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Abstract

The current work revealed the comparative analysis of bare and surface functionalized
tungsten trioxide (WOs;) nanoparticles that can be successfully utilized as competent
photocatalyst for the degradation of organic dye and efficient electron transporter for the
fabrication of highly sensitive electrochemical sensors in aqueous medium. The room
temperature synthesis of WOj; nanoparticles with good crystalline nature was carried out in
the presence of dodecylethyldimethyl ammonium bromide (DEDMAB) as template by wet
chemical process. The surface functionalized nanoparticles possess controllable band gap and
act as an effectual substrate for electro chemical sensing of hydrazine. The sensitivity values
of the fabricated sensor range from 9.39 pA/uM cm® with limits of detection ranging from
28.8uM. Furthermore, surface modulated particles also exhibited enhanced photocatalytic
performance for photodegrading Congo red with efficiency of 98.67% as compared to bare
WO; nanoparticles without any modification. The comparison of current responses and
photodegradation activity of bare and capped WO; particles illustrates an excellent

sensitivity, selectivity and operational stability of as functionalized nanoparticles.

Keywords: Surface functionalized; photocatalyst; electrochemical sensor; Congo red;

Hydrazine
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1. Introduction

Globally, the rapid industrialization is one of the major causes of ecological injustices,
thus, the disproportionate burden either in the form of excessive use of organic chemicals and
colouring materials such as dyes is principally one of the major concerns over the years for
scientists." Azo dyes are used considerably in textile, printing, petrochemicals and other
industries.™® On the other hand, Hydrazine and its derivative class of compounds are
extensively employed in the fields of agriculture, chemical, pharmaceutical industry,
aircrafts, blowing agents, antioxidants, photographic agents, corrosion inhibitors, fuel etc.”
The quantitative discharge of these non-biodegradable, highly toxic, potentially carcinogenic
effluents into water bodies and surrounding ecosystem pose a huge threat to environment,

inducing multiple human health disorders."""

Keeping in view the detrimental effects on
human wellbeing and surrounding ecosystem, effective and dynamic approach for reliable
and rational sensing of hydrazine and complete decomposition of organic dyes are highly
desired.

Currently, some of the acknowledged biological, chemical and physical treatment
procedures including chemical oxidation, activated carbon adsorption,
coagulation/flocculation, ultra filtration, microbial degradation, sedimentation, incineration,
reverse osmosis, precipitation, and air stripping have been employed for dye removal
applications."*"® Although spectrophotometric titration, chromatography and fluorescence
analysis have been performed for ascertaining the presence of hydrazine or its derivatives in
aqueous media,"™'” however, all these techniques are time-consuming, unreasonably
expensive and sample pre-treatments are often required. Hence, search for alternative
wastewater treatment techniques focussed the attention towards the use of nanoparticles with

large adsorptive surface area, low diffusion resistance, high adsorption capacity, high stability

and efficiency.
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In this perspective, semiconducting oxide nanoparticles received noteworthy
consideration as sensing materials owing to their incredible sensitivity and photocatalytic
activity." Out of various metal oxide nanoparticles, n-type semiconductor i.c., tungsten
trioxide (WO3) with wide band gap ranging from 2.4-2.8 eV is one of the most promising
materials.” WO; possess an imperative role in up-coming technologies for ecological
remediation. This electrochromic material possesses high stability during irradiation,
witnessing strong absorption in the near UV and luminous regions with potential applications
in variable-reflectance mirrors, information displays, energy replenishment, energy-saving
smart windows and environmental detoxification.?*** It is an attractive candidate for an
exceptional electrochromic, photochromic and gasochromic material.=***

In the present report, WO; nanoparticles with good crystalline nature have been
prepared by room temperature wet chemical synthetic process using dodecylethyldimethyl
ammonium bromide (DEDMAB) as template. The structural morphologies, optical and
thermal properties were characterized by employing TEM, SEM, UV-vis,
photoluminescence, FTIR, TGA and XRD analysis. The as functionalized WO;
nanoparticles were further utilized as competent photo-catalyst for the degradation of Congo
red dye. The efficiency of surface functionalized WO; was also assessed as electron
transporter for highly sensitive electrochemical sensor for hydrazine in aqueous medium. The
results were also compared with un-functionalized WOQO; (bare WO;3) particles. The
comparison of current responses and photodegradation activity clearly illustrates the super-
colossal aptitude of surfactant capped WO3; NPs over bare nanoparticles for electrochemical
sensing and photo gradation activity towards industrial effluents. The method affords a

reliable procedure in terms of reproducibility, sensitivity and selectivity.
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2. Experimental details
2.1. Material

