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Fabrication of a high-performance room-temperature (RT) gas sensor is important for the future integration

of sensors into smart, portable and Internet-of-Things (IoT)-based devices. Herein, we developed a NO2 gas

sensor based on ultrathin MoS2 nanoflowers with high sensitivity at RT. TheMoS2 flower-like nanostructures

were synthesised via a simple hydrothermal method with different growth times of 24, 36, 48, and 60 h. The

synthesised MoS2 nanoflowers were subsequently characterised by scanning electron microscopy, X-ray

diffraction, Raman spectroscopy, energy-dispersive X-ray spectroscopy and transmission electron

microscopy. The petal-like nanosheets in pure MoS2 agglomerated to form a flower-like structure with

Raman vibrational modes at 378 and 403 cm�1 and crystallisation in the hexagonal phase. The specific

surface areas of the MoS2 grown at different times were measured by using the Brunauer–Emmett–

Teller method. The largest specific surface area of 56.57 m2 g�1 was obtained for the MoS2 nanoflowers

grown for 48 h. This sample also possessed the smallest activation energy of 0.08 eV. The gas-sensing

characteristics of sensors based on the synthesised MoS2 nanostructures were investigated using

oxidising and reducing gases, such as NO2, SO2, H2, CH4, CO and NH3, at different concentrations and at

working temperatures ranging from RT to 150 �C. The sensor based on the MoS2 nanoflowers grown for

48 h showed a high gas response of 67.4% and high selectivity to 10 ppm NO2 at RT. This finding can be

ascribed to the synergistic effects of largest specific surface area, smallest crystallite size and lowest

activation energy of the MoS2-48 h sample among the samples. The sensors also exhibited a relative

humidity-independent sensing characteristic at RT and a low detection limit of 84 ppb, thereby allowing

their practical application to portable IoT-based devices.
1. Introduction

Gas sensors have attracted considerable attention in the past
decades because of their capability to detect toxic and am-
mable gases and voltaic organic compounds for environmental
monitoring, medical diagnosis and human health protection.1,2

For enhanced practical applications, gas sensors are integrated
into portable, wearable internet-of-Things (IoT)-based
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devices.3,4 The gas sensors used in IoT applications must be
small for easy integration, have low power consumption and
perform well in terms of gas sensitivity, selectivity and stability.5

Among the different types of gas sensors, the ones based on
semiconductor metal oxide (SMO) nanostructures are suitable
for integration into IoT devices because of their low-cost fabri-
cation, ease of sensing layer synthesis and optimum gas
response and sensitivity.6–8 However, these SMO-based sensors
work at elevated temperatures, causing high-power consump-
tion and hampering the practical applications of gas sensors in
IoT devices. Therefore, the power consumption of gas sensors
based on SMO must be reduced to widen their application in
portable IoT-based devices. Aside from reducing sensor size
using micro-electro-mechanical technologies, new sensing
nanomaterials which can operate at room temperature (RT) can
also be a promising approach.

Recently, transition metal dichalcogenides such as MoS2
have been considered as a good sensing layer for low-
temperature gas sensors because of their high surface-to-
volume ratio, distinct semiconducting behaviour, abundant
reactive sites for redox reactions and high mobility at RT.9–12
RSC Adv., 2020, 10, 12759–12771 | 12759
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Possessing a layered structure stacked by weak van der Waals
interaction, MoS2 has been prepared with different nano-
structures by various methods. For example, many groups re-
ported the synthesis of monolayer, bilayer and few-layer MoS2
nanosheets and/or thin lm by chemical vapour deposition.13–15

Using the same method, Kumar et al. synthesised nano-
structures of vertically aligned MoS2 akes and nanowire
networks.16,17 A previous study also formed MoS2 nanoakes
through sonication-assisted exfoliation.9 Several 3D MoS2
nanostructures, such as spheres and nanosheets, were syn-
thesised using a hydrothermal approach,18–20 which is a simple
and low-cost mass-production synthesis method with growth
parameters that can be easily controlled. Regarding the sensing
characteristics of hydrothermally synthesised MoS2 nano-
structures, Zhang et al. fabricated sensors based on MoS2
nanospheres grown via a hydrothermal procedure assisted with
CTAB for NO2 detection.21 However, the sensors operate at
a high temperature of 100 �C and exhibit a gas response of 60%
to a high NO2 concentration of 50 ppm. The MoS2 nanosphere
structure synthesised by Yu et al. shows a gas sensitivity of 78%
to 50 ppm NO2 at a similarly high temperature of 150 �C.19 In
these works, although the operating temperature (OT) of the
sensors is lower than that of SMO-based sensors, the sensors
work at about 100 �C or 150 �C, causing high power consump-
tion. To further reduce the OT of sensors, Lee et al. fabricated
sensors based on surface-activated MoS2 nanosheets with
excess sulphur precursor. The sensors work at RT, but their
response to a high NO2 concentration of 100 ppm is as low as
99.3%.20 Similarly, sensors based on PbS quantum dot/MoS2
composites show an optimal OT at RT but a low sensitivity of
22.5% to 100 ppm NO2.22 The gas-sensing performance of MoS2
materials is strongly dependent on material morphology and
quality, such as specic surface area and crystallite size. Such
parameters can be determined by the synthesis method. Thus,
a controllable synthesis of MoS2 materials to develop high-
performance RT sensors for low concentration of poisonous
gases is required for the IoT-based practical application of gas
sensors.

