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https://doi.org/10.18280/acsm.490612 ABSTRACT

In the present paper, the energetic, structural, geometric, and electronic characteristics of
graphene (Gr) were examined with the use of first-principles density functional theory
(DFT) methods in relation to adsorption of CO, CO2, NH3, SOz, and N2 molecules and
to lithium (Li) contamination. They substituted a single carbon (C) atom with a Li atom,
creating an energy gap (Eg) of 0.08 eV. We calculated a range of Eg values by using
different doping and adsorption techniques with Li. The highest value we obtained was
0.80 eV. The results indicate that CO, NH3, and SO2 molecules undergo physical
adsorption onto the surface of Li-doped graphene (Li-Gr), with adsorption energy (Eaq)
values 0f-0.31, 0.56, and 0.93 eV, respectively. On the other hand, CO2 and N> molecules
are chemically bonded to the surface of Li-Gr, with Eaq values of -2.44 and -1.08 eV,
respectively. In contrast, CO2 and N2 molecules are chemisorbed on the Li-Gr surface,
with E.q values of -2.44 and -1.08 eV, respectively. The results of our calculations
indicate that Li-Gr may be a suitable sensor for CO, NH3, and SOz molecules. Using the
DFT approach, we determined the optimal and stable electronic configurations of Li-Gr.
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1. INTRODUCTION

Greenhouse and toxic gases such as COz, NOz, CO, SOx,
and NHs are major pollutants emitted from industrial
processes, contributing to global climate change and
environmental challenges. Therefore, due to the ecological
issues and climate change humanity is currently facing, there
has been a growing need for carbon (C) nanostructures capable
of enabling rapid green operations [1]. Graphene (Gr), a
material with a highly compact two-dimensional (2D) lattice
structure composed of C atoms, presents a viable answer [2].
Chemically modifying Gr is a realistic method to improve its
chemical and physical characteristics. Metal doping has
proven effective in modifying its electronic structure and
strengthening gas binding. Among these metals, lithium (Li)
stands out for its ability to increase electron density around
adjacent C atoms, creating active adsorption sites. More
precisely, modifying the covalent bonds in Gr can significantly
alter its electrical configuration. This can be accomplished by
either chemically modifying the Gr structure [3-10] or by
integrating heteroatoms into the Gr framework [11-16].

The use of intelligent sensors in our daily lives is a
phenomenon that has been steadily increasing over the last two
decades [17]. Nowadays, sensors can be found in virtually all
areas of life, including industry, homes, and the environment,
with the goal of improving the overall quality of life [18-21].
Electrodes are also important components of sensor systems,
facilitating the analysis and transmission of sensed data to the
monitoring unit.

It has been observed that ongoing research efforts have
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focused on developing electrode materials to improve their
electrical, thermal, and mechanical properties. Commonly
used electrode materials include aluminum, silver, and gold
[22-24]. Gr, which is a material with unique electrical and
crystallographic characteristics, is always in demand. This
material consists of a monolayer of C atoms and has a structure
resembling a 2D honeycomb crystal lattice [25].

Gas sensing technology has also made significant advances,
exploiting nanomaterials, driven by rapid advances in
materials science. Gr has advanced significantly in gas sensing
as a result of its unique geometrical structure, large specific
surface area, and outstanding electrical characteristics [26]. Gr
has also excelled in one area, the development of gas sensors
with outstanding performance [27]. Nonetheless, Gr reacts
poorly with most of the gas molecules.

It is, therefore, imperative to employ the right methods and
make Gr more attentive and efficient. Theoretical and
experimental studies have suggested that one viable method to
improve the gas-sensing properties of 2D nano-materials is to
dope them [28].