Dodecylethyldimethyl ammonium bromide (DEDMAB, 99.9%), and Tungsten (VI)
chloride (WClg, 99.9%) were from Sigma-Aldrich. Sodium dihydrogen phosphate (>99%),
disodium hydrogen phosphate (>99%) and ammonia solution (25%, v/v) were purchased
from Merck. Acetone (98-100%) and ethanol (99.9%) were obtained from BDH and
Changshu Yangyuan (China), respectively. Congo red dye was purchased from SD fine
chemicals (CI No 22120). All reagents were used as received without further purification.

Double distilled water was used for the solution preparations.

2.2. Synthesis and characterisation of surface functionalized WQO3 nanoparticles

In a usual process, 20ml of 7.0 mM dodecylethyldimethyl ammonium bromide
(DEDMAB) solution was equilibrated for 2 h under stirring conditions. 10ml of 0.25 M
aqueous ammonia aqueous solution was added to the surfactant mixture to attain hydrolysis.
The mixture was continuously stirred for 15 min at 250 rpm to increase homogeneity. After
15 min of aging, 0.9279g of WCl (8.0 mM) was quickly injected into the above mixture with
stirring for 1 min, and then the reaction mixture was kept at 30 °C under static conditions for
4 h. The subsequent product was aged for 3 days at room temperature and were collected by
centrifugation and washed several times with water and ethanol to remove impurities. The
obtained material was calcined at 600 "C for 2 h resulting to generate bare WO; NPs for
doing comparative analysis.

The diffraction patterns of the surfactant capped and bare WO; NPs were recorded by
X-ray diffractometer (XRD; PANalytical X’Pert PRO) using with Cu- Ka radiations (A=
1.54178 A) in the range of 10-70° with 0.02°s". Si (A20 = 0.060) was employed as the

standard protocol for estimating the instrumental broadening and correction was carried out
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by subtracting this value from the A20 values for the samples under investigation. The FTIR
spectral data were recorded in a Perkin-Elmer (RX1) FTIR spectrometer, in the range 4400—
350 cm'by taking the samples in the form of KBr pellets using standard procedure. The
UV-—visible absorption spectra were recorded on a JASCO-530V UV-vis spectrophotometer
by using a matched pair of quartz cuvette of 1 cm path length in the range of 200 to 1000 nm.
The photoluminescence spectra were recorded on Perkin Elmer LS 55 fluorescence
spectrophotometer by exciting the sample with 415 nm. Thermal gravimetric analysis (TGA)
of the bare nanoparticles as well as DEDMAB was carried out on TGA-DTA instrument SDT
Q 600 in the temperature range of 20-1000°C with the heating rate of 10°C/min in nitrogen
atmosphere using platinum pans. The surface morphology of the samples prepared in aqueous
solutions of surfactant was investigated by Hitachi (H-7500) transmission electron

microscope operating at 80kV.

3. Results and discussion
3.1. Morphological, Structural and Optical Properties of as-synthesized WO; nanoparticles
WOs; nanoparticles were synthesized by a room temperature wet chemical synthetic
process in presence of 12 carbon chained DEDMAB surfactant. In all the syntheses, the
molar ratio of the surfactant/ WCls/aq. NH3 was optimized to attain better control over the
size of the nanoparticles. Figure la presents the XRD patterns of the WO;3 nanoparticles
obtained in presence of surfactant and the samples annealed at 600 "C for 2 h. The results
verified that the XRD peaks of product were indexed to monoclinic structure of WO; (JCPDS
no 43-1035).% The presence of traces of non-stoichiometric compositions was also appeared
as the small intensities of peaks at 20 = 55.1 and 60.8° were also observed which
corresponded to WO, and metallic tungsten in case of annealed samples. The obtained

reflections were sharp and quite intense indicating very good crystallinity of the final product.
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The average crystallite sizes calculated from full width at half maxima (FWHM) of

diffraction peaks using Debye-Scherrer formula.?®

DEDMAB Capped Nps

(a)

Bare NPs

Intensity (a.u.)