This study reported the controlled synthesis of pristine MoS2
nanoowers with different growth times of 24, 36, 48 and 60 h by
using a simple hydrothermalmethod that does not require further
processes, such as surface functionalisation, decoration and/or
doping. The synthesised MoS2 nanostructures having the largest
specic surface area and the smallest crystallite size showed
excellent gas-sensing characteristics at RT to low NO2 concentra-
tions of 1–10 ppm. The gas response of the sensor based on the
synthesised MoS2 to a low NO2 concentration of 10 ppm at RT was
as high as 67.4%. The fabricated sensors showed a low detection
limit (DL), good selectivity to interfering gases and humidity-
independent sensing characteristics at RT, which are crucial for
their practical application to portable IoT-based devices.

2. Experimental
2.1 Preparation of MoS2 nanoower-like structures

MoS2 nanoower-like nanostructures were grown via a facile
hydrothermal method, as shown in Fig. 1. Firstly, 0.617 g of
12760 | RSC Adv., 2020, 10, 12759–12771
ammonium molybdate [(NH4)6Mo7O24$4H2O 99.98% purity,
Sigma-Aldrich], 0.79 g of thiourea (CH4N2S, $99% purity,
Sigma-Aldrich), and 0.69 g of hydroxylammonium chloride
(NH2OH$HCl, 98% purity, Sigma-Aldrich) were dissolved in
80 mL of deionised (DI) water. This solution was poured into
a 100 mL Teon autoclave and then heated to 200 �C as
described in our previous work.23 The samples were stored at
different times of 24, 36, 48 and 60 h and hereaer called MoS2-
24 h, MoS2-36 h, MoS2-48 h and MoS2-60 h, respectively. Aer-
wards, the growth solution was cooled down to RT, centrifuged
at 4000 rpm to obtain the precipitated powder, which was
washed by DI water and ethanol, and nally dried at 60 �C for
24 h. The morphological, crystal, and vibrational properties of
the obtained MoS2 nanostructures were characterised by eld-
emission scanning electron microscopy (FESEM, JEOL JSM-
7600F), X-ray diffraction (XRD, Advance D8, Bruker) and
Raman spectroscopy (Renishaw, InVia confocal micro-Raman).
The composition, atomic structure and specic surface area of
the synthesised nanostructures were also investigated using
energy-dispersive X-ray spectroscopy (EDX, detector integrated
in the FESEM system), high-resolution transmission electron
microscopy (TEM Tecnai G2 20S-TWIN/FEI) and Brunauer–
Emmett–Teller (BET; Micromeritics' Gemini VII) method,
respectively.
2.2 Fabrication of MoS2 nanoower-based sensors

MoS2 nanostructure-based gas sensors were fabricated using
a drop-casting technique as previously described.24 The syn-
thesised MoS2 nanostructures were dispersed in the N-vinyl-
pyrrolidone solvent using an ultrasonic bath. The dispersed
solution was coated on the interdigitated Pt electrodes via the
drop-casting method, as shown in Fig. 1. The sensors based on
the MoS2 nanostructures were heated to 300 �C and placed in
vacuum for 5 h to remove the binder and to intensify the contact
between the synthesised MoS2 nanostructures and Pt elec-
trodes. The gas-sensing characteristics of the synthesised
nanostructures based on the change in the resistance of the
sensors with and without exposure to analytical gases were
characterized and collected by using a Keithley system (model
no. 2602). The setup for gas-sensing measurement is illustrated
in Fig. S1,† in which three mass ower controllers (MFCs) were
employed for gas mixing. The desired gas concentration
(C(ppm)) was calculated as follows:

