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Abstract: Recently, two-dimensional (2D) materials and their heterostructures have attracted con-
siderable attention in gas sensing applications. In this work, we synthesized 2D MoS,@Mo0O3
heterostructures through post-sulfurization of x-MoO3 nanoribbons grown via vapor phase transport
(VPT) and demonstrated highly sensitive NO, gas sensors based on the hybrid heterostructures. The
morphological, structural, and compositional properties of the MoS,@MoO3 hybrids were studied
by a combination of advanced characterization techniques revealing a core-shell structure with the
coexistence of 2H-MoS, multilayers and intermediate molybdenum oxysulfides on the surface of
«-MoQOj3. The MoS,@Mo0;3 hybrids also exhibit room-temperature ferromagnetism, revealed by
vibrating sample magnetometry (VSM), as a result of the sulfurization process. The MoS,@Mo0O; gas
sensors display a p-type-like response towards NO, with a detection limit of 0.15 ppm at a working
temperature of 125 °C, as well as superb selectivity and reversibility. This p-type-like sensing behavior
is attributed to the heterointerface of MoS;-MoOj3; where interfacial charge transfer leads to a p-type
inversion layer in MoS,, and is enhanced by magnetic dipole interactions between the paramagnetic
NO; and the ferromagnetic sensing layer. Our study demonstrates the promising application of 2D
molybdenum hybrid compounds in gas sensing applications with a unique combination of electronic
and magnetic properties.

Keywords: heterostructure; 2D materials; sulfurization; nitrogen dioxide; gas sensor; molybdenum
trioxide; molybdenum disulfides

1. Introduction

The rapid development in technologies and industrial activities in recent decades
has brought unprecedented convenience to our life. However, it has also led to a rapid
increase in the emission of toxic and greenhouse gases bringing harm to our planet and
human health [1,2]. Toxic gases, such as CO, NO;, SO,, NO, NH3, etc., inflict respiratory
damage on humans, such as lung cancers, cough, and asthma, even at an extremely low
concentration [2]. Among them, NO, acting as a typical toxic gas has received particular
attention in the last decades. NO; not only produces acid rain harming the environment
but is also a major contributor to severe respiratory symptoms when its concentration is
higher than 1 ppm [3-6]. As a consequence, it is crucially necessary to develop highly
selective, sensitive, rapid response, and low-cost sensors for detecting and monitoring trace
amounts of NO, [7].

To meet this challenge, numerous semiconducting materials have been extensively
studied to develop conductometric gas sensors which are capable of detecting a wide range
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of analytical gases [8], such as metal oxide semiconductors, conducting polymers, carbon
nanotubes, and metal dichalcogenide semiconductors. Among these sensitive materials,
metal oxides semiconductors (MOSs) have attracted the most attention for utilization in
the preparation of gas sensors due to their simple structure, high sensitivity, chemical
stability, and low cost. Particularly, MOSs have been developed in great numbers of nanos-
tructures with different dimensions, such as one-dimensional (1D) nanoribbon, nanowire,
nanorod, two-dimensional (2D) nanosheet, nanoplate, nanoflake, and three-dimensional
(3D) nanoflower, the nanoarray [5,7]. The nanostructured MOSs have a high surface-to-
volume ratio which supports more adsorption sites for analyte gas molecules to enhance
the gas sensing behavior. However, the high working temperature, low selectivity, and
high power consumption also impede their wider and more versatile applications [9,10].

Recently, two-dimensional (2D) materials have emerged as a new materials platform
enabling breakthroughs in fundamental research and transformative technologies [11,12].
The absence of surface dangling bonds and unique atomic-level uniformity make them
very appealing for developing a plethora of optical, electronic, and energy applications. 2D
materials also have intrinsic high surface-to-volume ratio providing abundant adsorption
sites, as well as enhanced electronic properties due to carrier confinement. These distinct
attributes make 2D materials particularly attractive for gas sensing applications [7,13-15].
Indeed, gas sensors based on typical 2D materials including graphene, MXenes, transition
metal dichalcogenides (TMDCs), and phosphorene have been widely demonstrated [15-17].
In particular, MoS,, predicated theoretically as one of the most prominent candidates for
2D material-based gas sensors [18,19], has yielded a promising sensing performance to
NO; albeit while still presenting challenges, such as low sensitivity and unsatisfactory
selectivity [20], which limit practical applications [20,21].

