. Our results predicted that
these gas molecules are easy to be adsorbed on the surface
of [Li g-C3N4]? by physisorption. The nitrogen atom of the
NH3 molecule interacts with the metal, establishing a
shorter distance between two atoms and considerable
absorption energy. This is because the NH3 molecule has
more available lone pair for interaction with the lithium
atom, similar to the cases of NH3 molecule adsorbed on
stanene [40] and mesoporous phenylene-silica [41]. Interestingly, H2 molecule exhibits lower adsorption energy of
-1.56 kcal mol-1, indicating that the H2 has a very weak
interaction with lithium atom. This value is slightly smaller
than that reported for sheet g-C4N3 without doping with
lithium atom (-1.84 kcal mol-1) [42]. Also, this value of
Eads of H2 molecule is lower compared to the system graphene doped with lithium atoms (-3.46 kcal mol-1) [43].
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NBO donor and acceptor orbitals responsible for intermolecular interactions, lone pair (LP) and bond (BD).

It is important to highlight the relationship between the
calculated values from the adsorption energies and the
distances between the oxygen, carbon and nitrogen of SO2,
CO and NH3, and lithium atom, where it is clear to observe
the highest adsorption energy and the shortest distance
between gas molecule and lithium atom on the sheet (see
figure 4). The (natural charge) natural values for N2, H2S,
NH3, SO2, CO, H2 and CH4 on the surface of [Li g-C3N4]?
are ?0.017, -0.221, -1.073, -0.804, ?0.608, ?0.014,
?0.677 (see table 1), respectively. Results show that [Li
g-C3N4]? sheet adsorbs more effectively compared to the
NH3 molecule.

3.3

NBO analysis

In addition, we investigated the most important interaction
between the gas molecules with the lithium atom, through an
NBO analysis, in order to know more in detail their bond
nature. Table 2 shows stabilization energies, for donor and
acceptor orbitals for all complexes. In all cases, donor orbitals
belong to the lone pairs of oxygen, nitrogen, sulphur and C–H
atoms from SO2, N2, NH3, H2S, CO, CH4 molecules, and
acceptor orbitals (LP*) from the lithium atom (see figure 5).
As shown in the table, the order of E(2) stabilization energy is
the following CO [ H2S [ N2 [ SO2 [ NH3 [ H2 [ CH4.
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Data show that in all studied interactions, the E(2) energies
are higher for carbon, sulphur, oxygen and nitrogen donor
atoms in comparison with the E(2) energy value for H2
molecule according to table 2. We can conclude that carbon
and sulphur of the gas molecules in CO and H2S are stronger
donors compared to the nitrogen and oxygen of N2, SO2 and
NH3.

4.

Conclusions

In summary, we employed density functional theory to
explore the geometry, adsorption energy and donor–acceptor
natural orbitals for the [Li g-C3N4]? complex and all gas
molecules (CO, H2, N2, NH3, SO2, H2S and CH4). Our results
reveal that all gases are physically adsorbed with considerable adsorption energy values. Based on their adsorption
energies, it can be understood that NH3 and SO2 are strongly
physisorbed on [Li g-C3N4]?. In contrast, the H2 and CH4
molecules are still weakly physisorbed on the sheet with
small adsorption energy values. The NBO analysis also
indicates that the carbon and sulphur atoms in the CO and H2S
molecules are stronger electron donors than other gas molecules (N2, SO2, NH3, CH4 and H2). In other words, the lithium
atom is stabilized by the high electron density of the carbon
and sulphur atoms. According to our results, the [Li g-C3N4]?
complex can be considered as a promising material to adsorb
small gaseous molecules by physisorption. Therefore, these
results give new insights into the emerging applications of
materials doped with lithium, to capture or sensor small
gaseous molecules such as NH3 and SO2.

Acknowledgements
This research was financially supported by CONACYT. MIR
thanks for the postdoctoral scholarship from CONACYT.

References
[1] Yan S C, Li Z C and Zou Z G 2009 Langmuir 25 10397
[2] Wang Y, Li J, Yang Q and Zhong C 2016 ACS Appl. Mater.
Interfaces 8 8694
[3] Xiao J, Xie Y, Nawaz F, Wang Y, Du P and Cao H 2016
Appl. Catal. B 183 417
[4] Wang X, Maeda K, Thomas A, Takanabe K, Xin G, Carlsson
J M et al 2009 Nat. Mater. 8 76
[5] Zheng Y, Jiao Y, Zhu Y, Li L H, Han Y, Chen Y et al 2014
Nat. Commun. 5 3783
[6] Tian J, Liu Q, Asiri A M, Al-Youbi A O and Sun X 2013
Anal. Chem. 85 5595
[7] Zhang S, Li J, Zeng M, Xu J, Wang X and Hu W 2014
Nanoscale 6 4157
[8] Bhattacharyya K, Pratik S M and Datta A 2018 J. Phys.
Chem. C 122 2248

Page 7 of 8

144

[9] Lu Y-C, Chen J, Wang A-J, Bao N, Feng J-J, Wang W et al
2015 J. Mater. Chem. C 3 73
[10] Tang Y, Song H, Su Y and Lv Y 2013 Anal. Chem. 85
11876
[11] Mukhopadhyay T K, Bhattacharyya K and Datta A 2018
ACS Appl. Mater. Interfaces 10 13805
[12] Gao H, Yan S, Wang J, Huang Y A, Wang P, Li Z et al 2013
Phys. Chem. Chem. Phys. 15 18077
[13] Schwinghammer K, Tuffy B, Mesch M B, Wirnhier E,
Martineau C, Taulelle F et al 2013 Angew. Chem. Int. Ed. 52
2435
[14] Zhu J, Wei Y, Chen W, Zhao Z and Thomas A 2010 Chem.
Commun. 46 6965
[15] Wang D H, Pan J N, Li H H, Liu J J, Wang Y B, Kang L T
et al 2016 J. Mater. Chem. A 4 290
[16] Thomas A, Fischer A, Goettmann F, Antonietti M,
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