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Abstract

The nonequilibrium Green’s function and density functional theory methods are employed to investigate the electronic and
adsorption properties of diethylamine (DEA), monoethylamine (MEA), and trimethylamine (TMA) organic molecules on
an antimonene nanosheet (SbNS). The electron transitions between the organic molecules and the SbNS base material are
examined based on the projected density-of-states spectrum and energy band structure. Furthermore, the electron transfer
when the organic molecules are adsorbed onto the surface of SbNS is studied based on the bandgap energy, average energy
gap variation, Bader charge transfer, and adsorption energy. The mixed physisorption—chemisorption of the organic molecules
DEA, MEA, and TMA onto SbNS are explored based on the mentioned attributes. Moreover, the current—voltage (I-V)
characteristics and the plot of the electron transitions confirm the utility of the SbNS base material to form a chemiresistive
sensor for detecting reducing compounds such as DEA, MEA, and TMA in vapor form.
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1 Introduction

One of the greatest breakthroughs in the field of planar two-
dimensional (2D) materials was the discovery of graphene,
a carbon allotrope. The electronic features of graphene,
including high carrier mobility, massless Dirac fermions,
high lattice thermal conductivity, etc., have fascinated many
scientists and motivated them to explore this favorable mate-
rial. However, the absence of a bandgap in graphene limits
the application of this material in the field of nanoelectron-
ics. Today, the bandgap is a primary criterion for nanoma-
terials, due to its effects on their electronic properties. This
has resulted in the search for new 2D nanomaterials with
a bandgap, yielding nanomaterials with a bandgap includ-
ing boron nitride, MoS,, silicene, phosphorene, germanene,
arsenene, antimonene, etc. [1]. Antimonene is a 2D material
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formed from a single layer of Sb atoms, attracting atten-
tion from researchers due to its optimum stability and ample
bandgap. The bandgap of antimonene is estimated to be
2.28 eV. Based on a survey of literature, it is observed that
Raman spectroscopy and transmission electron microscopy
have been employed to verify the buckled graphene-like
configuration of antimonene [2, 3]. Based on theoretical
computations, it is predicted that an antimonene monolayer
can exist in two different phases, viz. a-antimonene with a
puckered structure and p-antimonene with a buckled struc-
ture [4]. Comparison of these two allotropes reveals that
the bandgap of f-antimonene is greater. Also, note that
the band-edge states in antimonene are chiefly of p,, and
s types. Moreover, owing to its semiconducting nature,
antimonene exhibits fewer vacancies [5]. The outstanding
properties of antimonene that have fascinated the scientific
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community include its strain-induced band transition [6],
i.e., the transformation from an indirect- to direct-bandgap
semiconductor when biaxial strain is applied [7], excellent
thermal conductivity [7], spintronic response [8], and out-
standing carrier mobility [9]. It has been discovered that the
lattice thermal conductivity can be decreased by chemical
functionalization [10]. Also, compared with graphene and
phosphorene, the atomic radius of Sb has little impact on the
lattice configuration. Studies on the fabrication of 2D anti-
monene monolayers have revealed the following effects: The
excellent stability of the buckled antimonene nanostructure
and the variation of the bandgap from the bulk (semimetal)
to monolayer (semiconductor) form were reported by Zhang
et al. [11]. Using the electrochemical exfoliation method,
the optical response and stable nature of multilayered anti-
monene were analyzed by Lu et al. [12]. The effects of the
size and edges on the thermal conductivity of the two phases
of antimonene mentioned above (a and ) were examined
by Gupta et al. [13]. In addition to the discovery of a- and
B-antimonene, two other forms of antimonene, namely y and
0, were identified and their geometrical properties inves-
tigated theoretically by Wang et al. [7]. Furthermore, the
stability of all four allotropes (a-, -, y-, and 8-Sb) was
investigated based on phonon dispersion calculations in a
previous article. The existence of phosphorene nanotubes,
nanoribbons, and van der Waals multilayers was suggested
by Guo et al. [14] based on first-principle studies. With the
aid of van der Waals epitaxial growth, Ji et al. [2] reported
a single 2D antimonene crystal. It has been reported that
the weak interactions between the layers in antimonene
enable the use of techniques such as liquid-phase exfolia-
tion and micromechanical cleavage to scale off single layers
from multilayer antimonene [2]. Moreover, the mechani-
cal exfoliation method has also been utilized to synthesize
antimonene flakes [3]. Also, antimonene was fabricated by
molecular beam epitaxy on Ag (1 1 1) by Mao et al. [15],
and Sb,Te; and Bi,Te; by Lei et al. [16]. Moreover, due
to its stability, the buckled honeycomb structure is synthe-
sized when depositing Sb onto the surface of AgSb, alloy.
In particular, the fabrication of nanodevices requires such
formation of antimonene on a substrate. In this regard, the
dependence of antimonene formation on the surface energy
was reported [7]. The use of antimonene and other group V
nanomaterials in the fields of chemical sensors and nano-
electronic devices was initially envisaged by the group of
Haibo Zeng [17-20] as a result of their extended research
on the electronic properties of antimonene [20]. In addition,
the group of Ullah has also extensively studied the binding
properties of gas molecules onto various polymers as well as
the corresponding electronic properties [21-31].

