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Ultrasonication assisted fabrication of a tungsten
sulfide/tungstite heterostructure for ppb-level

ammonia detection at room temperaturet
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A heterostructure of WS,/WOs3-H,O has been prepared by partial oxidation of WS, nanosheets by exposing
bulk WS, micron powder to ultrasonic waves in a bath sonicator. The as-prepared nanomaterial was used as

a sensing film in an interdigitated electrode-based gas detecting device. The device was found to be specific

towards ammonia gas among a group oxidizing and reducing gases. In particular, a response of as high as

11.36-254.66% was recorded for ammonia concentrations of 50 ppb to 2 ppm with excellent repeatability

and reproducibility at room temperature. The response time and recovery time of the device was found to
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be a few tens of seconds suggesting its practicability. A plausible mechanism based on different active sites

present in the receptor film is proposed and a logical reason behind its specificity towards ammonia gas is
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1. Introduction

Detection of ammonia gas at low concentrations is very
important for quality life as this is the most abundant air
pollution element contributed by industry, vehicles, and food
practices. Apart from this, there are several places in industry
processes, breath analysis and other clinical diagnosis where it
is necessary to ascertain ammonia concentration with highest
possible accuracy.'” Several nanomaterials including metal
oxides, semiconducting polymers, carbon nanotubes etc. are
well established gas sensing receptors films for chemiresistive
device applications. With the rise in two-dimensional (2D)
material research, several exciting graphene analogous nano-
materials have emerged as an alternative to these existing
materials. These materials provide excellent surface-to-volume
ratio because of the weak interlayer van-der Waals attraction
which allow exfoliation of ultrathin layers with nearly all the
atoms exposed to the toxic analyte molecules. This weak inter-
layer physical forces in these materials (i.e. transition metal
dichalcogenides (TMDs), hexagonal boron nitride (h-BN) etc.)
allow easy fabrication of vertical heterostructure of 2D materials
by simply stacking one over other by physical or chemical
techniques as the epitaxial constraints are relaxed for these
materials.* However, the relative orientation control of layers
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also inferred based on the Lewis acidic centers on the nano-surfaces. Overall, this proposed nanomaterial
has very high potential for practical use as a room temperature ammonia sensor.

with respect to each other is an important aspect to be
considered for vertical heterostructure. The vertically stacked
heterogeneous nanomaterials provides a unique opportunity to
tune the surface properties via work function tuning. For
example, the work function of graphene sheets can be tuned by
stacking them on any TMD nanosheets.® By this stacking,
a dipole moment is created across the two planes due to the
interlayer charge transfer which could be used for fine control
of the chemical reactivity on the surface. The neat interfaces at
the heterojunction provide much reliable device performance.
Unfortunately, fabrication of lateral heterostructure (with two
materials linked by covalent bonding) remains challenging as
the lateral growth requires lateral lattice matching. However,
Ling et al. demonstrated a modified chemical vapor deposition
(CVD) technique to grow lateral heterostructure (or parallel
stitching) of 2D materials with even large lattice mismatch.® In
this technique, they sowed aromatic molecules on the substrate
as seed to facilitate growth of the two different layers parallelly.
A similar approach has also been reported by Zhang et al. to
fabricate lateral heterostructure of TMDs.” Zhou et al. synthe-
sized 2D lateral heterostructure of tungsten sulfide (WS,)/
tungstite (WO;-H,0) by supercritical carbon dioxide (sc-CO,)
assisted exfoliation of WS, and then partially converting them
into tungsten oxide monohydrate (WO;-H,0) through oxida-
tion of these sheets under high pressure.*

In this work, we have synthesized WO;-H,O lateral hetero-
structure by simply bath sonicating the bulk WS, micron
powder dispersed in ethanol-water (EtOH) and allowed local
heating by avoiding any ice addition to the bath. This heating
allowed partial oxidation of nanosheets with some water
molecule being trapped in the crystal resulting in lattice H,O.
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Several material characterization tools including XRD, Raman,
UV/Vis, SEM, TEM, AFM etc. were utilized to characterize the
phase, morphology, and heterogeneous nature of this nano-
material. This material was further utilized in sensing toxic
gases. The device showed excellent selectivity towards ammonia
gas at room temperature.