On the other hand, layered metal oxides have also emerged as a new class of van der
Waals 2D materials [22]. With the combination of the desirable properties of both oxide ma-
terials and 2D materials, they exhibit great potential in numerous fields, such as gas sensing,
electronics, optics, catalysis, and energy storage [23—-27]. The thermodynamically stable
«-MoOQj is a typical 2D oxide with a layered crystal structure and has received a lot of atten-
tion recently for building novel electronic and optoelectronic devices [28]. It has also been
demonstrated for various gas sensing applications [29,30], including achieving ultrahigh
sensitivity and superior selectivity to NO, [27,31]. Driven by the prominent prospect of 2D
van der Waals heterostructures with rationally tailored properties [32,33], enormous efforts
have also been devoted to the synthesis and study of hybrid compounds of MoS,@Mo00O3.
For instance, electrocatalysts based on MoO3;@MoS, nanosheets were reported to enhance
hydrogen evolution reaction [24,34-36], and MoO3@MoS, nanowires were also reported as
anodes in lithium-ion batteries [37]. There has also been increasing interest in MoS,@Mo0QO3
composites in gas sensing. Singh et al. synthesized MoS;@MoQO3 nanocomposites with the
hydrothermal method for NHj sensing in a humid environment [38]; Li et al. showed an
enhanced CO gas sensor based on MoS,@Mo00O;_ nanosheets synthesized via the solvother-
mal method [39]. However, NO, gas sensors based on MoS;@MoOs3 heterostructure remain
largely unexplored.

In this work, we developed a highly sensitive NO, sensor based on MoS;@Mo0Oj3
nanoribbons by a post-sulfurization method. The morphology and structures of the as-
synthesized MoS,@Mo003 hybrid heterostructures were characterized by field-emission
scanning electron microscopy (FE-SEM), and transmission electron microscopy (TEM).
The structural, compositional, and magnetic properties of the MoS,@MoQOj3 hybrids were
fully investigated by X-ray diffraction (XRD), Raman spectroscopy, X-ray photoelectron
spectroscopy (XPS), and magnetic measurement. The MoS;@Mo0QO3 nanoribbons-based gas
sensor exhibited a p-type gas sensing behavior to the analytical gases, with high sensitivity,
impressive selectivity, and good reproducibility to NO; at an optimal operating temperature
of 125 °C.
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2. Materials and Methods
2.1. Synthesis of MoO3

Before the deposition of MoOj3 nanoribbons, Au/Ti (100 nm/10 nm) interdigital
contact electrodes were deposited on SiO, (285 nm)/Si substrates through a shadow mask
by using electron-beam physical vapor deposition (E-beam PVD). The interdigital electrodes
consist of four pairs of electrodes with a width of 300 pm and a spacing of 200 um (Figure 1).
MoOj3 nanoribbons were then synthesized via vapor phase transport (VPT) directly on
the substrates with pre-patterned electrodes, following our previous reported approach
(Figure 1) [27]. In brief, 0.125 g MoOs3 (99.95% purity, Strem Chemicals) powder was placed
in the center of high-temperature heating Zone I (upstream of the tube) of a dual-zone
furnace (LABEC—Split Horizontal Tube Furnace) inside a quartz tube (1000 mm in length,
50 mm in diameter), where the temperature was set to 750 °C (Figure 1). Simultaneously,
the 510, /Si substrate was placed in the low-temperature Zone II (downstream of the tube)
with a temperature of 600 °C. Synthetic air (hydrocarbon impurities < 0.1 ppm) was used
as the carrier gas with an airflow of 120 sccm.

i — -
| —M00; Growth §

200 um T —

Figure 1. Above: schematic illustration of the post-sulfurization process for MoO3 nanoribbons, the
SiO, /Si substrate with pre-patterned interdigital electrodes. Below: the optical images of the device
before and after MoOj3 synthesis and subsequent sulfurization.

2.2. Sulfurization

The subsequent sulfurization of the synthesized MoO3 nanoribbons on SiO; /Si sub-
strates was performed in the same quartz tube by replacing the boat with MoO3 powder
with 0.6 g sulfur powder (99.3% purity, Ajax Finechem, Sidney, NSW, Australia) at a tem-
perature of 280°. Meanwhile, the substrates with MoOj3 nanoribbons were placed in the
same location with a temperature of 550°. Pure argon was used as the carrier gas with an
airflow of 120 sccm.

