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Introduction

Controlled growth of 3D assemblies of edge
enriched multilayer MoS, nanosheets for dually
selective NHz and NO, gas sensorsf

*3 Aanchal Alagh,® Polona Umek,”
“ and Eduard Llobet (2 °

Fatima Ezahra Annanouch,
Juan Casanova-Chafer, (2 Carla Bittencourt

Herein, we report on the successful controlled growth of edge enriched 3D assemblies of MoS,
nanosheets by adjusting the gas flow rate during atmospheric pressure CVD. The results revealed that
30 ml min~! was the optimal flow rate, in which the growth direction shifts from in-plane nanosheets to
out-of-plane 3D assemblies of MoS, nanosheets. It is suggested that, at this flow rate, we have an ideal
tradeoff between the surface interaction and the mass transport of precursor molecules. Morphological,
structural and chemical composition analyses showed the formation of vertically oriented MoS,
nanosheets with MoOs_, impurities, resulting from the incomplete sulfurization during the synthesis.
Based on the morphological evolution of the studied material, the growth mechanism was explored.
The gas sensing properties of the as grown films were tested against NHz and NO,. They exhibited
stable and reproducible responses with excellent sensitivity to ppm-level NHz (20% response to 2 ppm)
and ppb-level NO, (11% response to 20 ppb). Additionally, this nanomaterial showed dual selectivity
towards NHz at room temperature and NO, at 100 °C. To the best of our knowledge, none of the
reported studies on MoS, based gas sensors have described this dual selectivity. The experimental
detection limit was below 2 ppm for NHz while it was below 20 ppb for NO,. Besides, the vertical
growth of edge enriched MoS, bestows the sensors with notable resilience against high levels of
ambient humidity. The sensor response was only slightly increased (R = 70%) in a humid environment
compared to a dry background (R = 65%) when measuring 800 ppb of NO,. Therefore, this paper shows
for the first time that by adjusting the flow rate it is possible to tune the morphology of AP-CVD grown
MoS, for achieving a 3D sponge-like assembly of nanoflakes, showing high sensitivity to NO, and NHsz
and low humidity cross-sensitivity. In addition, the nanomaterial can be made quite specific for
detecting NO, or NHz by selecting its operating temperature.

electrical noise.>” However, its lack of band gap prevents this
material from exhibiting semiconducting properties.*® This

Graphene with its hexagonal lattice structure was the first two
dimensional (2D) material that fascinated researchers and
scientists, thanks to its unique properties and broad relevant
applications.’™ In contrast to conventional gas sensors based
on MOX nanostructures,” graphene offers some advantages
such as large specific surface area (i.e., atomically 2D form),
high conductivity, moderate operating temperatures, and low
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shortcoming is relevant for developing chemoresistive gas
sensors and has inspired researchers to move towards other
atomically layered 2D semiconductor materials with a defined
band gap. Among the 2D materials that have been identified
and investigated for gas sensing applications, we found tin
sulfide (SnS,), molybdenum selenide (MoSe,), tungsten disulfide
(WS,), molybdenum disulfide (MoS,), phosphorene and tellurene
only to cite a few.”™°

Molybdenum disulfide belongs to the family of transition
metal dichalcogenide (TMD) materials, in which molecular
layers are stacked together by van der Waals forces. It is an
n-type semiconductor with a band gap ranging from 1.2 eV for
the bulk MoS, (indirect band gap) to 1.83 eV for the monolayer
MoS, (direct and wider band gap).'” Indeed, the bandgap of
TMD materials depends on the number of their atomic layers,
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which provides different possibilities for their application in
various fields such as optoelectronics,'® solar cells,”® photo-
catalysis and gas sensors.? It was reported that a high quality
monolayer fit well with FET devices, whereas few layer TMDs
are suitable for gas sensing applications. Babar and co-workers
found that bilayer and hetero-bilayer MoS, and WS, showed
improved gas sensing performances compared to their
monolayers.” Late and co-workers showed that few layer
MosS, exhibited excellent sensing performances towards NO,,
NH; and humidity, compared to the MoS, single layer.”?
Additionally, obtaining a continuous monolayer is very challeng-
ing, and most reports describe the synthesis of discontinue
monolayer domains dispersed on the top of the substrate.>*>
This non-continuity is a drawback for their use in chemoresistive
transduction schemes in gas sensing applications.

