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Abstract:

Herein, we report for the first time on the facile synthesis of 2D layered WS> nanosheets
assembled on 1D WS> nanostructures by combining the aerosol assisted chemical vapor
deposition (AA-CVD) method with He-free atmospheric pressure CVD, for an ultrasensitive
detection of NO:z. This synthesis strategy allows us a direct integration of the sensing material
onto the sensor transducer with high growth yield and uniform coverage. Two different WS>
morphologies (nanotriangles and nanoflakes) were prepared and investigated. The results show
that the assembly of layered WSz nanosheets on a 3D architecture leads to an improvement in
sensing performance by maintaining a high surface area in an accessible porous network. The
sensors fabricated show stable, reproducible and remarkable responses towards NO:2at ppb
concentration levels. The highest sensitivity was recorded for WSz NT sensors, with an

unprecedented ultra-low detection limit under 5 ppb. Additionally, this material has
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demonstrated its ability to detect 800 ppb of NO2 even when operated at room temperature
(25°C). Regarding humidity cross-sensitivity, our WS sensors remain stable and functional for
detecting NO: at ppb levels (i.e., a moderate response decrease is observed) when ambient
humidity is raised to 50 %. An 8-month long-term stability study has been conducted, which

indicates that WS2-NT sensors show a very stable response to NO:2 over time.
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1. Introduction

Anthropogenic air pollutants are having a negative impact in human health, since these are
responsible for about 4.2 million premature deaths yearly, according to the World Health
Organization.[1] Premature deaths related to ambient air pollution, occur mainly from heart
disease, chronic obstructive pulmonary disease, lung cancer etc. For instance, nitrogen oxides
(NOx) and, particularly, NO:2 are among the five major pollutants that degrade ambient air
quality. NOx are generated from combustion processes, e.g. motor vehicle exhausts. NO:2 has
a direct contribution to the formation of ground level ozone in the stratosphere, acid rain and
inorganic ambient particulate matter.[2-5] Exposure to NO2 may cause respiratory irritation,
chronic bronchitis, and asthma (53 ppb set as the annual standard by the U.S. Environmental

Protection Agency).[6]

The continuous and widespread monitoring of nitrogen dioxide would require using
inexpensive sensing technologies. Nowadays, metal oxide chemoresistors or electrochemical
cells are commercially available technologies for detecting NO2.[4,6-9] However, the reliable
and selective detection of nitrogen dioxide at ppb levels is still far from what currently marketed
inexpensive sensors can offer. Therefore, it is crucially important to develop a new generation

of reliable, accurate and cost-effective gas sensors that can detect and monitor in real time low

concentrations of NO2 for air-quality monitoring and human health protection.



Inspired by the intensive research efforts devoted to the application of graphene
nanomaterials for gas sensing,[10-13] 2D layered transition metal dichalcogenides (TMDs)
materials have been receiving increasing attention and are becoming the target of research in
gas sensing.[14—17] 2D TMDs consist of a metal atomic layer sandwiched between two atomic

layers of a chalcogen material (e.g. S, Se, Te). TMDs often appear as many 2D layers stacked

one above the other by Van der Waals forces of interaction.[14]

Owing to their semiconducting properties, nanoscale thickness and large specific surface
area, TMDs hold promise for addressing sensitivity, selectivity, stability and speed (response-
recovery time) issues often encountered in gas sensitive materials.[18—20] Indeed, the thinning
of the bulk material to a single or few layers leads to a drastic change of its inherent
semiconductor properties, primarily due to the confinement of charge carriers in two

dimensions (x- and y-directions) due to the low or absence of interactions in the z-direction.[18]

Among the TMDs materials that have demonstrated their usefulness in gas sensing
application, WSz, MoS2 and SnS2 are the most studied.[21-25] They have shown promising
results towards various gases and vapors of VOCs, at very low operating temperatures.
Additionally, TMDs could be used as a scaffold material to which functional groups or complex
molecules could be grafted to tune selectivity, employing different approaches such as plasma
treatment, low-energy ion implantation/ substitutional doping, covalent or non-covalent
functionalization. Such materials can be obtained by means of different routes including
chemical or electrochemical Li-interaction and exfoliation,[26-28] a mechanical cleavage
method,[24] liquid-phase exfoliation,[29] chemical vapor deposition (CVD),[30] and a wet-

chemical method.[31]