Volatile organic compounds such as diethylamine (DEA),
monoethylamine (MEA), and trimethylamine (TMA) can
be adsorbed onto a antimonene nanosheet (SbNS), which

is therefore suggested as a base substrate for their detec-
tion in the present research. Diethylamine (DEA) is a flam-
mable secondary amine, being colorless in nature with for-
mula (CH;CH,),NH. It is an alkaline liquid with an intense
ammonia-like odor. The National Institute for Occupational
Safety and Health (NIOSH) has determined permissible
exposure limits with a recommended exposure limit of
25 ppm (75 mg/m?) and 10 ppm (30 mg/m?) time-weighted
average (TWA). Even though DEA is less poisonous, its
vapor results in temporary vision damage. Monoethylamine
(MEA) is a lucid, achromatic liquid with potent (ammonia-
like) odor, having formula CH;CH,NH,. The NIOSH and
Occupational Safety and Health Administration (OSHA)
have fixed exposure level limits of 10 ppm TWA (18 mg/
m3). It leads to skin burns, dermatitis, damage to the res-
piratory system, and eye and skin irritation. On the other
hand, trimethylamine (TMA) [(CH;);N] is a flammable,
hygroscopic tertiary amine, which is in the gaseous phase
at 273 K, but also present in the form of 40% solution in
water. It has an ammonia-like odor at higher concentrations
but a potent fish-like odor at lower concentrations. The rec-
ommended exposure limit is set at 10 ppm TWA (24 mg/m°)
by the NIOSH. The chief objective of the current work is to
explore the surface adsorption properties of DEA, MEA, and
TMA on SbNS along with its electronic properties, thereby
facilitating the use of SbNS in chemosensors.

2 Computational details

The geometric structure of the antimonene nanosheet
(SbNS) is interpreted to study its surface adsorption
properties for the organic molecules diethylamine (DEA),
monoethylamine (MEA), and trimethylamine (TMA) in
addition to the electronic properties of the SbNS base
material with the help of the nonequilibrium Green’s
function (NEGF) method and density functional theory
(DFT). The entire process is carried out using the SIESTA
package, more specifically in the TranSIESTA module
[32]. The supercell of SbNS consists of 192 Sb atoms,
and its ideal structure is obtained when using 20 x20x 1
sampling in the Brillouin zone and decreasing the atomic
forces on the Sb atoms to below 0.01 eV/A. To investi-
gate the interaction between the electrons and optimize
the local structure, the van der Waals density functional
(vdW-DF) dispersion correction [33] is included along
with the generalized gradient approximation (GGA) and
the Perdew—Burke—Ernzerhof (PBE) exchange—correla-
tion functional for the SbNS base material [34, 35]. More-
over, when optimizing the structure of SbNS, the dou-
ble zeta polarization (DZP) basis set is applied [36, 37].
Also, the atoms in SbNS are allowed to move freely until
convergence is achieved with forces below 0.01 eV/A.
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Furthermore, the additional response of the SbNS base
material when the organic molecules DEA, MEA, and
TMA are surface adsorbed is investigated. In addition,
overlap of periodic images of SbNS is avoided by using
vacuum padding of 18 A along the x— and y-axes.