Recently, the three-dimensional (3D) assembly of multilayer
TMD nanosheets has attracted the attention of many researchers,
since the gas adsorption at the edge sites of the TMD nanosheets
is more significant than at their basal plane, thus enhancing
sensitivity and selectivity.?*® In the case of MoS,, its basal
plane is most of the times used as a chemical receptor, because
it is easy to expose and produce using exfoliation or chemical
vapor deposition techniques. However, this basal plane surface
has minimal dangling bonds, and due to thermodynamic
forces, it is difficult to expose their edge sites to the
environment.”>*? In contrast, in 3D MoS, nanosheets, the edge
sites have a local stoichiometry with physical and electronic
properties that make them more exposed. Moreover, the ver-
tical nanosheets are formed by the (002) plane, which usually
ends with the predominance of either exposed molybdenum
atoms or exposed sulfur atoms.>'?> Cho and coworkers
reported highly enhanced gas adsorption properties in verti-
cally aligned MoS, layers.”® They found about 5-fold enhanced
sensitivity to NO, gas molecules compared to horizontally
aligned MoS, films. This finding was corroborated by density
functional theory (DFT) calculations. Lee and co-workers
showed that the addition of active edge sites enhances the
surface-to-mass ratio and the resulting gas-sensing properties.”®
Agrawal and co-workers reported that the total surface free
energy of MoS, increases by increasing the density of the edge
sites, which enhances the catalytic activity of the MosS,
material.”” Therefore, it is essential to develop 3D assemblies
of edge enriched MoS, networks rather than in-plane MosS,
lattice geometries for the fabrication of highly sensitive gas
sensors. The most reported techniques that are used for this
growth are hydrothermal and atmospheric pressure CVD
(APCVD).***” Using the hydrothermal method to synthesize
MoS, nanosheets, hazardous precursors such as molybdenum
chloride are needed, which can release harmful chloride vapors.
Moreover, it involves a many-step fabrication process and, thus,
it is a time-consuming technique. Conversely, in the APCVD
technique, we need sulfur and molybdenum precursor sources.
The deposition occurs in a single step, at atmospheric pressure
without the assistance of hydrogen, in a self-catalyzed process.
It has a large yield with a direct deposition onto the sensor
substrate. Additionally, it is a catalyst free technique.
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In the literature, there are few reports on 3D assemblies of
edge enriched MoS, nanosheets for gas sensing applications.
For instance, Agrawal and co-workers presented photoactivated
mixed in-plane and edge-enriched p-type MoS, flake-based NO,
sensors working at room temperature.*® In that study, the
vertical flakes were not interconnected between them, and
there were more in-plane flakes rather than edge enriched
vertical ones. Moreover, the sensors were assisted by UV light
and the NO, concentrations tested were very high, ranging from
10 to 500 ppm. Jaiswal and co-workers reported vertically
aligned edge-oriented MoS, nanostructured thin films function-
alized by Pd nanoparticles for gas sensing applications.*® These
films were deposited via a single step dc-magnetron sputtering
technique. Their morphology was characterized by a continuous
porous film with dispersed grains and the absence of a multi-
layer MoS, nanosheet network. Besides, the fabricated sensor
showed low sensitivity against very high concentrations of NH;
and NO, gases, at room temperature. The responses were
2.5% and 5% against 500 ppm of NH; and NO,, respectively.
Hang and coworkers studied the controlled growth of vertically
oriented three-layer MoS, nanoflakes for room-temperature NO,
gas sensor applications.>® The density and thickness of MoS,
nanosheets were controlled by varying the heating rate of a CVD
process conducted under vacuum. The fabricated sensors dis-
played good sensitivity and selectivity towards NO,. The
response towards 0.5 ppm NO, at room temperature was
20.1%. However, the effect of ambient humidity cross-
sensitivity was not studied.

In this paper, we report for the first time the successful
controlled growth of, large scale, 3D assemblies of edge
enriched MoS, nanosheets using a single step atmospheric
pressure CVD method for the fabrication of dually selective
NH; and NO, gas sensors. During depositions, no hydrogen
assistance was used. The films were obtained by controlling
the argon gas flow rate during the APCVD process. In addition,
they were directly grown on the sensor substrate without the
need for further fabrication steps or seeding with noble
metals. Moreover, an extensive material characterization
study of the as grown nanostructured films was performed
by using FE-SEM to analyze the morphology, XRD and Raman
spectroscopy to verify the structure, and XPS and HRTEM
to identify the chemical composition. Besides this, the
growth mechanism was thoroughly studied by analyzing
the morphology evolution of the 3D assembly of MoS,
nanosheets, which is not often reported in the literature.
The gas sensing performance of the synthesized films was
tested against low concentrations of NH; and NO, (at con-
centrations under the threshold limits defined for health
safety standards). Sensors were operated at room temperature
and at 100 °C and tested under dry and humid (50% R.H.)
conditions. Sensors showed high sensitivity with dual selec-
tivity behavior. Namely, they were selective to NH; when
operated at room temperature and NO, when operated at
100 °C. It is worth noting that reports on MoS, based gas
sensors have never reported such advantageous dual selectiv-
ity towards two different pollutant gases.

This journal is © The Royal Society of Chemistry 2022
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Experimental section
Material synthesis

The atmospheric pressure CVD (APCVD) method was employed
to grow the edge enriched 3D assemblies of MoS, nanosheets.
As it is shown in Fig. S1a (ESIt), the system was composed of a
quartz tube-in-tube growth chamber, a heating belt and a CVD
furnace. The small quartz tube has a diameter of 15 mm while
the large tube is 38 mm in diameter. Before starting the
synthesis, the substrate (SiO,, 300 nm) was cleaned with
acetone (30 min), isopropanol (30 min) and distilled water.
Then, it was dried in air, placed vertically in a homemade
ceramic support and then pushed inside the CVD furnace.
MoO; powder (25 mg, 99.97%, Sigma-Aldrich) and sulfur
powder (700 mg, 99.97%, Sigma-Aldrich) were loaded sepa-
rately in two ceramic boats and located in distinct zones
(heating belt and CVD furnace) in order to provide independent
temperature control. The distance between MoO; and S was 25 cm
while the distance between MoO; and the substrate was 5 cm.
The APCVD synthesis procedure was composed of five steps:
(1) the growth chamber (tube-in-tube) was flushed with argon
(500 mI min~") for 30 min in order to remove oxygen molecules;
(2) the furnace was ramped to 850 °C under an Ar flow of
100 ml min~"; (3) once the furnace reached 500 °C, the heating
belt (200 °C) was powered on, and the sulfur began to evaporate
(Fig. S1b, ESIY); (4) when the temperature of the furnace
reached 850 °C, the Ar flow was modified and set according
to the different growth conditions (10, 30 or 70 ml min™") for
60 min; (5) the furnace was left to cool down while the heating
belt was kept ON, to provide a sufficiently sulfur rich atmo-
sphere, thus avoiding the oxidation of the film deposited.

