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ABSTRACT: Imidacloprid (IMI) is a systemic insecticide, which IMI reducetion 10
is widely used for seed treatment and pest control in vegetables. a

The unwarranted presence of traces of IMI in vegetables and
groundwater is a matter of grave concern which needs to be
detected and quantified in order to effect remedial measures for
the sake of food safety. In this work, we communicate the
fabrication of tungsten sulfide (WS,) nanosheets and the
construction of an amperometric sensor for the precise
determination of IMI. The sensor performances were evaluated
by using cyclic voltammetry (CV). The presence of surface-active
sites and the fast electron transfer on WS,/GCE favored the
electrochemical reduction of the aromatic nitro group in IMI. The
developed IMI sensor displayed a linear range of IMI detection
from 10 to 90 uM with a detection limit of 0.28 sM. The developed WS,/GCE sensor also displayed good sensitivity, with a value of
3.98 uA uM™' cm™2. The electrochemical measurements demonstrated the superior selectivity of the constructed WS,/GCE sensor
for IMI detection, which makes it suitable for practical applications.
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H INTRODUCTION has increased its persistence in environmental resources,
leading to pollution in soil and water, and subsequently it
has invaded the food chain.'*"® Furthermore, the overuse of
IMI has elevated the limit of IMI residues in agricultural

The perpetual increase in population has continuously raised
the demand for food and crop production across many
countries.” Pesticides are well-known chemical entities that

play a vital role in boosting agricultural productivity by products, which is consequently creating ill effects (neuro-
effectively protecting crops from pests and thereby enhancing logical disorders, genotoxicity, etc.) in consumers.'*'> Thus,
crop yield.” Neonicotinoids are one of the extensively used countries like China and Japan have introduced a maximum
classes of agrochemicals, which are globally registered for use residual limit of IMI in brown rice as 0.05 and 1 mg/kg,
in more than 120 countries, as they exhibit high potency respec;:tively.5 Therefore, this mandates intensive and robust
against various insects.” > The typical representatives of this procedures to monitor and detect IMI residues from
agrochemical class irreversibly bind the nicotinic acetylcholine environmental resources and agricultural products. Conven-
receptors, which are essential for the appropriate functioning of tional chromatographic methods are commonly employed for
the central nervous system of insects. This hinders neural the estimation of IMI residues. Although chromatography
transmiéss710n, leading to paralysis and ultimately the death of offers good reproducibility and accuracy, it requires complex
insects.”’

sample preparation, skilled technicians, and sophisticated
instruments, which make the analysis time-consuming and
expensive.é‘m’17

Imidacloprid (IMI) is one of the most commonly and
commercially used neonicotinoid-based insecticides for repel-
ling pests from more than 140 crops, including rice, cotton,
and vegetables.”® It offers high efficiency, specificity and a
broad spectrum with fewer toxic effects for mammals.’ Received: December 20, 2022
Nevertheless, considering their physicochemical properties Accepted:  February 13, 2023
such as high solubility in water, good stability, long half-life Published: February 24, 2023
in soil and water, and resistance to hydrolysis, it has a %reater
capability to encroach in groundwater resources.'”’’ The
intensive and widespread use of IMI in the agricultural sector
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In comparison with the traditional methods of detection, an
electrochemical sensing platform appears to be a potential
alternative for monitoring IMI residues with high selectivity
and sensitivity, fast response, and affordable practical cost."*"”
The selection of the appropriate electrode materials is one of
the fundamental aspects of electrochemical sensors.”” The
sensing performance of the electrochemical biosensors is
heavily dependent on the nature and properties of the sensor/
electrode materials. On consideration of the sensor/electrode
material requirements, nanomaterials have been given a greater
preference due to their unique properties, which result from
the quantum confinement effect and the rich surface
chemistry.m’22 Among various nanomaterials, 2D nanomateri-
als have exotic physical, chemical, electronic and optical
properties.23 For instance, concerning the thickness and
composition of the 2D nanomaterials, the electronic properties
vary from metallic/semimetallic to semiconducting and
insulating.”*