3 Results and discussion

3.1 The structure and electronic properties
of the antimonene nanosheet

Antimony atoms constitute the entire antimonene nanosheet,
which is separated into three sections for computation pur-
poses, called the left electrode, right electrode, and center
scattering region, where a voltage of 0.1-0.7 V is applied.
The stability of a perfect antimonene nanosheet can be inves-
tigated based on its energy of formation [38, 39], computed
using the expression

Egorm = (1/) [E(SONS)—xE(Sb)].

Based on this equation, the energy of formation is estimated
to be —4.420 eV. This negative value of the energy of forma-
tion confirms the stability of the base material. Figure la
shows a schematic of the isolated antimonene nanosheet
molecular device.

In this work, the use of such an antimonene nanosheet
(SbNS) for the detection of diethylamine (DEA), monoeth-
ylamine (MEA) and trimethylamine (TMA), three important
molecules in the field of organic chemistry, is investigated.
Figure 1b—d depicts the adsorption of DEA, MEA, and TMA
molecules onto SbNS in various configurations A, B, and C,
respectively.

The adsorption behavior of DEA, MEA, and TMA
organic molecules onto SbNS is investigated based on vari-
ous electronic properties. Moreover, the DEA, MEA, and
TMA molecules exhibit mixed (physisorption and chem-
isorption) type of adsorption onto SbNS. The variation of
the current on application of a voltage bias is measured as
a function of the concentration of DEA, MEA, or TMA
molecules.

3.2 The electronic properties of the antimonene
nanosheet

The main aim of the current work is to explore the surface
adsorption properties of an antimonene nanosheet (SbNS)
for DEA, MEA, and TMA molecules along with the elec-
tronic features of the SbN'S nanomaterial. The energy band
structure and density-of-states (DOS) spectrum of the iso-
lated SbNS are depicted in Fig. 2a. Moreover, the energy
band structure and projected density of states (PDOS)
spectrum for SbNS with DEA, MEA, and TMA molecules

@ Springer
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Fig.1 a The isolated antimonene nanosheet (SbNS) molecular
device. b The interaction of diethylamine on the SbNS nanosheet
in orientation A. ¢ The interaction of monoethylamine on the SbNS
nanosheet in orientation B. d The interaction of trimethylamine on
the SbNS nanosheet in orientation C
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The PDOS spectrum throws light on the dispersion of
the various levels as a function of energy [40—44]. From the
PDOS spectrum, it is evident that the peaks are shifted in
various energy intervals compared with SbNS alone. Elec-
tron transfer between the SbNS and the organic molecules is
confirmed by the observation of a maximum peak adjacent
to the Fermi energy level (Eg). Furthermore, the interaction
of electrons among the antimonene atoms of SbNS affects
the maximum peak observed in different energy intervals.
This natural transfer of electrons between the organic mol-
ecules and SbNS indicates the chemiresistive nature of
the SbNS base material. Moreover, a change in the DOS
spectrum of SbNS is observed upon surface adsorption of
the organic molecules DEA, MEA, and TMA. Thus, it is
deduced from the PDOS spectrum and energy band structure
that SbNS could indeed be employed in the assembly of
chemiresistive sensors.

3.3 The adsorption of DEA, MEA, and TMA
onto the surface of SbNS

The adsorption energy E,;, can be calculated using the
energy of the isolated SbNS, the energy of the organic mol-
ecules (DEA, MEA, and TMA individually), and the com-
bined energy of SbNS with the adsorbed organic molecules
[45-49]. (Refer to our previous article for this calculation of
the adsorption energy.)

Moreover, the important parameters determining the
sensing ability of the SbNS base material are the adsorption
energy (E,q), the energy bandgap (E,), the average energy
bandgap (Eg), and the Bader charge transfer (Q), as specified
in Table 1.

