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ABSTRACT: Cu2S−MoSe2 was selected as a gas-sensing material
to detect NO2 and NH3. Based on density functional theory
calculations, the adsorption structures, density of states, molecular
orbit, and recovery time were studied to analyze the gas-sensing
mechanism of Cu2S−MoSe2 to gases. Calculation results show that
Cu2S clusters receive a stable doping structure on the MoSe2
surface. Compared with intrinsic MoSe2, Cu2S−MoSe2 shows
more excellent adsorption performance to NO2 and NH3 due to
the active feature of the Cu2S dopant. After NO2 and NH3
adsorption, the energy gap decreases, indicating an improvement
of the conductivity, which is greatly significant for gas sensing. For
double NH3 adsorption, the conductivity of the entire system
increases more than that of a double NO2 adsorption system, signifying the sensitivity of Cu2S−MoSe2 is greater for NH3 than NO2.
The results of theoretical recovery time show that Cu2S−MoSe2 is sensitive for NH3 detection at room temperature (298 K) and
NO2 detection at high temperature (400 K).

1. INTRODUCTION

With the rapid development of industry and agriculture, more
and more toxic gases are being produced and discharged into
the atmosphere, which brings a serious threat to human
health.1−4 Among the toxic gases, NO2 and NH3 are two
important gases due to their high concentration. Therefore, it
is very important to monitor and control these toxic gases.
Metal oxide semiconductor sensors have been found to be
highly sensitive to toxic gases.5 However, most of them require
high operating temperatures, which leads to a high power
consumption.6,7 In recent years, how to develop room-
temperature, high-sensitivity, and cheap nanomaterial sensors
to accurately and effectively monitor toxic gas molecules has
attracted extensive attention of researchers.8−10

As a new type of two-dimensional (2D) layered nanoma-
terial, MoSe2 has a larger surface/volume ratio, which exhibits
excellent properties for the adsorption and desorption of the
target gases.6,11 Therefore, it is possible to construct a high-
sensitivity room-temperature gas sensor through the change of
conductivity caused by gas adsorption.12,13 In this regard, Late
reported an effective single-layer MoSe2 film sensor for NH3

gas detection at room temperature.11,14 Chen synthesized a
MoSe2 nanosheet as a high-performance room-temperature
NO2 gas sensor using the liquid-phase exfoliation method.8

However, intrinsic MoSe2 still shows some disadvantages, such
as slow charge transfer and low conductivity, which limit its
gas-sensing performance.15

Studies show that noble metal doping can effectively
improve the adsorption performance of MoSe2,

16−18 but the
scarcity and high cost of noble metals limit its wide use. As a
stable semiconductor, Cu2S has good conductivity and is
widely found in natural ores. Recently, Hassan et al. made
Cu2S grow vertically on MoSe2 and produced a Cu2S−MoSe2
composite material,19 which verifies the feasibility of modifying
MoSe2 by the Cu2S dopant. However, so far there are still no
reports on the gas-sensing application of Cu2S−MoSe2 for
NO2 and NH3 detection.
Herein, we calculated the stable structure of the Cu2S cluster

modified on MoSe2, and studied its adsorption performance
for NH3 and NO2 based on first-principles calculations.
According to the analysis of the adsorption structures, density
of states (DOS), partial density of states (PDOS), molecular
orbit, and recovery time, it is found that the Cu2S−MoSe2
shows better adsorption performance and sensing ability for
NH3 and NO2 than intrinsic MoSe2, suggesting that Cu2S−
MoSe2 can be used as a promising high-sensitivity NH3/NO2
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gas-sensing material. This study provides a theoretical basis for
the experimental development of a Cu2S−MoSe2 sensor.

2. COMPUTATIONAL METHOD
In this work, all calculations were carried out based on density
functional theory (DFT) in Dmol3 of Materials Studio.20,21 A
single-layer MoSe2 supercell was built, including 25 Mo atoms
and 50 Se atoms, with a periodic boundary condition of 16.635
Å × 16.635 Å × 28.345 Å. In order to calculate the geometry

optimization and energy, a generalized gradient approximation
with the Perdew−Burke−Ernzerhof (GGA-PBE) function was
chosen.22,23 The maximum stress, max displacement, and
energy tolerance accuracy were, respectively, set to 2 × 10−3

Ha/Å, 5 × 10−3 Å, and 1 × 10−5 Ha.24 The Brillouin zone k-
point sampling was performed using a 7 × 7 × 1 Monkhorst−
Pack mesh, which presents good approximation for MoSe2.