2D materials have received greater attention in the field of
electrochemical biosensing ever since the discovery of
graphene. Graphene and its composites with metal nanostruc-
tures and polymers have been reported to be excellent sensor
materials for the detection and quantification of IMIL>>~**
However, other classes of 2D materials such as transition-metal
dichalcogenides (TMDs) have remained less examined as
transducers in the electrochemical sensing of IMI. TMDs are
the inorganic analogues of graphene, having exciting
applications in a wide variety of fields such as electronics,
optoelectronics, catalysis, and biosensors.”” 3! Among TMDs,
MoS, is generally accepted for biosensing applications, but
others like WS,,, which share a similar structure but offer
unique optical and electronic properties, remain comparatively
less investigated. The typical WS, nanostructures have
exceptional optical and electronic properties with superior
electrical conductivity, and this property can be tuned by
manipulating the crystal structure and the number of layers.
Moreover, the 2D layered WS, also displays a high surface
area, which further leads to an abundance of active sites, which
fundamentally enhances the catalytic activity. It is also a
nontoxic material, which is resistant to corrosion and is
ine)qaensive.32’33 In this study, a facile hydrothermal route was
developed for the synthesis of WS, nanosheets (shown in
Figure 1), and a novel electrochemical sensor was fabricated by
incorporating WS,-modified glassy-carbon electrodes for the
detection and quantification of the insecticide imidacloprid.

B RESULTS AND DISCUSSION

XRD measurements were done to identify the component
structure and the phase purity of the as-prepared sample.
Figure 2a depicts the XRD pattern of the as-prepared sample.
The dominant peaks observed can be indexed to the crystal
planes of the hexagonal phase of WS, with a space group of
P6;/mmc (No. 194) matching with the JCPDS card number
08-0237. The highly intense peak at (002) represents the
periodicity in the ¢ axis and the construction of stacked layered
WS,.>* The high intensity of peaks and their broad nature
indicate the nanocrystalline nature of the sample.

To further characterize the as-prepared sample, Raman
spectroscopy was employed. Figure 2b shows the Raman
spectrum of the as-prepared powder. From the Raman spectra,
we observe two active Raman modes: ElZg at ~349.9 cm™' and
Aqg at ~413.7 cm™L El2g at 349.9 cm™" corresponds to the in-
plane vibrational mode and A, at 413.7 cm™' represents the
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Figure 1. Fabrication of WS,/GCE for IMI detection.

out-of-plane vibrational mode. This further confirms the
formation of WS,, and no other vibrational modes from
WO; were observed in the Raman spectrum. By calculating the
intensity ratios (Alg/Elzg) and the frequency differences
(between E',, and A,,), the number of layers can be
estimated.”> An intensity ratio of 1.1 and a difference in
frequency of 63.8 cm™' indicate the construction of few-
layered WS, nanosheets. The high-resolution XPS spectra were
analyzed to determine the oxidation states of the prepared
compound. As shown in Figure 2c, the spectrum of W could be
deconvoluted into four peaks; the two prominent peaks at 32.4
and 34.6 eV attributed to W*" respectively correspond to the
W 4f,,, and W 4f;, orbitals, indicating the formation of WS,.
The two relatively lesser-intensity high-energy peaks at 35.5
and 38.0 eV are from WO, (oxidation state of +6),
corresponding to the high- and low-energy orbitals, respec-
tively. The high-resolution XPS spectrum of S 2p (shown in
Figure 2d) has two broad peaks at 162.2 eV (S 2ps,, peak
attributed to $>7) and 163.4 eV (S 2p,), peak attributed to
§27). This is indicative of the formation of WS,, and also there
is no presence of WS; in the sample. Figure 2e represents the
nitrogen adsorption/desorption isotherm of WS, nanosheets.
A standard type IV isotherm with evident hysteresis loops is
identified, which is the general characteristic of mesoporosity.
The estimated pore diameter of the sample was ~7.2 nm,
which matches the mesoporous materials. The as-prepared
WS, nanostructures also have a BET surface area of 9.18 mz/ g
Figure 2f represents the BJH pore size distribution plot of WS,
nanosheets. The calculated total pore volume of the as-
prepared sample is 1.67 X 107> cm?®/g. The morphological and
structural characterizations were also done by using electron
microscopy techniques. The low-magnification and high-
magnification FESEM images of the powder samples are
shown in Figure 3a,b, respectively. They display a large number
of uniformly distributed and differently oriented nanosheets of
WS,. Figure 3c depicts the bright-field TEM image of the
sample. TEM analysis further substantiates the formation of
nanosheets of WS,.

Figure 3d shows the HRTEM image of a nanosheet with a
resolved interplanar spacing of 0.31 nm, which matches with
the (004) (shown as the inset of Figure 3d) characteristic
reflection of the 2H phase of WS,. The nanosheet-like
morphology is confirmed by the FESEM and TEM analysis.
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Figure 2. (a) PXRD and (b) Raman spectra of WS,. (c) High-resolution XPS spectra of W 4f and (d) S 2p in WS,. (e) BET isotherm and (f) BJH

pore size distribution plot of the prepared sample.