Figure 1. (a) XRD pattern, (b) SEM, (c) TEM of bare and (d) capped WO; NPs synthesized

from aqueous micellar solution of DEDMAB.

The presence of DEDMAB during the synthesis of WO;3; nanoparticles results in a
formation of smaller sized particles with average crystallite size 5.4 nm as compared to the 15
nm WO; nanoparticles obtained after calcinations. No difference in the diffraction peak and

position was observed in the presence of surfactant i.e. the crystal structure of NPs was not
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altered during capping process and surfactant templates never involved in modifying the
crystalline structure of the nanoparticles. The main role of capping is to restrict the growth of
the particles and modulate the size of the nanoparticles. The effect of surfactant capping on
the size of nanoparticles was also assessed by using SEM and TEM analysis (Figure 1b, 1d).
The agglomeration rate of surfactant capped nanoparticles is lesser as compared to calcined
WOs; nanoparticles (Figure 1b). The particles are well separated in the presence of surfactant
capping, whereas the inter particle interaction was more in the case of calcined samples. The
concentration of surfactant also played significant role in stabilizing nanoparticles. At lower
concentration, the surface coverage of nanoparticles via surfactant monomers was less and
hence the extent of inter-particle interaction among nanoparticles showed significant
enhancement as compared to the higher concentration of surfactant. At higher concentrations
of DEDMAB, the stabilization occurred via bilayer formation over nanoparticles.

The results were further verified from FTIR analysis of WOj; nanoparticles. The
spectra of pure surfactant, surfactant-capped and bare NPs are shown Fig. 2a. In almost all
the cases, a broad peak around 3400-3420 cm’' was observed, attributed to O-H stretching
due to some absorbed moisture. For all the surfactants, the conventional bands in the range of
3000-2800 cm™ were due to symmetric and asymmetric —CH, vibrations of pure surfactants
and remained approximately the same in the presence of NPs.?”>*® This was indicative of the
fact that the free alkyl chain of surfactants do not adsorb over the surface of NPs. The peaks
around 1560 and 1464 cm™ due to —CH scissoring vibrations of -N-CH; moiety were either
been significantly suppressed or shifted. The peaks at 1067, 940, 920 cm™ due to C-N
stretching showed significant variations. The band at 777, 722, 691 cm™, assignable to v (W-
O-W) group, confirmed the presence of metal-oxygen bonding. ? A strong stretching
vibration around the above said band corresponding to v (W-O-W) was found. Its existence

can be explained on the basis of crystalline structure of WO3, which is a modified version of
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WOg octahedra. In this octahedron, the tungsten atoms are placed at the centre and the
oxygen atoms are located at the vertices, hence, each oxygen atom is connecting two tungsten
atoms. Thus, it was established, the capping of NPs was due to adsorption of surfactant
molecules through head groups and that the surfactant molecules degraded to maximum
extent as the characteristic peaks of surfactants got disappeared after calcinations. The
surface modifications with DEDMAB over nanoparticles also affected the hydrophobic
characteristics of nanoparticles and the monomers of surfactants. The thermal decomposition
processes for nano-materials and its ingredients were carried out using thermogravimetry
(TGA) analysis (Fig. 2b). The initial weight loss of 13.28 % was observed for DEDMAB-
capped nanoparticles upto 350 °C due to physically and chemically bonded water. Further,
loss of 27.84 % was mainly due to loss of respective surfactants capping over nanoparticles at
600 °C.*® There was no significant change in weight with further heating up to 1000 °C
showing the phase stability of WO;3 over wide temperature. In case of calcined sample, the
total weight loss was found to be hardly 2% showing the importance of surfactants in
deciding the stoichiometry and stability of final products. Moreover, an approximately
straight line can be observed in the TGA curve of calcined sample, suggesting that it does not

possess any hydrate or surfactant residue at all after calcinations.
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The room temperature optical absorption and fluorescence spectra were also recorded
and the absorption edges along with the band gap values were examined (data not shown
here) for surface functionalized WO; NPs. Well-defined absorption peak at 320 nm was
observed along with the shift of absorption edges towards higher energies. Due to quantum
confinement of photo-generated electron-hole pairs, UV-vis absorption spectra turn out to be
size dependent. Optical band gap was estimated from the absorbance data by using mentioned

below equation.™

where, AEg is the change in the band gap due to quantum confinement and A is the
absorption wavelength. The radius was computed using quantum mechanical calculations for

various micellar media using equation:

B hZTEZ

AE, =
& uR?

while the particle agglomeration number was calculated from below equation:
_ 4 3 -1
n= 3 R’ pN M

where n is the agglomeration number, R is the radius of WO; NPs, p is the density of the
WO; (7.16 x 10° kg m73), Na is the Avogadro constant, and M is the WO; molecular mass.
The obtained particle size for WO; NPs comes out to be 1.797 nm with agglomeration

number equal to 457. These results exhibited consistency with TEM and XRD results.

