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ABSTRACT

To enhance the performance of phosphorene-based gas sensors made with aluminium-
doped phosphorene. The study employed the Density Functional Theory (DFT) method for
ground states to investigate the structural and electronic properties of toxic gases (CO, H,S, and
NO) adsorbed on Al-doped phosphorene surface compared with pristine phosphorene. Then, the
Time-Dependent Density Functional Theory (TD-DFT) method for excited states was used to
study the UV-vis spectrum. The results demonstrated that the nitrogen monoxide adsorbed on
pure phosphorene surface as a NO/P showed the strongest adsorption, reaching to -2.3 eV, while
nitrogen monoxide adsorbed on Al-doped phosphorene surface as a NO/AI-P showed the
weakest adsorption, reaching to +1 eV. Furthermore, the energy gap of the Al-doped
phosphorene (Al-P) reduced to 1.66 eV, while that of pure phosphorene (P) reached t01.73 eV.
Based on the calculated energy gap values, the highest sensitivity for nitrogen monoxide
adsorbed on the aluminium-doped phosphorene (NO/AI-P) surface reached to 40%, which is 10
times greater than the sensitivity of the sensor for pristine phosphorene (NO/P) at 4%. UV-Vis
spectroscopic characteristics observed that the spectrum shifts towards the infrared region,
extending from 3200 to 9400 nm. Our study proposes a simple and effective strategy for

producing high-performance phosphorene-based gas sensors for nitrogen monoxide detection.
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INTRODUCTION

esearch on two-dimensional (2D) nanomaterials has seen rapid growth, motivated by

their unique properties across several applications in biomedicine, supercapacitors, gas

sensors, et cetera [1-4]. In 1914, under high-pressure and temperature experiments of
1.2 GPa and 200 °C, respectively. American physicist Percy Williams Bridgman successfully
discovered phosphorus layers (phosphorene) that are linked together via van der Waals forces
[5,6]. Whereas a substantial portion of its bulk semiconducting properties has been under
investigation for a century [7], it is only recently that the few-layer phosphorene (P) structure has
appeared in the scientific limelight [8]. Phosphorene has a distinct puckered structure, fully
contented valence shell results in a direct energy gap, around 0.3-2 eV [9]. Furthermore, the
tunable direct energy gap of phosphorene is ideal for optoelectronics covering the infrared to
visible regions, giving the possibility of favorable photo detection capabilities extending from
the visible to the infrared spectrum [10]. Carbon monoxide (CO) is a toxic gas emitted into the
environment when carbonaceous materials are incompletely burned [11]. Hydrogen sulfide (H,S)
is a foul-smelling, toxic gas commonly found in the environment, released from geothermal
vents and produced as a by-product in industries such as oil refining [12]. Nitrogen monoxide
(NO) is a colorless highly reactive toxic gas. Industrially, it has several uses, for instance, as a
product of the incomplete combustion of fossil fuels, for example, in motor vehicles (diesel and
petrol fuels) and power stations [13]. Numerous studies have been undertaken to enhance the
performance of pristine phosphorene as a sensor. This enhancement involves the substitution of
certain atoms within the phosphorene structure with alternative atoms, aimed at improving its
structural and electronic properties in order to investigate the feasibility of utilizing it as a gas
sensor. For instance, Hosseini, S. in 2025 [14]. The study utilized density functional theory DFT
method with LDA and GGA computations to examine the adhesion of CH,4, H,S, and NH3
molecules to a single layer of phosphorene. The LDA approximation was used for structural
optimization, while the GGA approximation was employed for an accurate description of
intermolecular and van der Waals interactions. The study concluded that high sensitivity to gas
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adsorption of phosphorene, makes it an excellent gas sensor and shows its potential for use in
electronic devices. He, H. et al, [15]. A study conducted a systematic study on the sensing
properties of the Au-P monolayer to several toxic gases (CO, H,S, NO, NO,, and SO;) using
density functional theory (DFT) and the non-equilibrium Green’s function (NEGF) approach.
The results demonstrate that the Au-P sensor enables ultra-sensitive removal of NOy, which
makes the Au-P monolayer nanostructure effective for applications in toxic gas sensing,
especially NOy detection. Ou et al, [16]. The study nominated monolayer phosphorene as a high-
performance sensor material for volatile organic compounds (VOCs), such as ethanol,
propionaldehyde, acetone, toluene, and hexane, employing a combination the DFT and NEGF
environments. The results suggest that phosphorene is a compelling and feasible candidate for
VVOC sensing applications. In this article, the researcher presented the results of DFT calculations
performed using the GaussView 6.0.16 and Gaussian 09W [17, 18] software at hybrid functional
B3LYP and 6-31G basis set, which investigated the impact of the aluminum-doped monolayer
phosphorene and its effectiveness in detecting the (H,S, NO, and CO) as toxic gas molecules by
studying the impact of the gas molecules on the structural, electronic, and spectral properties of