Despite the past and current efforts to refine the sensing properties of these new materials

and facilitate their integration to obtain functional gas sensor devices, TMDs are still facing



many shortcomings such as low production vyield, difficulties for their integration in standard
transducing substrates and weak gas response. In fact, the adoption of these novel materials is
somewhat limited by the synthesis processes currently employed to grow layered TMDs. As
we mentioned above, there are numerous methods available for the synthesis of TMDs,
however, they are subject to specific drawbacks. For instance, mechanical exfoliation produces
high quality TMDs sheets, but the method cannot be scaled up for mass production, given its
extremely low yield. In contrast, if the same sheets are produced via lithium intercalation
exfoliation route, yield is substantially increased but with loss of material integrity and
alteration of semiconducting properties due to a change in structure caused by lithium ions
intercalating in between the exfoliated sheets.[32] Similarly, the production efficiency of TMD
nanosheets is high if grown via hydrothermal or solvothermal processes at the cost of losses in
crystalline quality. Moreover, most of the growth techniques described above do not allow the
direct growth and integration of the desired material onto the sensor transducer, since they are
not compatible with a variety of sensor substrates (e.g., ceramics, silicon, silicon MEMS or
flexible polymers). Consequently, transfer techniques are needed to remove the material from
its growth substrate and to place it onto the application one, which negatively affect fabrication
costs as well as the stability of the sensing material (e.g. uncontrolled defects are generated in
the transfer process or residues from solvents or polymers remain at the surface after the transfer
process is completed). In an attempt to address the issue of poor gas responsiveness, Koo and
co-workers reported that gas sensitivity could be ameliorated when the number of the 2D TMDs
edges is increased, since higher catalytic activity locates at the edges rather than at the basal
plane of the 2D sheets.[15] However, most of the techniques reported lead to the formation of
materials with large basal planes and the assembly of 2D TMDs nanosheets into 3D

nanostructures remains highly challenging.



Hence, to overcome all the above-mentioned drawbacks, we report for the first time the
direct growth on standard ceramic transducers, of a 3D assembly of WS> nanosheets on 1D
nanostructures, using a two step-CVD (it combines the aerosol-assisted CVD and CVD
methods) for developing NO2 chemoresistive sensors. The nanosheets are grown at atmospheric
pressure under argon gas flow without H: assistance. This makes the process significantly
simple and thermally safe. Two different morphologies were grown in the form of 3D assembly
of 2D WSz nanoflakes (NFs) and/or nanotriangles (NTs) on WSz nanorods and/or nanoneedles
respectively. Throughout the paper, these two morphologies are denoted as WS> NFs and/or
WS2 NTs respectively. Their phase composition, morphology, microstructure and chemical
composition have been characterized. Moreover, the gas-sensing performance of these
materials towards NO2 have been studied under both dry and humid atmospheres. WSz NT
sensors exhibited very high NO:2 responses with good stability and, an unprecedented low
detection limit below 5 ppb at low operating temperature was achieved. Furthermore, the
response towards potentially interfering species such as Hz2S, Hz and NHs has been studied as
well in order to assess NO2 selectivity. Finally, adiscussion on the NO2sensing mechanism for

the 3D assembly of WSz nanosheets is given as well.

2. Experimental Section

2.1. Material synthesis:

First step deposition: either WO3 nanorods (NRs) or nanoneedles (NNs) were deposited
directly on alumina substrates (Pt-interdigitated electrodes with a gap of 300 um on the front
side and Pt- resistive heater meander on the backside, the electrode area was 2.5 mm x 2.5
mm), via AACVD (Fig. 1a) using tungsten hexacarbonyl W(CO)s (50 mg, purity 97%)
dissolved in a mixture of acetone and methanol in a ratio of 3:1. It is worth noting that by

changing the nitrogen flow during the AACVD deposition, the obtained morphology can be



varied from NRs to NNs. First, the substrates were cleaned with acetone, ethanol and distilled
water, dried with air and then placed inside a CVD hot wall reactor. Next, the precursor along
with the organic solvents were mixed in a glass flask, sonicated for 20 minutes and then placed
in an ultrasonic bath, to convert the mixture to an aerosol. The deposition temperature was set
to 400 °C. Nitrogen gas was used as a carrier gas (0.5 L/min to obtain NRs and 1 L/min to
obtain NNSs), in order to transport the aerosol to the heated zone inside the reactor. The duration
of the complete growth process was kept under 45 minutes. After deposition, the samples were
subjected to annealing at 500°C for 3h in dry, zero-grade air ata flow rate of 2 L/min.