2.3. Materials Characterizations

A Leica DM6000 optical microscope (Weltzar, Germany) and Zeiss sigma field emission
scanning electron microscope (FESEM, Jena, Germany) were utilized to characterize the
surface morphology of the as-grown samples before and after sulfurization. Transmission
electron microscopy (TEM) and energy dispersive spectroscopy (EDS) were collected
using a JEOL 2100 electron microscope (Tokyo, Japan) to analyze the detailed structure and
crystallinity of the as-grown samples after sulfurization. The X-ray diffraction (XRD) pattern
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was carried out using PANaytical MPD Cu powder XRD with Cu Ky radiation source
(Almelo, Netherlands) to study the phase compositions and crystallographic structures of
the as-synthesized samples before and after sulfurization. A Raman microscope (Renishaw
inVia, Wotton-under-Edge, UK) with an excitation laser of 532 nm in wavelength was
employed to study the structural vibration of the samples both before and after sulfurization.
The stoichiometry and electronic structure of as-grown samples after sulfurization were
studied by X-ray photoelectron spectroscopy (XPS) with a Kratos AXIS Supra photoelectron
spectrometer using a monochromatized Al K X-ray source (Manchester, UK). The magnetic
property of the sulfurated samples was measured by a vibrating-sample magnetometer
(VSM) using a Cryogen-free 5 T system (London, UK).

2.4. Characterization of Gas Sensors

A home-built multichannel gas sensing test system was used to evaluate the gas
sensing performance of the fabricated gas sensor, shown in Figure S2. The gas sensor
was mounted at the top of the ceramic heater providing on operating temperature for the
device controlled by an Agilent E3649 power supply (Santa Clara, CA, USA). The test
chamber with an internal volume of 1100 mL was coupled to five high precision mass flow
controllers (MFC, MKS 1479A, 200 sccm, Andover, MA, USA) capable of supporting five
different analytical gases, which were controlled and mixed by a vacuum/mass system
controller (MKS 946, Andover, MA, USA). The ratio of flow rates of analytical gases and
the dry synthetic air were adjusted by the relative MFC while keeping a constant total flow
of 200 sccm inputing to the chamber to obtain the desired concentration of analytical gas
for the gas sensing measurements. The conductometric sensing performance of the gas
sensor was evaluated by measuring the resistance of the gas sensor exposed in analytical
gases at a bias voltage of 1 V by a Keithley 6487 sourcemeter unit (Solon, OH, USA). The
sensing response R of the gas sensor to analytical gas is defined as:

R, — R
R (%) = gRg 2 % 100 1)

where R¢ and R, are the resistance of the sensor exposed in analytical gas and synthetic
air, respectively. The polarity of R is hence directly related with the direction of resistance
change upon exposure to analytical gas.

3. Results and Discussion
3.1. Materials Characterization

The sulfurization of MoOj in this work was carried out inside the twin-zone tube
furnace as described in the Materials and Methods section by exposing as-grown MoOs3
to sulfur vapor. The overall reaction of MoOj3 with sulfur vapor during the sulfurization
process could be described as [40-44]:

2MoO3 + 75 — 2MoS; 4 350, (2)

In this reaction, sulfur atoms progressively remove oxygen from MoOj; by forming
gaseous SO, whilst bonding with Mo to form MoS,. The relative stoichiometric ratio of
S to Mo at the substrate surface hence plays a significant role that will directly impact
the composites of the product. Incomplete sulfurization can lead to the formation of
intermediate molybdenum oxysulfides (MoO3;_,Sy; 0 < x < 3;0 <y < 2)described by
the following reaction pathway [40]:

2MoO3 + (2y + x)S — 2M0O3_ Sy + xSO; ®)

Optical microscopy and SEM were employed to characterize the evolution of mor-
phologies of the as-prepared x-MoOs nanoribbons before and after sulfurization. As shown
in Figure 2a, the as-grown x-MoOj3; samples grew randomly on the substrate with a high
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density and possessed a rectangular shape with a typical length of 100 um and a width of
5 um (Figure 2¢). The morphology of the a-MoOj3 nanoribbons is consistent with those
reported earlier using the same synthesis condition [27]. The post-sulfurization directly
proceeded on the surface of the as-grown a-MoOj3; nanoribbons in the sulfur vapor en-
vironment. After sulfurization, the samples changed in a few aspects. Firstly, the color
of the nanoribbons changed from colorless (i.e., transparent) to dark violet (c.f. optical
micrographs in Figure 2a,b), indicating a reduction in the optical bandgap and consistent
with the color change expected for the sulfurization of MoQOj3 [45]. Meanwhile, the density
of nanoribbons on the substrate noticeably declined, suggesting the evaporation of MoOs
that consumes the as-grown MoQOj3 nanoribbons. Secondly, as a result of the sulfurization,
the shape of individual nanoribbons changed from elongated rectangles (Figure 2c) to
irregular shapes (Figure 2d) and the edges of the crystals appeared to be less well-defined;
the surface of the nanoribbons also became rougher with the presence of cracks suggesting
that sulfurization alters the crystal structure of MoOs on the surface leading to lattice
mismatch among the hybrid molybdenum compounds. The morphological changes of
the sulfurized MoOj3 are most likely brought through a complex combination of solid-gas
reaction, atomic interdiffusion, evaporation, and deposition [46]. Furthermore, the lateral
size of crystals reduced significantly to about 20 pm in length from the original length of
about 100 pm.

