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Abstract
The adsorption of the XH3 (X = As or P) molecules were explored onto a pure and Stone-wales defected
ZnONS (SW ZnONS) through density functional theory computations. As XH3 approaches the pure
ZnONS their adsorption releases -3.7 to -7.6 kcal/mol, indicating a physisorption. Also, the electronic
properties of the nanosheet do not change signi�cantly. But when AsH3 approaches SW ZnONS, its
adsorption releases -23.3 kcal/mol, and electronic analysis showed that the SW ZnONS HOMO/LUMO
gap reduces about ~ -27.1% and the electrical conductivity increases signi�cantly. Therefore, the SW
ZnONS can generate electrical signals when the AsH3 molecule approaches, being a hopeful sensor. τ
value which calculated for the desorption of AsH3 from the surface of the SW ZnONS is 9.5 s. This
indicates that the SW ZnONS has the advantage of having a short τ as a sensor for AsH3 detection.

1. Introduction
Arsine (AsH3) has many applications in various �elds. For example, it is used in the solid-state lasers and
synthesis of semiconducting materials. It is also applied to make GaAs semiconductors with chemical
vapor deposition at 700–900°C [1]. AsH3 is the strongest hemolytic toxin found in industry. This
substance is �ammable and is very toxic if inhaled. Short-term exposure to a small amount of arsenic
can cause death or permanent injury [2]. Therefore, it is very important to identify this gas, which has
rarely been addressed. The large surface area of nanostructures is highly susceptible to the adsorption of
gas molecules, for example, the graphene has been used as a sensor to adsorb many hazardous gases
[3].

Phosphine (PH3) is a highly toxic, �ammable, colorless gas that is classi�ed as a pnictogen hydride. It
can be absorbed through the skin or by inhalation [4]. As a respiratory toxin, it affects the transport of
oxygen or interferes with the use of oxygen by various cells in the body [5]. Exposure leads to pulmonary
edema (the lungs �ll with �uid) [6]. PH3 gas is heavier than air, so it is closer to the �oor [7]. It seems that
this substance is mainly an oxidative oxidation toxin that causes cell damage by stimulating oxidative
stress and mitochondrial dysfunction [8, 9]. It is very important to develop suitable measuring materials
for PH3 gas. Ms. Shahzad Khan's research shows that zinc sul�de nanotubes are sensitive to phosphine
[10]. V2O5 (001) is also a good candidate as a hazardous gas nanosensor [11]. The �rst graphene-based
ammonia gas sensor was reported by Andre Game Group in 2007 using a micro-mechanical cutter of
graphite on an oxidized silicon layer [12]. However, the interaction of most chemicals with the surface of
various nanostructures is weak.

Nowadays, the use of metal oxide-based sensors has attracted a lot of attention due to their compact
size, simple electronic measuring devices, easy and cost-effective production [13–20]. Zinc oxide is one
of the most widely used experimental materials due to its excellent photon properties, high excitation
energy, and superior electronic properties. [21–24]. Zinc oxide nanostructures with different morphologies
have already been produced, such as nanotubes, nanosheets, nanowires, etc. [25–28]. However, structure
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and morphology may affect the sensory properties of nanostructures [28–31]. Among these
nanomaterials, ZnO (ZnONS) nanoparticles have been shown to have promising measurement properties
due to their higher surface-to-volume ratio, superior electronic properties, and additional active sites [32].

However, pure ZnONS have a rather poor interaction with many chemical and biological agents. To
improve the performance of nanostructures, some methods are accessible such as impurity atom doping
or decoration, chemical functionalization, structural defect creation, etc. [33–38]. Stone-Wales defected
(SW) on the surface of zinc oxide is a good way to increase their sensing performances. Ahangari et al.
have presented that the sensing performance of the zinc oxide nanomaterial upsurges meaningfully by
various defects [39]. Chen et al. have demonstrated that the SW is an appropriate technique for increased
sensitivity. [40]. Consequently, the ZnONS may be a promising choice for probable requests. The aim of
this manuscript is to inspect the XH3 (X = P or As) adsorption onto pure and SW ZnONS to �nd a new way
to identify this gas by density functional theory (DFT) calculations.

