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In this paper, we use 2D PbSe to design a gas sensor to monitor the presence of SO, and Cl,. We use first
principles to verify the feasibility of this material, such as atomic structure, band gap, differential charge
density and Bader charge. The results show that 2D PbSe can distinctly adsorb SO, and Cl,.
Furthermore, the adsorption of SO, and Cl, will affect the electronic structure of 2D PbSe, and some
electrons in the PbSe are transferred to gas atoms. The band gap of the system after adsorption is

smaller than that of the PbSe before adsorption. The band gap of single layer PbSe decreases by 41.92%
Received 24th February 2022 fter SO, adsorption and 60.61% after Cl, adsorption. The band f multi-layer PbSe d b
Accepted 10th March 2022 after SO, adsorption an .61% after Cl, adsorption. The band gap of multi-layer e decreases by
72.97% after SO, adsorption and 43.24% after Cl, adsorption. This shows that single layer PbSe is more

DOI: 10.1039/d2ra012492 sensitive to Cl, and multi-layer PbSe is more sensitive to SO,. It provides a potential possibility for
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1. Introduction

Two-dimensional materials are considered as excellent new
materials due to their good conductivity, damage resistance,
heat shock resistance, ease of processing and other advantages.*
Many 2D materials show outstanding performance in various
fields because of their unique properties, such as enhanced
optical transparency, excellent conductivity and outstanding
mechanical strength.>*> More than 30 MXene materials are
synthesized experimentally, and hundreds of possible compo-
sitions are predicted theoretically.® Among them, some MXene
materials are more suitable as gas sensor materials because of
their adjustable band gap.”

Cl, is a highly toxic gas with a strong pungent odour, and it
can cause great damage to the human respiratory system.'® SO,
is a kind of irritant sulfur oxide, one of the main pollutants in
the atmosphere, and the major contributor to acid rain. At the
same time, it is a kind of carcinogen, and long-term exposure to
industrial pollutants containing high levels of SO, can increase
the risk of cancer.” In this context, the effective detection of
these harmful gases is useful to protect the environment and
human health.">*

PbSe is a binary lead sulfur compound, and this material has
performed well in the fields of photoelectric detection, photo-
luminescence and so on.'** According to the reference, PbSe
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designing gas sensors for SO, and Cl, based on 2D PbSe.

with rocksalt structures can be prepared as monolayer PbSe by
mechanical exfoliation and wet chemical synthesis.’*>* In this
way, its surface area will be greatly increased and it will become
more sensitive. At the same time, we find that Wang's report
showed that Cl doping caused the decrease of PbSe resistance.?
Therefore, it is feasible to detect Cl, with PbSe.

In this paper, based on first principle calculation, we study
the adsorption property of the single layer PbSe material and
multi-layer PbSe. We find that the 2D PbSe can adsorb SO, and
Cl,. When Cl, is adsorbed on PbSe, the bond between CI atoms
breaks. However, for SO,, the bond does not break. Addition-
ally, we also find electron transfer in the adsorption process. It
helps to understand the physical origin of the adsorption
process and change of conduction. Based on the change of
conduction, we can judge whether the material adsorbs Cl, and
SO,. Based on these results, the PbSe is a potential sensor
material for monitoring the presence of SO, and Cl, in the
environment.

2. Materials and methods

All calculations are carried out using the density functional
theory, implemented in Vienna Ab Initio Simulation Package
(VASP).**>* Due to the large computing system, the exchange-
correlation potential is employed by the generalized gradient
approximation (GGA) with Perdew-Burke-Ernzerhof (PBE)
functional.>**” The GGA take uneven distribution of the electron
into account, making the results of the calculated values are
more accurate.”® In order to better understand van der Waals,
the DFT-D3 method in Grimme is applied to the calculation.*
At the same time, we also carry out adsorption energy correction
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about zero point vibrational energy. In order to evaluate the
adsorption capacity of PbSe nanoplates to SO, and Cl,, we use
a single layer PbSe with a vacuum layer thickness of 30 A and
a multi-layer PbSe structure with a vacuum layer thickness of 40
A. During structure optimization and electronic self-consistent
calculation, a plane wave cut-off of 500 eV and a k-point mesh
of 3 x 3 x 1 in the Gamma sampling scheme are used. The
EDIFFG of structure optimization is 10~ eV, and the EDIFFG of
electronic self-consistent is 1077 eV. Also, we select three high
symmetry points: I', M and K, and twenty k points are taken
between every two highly symmetrical points in the band
calculation. The cut-off energy of 500 eV is also adopted
throughout the band calculation, until the threshold of 10~7 eV
is reached. The single layer and multi-layer structures of 2D
PbSe are shown in Fig. 1. The single layer PbSe has a rocksalt
crystal structure, and Delerue C. has reported the synthesis and
microstructure of this material.*