3.2. Electrocatalytic Activity of surface functionalized WO; nanoparticles
The electro-catalytic activity of the surfactant functionalized WOs nanoparticles was
examined by cyclic voltammetric (CV) technique. Keeping in view of the importance as well

as toxicity, analyte i.e., hydrazine was selected for detection and sensing using highly
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sensitive, quickly responding and easy-to-handle surfactant functionalized amperometric
WOs;-based sensor. The modification of working electrode with higher catalytic active and

wide band gap WO3 NPs helped in lowering the working potential of hydrazine.

3.2.1 Formulation of WO;-based Electrochemical Sensor for Detection of Hydrazine

To formulate the WO;-based sensor, the gold electrode (Au; surface area = 3.14 mmz)
was refined with alumina slurry, sonicated in distilled water and dried out at room
temperature. The surface of gold electrode was modified using the slurry of butyl carbitol
acetate (BCA) and WO; NPs (synthesized from aqueous solutions of DEDMAB surfactant).
The modified Au electrode was then dried at 60 + 5 "C for 4—6 h to acquire a homogeneous
layer over the whole electrode surface. For all the measurements, 0.1 M phosphate buffer (pH
7.0) was used. Electrochemical studies were performed at room temperature using a
pAutolab Type-III cyclic voltammeter having three-electrode configuration, i.e. modified
gold electrode functioned as working electrode, a Pt wire as a counter electrode and an
Ag/AgCl (sat. KCl) as a reference electrode. Figure 3a shows the CV responses of
unmodified and modified gold electrode for 1 mM hydrazine in N, saturated 0.1 M phosphate
buffer (PBS) in the potential scanning range from -0.3 to 0.6V with scan rate of 100 mV s ™.
To check the role of nanoparticles in the oxidation of hydrazine, electrode was also modified
by using bulk-WO; No distinct responses could be monitored in case of bulk WO;/Au
electrode and bare Au electrode in the presence of hydrazine. However, under similar
reaction conditions, in the presence of hydrazine, WO; Np/Au electrode exhibits a sharp
oxidation peak (E,,) with enhanced peak current (I,,) observed at 0.201 V. The considerable
changes are associated with the faster electron transportation for WO3 nanoparticles and act
as a good electro-catalyst for the oxidation of hydrazine as compared to bare gold and

calcined WOj; particles (Fig 3). In order to investigate the role of surfactant in electron
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transportation, the amplification of current rate was also monitored. The C12 chained
surfactant displayed maximum current response of 67.78 pA as compared to C16 chained
surfactant (cetylpyridinium bromide CPB)."’2 Such variations are associated with the
modulation of size and band gap of WO; NPs with surfactants. In comparison with higher
chain length surfactants, C12 chained DEDMAB has better capping over the nanoparticle
surface. The lower agglomeration rate and smaller size provided higher available surface area
for WO3; NPs/Au electrode in electro-catalytic reaction for hydrazine. In addition, the cationic
nature of the head group also provides the electrostatic attraction for better peak current

response than bare NPs.

NH,+SOH mmd  IN;+NH +2H,0+2° “o—h

Bare Au

"
p - “Mﬁ;h
2

Bulk WO, -=3
modified electrode Q
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Figure 3. Schemcatic illustration and cyclic voltammetric sweep curves for the WO3; NPs/Au

electrode in the presence and absence of hydrazine, with bare gold electrode and with bulk
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WOs; in 0.1 M phosphate buffer (pH 7.0). The scan rate was 100 mV s ' and hydrazine

concentration was kept at ImM.