Material characterization techniques

The morphology of the prepared samples was analyzed using a
scanning electron microscope (SEM-FET quanta 600) coupled
with a field-emission scanning electron microscope (FESEM)
Hitachi 2000 and FEI Helios Nanolab 650. The crystal structure
at the atomic level was studied by high-resolution transmission
electron microscopy (HRTEM) (Jeol, JEM-2100) and X-ray
diffraction using a Bruker-AXS D8-Discover diffractometer
equipped with a parallel incident beam (Gober mirror), vertical
XYZ motorized stage and with a GADDS (General Area Diffrac-
tion System). Elemental and chemical analyses were performed
via X-ray photoelectron spectroscopy (XPS) using a versaprobe
PHI5000 spectrometer (equipped with a monochromatic Al Ko
X-ray source). For data analysis, the CASA XPS software was
used. The Raman spectra were recorded using a Renishaw
inVia, laser 514 nm, ion argon-Novatech, 25 mW.

Gas sensing measurements

Gas sensing measurements were performed in a Teflon chamber
with a volume of 35 ml. The test chamber has an inlet and an
outlet and connectors for housing up to four sensors at the same
time. The inlet was connected to the gas delivery system and the
outlet was connected to the exhaust. Regarding the sensors, they
were fabricated in our lab by connecting two platinum wires to

This journal is © The Royal Society of Chemistry 2022
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the growth substrate using the silver paste as depicted in Fig. S2
(ESIt). Besides this, the substrate was attached to a ceramic
hotplate that comprised a platinum resistive heater, using
a conductive epoxy. This allowed increasing the operating tem-
perature above room temperature when needed. Finally, the
whole device was wire-bonded to a PCB that could be plugged
inside the test chamber. The sensor responses were obtained by
monitoring the sensing film resistance using an Agilent-34972A
multimeter. To acquire the target concentration, calibrated
cylinders of nitrogen dioxide (total concentration, 1 ppm),
ammonia (total concentration, 100 ppm), hydrogen (total
concentration, 1000 ppm) and carbon monoxide (total concen-
tration, 100 ppm) were mixed with pure synthetic air using
Bronkhorst mass-flow controllers and associated software. The
total flow rate was kept constant at 100 ml min~* during all the
experiments. The exposure time to the target gas was fixed to
10 min, while the duration of the cleaning phase (dry air) was
adapted to the sensor operating temperature. It was 50 min for
measurements performed at 100 °C and 120 min for the ones
realized at room temperature. For calibrating the sensors,
we expose them to dry air for 4 hours before each cycling
measurement and for 1 night before measuring a new gas. This
calibration was needed in order to reach the initial baseline
resistance and clean the sensor surface as well as the chamber.
Moreover, humidity measurements were conducted by intro-
ducing 50% of relative humidity during the hole gas cycling
measurements. The sensor response was calculated by using
eqn (1) for reducing species and by eqn (2) for oxidizing ones.
Additionally, the response and recovery time are defined as the
time required to reach 90% of the total changes in resistance in
the case of detection and recovery phases, respectively.

(Rair - I;gf:) x 100 (1)
(Rgas _ﬁjlrr) x 100 (2)

Results and discussion
Material characterization

MoS, nanostructured thin films were synthesized at 850 °C
using a tube-in-tube, hydrogen free APCVD method. Samples
were directly grown on 300 nm thick SiO, on Si substrates (1 x
2 ecm?) without any further fabrication step. This configuration
(tube-in-tube) leads to the stable provision of both gaseous
precursors to the reaction area, near the substrate, during the
whole deposition. Additionally, it allowed us to avoid the
quenching and gradual sulfurization of MoO; caused by sub-
limated sulfur. The films were grown under three different
carrier gas (Ar) flow rate conditions: 10, 30 and 70 ml min "
and were labelled as MoS,-10, MoS,-30 and MoS,-70, respec-
tively. Fig. 1 depicts the FE-SEM images obtained from the three
samples. It is clear that the flow rate significantly affected
the obtained morphologies. At an argon gas flow rate of
10 ml min~", we achieved sparse multilayer MoS, nanotriangles
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10 mi/min

30 ml/min

70 ml/min

Fig. 1 FE-SEM images of the grown films using (a) 10 ml min™ (b) 30 ml min™ and (c) 70 ml min~* of argon flow rate.

dispersed all over the substrate (Fig. 1(a)). Each one consisted of
several nanotriangles deposited on top of each other, forming a
pyramidal shape. More images are provided in the ESI,T Fig. S3.
When the argon gas flow rate was increased to 30 ml min*, the
morphology was changed from in plane MoS, nanotriangles to
out-of-plane, edge enriched 3D assemblies of MoS, nanosheets
(Fig. 1(b)). The film was continuous (Fig. S4, ESIt), completely
coating the substrate area. The size of the nanosheets was not
completely homogeneous, and they were longer in the center of
the substrate while they grew shorter at the borders. A further
increase in the argon gas flow rate (70 ml min~"') generated
another change in the morphology of the samples. From
Fig. 1(c), we can observe a continuous layer of 2D quadrilateral
nanostructures with different sizes, deposited randomly over
the substrate. Based on the literature, at a low gas flow rate
(10 ml min "), the mass transport of the precursor species limits
the amount of the deposited nuclei onto the substrate active
sites. In this reaction, the crystal growth is carried out by the
thermodynamics regime where the surface chemical reaction
rate is proportional to the carrier gas flow rate and the deposited
nuclei are grown laterally to form nanotriangles. At a flow rate of
30 ml min~", the direction growth becomes out-plane and the
crystal growth changes from the thermodynamics regime to
kinetics one. This case of growth is further studied and illu-
strated in the growth mechanism section.

