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Research Article

ABSTRACT The advancement in nanomaterials opens the

gate for various sensing substrates towards
gas/vapours. Inthe current work, delta arsenene nanoribbon
(6-AsNR) is used as adsorbing element towards phenol and
benzene vapours. The formation energy of &-AsNR is
recorded as -4.117 eV/atom confirming the stable structural
geometry. The band gap of bare 6-AsNR is calculated to be
1.368 eV in the GGA/B86LYP level of theory. Furthermore, the
adsorption of phenol and benzene vapours on 6-AsNR exhibits
physisorption with the exothermic nature of adsorption. The
charge transfer reveals that phenol and benzene molecules
resemble donors and 6-AsNR as the acceptor of electrons.
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Besides, the projected density of states and band structure

variation is noticed owing to the adsorption of phenol and benzene molecules on 6 -AsNR. Hence, it is evident that 6 -AsNR is one of the
base substrates to sense the presence of phenol and benzene vapours in the environment.
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INTRODUCTION

The advancement of two-dimensional (2D) material graphene
opens the gate for other layered 2D materials. The sp? hybridized
graphene suffers 0 eV, which makes it unsuitable for various
applications. Thus, there is a search among the researchers for
other 2D materials such as germanene, silicene, phosphorene,
antimonene, arsenene etc.!®> The recent technological
advancement leads to the exfoliation of layers from arsenic,
which leads to the synthesis of arsenene.5” The electronic
properties of arsenene can be tailored with doping,
functionalisation, and edge border effects. Moreover, different
form factors of nanostructures can be obtained in arsenene, such
as nanosheet, nanoribbon, and nanotubes. Zhi Zeng group®
reported spin density waves observed in zigzag arsenene,
antimonene, and phosphorene. The spin density wave can be
fine-tuned by doping and strains. Y. R. Wang et al.® observed
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indirect to direct band gap transition owing to doping of P, Sb,
and Bi in puckered arsenene. Kai-Wei Yang et al.*° studied the
transport properties of armchair arsenene nanoribbons with
regard to the spin mechanism. Using the first-principles study,
the energetics, magnetic, and electronic properties of Si, F, B, N,
O, S, C, P, and H doped arsenene sheets are studied by Yu Yan
group.! The study reveals that doping C, Si, O, and S on arsenene
sheets exhibit a magnetic moment of 1.0 ps. The optical
properties of monolayer buckled and washboard arsenene and
bilayers are investigated by S. Ciraci et al.'? The in-plane tensile
strain, number of layers show the effect on the optical properties
of 2D arsenene.

Benzene is a constituent of crude oil and a major industrial
chemical. It finds its applications in the manufacturing of
plastics, polymers, detergents, dyes, drugs, pesticides, and
explosives. In spite of its wide applications, exposure to benzene
vapours leads to lung, kidney, heart, liver, and brain problems.
Benzene is also highly carcinogenic and causes myeloid
leukemia, aplastic anemia.® Phenol is a good disinfectant,
antiseptic drug, used in the production of phenolic resins,
synthetic fibers, plasticizers, solvents, paints & coatings, and
nylon. The Permissible Exposure Limit based on OSHA Standard
for phenol is 5 ppm. The adverse effects of phenol include
irritation to the eyes, skins, mucous membranes, diarrhea,
vertigo, and salivation.* The metal oxide-based sensors are used
to detect the presence of phenol and benzene.'>¢ Usually, metal
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oxide-based sensors require high operating temperatures and lack
selectivity. Nowadays, elemental monolayer-based chemical
Sensors are emerging as an alternative to metal oxide sensors. In
the proposed work, we studied the sensing response of delta
arsenene nanoribbon (3-AsNR) as a sensing medium towards
phenol and benzene and the results are discussed.