Figure 3. (a, b) FESEM images of the as-prepared sample. (c) Bright-
field TEM image and (d) HRTEM image of WS,.

Electrochemical Studies. The electrochemical changes on
bare GCE and WS,-nanosheet-modified electrodes were
studied using electrochemical impedance spectroscopy (EIS)
with the help of a § mmol/L [Fe(CN)s]*~/*" redox probe
containing 0.1 mol/L KCl supporting electrolyte solution.
Figure 4a depicts the EIS plots of bare GCE and WS,/GCE,
Figure 4b represents the fitted Nyquist plot of WS,/GCE, and
Figure 4c shows the equivalent circuit used for fitting the
Nyquist plot.’® Generally, all Nyquist/EIS plots include a
semicircular region accompanied by a linear region. The
former corresponds to the charge-transfer-limited processes
and the latter is ascribed to the diffusion-limited processes. The
values of charge-transfer resistance (R.) and solution
resistance (R;) were obtained from the diameter of the
semicircular region and the X-intercept values. R, and R
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values of bare GCE and WS,/GCE were estimated as 122.28,
3.36 Q and 2.72, 2.65 Q respectively. A lower R, value of 3.36
Q validates the faster electron transfer mechanism on the WS,/
GCE—electrolyte interface in comparison with the bare GCE.

The electrochemical properties of modified and unmodified
electrodes were studied by using CV. Figure 4d shows the
cyclic voltammograms of bare GCE and WS,/GCE in the
[Fe(CN)4]*/* redox probe at a scan rate of 50 mV/s. Both
bare and modified electrodes displayed distinct redox peaks,
corresponding to the oxidation and reduction processes. As
compared to bare GCE, enhanced peak currents were observed
for WS,-modified electrodes. This indicates that the assim-
ilation of WS, on GCE stimulates electron transfer to the
[Fe(CN)g]*>~/* probe. This further highlights the catalytic
ability and conductivity of WS, nanosheets. Figure 4e
represents the cyclic voltammograms of WS,/GCE at various
scan rates ranging from 50 to 450 mV/s, and Figure 4f shows
the linear plots of anodic peak currents versus the square root
of the scan rate. The electrochemically active surface area of
WS,/GCE is calculated using the Randles—Sevcik equation

(1)'37

I, = 2.69 X 10°n**AD"*Cp'? (1)
I, is the peak current, n the number of electrons transferred
during the redox reactions (here n = 1), D is the diffusion
coefficient (7.60 X 107 cm?/s), and C the concentration of
the solution (S mM); The slope of the linear plot (Figure 4d),
IP/UI/ 2 is determined and substituted in eq 1, and the
electroactive surface area (A) is calculated. The electro-
chemical active surface area of WS,/GCE was estimated to be
0.2340 cm’.

Electrochemical Detection of IMI. To investigate the
electrochemical response of the insecticide IMI on the
unmodified and WS,-modified glassy-carbon electrodes, CV
studies were conducted. CV curves were recorded in a
potential window of —0.2 to —1.2 V. Figure 5a shows the
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Figure 4. (a) Nyquist plots of unmodified GCE and WS,-modified GCE in 5 mmol/L [Fe(CN)4]*~/# redox probe containing 0.1 mol/L KCl, (b)
Fitted Nyquist plot of WS,/GCE. (c) Equivalent circuit used for fitting the Nyquist plot, (d) CV curves of bare GCE and WS,/GCE in S mmol/L
[Fe CN)4]>/* redox probe containing 0.1 mol/L KCl at a scan rate of S0 mV/s. (e) CV responses of WS,-modified electrodes at different scan
rates in S mmol/L [Fe(CN)4]*~/# redox probe. (f) Linear plot of anodic peak currents versus square root of scan rate.
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Figure S. (a) Cyclic voltammograms of GCE and WS,/GCE with 30
UM of IMI (violet and pink curves) and without IMI (green and
orange). (b) Effect of scan rate and linear plots of I, versus (c) vand