2. Experimental section

2.1. Materials synthesis and characterization

The bulk WS, micron powder (>99.9% pure (Sigma Aldrich))
was used as the precursor material. Pure ethanol was obtained
from Merck while deionized (DI) water of resistivity 18.2 MQ cm
was obtained from a Millipore system. This bulk WS, micro-
powder was dispersed in 40 ml EtOH (ethanol: 65% water:
35% v/v) with an initial concentration of 6 mg ml~". The solu-
tion was ultrasonicated in a low power bath sonicator (PC
analytics average power = 120 watt and frequency = 50 kHz)
similar to our previous report, except that no ice was added to
the bath.? In place of ice addition, the sonicator was switched
off for 1 minute after running for every 15 minutes to save the
instrument from overheating. This cycle was repeated for about
72 hours. The dispersion was allowed to settle down for next 24
hours following which, it was centrifuged at 2000 rpm and top
one-third of solution was collected for further characterization
and device fabrication.

The morphology of bulk WS, and as-obtained nanomaterial
was characterized using field-emission scanning electron
microscopy (FE-SEM, ULTRA 55, Carl Zeiss AG). Low magnifi-
cation and high-resolution transmission electron microscope
(Low-Mag. TEM, and HR-TEM), high-angle annular dark-field
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scanning transmission electron microscopy (HAADF-STEM)
and corresponding energy dispersive spectroscopy (EDS)
mapping analyses were done using a FEI transmission electron
microscope (Titan Themis 300 kV) with sample dropcasted on
a copper (300 mesh) grid. A Bruker (Dimension Icon) atomic
force microscope (AFM) operating in tapping mode was utilized
to understand the thickness profile of the nanomaterial. X-ray
diffraction (XRD, Rigaku SmartLab) pattern was used to
compare the bulk and as-fabricated nanomaterial crystal
structure. Raman data was collected using Horiba (LabRAM HR)
high-resolution Raman spectrometer equipped with 532 nm
laser. Shimadzu UV-3600 UV-VIS-NIR spectrophotometer was
employed to collect ultraviolet-visible (UV/Vis) spectrum.

2.2. Fabrication of gas sensor and their sensing
measurements

The interdigitated electrode (IDE) with 5 pm width and gap was
fabricated by standard photolithography technique as reported
in our previous report.® In brief, 90 nm of platinum (Pt) was
deposited over 10 nm titanium (Ti) for IDE fingers and contact
pads. 2.5 micro-liter (uL) of the as-prepared nanomaterial was
dropcasted manually on the IDE's active area and used as
sensing device after drying at 100 °C for half-an-hour in ambient
without any post-processing step. This device was probed inside
a custom-built gas sensing set-up as reported earlier.’®
Commercial synthetic air (standard composition: N, = 79%,
and O, = 21% by volume) was used to dilute analytes to obtain
required concentration. It was also used to attain baseline of the
device. A biasing voltage of 1 V was provided to the device
during sensing measurements.