At a high gas flow rate (70 ml min~"), an overdose of
the precursors’ species arrived to the substrate active sites,
outperforming the rate-ability of the surface reaction that could
occur at the deposition temperature (850 °C), leading in gas
phase reactions before reaching the substrate sites and depos-
iting nanoflakes at the surface of the substrate. Herein, the
CVD is controlled by a surface reaction.®™*>

Therefore, at an argon flow rate of 30 ml min™ ", we have a
perfect fit between the surface interaction and the mass trans-
port of precursor molecules, resulting in a suitable morphology
for gas sensor fabrication. In fact, it offers a large surface area
to volume ratio with enriched exposed edge sites, has plenty of
voids for gas diffusion, and has many defects that make it
highly reactive with gas molecules.

The crystal structure of the films was analyzed by an X-ray
diffraction (XRD) method. Fig. 2 shows the XRD patterns
recorded for MoS,-30 and MoS,-70 films in the range of 20°
to 80°. It can be deduced that the analyzed samples have a
polycrystalline structure. For MoS,-30, we detected peaks at
33.4°%,34.1°, 40.9°, 44.2°, 58°, 60° and 69°, which are attributed

1
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Fig. 2 XRD patterns recorded for MoS,-30 and MoS,-70 films.

to the (101), (012), (015), (009), (110), (113) and (202) planes of
MoS,, respectively, according to the JCPDS card number (77-
0341). Also, we noticed peaks at 25.7°, 36.7°, 37.34°, 53.15° and
66.4°, which belong to the (—111), (200), (—202), (220) and (202)
planes of MoO,, respectively, in accordance with the JCPDS
card number (32-0671), and peaks located at 23.3°, 27.3°, 38.9°
and 49.2° which correspond respectively to the (100), (011),
(102) and (020) planes of MoO; (JCPDS card number: 47-1320).
Regarding MoS,-70, we found peaks at 25.9°, 37.4° and 57.4°,
indicative of the (—111), (—202) and (—303) planes of MoO,
(JCPDS card number: 32-0671), respectively, and two peaks at
44.2° and 60° assigned to the (009) and (113) planes of MoS,,
respectively (JCPDS card number: 77-0341). The peaks indexed
by black arrows in Fig. 2 are enlarged and clearly displayed
in Fig. S5 (ESIY). It is worth noting that we could not analyze
MoS,-10 samples, since the nanotriangles were very small and
sparsely dispersed over the substrate; thus it was difficult to
localize them. Therefore, the presence of an intermediate
MoO;_, in both samples can be associated with the insufficient
sulfurization (i.e. the incomplete CVD reaction) of MoO; and

This journal is © The Royal Society of Chemistry 2022
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the presence of some oxygen molecules inside the CVD tube
during the APCVD. Many studies in the literature reported the
presence of these intermediate phases when the MoO; precur-
sor is used and this is an issue that should be addressed in the
future. Based on the literature,*® MoO; is first reduced to
MoO;_, and with further sulfur it is converted to MoS,.
Equations (eqn (3) and (4)) describe the conceivable chemical
reaction that can occur during the synthesis.

2Mo0O; + xS — 2Mo0O;_, + xSO, (3)
2Mo00O;_, + (7 — x)S — 2MoS, + (3 — x)SO, (4)

Additionally, from the XRD patterns, the MoS,-30 samples
contain more MoS, peaks than those observed in the Mo0S,-70
samples. This can be related to the CVD reaction time and the
amount of sulfur that reaches the substrate. These two para-
meters are strongly influenced by the gas flow rate used during
the deposition.

Fig. 3 displays the Raman spectra recorded for MoS,-10,
MoS,-30 and MoS,-70 samples. The results showed the presence
of two common peaks in all the samples near 400 cm . They
belong to the two vibration modes of MoS,: the in-plane vibration
of molybdenum and sulfur atoms E;, and out-of-plane vibration
of sulfur atoms A,,.*”** Besides, in M0S,-70 samples, we observed
other obvious peaks at 283, 336, 663, 818 and 992 cm™ ', which are
assigned to the MoO, phase.***® Additionally, in MoS,-30, we
noticed three of these peaks, located at 283, 818 and 992 cm ™/,
but with very low intensity. Regarding the MoS,-10 spectrum, we
did not detect further peaks rather than the ones of MoS,.
Consequently, these Raman results confirm the formation of
MoS, with intermediate MoO;_, products in samples prepared
by using 30 ml min~" and 70 ml min~", which is in line with the
XRD results.

* MoO,

MoS,-70

Mos,

Intensity (arb, units)

s

LI

400

N/*_JU N .
)

200 600 800 1000

Raman shift (cm™)
Fig. 3 Raman spectra of MoS,-10, MoS,-30 and MoS,-70 films.
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Table 1 summarizes the position of Eég and A;; MoS,
vibration modes, the difference between them (4) and their
intensity ratio (Iao) for all samples. In fact, using 4 informa-
tion, this helps in inferring the number of MoS, layers that
compose the film. As we can see from Table 1, 4 > 26 indicates
the formation of the multilayer MoS, material in all the grown
films. Moreover, the intensity ratio I;a, provides more infor-
mation about the vertical orientation of the MoS, nanosheets
grown by the APCVD technique. Indeed, the Eig peak resulted
from the vibration of the Mo atom in the in-plane and opposite
to two S atoms, whereas in the A;; peak the Mo atom is
immobile and the two S atoms vibrate in opposite directions
in the out-of-plane direction. Hence, Eig is in preference to be
emitted from the in plane oriented MoS, nanosheets, while A,
is preferred by the edge sites of vertically oriented MoS,
nanosheets.”” Therefore, a decrease in the intensity ratio, is
correlated with an increase in the vertical orientation of the
MoS, nanosheets. Based on the calculated intensity ratio of all
the samples, the lowest ratio was observed for MoS,-30 which
exhibits vertically oriented MoS, nanosheets while the highest
one was recorded for the sample composed of 2D nanotrian-
gles. These observations are in line with the FE-SEM results.