The electrical characteristics of Gr are significantly
enhanced by doping. Further investigation has shown that the
existence of doped atoms can alter both the arrangement of
energy levels and the process of electron transfer in Gr,
thereby significantly enhancing its possible uses [29]. Out of
all the different metal elements, it is important to mention that
Li has been widely used for introducing impurities into Gr.
Researchers have extensively studied the potential of Li-doped
graphene (Li-Gr) as an adsorbent for gaseous molecules in
several academic papers [30]. An example of this would be the
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use of Li atoms in the process of doping Gr for a variety of
applications. By releasing electrons through nearby C atoms,
doping Gr with Li causes an increase in the electron density
surrounding the doped atom. This is because the doped atom
releases electrons. By virtue of this rise in charge, the Li atom
is transformed into an essential location that is favorable to
adsorption of gas molecules onto Gr [31, 32]. Hence, a model
of Li-Gr is presented in this study. A variety of molecules,
including CO, CO,, NH3, SO,, and N,, were studied for their
adsorption capabilities on surface of Li-Gr. Through computer
analysis, the following parameters were determined:
geometric structures, adsorption distance, bond length,
adsorption energy (E.q), band energy gap (E,), Fermi energy
(Er), and density of states (DOS). We also compared
computational outcomes of adsorbed gases on the Li-Gr
surface. These results helped to clarify the processes of contact
and adsorption. Insights into gas molecule detection will be
greatly enhanced by our investigation. Pure Gr's low E,q limit
its reactivity to many harmful gases, despite the material's
potential gas detection uses [33]. The modification of the
electronic structure and the enhancement of E.q are two of the
ways that doping Gr with a variety of elements has been
investigated as a potential method for improving its gas-
sensing capabilities [34]. However, there is a need for
additional research that is more extensive in nature about the
gas-sensing capabilities of Li-Gr. Using first-principles
density functional theory (DFT) computations, the primary
objective of the present investigation is to analyze adsorption
of hazardous gas molecules on Li-Gr. These gas molecules
include CO, CO,, N, and SO,. To investigate Eaq as well as
changes in electronic structure that occur during gas
adsorption for the purpose of gaining an understanding of gas
sensing mechanisms. In order to conduct a comprehensive
analysis of gas-sensing capabilities of Li-Gr with respect to a
variety of gases. The purpose of this project is to guide the
practical development of high-performance dangerous gas
sensors based on Li-Gr by providing theoretical guidance.

The proposed research aims to achieve these goals to
address the current research gap and demonstrate that Li-Gr is
a highly promising material in the detection of hazardous gas
molecules. The DFT simulations will provide in-depth atomic
insight into the gas-sensing characteristics that can guide the
rational design of progressively novel gas sensors based on Gr.
The findings will contribute to the advancement of gas sensors
to monitor the environment, provide security, and other
spheres.

2. MATERIALS AND METHODS
2.1 Computational details

Gr sheet model has been created with the use of the
Nanotube Modeler software. The shape and energy estimates
for Li-Gr were thoroughly optimized with the use of DFT, both
with and without the presence of gas molecules. DFT is a
widely utilized approach for analyzing the electronic
structures of molecules.

It is characterized by its high accuracy and relatively low
processing cost, hence it is a favorite in determining the
features of the ground state. The calculated values were made
through the Gaussian 09 program package and displayed
through the GaussView 5.0 [35]. In this sense, we can look at
our optimized structures.
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The Gauss Sum software was used to obtain the findings of
the DOS. The analysis of electron exchange and correlation
interactions was done through generalized gradient
approximation (GGA) by the Perdew-Burke-Ernzerhof (PBE)
functional approach [36], with a 6-31G basis set. This has been
applied effectively on Gr-based materials onto which small
gas molecules are adsorbed [37-39].

The Li-Gr model was designed, and a core of C atoms was
substituted with Li atoms to give the system of 42 C atoms in
Li-Gr. This structure has a dopant concentration of 2.4% in the
Li-Gr structure.

