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MoS2, acting as a promising gas sensing material, has shown huge potential in monitoring of toxic and
harmful gases at room temperature. However, MoS2-based gas sensors still suffer from poor gas sensing
performance such as poor sensitivity, long response time [28_TD$DIFF]. Constructing the heterostructure is an effective
approach to improve gas-sensing performance of MoS2. Herein, PbS@MoS2 composites synthesized by
mechanical exfoliation combining with wet-chemical precipitation are used to investigate its
performance in detecting NO2 at room temperature. The response value of PbS@MoS2 gas sensor
against NO2 is significantly improved compared with the pure MoS2 gas sensor. At the same time, the
modification with PbS also accelerates the response speed of MoS2, and the response time is almost
reduced by two orders of magnitude, from hundreds of seconds to less than ten seconds. The enhanced
response value and fast response time are mainly benefited from the modulation effect of NO2 to
PbS@MoS2 heterostructure and themechanically exfoliatedMoS2 surfacewith few defects. This work can
be expected to provide useful guidance for designing composite materials with excellent gas sensing
properties.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Recently, molybdenum disulfide (MoS2) shows great prospects
in the field of gas detection at room temperature because of its
excellent physical and chemical properties, such as unique layered
structure, large surface-to-volume ratio and abundant surface
active sites. [1], which makes it a promising candidate for the
detection of various hazardous gases, such as NO, NO2 and NH3 [2–
5]. However, pure MoS2 is inevitably oxidized as the accumulation
of oxygen, which results that MoS2 gas sensors still suffer from
weak performance, such as poor long-term stability and incom-
plete recovery behaviors [6]. In our previous work [7], it had been
demonstrated that the modification with PbS can effectively
improve the stability and recovery behaviors of MoS2. Due to the
competitive adsorption between PbS and MoS2, O2 or NO2

molecules tend to adsorb on the surface of PbS instead of MoS2,
which prevents MoS2 from being oxidized and thus improves the
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stability of MoS2. However, unlike defect-free MoS2 in the
theoretical calculation, MoS2 prepared by hydrothermal method
is easy to form lots of defects [8–10], so that a certain amount of
NO2 is still adsorbed on the surface of MoS2 in the form of
chemisorption. In addition, while MoS2 prepared by hydrothermal
method is chosen as the modified object, due to its large size and
fluffy ball-like structure, majority of the PbS particle are more
inclined to deposit on the edge of the fluffy ball-like MoS2, which
means that the hydrothermally synthesized MoS2 cannot be
adequately modified by PbS. It thus exhibits a relatively low-level
improvement in gas-sensing performance. Therefore, as the object
ofmodification, the defect density andmorphology ofMoS2 are the
key factors in determining the effect of improvement after being
modified by PbS.

MoS2 nanosheet prepared by mechanical exfoliation is of well-
crystallized, few defects and high carrier mobility [11,12], which is
difficult to be achieved by hydrothermal method, chemical vapor
deposition (CVD) and other methods. Moreover, due to the flake-
like structure of mechanically exfoliated MoS2, PbS can uniformly
distribute on the whole surface of MoS2 nanosheet, which means
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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MoS2 can be adequately and effectively modified by PbS.
Consequently, MoS2 prepared by mechanical exfoliation is chosen
to be the object of modification, which is expected to achieve
excellent sensing performance.

In this work, PbS@MoS2 composites are constructed by
mechanical exfoliation combining with wet-chemical precipita-
tion, and the plane gas sensor based on PbS@MoS2 is fabricated to
investigate its NO2 sensing performance without heating condi-
tion. The results indicate that flake-like MoS2 with few defects is
confirmed to be of fast response speed and large response value to
NO2 after PbS modification. Especially, the response time is
reduced by two orders of magnitude, from hundreds of seconds to
less than ten seconds. The underlying enhanced gas-sensing
mechanism of the PbS@MoS2 based sensor has been further
discussed. The modification of PbS for mechanically exfoliated
MoS2 provides opportunities for the significantly improved
performances of gas sensor.