As we have mentioned in the Introduction section, the
samples enriched with edge sites are more suitable for gas
sensing applications. Consequently, we have further studied
the chemical composition and the morphology and the struc-
ture of the MoS,-30 films by using XPS and HRTEM analyses.
Fig. 4(a) displays the core level spectra of Mo (3d) obtained from
the MoS,-30 sample. The molybdenum spectrum exhibits four
peaks which were reproduced by three separate doublets. The
first one with components, located at 229.5 eV (3ds,) and
232.8 eV (3ds,) which correspond to MoS,.”” The second
doublet is composed of two small peaks at 229.8 eV (3ds)
and 232.9 eV (3ds,), which are attributed to MoO,.>” The last
doublet with components at 232.8 eV and 236 eV, which are
assigned to MoO3."” Along with Mo doublets, we have observed
a peak at 226.8 which corresponds to S (2s). Fig. 4(b) illustrates
the S (2p) spectrum of the MoS,-30 sample. It is composed of an
S (2p) doublet positioned at 162.6 eV and 163.8 eV, which
correspond to S (2pss) and S (2pis) spectral lines of S~ in
MoS, and a peak at 168.5 eV. This later can be ascribed to
MoO,S,. Thus, the XPS results are in line with the ones
obtained from XRD and Raman spectroscopy.*”*®

TEM and HRTEM were employed to investigate in detail the
morphology and the composition of the MoS,-30 samples.
Fig. 5(a) shows multilayer nanosheets with sizes ranging from
400 nm up to 1.5 pm in one dimension. The layers were
crystalline, and their surface was very clean without any amor-
phous material. In addition, in some regions, we detected

Table 1 Summary of Raman data for the as grown samples

Sample name Esg Ay 4 = (Arg — Edy) Latio = (Ezg/Adg)
Mo0S,-10 381 408 27 0.55
MoS,-30 379 405 26 0.49
Mo0S,-70 378 404 26 0.52
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Fig. 4 XPS spectra of (a) Mo 3d and (b) S 2p core-levels of the MoS,-30 sample.

nanosheets with randomly deposited layers while in other
regions the layers were arranged in a stepwise manner. On
sheet 1, indexed by an orange arrow in Fig. 5(b), we verified the
average interlayer distance measured on 10 fringes, and the
calculated value was 0.615 nm, which corresponds to the (002)
plane of MoS, (phase 2H) (JCPDS card number 00-037-1492). In
the second sheet (Fig. 5(c)), the measured d-spacing was
0.63 nm (only 6 layers). This distance coincides with the (002)
plane of MoS, (phase 2H) (JCPDS card number 75-1539). In the

— "‘ £ SR \‘

Fig. 5 HRTEM images of the MoS,-30 sample: (a) TEM images of multi-
layer MoS, nanosheets and HRTEM of (b) sheet 1 with a d-spacing
of 0.615 nm, (c) sheet 2 with a d-spacing of 0.63 nm, (d) sheet 3 with a
d-spacing of 0.27 nm and (e) quadrilateral nanostructures.
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third sheet (Fig. 5(d)), the d-spacing was 0.27 nm which is
assigned to the (100) plane of MoS,.*° In the last sheet (sheet 4,
Fig. 5(d)), the d-spacing was 0.68 nm, and it was measured on
6 fringes. This value is ascribed to the expanded interlayer
MoS,.>® According to the literature, the difference observed in
the (002) d-spacing can be explained by the presence of sulfur
vacancy defects that produce an expansion at the level of the
lattice. In addition to nanosheets, we observed quadrilateral
structures (Fig. 5(e)) in which the core level is assigned to
the (200) planes of MoO, (JCPDS card number 32-0671). The
d-spacing from the FFT pattern was 0.245 nm. It agrees with the
most intense peak observed in the XRD pattern. Regarding
the shell of this nanostructure, the measured d-spacing varied
between 0.61 nm and 0.56 nm, which indicates the presence of
MoS,/MoO,S,. This was observed before in the XPS results and
it results from the incomplete sulfurization process of MoO;. In
sum, the results obtained from all the material characterization
techniques are in good agreement, while HRTEM has clarified
and shed light on the morphological composition of MoS,-30
samples. Indeed, it has demonstrated that vertical nanosheets
consist of pure MoS, while the remnant MoO;_, appears in the
quadrilateral nanostructures observed. In the next section,
more details are given about the morphology and the growth
mechanism of this sample.

The APCVD growth mechanism of the edge enriched 3D
assemblies of MoS, nanosheets

Based on the morphological transformation during the growth
of the edge enriched MoS, nanosheets, we have proposed the
following growth mechanism, as illustrated in Fig. S6 (ESIT). As
a first step, MoO; vapors get reduced to MoO;_, via sulfur
vapors. This step is well known and is reported by many studies
in the literature.”®>* At this level, two different pathway
reactions can occur during the deposition:

Reaction (1): the solid phase reaction, in which the inter-
mediate MoOj;_, gets adsorbed and diffused onto the substrate
forming MoOj;_, crystals (mainly MoO,). These later serve as
a seeding platform for the growth of MoO;_, particles to
eventually create quadrilateral nanostructures (Fig. 6(a)).

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Morphological evolution during the growth of edge-enriched 3D
assemblies of MoS, nanosheets.