Figure 2. SEM image of (a) the as-grown «-MoOj3 nanoribbons network on SiO, /Si interdigitated
substrate, and (b) the sulfurized «-MoOj3 nanoribbons. Insets in (a,b) shows the corresponding optical
micrographs. The high-resolution SEM image of (c) the as-grown «-MoOj3 and (d) the sulfurized
«-MoOjs. The inset in (d) is a magnified view of an individual sulfurized MoOj3 nanoribbon.

High-resolution TEM images were collected to further study the structural crystallinity
of the sulfurated MoO3 nanoribbons. To prepare TEM samples, substrates with sulfurized
MoO3; nanoribbons were placed in ethanol to obtain a well-dispersed solution, after which
droplets of the as-prepared solution were drop-casted on lacey-supported 300 mesh copper
grids. Figure 3a shows a representative high-resolution transmission electron microscopy
(HRTEM) image taken from the edge of sulfurized MoOs. The lattice spacing of 0.36 nm
and 0.39 nm corresponds nicely to the (001) and (100) plane of x-MoQOj3, whereas the lattice
spacing of 0.65 nm of layers at the edge of the flake is consistent with the (002) plane of
2H-MoS,, suggesting that the outer layers of x-MoO3 have been partly converted to MoS,
through the sulfurization process. The sulfurization of MoOj3 has been further confirmed by
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the EDS element mapping in Figure 3b which shows an even distribution of S in addition
to Mo and O elements.

Figure 3. (a) TEM image and (b) EDS element mapping of the sulfurized MoO3 nanoribbons.

Raman spectra were also collected to further understand the structural change of
MoOQOj; by sulfurization. As shown in Figure 4a, the Raman spectrum for as-grown MoOs
(black line) exhibits the expected Raman modes for a-MoQO3 with a layered structure [47,48].
In particular, it has well-defined Raman features associated with the vibration modes of
the oxygen atoms terminating the van der Waals layer at 996 cm~! (M = O asymmetrical
stretching), as well as the stretching mode of the O-Mo bonds at 818 cm ™! for the corner-
shared oxygen and at 666 cm ! for the edge-shared, triply bonded oxygen [49,50]. After
sulfurization, the Raman spectrum (red line) displays new peaks in addition to retaining
the majority of the characteristic features of MoO3. Most notably, the new peaks at 381 cm !
and 406 cm ! are consistent with the characteristic in-plane E} vibration mode and the
out-of-plane Aj, vibration mode of 2H-MoS;, respectively [46,51]. The two Raman peaks
have a frequency difference of ~25 cm ™!, suggesting that the MoS, on the surface of MoO;
is multilayer, which is consistent with the HRTEM results. Moreover, the peak 454 cm™1
is assigned to the second order 2LA(M) phonons of MoS; which are generally present in
multilayers of MoS; [52,53]. There are, however, additional Raman peaks that cannot be
exclusively assigned to MoO3 or MoS;, such as strong Raman features at 198, 222, 560, and
730 cm~!, and they are best assigned to the vibration modes of Mo-O and Mo-S bonds in
intermediate compound molybdenum oxysulfide (MoO3_,Sy) as a result of incomplete
sulfurization described in the reaction in Equation (2) [40]. The co-existence of MoO3, MoS,,
and the intermediate molybdenum oxysulfide is further corroborated by XRD. Figure 4b
shows the XRD patterns of MoO3 before (black line) and after (red line) sulfurization.
The intense diffraction peaks of pristine MoOj3 can all be indexed to the orthorhombic
x-MoOs (JCPDS Card No. 00-005-0508) including the (0 2 0) and (0 4 0) planes that are
characteristic for layered MoOj [27,54,55]. After sulfurization, the XRD patterns display
several additional diffraction peaks including the diffraction peaks with 26 at 14.4°, 39.5°,
and 44.3° corresponding to reflections of the (002), (103), and (006) planes of 2H-MoS,
(JCPDS No. 00-037-1492) [44,56], confirming again the formation of MoS; on the MoOs3
nanoribbons after sulfurization. With the 26 position of the (002) diffraction peak and
the wavelength of Cu K line (A = 0.15418 nm), we can arrive at an interlayer distance
of 0.62 nm for MoS; in good agreement with the d-spacing determined by HRTEM in
Figure 3a. The formation of intermediate MoO3_Sy is also supported by the appearance
of additional XRD patterns consistent with those from a representative molybdenum
oxysulfide MoSy 1201 gg (JCPDS No. 04-007-8381).
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Figure 4. (a) Raman spectra and (b) XRD patterns of MoOj3 on SiO, /Si substrate before and after
sulfurization.

