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Hydrogen cyanide (HCN) is one of the most toxic gases: it is necessary to identify it and
continuously monitor it as an indicator of industrial safety, environmental control, and
human safety. The given study, based on first-principles density functional theory (DFT)
computations to study the adsorption of HCN on graphene (Gr) doped with nickel (Ni),
sulfur (S), silicon (Si), and cobalt (Co) atoms, is systematic. Structural optimization,
adsorption energy (Ead), charge-transfer analysis, density of states (DOS), and frontier
molecular orbital (FMO) mapping have been used to explain the mechanism of interaction.
The results indicate that there is a significant change in the adsorption characteristics of Gr
due to doping, whereby stronger adsorption was observed (i.e., negative adsorption
energies), changes in the DOS were observed, and significant charge transfer was observed
in both Ni-doped Gr (Ni-Gr) and Si-doped Gr (Si-Gr). Also, the HOMO/LUMO orbitals
showed strong localization around the dopant site and the HCN molecule, which is
indicative of enhanced chemisorption. Co-doped Gr (Co-Gr) and S-doped Gr (S-Gr), on
the other hand, showed reduced physisorption and reduced electronic structural
perturbation. These findings indicate that a controlled doping of Gr is an effective method
to increase its selectivity and sensitivity to HCN, which can be used to draw valuable

conclusions in the development of more sophisticated Gr-based sensors.

1. INTRODUCTION

The necessity to have highly selective and sensitive gas
sensors capable of detecting lethal gases at trace
concentrations has been heightened by the growing concern
over chemical safety and air quality all over the globe [1-3].
Hydrogen cyanide (HCN) is a volatile and highly toxic
chemical that is very dangerous to human health and
environmental systems because it is used extensively in
industrial processes, mining, and could be used in chemical
warfare [4, 5]. Widely used cyanide substances, e.g., HCN,
may pass into the body via different pathways [6] and
influence oxygen uptake [7]. Though HCN is widely applied
in industries and the agricultural sector [8], it is considered a
threat to safety. Specifically, 5.6%-12.8% atmospheric
concentrations can result in spontaneous aggregation, which
can lead to explosive reactions [9, 10].

Therefore, effective sensing systems to monitor HCNs are
of utmost significance both in the civilian and defense
environment [11]. Gr is a 2D-carbon (C)-based nanomaterial,
to which a lot of attention has been paid because of the high
surface area, high electrical conductivity, and chemical
tunability, rendering it an important material in gas sensing
applications [12]. But pristine Gr has quite low physisorption
of most gas molecules, including HCN, therefore limiting its
intrinsic sensitivities. To overcome this, researchers have been
using more heteroatomic doping and molecular
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functionalization. These methods are very useful in modifying
the electronic properties and surface chemistry of Gr, and
increase its chemical reactivity and adsorption properties [ 13-
18].

Single-atom catalysts, substitutional dopants, and molecular
linkers not only create localized active sites that strongly
interact with target analytes but also modulate the density of
states (DOS) near the Fermi level, thereby enabling
transduction mechanisms based on charge-transfer-induced
changes in conductance [19, 20]. Comparing pristine Gr, Co-
anchored Gr sheets show much higher adsorption energies
toward SOz, NO, CO, NHs, and HCN. This leads to noticeable
changes in electrical conductivity, which could be used for
sensing [21, 22]. The addition of defects as well as dopants
changes the material from semiconducting to semi-metallic
state and raises the adsorption energy (Ea.q) of HCN,
significantly enhancing sensitivity, according to the latest
density functional theory (DFT) studies of B- and P-co-doped
armchair Gr nanoribbons [23, 24]. Notwithstanding such
developments, there is currently no comparative, systematic
theoretical study of HCN adsorption on the Gr modified
through atomic silicon (Si), nickel (Ni), cobalt (Co), and sulfur
(S) dopants.

In order to bridge the gap between sensor performance and
material design, DFT calculations can be used to give an
atomistic model of quantifying adsorption geometries, charge
transfer, energetics, and modifications in electronic structure
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[25, 26]. In this case, we apply DFT to analyze the interaction
of HCN gas with Gr sheets doped with different elements and
functional groups such as Si, S, Ni, and Co. The reason behind
the choice of these dopants is that they possess some special
electronic properties and have been demonstrated to alter the
adsorption properties of C nanomaterials [27, 28].