The gas molecules’ E.q on Li-Gr (Ead (gas+ Li-Gr)) can be
calculated using the following formula [40-42]:

_[ELi—Gr +E ]

E, (gas+Li-Gr) — E(ga.HLifGr) gas (1)
In this equation, Egs+Li-or) denotes total energy of the
relaxed molecule on Li-Gr, Erigr denotes energy of isolated
Li-Gr, and Eg,s denotes energy of the isolated gas molecule.
The interaction mechanism is explained by the fact that the
highest occupied molecular orbital (Enomo) and the lowest
unoccupied molecular orbital (Erumo) in free Li-Gr and gas
molecules adsorbed on Li-Gr have differential energy levels.
The HOMO is identified as an electron donor as a result of its
presence of a large number of electrons, whereas the electron-
deficient electron is the LUMO, and it shows the electron-

accepting property [43].
2.2 Computational models

The structure of graphite had been optimized to give the Gr
model. Gr has a very stable and symmetrical atomic structure,
which means the presence of a hexagonal monolayer. The
chemical equation of the substance is C, and every C atom
covalently bonds to 3 other C atoms in a honeycomb structure.
Figure 1 is a Gr model that was prepared using a 3 x 3
supercell. The lengths of the C—C bonds are 1.42 A° [44],
which is a proven fact as seen in the literature [45].

Figure 1. Model of (3 x 3) Gr in the present study

3. RESULTS AND DISCUSSION

Gr surface was also doped with Li atoms, which are donors
of electrons to enhance the level of binding [46]. This change
significantly alters the geometry of the doped Gr, as shown in
Figure 2. The reduction in the C—C bond length indicates that
this bond is stronger than Li—C bond, since the change in the
length indicates this. Pristine Gr is estimated to have the length
of C—C bond of 1.42 A° [40]. The Li—C bond length is 0.25 A°



in comparison with the C-C bond length of pristine Gr.
Moreover, there is a low perturbation of C—C bond lengths,
which are slightly offset from the dopant. Such findings are
corroborated by the previous literature [46]. Following
intensive relaxation, Li-Gr preserves the planar shape of Gr,
although such alterations [15].

Figure 2. The optimized structure of Li-Gr

Table 1 shows Li contamination effect on the electronic
behavior of Gr. The addition of Li into the Gr structure affects
its electronic properties. It should also be mentioned that the
Li-Gr E; value lies around 0.083 eV. This means that Li
doping enhances the conductivity of Gr, making it very
suitable to use in applications where conductive or semi-
conductive materials are required. E; [47] is calculated with
the use if the following formula:

2

As evident from Table 1, the Er is -4.449 eV, calculated
with the use of the formula [43].

Eg = Eruymo — Enomo

Er = (Enomo + Erumo) /2 3)

Table 1. The electronic characteristics of Li-Gr

Property (eV) Li-Gr
Ee 0.083
Enowmo -4.490
ELumo -4.407

Er -4.449

Li is a popular phenomenon that has been observed in this
work as well. The shallow donor impurities generate energy
levels in the region where conduction band edge is, and the
shallow acceptor impurities generate energy levels in the
region close to the valence band edge [48].

The increasing Li concentration causes the corresponding
DOS of the impurities to increase, and this, in effect, forms a
continuous spectrum of energy levels just as the bands do,
effectively reducing the E,. In essence, Li acts as an n-type
dopant, and it adds electron-doping properties, which lead to
the Dirac point shifting below the Er. The electron doping
pushes most states to be below the Er, which causes a decrease
in the Eg.

According to the results, Li doping is one of the effective
methods to alter electronic characteristics of the Gr in terms of
the bandgap decrease and the increase in the conductivity [49].
The Li atoms also add shallow donor levels that allow the
occupancy of electrons and cause a Dirac point shift. This

705

change identifies processes by which doping affects electronic
band structure.