Next, sulfur vapor will penetrate to the first top layers of
MoO;_, quadrilaterals and will change them from MoO;_, to
MoS,.2”**%3 This reaction pathway is supported by Fig. 6(e). It
should be noted that the XRD, Raman, and XPS techniques
used in this work revealed the presence of the intermediate
MoO;_,, which could belong to the quadrilateral nanostruc-
tures that remain underneath the layer of MoS, nanosheets.
This solid phase reaction can be corroborated by eqn (3) and
(4), mentioned above.

Reaction (2): the vapor-phase reaction, in which the reduced
MoO;_, interacts directly with the sulfur at the gas phase and
forms the MoS, vapor. Based on the standard Stranski-Krastanov
(SK) growth model,>”** when the MoS, vapor diffuses to the
substrate and finds one or many MoS, monolayers, the in-plane
growth will be unfavorable and MoS, will nucleate vertically
(Fig. 6(b)) and will change to vertically oriented MoS, nanosheets,
as illustrated in Fig. 6(c) and (d). The suggested vapor-phase
reaction can be assisted by eqn (5).

2Mo0Og3(g) + 7S5(g) = 2MO0Sy(g) + 350, (5)

Hence, from the FE-SEM results (Fig. 6), both suggested
reaction pathways can occur together during the APCVD
growth, since we have the growth of an in-plane layer in close
contact to the substrate (bottom layer) and of edge enriched 3D
nanosheets on the top of the in-plane layer (upper layer).
Moreover, based on the growth mechanism and the material
characterization results, we can conclude that the MoO;_,
impurities appear in the quadrilateral nanostructures located
at the bottom layer of samples. They were resulting from the
insufficient sulfurization process of the quadrilateral nano-
structures and the presence of some oxygen molecules inside
the CVD tube. In contrast, vertical nanosheets were mainly
composed of the pure MoS, material.

Gas sensing results

Nitrogen dioxide (NO,) and ammonia (NH;3) are among the
most important air pollutant gases that thread human health

This journal is © The Royal Society of Chemistry 2022
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and the environment. Herein, the electrical properties of MoS,-
30 based gas sensors (Fig. S2, ESIT) were studied towards the
above-mentioned gases. The optimal working temperature is an
essential parameter that must be defined in order to thermally
activate the reactions between the adsorbed oxygen ionic
species and the target gas molecules. For this reason, we
exposed our sensors towards four replicates of 10 ppm of
NH;, at temperatures ranging from 25 °C to 150 °C. From
Fig. 7, the sensor responses increased with increasing the
temperature, reaching the maximum at 100 °C and then started
to decrease by increasing the temperature. Similar behavior was
observed for 800 ppb of NO,. Therefore, the optimal working
temperature for detecting ammonia was 100 °C. This tempera-
ture was quite low compared to the operating temperatures of
metal oxides and many TMD based gas sensors, which is
advantageous for the long term stability of gas sensitive
nanomaterials.>*>’

Fig. 8 displays sensor resistance changes as a function of
time, towards four replicates of 10 ppm of ammonia (Fig. 8(a))
and 800 ppb of NO, (Fig. 10(b)) at an operating temperature of
100 °C. Overall, NH; is an electron donor that releases electrons
to the conduction band of MoS,. In contrast, NO, is an electron
acceptor that extracts electrons from the conduction band of
MoS,. Since the exposure to NH; decreases the resistance of
MoS, sensors whereas NO, increases this resistance, these
results confirm the n-type semiconductor behavior of the edge
enriched 3D assemblies of MoS, nanosheets. It is clearly
noticed that the sensors exhibit stable and reproducible
responses versus the target gases. A slight drift in the baseline
resistance was recorded. Besides, the sensor responses and
recovery times towards NO, were much faster compared to that
for NH; measurements. They were respectively equal to 60 s
and 400 s in the case of NO, and they become 193 s and 965 s in
the case of NH;.

Fig. S7 (ESIT) shows the sensors’ resistance changes towards
the same concentrations tested in the previous study, but this
time under room temperature conditions. Herein, the duration
of the recovery phase was twice that used in the measurements
performed at 100 °C. This can be attributed to the difficulty of
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Fig. 8 Sensor resistance changes as a function of time against (a) 10 ppm

desorbing gas molecules from the surface of the material (i.e.,
cleaning of the surface in dry air) when the sensors work at
room temperature. From Fig. S7a (ESIt), it can be derived that
the sensor responses to NH; were very stable and reproducible,
especially if compared to those recorded for NO,, where the
sensors were not able to return to their initial baseline resis-
tance (Fig. S7b, ESIt). The responses to repeated exposures
were decreasing significantly as a function of time, which can
be associated with the lack of the complete desorption of NO,
molecules during the cleaning phases due to the strong adsorp-
tion energy of NO, onto the MoS, material.*!