X-ray photoelectron spectroscopy (XPS) characterization was also carried out to deter-
mine the compositions and valence states of sulfurized MoOs. The binding energy of XPS
spectra was calibrated using adventitious carbon (284.8 eV) as a reference. As shown in the
wide survey scan in Figure S1, no other unexpected contaminants were introduced after
sulfurization. Figure 5a shows the Mo 3d core-level spectrum which can be deconvoluted to
three distinct 3d spin-orbit split doublets fitted by a Voigt line shape. The XPS doublets dom-
inating the high binding energy part of the spectrum at 236.1 eV (Mo 3d3,;) and 233.0 eV
(Mo 3d5 ;) are assigned to the characteristic Mo®* state in a-MoQj3 [57]. Meanwhile, the Mo
3d doublets positioned at 232.4 and 229.3 eV are consistent with Mo** in 2H-MoS,, with the
accompanied S 2s peak at 226.5 eV [58,59]. The Mo 3d doublets at 234.9 eV (Mo 3d3,,) and
231.8 eV (Mo 3ds,;), located in between those of the Mo®* and Mo** components, can be
ascribed to Mo in MoO;3_,Sy with a nominal oxidation state of 5 [24,60]. Correspondingly,
S 2p core-level spectrum in Figure 5b shows the S 2p doublets at 163.2 eV (S 2p;,,) and
162.1 eV (5 2p3/,) originating from Mo-S bonds in 2H-MoS; [35,36,42]. In addition, the
peaks at 169.7 eV (S 2p1 /») and 168.6 eV (S 2p3 ;) correspond to the S-O bonds both in the
intermediate molybdenum oxysulfide and potentially the adsorbed SO, on the surface of
MoOj; as a result of the sulfurization reaction [51,61,62].
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Figure 5. XPS spectra of (a) Mo 3d core-levels and (b) S 2p core-levels of sulfurized MoO3 on SiO, /Si
substrate.

The above structural and compositional analysis shows that the sulfurization process
induces the formation of MoO3;/MoS, hybrid core-shell structure with the co-existence
of incompletely sulfurized oxysulfide intermediates embedded on the surface, as shown
schematically in Figure 6. Because of the relatively high temperature of the sulfurization
process, the reaction also involves evaporation of MoOj3 and re-deposition which consume
the initial MoO3 nanoribbons, giving rise to the reduced lateral dimensions and morpho-
logical changes of sulfurized MoOj as discussed above_ Although the overall molar ratio of
5:MoOj; for the respective sources exceeds the required ratio of 7:2 as in reaction Equation
(1) for complete sulfurization, at regions where the high-density MoOs3 nanoribbons overlap
inhibiting the flow of S vapor to react completely with the outer layers of MoO3, the local
effective ratio could be lower leading to the formation of incompletely sulfurized oxysulfide
intermediates.

MoS,; m
MoO,,S, =
MoO, m
Sulfur vapor
\ \ \ \
N \ \ \ \ )
P L O ! ,evaporation

_ — .l,‘l ‘“.]
——

Substrate

Figure 6. A schematic diagram illustrating the sulfurization process of MoO3 nanoribbons.