The adsorption energy is obtained from the following
formula:

E= Elotal - EPbSe - Egas (1)
where Ey.,; is the energy of PbSe nanochips with SO, or Cl, gas,
Eppse is the energy of 2D PbSe nanochips, and Ej,, is the energy
of a single SO, or Cl, gas molecule. Vaspkit package is used for
post-processing of VASP calculation,* which includes k point
path generation, band gap calculating, Bader charge calculation
and differential charge density diagram.

3. Results and discussion

First of all, we calculate the adsorption energy of SO, and CI, on
single layer PbSe. The results are shown in Table 1. In this table,
PbSeSO, is the adsorption system of SO, and single layer PbSe.
PbSeCl, is the adsorption system of Cl, and single layer PbSe. It
is found that the adsorption energy of SO, and Cl, are both
negative. So, SO, and Cl, molecular can be easily adsorbed on
single layer PbSe. It is the basis for sensor applications.

Fig. 1 Single layer PbSe and multi-layer PbSe structure ((a) is single
layer PbSe, and (b) is a side view of it; (c) is multi-layer PbSe, and (d) is
a side view of it).
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Table 1 Adsorption energy of single layer PbSe for SO, and Cl,

Adsorption
Material Cl, PbSe PbSeCl, energy
Energy (eV) -3.73 ~72.95 ~79.38 ~2.70

Adsorption
Material SO, PbSe PbSeSO, energy
Energy (eV) —17.22 —72.95 —90.50 —-0.33

At the same time, we also consider the effect of van der Waals
(vdW) on the adsorption energy. The results are shown in Table
2. According to the analysis, we can find that without consid-
ering the influence of vdW, the adsorption energy of single layer
PbSe for both gases is positive. On the contrary, after consid-
ering the influence of vdW, the adsorption energy of single layer
PbSe for both gases is negative. Therefore, the vdW plays an
important role in the adsorption of single layer PbSe to Cl, and
SO,.

We find that the bond length of CI-Cl changed greatly, the
bond length before adsorption is 1.99 A, the bond length after
adsorption is 6.14 A. So, we can draw a conclusion that chem-
isorption occurs simultaneously when PbSe adsorbs Cl,. The
larger adsorption energy in Table 1 also proves this situation.
However, we didn't find this situation before and after PbSe
adsorbs SO,.

As for adsorption sites, we explore the adsorption of gas on
both sides of 2D materials. It is found that the Se atom side
cannot adsorb SO, and Cl, while the Pb atom side can adsorb
SO, and Cl..

Traditional, conductivity is usually used as indicator of many
sensors. If the change of conductivity is larger before and after
the adsorption, the sensor is more sensitive. As the conductivity
is related with the size of band gap, we calculate the band gap
before and after the adsorption. The results of single layer PbSe
are shown in Fig. 2. The band gap of PbSe, PbSeCl, and PbSeSO,
are 1.98 eV, 0.78 eV and 1.15 eV, respectively. From these data,
we can find that with the adsorption of SO, and Cl,, the band
gap of the material decreases obviously, it means that the
conductivity of the material is significantly enhanced,*** the
smaller band gap after Cl, is adsorbed corresponds to the
smaller PbSe resistance caused by Cl doping in Wang's report.

Table 2 Adsorption energy of single layer PbSe for SO, and Cl,
(without vdW)

Adsorption
Material Cl, PbSe PbSeCl, energy
Energy (eV) -3.73 —72.95 —76.10 0.58

Adsorption
Material SO, PbSe PbSeSO, energy
Energy (eV) -17.22 —72.95 —86.56 3.61
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Table 5 Adsorption energy of multi-layer PbSe for SO, and Cl,
(without vdW)

- Adsorption
3;1 L . WL Material Cl, muPbSe muPbSeCl, energy
g —
= N Energy (eV) —3.73 —100.76 —101.31 3.18
0 0 ot
Adsorption
E BPe—r——° Material SO, muPbSe muPbSeSO, energy
B r M K r ! r v © r B r M K r
Energy (eV) —17.22 —100.76 —111.74 6.24

Fig.2 The band diagram before and after adsorption ((left) shows the
energy band diagram of single layer PbSe, (mid) shows the energy
band diagram of PbSeCl, adsorption system, and (right) shows the
energy band diagram of PbSeSO, adsorption system).