2. Computational Methods
A 103-zinc and 103-oxygen ZnONS was selected as an adsorbent for XH3 and it end atoms were
saturated by H atoms for reducing the boundary effects. Energy computations, optimization of geometry,
and analysis of state density were carried out on the pure and SW sheets using the dispersion augmented
B3LYP, i.e, B3LYP-D. Here, Grimme's “D” term is used for evaluating dispersion forces. As a basis set, 6-
311G** (d) was employed and all of the computations were performed by employing GAMESS software
[41]. GaussSum [42] software was employed for drawing the density of states (DOS) diagrams.
According to previously carried out studies, B3LYP has been used for nanostructures due to its high
performance [43–46].

Following the adsorption of the XH3 molecules on the pure as well as SW ZnONS, its energy of adsorption
is computed as follows:

Ead = E(XH3/sheet) - E(XH3) - E(sheet) + EBSSE (1)

Here, E(sheet) is pure or SW sheet energy, E(XH3) is the XH3 molecules energy, E(XH3/sheet) is the energy
of the sheet that adsorbed the XH3 molecules. For the structures under study, the negative energy of
adsorption shows the exothermic nature of this adsorption. The basis set superposition error is corrected
for interactions. The HOMO-LUMO energy gap, which is indicated by Eg, was calculated as below:

Eg = ELUMO-EHOMO (2)

Here, EHOMO and ELUMO designate the energy of the highest occupied and the lowest unoccupied
molecular orbitals, respectively.

3. Results And Discussion
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3.1. Pure ZnONS
We displayed the geometry of optimized ZnONS in Fig. 1. Zn–O is predicted in the structure of the sheet
with lengths of 1.95 Å. From DOS plot in Fig. 1, it is seen that the Eg between the LUMO and HOMO of the
pure ZnONS is about 3.81 eV, indicating a semiconducting property. In order to �nd the most stable
complex of XH3/ZnONS, we considered various primary adsorption geometries. Figures 2 and 3 show the
four most stable states. In complex A and C, the molecules is adsorbed almost in parallel with the ZnONS
surface. In con�guration A and C, the XH3 approaches to the one X and one H atoms through the Zn and
O atoms, and in con�guration B and D, the XH3 interacts with one X atom through the Zn atom on the
sheet.

Con�guration B and D indicate a poor interaction between the ZnONS surface and XH3 (Figs. 2 and 3)
and the Ead are − 4.5 and − 7.6 kcal/mol, respectively. They indicate the physical nature of these
interaction, which are stronger than the con�guration A and C, respectively. It should be noted that the
weak interaction in complexes A and C compared to B and D is the higher strain and steric effect when
the X and H atoms simultaneously react with the surface of the sheet. By the adsorption of XH3, there is a
slight change in both conduction and valence levels, which causes a decrease in Eg of the complex from
3.81 eV in the pure ZnONS to 3.52, 3.49, 3.41 and 3.33 eV for A, B, C and D complexes, respectively. Thus,
the adsorption of XH3 on the pure ZnONS is a physisorption process. The electrical conductivity of the
nanosheet can change because of the change of Eg based on the equation below:

  (3)
Here, k designates the Boltzmann constant and σ is the electrical conductivity and A designates a
constant (electrons/m3K3/2)[47]. At a constant temperature, as the amount of Eg gets lower, the electrical
conductivity becomes higher. So, the electrical conductivity of ZnONS increases signi�cantly following a
decrease in Eg, which is caused by the adsorption process. Therefore, this change of Eg is very small and
negligible which cannot generate a proper electronic noise to detect the presence of XH3 gases. Thus,
pure ZnONS cannot be a proper sensor for XH3 detection.

3.2. XH3 adsorption on the SW ZnONS
The typical topological defect in nanostructures is the SW defect which consists of seven-membered and
two pairs of �ve-membered rings. The SW defects are made by rotating the bond 90◦. SW is obtained by
rotating a Zn-O bond on the pure ZnONS. The atomic con�guration for the SW defect in ZnONS is shown
in Fig. 4. From DOS plot in Fig. 4, it is seen that the Eg between the LUMO and HOMO of the SW ZnONS is
about 3.24 eV, indicating a semiconducting property.