MoS2 nanosheets prepared by mechanical exfoliation were
transferred to the PET substrate with ITO interdigital electrodes,
and the detailed processes of MoS2 gas sensor was referred to the
previous work [13]. The PbS particles were synthesized using a
simple wet-chemical route as follows: 0.331 [29_TD$DIFF]g Pb(NO3)2 and 0.24g
Na2S�9H2O were dissolved into 40mL of DI water, and then the
mixed solution was ultrasonicated for 1 h. The suspension was
separated by centrifugation to remove the upper layer of liquid,
and the remaining precipitate was washed repeatedly with DI
water and ethanol to remove the unreacted solution. The black
powder was obtained after removing the residual solvents by
drying at 60 �C for 1 h. Subsequently, the as-prepared powder
(0.02 [30_TD$DIFF]g) was uniformly dispersed in ethanol (4mL) to form a
homogeneous suspension, and then 1mL of suspension was
selectively dropped on the surface of the as-prepared MoS2 gas
sensor. Finally, PbS@MoS2 gas sensor was directly obtained after
drying in vacuumdrying oven at 60 �C for 1 h. At the same time, the
pure MoS2 gas sensor without PbS modification and the pure PbS
gas sensor were also prepared for the comparison of gas sensing
performance.

The components of as-prepared samples (i.e., MoS2 nanosheets,
PbS particles [31_TD$DIFF]and PbS@MoS2 composites) were measured by
Raman spectra with a 532 nm laser excitation (Renishaw, inVia,
UK). Field emission scanning electronmicroscope (FE-SEM, Hitachi
[(Fig._1)TD$FIG]

Fig. 1. (a) Raman spectra of PbS, MoS2 and PbS@MoS2 composites. FE-SEM of (b) pure M
PbS@MoS2 composites. The inset of (d) shows the area of element mapping.
SU5000, Japan) with energy-dispersive spectroscope (Bruker
QUANTAX-400) was used to observe the morphologies and
elements distribution of MoS2 and PbS@MoS2, and the thickness
of MoS2 sheets was confirmed by surface profilometer (Ambios
Technology, XP-100, U.S.A.). X-ray photoelectron spectroscopy
(XPS, Thermo Scientific, ES-CALAB 250Xi, U.[32_TD$DIFF]S.A.) was performed to
analyze the surface composition and chemical states of MoS2 and
PbS@MoS2. The gas sensing properties of gas sensors were
respectively investigated by a CGS-8 intelligent gas sensing
analysis system (Beijing Elite Tech Co., Ltd., China), and all the
measurement were operated at room temperature (25 �C). In this
work, the response value was defined as S = Ra/Rg (when Ra > Rg) or
S = Rg/Ra (when Ra < Rg) [14,15], where Rg and Ra are the resistances
of gas sensors in target gas atmosphere and air atmosphere,
respectively. The response and recovery times of gas sensors were
defined as the time required to reach [33_TD$DIFF]90% of the total resistance
change.