Second step deposition: WS was synthesized via the sulfurization of the previously grown
WOs3 nanomaterial films using an atmospheric pressure CVD technique, as shown in Fig. 1b.
For the two different morphologies of WO3 nanostructures, the same method of sulfurization
was adopted. For sulfurization of WO3, S powders (99.5%), purchased from Alfa Aesar were
used without any further purification. Prior to the sulfurization process, the quartz tube was
flushed with 0.725 L/min of argon to remove any oxygen content in the reactor. Two ceramic
boats were utilized each one loaded with 0.220 g of sulfur powder. The two boats were placed
at different temperature zones of the deposition furnace such that one was positioned at the
40°C temperature zone and the other at 850°C temperature zone (total 0.440 g). WO3 samples
were placed at the 850°C temperature zone in the downstream of the argon flow in the quartz
tube reactor. The initial step of sulfurization process goes for a span of 30 minutes wherein the
S powder set at the 850°C zone sublimates. The optimized second sulfurization step was
performed by inserting the quartz tube in the hot zone of the furnace, such that the S powder
which was initially placed at 40°C reaches the 400°C temperature zone. The WOs3 sample

remained at 850°C as the quartz reactor was moved over a few centimeters.

2.2. Material characterization techniques



The microstructure of the material was characterized using scanning electron microscopy
(SEM-FEI Quanta 600). The chemical analysis has been performed by X-ray photoelectron
spectroscopy (XPS), using a K-Alpha Thermo Scientific spectrometer. High-resolution
transmission electron microscopy (HRTEM) (Jeol, JEM-2100) was used to analyze crystal
structure at the atomic level. XRD measurements were made using a Bruker-AXS D8-Discover
diffractometer. Lastly, RAMAN spectroscopy measurements were carried out using Renishaw

in Via, laser 514 nm, ion argon-Novatech, 25 mW.

2.3. Gas sensing tests

The gas sensing properties of the different nanomaterials were measured by monitoring the
change in electrical resistance of the sensors upon exposure to different target gaseous species
(NOz2, NHs, H2S, H2) at different operating temperatures (25°C, 100°C, 150°C). A Teflon test
chamber of 35 mL in volume was connected to a fully automated, continuous gas flow
measurement set-up able to supply diluted gas mixtures. Sensors were placed inside this test
chamber and their electrical resistance was measured using an Agilent-34972A multimeter. To
control the operating temperature of a given sensor, its heater was connected to an external
power supply (Agilent, model 3492A). The total flow rate was kept constant at a value of 100
mL/min throughout the measurements. Some experiments were conducted under a humid
background. Since aging often helps achieving more stable responses, sensors were kept for a

week at 150°C under a flow of dry air before their gas sensing properties were investigated.

3. Results and Discussion

3.1.Material synthesis and characterization

Tungsten trioxide NRs and/or NNs were directly deposited on alumina substrate using

AACVD method. The as-deposited films were strongly adherent to the substrate, with dark blue



color, which changed to light green after annealing (Fig. S1a). The color of the film was again
changed to dark black after undergoing the process of sulfurization (Fig. S1b). The morphology
of the synthesized material (WOs and WS2) was examined using a scanning electron
microscope. Fig. 2a and b show the SEM imaging results of the as-prepared material before it
undergoes the sulfurization process. The results demonstrate that the starting material was
composed of either thick nanorods with aggregates of nanoparticles at their tips (Fig. 2a) or thin
and elongated nanoneedle structures (Fig. 2b). Besides, it is observed that the grown
nanostructures are randomly oriented, tited and with homogeneous distribution over the
substrate.

Also, SEM images revealed that the morphology of WO3 samples (NRs and NNs) changed
due to the sulfurization process. These changes can be observed very well from the obtained
images, as shown in Fig. 2c—f. It can be seen that WOs3 nanorods were transformed to a 3D
assembly of 2D WSz NFs on WS: NRs, like flower structures with multilayered sheets as petals.
In contrast, the WOg3 nanoneedles, were transformed to a 3D assembly of large WS: triangle-
shaped crystals (NTs) on WSz nanoneedles. Furthermore, a consistent change in color for both
deposited films is observed, which clearly indicates the formation of homogeneous and uniform
film of WS,. Thus, the final morphology of the WS: materials strongly depends on the
morphology of the starting WOs.