Because NO; carries a magnetic moment originating from its unpaired valence electron,
the magnetic properties of sensing layers could potentially benefit gas sensing performance
by enhancing affinity to substrates through magnetic dipole interactions [63]. Although
both «-MoOj3; and MoS; are intrinsically non-magnetic, ferromagnetism could be intro-
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duced through defects, edges, and non-stoichiometry that induce unpaired electrons in Mo
4d orbitals [64—68]. We therefore measured the magnetic properties of the sulfurated MoOs3
samples by VSM with an applied magnetic field in the range of —5 T to 5 T. Figure 7 presents
a comparison of the magnetization vs. magnetic field for sulfurized MoO3 samples at room
temperature and 10 K and the pristine MoOg3. The pristine MoOj3 nanoribbons do not
exhibit any hysteretic behaviors, consistent with its non-magnetic character with a Mo 4d°
configuration. After sulfurization, the MoS,@Mo0O3 sample clearly shows ferromagnetic
behavior with a specific saturation magnetization (Ms) about 0.05 emu/g at room tempera-
ture. The saturation magnetization at 10 K is comparable with that of room temperature,
but it further increases slightly with at large magnetic field and did not saturate up to 5 T.
This magnetization behavior suggests a combination of ferromagnetic and paramagnetic
properties. The observed ferromagnetism is comparable to those reported for defective
MoS; and MoOj3 with defect-induced ferromagnetism [64,65,69], and therefore could also
originate from the prevalent defects as a result of the sulfurization process. In addition,
the edges of MoS; have been shown to display robust ferromagnetism [70]; the MoS,
nanosheets that cover the surface of MoOj are expected to give rise to plenty of edge states
that enhance the ferromagnetism. Furthermore, the existence of Mo with an unpaired 4d
electron (4d! configuration), as revealed in Figure 5a by XPS, could also provide magnetic
moments for the sulfurized MoS,@Mo0Oj3 hybrid structures [65]. Lastly, interface-induced
ferromagnetism due to interfacial charge transfer [66] could also occur at the MoS,@Mo0Os3
heterointerface by introducing spin magnetic moments into the Mo-4d conduction bands of
MoOs. It is worth noting that some of the magnetic moments introduced by sulfurization
could be isolated lacking long-range ferromagnetic coupling, giving rise to the observed
paramagnetic behavior as mentioned above.

0.15

Before Sulfurization @ 295 K
[ —— After Sulfurization @ 295 K
0.10}—— After Sulfurization @ 10 K

o o )
(@] (] o
(é)] o (é)]
1 ] 1 ] 1 ]

Magnetization (emu/g)

-0.15 N 1 N 1 N 1 N 1

-6 -2 0 2
Magnetic Field (T)
Figure 7. Magnetic hysteresis loop of pristine MoO3 and sulfurized MoQOj at different temperatures.