From the estimated adsorption energies for orienta-
tion A, B, and C (i.e., SODNS-DEA, SbNS-MEA, and SbNS-
TMA), it is seen that the DEA molecule will show the
maximum adsorption onto SbNS owing to its high mag-
nitude of —3.089 eV compared with MEA (—1.855 eV) or
TMA (—2.474 eV). Interestingly, the adsorption energies
are overestimated when the vdW-DF dispersion correction
is included in the calculation. However, only slight varia-
tion is observed in the vdW-DF-corrected E,, in the range
from 0.038 to 0.154 eV. Moreover, the negative value also
indicates an enhanced adsorption ability of the organic

molecules [50]. The high value of the adsorption energy
for orientation A is attributed to the fact that DEA exhibits
a strong positive inductive (+ 1) effect. Compared with the
other organic molecules, the presence of two ethyl (electron-
donating) groups along with its less electronegative nature
enhances the effective adsorption of DEA onto SbNS (ori-
entation A). The next parameter determining the detection
capability of SbNS is the energy bandgap (E,), which is
reduced upon the adsorption of DEA, MEA, and TMA mol-
ecules [51-54]. The bandgap of 1.08 eV for the isolated
SbNS decreases to 0.45 eV, 0.44 eV, and 0.38 eV for the
configurations A (DEA), B (MEA), and C (TMA). A strong
decrease in the bandgap is observed on surface adsorption of
the organic molecules onto SbNS. Comparing the bandgaps
for orientation A (DEA) and B (MEA), the apparent slight
variation (by 0.01 eV) can be easily explained by the fact
that the two organic molecules contain ethylamine. However,
the type of organic molecule is determined by the number
of ethylamine groups present, i.e., two for DEA and one for
MEA. Also, note that both of these organic molecules are
obtained as byproducts in the synthesis of ethylamine. These
reasons validate the slight change in the bandgap between
orientation A and B. However, the scenario is different in
the case of orientation C (TMA). It is well known that steric
hindrance/resistance, i.e., the ability to slow down chemical
reactions, increases with increasing number of alkyl groups.
Therefore, when comparing the organic molecules studied
herein (DEA, MEA, and TMA), TMA has the least alkyl
groups and thus a low hindrance effect, resulting in a nar-
rower bandgap compared with the other two molecules. The
reduction in the bandgap can be justified by the fact that
DEA, MEA, and TMA are reducing vapors. This reduction
in the bandgap, in turn, leads to an increase in the current
conduction, i.e., the conductivity of the SbNS. One question
that emerges is why the bandgap decreases upon surface
adsorption of the organic molecules DEA, MEA, and TMA
onto SbNS? The reason behind this effect is that the inves-
tigated vapors are of reducing type, thus the lowest unoccu-
pied molecular orbital (LUMO) and highest occupied molec-
ular orbital (HOMO) are altered by the interaction between
the SbNS and organic molecules. The sensing ability of the
SbNS is then based on the resulting effect on E,.

Table 1 The most important

o Nanostructure ~ Adsorption vdW-DF corrected Bader charge ~ Bandgap, Average band-
parameters dete,rmmmg t,he energy, E4 adsorption energy, E transfer, Q (e) E, (eV) gap change,
surface adsorption behavior of V) V) & B9
the target vapors onto SbNS g

SbNS base - - - 1.08 -

Orientation A —3.089 -3.127 0.290 0.45 58.33
Orientation B —1.855 —2.009 0.217 0.44 59.26
Orientation C ~ —2.474 —2.612 0.219 0.38 64.81
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The bandgap structure can also be used to investigate the
surface adsorption properties of the organic molecules DEA,
MEA, and TMA onto SbNS [55, 56]. Comparison of the
DOS spectrum of the isolated SbNS and organic molecules
adsorbed SbNS reveals that the number of available elec-
tron states reduces upon adsorption of the organic molecules
in various energy intervals, implying electron transitions
between the SbNS base material and the organic molecules.
Moreover, the precise peak maxima observed in both the
valence and conduction bands for the orientation A, B, and
C with a decreased number of peaks also indicate electron
transfer between the organic molecules and the SbNS base
material.