To further investigate the enhanced gas sensing properties
of the edge enriched 3D assemblies of MoS, nanosheets, we
exposed our sensors against a wide range of concentrations,

of NH3 and (b) 800 ppb of NO,, at 100 °C.

increasing from 2 ppm to 10 ppm for NH;, and from 20 ppb to
800 ppb for NO,. The obtained results are displayed in Fig. 9.
For NH3;, we measured the above-mentioned concentration at
25 °C and 100 °C. From Fig. 9(a) and (b), the sensors were able
to detect ammonia with excellent sensitivity for the measured
concentration range. Additionally, from both insets in Fig. 9(a)
and (b), the relationship between the sensor response and the
gas concentrations was quite linear. The calculated responses
at 100 °C ranged from 19.5% to 30% when the NH; concen-
tration varied from 2 to 10 ppm of, while at room temperature,
the responses to the same range of ammonia concentrations
varied from 6% to 11%. Besides, we can conclude that the
experimental detection limit of the sensors at both operating
temperatures was lower than 2 ppm, which is 12 times lower
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Fig. 9 Sensor resistance changes as a function of time against different concentrations of (a) NHz at room temperature (b) NHs at 100 °C (c) NO, at

100 °C and (d) experimental detection limit of NO, at 100 °C.
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than the exposure limit set by the Occupational Safety and
Health Administration (OSHA) (25 ppm). Regarding NO,, the
sensors were not able to detect the tested concentrations when
operated at room temperature. This is why all the measure-
ments were conducted at the optimal working temperature
(100 °C) (Fig. 9(c)). Interestingly, the sensors showed two
distinct behaviors: at low concentrations (from 20 ppb to 100 ppb),
the responses correlated linearly with the NO, concentrations;
however, at elevated concentrations (200 ppb to 800 ppb), the
sensors start to show the response saturation. It is worth noting
that the sensors exhibited remarkable responses towards NO,
with very good stability. From Fig. 9(d), it is clearly seen that the
detection limit was below 20 ppb, which is significantly lower
than the permissible exposure limit of NO, defined by the
OSHA (5 ppm). The sensor signal at this low concentration was
very clear and significantly above the noise level.

Selectivity test

In a first approach for assessing the selectivity of our nano-
material, the responses towards carbon monoxide (CO-80 ppm)
and hydrogen (H,-500 ppm) were investigated. Fig. 10 displays the
response histograms for the two different operating temperatures
used. It is clear that, at room temperature (Fig. 10 (left panel)), the
sensors exhibit a high response towards 10 ppm of NHj,
a response that is much higher than the one recorded for the
other reducing species (CO and H,). The ammonia response was
4 times higher than the one recorded for NO,. It is worth stressing
that 800 ppb of NO, is a very high concentration (e.g:, the EPA has
set the annual average NO, standard of 53 ppb). When the sensors
were heated at 100 °C, the selectivity of the sensors is reversed, as

View Article Online
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it appears in Fig. 10 (right panel). The sensors showed a good
response towards 800 ppb of NO,, which is higher than the
response recorded for any of the other species tested. Indeed,
the response towards 800 ppb of NO, was 2 times higher than that
of NH3, which is 30 times higher than that of H,, whereas for CO,
the sensor displayed similar behavior at room temperature.
Therefore, by selecting their operating temperature (R.T. or
100 °C), the edge enriched 3D assemblies of MoS, present a
dually selective behavior towards NH; or NO,. This dual selectivity
has been reported before for some metal oxide gas sensors,>**°
whereas this behavior has never been reported before for MoS,
nanomaterials.

Tables 2 and 3 compare the gas sensing performances of the
edge enriched 3D assemblies of MoS, nanosheets and other
TMD nanomaterials, towards NH; and NO,. Obviously, our
sensors exhibit high sensitivity towards the target gases, with
a small experimental detection limit (below 2 ppm for NH; and
below 20 ppb for NO,), at a lower operating temperature.
Moreover, none of the reported TMD materials have the advan-
tage of dual selectivity against two different toxic gases.

Humidity measurements

As is known, the ambient moisture can dramatically affect the
electrical properties of gas sensors and heavily impact sensitivity.
Consequently, it is necessary to evaluate the behavior of gas
sensors in the presence of humidity. Fig. 11 illustrates the sensor
responses against 800 ppb of NO, under dry and humid back-
ground conditions. From the results, we observed a decrease in
the baseline resistance of the sensor from 3.9 MQ in the dry
background to 1.5 MQ in the humid one. This behavior has been

14
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Fig. 10 Comparison of the responses towards different gaseous species when the operating temperature is set to R.T (left panel) or at 100 °C (right panel).

Table 2 A comparison of the NH3z sensing performance of different TMD-based gas sensors

Conc. Working temp. Dual selectivity

2D material Method (ppm) (°Q) Resp LOD test Ref.

MosS, APCVD 10 100 30% Below 2 ppm Yes This work
MoS, APCVD 10 25 11% Below 2 ppm Yes This work
WS, aerogel Multistep chemical synthesis 800 250 0.8% 13 ppm (theoret.) No 61

Cu,S Multistep chemical synthesis 500 25 19.78% N.A No 62

SnS, Solvothermal reaction 100 200 7.4% 0.5 ppm No 63

WS, AACVD + APCVD 5 150 16% 2 ppm No 10

MoSe, Mechanical exfoliation 50 25 N.A 50 ppm No 64

This journal is © The Royal Society of Chemistry 2022
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Table 3 A comparison of the NO, sensing performance of different TMD-based gas sensors

Working temp.

2D material Method Studied conc.

(‘)

Dual selectivity

Resp LOD test Ref.