Table 3 Changes of electron gain and loss of atoms before and after
adsorption of SO, and Cl, by single layer PbSe

Before adsorption After adsorption Gain (+)
Atom (e) (e) and loss (—) electron (e)
Cl 6.994 7.665 +0.671
Cl 6.995 7.591 +0.596
S 3.694 4.000 +0.306
O 7.144 7.205 +0.061
(6] 7.144 7.203 +0.059
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Fig. 4 The band diagram before and after adsorption ((left) shows the
band diagram of muPbSe, (mid) shows the band diagram of
muPbSeCl, adsorption system, and (right) shows the band diagram of
muPbSeSO, adsorption system).

Table 6 Changes of electron gain and loss of atoms before and after
adsorption of SO, and Cl, by multi-layer PbSe

Before adsorption After adsorption Gain (+)

Fig. 3 Differential charge density diagram after single layer PbSe
adsorption ((left) shows PbSeCl, adsorption system and (right) shows
PbSeSO, adsorption system).

Table 4 Adsorption energy of multi-layer PbSe for SO, and Cl,

Adsorption
Material Cl, muPbSe muPbSeCl, energy
Energy (eV) -3.73 ~100.76 —~108.57 —4.08

Adsorption
Material SO, muPbSe muPbSeSO, energy
Energy (eV) —17.22 —100.76 —119.02 —~1.03

So, conductivity is a sensitive indicator for detecting SO, and Cl,
for single layer PbSe.

The selection specificity of sensors is also investigated. In
order to ensure that the sensor is not affected by other gases in
the air, we calculate the adsorption of N, and O,, they account
for the largest proportion in the air. The adsorption energies of
N, and O, are positive. So, N, and O, cannot adsorb on 2D PbSe
and it will not cause significant changes in conductivity due to
the presence of O, and N, in the air.

8532 | RSC Adv, 2022, 12, 8530-8535

Atom (e) (e) and loss (—) electron (e)
Cl 6.994 7.628 +0.634
Cl 6.995 7.623 +0.628
S 3.694 4.442 +0.748
o 7.144 7.198 +0.054
o 7.144 7.199 +0.055

Fig. 5 Differential charge density diagram after muPbSe adsorption
((left) shows muPbSeCl, adsorption system and (right) shows
muPbSeSO, adsorption system).

In order to further explore the adsorption of SO, and Cl, on
PbSe, we study the electron transfer. We calculate the differ-
ential charge density and the Bader charge.**** The details are
shown in Table 3 and Fig. 3. For Fig. 3, the blue part is the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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electron loss area and the purple part is the electron gain area.
We can see that the CI-Cl bond between Cl atoms breaks after
the Cl, is absorbed by PbSe, while the chemical bond in SO, of S
atom and O atom in Bader charge calculation. We can conclude
that the adsorption of monolayer PbSe to Cl, is chemical
adsorption, and the adsorption of monolayer PbSe to SO, is
physical adsorption.

From the differential charge density diagram, it is found that
the charge density of Pb atoms near the adsorption gas changes
significantly, and the electrons have been transferred from the
Pb atoms, resulting in changes in the electron densities around
Cl and S atoms. Therefore, we can conclude that the interaction
between the single layer PbSe and the adsorption gas changes
the electronic structure of both the 2D material and gas
molecular and the electronic transport property of the single
layer PbSe.

For Table 3, we can see that all gas atoms get electrons.
Among them, Cl atoms get the most electrons, while O atoms
get almost no electrons, but the S atom get some electrons. So,
the S atom must have got some electrons from PbSe. Fig. 3
proves this, the Pb atom near the S atom transfers some elec-
trons to the S atom.

Meanwhile, we also explore the multi-layer PbSe (muPbSe). It
consists three single layers of PbSe. The adsorption energies of
SO, and Cl, on muPbSe are calculated. The results are shown in
Table 4, where muPbSeSO, is the adsorption system of SO, and
multi-layer PbSe, and muPbSeCl, is the adsorption system of Cl,
and multi-layer PbSe. It is found that SO, and Cl, can also be
adsorbed on muPbSe.