CðppmÞ ¼ C0 � f

f þ F
; (1)

where C0 is concentration of standard gas used in the
measurement, f and F are the ow rates of the standard gas and
compressed air in standard cubic centimetre per minute (sccm),
respectively. MFC-1 controlled the ow rate of the analytical gas;
MFC-2 controlled the ow rate of the press air, which was mixed
with the standard gas; and MFC-3 controlled the baseline air
ow, which has the same ow rate as the total ow rate of MFC-
1 and MFC-2 (Fig. S1†). Details about the gas-sensing
measurement setup can be found elsewhere.25,26 In the current
work, the total gas ow rate was set to 400 sccm, and the
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Experiment procedure for the controlled hydrothermal synthesis of MoS2 nanoflowers and drop-casting fabrication of the MoS2 sensor.
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standard NO2 gas with concentration of 100 ppm balanced in
nitrogen was used. To obtain the desired NO2 concentrations,
we mixed the NO2 standard gas with press air using MFC-1 and
MFC-2 with different ow rates (Table. S1†). A gas of desired
concentration was own onto the sensor surface. Two tungsten
needles were contacted on the sensor electrodes to transmit
electrical signals to a Keithley sourcemetre (model no. 2602) to
obtain the resistance response curves. The gas response (S) in
percentage was dened as follows:

Sð%Þ ¼ Rair � Rgas

Rair

� 100; (2)

where Rair and Rgas are the sensor resistance in dry air and in the
presence of the test gas, respectively. The selectivity of the
sensors was tested with other interfering gases, such as NH3,
CO, H2 and CH4.
Fig. 2 SEM images of MoS2 nanoflowers synthesised at different
growth times: (a and b) at 24 h, (c and d) at 36 h, (e and f) at 48 h, (g and
h) at 60 h.
3. Results and discussion

The surface morphological properties of the synthesised
nanostructures were characterised by FESEM. Fig. 2 shows low-
and high-magnication SEM images of the MoS2 nano-
structures grown at different times of 24 [Fig. 2(a) and (b)], 36
[Fig. 2(c) and (d)], 48 [Fig. 2(e) and (f)], and 60 h [Fig. 2(g) and
(h)]. The nanostructures comprised many petal-like nanosheets
agglomerated together to form ower-like nanostructures. The
low-magnication SEM images illustrated a dissociation of
bunches of ower-like nanostructures when the growth time
was prolonged from 24 h to 60 h. The thin petals of the ower-
like nanostructures were responsible for improving gas sensor
performance. The samples grown at different times were diffi-
cult to distinguish in the SEM images, as shown in detail in the
following.
This journal is © The Royal Society of Chemistry 2020
Fig. 3(a) and (b) reveal the XRD patterns and Raman spec-
troscopy of the MoS2-24 h, -36h, -48h, and -60h samples to
investigate the crystal structure properties of the synthesised
RSC Adv., 2020, 10, 12759–12771 | 12761
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MoS2 ower-like nanostructures with different growth times.
Aside from the XRD pattern of the MoS2 grown for 24 h, those of
the rest showed pronounced peaks located at 2q ¼ 13.76�,
33.36�, 39.87� and 59.40�, which are indexed to the (002), (100),
(103) and (110) planes of the hexagonal phase of MoS2,
respectively (JCPDS-37-1492).27 The data showed that the
diffraction peaks became higher and sharper with prolonged
growth time, indicating an improvement of the crystallinity and
the formation of the well-stacked layered structure of the MoS2
ower-like nanostructure along the c-axis.28 The crystallite size
of the MoS2 nanostructures synthesised with different growth
times was calculated using the Scherrer formula:

D ¼ 0:9l

b cos q
; (3)

where D, l, b and q are the crystallite size, X-ray wavelength
(0.154 nm), full width at half maximum and Bragg angle of the
XRD peaks, respectively. For comparison purpose, we used the
(110) peak of the XRD patterns of the four samples. The crys-
tallite sizes of 4.43, 3.84, 3.51 and 3.67 nm corresponded to the
MoS2-24 h, -36 h, -48 h and -60 h samples. The MoS2 sample
Fig. 3 (a) XRD patterns and (b) Raman spectra of MoS2 nanoflowers
synthesised at different growth times.

12762 | RSC Adv., 2020, 10, 12759–12771
grown for 48 h had the smallest crystallite size, which contrib-
uted to the enhancement of gas-sensing properties.

Resonant Raman (RR) spectroscopy with a laser wavelength
of 633 nm was used to investigate the atomic vibrational modes
of the MoS2 ower-like nanostructures grown at different times.
Fig. 3(b) shows the Raman spectra of the MoS2 ower-like
nanostructures grown for 24, 36, 48 and 60 h. All spectra
revealed three Raman vibrational modes located at approxi-
mately 378, 403 and 452 cm�1. The rst two peaks indexed as
E1
2g and A1g arose from the in-plane and out-of-plane vibrational

modes of the hexagonal MoS2 between Mo and S and S and S,
respectively.29 The frequency difference between two active
modes of all the samples, which is a ngerprint to estimate the
thickness of the MoS2 nanosheets, was rather similar. Thus,
changes in the nanosheet thickness of the MoS2 grown at
different times were difficult to discern. The intensity of the A1g
mode was much higher than that of the E1