WS, samples were investigated by using X-ray powder diffraction (XRD). The XRD
diffractograms of a bare AkO3s substrate was compared to those of WOs nanorods or WS;
(coating AlOs3 substrates) in view of checking for the presence of tungsten oxide in sulfurized
samples. Fig. 3 shows an XRD spectrum for WSz NFs. From the spectrum, it is clear that many
reflection peaks can be perfectly indexed to the hexagonal P63/mmc space group, indicating
that the structure of the WS: phase is 2H-WS: [33]. Besides, we noticed the presence of peaks

belonging to alumina substrate.[34] Moreover, XRD did not detect any peaks corresponding to



WOz impurities. Equivalent results were observed for WSz NT films (see Fig. S2, Supporting
Information).

X-ray spectroscopy (XPS) was used to investigate the chemical states and stoichiometry of
WOs3 and WS films. Fig. 4 depicts an example of the W 4f, S 2p and O 1s core level spectra
recorded for the WO3NNs, WSz NTs and WSz NFs. Considering the W 4f spectra of WO3 NNs
(Fig. 4a), three components are observed that are associated to the W 4f72 and W 4fs/2 spin orbit
doublet, and a low intensity peak originating from the W 5pas/2 core level. For the WO3 NN,
the WA4f doublet is centered at 35.4 eV and 37.5 eV and the W 5p weak peak around 41 eV.
These values are in good agreement with those found in the literature for W*6 in WO3
stoichiometric films [35]. The W 4f spectrum can be properly fitted by a doublet, confirming
the nature of WO3 material with W only present in the six-valent state. Moreover, one can note
the presence of oxygen and the absence of sulfur on this material. Concerning the WS> NTs and
WS2 NFs, the same features that are observed in the WO 3 can be observed with a binding energy
shift of the different components. Here, the W4f doublet is centered at 32.7 eV and 34.8 eV and
the W 5p weak peak around 38.2 eV. The perfect fitting of the spectra for both WS, NTs and
WS2 NFs by a doublet confirms the presence of WSz with values in good agreement with those
found in the literature for W*6 in WS; stoichiometric films [35], without the presence of oxide.
This is otherwise correlated with the quasi absence of oxygen and the presence of sulfur. Indeed,
in the S 2p spectrum, the known doublet peaks, S 2p12 and S 2pszat 163.4 and 162.2 eV,
respectively, with a spin—orbit energy separation of 1.2 eV corresponding to WS> (S>~ oxidation
state), can be seen in Fig. 4b. The experimental shape is very well fited by a doublet
demonstrating the presence of the unique phase WS2. Considering the O 1s region (Fig. 4c), the
difference between the two materials is well visible, with a lower intensity peak of oxygen in
the WS2 material around 533 eV, most likely related to physically adsorbed oxygen molecules.

This can be compared to O 1s core level spectrum of WO3 material with a main peak at 530.8



eV related to the WO3 (O? oxidation state). Based on the XPS analysis, the complete conversion
of WO3to WS: is demonstrated for both morphologies (at least for the sample depth probed by
XPS, which is considered a surface analysis method), since sulfurized materials show the same

stoichiometry than that of a WS:single crystal.

The purity of the grown films was studied by using Raman spectroscopy, which is a powerful
tool to evaluate the crystal quality [36] and to determine whether a TMD material is monolayer
or multilayer. Fig. 5a shows an example of WO3 NRs Raman spectrum. All the peaks (271 cmr
1,327 cmrt, 715 cmrt and 805 cnmrt) are indicative of monoclinic tungsten trioxide phase, which
is in a good accordance with our previous reported works.[37-39] Fig. 5b and c indicate the
Raman spectra collected from WS2 NTs and NFs films, respectively. Two important Raman
peaks characteristic of 2H-WS> were observed in both samples: El2g at 348.5 and Aig at 414.5
cnr! associated to WS2 NTs, and Elzg at 349 and Axg at 416.8 cm! appertained to WSz NFs.
The E'2g mode corresponds to the in-plane vibration of W and S atoms and the Aig mode
indicates vibration of sulfides in out of plane direction.[40,41] The ratio of relative peak
intensity I[E'2g)/I[A1g] for both samples turns out to be 0.89, revealing the formation of
multilayered WS>.[42] In contrast, at 700 cnv! and 803 cnml, two broad peaks were detected
with low intensity compared to WOz spectrum, indicating the presence of some WO 3simpurities.
These results are indicative that Raman is more sensitive than XRD or XPS for detecting traces
of tungsten oxide remnants within the WS: films. Additionally, it is clear that the morphology