The interaction of a SW ZnONS with an XH3 molecules will be investigated. Here, the adsorption of XH3  
is inspected on the SW ZnONS. For this purpose, the XH3 molecules are located in above SW sites on the
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SW ZnONS surface such as the over the center of a �ve, six and seven-membered ring, top of the bond
bridge and on the O or Zn atom. Totally, the XH3 are located in parallel with the surface of SW ZnONS or
perpendicular to it. Two local minima is predicted for each XH3 after the optimization process (Figs. 5
and 6). In con�guration I, the PH3 interacts by its one P and one H atoms with one Zn and O atoms of the
defected site SW ZnONS. Moreover, the corresponding interaction distances between the Zn and O atoms
of defected sheet and the P and H atoms of the complex I is about 2.98 and 3.11 Å, respectively, and an
Ead is about − 12.1 kcal/mol (Table 2). In con�guration II (Fig. 5), the PH3 interacts by its one P atom with
one Zn atom of the defected site SW ZnONS with distance 2.77 Å, and an Ead is about − 13.4 kcal/mol
(Table 2). According Eq. 3, the adsorption of PH3  on the SW ZnONS is a physisorption process and SW

ZnONS cannot detect PH3 gas. Therefore SW ZnONS isn’t a sensor for PH3 gas.

Table 1
Adsorption energy (Ead, kcal/mol) for PH3 and AsH3 adsorption on the pristine

ZnO nanosheet (Figs. 2 and 3). Energy of HOMO, LUMO, and HOMO-LUMO energy
gap (Eg) in eV. The ∆Eg indicates the change of Eg after the adsorption process.

Work function (Φ) for Pristine ZnO nanosheet
Structure Ead EHOMO EF ELUMO Eg ΔEg(%) Φ %∆Φ

ZnONS - -6.36 -4.46 -2.55 3.81 - 4.46 -

A -3.7 -6.04 -4.28 -2.52 3.52 -7.6 4.28 -3.9

B -4.5 -5.98 -4.24 -2.49 3.49 -8.4 4.24 -5.0

C -6.7 -5.89 -4.19 -2.48 3.41 -10.5 4.19 -6.2

D -7.6 -5.80 -4.14 -2.47 3.33 -12.6 4.14 -7.3

Table 2
Adsorption energy (Ead, kcal/mol) for PH3 and AsH3 adsorption on the Stone-Wales

ZnO nanosheet (SW ZnONS). Energy of HOMO, LUMO, and HOMO-LUMO energy gap
(Eg) in eV. The ∆Eg indicates the change of Eg after the adsorption process. Work

function (Φ) for SW ZnONS (Figs. 5 and 6).
Structure Ead EHOMO EF ELUMO Eg ΔEg(%) Φ %∆Φ

SW ZnONS - -5.76 -4.14 -2.51 3.25 - 4.14 -

I -12.1 -5.32 -3.91 -2.49 2.83 -12.9 3.91 -5.6

II -13.4 -5.24 -3.86 -2.47 2.77 -14.8 3.86 -6.9

III -18.5 -4.97 -3.71 -2.45 2.52 -22.5 3.71 -10.4

IV -23.3 -4.81 -3.63 -2.44 2.37 -27.1 3.63 -12.4

In con�guration III, the AsH3 approaches to one Zn and one O atoms with an interacting distance of 2.82
Å for Zn…As and 2.64 Å for H…O. In con�guration IV, the AsH3 interacts with one Zn atom through one of
its As atom which the Zn…As distance is about 2.57 Å. For con�guration III, Ead is -18.5 kcal/mol and it is
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-23.3 kcal/mol for con�guration IV (Table 2 and Fig. 6). It seems that because As atom is larger than P
atom, it was able to react better with the SW ZnONS surface. Therefore, the results display that SW
defected signi�cantly strengthens the adsorption of AsH3 on SW ZnONS. The adsorption of XH3 in the
SW ZnONS is more favorable compare to the pure ZnONS, which is due to the fact that the localization of
the HOMO is mainly on the defected site in the SW ZnONS (Fig. 7).

As shown in Fig. 8 (con�guration IV), the partial DOS plot illustrates that a new occupied orbital appears
on the SW ZnONS electron forbidden area (Eg) at -2.81 eV due to the presence of AsH3. The HOMO pro�le
shown in Fig. 8 also con�rms that the HOMO of complex shifts on the AsH3 with changing the HOMO
energy. The Eg of SW ZnONS decreases signi�cantly, following the adsorption of AsH3 and the sheet
becomes more conductive. Numerically, its Eg in complex IV decreased from 3.25 to 2.37 eV (by
approximately − 27.1%). According to Eq. 3, the SW ZnONS sensitivity toward the AsH3 molecule
increase. Thus, it was found that SW ZnONS can selectively detect AsH3 molecule.