2g peak, which can be
attributed to the spectra in the resonant condition of the MoS2
ower-like nanostructures.30,31 Under this condition, the direct
transition with the nal electronic state at K point is associated
with dz2 orbitals of the Mo atoms.30 These are aligned in the
vibrational direction of S atoms (A1g mode), resulting in strong
electron–phonon coupling along the direction of the A1g mode.
Thus, the enhancement of the A1g peak intensity with respect to
the E1

2g peak occurred under RR spectroscopic conditions.30 The
third peak at 452 cm�1 in the RR spectra of the MoS2 nano-
structures was associated with the second-order longitudinal
acoustic phonons (2LA(M) mode) at the M point.

To further investigate the atomic structure of the MoS2
ower-like nanostructures, we performed TEM measurements
on the synthesised samples using Tecnai G2 20S-TWIN/FEI TEM
with a thermal LaB6 electron gun at 200 kV offering a point
resolution of 0.24 nm and lattice resolution of 0.144 nm. The
MoS2 nanoower material for measurement was prepared by
dissolving a small amount of MoS2 nanoowers into the ethanol
solvent. A small drop of the solution was put onto the TEM
specimen (copper grid with carbon foil) by using a micro
pipette. Fig. 4(a) and (b) reveal representative TEM images of the
MoS2 nanoower grown for 48 h. The low-magnication TEM
image, as shown in Fig. 4(a), indicates that the ower-like
nanostructures were composed of curved ultra-thin nano-
sheets. The width of the uneven sheets was about several
hundred nanometres. The high-resolution TEM image of the
MoS2 nanostructures (Fig. 4(b)) reveals that the lattice fringes of
the MoS2 were also curved but still clearly visible, thereby con-
rming the formation of the well-dened crystal structure of
MoS2. The lattice fringe spacing was 0.63 nm, which was
assigned to the (002) crystal plane of the MoS2 ower-like
nanostructures. This result is in agreement with previous
results.32 The compositional properties of the synthesised MoS2
ower-like nanostructures were investigated using EDX.
Fig. 4(c) exhibits a representative EDX spectrum of the MoS2
nanoowers grown for 48 h. In the measured energy range, the
Ka and Lb uorescence lines of S and Mo were very close,
respectively. Thus, deconvolution of the broad peak in the
energy ranging from 2 keV to 2.6 keV of the EDX spectrum was
performed. The result clearly showed the presence of S and Mo
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a and b) are representative low- and high-magnification TEM images. (c) EDS analysis of MoS2 with the growth time of 48 h. (d) BET
specific surface area of MoS2 nanoflowers synthesised at different growth times. (e) Correlation between the crystallite size and specific surface
area of the MoS2 nanostructures synthesised with different growth times.
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in the spectrum, which were generated in the synthesised
ower-like nanostructures.

The specic surface area, one of the key parameters
responsible for the high gas-sensing performance of the syn-
thesised nanostructures was measured using the BET method
by N2 adsorption isotherm at the relative pressure (P/Po) range
of 0.05–0.3. The N2 adsorption quantities of the synthesised
This journal is © The Royal Society of Chemistry 2020
MoS2 nanostructures under four growth times as a function of
relative pressure are shown in the ESI [Fig. S2(a)–(d)].† The BET
specic surface areas of the four samples were calculated, as
shown in Fig. 4(d). The specic surface area of the synthesised
MoS2 nanostructures increased from 14.97 m2 g�1 to 56.57 m2

g�1 with prolonged growth time from 24 h to 48 h, respectively.
When the growth time was further prolonged to 60 h, the BET
RSC Adv., 2020, 10, 12759–12771 | 12763
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Fig. 5 Arrhenius fit of the ln(I(A)) versus 1/T of the MoS2 nano-
structures grown for 24, 36, 48 and 60 h.
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specic surface area of the synthesised MoS2 nanostructures
was reduced to 40.72 m2 g�1. The highest specic surface area
was reached at 48 h growth time. The results are consistent with
the above-mentioned XRD data of the MoS2 nanostructures. For
a detailed comparison, Fig. 4(e) represents the correlation
between the crystallite size and the specic surface area of the
MoS2 synthesised with different growth times of 24, 36, 48 and
60 h. The graph indicates a strong correlation between the two
parameters. The smaller crystallite size resulted in the larger
specic surface area of the synthesised MoS2, which is in
agreement with the theoretical relation between the two
parameters (SBET � constant/D, where SBET is the specic
surface area and D is the crystallite size).33 The data conrm the
largest specic surface area and smallest crystallite size ob-
tained for the MoS2 synthesised with a growth time of 48 h
Thus, this sample was expected to show the highest gas
response among the different samples. The optimal experiment
condition wherein the largest specic surface area and smallest
crystallite size of the sample were reached for the growth of
MoS2 nanostructures plays an important role in the develop-
ment of a high-performance gas sensor based on MoS2
nanostructures.25