Fig.1 FESEM image of (a) bulk WS, and (b) as-obtained nanomaterial after ultrasonication for 72 hours and centrifugation at 2000 rpm for 30
minutes; (c) low-mag. TEM image of the as-obtained nanomaterial (inset: SAED pattern) (d) HR-TEM image of the as obtained nanomaterial and

zoomed image for two different area from this figure.
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3. Results and discussion

3.1. WS,/WO;-H,O0 synthesis

Bulk WS, powder (as shown in Fig. 1(a)) dispersed in EtOH was
subjected to ultrasonic waves for long term (~72 hours). It
should be noted that the bulk WS, was not able to disperse in
pure water and thus, ethanol-water mixture was used as
a convenient mixed solvent strategy.'* Generally, to fabricate
nanosheets of WS, (or any other TMDs) this method is taken
into consideration and is called liquid phase exfoliation (LPE)
as discussed in literature in detail.”*** However, these experi-
ments are performed in ice-cooling condition to avoid any
oxidation which could take place due to local heat generation by
strong ultrasonic waves.>"* In this experiment, the bath soni-
cator chamber was not cooled (neither ice was added, nor any
chiller was connected) and the intentional heat generation due
to continuous bubble formation and collapsing due to ultra-
sonication was allowed. After long hours of sonication, the
sample was allowed to settle down for 24 hours before collecting
the supernatant of centrifuged sample. The FESEM image of the
supernatant nanomaterial is shown in Fig. 1(b). It is evident
that tiny nanoflakes have formed by the processing, which is
also confirmed by low-mag. TEM images in Fig. 1(c). However, it
also shows that many nanoflakes are oriented in vertical
direction. It should be noted that we have done a thorough TEM
measurements at various places and similar vertically oriented
flakes were present along with the flat nanoflakes. This may be
due to presence of different nanostructures with distinct
surface energy in the liquid processed samples which require
specific relaxation energy. The SAED pattern (inset of Fig. 1(c))
also confirmed the polycrystallinity in the sample. The HR-TEM
image (as shown in Fig. 1(d)) of the sample clearly shows the
heterogeneousness of the sample. The marked area 1 clearly
shows the presence of lattice fringes due to (100) and (002)
planes of WS, along with (111) plane of WO;-H,O. Area 2 also
reveals these co-existing phases in the sample, along with some
defects which may have been resulted from the long hours of
sonication. However, both the areas clearly reveal lattice
merging and a good interface at the lateral heterojunction. This
neat interface is formed due to partial in situ oxidation of WS,
nanosheets which has exfoliated during the sonication.

We further characterized the nanomaterial via different
diffraction and spectroscopy techniques. The XRD pattern of
bulk WS, powder and as-obtained nanomaterial is shown in
Fig. 2(a). XRD peak corresponding to (002) peak for the bulk
WS, sample (JCPDS card no. 08-0237) appears at a two-theta (26)
value of 14.36° which shifts by 0.06° after nanostructuring
towards higher 26 values and appears at 14.42° in the as-
obtained nanomaterial.

This is unusual in exfoliation as the nanostructuring usually
results in shifting to lower 26 value due to enhanced interplanar
crystal spacing.'®*® Therefore, this shift is attributed to the
planar tensile stress caused by the partial oxidation of nano-
sheets.” Major peak corresponding to WO;-H,O appeared at
16.6° which is 0.1° offset (towards higher 26) value from the
standard WO;3-H,0 XRD data (JCPDS card no. 43-0679) again

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) XRD pattern of bulk WS, and as-obtained nanomaterial (b)
Raman spectroscopy data for bulk and as-obtained nanomaterial (c)
UV/Vis spectra of as-obtained nanomaterial.

confirming the overall tensile stress in the nanomaterial.>® The
Raman data for the exfoliated nanomaterial is compared with
the bulk WS, in Fig. 2(b).

The A,, (out-of plane vibration) peak and Ej, (in-plane
vibration) peak of WS, still dominate in the exfoliated nano-
material, confirming the partial oxidation of the nanosheets.
The position of Ej, peak in bulk WS, appears at 352.71 cm ™
which remain intact in the exfoliated sample, however, A;, peak
in exfoliated nanomaterial appears to be blue shifted by
0.46 cm ™" as compared to bulk sample. In the higher wave-
number regime, broad hump appears in the Raman signature of
the as-obtained nanomaterial which is again due to partial
oxidation of the WS, nanosheets during ultrasonication.** The
UV/Vis data for the exfoliated nanomaterial is shown in Fig. 2(c).
The peaks at 239 nm and 406 nm correspond to the two