16

The DFT semicore pseudopotential (DSSP) method and
double numerical plus polarization basis set (DNP) have been

Figure 1. (a) NH3, (b) NO2, (c) MoSe2, and (d,e) Cu2S−MoSe2 in top and side views. The distance is in Å.

Figure 2. (a) DOS and PDOS of MoSe2 and Cu2S−MoSe2 and the band structure of (b) MoSe2 and (c) Cu2S−MoSe2.
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chosen.25 For speeding up SCF convergence, the DIIS field
was set to 6, and self-consistent field tolerance was set to 10−6

Ha to obtain a stationary electronic structure.26,27

Various doping structures of Cu2S on MoSe2, and gas-
sensing structures of gas molecules on MoSe2/Cu2S−MoSe2
were calculated to obtain the most stable one. To analyze the
adsorption properties of the target gas on Cu2S−MoSe2,
adsorption energy, charge transfer, and molecular orbital
analyses were considered. The adsorption energy was defined
in eq 1. Where Esuf/gas is the total energy of the adsorption
system and Esuf and Egas are the energy of the MoSe2/Cu2S−
MoSe2 surface and the isolated gas molecule, respectively. The
charge transfer amount in the adsorption process was defined
according to eq 2. Qiso and Qads represent the total charge of
the gas molecule before and after adsorption, respectively. If Q
> 0, electrons transfer from the gas molecule to Cu2S−MoSe2.
As defined in eq 3, the energy gap of the molecular orbit can be
used to evaluate the change in conductivity of the material.
Where EHOMO is the energy of the highest occupied molecular
orbit and ELUMO represents the energy of the lowest
unoccupied molecular orbit.

E E E Eads suf/gas suf gas= − − (1)

Q Q QT ads iso= − (2)

E E Eg LUMO HOMO= − (3)

3. RESULTS AND DISCUSSION

3.1. Geometric Optimization of NH3, NO2, MoSe2, and
Cu2S−MoSe2. The stable structures of NH3 and NO2 are
shown in Figure 1a,b. The NH3 molecule shows a pyramidal
structure with a N−H bond of 1.023 Å and a H−N−H angle
of 106.27°. For NO2, the bond lengths of N−O are 1.209 Å,
and the V-shaped O−N−O angle is 133.36°. Figure 1c shows
the stable structure of intrinsic MoSe2, and the Se−Mo−Se
layered structure makes it easier to adsorb and desorb gas
molecules. In order to obtain the most stable doping structure
of Cu2S on the MoSe2 surface, several initial approaching
directions of Cu2S to MoSe2 were built and optimized, and the
most stable one is shown in Figure 1d,e in side and top views.
Three Cu2S clusters form a triangular ring on MoSe2, the Cu
atom tends to form chemical bonds with the Se atom, and the
average Cu−Se bond length is 2.26 Å. The binding energy is
up to −10.775 eV, which not only indicates the adsorption
process proceeds spontaneously, but also shows there is a
strong interaction between the Cu2S dopant and the MoSe2
surface.
Figure 2 shows the DOS, PDOS, and energy band structure

of MoSe2 and Cu2S−MoSe2. In Figure 2a, after doping the

Figure 3. (a) NH3 and (b) NO2 adsorption on MoSe2 and (c) NH3 and (d) NO2 adsorption on Cu2S−MoSe2.
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Cu2S cluster, the overall DOS moved left. It is obvious that the
DOS curve increases near −2 eV, which was mainly caused by
the Cu-3d orbit. From the DOS curve, the orbits of Cu-3d, S-
3p, Se-4p, and Mo-4d hybridize around −2.6 and 1 eV,
indicating a strong interaction between Cu2S and MoSe2. From
Figure 2b, it can be found that the band gap of MoSe2 is 1.649
eV, signifying that it is a typical semiconductor material. After
Cu2S modification, the band gap reduces to 0.905 eV. As a
result, the energy gap for electrons to jump from the valence
band to the conduction band reduces, indicating a significant
increase in the conductivity after Cu2S doping.
3.2. NH3 and NO2 Adsorption on MoSe2 and Cu2S−

MoSe2 Surfaces. Figure 3 shows the most stable adsorption
structures of the target gas on intrinsic MoSe2 and Cu2S−
MoSe2 surfaces, and the adsorption parameters of each
structure are shown in Table 1. For gas adsorption on intrinsic

