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ABSTRACT
Butane

The adsorption attributes of propane and butane vapours on epsilon phosphorene

nanosheets (e-PNS) are studied based on the DFT method. The major constituents
of Liquefied Petroleum Gas (LPG) are propane and butane vapours. The structural stability of
€-PNS is ascertained with the formation energy. The formation energy of e-PNS is recorded as -
5.086 eV/atom. Moreover, the band gap of €-PNS is found to be 0.369 eV, indicating the
semiconductor behaviour. Furthermore, the adsorption of propane and butane vapours on &-
PNS changes the electronic properties of e-PNS, which are revealed from the band structure and
projected density of states variations. Also, the charge transfer and variation in the electron
density are observed due to adsorption of propane and butane molecular adsorption on €-PNS.
The outcome support that e-PNS can be deployed as a chemical nanosensor for detection of LPG
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INTRODUCTION

The low-dimensional allotropes of carbon and group-15
materials lead to the fascinating application due to remarkable
surface interaction, which arose due to high-surface-to-volume
ratio. Among the group-15 elements, the layered phosphorene
exfoliated from the bulk phosphorous finds in potential
importance in chemical sensors.2? The former computational
reports suggested that the two dimensional (2D) materials
including bismuthene and transition metal dichalcogenides
(MoSe; and MoTe;,) shows good sensing response towards small
gas molecules NH;, NO and NO..>* Apart from chemical
nanosensors, phosphorene is also used in energy storage,
optoelectronic  devices, catalysts, and nanoelectronics.®
Moreover, various allotropes of phosphorene are reported such
as o, B, v, 8, 0 and £.57 Unlike graphene, phosphorene exhibits
buckled or puckered structure due to sp® hybridisation of
phosphorous atoms in its nanostructure, which arose by weak van
der Waals forces. Chaoyu He et al.® proposed five new allotropes
of phosphorene such as G1-P, G2-P, G3-P, B1-P, and B2-P
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phosphorene. Ravindra Pandey group® used heterostructures of
green phosphorene (GP) for photovoltaic and water splitting. The
results expose that green phosphorene is suitable for photovoltaic
and photocatalytic applications. Menghao Wu et al.® reported
nine new allotropes of phosphorene that exhibit non-honeycomb
structures. The new class of &-P, {-P, n-P, and 6-P allotropes of
phosphorous is predicted by the authors. Hamid Oughaddou et
al.1® synthesized blue phosphorene on Au(111). The synthesised
phosphorene possesses a band gap of 0.8 eV. J. Zhang et al.l!
studied phosphorene allotropes thermal conductivities, namely,
a-, B-, y-, 6- and {-phases. The results revealed that the highest
thermal conductivity is observed for B-phosphorene. The €-PNS
possess a non-hexagonal conformation with the P-atoms
organized in the square form.*? The unit cell of e-PNS formed
with such two square units, which resembles the puckered
armchair structure. Further, there are one inter-bonds and two
intra-bonds exist in the square unit of P-atoms. Besides, the inter-
bond for the whole structure remains on the same side and this
phase is noticed to have higher energy per atom rather than other
six phases. From DFT studies, the calculated energy gap of &-
PNS is 0.94 eV and 0.25 eV using HSEO06 and optB88-vdW
functional, respectively.® Interestingly, the n-type properties are
noticed for &-PNS upon passivation owing to the electron
mobility. In addition, the moderate energy gap of e-PNS makes
it suitable choice for numerous nanoelectronic-based
applications.

Liquefied Petroleum Gas (LPG) composed of propane (CsHsg)
and butane (CsHao), which readily burns in the air. Besides, the
energy produced by LPG is twice that of natural gas and
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comparable to petroleum. Both propane and butane exist in the
gaseous phase, which under pressure 'liquefied’. Thus, when
pressure is released, propane and butane turn to the gas phase.
Moreover, the detection of propane and butane vapours are
important, while using LPG leak or during the consumption of
fuel. P.T. Patil et al.®® reported the sensing properties of
Polyaniline/ZnO composite nanofibers towards LPG. Pradip
Patil et al.** utilized a-Fe,O3 nanorods for the detection of LPG.
Pradip Patil group® also used spinel ZnCo,O, as a sensing
substrate to detect LPG. The proposed research throws light on
the possible use of e-phosphorene sheets (e-PNS) as sensing
elements for propane and butane vapours.