The valence band and conduction band each contain a
number of primary peaks. A representation of the DOS can be
found in Figure 3, where it is demonstrated that the maximum
number of degenerate states that can be found in both bands
for Li-Gr is four. When it comes to certain energy levels, it is
evident that states which are available for occupancy at high
levels of DOS [50] are those that are available. On the other
hand, it is mathematically impossible to inhabit any state that
has a zero-DOS energy level [51].
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Figure 3. Plot of DOS for Li-Gr, Red line Alpha DOS
spectrum, and blue line Beta DOS spectrum

The Li-Gr is being investigated to enhance its interaction
with gaseous molecules. Since Li possesses one additional
valence electron when compared to C, such doping results in
an n-type semi-conductor where electrons are the primary
carriers, implying that Li acts as a donor.

On the other hand, the gas molecules act as acceptors, which
contribute to a substantial transfer of charges [51]. As a result,
there is great interaction between the electron-deficient gas
molecules and the electron-donating atoms of Li. This is the
reason why gas molecules are absorbed on the Li sites instead
of interacting with the Gr C [40].

The energetic data of the systems have been computed,
which includes E.q, E; energies, HOMO energies, LUMO
energies, and Fermi level energies as in Table 2. We examine
adsorption of gases, NHs, SO,, CO, CO,, and N,, on Li-Gr
around the dopant position. We then discuss their effects on
the electrical and structural characteristics of Li-Gr. Figure
4(a) shows the optimized adsorption structure of CO on Li-Gr.

Additionally, we observe that the adsorption distance of Li-
C between the adsorbed CO molecule on a Li-Gr surface is
1.73 A°, which generally decreases with the increase of
electrons in the elements [52]. Moreover, the angle of Li-C-O
is 96°. As observed from Table 2, the E,q for Li-Gr is -0.309
eV; this result is consistent with previous findings [53],
indicating physisorption [53- 55]. The binding strength of CO
to Li-Gr is moderate based on this E.q value. Therefore, Li-Gr
can effectively detect CO, given the ease with which the
adsorption-desorption equilibrium of CO on Li-Gr can be
established. Figure 4(b) illustrates the most stable
configuration of adsorbed CO; on Li-Gr. It has been observed
that the adsorption distance of Li-C between adsorbed CO;
molecules on a Li-Gr surface is 1.73 A°, which generally
decreases with an increase in the electron count of the
elements. Meanwhile, the angle between the adsorption



distance of Li-C and plane of Li-Gr is 96°, similar to the
adsorption of CO on Li-Gr. The calculated Eaq was -2.435 eV.
We note that our result is fairly similar to previous reports
[56], indicating strong chemisorption [57], significantly
surpassing the adsorption intensity of CO on Li-Gr. However,
CO; on Li-Gr could catalyze or activate this adsorbate as a
result of the robust interaction, implying the potential of Li-Gr
as a catalyst. The NH3; molecule is adsorbed onto Li-Gr via Li-
atoms, as illustrated in Figure 4(c). We observe that the
adsorption distance of Li-N between adsorbed NH3 molecules
on a Li-Gr surface measures 1.69 A°, which generally
decreases with an increase in the electron count of the
elements. Additionally, the angle between adsorption distance
of Li-N and plane of Li-Gr is 85°. The overall results of
adsorbed NH; on Li-Gr have been summarized in Table 2. Enq
indicates that the tying strength of NH3 with Li-Gr is 0.560 eV,
which is consistent with the other results [58]. Hence, Li-Gr

can serve as a means to detect NH3.

The SOz molecule is adsorbed onto Li-Gr via Li atoms, as
can be seen from Figure 4(d). Adsorption distance of Li-S
between adsorbed SO, molecules on a Li-Gr surface is 1.73
A°, and we note that our results are fairly similar to previous
reports [59], and the angle between the adsorption distance of
Li-S and the plane of Li-Gr is 88°. According to the results in
Table 2, the E,q of SOz on Li-Gr i1s 0.927 eV, this result is well
in accordance with the earlier findings [60], indicating a strong
physisorption. This suggests that Li-Gr is sensitive to SO- gas.
The N2 molecule is adsorbed onto Li-Gr via Li atoms, as can
be seen in Figure 4(e). The adsorption distances of Li-N: and
Li-N: between adsorbed N> molecules on a Li-Gr surface are
1.78 A° and 2.02 A°, respectively, and the Li-N;-N, angle is
84°. The sensitivity of Li-Gr has been enhanced, rendering it
a very efficient sensor for the detection of N, molecules.