MoSe2 in Figure 3a,b, the results show that adsorption energies
of NO2 and NH3 on the MoSe2 surface were −0.17 and −0.20
eV, and the adsorption distances were 3.11, 3.23 Å,
respectively. Considering the weak adsorption energy and the
longer adsorption distance, the adsorption process between the
target gas and MoSe2 belongs to weak physisorption. In

addition, according to Mulliken charge analysis, there is only
0.18 e electrons transferred from MoSe2 to NO2, while only
0.05 e electrons transfer from NH3 to MoSe2. From the
analysis of adsorption energy, adsorption distance, and charge
transfer, it can be concluded that the adsorption of intrinsic
MoSe2 is too weak to effectively adsorb NO2 and NH3.
Therefore, intrinsic MoSe2 is not an appropriate gas-sensing
material for target gases.
Several initial approaching directions of target gas to the

Cu2S−MoSe2 surface were built and optimized, and the most
stable adsorption structures are shown in Figure 3c,d. It is
obvious that both of NO2 and NH3 form stable chemical
bonds with Cu2S−MoSe2. For NH3, the N atom of NH3 forms
a N−Cu bond with the Cu2S dopant. The adsorption energy of
NH3 on Cu2S−MoSe2 was −0.78 eV with an adsorption
distance of 2.10 Å. Moreover, according to Mulliken charge
analysis, 0.27 e charge transfers from NH3 to Cu2S−MoSe2,
which is distinctly more than that of the intrinsic MoSe2
adsorption system. The increase in the amount of charge
transfer indicates a stronger interaction. Therefore, Cu2S-
doped MoSe2 greatly promotes the adsorption performance for
NH3. For NO2, N atoms are close to the Cu atoms by forming
a N−Cu bond with a bond length of 1.99 Å. The adsorption
energy is −1.06 eV, and the transfer amount is −0.19 e
electrons from Cu2S−MoSe to NO2. Compared with intrinsic
MoSe2, the adsorption distance decreases by 1.12 Å, and the
absolute adsorption energy increases by 1.06 eV. The result
indicates that Cu2S−MoSe2 shows a stronger adsorption
performance for NO2 than intrinsic MoSe2.

3.3. Density of States Analysis of Gas Adsorption on
MoSe2 and Cu2S−MoSe2. The charge transfer during the
adsorption process will change the redistribution of DOS,
influencing the conductivity of the whole system. For further

Table 1. Adsorption Energy, Adsorption Distance, and
Charge Transfer of Gas Adsorption on MoSe2 and Cu2S−
MoSe2

structure Eads/eV d/Å QT/e

NH3/MeSe2 −0.20 3.23 0.05
NO2/MoSe2 −0.17 3.11 −0.18
NH3/Cu2S−MoSe2 −0.78 2.10 0.27
NO2/Cu2S−MoSe2 −1.06 1.99 −0.19

Figure 4. DOS and PDOS distribution: (a) before and after NO2 adsorption on MoSe2, (b) before and after NH3 adsorption on MoSe2, (c) before
and after NO2 adsorption on Cu2S−MoSe2, and (d) before and after NH3 adsorption on Cu2S−MoSe2.
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analyzing the adsorption mechanism, DOS of intrinsic MoSe2
and Cu2S−MoSe2 before and after gas adsorption were
calculated, respectively, as shown in Figure 4.
From Figure 4a, it is obviously observed that DOS

distribution shifts to the left as a whole after NO2 adsorption.
New peaks appearing at −10.5 and −7.5 eV were mainly
attributed to by N-2p and O-2p. It indicates that NO2 can
interact with MoSe2, and the result is consistent with the other
research results.28 In Figure 4b, DOS nearly not changes after
NH3 adsorption, which signifies the interaction between NH3
and MoSe2 is extremely weak. That is the reason why only 0.05
e charge transfer from NH3 to MoSe2. In Figure 4c, it can be
found from PDOS that the overlap of Cu-3d, O-2p, and S-3p
from −3 to −1.5 eV means a strong interaction between NO2
and Cu2S−MoSe2. In addition, the orbital hybridization of Cu-
3d, N-2p, and O-2p at 0 eV significantly changes the electron
distribution near the Fermi energy level, leading to a change of
conductivity of the adsorption system, which is of great
significance to a gas sensor. Similarly, the distribution of DOS
moves left after NH3 adsorption as shown in Figure 4d. The
reduction of DOS at the Fermi level indicates a decrease in the
conductivity of the adsorption system. From the PDOS, it can
be found that DOS variation at the Fermi energy level was
mainly introduced by the orbital hybridization of Cu-3d and
N-2p. This reflects that Cu and N form a coordination bond,
which greatly enhances the adsorption performance.
3.4. Charge Density Difference Analysis of Gas-