pure and Al-doped phosphorene nanostructure.

COMPUTATIONAL METHODS

The DFT method was used to guesstimate the ground-state properties by utilizing a
combination of GaussView 06 and Gaussian 09W software, which provides the required data
about the HOMO-LUMO energy levels, energy gap, ionization energy, potential energy,
adsorption energy, and sensitivity. On the other hand, the time-dependent density functional
theory (TD-DFT) method was also used to estimate the excited-state properties by using a
combination of GaussView 06 and Gaussian 09W software, which provides the required data
about the Ultraviolet-Visible (UV-Vis) spectrum and helped identify the maximum wavelength
of absorption (Amax). All calculations are done using the hybrid functional B3LYP (Becke 3-
parameter Lee—Yang—Parr) [18,19], which clarifies the exchange-correlation functional at the
level of theory 6-31G basis set [20,21].
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The DFT method is a computational simulation used in the science of nanomaterials, and it is
commonly used for expecting and understanding the electronic nanostructures of various
nanomaterials. By solving KS equations, this method employs exchange-correlation functional to
account for electron-electron interactions, making it highly effective for investigating a broad
spectrum of nanomaterials. So, the DFT method enabled researchers to evaluate the ground-state
properties of many-electron system with balanced accuracy and computational efficiency. The
scientists Kohn and Sham developed the practical rough calculation method of the ion state in a

many-electron system named the Kohn-Sham equation [22]:

h
— ==V + Vegr (N | di (1) = &1 (1) - (D)

2m

where g;: Energy eigenvalue of a many-electron (N-electrons) system.
&;(r): Wave function of a many-electron system ¢;(ry, 13,13, ..., Iy ).

Vess (1): Effective potential.

The equation of the effective potential of a many-electron system is given by:
Verr. (I‘) = VeXt.(r) + Vy [n] + Vie [n] (2)

Where Vi [n]: Hartree potential of a many-electron system.
V..[n]: Exchange-correlation potential of a many-electron system.
Vext (r): External potential.
n(r): Electronic density.
The electronic density of an N-electron system n(r) was obtained from the Kohn-Sham

orbitals as:

N
n@) = gL - @3
i=1

The sequence of steps involved in simulating the KS equation. The initial step is an option n(r),

should it be utilized. The subsequent step concerns the effective potential V. (1) is predictable
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using an approach as the local density approximation (LDA) and the generalized gradient
approximation (GGA) for the exchange-correlation potential [23]. Furthermore, the wave
function ¢ (r), which is used to evaluate the electronic density of a many-electron system n(r),

it’s also used to determine the attained V¢ (1) [24].

RESULTS AND DISCUSSION

The structural properties of pristine phosphorene were first explored, as illustrated in Figure 1,
which shows the crystal structure of pure and Al-phosphorene. It can be seen that the monolayer
phosphorene consists of two atomic planes, and the unit cell of phosphorene consists of four P
atoms. The monolayer phosphorene has the bond length of the P-P bond in the horizontal
direction () is 2.263 A, and the length in the other direction (I,) is 2.225 A. Whereas the energy
gap for pure phosphorene is 1.73 eV. It has also been modified on the monolayer phosphorene
(P) by replacing a single aluminum Al atom with a phosphorus atom to get Al-phosphorene Al-P

nanostructure with a band gap of 1.66 eV.