The effect of scan rate and concentration of hydrazine was also monitored to
understand the mechanism and role of surfactant in electrochemical oxidation of hydrazine
(Fig. 4a, 4b). The position and magnitude of anodic peak current showed significant
variations for bare and DEDMAB capped- WO;3 NPs. Such difference can be explained on

the basis of the different dimensional sizes and band gap modulations of WO; nanoparticles

with DEDMAB.
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Figure 4. Cyclic voltammograms obtained for ImM hydrazine in phosphate buffer (7.0) as a
function of scan rates (100 to 1000 mV/s) and concentrations (100 to 1000 pM) with

DEDMAB functionalized (a,c) and calcined (b,d) WO3; NPs.

The overall electrons (n) involved in the electrochemical oxidation of hydrazine and
nature of electron transfer process were also obtained from the plot of anodic peak current
versus square root of scan rate ) (Fig 3c inset) for DEDMAB capped WOj3 nanoparticles

by using Nicholsan Shain equation.®
i, =(2.99x10°)n(an, )" *ACD" *v'"?

where i, is the peak current density, A is area of electrode (cm?), C is concentration of
electroactive species, D is diffusion constant of electro-active species, v is scan rate, n is
number of electrons exchanged, a is charge transfer coefficient. The corresponding value of

ar, was calculated from following equation:

_(0.043)
(E,— Epj2)

o

where E, is the peak potential corresponding to i, and E p, is half height potential.** The
sensitivity values of the fabricated sensor range from 9.39 pA/uM cm® with limits of

detection ranging of 28.8uM.

3.2.2. Amperometric Responses of WO;-based Electrochemical Sensor for Hydrazine

The sensing efficiency of modified electrodes towards hydrazine was also
investigated by amperometric analysis for 100 uM to 1000 pM hydrazine in 0.1 M phosphate
buffer (pH 7.0) at a constant potential of 0.35 V (Figure 5a and b). The variations in the peak

current response were clearly visualized for calcined and capped-WO3/Au modified
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electrode. The differences were correlated with the different electron transport behaviour of
these electrodes in reaction media. The surfactant capping over the nanoparticles surface also
enhances the stability as well as the electron transport efficiency of the electrodes. The
corresponding shelf life of the electrode was also enhanced with surfactant covering as
compared to the bare-WO;. The fabricated sensor witnessed excellent reproducibility along
with tremendous stability and selectivity for some common interfering species like ammonia
(NH3), hydroxylamine (NH,OH), nitrate ion (NO*), nitrite ion (NO*) monitored at fixed

potential with WOs/Au-electrode (Fig. 6).
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Figure 5. Amperometric response obtained for ImM hydrazine in phosphate buffer (7.0) with

bare) and capped WO3; NPs synthesized in aqueous micellar solution of DEDMAB.
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Figure 6. Amperometric response of bare-WO;/Au electrode and capped-WOs3/Au electrode

in the presence of various interfering ions/compounds

3.3. Evaluation of Photocatalytic Activity of surface functionalized WO; nanoparticles

The photocatalytically active, surfactant-functionalized WOs; NPs were further
employed for photodegradation of the carcinogenic anionic azo dye, i.e, congo red. The
reaction was carried out in double-walled 250 ml quartz reactor into which long Teflon tube
was inserted. 125 W UV high pressure mercury lamp was employed for irradiation of
solution. The intensity of the lamp was >198.4 pW/cm® The temperature of the reaction
solution was maintained using thermostat. 25 mg of photocatalyst was added to 100 ml (25
mg/l) aqueous solution of Congo red dye. The source was kept 35 cm above the surface of the
solution. The pH was maintained at 5.5. The solution was magnetically stirred throughout the

experiment to ensure uniform dispersion of photocatalyst. Prior to irradiation, the solution
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was stirred in dark for 1 hour to attain adsorption-desorption equilibrium between
photocatalyst and organic dye substrates. After, switching on the UV source, the aliquots
were collected at different time intervals for a total of 60 minutes. The samples were then
filtered using 0.45um millipore syringe filters and the absorbance spectra of all the samples
were recorded. The degradation of dye was examined in terms of change in intensity and

percent degradation was evaluated as:

C,-C

.