Adsorbed Cu2S−MoSe2. Figure 5 shows the electron density
difference of NO2/NH3-adsorbed Cu2S−MoSe2, it intuitively
displays the charge transfer after adsorption. The red and blue
represent the electron reception and lost region, respectively.
In Figure 5a, the whole area around NO2 is red, indicating that
NO2 has obtained electrons from Cu2S−MoSe2. The charge
distribution on N−Cu bonds is very dense, which means that a
strong interaction occurs between Cu and N atoms. The
results show the Cu atom plays an important role in
NO2adsorption. In Figure 5b, the N atom of NH3 gains
electrons, but all three H atoms lose electrons. The amount of
charge lost is more than the gained, so the surrounding of NH3
is shown in blue. A large number of electron transfer indicates
that Cu2S−MoSe2 has a good adsorption effect on NH3.
3.5. Molecular Orbital Analysis of NO2 and NH3

Adsorption on Cu2S−MoSe2. The conductivity of materials
can be evaluated by the energy gap, and a smaller energy gap
represents a higher conductivity.29 The HOMO−LUMO of
Cu2S−MoSe2 and gas-adsorbed Cu2S−MoSe2 was calculated
based on the molecular orbital theory as shown in Figure 6.
For Cu2S−MoSe2, the HOMO mainly locates on Cu2S and the
LUMO locates mainly on Mo atoms. The energy gap of 0.95
eV indicates that it is a typical semiconductor material. After
NH3 adsorption, the HOMO distribution on the Cu2S doping

area slightly increases, and it extends to the adsorbed NH3
molecule. The energy gap decreases to 0.610 eV, leading to an
increase of the conductivity of the adsorption system. For NO2
adsorption, the LUMO distribution dramatically increases
compared with those of intrinsic Cu2S−MoSe2 and NH3/
Cu2S−MoSe2, resulting in a great decrease of the energy level
of LUMO. As a result, the energy gap is only 0.697 eV. In
summary, adsorption of both NH3 and NO2 leads to an
increase of conductivity of the adsorption systems.

3.6. Recovery Time. The recovery time (τ) is an
important parameter in assessing the performance of a gas-
sensing material.30 Theoretically, the recovery time can be
evaluated according to eq 4

v E KTexp( / )1
adsτ = −−

(4)

where K is the Boltzmann constant (8.62 × 10−5 eV/K), T is
the temperature, v indicates the attempted frequency (1012

s−1). Figure 7 shows the recovery time for NH3 and NO2
adsorption on Cu2S−MoSe2 at different temperatures. It can
be seen from the curve that the recovery time decreases with
the increase of the ambient temperature. An appropriate
recovery time represents the reversibility of a gas sensor can be
better. However, too short recovery time also means that the
adsorption ability is too weak to realize the gas-sensing
response, which is not conducive to gas detection. At room
temperature (298 K), the recovery time for NH3 adsorption on
Cu2S−MoSe2 is 15.39 s. It is obvious that Cu2S−MoSe2 is
extremely suitable as an NH3 sensor at room temperature. For
NO2, the recovery time drops to 22.45 s when the temperature
increases to 400 K. In actual situation, the optimal heating
temperature of Cu2S−MoSe2 ranges from ambient temperature
to 400 K.

Figure 5. Charge density difference of (a) NO2-adsorbed Cu2S−MoSe2 and (b) NH3-adsorbed Cu2S−MoSe2.

Figure 6. Molecular orbit analysis of NO2 and NH3 adsorbed on
Cu2S−MoSe2.
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4. CONCLUSIONS

In this work, the adsorption and gas-sensing properties of
Cu2S−MoSe2 to NO2 and NH3 gases were investigated by
DFT calculations. The adsorption structures, density of states,
molecular orbit, and recovery time were calculated to analyze
the gas-sensing mechanism of gas-adsorbed Cu2S−MoSe2. The
Cu2S cluster provides active adsorption sites on the MoSe2
surface, and also increases the conductivity of the doping
system. Due to chemisorption, Cu2S−MoSe2 shows higher
absolute adsorption energy and a shorter adsorption distance
than intrinsic MoSe2 upon NO2 and NH3 adsorption,
indicating Cu2S cluster modification effectively improves the
adsorption performance of intrinsic MoSe2. DOS analysis
shows Cu-3d and S-3p of Cu2S hybridize with the atoms of
NO2 and NH3. Charge density difference analysis reveals the
losing and gaining process upon NO2 and NH3 adsorption,
respectively. As a result, conductivity of the adsorption system
enhances after NH3/NO2 adsorption on Cu2S−MoSe2. The
recovery time shows that Cu2S−MoSe2 can be a good gas-
sensing material for NH3 detection at room temperature (298
K), while NO2 detection needs a high temperature of 400 K.
Based on the theoretical calculation results, the Cu2S−MoSe2-
based gas sensor can be used to detect toxic gases with high
efficiency.
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