Figure 1. The structures of a pure and Al-doped phosphorene (P and Al-P) at B3LYP hybrid functional and

6-31G basis set. The orange balls include the phosphorus atoms, while the silver ball refers to the aluminum

atom.

Figure 2 explains a simulation of monolayer phosphorene’s pristine and doped structure (P and
Al-P), respectively. It was also simulated for the P and Al-P nanostructures after adsorbing the

gas molecules under study [34], as illustrated in the HOMO-LUMO level of states.
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CO/AI-P H,S/AI-P NO/AI-P

Figure 2. The geometrical nanostructures for the adsorbed CO, NO, and H,S gas molecules on the pure and
Al-phosphorene (P, Al-P) at B3LYP/6-31G computational environment, where the yellow, deep gray, red,

blue, and white colors refer to sulfur, carbon, oxygen, nitrogen, and hydrogen atoms respectively.

The analysis of the crystal structure of CO/AI-P upon adsorption of carbon monoxide gas
was optimized to be almost similar to the crystal structure before adsorption Al-P, which
indicates that there is no substantial effect of CO gas on the crystal structure of the Al-
phosphorene, which remains the most stable. Modifying the ground state energy for both
H,S/AI-P, and NO/AI-P involved approximating a H,S, and NO gas molecule from the
aluminum atom in a Al-phosphorene structure, different from a pure H,S/P, and NO/P
nanostructure, as will be shown later when interpreting HOMO-LUMO energy levels. The
predominant characteristic observed across all instances except CO/AIl-P was the absence of the
original phosphorene monolayer preserved. Therefore, the molecular arrangement to be analyzed
in the case of NO/AI-P was the most affected by those in the H,S/AI-P case. In terms of
geometric features, the aluminum atom created bonds with the neighboring P atoms, thus
creating deformations among P-P bonds of the nanostructure [25], as will be shown later when

interpreting HOMO-LUMO energy levels.
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ADSORPTION ENERGY

The adsorption energy of a gas molecule under study on the surface of a pure and Al-doped
phosphorene nanostructure is calculated to examine the stability of the adsorption systems using

the following relationship [25,26]:
Eags = Eior. — (Egas + Ecomp.) - (4)

Where E,,. is the total energy of the adsorbed composite nanostructure after approximating a
gas molecule, E.,mp, refers to the energy of either pure or Al-doped phosphorene (composite
nanostructure), and Eq,s denotes the energy of the toxic gases (CO, H,S, and NO).

Based on this equation, a larger adsorption energy indicates a more stable structure, which is
clearly shown in CO/P, NO/P, and H,S/AI-P nanostructures respectevily. The Al-doped
phosphorene Al-P demonstrated the highest adsorption for H,S gas molecule around -2.11 eV,
while the CO gas molecule provided the weakest physisorption (+1 eV) [27]. Likewise, a pure
phosphorene demonstrated the highest adsorption for NO gas molecule around -2.3 eV, while
the CO gas molecule provided the weakest physisorption (-0.19 eV). The adsorption energy is a
common indicator of the strength of binding of the adsorbate to the substrate. If the adsorption is
thermodynamically favorable, the energy of the whole adsorption system will be lower compared
to the sum of the energy of the substrate and the adsorbate. Resulting in a negative adsorption
energy value. Depending on the magnitude of the adsorption energy value, it is possible to
determine the system physisorption or chemisorption process. It is worth noting that in
simulating the adsorption system to calculate the adsorption energy, the substrate, and the
adsorbate must use the same exchange-correlation function to improve the comparability of the
calculation and to perform geometric relaxation [28]. There are usually three convergence
criteria, i.e., energy, force, and atomic displacement. Every substrate provides the possibility to
provide several various adsorption sites and usually requires an adsorption site test prior to
testing, where the adsorbate is most likely to adhere to the lowest energy site [29], as shown in

Figure 3.
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Figure 3. The adsorption energies of CO, NO, and H,S molecules on pristine and aluminium-doped
phosphorene (P and Al-P) structures at the hybrid functional B3LYP and 6-31G basis set.

