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Abstract

Smooth surface and periodic size control synthesis of BiVO4 semiconducting particles
were achieved under hydrothermal conditions with long carbon chain oleic acid as an additive in
weak organic acid and methanol as solvents for bifenox, a nitrodiphenyl ether herbicide detection.
The conventional hydrothermal synthesis of BiVO4 has a _rough surface and hierarchical
morphology. The current method gives a way to providefsmooth and tuned particle size. The
structure and morphology of the derived BiVO4 under various‘concentrations of oleic acid were
characterized by X-ray diffraction, Raman, andéSeanning Electron Microscopy analysis. A glassy
carbon electrode (GCE) modified with BiVO4 nanoparticlesgwas applied toydetermine bifenox
electrochemically. Since bifenox is¢@ nitroaromatic hetbicide, the electrochemical parameters of
bifenox herbicide detections were carried out using nitrophenol as a model compound using Cyclic
Voltammetry (CV). Sensing characterizations are carried out with Differential Pulse Voltammetry
(DPV) and Amperometry techniques. Bifenox undergoes electrochemical reduction at -500 mV
on BiVO4 modified electrodes and the'limit of detection (LOD) was found to be 0.3 nM. Hence,
the practical accessibilityyof the present BiVO4.medified GCE was good for the environmental

analysis of bifenox herbicide.
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1. Introduction

Bismuth-based catalytic materials have attracted considerable interest due to their great
potential for adsorption and inherent reducibility.! Bismuth tungstate*, bismuth molybdate,>° and
bismuth dichalcogenides’ have all gained significant attention in research and development among
bismuth-based nanostructures due to their efficient photocatalytic activity, good stability,
distinctive optical band gap, and high dielectric strength. Afnong them, the Bi-V-O series phases,
which comprise BiVO4, BisV2011, Bi2sVOao, and BissVgOso, possess unique properties to employ
in many practical applications.®’ In additiongbismuth functions as‘a traditional submetallic
material of the vanadium (V) group and possessesiseveral unique characteristics, including low
carrier concentration, a highly non-isotrepic Fermi surface, and an extended carrier lifetime.'®!!
Bismuth vanadate (BiVOs), a standard Bi-V=Obsystem, is an'n-type semiconductor'?!3 that has
been widely developed.as anveffective functional material becauseyof its exceptional qualities,
including its narrow band gap, resilience to corrosion, good dispersibility, non-toxicity, and high
photocatalytic performance,'!5 AlsoJitiis a strong eontender for solar light harvesting due to its
flexiblefoptical and electtical featutes with a bandigap of 2.4 eV.'%!7 Notably, there are only three
crystalline‘phases where BiVOs may be found most commonly, and they are zircon—tetragonal (z—
t), scheelite—tetragonal (s—t), and scheelite—-monoclinic (s—m).!® The irreversible phase shift from
tetragonal to monoclinie'scheelite happens around 670-770 K.!° In addition, it has been ascertained
that only the scheelite-moneelinic (s-m) crystal structure is particularly active under visible light
as it has the ideal band location to capture visible light from the sun and is also capable of having
antibacterial properties.’*! The scheelite monoclinic structure of BiVO4 contains a vanadium ion

linked by four oxygen atoms in a tetrahedral site. The bismuth ion is attached to eight oxygen

atoms from eight different VOu tetrahedral units.>?> Owing to its unique properties, BiVO4 has



practical utility in the pigment industry, electronic devices, the catalytic destruction of hazardous
contaminants, and the electrocatalytic reduction of pollutants. Especially, BiVO4 was recognized
as potential semiconducting material due to the specific overlapping of the Biss and Oz, orbitals as
well as the contribution of the Bi** lone pair to raising the energy level to the top of the conduction
band (CB), which causes a reduction in the semiconductor band gap offering advantageous to the
mobility of generated charge carriers (B5).2>** BiVO4 hasfbeen prepared using a number of
techniques, including solid-state reactions,”® co-precipitation;?® hydrothermal processes®’ and
sonochemical routes.?® Of the various paths, hydrethermal synthesisisia soft-chemical method that
is frequently employed in the preparation of many,different types of effective materials.>** Also,

this technique makes it simple to regulate the form and'size/of the synthesized nanostructure.?!

In account of various toxic envirenmental pollutants, herbicides are a type of compound
that is extensively used tofmanage undesired vegetation. They are commonly employed in forestry,
agriculture, grazing systems, and urban green zones.”” Herbicide contamination may harm
creatures that are critical components of,the food chain, such as primary producers, which form
the foufidation of the food chain for aquatic anihals.* In this context, Bifenox (methyl 5-(2,4-
dichlorophenexy)-2-nitrobenzoate), a“selective herbicide that is used to suppress annual broad-
leaved weeds in‘a variety of crops, including cereals, maize, soybeans, rice, and many more. It is
often identified in aquatic envitonments at dangerous concentration levels for aquatic animals.*
Monitoring the bifenox herbicide level in the environmental samples is necessary. The herbicides
and pesticides are routinely analyzed using HPLC,*> GC,* GCMS,*” and LCMS.*® However, these
instruments are expensive and not readily available everywhere. It is the need of the hour to
develop low-cost, portable, and sensitive instruments for detecting herbicides in the environment.