Prior to the gas-sensing measurements of the sensors based
on the MoS2 nanostructures grown at different growth times,
the current (I)–voltage (V) characteristics of the sensors were
acquired in air with an applied bias voltage from�5 V to 5 V and
temperature ranging from RT to 150 �C (data not shown). The
current increased with increasing temperature, thereby indi-
cating the semiconducting characteristic of the synthesised
MoS2 nanostructures. The interface between the sensing layer
and the Pt electrode showed a non-ohmic contact possibly
because of the formation of the homojunction of the MoS2
nanoowers.

The sensing layer with smaller activation energy has been
demonstrated showing higher gas sensitivity of the sensor.34,35

The activation energy (Ea) of the MoS2 ower-like nano-
structures can be calculated through the temperature-
dependent conductivity as expressed by the Arrhenius eqn (4)
as follows:34

I ¼ I0 e
�Ea

kBT ; (4)

where I is the current of the MoS2 ower-like nanostructures, kB
is the Boltzmann constant (z8.62 � 10�5 eV K�1) and T is the
absolute temperature. Using the Arrhenius equation and at an
applied bias voltage (i.e. 5 V), we plotted ln(I) as a function of 1/T
for four MoS2 samples grown at different times, as shown in
Fig. 5. The activation energy was calculated from the slope of the
Arrhenius plot through a linear tting of ln(I) with respect to 1/
T. The calculated results showed that the activation energy of
the MoS2-48 h sample was about 0.08 eV, which is the smallest
among the Ea of the other samples. Thus, in combination with
the largest specic surface area of the MoS2 nanostructures
grown for 48 h among four samples, the sensor based on the
MoS2-48 h sample was expected to have the highest
sensitivity.
12764 | RSC Adv., 2020, 10, 12759–12771
Fig. 6(a) exhibits the transient resistance of the sensor to 1–
10 ppm NO2 on the basis of the MoS2 ower-like nanostructures
grown for 48 h at RT, 50 �C, 100 �C and 150 �C. The data showed
that the baseline resistance of the sensor based on the MoS2
nanoowers decreased when the OT was increased from RT to
150 �C, indicating the semiconducting characteristics of the
synthesised MoS2. When the sensor was exposed to NO2 as an
oxidising gas, the sensor resistance decreased, thereby showing
p-type semiconducting behaviour. Fig. 6(b) reveals the sensor
response in percent as a function of NO2 concentration at
different OTs. The response of the sensor increased with
increasing NO2 gas concentration from 1 ppm to 10 ppm. High
amount to gas molecules contributes to absorption, and reac-
tion increases gas sensitivity. The sensor exhibited the highest
performance at RT within the measured temperature range,
which can be attributed to large various active sites for gas
adsorption at RT.2 Namely, the number of defects such as S
vacancies was signicantly high in the MoS2 at RT. It was about
5% as reported elsewhere for an identical system.9 These defects
serve as reactive sites with the target gas, thereby increasing gas
response at RT.19 When the working temperature of the MoS2
sensor was increased, the number of defects decreased, which
reduced the number of reactive sites. Thus, the gas response
decreased at higher temperatures.

Normally, the defect-dominated process on the surface of
MoS2 contributes to the signicant response and recovery times
because of the high adsorption energy of the target gas with the
defects as reactive sites.36 Previous works reported that sensors
based on pristine MoS2 of different nanostructures have
incomplete recovery at RT possibly because of the high
adsorption energy of NO2 on the MoS2 surface or the strong
binding between NO2 and the reactive sites of MoS2.17,37

However, some other works indicated that in spite of slow rates
of gas adsorption and desorption, the pristine MoS2-based
sensors showed the complete recovery at RT to target
gases.20,38–40 This characteristic can be attributed to several
factors, such as high specic surface area, defective/strained
surface and weak van der Waals binding between the target
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) Transient resistances of the sensor based on the MoS2-48h sample to 1–10 ppmNO2 at RT, 50 �C, 100 �C and 150 �C. (b) Gas response
as a function of the NO2 concentrations at various temperatures. (c and d) are response and recovery times of the MoS2-48h senor as a function
of NO2 concentrations at different temperatures. (e) Comparison of the gas responses to 1–10 ppmNO2 of the sensors based onMoS2 grown for
24, 36, 48 and 60 hat RT.
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gas and the MoS2 surface.20,38,39 In addition, Ikram et al. indi-
cated that the high specic surface area not only increases the
response of the sensor but also plays an important role in fast
response and recovery times.41 Thus, understanding the
detailed mechanism for the complete recovery of the sensor is
still under debate because of the combined effects of physi-,
chemi-sorption, role of defects sites and transduction mecha-
nism37. As shown in Fig. 6(a), despite its slow rates, the sensor
based on MoS2-48 h MoS2 showed complete response and
recovery to NO2 gas at RT. This result can be mainly attributed
to the large specic surface areas and the defects on the MoS2
surface.