COMPUTATIONAL SPECIFICATION

Using QuantumATK - Atomistic Simulation Software, the
structural stability and electronic properties of 3-AsNR are
calculated.t” We used the GGA/BS6LYP level of theory for
studying the adsorption properties of phenol and benzene on 6-
AsNR.1®1° Since the proposed work involves the adsorption of
phenol and benzene on 3-AsNR, Grimme's DFT-D3 correction is
used in the proposed study.?’ In order to carry out the structural
optimisation of 3-AsNR, the grid mesh cut-off is held at 500 eV.
The Hellmann-Feynman force of 0.02 eV/A was utilised along
with the conjugate gradient procedure. We employed double zeta
polarisation basis set with 16 A vacuum spacing between the
adjacent layers to remove the field effects of adjacent layers.???
Besides, the Monkhorst—Pack grid of 1 x 1 x 18 is employed for
Brillouin zone sampling. The energy convergence between the
adjacent iteration is kept at 108 eV.

RESULTS AND OUTCOME

Structural and electronic properties of 8-AsNR

8-AsNR belong to Pbcm (No. 57) space group with the lattice
constants of 8-AsNR is calculated as a = 5.90 A and b =
5.88 A.% The bond distance and thickness of 3-AsNR are found
to be 2.49 A and 2.39 A, respectively. To get the finite base
material, 5-AsNR is passivated with the hydrogen atom at the
terminating end which leads to an increase in the band gap.
Figure 1 illustrates the structure of 3-AsNR. 3-AsNR is extended
along the z-direction and the edges are passivated with hydrogen
atoms to eradicate the adsorption of target phenol and benzene
along the edges of 3-AsNR.
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Figure 1 Schematic diagram of pristine 3-AsNR

Now the stability of 3-AsNR is to be ascertained based on the
formation energy Ey, given by the expression below.*?

Ew= (1/1)[E(3-AsSNR)-xE(As)-yE(H)]
Where E(6 — AsNR) denotes the energy of bare 3-AsNR, ‘r’
denotes the count of arsenic and hydrogen atoms, x and y

represent the number of arsenic and hydrogen atoms,
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respectively, E (As)is the energy of the isolated arsenic atom and
E(H) is the energy of isolated hydrogen atom. The calculated
value of Ef, is recorded as - 4.117 eV per atom. The negative
value of 3-AsNR ensures the stable structure of 5-AsNR. The
band structure and partial density of states (PDOS) provide
insights into the nature of the base material 5-AsNR.?**! Figure
2 signifies the PDOS map and band structure of bare d-AsNR.
The band structure of 3-AsNR points out the semiconductor
nature with the energy band gap of 1.368 eV inferred from the
gamma point. Also, the band gap of 3-AsNR is tunable with
ribbon width, edge bordering effects, and dopants. The sensing
response of delta arsenene nanoribbon can be fine-tuned based
on these factors. The PDOS map shows the peaks at -0.9 eV, -
1.4 eV, and -1.8 eV in the valence band. Besides, in the
conduction band peaks are observed at 0.75 eV, 1.5 to 1.8 eV.
Also, the contribution of p-orbital of arsenic is dominant to the
total DOS confirmed from the PDOS map.
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Figure 2 Band structure and PDOS spectrum of 3-AsNR

Benzene and Phenol adsorption studies on delta AsNR

Before studying the adsorption of benzene and phenol, we
considered all possible adsorption configurations, and only for
the discussed orientations, we obtained the minimum energy or
global minima positions. Figure 3 a-d depicts the adsorption of
benzene molecules on bridge site, parallel site, top site, and valley
site, which are named as position b1, b2, b3, and b4, respectively.
In a similar way, the adsorption of phenol molecules on the
bridge site, parallel site, top site, and valley site of 3-AsNR are
called as positions pl, p2, p3, and p4 correspondingly as
presented in Figure 3 e-h.