Raman spectroscopy is a convenient and effective technique for
qualitative analysis of material components. As depicted in Fig. 1a,
the Raman spectra of the as-preparedMoS2, PbS and PbS@MoS2 are
characterized in the range of [34_TD$DIFF]of 100-1000 cm�1. Two characteristic
peaks located at 137 cm�1 and 188 cm�1 can be apparently
observed in the spectra of PbS, corresponding to the phonon
modes of the PbS crystal. The strong vibrationpeak at 137 cm�1 can
be assigned to the combination of longitudinal and transverse
acoustic modes [16], and the low vibration peak at 188 cm�1 may
be attributed to the surface phonon modes [17]. While the
vibrationpeak at about 970 cm�1 can be ascribed to PbSO4which is
derived from laser-induced degradation [18–20]. In the Raman
spectra of MoS2, the characteristic peaks at 382.86 cm�1,
408.34 cm�1 and 454 cm�1 are attributed to E12g, A1g and 2LA(M)
vibration modes of MoS2, respectively [21,22]. It is can be seen
from the spectra of PbS@MoS2 that the Raman absorption peaks
are superimposed by the peaks of MoS2 and PbS without other
impurity peaks, which confirms that the as-prepared PbS@MoS2 is
composed of MoS2 and PbS only. To gain further microstructure
information about the as-synthesized materials, the FE-SEM
images of MoS2 and PbS@MoS2 are measured. As shown in Fig. 1b,
the mechanically exfoliated MoS2 exhibits a flake-like structure
with lateral size up to 20mm. By the measurement of surface
profilometer, the thickness of MoS2 sheet is about 50 nm. From
oS2 and (c) PbS@MoS2 composites. Element mapping of (d) Mo, (e) S and (f) Pb in
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the typical SEM image of PbS@MoS2 composites (Fig. 1c), it can be
clearly observed that the PbS particles are evenly dispersed on the
surface of MoS2 nanosheet. Besides, according to the elemental
mapping as revealed in [35_TD$DIFF]Figs. 1d–f, it can be found that Mo, S and Pb
elements are distributed uniformly in PbS@MoS2 without any
impurity element, which further confirms the uniform distribution
of PbS particles on MoS2 nanosheet surface.

The surface compositions and chemical states of MoS2 and
PbS@MoS2 are also investigated by XPS, and the results are shown
in Fig. 2. It can be seen from the XPS survey spectra (Fig. 2a), Mo, S,
O, C and Pt elements are detected in MoS2 spectrum, while Pb
element from PbS can be observed in PbS@MoS2 spectrum besides
the elements containing in MoS2 spectrum. Here, C 1s peak at
284.8 eV is used to calibrate all the values of binding energy [23],
and Pt peak is attributed to the experimental substrate. Moreover,
the high-resolution XPS spectra of the Mo 3d, S 2p and O 1s are
furthermeasured and shown in [35_TD$DIFF]Figs. 2b–d. As depicted in theMoS2
spectrum (Fig. 2b), two peaks with high intensity at 232.75 eV and
229.5 eV can be respectively assigned to Mo 3d3/2 and Mo 3d5/2,
corresponding to the Mo4+ state in MoS2 [24]. While the peak with
low intensity at 235.8 eV (marked in red) is ascribed to +6
oxidation state of the Mo element (Mo6+ 3d3/2), indicating that a
small amount of MoO3 might be contained in the MoS2 sample
[25]. The existence of Mo in +6 oxidation state is mainly attributed
to partial oxidation of the pure MoS2. Nevertheless, the Mo6+

oxidation state cannot be observed in the PbS@MoS2 spectrum,
indicating that the modification with PbS can effectively suppress
the oxidation of MoS2, which is consistent with our previous work
reports [7]. Besides, there also are two S 2[36_TD$DIFF]s peaks in the PbS@MoS2
spectrum of Mo 3d, which are ascribed to the S2� state of PbS
(marked in red) and the S2� state of MoS2 respectively [26,27],
which suggests that the existence of PbS@MoS2 composites. This
can also be further confirmed from the spectra of S 2p. As shown in
Fig. 2c, themain peaks at 162.4 eV and 163.8 eV could be attributed
to the binding energies of S2� 2p3/2 and S2� 2p1/2 from the MoS2
respectively [28,29], while the peak of PbS@MoS2 spectrum
located at lower binding energies located (161.15 eV) could be
assigned to S2� 2p3/2 from the PbS [30]. It can be concluded from
Figs. 2b and c, when the MoS2 nanosheets are modified by PbS, the
corresponding peaks of Mo 3d and S 2p slightly shift to the higher
binding energy compared with the pure MoS2, illustrating that the
electronic transfers from MoS2 to PbS [31]. As shown in the high-
resolution spectra of O 1s (Fig. 2d), the peaks near 532 eV and
533.7 eV are observed in both MoS2 and PbS@MoS2 spectrum,
[(Fig._2)TD$FIG]

Fig. 2. (a) XPS spectra of pure MoS2 and PbS@MoS2 composites. High-resolution
XPS spectra of (b) Mo 3d, (c) S 2p and (d) O 1s.
which can be attributed to surface adsorbed oxygen atoms (Oad)
and hydroxyl groups [37_TD$DIFF](O-H) respectively [32,33]. It should be
pointed out that the peak of lattice oxygen (Olattice) located at
530.9 eV [34] is presented in theMoS2 spectrum only, and does not
observe in the PbS@MoS2 spectrum, which further confirms that
the modification of PbS can effectively suppress the oxidation of
MoS2.