RSC Adv, 2020, 10, 21993-22001 | 21995
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(@) HAADF image of as-synthesized nanomaterial, elemental mapping in the sample corresponding to (b) oxygen (O), (c) sulfur (S), (d)

tungsten (W), (e) elemental mapping imposed on HAADF image and (f) corresponding EDAX data (g) AFM image and its height-profile (inset)
corresponding to a nanostructure and corresponding (h) AFM phase data.

unoccupied anti-bonding components of WO;-H,0, while
peaks at 639 nm, 525 nm, and 459 nm correspond to charac-
teristic excitonic A, B, and C band of WS,.>**®* HAADF-STEM
image of the nanomaterial is shown in Fig. 3(a) with corre-
sponding elemental mapping of elements in Fig. 3(b-d). These
images clearly reveal the presence of oxygen in abundance in
the sample. EDAX analysis of the corresponding area (Fig. 3(e)
and (f)) clearly indicates the oxygen richness in sample due to
partial oxidation. The AFM height profile (Fig. 3(g) and (h))
analysis of the samples showed ultrathin nature of the nano-
material with thickness in the range of 1-4 nm and lateral
dimension in the range 100-200 nm. The corresponding phase
data of the AFM image shows nanomaterials with black spot in

21996 | RSC Adv, 2020, 10, 21993-22001

the center with light yellowish shade at the outer part. This
indicates that the WS, nanosheets are partially oxidized from
edges towards center as depicted in schematic diagram in Fig. 4.

3.2. Gas sensing results

We utilized this nanomaterial as a sensing film in an IDE
based chemiresistive device by simply dropcasting certain
amount of the nanomaterial on IDE fingers. The device at
a biasing voltage of 1 V shows stable baseline current in the
range of few micro-ampere (nA). Then the device was subjected
to several oxidizing and reducing gases and the ‘specificity (S)’
of the device was compared as per the histogram in Fig. 5(a). It

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Schematic of (a) bulk WS, powder existing in the form of layers (b) bath sonication in EtOH (only water molecules shown) without any
additional effort to cool down the chamber and (c) sample centrifuged at 2000 rpm for 30 minutes.

should be noted here that the specificity (S;) of a chemir- the current in presence of analyte ‘i’ and I, is the baseline
esistive device is the measure of how selectively a sensor can  current and numerical value of S; (0 =< S; < 1) varies between
identify a particular analyte ‘i’ among a set of ‘n’ gases. zero to one (for 1 <j = n).**

Mathematically, it can be calculated as per eqn (2), where, I; is
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Fig.5 (a) Specificity of the device for six different analytes for 1 ppm concentration (b) response (%) for ammonia concentration 50 ppb to 2 ppm
at room temperature (c) response vs. concentration (ppm) plot with an exponential fit with equation y = a/(1 + e — k*(x — xc)) (d) repeatability of
2 ppm ammonia concentration for five consecutive on—off cycles.
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It is clearly evident from Fig. 6(a) that among ten (n = 10)
different analyte (NHj;, H,S, NO, NO,, SO,, CH;COCH;
(acetone), CH, (methane), CO, C,HsOH (ethyl alcohol), and H,),
the device has highest specificity towards ammonia gas.
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Fig. 6 (a) Extraction of response time (t,es) and recovery time (t,ec) for
2 ppm ammonia concentration (b) variation in current over time when
exposed to ammonia gas from 50 ppb to 2 ppm and back to 50 ppb in
synthetic air and (c) corresponding hysteresis.
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Therefore, the device was subjected to different concentration
of this analyte. Fig. 5(b) shows a dynamic response curve for
when the device was subjected to ammonia concentration in the
range 50 ppb to 2 ppm. The response (%) of the device was
found to be 11.36-254.66% in this concentration range. It
should be noted here that the response percentage of the sensor
is calculated as

