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Abstract

The current study selectivity tunes the graphene derivatives' ability to sense
the most common gases in the atmosphere such as carbon monoxide, carbon
dioxide, and oxygen. This involves a pristine and doped Gr-sheets complex with
3 gases. Density Functional Theory (DFT), was employed to investigate the
electronic structures of 12 graphene-based sheets. The bandgap simulations
demonstrate the effect of doping and complexing graphene sheet with different
segments, that results in a sensing signature. The bandgap calculations also prove
that the studied graphene derivatives selectively bind to different gases and this
characteristic is in good agreement with the total energy calculations.
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1. Introduction

Since the first experimentally synthesised graphene (Gr), two-dimensional 2D materials have
received a lot of attention for the creation of next-generation nanodevices. Due to its superior
electrical properties involving strong carrier mobility and current density, graphene was
thought to deliver good performance for nanoelectronic devices in the early stages of research
on 2D materials[1-7]. Graphene nanoribbons GNRs, which are graphene sheets, have piqued
interest in a number of research and application fields, including spintronics, catalysts, and
sensors[8-12]. Pollution of the environment necessitates continuous monitoring of chosen gas
concentrations, not only to maintain compliance with environmental regulations but also to
protect the population's safety[13-19]. The set of hazardous gases is CO, CO», and Oz, which
is used in various industrial and domestic applications. Carbon monoxide CO, carbon dioxide
CO2, and Oxygen gases O, are a colourless and odourless toxic gases (O» over certain
limitations), CO is one of the major gaseous pollutants widely used in so many applications,
for instance, medical use such as life support and recreational use, industrial, and scientific
areas[20, 21]. Since the mid-20™ century, increased emissions of carbon dioxide CO2 and other
greenhouse gases have been blamed for an increase in the earth's average near-surface air and
ocean temperatures, a phenomenon known as a global warming[22-25]. However, oxygen gas
can be toxic at elevated partial pressures, leading to convulsions and other health problems[26-
28]. Furthermore, external materials, such as adatoms, molecules, clusters, and other foreign
components, can stick to graphene's expanded surface and delocalised m-electron, and the
substitutional doping of graphene with heteroatoms has expanded the intrinsic properties of
graphene to unimaginable limits[29, 30]. Many theoretical and experimental evidence indicate
the doping of graphene with different atoms like Ni, As, N, B, and Fe [1-3, 31-33, 29, 34, 30,
35-39, 5, 40, 41]. In this work, we are employing the first principle density functional theory
(DFT) to investigate the electronic structural and other electrical properties of infinite graphene
nanosheets doped with Ni and As atoms. We have also explored the adsorption of three different
gases including CO, CO., O3, on the graphene surface.
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2. Methods

Graphene geometries were constructed by VMD software[42], which has an excellent
capability to build 2D materials and carbon nanotubes. The distance of C-C bond is found to
be 1.42 A, which agrees well with the measured distance [43-45]. The research here is divided
into three main configurations including Pristine graphene Gr, which contains 60 periodic
carbon atoms with dimensions of 12.2 and 11.26 A. Graphene was doped with nickel Gr: Ni,
and graphene doped with arsenic Gr: As, as shown in Supplementary Figure 1, and then
complex three different types of gas molecules including CO, CO2, and O, on the top of each
type of the graphene derivatives. The graphene derivatives are all periodic in the x- and y-
directions, and are isolated in the z-direction as shown in Supplementary Figure 4. The
optimisation of these structures was performed using density functional theory as implemented
in SIESTA code[46], using generalized gradient approximation GGA, with the Perdew—Burke—
Ernzerhof[47, 48] parameterisation for exchange and correlation. Double-{ polarised basis sets
applied with Monkhorst-Pack mesh 3 x 3 x 1 of k-point were set in Brillouin zone integration
and when all forces on each atom were less than the tolerance limit 40 meV A The band
structure is calculated on x-direction which is the armchair direction for all structurals in this
study (for more detail see section 1 in the SI).

3. Results and Discussion

Before discussing the adsorption of CO, CO,, and O gas molecules (see Supplementary Figure 3), on
the graphene sheets, we consider embedding (doping) two different types of atoms such as nickel and
arsenic into the pristine graphene sheets as shown in Supplementary Figure 1b and 1c. The graphene-
doped sheets were achieved by replacing one C atom of the Gr sheet with either a Ni or As atom
(Supplementary Figures 1b and 1c respectively). Supplementary Figure 1a illustrates the periodic
pristine graphene Gr with a uniform bond length of 1.41 A and a flat surface. on the contrary with Ni
and As, as shown in Supplementary Figures 1b and 1c. The doped atoms remain almost in the same
locations as the replaced C atoms, however, they squeeze the nearest three carbon atoms and change
the bond lengths to become (1.70, 1.69 and 1.69) and (1.72, 1.72 and 1.71) A between Ni-C and As-C
atoms respectively. This change is attributed to the fact that the radius of Ni and As atoms are
larger than that of carbon C atoms, which is C=0.67A, Ni =1.49A and As=1.14A[49]. Up to
this point, we have explored the pristine graphene and two different graphene-doped sheets
mainly nickel and arsenic. The next step is to complex the graphene derivatives with three
gases CO, COo, and Os.