MosS,

WS,

WS,

MosS,
SnS,/rGO
WS,/graphene

APCVD

Hydrothermal + CVD
Multistep chemical synthesis
CVD

Drop-casting

Multistep chemical synthesis

800 ppb
5 ppm

3 ppm 250
1.2 ppm 100
12 ppm 80
2 ppm 180

100
160

=== 800 ppb N02+50 H
~——— 800 ppb No2 dry air

1.01
0.8+
0.6 -
0.4+

0.2

0.0 fﬂ

0 2000

change (Ohm) to [0, 1]
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4000 6000 8000 10000
Time (s)

Fig. 11 Normalized sensor resistance changes as a function of time, in dry
(black) and 50% relative humidity (red) atmosphere, at 100 °C.

reported before for metal oxide semi-conducting materials.®’
Moreover, we noticed a slight difference between the sensor
responses; it was 65% in dry background and it becomes 70% in
the humid background. Overall, during the gas detection at a
humid ambient, the target gas molecules and the water vapor
(hydroxyl group) enter in a competition at the level of the active
sites. When the relative surface distribution of the hydroxyl
group is much higher than that of the oxygen species, the
performance of the sensor decreases, and the effect of humidity
is significantly more noticeable. In contrast, when the sensor
exhibits high moisture immunity, most of the active sites consist
of absorbed oxygen species and the sensor performance remains
unchanged. Therefore, the obtained results indicate the high
immunity of the edge enriched 3D assemblies MoS, nanosheets
against a high level of moisture.®®”">

Gas sensing mechanism

It has been shown that the vertical orientation of MoS,
nanosheets helps the sensor to be more exposed to the target
gas and exhibits high gas sensing performances. Indeed, the
edge sites of the MoS, nanosheet boundaries are thoroughly
chemically reactive as compared to the basal plane. According
to the literature,”® the adsorption energy of NO, at S edges is
higher (~—0.4 eV) than at the basal plane (~—0.13 eV) of the
MoS, material and the associated electronic charge transfers
are ~0.5 e and 0.1 e, respectively. Herein, the proposed gas
sensing mechanism is based on the adsorption/desorption of

1036 | J Mater. Chem. C, 2022, 10, 11027-11039

65%
121%
36%
5%
54%
3%

20 ppb Yes This work
200 ppb (exp.) No 65
8 ppb (theoret.) No 61
1.2 ppm No 66
0.6 ppm No 67
10 ppb (theoret.) No 68

the gas molecules at the active sites of MoS, nanosheets and it
is illustrated by the schematic sketch in Fig. 12. When the
sensor is exposed to the air, oxygen molecules get adsorbed at
the MoS, surface through extracting free electrons from the
conduction band and forming an electron-depletion layer with
a partial oxidation MoS, top layer.”*”® It is worth noting that
the nature of the adsorbed oxygen species depends on the
sensor working temperature as shown by eqn (6)-(9).>* Thereby,
at low temperature, O, is the predominant adsorbed species.

Os(g) = Os(aas) (6

Os(ads) + € > Opas) < 100 °C (7

Osads) +€ — 20@gs) 100 < T < 300°C (8

)
)
)
)

Oads) +€ = Olattice)” > 300 °C (9

Next, when the sensor is exposed to an oxidizing gas such as
NO,, this later not only captures electrons from the accepter
level of the material but also reacts with the O,  adsorbed
species and S vacancies (eqn (10)-(12)), leading to the for-
mation of more holes at the valence band and an increase in

the sensor resistance.*>””7®
NO, + e~ — NO,~ (10)
NO, +0," +2e¢” —» NO,” + 20" (11)
NO,™ +Vs™ — NO, +h" (12)

In the case of a reducing gas such as NHj;, the chemisorbed
oxygen species interact with NH; molecules and release elec-
trons to the conduction band, which dramatically decrease the
thickness of the depletion layer and decrease the sensor
resistance. Eqn (13) and describe the reaction between NHj
and the chemisorbed oxygen species.”*%°

4NH; + 30, — 2N, + 6H,0 + 3e”

(13)

Conclusion

This paper investigates for the first time how a simple approach
such as the optimizing flow rate in an atmospheric pressure
CVD system enables achieving the self-organized, bottom up
growth of sponge-like, 3D assemblies of MoS, nanosheets.
These 3D assemblies are porous (i.e. possess a high surface
for interacting with gases) and their edges are highly reactive,
which results in highly enhanced sensing properties. This
single-step atmospheric pressure CVD method is used for the

This journal is © The Royal Society of Chemistry 2022
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Fig. 12 Schematic sketch of the proposed NO, and NH3z sensing mechanism.

first time in the fabrication of dually selective NH; and NO, gas
sensors. The gas flow rate was found to have a strong influence
on the morphology of the MoS, grown. When the growth was
conducted with a 10 ml min~" Ar flow, a discontinuous layer of
sparsely dispersed MoS, nanotriangles was obtained. When the
flow was set to 70 ml min ", quadrilateral MoS, nanostructures
were synthesized. Finally, at 30 ml min~", a thick layer of
the edge-enriched 3D assemblies of MoS, nanosheets was
achieved. In contrast to the other two flow rates tested, at
30 ml min~"', the growth of MoS, nanosheets changes from in-
plane to out-plane, which is advantageous for achieving 3D
large surface sponge structure. In fact, 30 ml min~' represents
an ideal compromise between the surface interaction and the
mass transport of precursor molecules. Moreover, the material
characterization results revealed the formation of edge
enriched 3D assemblies of MoS, nanosheets with the presence
of some MoO;_, impurities. Based on the growth mechanism,
these impurities were coming from the bottom layer of the
grown film, where quadrilateral nanostructures were not com-
pletely sulfurized. The gas sensing performances of the edge
enriched 3D assemblies of MoS, were tested against NH;, NO,
and humidity. At the optimal working temperature, sensors
exhibit an n-type semiconducting behavior towards the studied
gases. The responses were stable and reproducible, with high
sensitivity. Specificity towards NH; or NO, could be tuned by
operating the sensors at R.T. or at 100 °C, respectively. Regard-
ing the experimental detection limit, it was below 2 ppm for
NH; and below 20 ppb for NO,. Finally, the sensor displayed
high resilience against moisture interference, since the sensor
response towards NO, barely changed when sensors were
operated under dry or humid (50% R.H) conditions. All these
results compare favorably to those previously reported for MoS,
based sensors.

This journal is © The Royal Society of Chemistry 2022
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