Energy GAP

The energy bandgap of a semiconductor nanomaterial can be calculated as follows [30]:

E; = Erymo — Enomo - (7)

Where Egomo and Epymo represents the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) energy levels (eV), respectively [31]. So, E4 are
parameters of importance for any electronic nanomaterial, be it a metal, semiconductor, or
insulator. To a large range, these parameters are key components that define the electronic
structure of all interfaces among bulk conventional to nanostructured materials, through control
processes of charge exchanges inside the crystal structure for the nanostructured materials.

Figure 4 indicates the energy gap of the pure and Al-doped phosphorene nanostructures, as
well as for their adsorption with gas molecules under study. The energy gap for the pure
phosphorene structure is 1.73 eV, which was well compatible with the limit of measurements
(0.3 — 2 eV) from bulk conventional to nanostructure of monolayer phosphorene [32]. On the
other hand, the energy gap decreases after doping with an aluminium atom from 1.73 to 1.66 eV.

The energy gap further decreases for NO/Al — P nanostructure to 1 eV compared with the NO/P
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structure,while it increases for the H,S/AI-P nanostructure to 1.733 as compared with the

pure H,S/P structure, respectively [33].
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Figure 4. The energy bandgap of pristine and Al-doped phosphorene structures with and without CO, NO,
and H,S molecules at the hybrid functional B3LYP and 6-31G basis set.
The sensing capability of the Al-P sensor for the various gas molecules is assessed by

quantifying its sensitivity, which can be expressed as follows [34]:

|E — Eo

> .. (8)

S(%) =
Where E, refers to the energy bandgap of the nanosensor before the adsorption, while E

denoted the energy bandgap of the nanosensor during the detection of the toxic gas molecules.

The results in Figure 5 indicate the sensitivity values for toxic gases when they are adsorbed
on the surface of a pure and Al-doped phosphorene nanosheet. As is clear, the sensitivity of CO,
H,S, and NO gas molecules on the surface of the pristine phosphorene P nanosheet are computed
to be 17%, 28%, and 4%, respectively. But, after being doped with an aluminium atom, the
sensitivity of CO, H,S, and NO gas molecules on the surface of Al — P structure are calculated to
be 5%, 4%, and 40%, respectively. So, the sensitivity of the NO gas molecule on the surface of

Al — P nanostructure is 10 times as large as compared to the adsorbed it on the surface of a pure
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phosphorene. Whereas, the sensitivity of the H,S gas molecule on the surface of Al — P structure

is 7 times smaller as compared to the adsorbed it on the surface of a pure phosphorene, also the
sensitivity of the CO gas molecule on the surface of Al —P structure is 3 times small as
compared to the adsorbed it on the surface of a pure phosphorene. The NO/Al —P can be
excepted as a nanosensor, which represented superior sensitivity and selectivity at a measured
40% as compared to the sensitivity of NO/P at measured 4%. So, phosphorene exhibits high
sensitivity to various gases at room temperature. Its sensitivity is influenced by several factors

like the material's thickness and whether it's pristine or doped with other elements [35].
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Figure 5. The sensitivity of the adsorbed toxic gases under study (CO, H,S, and NO) on a pure and
aluminium-doped phosphorene at the B3LYP hybrid functional and the 6-31G basis set.

HOMO-LUMO ENERGY LEVELS

To further analyze the effect of gas molecules on the electronic properties of nanocages, the
HOMO (highest occupied molecular orbital), LUMO (lowest unoccupied molecular orbital)
distributions of Al-P and complexed nanostructures were analyzed. The HOMO primarily serves
as an electron donor, while the LUMO primarily serves as an electron acceptor. The red area is

negative, the green area is positive.

Copyright © 2025. ZIHMS

IRROI

Academic Scientific Journals


http://www.zjhms.alzahraa.edu.iq/

1 () ALZAMIRAA
UNIVERSITY JOURNAL

Health and Medical Science

Al-Zahraa Journal for Health and Medlical Sciences 2025;3:1-21 Vol. 3, No.3, 2025

www.zjhms.alzahraa.edu.ig

Figure 6 illustrates the distributions of the frontier molecular orbitals for pure and aluminum-
doped phosphorene optimized nanostructures. The energy gap of a pure phosphorene noted is
greater than that of Al-doped phosphorene and changed from 1.73 eV to 1.66 eV.