For quantitative analysis, the response and recovery times of
the MoS2-48 h MoS2 sensor to 1–5 ppm NO2 (no calculation at
This journal is © The Royal Society of Chemistry 2020
10 ppm NO2 because the recovery resistance curves were not
measured completely at this concentration) were deduced from
its transient resistance, as shown in Fig. 6(c) and (d), respec-
tively. The data showed that the response time of the sensor
working below 100 �C was not much different. A similar
behaviour was also obtained for the recovery time of the sensor
at low temperatures. While the sensors working at high
temperatures of 100 �C and 150 �C showed evidently faster
response and recovery times than that working at low temper-
atures. The response/recovery times to 5 ppm NO2 were about
125 s/485 s and 95 s/320 s at RT and 150 �C, respectively. The
fast response/recovery times can be attributed to the thermal
energy generated at high temperatures, which reduced the
RSC Adv., 2020, 10, 12759–12771 | 12765
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defects on the MoS2 surface and accelerated the desorption of
the absorbed gas.

The transient resistance curves of the sensors based onMoS2
grown for 24, 36, and 60 h to 1–10 ppm NO2 gas at different
temperatures are shown in Fig. S3, S4 and S5† (in comple-
mentary data), respectively. The data also indicated the p-type
semiconducting characteristic of the synthesised MoS2 under
different growth times. The gas responses of each sensor are
summarised in Fig. S3–S5.† Fig. 6(e) presents a comparison of
the NO2 gas responses of the sensors based on the MoS2 grown
for 24, 36, 48 and 60 h at RT. Among the sensors, the sensor
based on the MoS2-48 h sample had the highest response to 1–
10 ppm NO2. The highest gas response at 10 ppm NO2 was
67.4%. The highest sensitivity can be attributed to the syner-
gistic factors of the largest specic surface area, smallest crys-
tallite size and lowest activation energy of the MoS2-48 h sample
as presented above, thereby contributing to the improved
sensitivity of the sensor. For all the measured sensors, high gas
response was obtained for the low activation energy, small
crystallite size and large specic surface area of the MoS2
sensing layer. Namely, the gas sensitivity gradually decreased
for the sensors based on MoS2 nanostructures grown for 48, 60,
36 and 24 h, which is consistent with their reduced specic
surface area (56.57, 40.72, 28.55 and 14.97 m2 g�1), increased
activation energy (0.08, 0.11, 0.13 and 0.15 eV) and crystallite
size (3.51, 3.67, 3.81 and 4.43 nm).

The gas-sensing characteristics of the MoS2 nanostructures
can be explained by the Langmuir–Hinshelwood mechanism
for chemical reaction of the tested gas with adsorbed oxygen
molecules on the surface of the sensing layer, leading to change
in the sensor's resistance.36,42,43 As shown in Fig. 7(a), when the
p-type semiconducting MoS2 nanostructures were exposed to
ambient air, oxygen molecules were adsorbed on the MoS2
surface and electrons were captured from the valence band of
the MoS2 to form the oxygen ion species (O2

�, O� and O2�) (eqn
(5)–(8)) as follows:

O2(gas) / O2(ads), (5)

O2(ads) + e� / O2
�, (6)
Fig. 7 NO2 sensing mechanism of the MoS2 nanoflowers: (a) in air and
(b) in tested gas.

12766 | RSC Adv., 2020, 10, 12759–12771
O2(ads) + 2e� / 2O�, (7)

O2(ads) + 4e� / 2O2�. (8)

However, the sensors were measured at low temperature
from RT to 150 �C; thus, the oxygen ion O2

� was dominant.44,45

The adsorption of oxygen molecules on the surface of the p-type
MoS2 by trapped electrons from the valence band resulted in
a hole accumulation layer and decreased baseline resistance.
When the NO2 was injected into the sensing layer, as illustrated
in Fig. 7(b), the oxidising gas extracted electrons, which reacted
with the adsorbed oxygen followed by, eqn (9) and (10) thereby
creating more holes into the valence band.46 Therefore, the
sensor resistance decreased upon exposure to NO2 gas, as
follows:19,46

NO2 + e� / NO2
�, (9)

NO2 + O2
� + 2e� / NO2

� + 2O�, (10)

NO2
� + VS

++ / NO2 + h+. (11)

A large number of defects such as S vacancies (VS
++) at RT can

be found in pristine MoS2, and these defects serve as reactive
sites for target gas adsorption.19,36 The interaction mechanism
between NO2 gas molecules and S vacancies is shown in, eqn (9)
and (11) which generated signicant holes into the valence
band, thereby highly increasing the gas response at RT. When
the temperature was increased, the electron mobility increased
but the number of electrons may not be increased signicantly;
inversely, the number of S vacancies decreased drastically. As
a result, less holes were created, and the response decreased at
high temperatures.