did not affect the composition and crystallinity of the WS> material.

Fig. 6 shows an example of TEM and HRTEM images obtained from a WSz NT sample.
TEM analysis revealed that upon sulfurization of WO3 nanoneedles (i) transformed to WS:2
nanoneedles (Fig. 6) and (i) that sulfurization triggered the growth of WS: triangular
nanosheets from side walls and tips of WS> nanoneedles (Fig. 6a and Fig. S3a), Supporting

Information). Beside nanoneedles also nanotubes with diameters up to 20 nm were observed



(Fig. S3b). The HRTEM image of a triangular WS2 nanosheet with its corresponding FFT
pattern show the hexagonal lattice structure with lattice d-spacing of 0.28 nm corresponding to
the 2H-WS; (100) planes (PDF pattern 84-1398) (Fig. 6b). HRTEM images of the WS>
nanoneedles tip and its sidewall (Fig. 6¢ and d) reveal the (002) crystal plane distances are
expanded in comparison to the distance of 0.616 nm in PDF pattern 84-1398. For instance, d-
spacings of (002) planes decrease from the outer side toward the inner part of the nanorod (Fig.
6d) from 0.68 to 0.62 nm. The lattice expansion may be connected to crystallographic defects,
especially dislocations in the nanoneedles (see red arrows in Fig. 6¢ and d) [43,44]. TEM

analysis did not reveal the presence of WOs impurities in the WSz materials.

Thus, XRD, XPS, and HRTEM results show good accordance in between them and support
the total transformation of WO3 nanomaterials to WSz ones. Moreover, these results were
similar for the two morphologies (NFs and NTs) achieved. This apparent discrepancy with
Raman results in which the presence of tungsten oxide traces are detected can be explained as
follows. XPS is a method that only probes the surface of the sample while XRD and Raman
probe the entire sample. Raman is far more sensitive than XRD. All these results taken together

are indicative that some tungsten oxide traces remain in the core of the material.

3.2. Gas Sensing Results and Discussion

The gas sensing performances of WSz NF or WSz NT sensors were examined towards
different concentrations of NO:2and other species such as H2S, H2 and NHs. For all direct-
current resistance measurements, the target gas was injected for 10 min into the test chamber
where sensors were placed, which was followed by 50 min purging with a dry air flow for
sensors to regain their initial baseline resistances. The equation used to calculate sensor

response is as follows:



_ (Rair B Rgas) +100

B R

air
Eq.1

To study the effect of the operating temperature on sensor behavior, various NO2 gas
measurements were performed at temperatures ranging from 25 °C to 150 °C. Fig. 7, panels a)
and b) depict the intensity of sensor responses as a function of the operating temperature. It is
observed that sensor response for both morphologies, WS> NFs as well as WS> NTs increased
almost linearly with the increase in operating temperature. This can be explained well by
enhanced adsorption of gas molecules at higher temperatures. Indeed, as the temperature is
increased the activation barrier is lowered which enhances the rate of gas adsorption on the
surface, leading to amuch higher response at an elevated temperature. However, measureme nts
beyond 150°C were not performed, since the evaporation of sulfur would start and the formation
process of WOz will initiate leading to a formation of a WO3/WS, composite. Thus, for
subsequent studies, 150°C was considered as the optimal working temperature for both types of
sensors. This operating temperature is quite low in comparison to the standard operating
temperatures for most metal oxide gas sensors. Fig.7, panels b) an c) show the evolution of the
electrical resistance of the sensors operated at 150 °C under repeated exposure and recovery
cycles of NO2. As we can see WSz NT films are more resistive than WSz NF films, since the

baseline resistance of WS2 NTs is significantly higher than that of WSz NFs.