(d) '

cyclic voltammograms of bare and WS,-nanosheet-modified
electrodes with 30 uM of IMI and without the addition of IMI
for a scan rate of 50 mV/s in PBS having a concentration of 0.2
M and a pH value of 7. The absence of IMI does not generate
any oxidation/reduction peaks in bare and modified electrodes
(green and orange curves in Figure Sa). But in the presence of
30 uM of IMI, in the applied potential range, a weak
irreversible cathodic reduction peak was observed for bare
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GCE at —1.09 V with a reduction peak current of —13.41 pA.
In the case of WS,-modified electrodes, an enhanced reduction
peak at —1.07 V with a peak current of —21.58 pA was
detected (violet and pink curves in Figure Sa). The feeble
reduction peak on bare GCE indicates the absence of
electroactive reaction sites on the unmodified electrodes.
The remarkable enhancement in cathodic peak current on
WS,-nanosheet-modified electrodes correlates with the abun-
dance of electroactive reaction sites on WS,. This favors a fast
electron transfer between IMI and the modified electrode
surface, leading to the reduction of the electroactive nitro
group (—NO,) in IMI to the hydroxylamine (NHOH) group.
The electrochemical reduction of IMI on WS,/GCE is
represented by eqs 2 and 3.

R-NO, + ¢~ — R—-NO; (slow) (2)

R-NO, + 3¢~ + 4H" - R—-NHOH + H,0 (fast)  (3)

To further study the electron transfer kinetics in the
electroreduction of IMI, cyclic voltammograms were recorded
by varying scan rates from 10 to 90 mV/s. Figure 5b shows the
cyclic voltammograms of 30 uM of IMI on WS,-modified
electrodes at different scan rates in 0.2 M PBS solution. For
each scan rate, a well-defined cathodic peak was observed and
the peak current continuously increased with an increase in
scan rate. This implies that the electrocatalytic reduction of
IMI is a kinetics-controlled process. The oxidation/reduction
process on modified electrodes can progress through either
adsorption or diffusion. Figure Sc,d depicts the linear
relationships of v and v'/? with peak currents. The correlation
coefficients (R*) obtained from the linear plots were 0.9931
and 0.9842, respectively. This validates that the cathodic peak
currents of IMI manifest a scan rate dependence in comparison

https://doi.org/10.1021/acsomega.2c08077
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with »'/% This confirms that the electrochemical reduction of
IMI on WS,-modified electrodes is an adsorption-controlled
process. Generally, electroreduction of IMI involves two steps
as shown in eqs 4 and 5.

IMI (solution) — IMI (adsorbed on electrode surface)
(4)
IMI (adsorbed on electrode surface) + 4e — product
©)
Initially, the diffusion of IMI molecules takes place from the
PBS solution to the electrode—electrolyte interface and then
physisorption of IMI molecules occurs at the electrode surface.
Step 2 is connected with an electron transfer reaction
occurring between WS,/GCE and IMI molecules. In the
second step, the NO, group in IMI captures 4 electrons and
transforms them into NHOH, represented in eqs 2 and 3.
Equation 4 is considered to be the rate-determining step, and
the kinetics in the electroreduction of IMI is controlled by
adsorption. The Laviron approach was employed for
determining the number of electrons transferred during the
electroreduction of IMI Figure 6a shows a linear diagram
representing the relationship between cathodic peak potential
(EPC) and the natural logarithm of scan rate (In v).
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Figure 6. (a) Relationship between E, and In v. (b) Plot of ASC of
IMI molecules versus scan rate. (c) Cyclic voltammograms of WS,/
GCE at varying IMI concentrations (10—90 uM). (d) Calibration
plot of I, versus concentration of IML

By employing Laviron approach, the slope of the linear plot
is given by

slope = —RT/anF (6)

By calculating the linear plot’s slope, thenumber of electrons
transferred (n) is estimated to be 3.97. This indicates that the
electron transfer number during the reduction of the —NO,
group in IMI to the NHOH group is 4, which agrees with the
reduction process shown by eqs 2 and 3. The value of the
charge transfer coefficient (a) is taken as 0.5, R is the universal
gas constant, F is the Faraday constant, and T is the
temperature. By employing the value of n, the adsorbed
surface concentration (ASC) of IMI molecules on WS,/GCE
was calculated, and its relationship to the scan rate is shown in
Figure 6b. The ASC of IMI molecules on WS,/GCE for a scan
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rate ng 50 mV/s was calculated to be 1.3902 x 107'° mol/
cm®,
CV was used to determine the relationship between the
concentration of IMI and the cathodic peak current values and
to estimate the sensor parameters. Figure 6c¢ represents the
cyclic voltammograms of WS,/GCE at varying concentrations
of IMI ranging from 10 to 90 uM for a scan rate of 50 mV/s in
the 0.2 M PBS electrolyte solution. From the CV curves, it was
observed that, with an increase in IMI concentration, the
cathodic reduction peak current also gradually increases. This
again pinpoints the remarkable electrochemical activity of
modified electrodes in the electroreduction of IMI. Beyond 90
UM the reduction peak current saturates. Figure 6d represents
the linear calibration plots constructed by utilizing the CV
curves at varying concentrations of IMIL. From the linear plot,
the sensor parameters like the limit of detection (LOD),
sensitivity, and linear range of IMI detection can be estimated.