To explore the adsorption of DEA, MEA, and TMA onto
the surface of the SbNS base material at the atomistic level,
the Bader charge transfer (Q) and average energy gap varia-
tion (Eg %) for both the isolated material and organic mole-
cules adsorbed material are ascertained. The most important
adsorption site for the organic molecules can be determined
using the average energy gap variation [57-61]. Based on the
estimated values, it is observed that adsorption of the organic
molecule TMA (64.81%) onto SbNS results in a significant
variation of Ej, followed by MEA and DEA with values of
59.26% and 58.33%, respectively. The Bader charge transfer
(Q) can be utilized to study the electron transfer taking place
between the SbNS and the organic molecules. Based on the
sign of Q, the characteristics of the vapor molecules and the
kind of base material can be resolved. The computed values

Fig.3 The electron density of
pristine SbNS and after adsorp-
tion of the volatile organic
molecules

are 0.290e¢, 0.217e, and 0.219¢ for configurations A, B, and
C, respectively; these positive values indicate charge transfer
from the organic molecules to SbNS. Upon adsorption of
amine vapor onto the SbNS base material, electron transfer
takes place from amine molecules towards SbNS, according
to the Bader charge transfer results. These results show that
SbNS acts as an electron-withdrawing material, leading to a
change in the current flowing through the molecular device
after adsorption of the vapor molecules. In addition, to vali-
date the occurrence of charge transfer between the SbNS
and target molecules, the electron density before and after
adsorption of the organic molecules onto SbNS is calculated.
Figure 3 shows the electron density of the pristine SbNS
material and volatile organic molecules adsorbed SbNS
material. The observed change in the electron density in
SbNS after adsorption of the target molecules confirms the
charge transfer towards SbNS.

3.4 The transmission characteristics of SbNS
after adsorption of DEA, MEA, and TMA

The transmission spectrum provides further support for the
electronic properties of SbNS and after surface adsorption
of the DEA, MEA, and TMA molecules. The transmission
T(E, V) spectrum is obtained based on the following for-
mula involving the coupling function, and the advanced and
retarded Green’s functions [62, 63]. (Refer to our previous
article for this expression.) [64]. Owing to the delocalization

SbNS

+0.0000
+0.0000
+0.0000
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+0.0046
+0.0666

Orientation A

B +0.0000
B +0.0000
@ +0.0000
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Orientation B
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+0.0001
+0.0012
+0.0286
+0.6624
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of the orbits adjacent to the Fermi energy level, the rate
of electron flow along the SbNS is increased, as revealed
by the particular peak voltages in the transmission spec-
trum of SbNS. The transmission spectrum is plotted in three
dimensions for the isolated SbNS and after adsorption of the
organic molecules (DEA, MEA, and TMA) in Fig. 4a—d for
bias voltages in the range of 0.1-0.7 V.

The peak maximum is found along the conduction
band for the isolated SbNS, indicating the chemosensing
nature of the base material. Upon surface adsorption of the
organic molecules, a shift in the peak is observed for distinct
energy levels. For orientation A, more peaks are found in
the valence band, indicating a steady transfer of electrons
between the DEA and the SbNS base material. However, a
moderate number of peaks are found in the valence band for

orientation B (SbNS—MEA) when compared with adsorp-
tion of DEA, showing that the organic molecule MEA fol-
lows DEA in terms of adsorption onto SbNS. The peaks
are distributed in both the valence and conduction band for
orientation C, i.e., for adsorption of TMA. However, com-
pared with the conduction band, more peaks are found in
the valence band, confirming the electron transfer between
the TMA and SbNS and that the organic molecule TMA
is in third place in terms of adsorption onto SbNS. These
results for the transmission spectra clearly confirm the trans-
fer of charge between the SbNS and the organic molecules.
This electron transfer between the materials significantly
enhances the current conduction in the SbNS base material.
As mentioned above, the reducing behavior of the organic
molecules also influences (to be precise, increases) the

(c)

o1V
Eo2V
o3V
o4V
EmosV
IosV
o7V

(d

o1V
Bo2vV
o3V
Bo4V
o5V
BlosvV
o7V

Fig.4 a The transmission spectrum of the isolated SbNS nanosheet. b The transmission spectrum for orientation A. ¢ The transmission spec-

trum for orientation B. d The transmission spectrum for orientation C
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Fig.5 The /-V characteristics of the pristine SbNS device and after
adsorption of each target volatile compound

current conduction by decreasing the base resistance of the
SbNS. The resulting increase in the current flow is measured
using a two-probe method. Hence, the transmission spec-
trum results provide further evidence for the chemosensing
nature of the SbNS, indicating the feasibility of SbNS-based
sensing of DEA, MEA, and TMA.