Fig. 8 shows typical repeated response and recovery cycles for WS> NF and WSz NT sensors
towards 800 ppb of NO2. As it is clear from the figure, sensors show a decrease in their electrical
resistance when exposed to NO:2 (i.e., an oxidizing gas), indicating a p-type semiconducting
behavior. This can be explained by the spontaneous adsorption of NO2 gas molecules on the

WS, surface, thereby withdrawing electrons via the valence band causing an increase in hole



concentration and resulting in an overall decrease in the electrical resistance of the film.[45]
Moreover, both sensors show stable, reproducible and remarkable responses towards 800 ppb
of NO2 gas. While the WS> NF sensor response is 26.6%, the response of the WS2 NT sensor

is significantly higher and reaches 56%.

Also, the sensors were exposed to consecutive concentration pulses of NO2 that ranged from
50 to 300 ppb, as depicted in Fig. 9. During these measurements, the two sensor types were
tested at five different concentrations of NO2 at a constant operating temperature of 150°C. A
diluted mixture of NO:2 in dry air was injected for 10 minutes in steps of increasing
concentrations of 50, 80, 100, 200 and 300 ppb. It is evident from the results obtained that there
IS an increase in response with each increment in analyte concentration. The WS2 NF sensor
response was calculated to be 0.16%, 0.96%, 2.28%, 3.41%, and 6.69% for 50, 80, 100, 200
and 300 ppb of nitrogen dioxide, respectively. In contrast, the response increased to higher
values (19.6%, 38.04%, 39.3%, 40.265, 41.75%) for the WSz NTs sensor. Hence, WSz NTs are
significantly more sensitive to NO2than WSz NFs. These results encouraged us to investigate

the responses of WSz NTs towards NO2atconcentrations lower than 50 ppb.

Fig. 10a and b present the responses of WSz NTs towards very low concentrations of NO:
(5 ppband 10 ppb) at 150°C. It is clearly observed that the nanomaterial was able to detect such
small concentrations with good responses and enough signal to noise ratio. For 5 ppb and 10
ppb of NO2 the responses recorded were 3.20% and 7.23% respectively. It is worth noting that
no responses above the noise level were obtained from WS2 NFsat such low concentrations of
NO2. Hence, the detection limit is roughly 50 ppb of NO2 for WSz NFs, while this detection
limit is clearly below 5 ppb of NO2 for WS2 NTs. Indeed, considering the low noise levels
observed in Fig. 10 a, the limit of detection for NO: lies in the ppt concentration levels. To the
best of our knowledge, none of the reported works in the literature have achieved such a small

detection limit of NO2 gas (below 5 ppb) using a WSz nanomaterial. Fig. 10c depicts the



response of WSz NTs to pulses of 10 and 20 ppb of nitrogen dioxide. Five consecutive replicate
measurement sequences were performed to study repeatability. Similarly, Fig. 10d shows four
replicate measurement sequences for concentration pulses ranging from 50 to 800 ppb of NO-.
From these results, it is clear that WSz NTs were able to discern between all the concentrations
tested. Additionally, sensor responses were remarkably stable and reproducible, which can be
attributed to the direct growth of the nanomaterial on the sensor transducer. While all the above-
discussed measurements were performed at the operating temperature of 150°C, Fig. 10e shows
the responses towards 800 ppb of NO2of WSz NTs operated at room temperature. Despite the
higher drift experienced in the baseline resistance, surely due to the difficulty of desorbing NO-
molecules from the surface during the cleaning cycles at room temperature, the nanomaterial
was able to detect NO2 at room temperature with an acceptable and reproducible response of
10.6%. To further study the sensing performance of WSz NTs, its behavior in a humid
environment was considered as well. The effect of ambient moisture was studied as it is well
known that water vapor can affect sensor response by affecting its electrical resistance in a
similar way to that of a reducing gas, resulting in an interfering effect for gas detection. Fig.
10f shows three replicate sensor response and recovery cycles towards 800 ppb of NO2 for a
WSz NT sensor operated at 150°C in dry (~3% RH @ 25°C) and humid (50 % RH @ 25°C)
backgrounds. One can observe that under humid conditions, sensor remains fully functional
with good and reproducible response. However, there is a tolerable decrease in response
intensity, since response decreased from 56 % to 30 %. It is worth noting that most of the
reported studies on layered TMD gas sensors have not studied the effect of ambient humidity

on sensing performance, an essential aspect for the real application of gas sensors.