In order to investigate the gas sensing performance of as-
prepared MoS2, PbS and PbS@MoS2 gas sensors, the I-V character-
istic curves of these three gas sensors in air atmospheres are
measured firstly. As depicted in Fig. 3a, all the three sensors
manifest the clearly linear I-V relationship under the applied
voltages range from�5 V to +5 V, indicating that the typical ohmic
contacts are formed between the sensingmaterials and electrodes.
Besides, as demonstrated in the optical image of the gas sensor (the
inset of Fig. 3a), the sensing materials (PbS@MoS2) are bridged
between the adjacent electrodes to form current conductive
pathway. Thus, it can be concluded that the forthcoming gas
sensing behaviors are dominantly determined by the sensing
materials [35]. The dynamic response curves of MoS2, PbS and
PbS@MoS2 gas sensors upon exposure to different concentrations
of NO2 (ranging from 1 ppm to 50 ppm) are further studied and
shown in [35_TD$DIFF]Figs. 3b–d. For the MoS2 based gas sensor as revealed in
Fig. 3b, the resistance gradually increases along with the increase
of NO2 concentrations, exhibiting n-type response behavior. When
theMoS2 gas sensor is exposed toNO2, the gasmolecules adsorb on
the surface of MoS2 in the form of physisorption and capture
electrons from MoS2 to form an electric dipole moment [13]. In
addition, a small amount of NO2 molecules adsorb chemically on
the surface of MoO3, and thus taking electrons from the surface of
materials. It should be pointed out that bothMoS2 andMoO3 are n-
type semiconductors, the electrons transfer from sensingmaterials
to NO2 molecules lead to a decrease in the carrier concentration of
sensing materials, resulting in an increase in the resistance of the
sensor. On the contrary, due to PbS is a p-type semiconductor, the
resistance of PbS gas sensor decreases after exposure to NO2 as
shown in Fig. 3c [36,37]. As observed in Fig. 3d, the response
behavior of PbS@MoS2 gas sensor is consistent with that of PbS gas
sensor. As for the hybrid system based on PbS@MoS2 composites,
the adsorption energy of NO2 on the PbS is significantly larger than
that on MoS2 [7], which means that NO2 gas molecules is more
easily adsorbed on the surface of PbS rather than MoS2 surface.
When PbS@MoS2 composite is exposed to the NO2, PbS particles
play the role of the sensitive core during the gas sensitive reaction.
Thus, PbS@MoS2 gas sensor exhibits p-type response behavior
toward NO2, which is similar to that of PbS based gas sensor. To
further investigate the effect of PbS modification on the sensing
properties, the response values and the response times of the three
gas sensors are examined upon exposure of NO2 over a range of [38_TD$DIFF]1-
50 ppm at room temperature. As shown in Fig. 3e, it can be clearly
observed that the response values of all gas sensors increase with
the increase of NO2 concentration. In comparison with the pure
MoS2 and PbS gas sensors, PbS@MoS2 gas sensor exhibits the
highest response value and the best sensitivity toward NO2 in the
whole test range, indicating that the modification of PbS can
effectively enhance theNO2 sensing properties. Furthermore, it can
be found that, as depicted in the inset of Fig. 3e, the correlation
coefficient ([39_TD$DIFF]R2) of the response value fitting curve for PbS@MoS2
gas sensor at [38_TD$DIFF]1-20 ppm NO2 is 0.973, indicating that the response
values of PbS@MoS2 gas sensor are of good linearity in the range of
1–20 ppm. The response times of three sensors exposed to [40_TD$DIFF]1-
250 ppm NO2 are summarized and shown in Fig. 3f. It is clear that
the response time of PbS@MoS2 gas sensor is significantly
decreased compared with the other two sensors, which is reduced
by two orders of magnitude, from hundreds of seconds to less than
ten seconds, implying that the gas sensor based on PbS@MoS2
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Fig. 3. (a) I-V characteristic curves of PbS, MoS2 and PbS@MoS2 gas sensors in air atmospheres. The inset is the optical image of PbS@MoS2 gas sensor. Dynamic response
curves of (b) MoS2, (c) PbS and (d) PbS@MoS2 gas sensors at different NO2 concentrations. (e) Response value versus NO2 concentrations curves of MoS2, PbS and PbS@MoS2
gas sensors. The inset shows the linear fitting curve of PbS@MoS2 gas sensor to 1-20 ppm NO2. (f) Comparison diagram of response time for MoS2, PbS and PbS@MoS2 gas
sensors.