=

Figure 3 (a) Adsorption of benzene on bridge site of 5-AsSNR —
position bl

Position b1l
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Figure 3 (b) Adsorption of benzene on parallel site of 3-AsNR —
position b2

Position b3
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Figure 3 (c) Adsorption of benzene on top site of 3-ASNR — position
b3

) Position b4

Figure 3 (d) Adsorption of benzene on valley site of 3-ASNR —
position b4

Position p1

Figure 3 (e) Adsorption of phenol on bridge site of

8-AsNR - position pl
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Position p2

Figure 3 (f) Adsorption of phenol on parallel site of 8-AsNR —
position p2

Position p3

Figure 3 (g) Adsorption of phenol on top site of 8-AsNR — position
p3

Position p4
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Figure 3 (h) Adsorption of phenol on valley site of 3-ASNR —
position p4

The adsorption energy E, plays a crucial role to decide the
adsorption nature of target benzene and phenol molecules on -
AsNR.%>% The adsorption energy is calculated as given below

E, = [E(complex) — E(§ — AsNR ) — E(benzene or phenol)
+ E(BSSE)]

where E(complex) is the energy of 6-AsNR with adsorbed
benzene or phenol molecules, E(8 — AsNR)is the energy of
isolated 3-AsNR, E (benzene or phenol) is the energy of bare
benzene or phenol molecule and E(BSSE) is the basis set
superposition error for removing the overlapping effects of basis
set. Table. 1 presents the adsorption energy, band gap, average
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band gap variation, and charge transfer owing to benzene and
phenol adsorption on 3-AsNR. Moreover, E, is recorded as -
0.221, -0.415, -0.109, and -0.643 eV for positions b1, b2, b3 and
b4 correspondingly. The phenol adsorption logs the value of -
0.121, -0.639, -0.083 and -0.254 eV for positions p1, p2, p3 and
p4, respectively. The negative value of E, supports the
exothermic adsorption of benzene and phenol vapours on &-
AsNR. Also, the E, values infer that physical adsorption takes
place owing to benzene and phenol adsorption on §-AsNR. From
the E, results, it is evident that 3-AsNR is a suitable substrate for
the detection of benzene and phenol vapours. The charge transfer
(Q) throws the light on the donor/acceptor nature of 3-AsNR due
to benzene and phenol adsorption.®4 Further to add, it is known
that the value of Q possesses a positive magnitude, which infers
that benzene and phenol molecules donate the electrons to 6-
AsNR. Thus, the change in electronic properties occurs due to the
adsorption of benzene and phenol effectuated due to charge
transfer.

Table 1 Adsorption energy (E_a ),Bader charge transfer (Q), energy
gap (E_g )and average band gap variation (E_g™a ) of chief
molecules adsorbed 5-AsNR

Nanostructure | E,(eV) | Q(e) | Eg(eV) | Eg (%)
6 — AsNR - - 1.368 -
Position b1 -0.221 0.118 1.353 1.10
Position b2 —-0.415 0.059 0.686 49.85
Position b3 —0.109 0.144 1.326 3.07
Position b4 —0.643 0.104 1.196 12.57
Position p1 —-0.121 0.068 1.318 3.65
Position p1 —0.639 0.021 0.245 82.09
Position p3 —0.083 0.006 1.299 5.04
Position p4 —-0.254 0.081 1.351 1.24

Other interfering gases

6§ —AsNR - CO —0.147 | —0.048 1.333 2.56

6§ —AsNR - CO, —0.180 —-0.121 1.344 1.75

6§ —AsNR—H,0 | —0.180 | —0.121 1.339 2.12

The average energy band gap variation Egconfirms the
electroresistive nature of 3-AsNR upon benzene and phenol
adsorption.*>** Upon adsorption of benzene for positions it is
observed that for positions b1, b2, b3, and b4, E4* variations are
found to be 1.1, 49.85, 3.07, and 12.57% respectively. However,
the phenol adsorption changes E¢ to 3.65, 82.09, 5.04, and 1.24%
for positions pl, p2, p3, and p4 correspondingly. Thus, it is
inferred that the adsorption of benzene and phenol changes the
resistive nature of 5-AsNR.