The LOD can be calculated by using the standard deviation
value of the data and the slope of the calibration curve shown
in Figure 6d.

Equation 7 is utilized for calculating LOD,

LOD = 306/M (7)

where ¢ is the standard deviation of 10 blank electrode
response without the analyte and M the slope of the calibration
plot. The LOD of the proposed IMI sensor is calculated to be
0.28 uM. The sensitivity of the sensor (S) is calculated from
the slope of the linear graph and the area of the conducting
electrode surface using eq 8.

S = M/area (8)

The calculated sensitivity of the WS,/GCE IMI sensor is
3.98 uA uM™" cm™2 The constructed sensor also advertised a
linear range of IMI detection from 10 to 90 uM. The
calculated parameters of the IMI sensor were correlated with
those in the reported literature and are given in Table 1.

Table 1. Comparative Study of Fabricated IMI Sensor
Parameters with Those Reported in the Literature

LOD detection range
method modified electrode (uM) (uM) ref
Ccv PCz/CRGO/GCE 0.22 3-10 39
Ccv GO/GCE 0.36 0.8—10 40
CVv AGCE 0.61 4-20 41
CV imprinted-PoPD-RGO/ 0.4 0.75-70 42
GCE
Cv h-MoO;HRs/GCE 8.3 38.7—-117 18
CV  RGO/MnPc¢/GCE 6.50 25-250 43
CvV WS,/GCE 0.28 10—-90 this
work

For the practical utility of the IMI sensor, the specificity of
the proposed sensor is extremely necessary. So, a study on the
effect of various interfering compounds on the electrochemical
response of IMI was done. The electrochemical behavior of
WS,/GCE with IMI and some of the probable interferents
were studied using CV under optimized conditions. For the
interference study, initially SO yuM of IMI was added to a PBS
solution, and later S-fold excess concentrations of various
possible interferents like thiamethoxam (THI) (similar kind of
pesticide), urea, common cations like Mg** and K*, heavy-
metal cations like Fe** and Cu®*, common anions like SO,*~
and CI” were added to the PBS solution. The respective CV
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curves in the presence of interferents were recorded and are
represented in Figure 7a. There were no additional peaks in
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Figure 7. (a) Cyclic voltammograms of WS,/GCE with 50 uM of IMI
and other interfering compounds. Bar diagrams representing (b) peak
current and (c) peak potential for interfering compounds like THI,
urea, Mg?*, K*, Fe**, Cu**, SO,*7, and CI". (d) CV curves of WS,/
GCE with the addition of 40 yM IMI in real samples.

the CV curves, which indicates the good selectivity of the
fabricated IMI sensor. The bar diagrams of peak currents and
peak potentials with different interferents are depicted in
Figure 7b,c. Although there was a slight variation in peak
currents when interferents were added, the change in peak
potential values remained completely negligible. This further
validates the high specificity of WS,-modified electrodes in the
quantification of IMIL

The stability and reproducibility of the proposed IMI sensor
were examined using a CV analysis. To examine the
reproducibility of WS,/GCE for IMI detection, CV responses
were recorded after storing the electrode in a desiccator for 10
days. A relative standard deviation of 1.49% reveals the
excellent reproducibility of the sensor. After 10 days of storage,
WS,/GCE retained 80% of the current response. To
recommend the fabricated WS,/ GCE—IMI sensor for practical
applications, a real sample analysis is extremely crucial. For
that, by adopting the standard addition method, 40 uM of IMI
was added to water sources like DI water, tap water, pond
water, and collected soil samples. The corresponding CV
curves of the water samples and washed soil samples were
recorded and are represented in Figure 7d. For all the samples,
reduction peaks were observed, indicating the electrocatalytic
reduction of IMI. IMI in real samples showed a recovery of
greater than 90% with a %RSD of less than 2 (Table 2). This
again highlights the practical applicability of the developed IMI

sensor.