[(Fig._4)TD$FIG]

Fig. 4. (a) Energy band diagram. (b) Change of depletion layers during the NO2

adsorption and desorption.
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composites exhibits excellent response speed towards NO2. On the
basis of the above results, it can be confirmed that the sensor based
on PbS@MoS2 composites exhibits excellent NO2 sensing perfor-
mance compared with the pure MoS2 and PbS gas sensors,
including higher response value, better sensitivity and faster
response speed.

To achieve a better understanding of gas-sensing mechanism of
PbS@MoS2 against NO2, the energy band diagram is presented in
Fig. 4a. As for the hybrid system based on PbS@MoS2 composites,
considering that the Fermi levels of n-typeMoS2 is higher than that
of p-type PbS, the electrons in MoS2 tend to diffuse into PbS while
the holes in PbS will transfer to MoS2 until the system realize the
equalization of the Fermi level. This process leads to the formation
of depletion layers at the interface betweenMoS2 and PbS, namely,
the formation of p-n heterojunction [38]. Besides, the change of
depletion layers during NO2 adsorption and desorption is
illustrated in Fig. 4b. When the PbS@MoS2 gas sensor is exposed
to NO2, the NO2molecules adsorbed on the surface of PbS act as the
electron acceptors and capture electrons from PbS nanoparticles
[39], which results in the increase of hole concentration in PbS.
Owing to the electron transfer process, the width of the depletion
layer gets thinner when exposure to NO2 [40–42], so that the
measured resistance is decreased and the PbS@MoS2 gas sensor
exhibits the p-type response characteristic, which is the same as
the PbS sensor. Based on the above gas-sensing mechanism,
mechanically exfoliated MoS2 nanosheets and PbS particles are
chosen to construct the heterostructure, which provides the basis
for PbS@MoS2 composite to have excellent gas sensing properties.
PbS particles served as the active gas sensing sites interact directly
with NO2, which effectively regulates the width of the depletion
layer between PbS and MoS2. Meanwhile, MoS2 nanosheets acted
as the dominant conductive channel are greatly affected by the
variation inwidth of the depletion layer due to the thin thickness of
MoS2, and the whole electron transport channel can be controlled
maximumlyalongwith themodulationof thedepletion layerduring
theNO2 adsorption anddesorptionprocesses. Additionally, different
from fluffy ball-like MoS2 in previous work [7], the flake-like MoS2
nanosheets can provide abundant and effective attachment plat-
forms for PbS particles, contributing to the formation ofmore active
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Fig. 5. (a) Selectivity of PbS@MoS2 gas sensor to different gases. (b) NO2 detection
limit of PbS@MoS2 gas sensor. (c) Repeatability of PbS@MoS2 gas sensor on
successive exposure to 1 ppm NO2. (d) Stability of PbS@MoS2 gas sensor to 1 ppm
NO2 for 16 days.
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sites. In brief, benefited from the effective modulation of the
conductive channel and the increased active sites, PbS@MoS2 gas
sensor reveals the higher response value and better sensitivity. On
the other hand, the outstanding response speed may be ascribed to
the following factors. Considering that the NO2 molecules are more
inclined to adsorb physically on the surface of the mechanically
exfoliated MoS2 [43,44], which means that more time is demanded
to reach the dynamic equilibrium state, so the response process of
MoS2 gas sensor is relatively slow.While NO2 is adsorbed on the PbS
surface in the form of chemisorption [36,37], which is a fast process
and results in shorter response times for PbS sensor. That is the
reasonwhytheresponsespeedof thePbSsensor is fastercomparable
to that of the MoS2 gas sensor in our experiment. However, the
response time of pure PbS sensor is slightly longer than that of
PbS@MoS2 sensor, because pure PbS particles have a tendency to
agglomerate, resulting in the relatively slowdiffusionof target gas in
the dense agglomerated particles. It isworthwhile noting that, as for
the PbS@MoS2 based gas sensor, theflake-likeMoS2 nanosheetwith
large surface area offers an ideal surface for attaching the PbS
particles, that not only effectively prevents the agglomeration but
also constructsmanymore effective contact sites forNO2molecules,
which could accelerate the process of adsorption reaction. Accord-
ingly, the response speed of MoS2 would be promoted significantly
through being modified by PbS.