For the LUMO of the Al-phosphorene (Al-P) nanostructure, the positive and negative areas
alternated between the inside and outside of the Al and P atoms. The obtained frontier molecular
orbital energies (Enomo and E umo) and the calculated energy gap Eq of the (Al-P) nanostructure
measured at 1.66 eV, demonstrating its semiconductor properties. After the adsorption of a CO
gas molecule on (Al-P), the HOMO of the (CO/AI-P) nanostructure between positive and
negative areas more than the LUMO of the (Al-P), this may be due to the high electron transfer
in the HOMO level, where the calculated energy gap E4 of the (CO/AI-P) measured at 1.57 eV.
In the (H,S/AI-P) nanostructure, the HOMO and LUMO distributions were localized in the H,S
molecule (especially the H atom with a positive area). This may be because (H,S/Al-P) has the
shortest adsorption distance and the largest transfer charge. The E4 of (H,S/Al-P) was measured
at 1.733 eV. But in the (NO/AI-P) nanostructure, the LUMO distribution was in the NO gas
molecule, also may be because (NO/AI-P) has the shortest adsorption distance and the largest

transfer charge in the LUMO level such as in Figure 6, where the calculated energy gap Eg of

NS

the (NO /P) nanocages measured at 1 eV.
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Figure 6. The HOMO- LUMO state of a pure and Al-doped phosphorene nanosheet with and without the toxic
gas molecules (CO, H,S, and NO) at the B3LYP hybrid functional and the 6-31G basis set.
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DENSITY OF STATE (DOS) ANALYSIS

The DOS analysis of the adsorbed gas molecules (CO, H,S, and NO) on the surface of the pure
and aluminum-doped phosphorene nanostructures, simulated using the GaussSum 3.0 software.
The DOS spectrum's substantial idea is to explain the shift in the Molecular Orbitals [36]. The
diagram of density of state analysis shows the energy (eV) on the x-axis and DOS in arbitrary
units (a.u.) on the y-axis. Based on Figure 7, the HOMO-LUMO energy level of aluminium-
doped phosphorene Al-P was composed mainly of the 3p orbitals of both P and Al atoms (3s 3p)
atom with the energy gap 1.66 eV. After the CO gas molecule adsorbed on the Al-phosphorene
(CO/AI-P) has been analyzed, the HOMO-LUMO energy level of CO/AI-P was composed
mainly of the 3p orbitals of both P and Al atoms (3s 3p) and 2p orbitals of O and C atoms (2s 2p)
with energy gap 1.57 eV. While the H,S gas molecule adsorbed on a Al-phosphorene (H,S /Al-
P) has been analyzed, as in Figure 3.46, the HOMO-LUMO energy level of H,S/Al-P was
composed mainly of the 3p orbitals of P, Al, and S atoms (3s 3p), and 1s orbitals of H atom (1s)
with the energy gap 1.733 eV. So, the effect of the H,S gas molecular orbital on the H,S/Al-P
nanostructure was not significant. Whereas, after the NO gas molecule adsorbed on the Al-
phosphorene (NO/AI-P) has been analyzed, the HOMO-LUMO energy level of NO/AI-P was
composed mainly of the 3p orbitals of both P and Al atoms (3s 3p), and the 2p orbitals of N and
O atoms (2s 2p) with energy gap 1 eV.

The consideration of only HOMO and LUMO may not yield a realistic description of the
frontier orbitals because, in the boundary region, neighboring orbitals may show quasi-
degenerate energy levels. For this reason, the total (TDOS), sum of the electron density of states,
in terms of Mulliken population analysis, A positive value of the afDOS indicates a bonding
interaction, negative values mean that there is an anti-bonding interaction, and zero values

indicate non-bonding interactions, such as in Figure 7.
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Figure 7. Density of state diagram of a pure and Al-doped phosphorene nanostructure with and without toxic

gases.