The changes in the electronic attributes of 3-AsNR are inferred
from the band structure and PDOS map results.*¢* Figure 4a-d
illustrates the PDOS map and band structure diagram of 5-AsNR
upon benzene adsorption. Likewise, Figure 4e-h depicts the
changes in the band structure and PDOS map due to phenol
adsorption. Moreover, due to benzene adsorption, it is clear that
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the peak positions changes for positions bl, b2, b3, and b4
compared to the PDOS spectrum of bare 3-AsNR. Also, the
phenol adsorption follows the same trend in the peak shift for
global minima positions pl, p2, p3, and p4 correspondingly.
From the band structure and PDOS maps, the band gap of 1.353,
0.686, 1.326, and 1.196 eV is observed for positions bl, b2, b3,
and b4, respectively. Besides, the band gap change of 1.318,
0.245, 1.299, and 1.351 eV is noticed for positions pl, p2, p3,
and p4. Also from the PDOS maps, it exposed that the share of
p-orbital is predominant towards the total density of states.
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Figure 4 (a) Band structure and PDOS spectrum — position bl
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Figure 4 (b) Band structure and PDOS spectrum — position b2
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Figure 4 (c) Band structure and PDOS spectrum — position b3
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Figure 4 (d) Band structure and PDOS spectrum — position b4
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Figure 4 (f) Band structure and PDOS spectrum — position p2
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Figure 4 (g) Band structure and PDOS spectrum — position p3
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Figure 4 (h) Band structure and PDOS spectrum — position p4

The electron density map inputs the variations in the charge
density owing to benzene and phenol adsorption on 8-AsNR [51-
55]. Figure 5 presents the electron difference density of 3-AsNR
in isolated conditions. Figure 6 a and b picture the electron
difference density upon benzene and phenol adsorption on &-
AsNR. The deviations in the electron density are perceived in
spite of benzene and phenol adsorption on 5-AsNR. Moreover,
the benzene and phenol act as a donor of electrons, which is
noticed by the blue colour gradient over benzene and phenol
molecules. However, the base substrate 5-AsNR behaves as an
acceptor of electron indicated with the red colour gradient over
8-AsNR. Hence, it is evident from the electron density difference,
band structure, and PDOS spectrum that the changes in the
electronic properties occur upon benzene and phenol adsorption
on 5-AsNR.
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Difference density (A3)
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Figure 6 (a) Electron difference density — position b1,b2, b3 & b4

Difference density [A*) Difference density (A%
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Difference density (A% Difference density (A%)

.51 033 015 0025 02 038 05 074 092 11-056 038 021 0029 015 033 05 068 086 1

Figure 6 (b) Electron difference density — position p1, p2, p3 & p4

In order to verify the selectivity of 5-AsNR to chief molecules
i.e. benzene and phenol in the air environment, we have also
explored the sensing behaviour of other expected interfering gas
molecules namely CO, CO,, and H,O (humidity). Figure S1 (see
the supplementary information) refers to the band structure of -
AsNR after interacting with CO, CO,, and H,O molecules,
correspondingly. As a result, it is confirmed that the variation of
band gap of 6-AsNR upon the adsorption of interfering gases is
relatively lower than target molecules (benzene and phenol).
Based on the overall result, it can be recommended that the 6-
AsNR can be practically used as a chemical sensor to detect
benzene and phenol in the air atmosphere.
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CLOSING REMARKS

In the framework of the DFT method, the structural stability
of 5-AsNR is explored in terms of formation energy and found to
be stable. Hence, 3-AsNR is used as adsorbing substrates for
benzene and phenol vapours. The changes in the electronic
properties are noticed with reference to electron density
difference, PDOS map, and band structure diagram. The
variation in the band gap is observed owing to benzene and
phenol adsorption. Moreover, benzene and phenol adsorption on
8-AsNR indicates physical adsorption revealed by adsorption
energy. Besides, the charge transfer also occurs and target
benzene and phenol molecules behave as the donor of electrons.
The EZ study infers the electroresistive nature of 6-AsNR, which
supports that 6-AsNR can be used as a two-electrode system to
detect the presence of benzene and phenol in the vicinity.
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