The response towards NHs, Hz2S, Hz was studied as a way to assess the potential selectivity
of the nanomaterials studied in the detection of NO2. Typical sensor response and recovery

signals for these reducing species can be found in Fig. S4. The concentrations tested for these



interfering species were chosen to be much higher than that of the target gas. Fig. 11
summarizes the obtained results. The responses towards these species are negative, because
sensor resistance increases in the presence of these electron donor species, which further
confirms the p-type behavior of our WS nanomaterials. It is evident from the bar graph that
both WSz NF and WSz NT sensors were highly sensitive and NO2. NO2 response is significantly
higher than the one recorded for any of the other species tested. Besides, it is noticeable that
WS, NTs sensor showed high responses to H2S, however it must be stressed that the
concentration tested for hydrogen sulfide was fifty times higher than the one for NO2. These
results are in line with previously reported theoretical studies indicating that the interaction of
the NO2 molecule with the surface of 2D TMDs is characterized by higher adsorption energy
and charge transfer than for other molecules such as NHs or H2S [21]. These results indicate
that WS, sensors show potential for the selective detection of NO2 traces, provided some

surface functionalization is conducted to decrease the current cross-sensitivity experienced.

Based on the obtained results, sensor with large nanotriangular sheets assembled on 1D
nanoneedles (WS2 NTs) displayed the best NO2 gas sensing performances. This can be
attributed to the difference in the morphology, since it can have a huge impact on how gas
molecules interact with and get adsorbed on the sensing surface. Further, the material
characterization results showed that both nanomaterials are identical in terms of chemical

composition and crystallographic phase, whereas the only difference was in their morphologies.

Table 1 summarizes the main results achieved and puts them in context with the state of the
art. In this table, the performance in the detection of NO2 reported here are compared against
those in the literature NO:2 gas detection. From these results it is clear that sensors based on
WS2 NTs show very remarkable gas responses with high sensitivity an unprecedented detection

limit below 5 ppb for NO2 gas at 150°C. The long-term stability of the NO2 sensing properties



for WS2 materials was studied (see the Supporting Information, Fig. S5). It was found that WS2-

NTs show a very stable response to NO2 over 8 months of tests.

3.3. NO; gas sensing mechanism

NO2 molecules behave as electron acceptors and H2S, Hz or NHs behave as electron donors.
The resistance of the WS: devices decreases in the presence of NO2 and increases in the
presence of the above mentioned electron donor species, which is indicative that our multilayer
tungsten disulfide behaves as a p-type semiconducting material. While single layer WS>
behaves usually as an n-type semiconductor,[46] the n-type or p-type nature of WS depends
on its morphology, nanostructure alignment on the substrate or even on the presence of few
carbon atoms substituting sulfur atoms.[47] The p-type behavior of WS achieved via the
sulfurization of WOs3 has been reported previously.[48] The nitrogen dioxide sensing
mechanism in WSz NFsor NTs (Fig. 12) involves the adsorption of NO2 molecules both on the
edges of flakes or triangles and on their surface (or basal plane). Upon adsorption, electronic
charge is injected from WS: towards the gas molecule, which generates a hole accumulation
zone that results in a decrease in the resistance of the film. According to previously reported
computational chemistry studies in MoSgz, the edges are far more important than the basal plane
for the adsorption of NO2, because the adsorption energy of nitrogen dioxide at S edges is higher
(~-0.4 eV) than at the basal plane (~-0.13eV) and the associated electronic charge transfer is
~ 0.5 e and 0.1 e, respectively.[49] These adsorption energies suggest that the interaction
between WSz and NO2 would involve the physisorption of nitrogen dioxide. This is supported
by the experimental results showing that sensor baseline resistance can be regained when
flowing the sensor surface with clean air, even when sensors are operated at room temperature
(i.e. 25°C). It is worth noting that the assembly of WS:2 nanotriangles on 1D nanoneedles or

nanorods shows a highly increased porosity and increased number of edges for gas interaction



in comparison to the more closely packed nanoflake assembly. This explains the superior gas

sensing properties recorded for WS with nanotriangle morphology.