A potent knob for tuning the surface chemistry and
electronic structure of graphene is hetero-atom doping [29,
30]. With an emphasis on their consequences with regard to
gas sensing performance, our goal is to present a mechanistic
and comparative knowledge regarding how each dopant
affects the system's electronic behavior, E.q, and charge
transfer. The knowledge gained from the presented research is
intended to aid in the rational design of Gr-based sensing
materials tuned for selective and sensitive detection of toxic
gases such as HCN [31-33]. The presented study closes that
gap by offering quantitative recommendations for sensor
engineering.

2. COMPUTATIONAL METHODS

GaussView 5.0 is used for the purpose of showing the
results related to all first-principles calculations, which are
conducted using DFT [36] as implemented in the specific
software package Gaussian [34-36]. With this approach, our
optimized structures can be observed. The generalized
gradient approximation (GGA) in the form of the Perdew-
Burke-Ernzerhof (PBE) functional has been utilized to analyze
electron exchange and correlation interactions. The basis set
regarding this GGA was 6-31G.

Moreover, bond angles, bond lengths, and binding energies,
among other parameters, could be calculated with the use of
this functional method [9, 37]. The results of the DOS are
obtained with the use of GaussSum software [38]. In Gr
supercells with 42 C atoms, doped Gr models are made by
replacing one central C atom with a dopant atom (Ni, Si, S, or
Co). This configuration is associated with a dopant
concentration of about 2.4%, which is the lowest possible level
of dopant-dopant interaction without distorting the intrinsic
structure of Gr sheet [39]. E.q of the HCN molecule on doped
Gr surfaces was calculated (Ead (gas + doped - Gr)) Uusing the equation
[27, 40, 41]:

Ead (gas+doped—Gr) (1)
= E(gas+d0ped—Gr) - [Edoped—Gr + Egas]
In this equation, E(gas + doped - Gr) T€presents the total energy
regarding the relaxed molecule on doped-Gr, Egoped-Gr
represents the energy of isolated doped-Gr surfaces, whereas
Eas represents the energy of the gas molecule in its isolated
form. The interaction mechanism is interpreted based on the
variation in frontier molecular orbital (FMO) energies,
namely, the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) between the
isolated surfaces and the gas-adsorbed configurations. Due to
its electron-rich nature, the HOMO functions as an electron
donor, whereas the LUMO, being electron-deficient, serves as
an electron acceptor [42].

3. RESULTS AND DISCUSSION

Gr supercells composed of a 3 x 3 unit cell were constructed
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to minimize periodic image interactions [43]. Single-atom
doping was performed through substituting a central C atom
with a dopant atom [44] (Ni, Si, S, or Co), resulting in a
structurally stable configuration on the Gr surface prior to the
investigation of HCN adsorption.

This atomic substitution, as shown in Figure 1, causes small
geometric distortions in the local structure of the Gr lattice,
meaning that the incorporation of dopants has a moderate
effect on the surface morphology [45].

Figure 1. Optimized lattice structures of doped Gr systems
with (a) Ni, (b) Si, (¢) S, and (d) Co atoms

The optimized bond lengths between the dopant atoms and
those of their neighboring C atoms have been determined to be
1.69 A for Ni—C [46], 1.60 A for Si—C [47], 1.50 A for S-C,
and 1.64 A for Co—C. These values are quite consistent with
those reported in the earlier literature, which proves the
validity of the structures of the substitutional doping.
Amazingly, the doped Gr systems that had an initial input of



these foreign atoms maintained a general planar morphology
following the complete structural relaxation, demonstrating
that the modifications do not severely disrupt the integrity of
the Gr lattice [48]. Table 1 shows the electronic properties of
Gr doped by different atoms (Ni, Si, S, and Co).

Table 1. Presents a comparative summary of the electronic
properties of the doped Gr-based sensor models

Materials Eg (eV)Enomo (eV)ELumo (eV)Er (eV)
Ni—Gr 0.034  -5.566 -5.532  -5.549
Si-Gr 0.030  -5.339 -5.309  -5.324
S—-Gr 0.311 -5.284 -4.973  -5.128
Co—Gr 0.129  -4.969 -4.840 -4.904
Note: Energy gap (E,); Highest occupied molecular orbital (HOMO);
Lowest unoccupied molecular orbital (LUMO); Fermi energy (Ep).