As is well-known, selectivity is indispensable for the practical
application of gas sensors. Thus, the response values of PbS@MoS2
sensor toward various gases such as NH3, CH3OH, CH3COCH3,
HCHO and C2H5OH are measured. As revealed in Fig. 5a, the
response value of PbS@MoS2 sensor to 10 ppm NO2 is remarkably
higher than that to 100 ppm other gases, indicating that the
PbS@MoS2 sensor exhibits an excellent selectivity towards NO2.
As with the selectivity, the detection range of the sensor is also
usually used as an important parameter to evaluate gas-sensing
performance. Therefore, the NO2 detection limit of PbS@MoS2 gas
sensor is further investigated and shown in Fig. 5b. The results
manifest that the sensor can still present response behavior even
exposed to 200 ppb NO2. According to the ‘Air Quality Criteria’
published by WHO, NO2 in concentrations above 270 ppb may
cause acute health problems in humans. Accordingly, PbS@MoS2
gas sensor can be expected to meet the needs of early warning
about acute health problems caused by NO2. Besides, five
response/recovery cycles are measured by repeatedly switching
the sensor between 1 ppm NO2 and the air atmosphere to
investigate the repeatability of PbS@MoS2 gas sensor (Fig. 5c). It
can be observed that the resistance of PbS@MoS2 sensor always
stays stable either in air or NO2 atmospheres. Meanwhile, the
response time and recovery time are almost the same for all
cycles, indicating that PbS@MoS2 sensor exhibits satisfactory
reversibility and repeatability. Moreover, as illustrated in Fig. 5d,
the resistance of PbS@MoS2 sensor exhibits small drifts in both air
and 1 ppm NO2 for 16 days, meaning that PbS@MoS2 sensor
presents a stabilized sensing performance. The above results
indicate that the gas sensor based on PbS@MoS2 composites is of
good reliability and manifests potential promising prospect for
NO2 detection at room temperature.

In summary, PbS@MoS2 composites are successfully synthe-
sized [41_TD$DIFF]via combining the mechanical exfoliation method with the
facile wet-chemical precipitation. As compared with pure MoS2
and PbS, PbS@MoS2 gas sensor exhibits outstanding sensing
performances toward NO2 at room temperature, such as high
response value, fast response behavior, favorable repeatability and
long-term stability. The enhanced gas sensing properties of
PbS@MoS2 sensor could be attributed to the synergistic effects
between n-type MoS2 nanosheets and p-type PbS particles,
including the effective modulation of the conductive channel,
the increased active sites and the approximate defect-free surface
of mechanically exfoliated MoS2. The experiments demonstrate
that the construction of heterostructures for mechanically
exfoliated MoS2 will be a promising strategy to improve the
sensing properties, which offers useful guidance for designing
high-performance MoS2 based gas sensors.
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