B CONCLUSION

WS, nanosheets were successfully produced through a facile
hydrothermal route. An electrochemical sensor was fabricated
by incorporating WS,/GCE for the sensitive and selective
detection of the insecticide IMI. The electrochemical perform-
ances were evaluated; WS,/GCE exhibited an excellent
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Table 2. Recovery Studies from Real Samples

sample %RSD % recovery
DI water 0.72 99.72
pond water 1.93 93.16
tap water 0.47 95.98
soil extract 0.61 95.71

electrocatalytic reduction of the aromatic nitro group in IMI
to the corresponding hydroxylamine group. The obtained
results depict that the reduction process was kinetically
controlled by adsorption through a 4e™ transfer process. The
fabricated sensor displayed a linear range of IMI detection
from 10 to 90 uM with a detection limit of 0.28 yM and a
sensitivity of 3.98 A uM™' cm™% The sensor also showed
reproducible results with good selectivity.

B EXPERIMENTAL SECTION

Materials. All chemicals of analytical grade were obtained
from Sigma-Aldrich. The aqueous solutions were prepared by
using double-distilled (D-D) water. Dimethyl sulfoxide
(DMSO) was used for preparing a 1000 uM stock solution
of IMIL A 0.2 M phosphate buffer solution (PBS) was prepared
by using disodium hydrogen phosphate and sodium
dihydrogen phosphate, by adopting the standard procedures.

Characterization Techniques. X-ray diffractograms of the
as-prepared sample were collected using a Bruker D8 Advance
powder X-ray diffractometer. The phase purity and chemical
structure were obtained by employing Raman spectroscopy
(Horiba Micro-Raman spectrometer (4 = 532 nm, green DPSS
laser)). The elemental composition and oxidation states of the
surface were analyzed by using X-ray photoelectron spectros-
copy (XPS; Kratos, Axis Ultra, UK). Surface area measure-
ments and pore distribution of the sample were analyzed by
employing BET measurements (Quantachrome Instruments
Nova Touch Ix4Model). Morphological studies were carried
out by employing an FESEM analysis (Nova Nanosem 450)
and TEM analysis (Jeol/JEM 2100). The electrochemical
characterizations were performed with the help of a
VersaSTAT-3 instrument from Princeton Applied Research,
USA. Standard GCE modified with WS, nanosheets was used
as the working electrode, platinum (wire) as the counter
electrode, and aqueous Ag/AgCl as the reference electrode. A
0.2 M PBS solution was selected as the supporting electrolyte
solution.

Synthesis of WS, Nanosheets. A conventional hydro-
thermal reaction process was selected for the synthesis of WS,
nanostructures. The hydrothermal preparation of WS, was
noted to be highly sensitive to the reaction temperature. It was
reported that reaction temperatures below 240 °C cannot
induce the chemical reactions favorable for the formation of
WS,.** So, a higher reaction temperature of 265 °C was
selected for the fabrication of WS, nanostructures in the
present study. The hydrothermal process was carried out by
taking tungsten(VI) chloride (WClg) and thioacetamide
(TAA) as primary precursors. A 1.1898 g portion of WCl,
and 1.1269 g of TAA were added to 40 mL of D-D water, and
the solution was continuously stirred for 30 min. The obtained
solution was moved to a 50 mL PTFE-lined autoclave and was
subjected to heating at a temperature of 265 °C for 24 h. After
the hydrothermal reaction, a black precipitate was collected.
The precipitate was further filtered, washed, and dried in a
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vacuum oven at 80 °C. The hydrothermal reaction process for
the formation of WS, is represented by egs 9 and 10.*

C,H{NS + 2H,0 — H,S + NH, + CH,COOH (9

(10)

When TAA reacts with H,O, H,S is released. The released
H,S is a strong reducing agent, and it acts as a source of sulfur.
This H,S reduces WCly to form WS, through sulfurization.

Fabrication of WS,-Modified Glassy-Carbon Electro-
des. Bare GCE was polished and cleaned with 0.3 and 0.05 um
alumina slurries before the actual modification process.
Afterward, the electrodes were ultrasonicated in IPA and D-
D water to remove the alumina residues. Further, the cleaned
electrodes were dried in a hot air oven. A 1 mg portion of an
as-prepared powder sample of WS, was ultrasonicated in 1 mL
of a Nafion—ethanol mixture in a ratio of 1:1 for 30 min. A 10
L portion of the dispersion was drop-casted on the polished
and cleaned surface of a GCE and was dried in a vacuum oven
at room temperature. A schematic representation of the
preparation and fabrication of WS,-modified glassy-carbon
electrodes is illustrated in Figure 1.

WCl, + 3H,S > WS, + 6HCI + S
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