The Fermi energy (Er), LUMO and HOMO energy levels
and the corresponding energy gap (Eg) of each doped
configuration have been reported in Table 1. These parameters
demonstrate that the different dopants selectively modulate the
electronic structure of Gr, which could indicate the tunable
behavior, which is essential for its performance in the sensors.
The measured range of E; of 0.030-0.311 eV in the doped Gr
systems shows a lot of potential in gas sensing applications,
particularly in trace levels of toxic gases such as HCN [49].
Materials that have such small band gaps, in particular, are
highly susceptible to surface adsorption processes [50], with
any small perturbations in the local electronic environment
leading to detectable changes in conductivity or Fermi level
position [51].

A narrow and finite gap facilitates easier electron excitation
between the conduction and valence bands, thus enhancing the
electrical response of the material to adsorbed molecules. This
high sensitivity is important in applications where the low-
concentration analytes are to be detected [52]. Furthermore,
the moderate gap values in this case are a desirable balance
sufficiently wide for suppressing background electrical noise,
but narrow enough to provide high conductivity and reactivity
[53].

Within the sensor design context, this band gap range
enables fast charge transfer dynamics and significant changes
in electronic properties in response to gas adsorption, which
are hallmarks of a high-performance sensing platform. Such
results correspond to the earlier research, which has
determined such band gap thresholds to be the most effective
with 2D nanomaterials utilized in chemical sensing.

The difference in Er of the doped Gr systems between -
4.904 eV and -5.549 eV indicates significant changes in the
electronic properties of the various dopant atoms. The changes
in the values of Er are also signs of charge redistribution at the
Gr surface, due to differences in the electronegativity and the
orbital hybridization between C and the incorporated dopants
(Ni, Si, S, and Co) [54]. Reduced Fermi levels imply an
improved electron-withdrawing behavior of the dopants,
causing a downward change in the electronic states towards
greater binding energies.

The significance of this behavior in gas sensing applications
[55], is that variations in Er have a direct influence on the
charge transfer dynamics between the adsorbed HCN
molecule and the substrate and, therefore, sensor response,
conductivity modulation, and sensitivity. The tunability of the
electronic landscape of the Gr indicated by the range of Er is
essential to maximize selectivity and responsiveness in HCN
detection. Figure 2 shows that the DOS spectra suggest a broad

impact on the electronic structure of Gr in the context of the
atomic doping.
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Figure 2. Density of states (DOS) plots for Gr systems doped
with different atoms: (a) Ni-Gr, (b) Si-Gr, (¢) S-Gr, and (d)
Co-Gr



When transition and non-transition metal dopants (N1, Si, S,
and Co) are introduced, the density and distribution of
electronic states around the Fermi level are changed
significantly. In Ni-doped Gr (Ni-Gr) (Figure 2(a)), the DOS
shows sharp and high intensity peaks in the valence region
near the Fermi level, indicating high hybridization of Ni 3d
orbitals with the & state of graphene.

The outcome of this hybridization is the increase in DOS
and partial filling of the states at the Fermi level that may lead
to an increase in electrical conductivity and surface reactivity.

In the case of Si-doped Gr (Si—Gr) (Figure 2(b)), the DOS
spectrum shows a smoother distribution of states, with
moderate peak features that spread across the valence band.
The incorporation of Si-being from group IV-results in
minimum disruption to the m-conjugated system, retains a
semi-metallic character, and adds a slight asymmetry to orbital
distributions. The observed DOS features in Figure 2(c) for S-
doped Gr (S-Gr) show strong peaks mainly in the valence band
region, which suggests a high orbital density and
delocalization of electrons is observed over the wide energy
range.

The sharp peaks near the Fermi level indicate that the
dopant orbitals are strongly hybridized with the n-system of
Gr. Figure 2(d) for Co-doped Gr (Co-Gr) indicates that virtual
orbital features of the conduction band region indicate the
presence of unoccupied electronic states that can potentially
participate in charge transfer during adsorption processes,
especially in gas sensing or catalytic processes. Overall, the
DOS analysis has verified that Co-doping changes the
electronic properties of Gr to introduce localized states and
mild spin polarization, potentially increasing its chemical
reactivity and adsorption properties in the environmental or
sensing context [56].

Table 2 shows the calculated adsorption energies, Eg,
HOMO LUMO energies, and Fermi energies of all the systems
studied. We find that the addition of Ni, Si, S, and Co dopants
into the Gr lattice causes significant changes in the structural
and electronic properties of the lattice and hence in its
interaction with HCN molecules. It is worth noticing that the
recorded changes in the electron band structures and frontier
orbital energies emphasize the tunability of doped Gr, which
makes it suitable to selectively adsorb gases with higher
efficiency [57]. Optimized adsorption modes of HCN on Gr
surfaces doped with Ni, Si, S, and Co are depicted in Figure
3(a) to (d), respectively.