COMPUTATIONAL SPECIFICATION

We studied the structural stableness and electronic properties
of &-PNS utilizing Quantum ATK package.’® The adsorption
attributes of butane and propane are studied within the
GGA/BS6LYP level of theory.!”'® Grimme's DFT-D3 correction
is incorporated since the adsorption of butane and propane is
adsorbed on &-PNS.™® The double zeta polarisation is used along
with the conjugate gradient method to study &-PNS.%?! The
vacuum spacing of 16 A is maintained between the successive
layers to remove the influence between the adjacent layers of -
PNS. The supercell size of &-PNS is 3x 3 x 1. The Monkhorst-
Pack grid of 15 x 15 x 1 is utilised for Brillouin zone sampling
and the mesh cutoff energy is adjusted to 450 eV. The energy
convergence between the adjacent iteration is kept at 10 eV and
the Hellmann-Feynman force of 10- eV/A is maintained

RESULTS AND DISCUSSION

g-phosphorene structure details and electronic properties

The &-PNS possesses the lattice constant value of 5.37 A. The
calculated value of &-PNS is in consistent with the reported
work.?2 The bond distance among P-atoms is noticed to be 2.30
A and 2.22 A for intra and inter-unit bonds, respectively.
Importantly, e-PNS consists of two P4-squares as shown in Figure
1. We ensured the geometrical stableness of &-PNS in terms of
formation energy F.E, which is calculated based on the below
equation®24

F.E = (1/b)[E(e — PNS) — b E(P)]

Where ‘b' denotes the total count of the phosphorous atom,
E (e — PNS)is the energy of &-PNS in bare condition, E(P) is

g-Phosphorene

Nanosheet

Figure 1. Schematic diagram of pristine e-PNS
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the energy of the isolated phosphorous atom. The recorded value
of F.E for &-PNS is -5.086 eV per atom, which indicates the
stable geometrical structure of &-PNS owing to its negative
magnitude of F.E.

We now turn our attention to the electronic properties of ¢-
PNS to infer whether e-PNS can be used as adsorbing substrate.?>
2 Figure 2 presents the band structure and projected density of
states (PDOS) of &-PNS. The results of band structure yield a
band gap of 0.369 eV noticed along the gamma point. The PDOS
spectrum shows the involvement of s and p-orbital towards total
DOS. It is well known that s-orbital electrons are bound to the
parent nuclei. In contrast, the share of p-orbital to total DOS is
prominent that is inferred from the PDOS spectrum. The
semiconducting band gap of 0.369 eV entrusts that e-PNS can be
used as adsorbing substrates for butane and propane.
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A
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E-EF (eV)

PDOS (states/eV)

Band structure

Figure 2.Band structure and PDOS spectrum of pristine e-PNS

Butane and Propane adsorption on g-phosphorene sheets

The various adsorption configurations of butane and propane
molecules on &-PNS are considered initially. However, we
obtained the global minima configuration only for the discussed
sites. The optimised adsorption sites of butane are named as
orientation btl, bt2, and bt3 respectively for octa, tetra, and top
sites adsorbed on &-PNS as shown in Figure 3, S1, and S2
(supplementary information). In a similar way, the adsorption of
propane vapours on &-PNS are called orientation ppl, pp2, and
pp3 corresponding for octa, tetra, and top sites on &-PNS as
present in Figure S3-S5. The adsorption energy of butane and
propane on g-PNS is calculated as below3*3%

A.E = [E(complex) — E (g — PNS) — E(molecule) + BSSE]

where E(complex)denote the energy of butane or propane
adsorbed on &-PNS, E (¢ — PNS) is the energy of &-PNS in an
isolated condition, E(molecule)is the energy of solitary butane
or propane molecules and to remove the basis set superposition
error, we included BSSE.

Table 1 refers to the important parameters to decide the detection
properties of &-PNS towards butane and propane vapours. For
orientations btl, bt2, and bt3 we obtained values of -0.766, -0.533,
and -0.547 eV, respectively. However, for the orientations pp1, pp2
and pp3, the adsorption energy value are logged as -0.723, -0.389,
and -0.376 eV correspondingly. The exothermic adsorption of
butane and propane is apparent from the negative value of
adsorption energy. Furthermore, butane and propane are
physisorbed on &-PNS evident from the observed values of
adsorption energy.
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Orientation btl

Figure 3 Adsorption of butane on octa site of e-PNS — orientation
btl

In order to confirm the donor and acceptor characteristics of
butane and propane upon adsorption on &-PNS, we conducted the
charge transfer analysis (Q).*>**° For orientations bt1, bt2, and bt3
the values of Q are recorded as 0.22 e, 0.217 e, and 0.001 e,
whereas for propane adsorption the recorded Q values are 0.096
e, 0.106 e, and 0.025 e correspondingly for the orientations pp1,
pp2, and pp3. Hence, the results of Q indicate that both butane
and propane have donor characteristics and e-PNS behaves as the
acceptor of electrons.