TD-DFT calculations were performed on the excited-state optimized structures using the 6-
31G basis set and the B3LYP hybrid functional. The purpose of investigating the energy gap is
to determine the energy of the transition of a pure and aluminum-doped phosphorene with and
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without toxic gases [37]. The energy gap before and after adsorbed toxic gases on a pure and Al-

doped phosphorene was found to be in the range 1 —1.733 eV. For a pure phosphorene, the
absorption for CO gas molecule is zero with the maximum wavelength is longest at 9400nm that
shifted to mid-Infrared spectrum, while the absorption for NO gas molecule is 43a.u. with the
maximum wavelength is shortest at 3200nm that shifted to near-Infrared spectrum. While for Al-
doped phosphorene, the absorption for NO gas molecule is 5 a.u. with the maximum wavelength
measured at 4800nm that shifted to mid-Infrared spectrum, whereas the absorption for H,S gas
molecule is 12a.u. with the maximum wavelength is larges at 7800nm that shifted to near-
Infrared spectrum. So, a shift from UV-Vis to Near- and Mid-IR spectrum for phosphorene refers
to a change in the type of light absorption. UV-Vis spectroscopy is sensitive to electronic

transitions, while IR spectroscopy is sensitive to vibrational transitions. Such as in both Table 1.

Table 1. The UV-Vis. Analysis before and after adsorbed toxic gases under a study (CO, H,S, NO) on a pure
and the Al-doped phosphorene nanostructure at hybrid functional B3LYP and basis set 6-31G.

Nanostructures Maximum wavelength Absorption factor Band gap (eV)
Kmax (nm) e (a.u.)
P 5,600 4 1.73
Co/P 9,400 0 1.43
H.S/P 7,200 8 1.25
NO/P 3,200 43 1.8
Al-P 6,400 20 1.66
CO/ AI-P 5,600 19 1.57
H.S/ Al-P 7,800 12 1.733
NO/ Al-P 4,800 5 1

Figure 8 illustrates the peak of absorption before and after adsorbing toxic gases on the
surface of a pure and Al-phosphorene. The spectrum diagram shows the relationship between
the maximum wavelength A, (nm) on the x-axis and the absorption of molecule gases in

arbitrary units (a.u.) on the y-axis.
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Figure 8. The peak of absorption of UV-Vis. spectrum for all structures of a pure and Al-doped
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CONCLUSION

In this work, the researcher investigated the nanosensing properties of a pure and Al-doped
monolayer phosphorene to know its ability to detect the gas molecules under study using the
DFT method at the hybrid function B3LYP and 6-31G basis set. The researcher noted that the
energy gap decreased from 1.73 eV for pure phosphorene to 1.66 eV after substituting an
aluminum atom with phosphorus atom. Therefore, the sensitivity of nanomaterials depends
mainly on the energy gap for the phosphorene nanostructure before and after the adsorption of
gas molecules under study. The adsorbed CO, H,S, and NO gas molecules on the surface of a
pure and Al-doped phosphorene nanostructure contributed with varying interactions, especially
in the case of H,S /Al — P. Thus, the researcher concluded that Al-phosphorene nanostructures
showed the strongest adsorption for H,S gas molecules reached —2.11 eV. Although the response
of an Al — P remains weak for H,S gas molecules. But the NO/AI-P nanostructures showed the
weakest physisorption at +1 eV. So, Al-phosphorene nanostructure can be used as a promising
gas detector for nitrogen monoxide NO gas molecule reaching 40%. This indicates that the gas-
sensitive needs enough time to obtain the required response according to an exponential curve
that depends on the adsorption energy. So, the Al-phosphorene Al — P could be considered a
good sensitive nanosensor of NO molecules. And so that the absorption spectra of NO/Al — P
cause a shift in the IR spectrum measured at 4,800 nm. Finally, the density of states DOS
spectrum for Al-phosphorene nanostructures showed a significant contribution to the unoccupied
molecular orbital level. Based on the analysis of the molecular orbitals, Al — P nanostructure can
accept more electrons from neighboring atoms. Thus, the NO gas molecule gave the strongest

absorption when it was adsorbed with the Al-phosphorene nanostructure.
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