The geometries of the adsorption are contrasted to show
clear differences in the bonding distances and angular
orientation with respect to the Gr plane. In particular, the
adsorption distance between the C atom of HCN and dopant
atoms (C-Ni, C-Si, C-S, and C-Co) has been calculated as 1.97
A,1.97 A, 1.83 A[58], and 1.99 A, respectively. These values
imply that there is a bit stronger interaction in the case of S
doping with the shortest bond length.

Moreover, the angles of corresponding adsorption that are
established between the Gr plane and the C-dopant bonds are
106°, 87°, 97°, and 91°, respectively. The extreme angle
difference between the Ni-doped system (106°) could suggest
that there is an out-of-plane distortion, which may affect the
electronic characteristics of the adsorption site. All of these
structural parameters underscore the dopant-dependent nature
of HCN adsorption, which might be of great importance in
designing Gr-based sensors or catalytic platforms.

The calculated adsorption energies of HCN on Gr surfaces
doped with Ni, Si, S, and Co are -0.956 eV [44], -0.832 eV, -
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0.229 eV, and -0.559 eV, respectively. These values indicate
the different levels of interaction of strength between the HCN
molecule and the doped Gr substrates. Interestingly,
adsorption energies of the Ni- and Si-doped systems suggest a
chemisorption mechanism, which also predicts strong binding
indicative of chemical adsorption, reflecting the sensitivity of
adsorption properties to computational techniques and
structural models.

However, the values of the Eaq of the present work justify
the conclusion that HCN binds to the doped Gr surfaces
significantly [59]. This great interaction highlights the
possibility of Ni-Gr, Si-Gr, S-Gr, and Co-Gr as good platforms
to detect HCN, which could provide promising leads to the
development of high-performance gas sensors. Although these
differences exist, the large values of Eaq that were realized in
this research attest to the fact that HCN reacts well with the
doped Gr substrates, especially when Ni and Si dopants are
present.
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Figure 3. Optimized geometries (top and side views) and key
bond lengths of hydrogen cyanide (HCN) gas adsorbed on Gr
doped with (a) Ni, (b) Si, (¢) S, and (d) Co atoms

This high binding increases the selectivity and sensitivity of
the material to HCN molecules, and these doped Gr systems
are good candidates to be used in gas sensing. The ability to
design the properties of adsorption by controlling doping is a
strategic direction for the optimization of Gr-based sensors in
the detection of toxic gases. The results can be added to the
increasing number of studies aimed at the functionalization of
Gr towards environmental monitoring and industrial safety.

Table 2 results indicate that the E, of the Ni-Gr system post
gas adsorption of HCN is essentially the same (0.034 ¢V) as
the pre-adsorption of the system, and that the electronic
perturbation is insignificant. Typically, the HCN molecule and
the saturated Ni site develop a strong chemical bond. As this
reaction does not break the long-range m bonds that occur
across the Gr basal plane, the electronic states close to the
Fermi level that govern the bandgap are not largely affected.
This is the reason why this system possesses much structural
stability and does not exhibit any considerable electronic
transitions.

Table 2. Electronic and structural characteristics of hydrogen
cyanide (HCN) molecule adsorption on Gr doped with Ni, Si,
S, and Co atoms

Materials Eaa Eg Enomo EvLumo Er
(eV) (eV) (eV) (eV) (eV)
Ni-Gr -0.956  0.034 -5.559 -5.525 -5.542
Si-Gr -0.832  0.048 -5.332 -5.284 -5.308
S-Gr -0.229  0.011 -5.300 -5.289 -5.294
Co-Gr -0.559  0.159 -5.677 -5.518 -5.597

Note: Adsorption energy (E.q); Energy gap (Eg); Highest occupied molecular
orbital (HOMO); Lowest unoccupied molecular orbital (LUMO); Fermi
energy (Ep).

As aresult, the m—m conjugation and the DOS near the Fermi
level are not significantly disturbed. After adsorption of HCN
gas on S-Gr, a significant decrease in the electronic E, was
noted, as indicated in Table 2. The value of E; following
adsorption was determined to be less than that of S-Gr, this
means that an interaction between the HCN molecule and
doped Gr surface triggers the narrowing of the band gap [60].
Such drop in Eg can be attributed to charge transfer processes
and orbital hybridization between the S-Gr substrate and the
adsorbed HCN molecule. Specifically, a localized state near
the Fermi level corresponds to the S atoms interacting with the
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HCN molecular orbitals when adsorbed.