Recent works on NO2 sensors based on different MoS2
nanostructures are summarised in Table 1 in terms of OT, gas
concentration and gas response. The sensors based on pure
MoS2 nanostructures showed very low response to NO2 gas even
at high concentrations (5–500 ppm) under RT and elevated OT.
The gas response of the sensors was increased by the surface
functionalisation and heterojunction formation of the MoS2
nanostructures with other noble metals and metal oxide/carbon
nanotubes, respectively. However, the enhancement of the
response was still negligible and the NO2 gas concentration was
extremely high (50–100 ppm). For example, Deokar et al. re-
ported that a sensor based on MoS2–carbon nanotube hybrids
exhibits a response of 12.6% to 50 ppm NO2 at RT.47 In the
present study, the pure MoS2 ower nanostructure-based sensor
showed a high response of 67.4% to a low NO2 concentration of
10 ppm under similar OT at RT.

The NO2 gas response of the sensor based on MoS2 nano-
structures was the highest at RT. Thus, investigating the effect
of humidity on the sensor characteristics is necessary for future
practical applications. We measured the response of the
representative gas sensor based on the MoS2-48 h sample to
1 ppm NO2 at RT under changing relative humidity (RH) from
60% to 90%. The RH was controlled using a lab-made setup,
This journal is © The Royal Society of Chemistry 2020
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Table 1 NO2 gas-sensing performance of the sensors based on different MoS2 nanostructures

No. Materials OT (�C)
Concentration
(ppm) Responsea (%) Ref.

1 MoS2 nanowire network 60 5 18.1 17
2 MoS2 nanospheres 100 50 60 21
3 MoS2–Au thin lm RT 2.5 30 55
4 MoS2/Si heterojunctions RT 50 28.4 56
5 MoS2 layer RT 100 10 57
6 Nanostructure MoS2 75 50 17.5 58
7 UV-assisted 2D MoS2 RT 10 27.5 59
8 MoS2 hollow spheres 150 500 88.3 50
9 PbS/MoS2 composites RT 100 22.5 22
10 MoS2 nanoowers RT 10 67.4 This work

a Response was calculated by Sð%Þ ¼ Rgas � Rair

Rair
� 100; or Sð%Þ ¼ Rair � Rgas

Rair
� 100:
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including a humidier connected with a humidity sensor, as
shown in Fig. S1.† Humidity was created in the sensing
measurement chamber through a humidier, and moisture
content was detected by a humidity sensor connected to the
humidier. This sensor helps control the on/off state of the
humidier upon the set values of the RH. Fig. 8(a) exhibits the
sensor resistance upon exposure to 1 ppm NO2 gas at RT with
Fig. 8 (a) Transient resistance curves of the sensor based on the MoS
polynomial fit of the baseline data of the response curve. (c) Linear fit of
MoS2-48h sensor to interfering gases.

This journal is © The Royal Society of Chemistry 2020
different RHs. The baseline resistance of the sensor based on p-
type MoS2 nanostructures increased with increasing RH from
60% to 80%. The possible reason is the humid ambience,
wherein water molecules interacted with lattice sites and/or
defects as active sites on the MoS2 surface. As a result, more
electrons were generated on the sensing layer surface. However,
the synthesised MoS2 shows p-type semiconducting behaviour
2-48h sample to 1 ppm NO2 at RT under the different RHs. (b) Fifth
gas response versus NO2 gas concentrations. (d) Gas responses of the

RSC Adv., 2020, 10, 12759–12771 | 12767
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with majority charge carriers of holes, thereby increasing the
resistance of the sensor in humid ambience.48,49 The resistance
of the sensors gradually decreased when the RH was further
increased to 90%. This observation is a characteristic of p-type
materials and in agreement with previous works.48,49 On the
basis of eqn (2), the calculated gas response of the sensor
slightly decreased when the RH was increased from 60% to
90%, as shown in Fig. S6(f).† This result can be attributed to the
presence of water molecules in the humid ambience, which
interact with lattice sites and/or defects on the MoS2 nano-
owers, thereby decreasing the number of active sites for the
adsorption of the tested gas.41,50 The large number of water
molecules at high RH ambience results in less active sites and
reduced surface area, thereby decreasing the gas response.41,50

However, the reduction in the response is small because the
water molecules on the MoS2 surface are already abundant at
60% RH. Thus, further increasing the RH to 90% contributes
insignicantly to further decreasing the number of active sites
on the MoS2 nanoowers. This phenomenon causes the gas
response to slightly decrease with increasing RH. Therefore,
humidity has a low effect on the MoS2 nanoower sensor at RT.
This nding is important in developing a NO2 gas sensor
working at RT for future integration into smart and/or portable
devices.