x 100

0
where, C, is the initial concentration of dye and C is the concentration at time t. The
characteristic peak of pure dye at 497 nm and 352 nm showed significant decrease in the
absorbance after adding surfactant functionalized nanoparticles of WO; as compared to
calcined WOj; particles within 5 minutes of UV exposure (Figure 7a). The analysis was also
done in dark and in the presence of light for comparing the results. There was no degradation
in dark for surfactant functionalized or calcined WOj3 particles. On the other hand 90.70%
dye was degraded in the presence of UV light for surfactant functionalized particles as
compared to 15% degradation for calcined nanoparticles. The percentage variation changes
enormously as the concentration of more and more dosage amount of DEDMAB
functionalized particles were added to the reaction system (Figure 7b) keeping the dye
concentration fixed at 25mg/L. The degradation efficiencies were seen to be linearly
dependent on the dosage amount of the catalyst from 50 to 250 mg/L. On further enhancing
the dosage amount, no noticeable increase in degradation efficiency was observed. This
behavioural aspect could be explained on the basis of increased number of active sites on the
surface of catalyst on increasing the catalyst dose. The increased amount of photocatalyst led
to absorption of increased number of photons which induced direct augmentation in number

of active radical species that are readily accessible for degradation of dye. However, on
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raising the catalyst dose above 250 mg/L causes agglomeration which results in reduction in
the total active surface area available for adsorption of dye.

In order to ensure the effect of surfactant on degradation, similar analysis was also
carried out for DEDMAB alone (Fig 7a). Interestingly in this case no degradation of dye was
observed (Fig 7a). Therefore, degradation efficiency was only dependent on the surface
functionalization of NPs which simply assisted the photocatalytic activity of nanoparticles,
firstly, by providing positive surface due to cationic headgroups, thus attracting the anionic
dye molecules over NP surface and secondly, by restricting the crystallite size which
enhanced the surface area to volume ratio of photocatalysts, thereby increasing the number of
reactive sites (Figure 7¢). The dye removal efficiency and kinetics of the WO; nanoparticles
in DEDMAB micellar media were also corroborated with the time-dependent absorption
spectra. The linear kinetic plots between 1/C vs. t suggest that photodegradation followed the
second order kinetics. The kinetic parameters such as rate constants, k and linear regression

coefficients, R? were evaluated from linear plots of 1/C vs. t (Fig 7b inset).
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Figure 7 (a) Degradation of dye in the presence pure surfactant, capped WO; NPs and bare
WO; NPs. (b) Effect of catalyst concentration on degradation efficiency of dye. Inset Kinetic
analysis of photodegradation of Congo red dye in presence of DEDMAB functionalized WO;
nanoparticles. (c) Pictorial representation of mechanism of dye degradation using surface

functionalized WO3 nanoparticles.

The extent of capping of DEDMAB significantly influenced the crystallite size of the
nanoparticles which in return increased the surface area, number of reactive sites and surface
hydroxyl groups over the exterior surface of nanoparticles. The recombination rate of
electrons and holes was further reduced by the capping of DEDMAB and more e/h’ are
generated and transferred to the exterior surface of WO; and subsequently enhance
degradation rate as compared to calcined nanoparticles (Figure 7c). The recyclability of the
catalyst was also carried out by collecting the NPs from sample solution after centrifugation
and proper washing. The degradation efficiency of recycled sample was found to be
comparable with freshly prepared samples after four uses. The results verified the excellent

chemical stability and practical utility of WO; nanoparticles in DEDMAB micellar media.
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4. Conclusions

In summary, well-crystalline monoclinic, high-yield WO3 nanostructures were
synthesized and characterized maintaining the stability and stoichiometry in micellar media
of DEDMARB at room temperature conditions. The simply-synthesized WO3; NPs were used
as efficient electron mediators for construction of amperometric hydrazine electrochemical
sensor with higher selectivity, stability and reproducibility. The modified sensor displayed a
broader exponential response for hydrazine recognition upto 900 pM. The sensitivity of the
obtained sensor was about 9.39 pA/uM cm’ with limits of detection ranging to 28.8uM.
Furthermore, surfactant functionalized particles were employed for photocatalytic
degradation of Congo red dye with efficiency as high as of 98.67% as compared to bare WO;
nanoparticles without any modification. The comparison of current responses and
photodegradation activity of bare and capped WO; particles illustrates an excellent
sensitivity, selectivity and operational stability of as functionalized nanoparticles. The present
report opens up the feasibility of using functionalised WO; NPs as potential photocatalysts

and electrochemical sensor for effective decontamination of environment pollutants.
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