The perturbation of such interaction on the electronic
structure of the Gr surface is a smaller E; between the
conduction and valence bands. This band gap modulation
enhances the electronic sensitivity of the material, which
validates S-Gr as a good choice to use in HCN sensing
applications. Conversely, the electronic E, of HCN gas
adsorbed on Co—Gr and Si—Gr increased compared to the
pristine forms. This upward shift of E, indicates that the
interaction of the HCN molecules with the doped Gr surfaces
causes an alteration of the electronic structure, which increases
the E, between the valence and conduction bands.

The resulting enhancement may be explained by the
characteristics of the dopant atoms, Si and Co that affect the
redistribution of charge and orbital alignment during
adsorption. Specifically, HCN adsorption can cause a
passivation effect or decreased DOS near the Fermi level,
thereby preventing electronic transitions and raising the band
gap. An examination of how the HCN molecules' adsorption
influences the electronic characteristics of doped Gr systems
shows that a wide variety of interactions exists, which largely
depend on the active site of the dopant. The findings indicate
that E.q and the bandgap shift are finely tuned and that the Ni-
Gr system has the greatest binding energy (-0.956 eV), owing
to the strong atomic orbital interaction, and that the bandgap
changes are small, implying that the interactions are highly
stabilizing without bringing a radical change in the electronic
structure of the system.

Conversely, the S-Gr system has a strong variation in E,
(0.311t00.011 eV), and this is due to the critical role of charge
transfer between the molecule and the doped surface, as this is
the main cause of the change in the electrical properties of the
system despite a reduction in Eaq. Using these data, Co-Gr
system is the most appropriate and optimal solution; it
balances appropriate adsorption stability (-0.559 eV) and an
effective ability for modulating E, (between 0.129 and 0.159
eV), which allows it to provide an exemplary electronic
response and at the same time ensure the stability of the
chemical bond.

The calculated Er values demonstrate that there were
different adsorption-induced electronic responses with
different dopants. In the case of Ni-Gr and Si-Gr systems, Er
post-HCN adsorption is greater than the pre-adsorption value.
This increase reflects an electron donation reaction of the HCN
molecules to the substrate, which is effectively the raise in the
free carrier concentration and the Fermi level [61]. This
indicates weak-to-moderate charge transfer interactions,
which may take place in physisorption regimes and
chemisorption regimes. Conversely, in the case of the S-Gr
and Co-Gr systems, Er decreases after adsorbing HCN. This
downward shift indicates a reverse direction charge transfer-
electrons are transferred by the substrate to the HCN molecule
[62].

In this case, HCN is the electron acceptor, which decreases
the electron density in the substrate and decreases Er. This
dual behavior is supported by the electronic structure of HCN.
The Enomo value of -5.677 eV would mean its capability for
electron donation, whereas the Erumo of -5.284 eV would
mean it can accept electrons. As a result, the direction and
magnitude of charge transfer are dictated by the relative
orientations of the molecular frontier orbitals with the Fermi
level of the doped Gr, which is again sensitive to the nature of
the dopant atom. This is the reason why the same gas molecule
has a donor behavior towards S—Gr and Co—Gr and acceptor



behavior towards Ni—Gr and Si—Gr and eventually modifies
the Er in opposite directions.

Figure 4 shows the DOS spectra of the materials under
study, as a function of energy between the values of —20 eV
and 0 eV. The horizontal axis is the energy levels (in electron
volts), and the vertical scale shows the DOS, given in the
number of states per eV. The blue curve is the total DOS, the
vertical lines are the occupied molecular orbitals (green), and
the virtual (unoccupied) orbitals (red). The occupied orbitals
represent the distribution of electrons in the ground state, and
the virtual orbitals represent the energy levels that are
available for electronic excitation. This difference is crucial in
the study of the electronic behavior of the material, especially
as concerns its chemical reactivity and optical characteristics
[63].
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Figure 4. Density of states (DOS) spectra for hydrogen
cyanide (HCN) gas adsorbed on Gr doped with (a) Ni, (b) Si,
(c) S, and (d) Co atoms, demonstrating the influence of
dopant type on the electronic response of the system

The DOS profile gives an insight into the electronic
structure, such as the existence or lack of a band gap directly
related to the conductivity of the material and its possible use
in electronic or optoelectronic devices [64]. In the case of the
Ni—Gr/HCN system (Figure 4(a)), a redistribution of the DOS
near the Fermi level is evident, as compared to that of doped
Gr, as a result of HCN adsorption on the electronic structure.
Both the downward and upward shifts in the DOS intensity
near the Er indicate charge transfer interactions between the
adsorbate and substrate, which are in line with the observed
reduction in the Er, which is an indication of electron transfer
between the substrate and the adsorbate. The same
redistribution of states is found in the Si—-Gr/HCN system
(Figure 4(b)), although the DOS peaks around the Ef are not
as strong as in the Ni-Gr/HCN system.