To further evaluate the sensitivity of the surfaces, the changes in the work function (Φ) were investigated
before and following the adsorption process. Φ of a semiconductor is the least amount of work needed
for the extraction of an electron from the Fermi level. The re-examination of the gas-induced Φ by the
suspended amplitude effect modi�ers has been accepted for many years as the basis for realizing sensor
operating systems [48]. Theoretically, in vacuum, the released electron current density is de�ned as
follows:

  (4)
Where, T is the temperature in Kelvin, A is the Richardson constant in A/m2 and Φ is the work function. Φ
was computed as follows:

Φ = Einf – EF (5)

Where EF is the energy of Fermi level and Einf is the electrostatic potential, which is supposed to be equal
to 0 at in�nity. Φ of the sheet was subtracted from that of the complexes and obtained Φ changes (∆Φ).
Φ for pristine ZnONS was about 4.46 eV and changed very slightly after adsorbing the XH3 molecules,
which can be ignored. But when AsH3 is adsorbed onto SW ZnONS (con�guration IV), Φ is signi�cantly
reduced from 4.14 to 3.63 eV. According to Eq. 4, the emitted current density and Φ are exponentially
related to each other. Therefore, it can be said that after the adsorption of AsH3, by decreasing the Φ, the
current density of the emitted electron increases dramatically. Accordingly, we think that SW defected in
ZnO is a hopeful way to increase the sensitivity of ZnONS toward AsH3 which pristine ZnONS did not.

3.3. Recovery time
An important factor which should be taking into account in the development of sensors is the strength of
interactions. A higher recovery time is obtained if Ead gets more negative:



Page 7/17

  (6)
Here, T is the temperature, ν0 is the attempt frequency, and k shows the Boltzmann's constant which is ~ 

2.0 ⋅ 10− 3 kcal/mol.K. At 298 K and the ultra-violet light (υ ~ 1016 s− 1), τ for the desorption of AsH3 from
the SW ZnONS surface is computed to be 9.5 s, which indicates the nanosheet has a short τ as a sensor
for the detection of AsH3. For the sake of comparison, τ value have been provided for different chemical
agents, inclu�ng SO2/Al-doped h-BN [49], adrucil/Si-doped phagraphene [50], metronidazole/B36

borophene [51], phosgene/BN nanocones-180 [52], and cathinone/B12N12 [53], which is 27.6, 0.02, 1.53,
0.48, and 0.54 s, respectively.

4. Conclusions
We scrutinized the adsorption of the XH3 molecules onto the pure and SW ZnONS by performing DFT
computations. It was revealed that the XH3 molecules have weak adsorption on the pristine ZnONS with
low Ead and much interaction distance. The electronic properties of the pristine ZnONS changed slightly
following the adsorption of XH3. However, the interaction of the AsH3 gas the SW ZnONS was strong. In
the most stable AsH3/SW ZnONS complex, the adsorption of AsH3 was onto the nanosheet surface via
its one As atom and Ead was − 23.3 kcal/mol. The HOMO level of the SW ZnONS was destabilized to a
great extent following the adsorption of AsH3. Therefore, there was a considerable reduction in its Eg,
thereby increasing its electrical conductivity. The results suggest that SW defected the ZnONS may be a
hopeful way for increasing its sensitivity to AsH3 signi�cantly. τ value which calculated for the desorption
of AsH3 from the surface of the SW ZnONS is 9.5 s. This indicates that the SW ZnONS has the advantage
of having a short τ as a sensor for AsH3 detection.
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Figure 1

Optimized structure of the ZnO nanosheet and its DOS pro�le. Distance is in Å.
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Figure 2

Optimized structure of PH3/ZnO nanosheet complexes.

Figure 3

Optimized structures of AsH3/ZnO nanosheet complexes.



Page 14/17

Figure 4

Optimized structure of the Stone-Wales defected ZnO nanosheet and its DOS pro�le.

Figure 5

Optimized structure of PH3/SW ZnO nanosheet complexes.
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Figure 6

Optimized structure of AsH3/SW ZnO nanosheet complexes.
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Figure 7

Partial density of states of the most stable AsH3/SW ZnO nanosheet complex and its HOMO pro�le.
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Figure 8

The HOMO pro�le of the Stone-Wales ZnO nanosheet complex.