Table 1: Adsorption energy (A.E),Bader charge transfer (Q), energy
gap (E_g) and average band gap changes (E_g”"a) of chief molecules
adsorbed &-PNS

Nanostructure | A.E (eV) | Q(e) | Eg(eV) | EZ (%)
epsilon — PNS - - 0.369 -

Orientation btl —0.766 0.220 0.498 34.96
Orientation bt2 —0.533 0.217 0.481 30.35
Orientation bt3 —0.547 0.001 0.261 29.27
Orientation ppl —0.723 0.096 0.333 9.76

Orientation pp2 —0.389 0.106 0.493 33.60
Orientation pp3 —-0.376 0.025 0.318 13.82

We calculated the average energy gap variation E¢ to validate
the chemi-resistive nature of &-PNS upon adsorption and
desorption of butane and propane vapours.** The E4? values are
34.96. 30.35 and 29.27% for butane adsorption, namely
orientation btl, bt2, and bt3 correspondingly. Furthermore, the
E® variations for propane adsorption are recorded as 9.76, 33.6,
and 13.82% for ppl, pp2, and pp3, respectively. Owing to the
presence of more hydrocarbons in butane molecules, the Eg?
variations are found to be comparatively more rather than
propane. Thus, &-PNS shows chemi-resistive property owing to
adsorption of butane and propane.

The modulation in the energy band gap of -PNS is explored
by the band structure and PDOS spectrum of complex
structure.*>° Figure 4 a-c represents the PDOS spectrum and
band diagram of butane adsorption on &-PNS for bt1, bt2, and bt3,
respectively. In a similar way, Figure 4 d-f illustrates the PDOS
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and band structure of propane adsorption for ppl, pp2, and pp3
respectively. The modulation in the band gap is noticed as 0.498,
0.481, and 0.261 eV for bt1, bt2, and bt3 as observed in the band
structure map. However, propane adsorption yields a band gap of
0.333, 0.493, and 0.318 eV for orientations ppl, pp2, and pp3
correspondingly from the band structure. In addition, the changes
in the peak positions compared to bare e-PNS are noticed in
comparison with complex &-PNS. The contribution of the p-
orbital is significant towards total DOS, which is obvious from
the PDOS spectrum.
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Figure 4 (a) Band structure and PDOS spectrum —orientation btl
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Figure 4 (b) Band structure and PDOS spectrum-orientation bt2
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Figure 4 (c) Band structure and PDOS spectrum — orientation bt3
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Figure 4 (d) Band structure and PDOS spectrum-orientation ppl
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Figure 4 (e) Band structure and PDOS spectrum-orientation pp2
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Figure 4 (f) Band structure and PDOS spectrum-orientation pp3

The electron difference density map shows the presence of
electrons along with the target butane & propane molecules and
£-PNS.5"%6 Figure 5a depicts the electron difference density of
pristine e-PNS. However, on adsorption of butane and propane,
the electron density changes as presented in Figure 5b & c. On
comparing the colour gradient of pristine e-PNS and butane and
propane adsorbed &-PNS, it is apparent that the electron density
along the base substrate &-PNS increases enormously. The
increase in the electron density of e-PNS clearly indicates that &-
PNS acts as acceptor and butane and propane donates the
electrons. Thus, it is clear that the electronic properties of deviate
upon adsorption of butane and propane vapours on g-PNS.

The electron difference density map shows the presence of
electrons along with the target butane & propane molecules and
£-PNS.5"%6 Figure 5a depicts the electron difference density of
pristine &-PNS. However, on adsorption of butane and propane,
the electron density changes as presented in Figure 5b & c. On
comparing the colour gradient of pristine €-PNS and butane and
propane adsorbed &-PNS, it is apparent that the electron density
along the base substrate &-PNS increases enormously. The
increase in the electron density of e-PNS clearly indicates that &-
PNS acts as acceptor and butane and propane donates the
electrons. Thus, it is clear that the electronic properties of deviate
upon adsorption of butane and propane vapours on g-PNS. In
order to emphasize the importance of utilising e-PNS to detect
the chief LPG gases (propane and butane), different allotropes of
phosphorene were considered for comparison including blue,
black, green, red, etc. along with sensing response of different
chief molecules from previous studies as displayed in Table S1
(supplementary information). It is clearly revealed that each
phosphorene allotrope has some unique features based on its own
structure. Therefore, it is evident that sensing various toxic
molecules is possible based on the selection of suitable allotropes
of phosphorene material. The overall results suggested that the &-
PNS can be utilised as a chemical sensor to detect the LPG gas
molecules.
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Figure5 (b) Electron difference density — orientation btl, bt2 and
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Figure 5 (c) Electron difference density — orientation pp1,pp2 and
pp3

CLOSING REMARKS

We investigated the geometric stableness and electronic
attributes of &-PNS based on the DFT method. Besides, the
stableness of e-PNS is ensured from the formation energy and the
energy band gap of bare e-PNS is found to be 0.369 eV indicating
the semiconductor. &-PNS is used as adsorbing medium for
butane and propane vapours. Moreover, we noticed physical
adsorption of butane and propane on &-PNS which is observed
based on adsorption energy. Also, the charge transfer studies and
electron density supports the donor nature of butane and propane.
Furthermore, the changes in the energy band are noticed for the
complex structures due to adsorption of butane and propane on -
PNS evident from PDOS spectrum and band structure analysis.
The chemi-resistive nature is confirmed based on E¢ studies.
Overall, it is inferred that e-PNS is a new 2D material for the
detection of butane and propane, which are the constituents of
LPG.
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