3.2. Gas-Sensing Performance

The gas sensor was fabricated by depositing electrodes on SiO, /Si substrates before
®-MoOs synthesis and the subsequent sulfurization. The gas-sensing performance for
NO,, including the dynamic sensing response, response and recovery time, reversibility,
and selectivity of the sulfurized MoOj3 gas sensors was evaluated with the multichannel
gas sensing system (see Figure S2 for the schematics of the sensing test system). All the
data for the gas sensing performance were collected at the optimal operating temperature
of 125 °C, which was determined by measuring the sensing response as a function of
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the working temperature of the sensors which was controlled via the ceramic heater
underneath. In contrast to positive responses (i.e., increase of resistance) upon exposure to
NO; (typical oxidizing gas) usually displayed by metal oxide conductometric gas sensors
including «a-MoOj3 [10,27,71], the sulfurized device displays a p-type response (i.e., decrease
of resistance shown in Figure S3) to NO, with a concentration in the range of 0.5 ppm to
10 ppm (Figure 8a). The device presents a maximum negative response of —30.1% to NO; at
10 ppm and a small but noticeable response of —4.3% to 0.5 ppm of NO,. The dependence
of response on NO, concentration is displayed in the inset of Figure 8a which deviates
from a linear dependence at high concentration, suggesting the adsorption of NO, on the
surface of sulfurized MoQOj starts to be limited at high concentration. According to the
dependence at the low concentrations (inset I of Figure 8a), we can also determine a limit
of detection (LOD) of ~0.15 ppm by implementing the IUPAC method [72]. Intriguingly,
the sensors display a small positive response upon the input of NO; before the dominating
negative response (inset II of Figure 8a), the origin of which will be discussed below.
Figure 8b illustrates the response time (Tres) and recovery time (Trec) of the device based on
MoS,@Mo0; towards NO; from 0.5 ppm to 10 ppm at the optimal temperature of 125 °C
(also see Figure 5S4 of Supplementary Material for a detailed presentation of response and
recovery time to 10 ppm NO3). In general, the response time decreases with increasing
concentration of NO; (<5 ppm) whereas the recovery time exhibits an opposite trend.
Similar dependence has been reported before and is explained with the Freundlich law
which dictates a higher diffusion and reaction process with NO, molecules adsorption
(hence faster response dynamics) on the surface at a higher concentration [73,74]. The
corresponding desorption is also going to take longer at higher concentration because of
the higher number of adsorbed molecules. Intriguingly, the response time at the highest
concentration of 10 ppm experiences an increase. It is not exactly clear what causes this
anomaly that deviates from the Freundlich law. One possible cause is the initial positive
response spike following gas introduction that goes into the calculation of response time
(Figure S4). At high NO, concentration, the positive response spike also increases in
magnitude and may cause the negative response to take longer to reach its maximum value.
It is worth noting that the nominal response and recovery time of our sensors tend to be
overestimated due to the set-up of the sensing test chamber with a large internal volume
of 1100 mL. It therefore requires a significantly extended duration to completely replace
this volume with the analytical gas at the desired concentration and to purge it away to
return to the baseline [27]. However, their dependence on gas concentration (as presented
in Figure 8b) is still relevant. The reproducibility and reversibility of the gas sensors are
also presented in Figure 8c, in which the device operated with NO; at 0.5 ppm in four
consecutive cycles over an 8 h testing period. The sensors show a reproducible response
with a standard deviation of response less than 0.4%. The long-term stability of this sensor
was also measured for 8 weeks (Figure S5), in which the response to NO, decreased from
—30.1% to —23% in the first week and then it kept a relatively stable response about —22%
in 7 weeks. Lastly, the selectivity of the sulfurized MoO3 sensors was studied by measuring
responses to a few interference gases including N,O, NH3, CO, and ethanol (ETH) as
shown in Figure 8d. All the responses to the analytical gases were collected at 10 ppm
concentration. The MoS,@MoQOj gas sensors clearly exhibit a good selectivity to NO,; we
attribute the selectivity to the enhanced magnetic interaction between the paramagnetic
NO; and the ferromagnetic MoS,@Mo00j3 sensing layer. Upon NO, adsorption, it induces
additional magnetic dipole interaction with the substrate in addition to a surface electric
dipole (due to the polar character of NO;), giving rise to a stronger adsorption affinity than
the other non-magnetic interference gas molecules.
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Figure 8. (a) Dynamic sensing response of the MoS,@MoO3 based sensor to NO, at concentrations
ranging from 0.5 ppm to 10 ppm under the working temperature of 125 °C. Inset I is a plot of the
sensing response as a function of NO, concentration and inset II is the enlarged view of the initial
positive response to 10 ppm NO;. (b) Response and recovery time of the MoS,@MoO3-based sensor
toward NO, from 0.5 ppm to 10 ppm at the working temperature of 125 °C. (c) Cyclic response of the
sensor toward 0.5 ppm NOs. (d) Selectivity of the sensor in absolute response to NO;, N,O, NH3,
CO, and ETH of 10 ppm concentration. Measurements were performed at the optimal operating
temperature of 125 °C.

3.3. Gas-Sensing Mechanism

Both a-MoO3; and MoS, are typical n-type semiconductors due to the prevalence
of anion vacancies (i.e., O and S vacancies) in their pristine structure due to their low
formation energy [75,76]. Anion vacancies act as shallow donors in the bandgap leading to
n-type conduction behavior. It is well accepted that n-type semiconductors usually respond
to oxidizing gas such as NO, with an increase in resistance (i.e., positive response) as a
result of electron depletion in the sensing materials following electron transfer to analytical
gas molecules facilitated through the surface adsorbed oxygen ions [77]. The reversal of the
response polarity (i.e., decrease in resistance) to NO, in our MoS,@MoO; hybrid sensors
is therefore intriguing. Due to an extremely high electron affinity of 6.7 eV [75,78], MoOs3
is a potent electron acceptor and has been widely used as an interfacial layer to induce
or enhance p-type conduction in a wide range of electronic materials including organic
semiconductors, diamond, graphene, and TMDCs through the charge transfer doping
process [79]. We therefore attribute the negative sensing response to the heterointerface
formed between MoO3; and MoS; with the concomitant interfacial charge exchange. As
illustrated in the schematic energy band diagram in Figure 9, MoS, has an ionization
energy of ~5.6 eV [80], and it therefore forms a type-III broken-gap heterojunction with
MoO; with a much deeper conduction band. Because of this extreme band offset, electrons
flow spontaneously from the valance band of MoS, to the conduction band of MoO3 until
the Fermi level is equated at thermodynamic equilibrium [81], leading to strong band
bending across the interface. The interfacial electron transfer not only depletes the initial
free electron carriers in MoS, but also moves the Fermi energy further to form a MoS,
inversion layer with p-type character [82]. When exposed to air, the hole accumulation
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layer in MoS; is enhanced because of further electron transfer from the MoS, to adsorbed
oxygen molecules to form different negative oxygen ion species (O, and O™) [83,84].
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Figure 9. The energy band diagram of MoS,@Mo0O; heterostructure (a) before contact, (b) after
contact; (c) gas-sensing mechanism of MoS,@Mo0Qj3 heterostructure.