IL— 1,
Response(%) = -£ 7 X 100 (2)

a

where I, is the current of the device in presence of analyte and I,
is the baseline current in presence of synthetic air. The static
curve for the response showing the device to device variation in
three different devices is shown in Fig. 5(c). We went further to
see the repeatability of the result when the device was subjected
to same concentration. Fig. 5(d) shows the repeatability of the
device when the device was subjected to five cycles of 2 ppm of
ammonia. The device showed highly correlated results in all five
cycles. The response time and recovery time of the device was
found to be in the range of tens of seconds which indicates its
practical usability (as shown in Fig. 6(a)).

Hysteresis is an important issue in chemiresistive gas
sensing method. We investigated hysteresis error associated
with the device. Hysteresis error (%) is calculated as

Al

0/ —
’\/H(/o) ==+ 2Fps

x 100 (3)

where, Al .. is the difference in current output during gas
purging and gas desiccation while FFS is the full-scale output
(i.e. the algebraic difference between the maximum current
measured with maximum input stimulus and minimum input
stimulus applied). The dynamic current change and corre-
sponding memory effect is shown in Fig. 7(c) and (d) respec-
tively. The average hysteresis error (%) when device was
operated at room temperature is calculated to be 6.17%. We
also investigated the long-term stability of the device by sub-
jecting the same device (stored in desiccator) to various
ammonia concentration after a month. The dynamic response
of the device for 50 ppb to 2 ppm and back to 50 ppb of
ammonia is shown in Fig. S1 (ESI).T The average hysteresis of
the device has gone up by 4.21%. This increment may be due to
the overall drift in baseline current. However, the current of the
device and its response towards various concentration is
preserved with average variation in observed response (after
a month) is 3.84%.

We compared our result to some of the recent reported WS,
based ammonia gas sensors as shown in Table 1. Although,
most of the reported WS, and its hybrids/nanocomposites could
detect ammonia at room temperature, but detecting below
1 ppm remains a challenge for them. WS,/WO;-H,0 based
device could detect much lower than this threshold at the same
temperature. Also, the response and recovery time of our device
is comparable to the reported results.

We also compared WS,/WO;-H,0 based ammonia sensor
with other nanomaterials-based room temperature chemir-
esistive NH; detectors (Table S1, (ESI)f) and found that our
result is comparable to those.

This journal is © The Royal Society of Chemistry 2020
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Tablel Comparison of our WS,/WOs3-H,O based ammonia gas sensor with recently reported chemiresistive sensing devices for NHz detection

Measured

ammonia Response time/recovery time Operating
Material range (in ppm) Response (%) (seconds) Synthesis technique temp. Ref.
WS, 1-10 ~225@ 1 ppm 120/150 @ 5 ppm Ball milling of bulk WS, RT 25
WS, 1-5 ~0.22 @ 5 ppm ~300/600 @ 5 ppm Plasma assisted synthesis at 500 RT 26

°C
WS, 0.05-3 4.3% @ 0.05 147/14 @ 3 ppm Liquid exfoliation 250 °C 27
ppm

WS,/TiO, 20-500 43.72 @ 250 ppm —/174.43 @ 30 ppm Chemical synthesis RT 28
WS,/RGO 10-50 121 @ 10 ppm  60/300 @ 30 ppm Hydrothermal synthesis RT 29
WS, /Pt 50-750 3 @ 50 ppm —/= Hydrothermal synthesis RT 30
WS,/WO3 250-2000 150 @ 200 ppm 160/310 @ 1000 ppm Liquid processing method 250°C 31
WS,/ 0.05-2 11.36 @50 ppb  55.76/23.36 @ 2 ppm Liquid exfoliation method This
WO;-H,0 work

This journal is © The Royal Society of Chemistry 2020
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3.3. Plausible mechanism

As it is predicted in the Fig. 4 as well as from experimental and
theoretical predictions in earlier reports, the oxidation of the
sheets happens from the edges, and hence, the edges of the
nanosheets are considered to be tungstite for simplicity.**
Therefore, ideally there are three obvious sites where, the NH;
molecules could interact with the receptor film, they are: (i) at
the tungsten sulfide surface (ii) at tungstite surface and (iii) at
their interface.