4. Conclusions

We have demonstrated an efficient route to synthesize high quality, multi-layered WS>
nanosheets homogeneously assembled in 1D nanoneedles or nanorods. The nanomaterials are
directly grown onto standard ceramic application transducers for developing chemoresistive
gas sensors, using adouble step CVD technique. It can be concluded that the final morphology
of WS; films heavily depends on that of pre-deposited WO3 layers, which is easily scalable and
controllable, making it possible to meet the demands for different applications. Gas sensing
results showed that WSz NTs exhibited excellent NO:2 gas sensing characteristics at low
operating temperature, even at room temperature. The high sensitivity observed and the
unprecedentedly low limit of detection achieved (in the ppt range), were attributed to the porous
surface and the increased number of sulfur edges in WSz NTs, which were created by the
random 3D assembly of WSz nanosheets on WS: nanoneedles. Furthermore, WSz NTs have
shown an excellent response stability during long-term stability tests conducted over an 8-
month period. Hence, these results shed light on the important role played by the morphology
in enhancing sensor performance. Furthermore, good stability and reproducibility of the
responses were observed as well and these were related to the direct growth of the material on
the sensor transducer. Henceforth this study paves a way to develop WS: gas sensors with

improved quality for NO2 detection.
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Fig. 1. (@) AACVD synthesis of WO3 nanomaterials, (b) CVD synthesis of WS2 nanomaterials.



Fig. 2. SEM images of (a) WOz nanorods, (b) WOs3 nanoneedles, (c and e) WS: nanoflakes and

(d and f) WSz nanotriangles
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Fig. 3. XRD diffractograms for a bare ALO3s substrate (lower patter), WO3 NRs (middle pattern

and WSz NFs (upper pattern).
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Fig. 5. Raman spectra of (a) WO3 NRs, (b) WSz NTs and (c) WSz NFs.



Fig. 6. TEM image of a WSz nanoneedles (a). Triangular WS:2 nanosheet growing from a
nanoneedles longest side. The white frame in the image indicates the area where HRTEM image
was taken (bottom inset); the upper inset is the corresponding FFT pattern (b). HRTEM images
of the WS nanoneedle end (c), and sidewall of the WS> nanoneedle (d). Arrows in panels (c)
and (d) are pointing to dislocations. Red frames in panel (a) indicate the areas shown in HRTEM

images (b), (c) and (d).
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increasing concentrations of NO2 gas (from 50 to 300 ppb). Sensors were operated at 150°C.
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Fig. 10. Repeated response and recovery cycles for a WSz NT nanomaterial towards different
concentrations of NO2. Unless otherwise specified, the operating temperature was set to 150°C.
(@) 5 ppb; (b) 10 ppb; (c) five replicate measurements for consecutive 10 and 20 ppb pulses; (d)
four replicate measurements for increasing concentration pulses ranging from 50 to 800 ppb;
(e) four replicate measurements for 800 ppb pulses while operated at room temperature; (f)

three replicate measurements for 800 ppb in dry and 50 % RH backgrounds.
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Fig. 11. Response histogram of WSz NFs and WSz NTs sensors operated at 150°C.

Side view

Fig. 12. Gas sensing mechanism of WSz nanosheets (W= pink, S= yellow) towards NO:2 gas
molecules.



Table 1. Comparison of the sensing properties to NO2 of resistive gas sensors based on different

WS: sensing materials.

Structure Working | Studied | Response | Sensitivity Detection | Reference

Temp. Conc. (%) (Response%/ limit
CC) ppm)

Nanotriangles 150 800 ppb 55.9 70 <5 ppb This work
(experim.)

Nanotriangles 25 800 ppb 10.6 13.2 N/A This work

Nanoflakes 150 800 ppb 26.6 33.2 ~50 ppb | This work
(experim.)

Nanoflakes 25 300 ppb 0.5 1.7 N/A This work

Nanosheets NA 25 ppm 8.7 0.3 N/A [26]

Nanosheets 25 5 ppm 68.4 13.7 0.1 ppm [27]
(experim)

Nanostructure 180 2 ppm 3 1.5 10 ppb [28]

(aerogel) (theoret.)

Nanostructure 25 5 ppm 2.5 0.5 N/A [50]

Nanosheets 160 5 ppm 121 24,2 < 200 ppb [51]
(experim.)

N/A: Not available; experim.: experimentally measured; theoret.: theoretically calculated