3.5 The current-voltage characteristics of the SbNS
device after adsorption of DEA, MEA, and TMA

The surface adsorption properties of DEA, MEA, and TMA
molecules onto the SbNS molecular device is further investi-
gated based on the I-V (current—voltage) characteristics [65,
66]. The current flow through the base material is explored
with the help of the Landauer—Biittiker formula [67]. (Refer
to our previous article.) [68]. The variation in the current
flow upon adsorption of the organic molecules onto SbNS
is measured in a two-probe chemiresistor configuration.
The desorption or adsorption of the target gas/organic mol-
ecule and the resistance of the base material are related in a
chemiresistive-type vapor/gas sensor. Thus, the variation in
the resistance of the SbNS-based chemosensor is computed
based on the change in the current conduction [69]. In addi-
tion, there is a linear relationship between the concentration
of the adsorbed target vapor/gas molecules and the current
conduction along the SbNS molecular device. Figure 5 pre-
sents the /-V characteristics of the isolated SbNS molecular
device and after adsorption of each organic molecule.

As stated above, the nonoxidizing nature of the organic
molecules DEA, MEA, and TMA leads to an increase in the

current flow along the SbNS molecular device. Moreover,
based on this figure, it is apparent that the magnitude of the
current is remarkably high for orientation A (i.e., SONS-DEA),
followed by orientation B (SbNS-MEA) and C (SbNS-TMA).
Figure 6 provides insight into the interaction of the aforemen-
tioned organic molecules with the SbNS device.

The magnitude of the current for the isolated SbNS is found
to be the least among the investigated systems. The variation
in the current coincides with the statement above regarding the
transmission spectra, i.e., electron transfer between the SbNS
and organic molecules. The variation in the current is seen to
be almost linear in the voltage bias range of 0.1-0.7 V. Hence,
it can be inferred that the SbNS molecular device could be
employed for detection of DEA, MEA, and TMA when oper-
ated in the range of 0.1-0.7 V.

4 Conclusions and future outlook

We have applied the DFT and NEGF methods to examine the
surface adsorption properties of the organic molecules DEA,
MEA, and TMA onto SbNS, along with the electronic features
of the SbNS base material. The bandgap of the isolated SbDNS
is estimated to be 1.08 eV, and a maximum peak adjacent to
the Fermi energy level is observed in the DOS spectrum, indi-
cating the semiconducting nature of the SbNS. Also, computa-
tions of the adsorption energy, average energy gap variation,
energy bandgap, and Bader charge transfer confirm the surface
adsorption of DEA, MEA, and TMA onto SbNS. The electron
transfer between the organic molecules and SbNS is visual-
ized based on the energy band structure and DOS spectrum.
Moreover, the transmission spectra reveal a shift in the peaks
in various energy intervals, further illustrating the adsorption
of the organic molecules onto SbNS. In addition, the electron
transfer giving rise to current conduction is enhanced when
the organic molecules adsorbed onto the surface of the base
material, as further verified by the /-V characteristics, where
the magnitude of the current is found to follow a linear rela-
tionship with the bias voltage (in the operating voltage range of
0.1-0.7 V for the SbNS chemiresistive sensor). Furthermore,
the increase in the current flow on adsorption of the organic
molecules onto the SbNS leads to a decrease in the base resist-
ance. The results of the current calculations therefore robustly
confirm the feasibility of using an antimonene nanosheet
base material to develop chemiresistive molecular devices for
detecting reducing compounds such as DEA, MEA, and TMA
in vapor form.
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Fig.6 A schematic showing the adsorption behavior of the target vapors onto the SbNS device
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