At the first interaction site, where NH; molecule interact with
WS, surface, it is based on simple charge transfer mechanism
as evident from the theoretical and experimental reports in
literature.** NH; being a reducing gas, when it interacts with
intrinsically n-type WS, nano-surface, it donates electron to it.
These electrons populate the majority carrier in WS, which
ultimately results in enhancement of current in presence of NH;
molecule as evident from the gas sensing results (as shown in
Fig. 6(b)).

Another active site is the WO;-H,O nano-surface, which
interacts with any analyte at its surface through ionized oxygen
(present due to adsorption from the ambient).** According to
Wolkentein's model, the electron from the conduction band of
WO;-H,0O (which is a n-type semiconductor) is trapped by
adsorbed surface O, molecules and form a metastable oxygen
ion (O, (ads)) as per eqn (4) and (5).

OZ(gas) - O2(ads) (4)

Ojadsy T € — O3 (ag5) [at Toom temperature] (5)

When NH; molecule interacts with these oxygen ions the
following series of reactions occur as

NH3(gas) - NH3(ads) (6)
4NH3(ads) + 502_(ads) — 4NO + 6H20 + 5e” (7)

The electrons released in eqn (7) are released back to the
conduction band of tungstite which leads to the increase in the
density of electrons which results in increase in current in the
sensor film.

The third possible active site is the interface of tungsten
sulfide/tungstite. Due to the formation of depletion region at
the n-n lateral heterojunction of the nanomaterial, the overall
resistance of the material goes high. However, when the mate-
rial is exposed to reducing gas like NHj, it transfers electron to
the interface resulting in lowering the barrier potential and
hence overall resistance.

Thus, interaction of NH; molecule at all available active sites
in the receptor film results in increase in current which is re-
flected in the sensing data. To understand the selectivity of WS,/
WO;-H,0 towards ammonia gas, we did chemical analysis of
the sample using XPS as shown in Fig. 7. The tungsten (W 4f)
XPS spectrum of exfoliated WS, shows additional peaks corre-
sponding to tungstite while the sulfur (S 2p) spectrum shows
additional peaks at higher binding energy corresponding to
surface sulfate (SO,>”) which could form in the process of
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oxidation. The oxygen (O 1s) spectrum of the bulk WS, shows
a single peak corresponding to chemisorbed oxygen while the
exfoliated sample has additional peaks due to presence of
sulfate as well as tungstite. The presence of SO,>~ at the surface
of nanomaterial, make it enriched in Lewis acid.”® These Lewis
acid centers make it specific to the Lewis base gases like
ammonia.*®

4. Conclusions

To conclude, we have prepared WS,/WO;-H,0 lateral hetero-
structure nanomaterial by ultrasonication, by simply altering
the sonication condition and subsequent centrifugation. This
nanomaterial was used as a receptor film to detect NH; gas with
high selectivity, in the concentration range of 50 ppb to 2 ppm.
The response time and recovery time of the device was found to
be of the order of tens of seconds. The repeatability, stability,
and reproducibility of the device was found to be very good and
comparable to the latest reports. We also proposed a sensing
mechanism based on interaction of gas molecules at three
different sites namely, the tungsten sulfide surface, tungstite
surface and their interface. The proposed model is capable of
explaining the sensing data, in the backdrop of material char-
acterization results. This work will open a new possibility
towards the fabrication of new heterostructure material based
on metal sulfide/metal oxide for functional applications such as
gas sensors.
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