This implies that there are relatively weaker hybridizations
between the Si—Gr substrate and HCN molecular orbitals, but
Er shift still indicates that there is a net electron transfer to the
HCN molecule. The LUMO and HOMO in relation to the Er
suggest a possibility of both donation and acceptance of
electrons, which corresponds to the dual donor—acceptor
nature of HCN based on its Exomo and Erumo values. The DOS
spectrum of the S—Gr/HCN system is illustrated in Figure 4(c).
The somewhat broad distribution of occupied states implies a
robust hybridization of the electronic states of the S—Gr
substrate and those of the adsorbed HCN molecule.

Nevertheless, the DOS intensity near the Fermi level is
moderate with respect to Ni-Gr/HCN, which means that there
is a weaker charge transfer and orbital coupling strength. Such
an observation is consistent with the smaller predicted shift in
the Fermi level of S—Gr with HCN adsorption, which suggests
that the interaction is not as electronically perturbative as is the
case of the Ni-doped. Figure 4(d) shows DOS spectrum of the
Co—Gr/HCN system. The occupied and virtual orbital
distributions show that adsorption causes minor changes
around the Fermi level that may affect electrical conductivity
and sensing of Co—G1r/HCN surface.

The FMO analysis of the HCN adsorption on metal-doped
Gr (Ni, Si, S, and Co) shows a stable trend of electronic
interaction, though with some differences being determined by
the nature of the dopants. The HOMO distribution on all
substrates (Figure 5) is highly localized around both the N



atom of the HCN molecule and the Gr framework as well, and
this demonstrates a universal charge donation process by the
substrate to the adsorbate. On the other hand, the LUMO
distribution, which is highly delocalized on both the substrate
and the gas molecule, always points to the contribution of the
HCN 7* antibonding orbitals to the adsorption process.
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These features are common, but the spatial distribution of
electron density differs greatly depending on the dopant: in the
cases of Ni, Si, and S-doped systems, the LUMO density is
concentrated around the C atom of HCN, which is likely to
provide a direct interaction pathway.

In Co—Gr, however, the LUMO distribution is more high
near the atoms of Gr C, which shows a different electronic
environment, and makes two-way charge transfer. The
existence of such spatial overlaps and orbital
complementarities emphasizes the high electronic coupling of
such systems that should be taken into account in enhancing
selectivity and sensitivity of such materials in the detection of
HCN.

4. CONCLUSIONS

This study indicates that doping Gr with select transition
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metal or heteroatom is a very promising approach in the
modulation of its electronic properties and increasing its
adsorption capacity of hazardous HCN gas. We have found
that the Si—-Gr and Ni—Gr systems have much stronger
chemical interactions with HCN than their S—Gr and Co—Gr
systems, and are better candidates to develop high-sensitivity
gas sensors.

These improved interactions are confirmed using advanced
electronic structure analyses, such as DOS and FMO, to show
that these enhanced interactions result in a large charge
redistribution near the Fermi level, which is essential to
sensing applications, but in such configurations as Ni—Gr, the
chemical bonding is performed without disrupting the
extended m-conjugation of the Gr basal plane, and therefore
maintaining a high structural stability even in the presence of
an adsorption process. Taken together, these observations
explain the principles of how molecules and surfaces interact
at the atomic scale, and provide a foundation on which the
rational design of next-generation, tuned nanomaterials can be
used to monitor the environment and achieve workplace
safety.
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NOMENCLATURE

Co-Gr Co-doped graphene

DFT density functional theory

DOS density of states

Ead adsorption energy, eV

Er Fermi energy, eV

E, energy gap, eV

FMO frontier molecular orbital

GGA generalized gradient approximation
Gr graphene

HOMO highest occupied molecular orbital
LUMO lowest unoccupied molecular orbital
Ni-Gr Ni-doped graphene

PBE Perdew-Burke-Ernzerhof

S-Gr S-doped graphene

Si-Gr Si-doped graphene