Supplementary Figure 4 shows the fully optimised complex geometries of CO, CO, and O>
gas molecules that adsorb on graphene derivatives. Panels 4a, 4d and 4g (first column),
illustrate how the three gases interact with pristine graphene sheets. These panels show that
both CO and O2 molecules position vertically on the Gr sheets in hollow sites (i.e. the centre
of the hexagon ring) with a small tilt angle of O> molecule roughly 20°. The distance between
the sheet and the molecules is found to be approximately 2.7 A for CO and slightly shorter for
Ozabout 2.4 A. On the other hand, CO; places horizontally on a bridge site (i.e. in between two
atoms), of the graphene surface at a distance of approximately 2.9 A.

The case is different with graphene-doped derivatives (i.e. in the presence of nickel and arsenic,
second and third columns of Supplementary Figure 5), the behaviour here is similar to Ni and
As metals. It should be noticed, that CO has pushed both Ni and As atoms out of the graphene



plane sheets and this displacement is in the opposite direction to the CO location. The
displacement distance between CO and the doped atoms (Ni and As), is found to be is 3.82 and
3.73 A respectively. It is worth mentioning, that Ni and As the move away from CO is due to
the repulsion force between CO and the doped atoms as both have similar charge types as
shown in panels 1b and 1c of Fig. 1. Whereas CO2 and Oz behave differently from CO, as these
molecules attract the doped atoms than repulse them. The attraction force happens here due to
the fact there are different types of charges, and this leads to shortening the displacement
distance. The displacement distance of CO2 and O with the doped atoms is as follows: 2.08,
1.78, 3.26 and 2.34 A of Ni-CO;, Ni-O2, As-CO; and As-O; respectively as shown in panels 1e,
1f, 1h and 1i.
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Figure- 1: Ground-state of optimised complex structures. First column (a d g), pristine graphene, second column
(b e h), graphene doped-Ni and third column (c f i), graphene doped-As complex with CO, CO,, and O, gas
molecules respectively, side view.

Fig. 1 shows the band structures and the corresponding density of states (DOS) of the pristine
graphene and graphene doped complex with CO, CO2, and O gases that are adsorbed on the
surface. For comparison, the band structure and DOS of CO, CO, and O gases adsorbed on
pristine graphene are plotted in Fig. 1(a d g). At the Dirac point, the pristine graphene has no
bandgap as shown in Fig. 1d, at this point, the valence band and conduction band are

overlapping at the Fermi level Er= 0 eV. This result is consistent with published studies[50-
52].



Regarding the DOS calculations, one could easily notice the peak of graphene complex with
O2 at Er is more 3 times larger than CO and CO; peaks at the same location as shown in the
first column of Fig. 1 (panels 1la, 1d, and 1g, on the right). This significant difference is
attributed to the strong interaction between the graphene sheet and the oxygen gas. In contrast,
the bandgap is opened when the Gr: Ni complexes with the three gases as shown in the second
column of Fig. 1 (panels 1b, 1e and 1h). This happens because the gases adsorbed on the Ni-
doped sheets cause a shift in the Fermi level position towards lower energy as illustrated by the
DOS curves (panels 1b, 1e and 1h, on the right). It is clearly shown that the main peaks (Er =
0 eV), of the Ni-doped sheets have shifted towards low energy compared to the same peaks of
the pristine graphene.

The last column of Fig.1 presents the band structures of the As-doped sheets. Panels 1c, 1f, and
1i, are clearly shown that the 3 bands close up when the doped sheets complex with CO, CO,
and O». Herein, the band structure gaps are closed up is due to the As atom having 5 valence
electrons, which means this atom possesses an extra free electron, whereas a Ni atom has 2
valence electrons and this explains why the gaps were opened.

Up to this point, the electronic structure of the pristine/doped graphene and complexes has been
investigated, the other characters to be explored in the current study is the total energy Etotal Of
these systems. Fig.4 indicts that CO2 binds significantly stronger than CO and O gases to the
pristine Gr (red-line), doped Gr:As (black-line), and doped Gr:Ni (blue-line). The actual
difference is significant approximately 1000 eV.
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Figure- 2: Total energy for adsorbed gas molecules on pristine graphene (red), Gr: Ni (blue), and Gr: As
(black).

4. Conclusion

The adsorption and reaction mechanisms of CO, CO», and O, gas molecules on a pristine Gr, Ni- and
As-doped graphene were investigated by employing the density functional method (DFT). Furthermore,
the electronic structural and electrical properties were also explored for 12 graphene derivatives. The
influence of complex 3 gases on pristine or doped graphene sheets is clearly demonstrated in the
bandgap and DOS calculations. This influence is supported-well by the optimum distance values. The
adsorption simulations suggest that the Gr derivatives interact with the 3 gases in two different ways:
sensitive and insensitive, meaning these graphene-based sheets could be used as a promising gas sensor.
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