Upon exposure to NO;, the absorbed NO, molecules directly interact with MoS, or
through the negative oxygen ion species to capture electrons, accompanied by further hole
generating in MoS; [85,86]:

NOj(ges) +€~ ¢ NO (6)

NO3(gas) + Oy +2¢7 = NOy s +20( 4 @)
— — — 2

NOy(gas) + Ofpge) +26~ = NOy ) +207 (8)

In addition, NO; can also interact with S vacancies (VS'|r T) at the surface MoS, [84],
again generating holes into the valance band [83,85-87].

NOy( i) + V& = NOy(ges) + 1™ )

Consequently, the hole accumulation layer in MoS; is further enlarged with concomi-
tant increase of hole density, which is translated into a decrease of resistance in response
to NO,.

It is worth noting that the resistance change of the n-type a-MoO3; upon NO, adsorp-
tion should remain positive and counteract the resistance change of the p-type MoS; hole
accumulation layer. This may explain the positive response spike immediately following
NO; introduction as in Figure 8a. However, since the thickness of MoS; is expected to be
much lower than that of MoO3 and comparable to the Debye length, its sensing response
is maximized to dominate the overall sensing behavior [77], thereby resulting in a net
decrease of resistance (i.e., negative response). Similar phenomena have been observed in
other materials (e.g., a-RP [88], SnO; [89], and CuO/ZnO [90]).
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4. Conclusions

In conclusion, we report MoS,@Mo0Q3 ferromagnetic heterostructure synthesized by
post-sulfurization of x-MoOj3 nanoribbons on SiO, /Si substrate. Gas sensors fabricated
with the sulfurized MoOj as sensing layers MoS,@MoQOs display a p-type response towards
NO, with high sensitivity in the range of 0.5 ppm to 10 ppm with a LOD of ~0.15 ppm
at the optimal working temperature of 125 °C. The response and recovery time of the
sensors, although sluggish due to the nature of the testing apparatus, generally follows
the Freundlich model which governs the gas adsorption and diffusion on the surface. The
gas sensor also presents good reversibility and impressive selectivity against interfering
gases including N»,O, NHj3, CO, and ETH. The energy band offset at the M0S;-MoOs
heterojunction results in interfacial charge transfer leading to a p-type inversion layer in
MoS;, and the gas sensing mechanism can be explained by the charge transfer between the
analytical gas molecules and the p-type MoS; inversion layer at the MoS;-MoOj3 heterojunc-
tion. The efficient sensing performance for NO, can be attributed to the enhanced affinity
between the paramagnetic NO, molecules and the ferromagnetic sensing layer. This work
demonstrates a promising gas-sensing platform based on MoS,@MoQj3 heterostructures
and could also have implications for broader applications that utilize the unique electronic
and magnetic properties of hybrid 2D metal-oxide/TMDCs heterostructures.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nano12081303/s1, Figure S1. XPS wide survey spectrum of
sulfurized MoOj, Figure S2. Schematic illustration for the multi-channel gas-sensing characterization
system. Inset shows an optical image of the MoS,@MoO3-based gas sensors. Figure S3. Transient
resistance of MoS2@MoOs-based gas sensor towards NO, in range of 0.5 ppm to 10 ppm. Figure S4.
Response (0-90%) and recovery time (100-10%) of the MoS,@Mo0O3-based sensor to 10 ppm NO,
at 125 °C. Figure S5. Long-term stability of MoS,@MoQOs3 sensors towards 10 ppm NO; under the
operating temperature of 125 °C over a period of 56 days.
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