At the same time, we also consider the effect of vdW on the
adsorption energy. The results are shown in Table 5. According
to the analysis, we can find that without considering the influ-
ence of vdW, the adsorption energy of multi-layer PbSe for both
gases is positive. On the contrary, after considering the influ-
ence of vdW, the adsorption energy of multi-layer PbSe for both
gases is negative. Therefore, the vdW plays an important role in
the adsorption of multi-layer PbSe to Cl, and SO,.

We also find that the bond length of Cl-Cl changed greatly,
the bond length after adsorption is 4.25 A. So, we can draw
a conclusion that chemisorption occurs simultaneously when
muPbSe adsorbs Cl,. The larger adsorption energy in Table 4
also proves this situation. However, we didn't find this situation
before and after muPbSe adsorbs SO,. Because of the chemi-
sorption, Cl atoms are difficult to desorb from materials, PbSe
can only be used as disposable gas detection material when
used to detect Cl,.

The band structures of muPbSe, muPbSeSO, and muPbSeCl,
are shown in Fig. 4. The band gap of muPbSe, muPbSeCl, and
muPbSeSO, are 0.74 eV, 0.42 eV and 0.20 eV, respectively. The
band gap decreases when PbSe changes from single layer to three
layers, which is consistent with Li's research.*® Thus, multi-layer
PbSe can still be used as gas sensor for Cl, and SO,. At the same
time, by analyzing the changes in the band gap between multi-
layer PbSe and single layer PbSe before and after adsorption, it
can be found that the band gap of multi-layer PbSe decrease by
72.97% before and after SO, adsorption, the band gap of multi-
layer PbSe decrease by 43.24% before and after Cl, adsorption.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The band gap of single layer PbSe decrease by 41.92% before and
after SO, adsorption, the band gap of single layer PbSe decrease
by 60.61% before and after Cl, adsorption. So, we can draw
a conclusion that single layer PbSe is more sensitive to Cl, and
multi-layer PbSe is more sensitive to SO,.

The Bader charge of muPbSe is shown in Table 6. It can be
seen that there is charge transfer between the gas and the 2D
material. The situation is similar to that of single-layer PbSe
adsorption SO, and Cl,. Cl atoms still get more electrons, and
we can compare the situation with adsorption energy, larger
adsorption energy corresponds to more electron transfer. And
Pb atoms near adsorbed gas molecules still provide the most
electrons.

The differential charge density is shown in Fig. 5. It can be
seen that the electrons transfer between multi-layer PbSe and
adsorbed gas, it changes the electronic structure around multi-
layer PbSe and adsorbed gas. It is found that the bond between
Cl atoms breaks, while the chemical bond in SO, does not
break. The adsorption of SO, on multi-layer PbSe is physical
adsorption while adsorption of Cl, on multi-layer PbSe is
chemical adsorption. The electron transfer of SO, and Cl, on
multi-layer PbSe in the differential charge density is consistent
with the Bader charge calculation results. Therefore, we can
conclude that the interaction between multi-layer PbSe and
adsorbed gas changes the electronic structure of both the multi-
layer PbSe and gas molecular and the electronic transport
property of multi-layer PbSe.

4. Conclusions

In conclusion, based on first principle calculation, we have
proved that the PbSe nanosheet can be a potential material for
the SO, and Cl, monitoring and sensing system. We obtain the
following results: SO, and Cl, can be adsorbed on the Pb atom
side of single layer PbSe and multi-layer PbSe materials, but not
on the Se atom side. After single layer PbSe and multi-layer PbSe
adsorb Cl,, the bond between Cl atoms breaks, it is chemisorp-
tion. When SO, is adsorbed, the bond does not break, it is
physical adsorption. The band gap of single layer PbSe and multi-
layer PbSe are significantly smaller after adsorption SO, and Cl,,
indicating that 2D PbSe is suitable for monitoring SO, and Cl,.
PbSe can only be used as disposable gas detection material when
used to detect Cl,, PbSe can be recycled as gas detection material
when used to detect SO,. Single layer PbSe is more sensitive to Cl,
and multi-layer PbSe is more sensitive to SO,. There is charge
transfer between PbSe and SO,, Cl, before and after the adsorp-
tion. In summary, 2D PbSe is a potential possibility material to
design gas sensors for monitoring SO, and Cl,.
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