Table 2. The structural and electronic characteristics of various gases that are adsorbed on Li-Gr

Device Gas Ead (eV) Eg (eV)

Enowmo (eV) ELumo (eV) Er (eV)

CO
CO2
NH3
SO»
N>

-0.309
-2.435
0.560
0.927
-1.083

0.147
0.804
0.056
0.234
0.088

Li-Gr

-4.785
-5.694
-4.288
-4.856
-4.172

-4.638
-4.890
-4.232
-4.622
-4.084

-4.712
-5.292
-4.260
-4.739
-4.128
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Figure 4. Top and side views of optimized structures and key bond length of the gas molecules (a) CO, (b) CO», (c) NH3, (d)
SO», and (e) N> adsorbed on Li-Gr
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Figure 5. DOS for the adsorbate

The data presented in Table 2 shows that Li-Gr is a
considerably electrically sensitive material to the N, presence
in the material surface as depicted by the E.q value of -1.083
eV. It should be noted that our results are consistent with
previous research [61] to a certain degree. This implies the
medium chemisorption interaction. Hence, Li-Gr shows a
good electronic response to the N, molecules, which implies
that such a system can catalyze or activate the aforementioned
adsorbate because of the high contact. This implies that Li-Gr
can be utilized as a catalyst.

The electronic interaction, as indicated in Table 2, between
the adsorbate and the Li dopant, as an electron-donating active
site, determines the adsorption behavior of gas molecules on
Li-Gr. Surface polarization with no significant charge transfer
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controls the weak adsorption of CO (—0.309 eV), which is
primarily physisorption and also shows good reversibility in
sensing.

NHj3 has a moderate binding strength (0.560 eV) because the
nitrogen lone pair and Li are coordinated, which guarantees a
balanced sensitivity response and stability response. CO;
(—2.435 eV) has a very strong interaction, which is attributed
to the fact that the charge transfer to its antibonding orbitals is
very high, resulting in chemisorption and the activation of the
molecules.

The physisorption of SO, (0.927 eV) is high due to its high
polarity and electrostatic interactions, which gives a high
sensing sensitivity. N», on the other hand, exhibits moderate
chemisorption (—1.083 eV) because of a partial charge transfer



between the Li-induced electronic states around the Fermi
level, implying an enhanced electrical reaction and possible
catalytic activity.

Overall, Li doping modifies the electronic structure of Gr
and leads to distinct adsorption strengths following the trend
CO <NH; <S02 <Nz < COz, in good agreement with energetic
data in Table 2.

Results in Table 2 show that E, after adsorption of CO, CO-,
SOz, and N: gases on Li-Gr is larger than the E, before
adsorption. This indicates that E, increases with the adsorption
on Li-Gr. Li atoms add electrons to Gr, altering its electronic
properties. Gas molecules’ adsorption can lead to withdrawal
or re-distribution of some of these electrons, thereby
increasing the Eg between valence band and conduction band.
In contrast, the E, after adsorption of NH; gas on Li-Gr is
smaller than the E; before adsorption.

NH; is also an electron donor, and as the NH; molecules
adsorb onto the Li-Gr surface, they donate electrons to the Gr,
introducing additional electrons to the system. This causes the
energy levels that are nearer to the conduction band to fill and
thus lowering the Eg. Computed Er of Li-Gr at the end of the
adsorption of CO, CO,, and SO, is greater when compared to
the one before adsorption, but the computed Er of Li-Gr at the
end of the adsorption of NH3 and Ny is less than the one before
adsorption.