Although the sensor resistance varies with different RHs, the
calculated gas response of the sensor relying on eqn (1) indi-
cated an insignicant change with four measured RHs. This
result demonstrated the RH-independent sensing characteris-
tics of the MoS2 ower-based sensors at RT, which play an
important role in developing a NO2 gas sensor working at RT for
future integration into smart and/or portable devices.

In addition to the humidity effect, the DL and selectivity of
the fabricated sensor are also important parameters for prac-
tical applications. Fig. 8(b) and (c) display the h-order poly-
nomial t of 15 experimental data points and the linear t of the
gas response as a function of NO2 concentrations at RT,
respectively. On the basis of the tting results, the DL value of
the fabricated sensor was calculated as follows (12):51

DL ¼ 3rmsnoise

Slope
; (12)

where rmsnoise is the root-mean-square standard deviation ob-
tained from Fig. 8(b), and Slope is extrapolated from the cali-
bration curve obtained from Fig. 8(c).52,53 Namely, we took 15
experimental data points at the transient response baseline
before exposing to NO2 gas. The h-order polynomial t of the
15 data points, as shown in Fig. 8(b), provided the statistical
parameters of the polynomial t or residual sum of squares
(RSS) of 0.07507, which was used to calculate the rmsnoise:

rmsnoise ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðSi � SÞ2

N

s
¼

ffiffiffiffiffiffiffiffiffi
RSS

N

r
; (13)

where Si and S are the measured data point and corresponding
value calculated from the h-order polynomial tting equa-
tion; N is the number of data points used for the tting (N¼ 15).
Therefore, rmsnoise was calculated to be 0.21223. The slope was
12768 | RSC Adv., 2020, 10, 12759–12771
extrapolated from the linear tting in Fig. 8(c), which was
2.5186 ppm. Thus, the DL was calculated using eqn (12) to be 84
ppb, which allowed the RT sensor to detect the sub-ppm NO2

concentration for practical applications.
Fig. 8(d) displays the gas response of the sensor based on the

MoS2-48 h sample to different oxidising and reducing gases
(10 ppm NO2, 20 ppm SO2, 500 ppm NH3, 500 ppm CO,
1000 ppm H2 and 4000 ppm CH4) at RT for the analysis of the
selectivity properties of the sensor. The transient resistance
curves of the sensor upon exposure to different gases are shown
in Fig. S6(a)–(e) in ESI.† Although the concentration of the
interfering gases was much higher than that of NO2 gas, the
sensitivity of the sensor to NO2 gas was still much higher than to
the interfering gases. This result can be explained by the
stronger electronic interaction of NO2 gas with MoS2 owing to
the higher adsorption energy of NO2 on the active sites of the
MoS2 nanoowers compared with the other tested gases.16,17

This result is consistent with previous theoretical calculations
on the adsorption energy of various gases on MoS2 materials.54

The sensors based on the MoS2-48 h sample have good
selectivity.
4. Conclusion

Sensors based on ultrathinMoS2 nanoowers grown at different
times of 24, 36, 48 and 60 h were fabricated by using the
hydrothermal method. The morphology, crystal structure,
composition and atomic structures of the grown MoS2 ower-
like nanostructures were investigated using SEM, XRD,
Raman spectroscopy, EDX and TEM. The results indicated the
formation of well-dened crystal structure of the MoS2 nano-
owers comprising ultrathin petal-like nanosheets. The largest
BET specic surface area of 56.57 m2 g�1 and smallest activa-
tion energy of 0.08 eV were obtained from theMoS2 nanoowers
grown for 48 h, which were responsible for enhancing the gas
sensitivity of the sensor. The sensor based on the MoS2-48 h
sample showed the highest gas sensitivity of 67.4% to 10 ppm
NO2 at RT. The NO2 gas-sensing mechanism was discussed in
detail. This sensor possessed a higher selectivity to NO2 gas
compared with interfering gases (SO2, H2, CH4, CO and NH3),
RH-independent sensing properties and a low detection limit of
84 ppb. The fabrication of RT gas sensors with RH-independent
sensing property and good selectivity and detection limit opens
up the future application of the sensor to smart, portable and
IoT-based devices.
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