The Li-doped surface will be able to present active
adsorption sites, which will increase the number of
interactions between the gas molecules and Gr. These
interactions may cause a change in the electronic state of Gr,
and consequently increase or decrease the Er. Calculated
results have shown that Exomo of the molecule is (-5.694 eV),

implying that it has a tendency to donate electrons.
Conversely, the Erumo of the molecule is (-4.084 eV), with
implications of a tendency to accept electrons.

For the purpose of further exploring electronic
characteristics of studied structures, DOS plots have been
calculated of the adsorbed Li-Gr respectively, Figures 5(a)-(e)
depict that the DOS of Li-Gr with adsorption of gas molecules
CO, CO,, NH3, SO; and N3 is not the same as the one of the
DOS before the adsorption. The heights of the peaks become
smaller, meaning that the number of DOS peaks in conduction
band as well as valence band becomes smaller.

Adsorption of gases can lead to distortions in the Gr
structure or surface reactions that result in changes in the
energy distribution of electronic states. This can sometimes
lead to a reduction in peak height or a decrease in DOS peaks.

The role of frontier molecular orbitals (FMOs), specifically
LUMO and HOMO, is well-established in chemical reactions
involving reactant molecules. For the analysis of the Li-Gr,
understanding the FMOs becomes essential. In our study, we
have summarized HOMO and LUMO energy levels for gas
molecules like CO, CO,, NH3, SO,, and N, adsorbed on Li-Gr
in Table 2. Figures 6 and 7 show the analyzed structures of 3-
D HOMO and LUMO distributions. The electron cloud in
occupied and virtual orbits is clearly seen in HOMO-LUMO.
Structures have HOMO electrons in green and LUMO
electrons in red. DOS spectra for Li-Gr structures show low
occupied orbital charge density and high virtual orbital charge
density. This describes charge localization in virtual orbitals
versus occupied orbitals. The FMOs of these gas molecules are
concentrated in the Li-Gr structures' center and edges.

(@) CO-LiG

”ﬁ. éfb af VQ@

(d) SO2-LIG

Figure 6. HOMO distribution (right: 2-D counter; left: 3-D) in Li-Gr structures
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Figure 7. LUMO distribution (right: 2-D counter; left: 3D) in Li-Gr structures

Our theoretical predictions could be validated
experimentally using techniques such as TPD, XPS, or
conductivity measurements, providing a pathway to test the
adsorption behavior and sensitivity of Li-Gr toward CO, COx,
NHs, SOz, and Na.

4. CONCLUSIONS

This article studied the interaction between Li-Gr and CO,
CO,, NH3, SO,, and N> molecules in a systematic way through
the use of DFT. On adsorbing these gas molecules, the
electronic structure of Li-Gr is observably altered, with shifts
in the Fermi level of the material being indicative of n-type
behavior. These electrical additions indicate that Li doping
amplifies the interaction between Gr and gas molecules, which
is pertinent in sensing-related applications.

The calculated E.q shows that the interactions between CO;
and N; and Li-Gr are very strong and have more characteristics
that are associated with chemisorption. This high degree of
binding would mean a low level of reversibility, and so could
be of limited use in sensing applications, but could imply the
presence of an application in catalytic or capture-related
applications. CO, NH3, as well as SO», on the other hand, are
moderated with E,q and adsorption distance, which are
indicative of physisorption. The characteristics are mostly
related to reversible adsorption, which is a desirable property
in gas sensing.
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Overall, the present results demonstrate that Li doping
significantly alters the electronic characteristics of Gr and
modulates its interaction with different gas molecules. While
the findings indicate that Li-Gr may be a potential candidate
for sensing CO, NHs, and SO, further experimental validation
and performance evaluation are required to assess its practical
applicability. The insights provided here contribute to a
fundamental understanding of gas—Gr interactions and may
assist in the rational design of Gr-based sensing materials.
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