Electrochemical methods are more suitable because of their low-cost, portable instruments that



can be designed and are highly sensitive.’* The major problem associated with the electrochemical
detection sensitivity is the working electrode's surface. Coating suitable catalytic materials
improve the sensitivity of the working electrode surface over the surface.*” However, there is
scarce data on the electrochemical detection of bifenox herbicide. The as-synthesized BiVO4
nanoparticles modified for the electrochemical detection studies of Bifenox indicate its possibility

in herbicide detection.

In this work, novel size and surface-controlled spheres of BiVO4 were synthesized by
hydrothermal method. The present work is considered the first to employ, BiVO4 nanoparticles to
detect bifenox herbicide. A systematic study was catried out te investigate the detection in water
samples. XRD, Raman, SEM, XPS and TEM analysis analyzed the structure and surface
morphology. The determination of bifenox hasbeen investigated.using prepared electrode material
by employing techniques®uchias cyclic voltammetry (CV);differential pulse voltammetry (DPV),

and Amperometry.

2. Experimental Methods

2.1. Materials

Bismuth nitrate pentahydrate (Bi(NO3)3;-5H>0), vanadyl acetylacetonate (VO(CsH70.)»),
glacial acetic acid (CH3COOH), Oleic acid (CisH3402) and methanol (CH30H) were used as
purchased. Nitrophenol and bifenox herbicide were purchased from Merck Life Science Pvt Ltd,
and a stock solution of bifenox (3800 uM) was prepared in methanol solvent. This stock solution
was diluted with Britton- Robinson buffer having pH 2.5 and used as an analyte. The B-R buffer
solution was prepared by adding 15 ml of 0.2 M sodium hydroxide solution into 100 ml of a mixed

acid containing 0.04 M of each boric, orthophosphoric, and acetic acid. The desired pH was



achieved by adding HCI or NaOH solutions. All other reagents used were of analytical reagent
grade.
2.2. Synthesis of BiVO4 nanoparticle

The synthesis of BiVO4 was performed through the hydrothermal method. The
hydrothermal method was chosen for BiVO4 synthesis since at only high temperatures; the reaction
occurs so that control can be achieved, thus making an effective synthesis route for BiVO4
formation. The schematic representation of the synthesis of BiVO4 is presented in Figure 1. For
the BiVOs synthesis, a beaker dissolved 0.242 g of bismuth nitrate pentahydrate in 10 ml of acetic
acid. Similarly, 0.132 g of vanadyl acetylacetonate was dissolved in 65wnl of methanol in a
separate beaker and stirred for complete dissolution. Both'solutions are mixed and stirred until
fundamental particles completely disselve, resulting in“a eolorless solution. The as-prepared
solution was transferred to_a Teflon-lined autoclave (k00 ml) andikept inside a vacuum oven at
170 °C for 16 h. Thefbtained solution was observed to be golden yellow which was then cooled,
centrifuged at 3500 rpm forS min each, and collected. Similarly, different concentrations of oleic
acid viz 0.5, 1,"and 1.5,ml were added to the ebtained solution of BiVO4 and stirred thoroughly

without'dissipation for about 10 min, and process mentioned above was carried out.
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Figure 1. Schem f the synt BiVO4 oth-size controlled spheres

4 were analyzed using Philips PANalyticalXpert pro powder
Jobin Yuvon HR 800 Raman spectrometer with a 532nm laser source. The morphological analysis
was investigated using Hitachi S-3400N FE-SEM.
2.4. Apparatus for electrocYemical sensing

A potentiostat/galvanostat (model SP150) of BioLogic Science Instruments, France was
used to perform all the electrochemical sensing experiments. A three-electrode cell set up the
working, counter, and reference electrodes used were bismuth vanadate coated GCE (Alfa

Aesar3mm diameter), platinum foil, and Ag/AgCl, respectively. A glass cell with a 10 ml capacity



was used to perform all the electrochemical experiments. The electrochemical studies were
performed at a temperature of 30 =1 °C, and the dissolved oxygen content of the solution was
eliminated by purging pure argon for 15 min.
2.5. Preparation of bismuth vanadate modified GCE

The surface of the GCE was mechanically polished using alumina slurry until a mirror-like
surface was obtained. Then the electrode was rinsed thoreughly with doubly distilled water,
cleaned successively in 10% NaOH solution, 1:1 HNO&—H>O (v/v), and methanol each for 2 min
and dried in atmospheric air. Bismuth vanadate-modified electrode'was prepared by coating 5 uL
of the suspension of bismuth vanadate on GCE by simple drop dry method. The modified GCE
was dried and employed for all electrochemical experiments in this present study:
3. Results and Discussion
3.1. XRD analysis

The XRD patterns of BiVOy particles synthesized without and with various quantities of
Oleic acid (0.5 ml, 1 ml, and,1.5 ml) are shown in Figure 2. The results indicate the high crystalline
nature ofBiVOs with'sharp, well-defined peaks.*' XRD reflections appeared well matched with
monocliniéystructure (JCPDS,No: 00-014-0688).** Particle growth in the presence of oleic acid
shows considerable changes in the XRD pattern. Crystalline peak sharpness of Oleic acid-grown
particles appears withithe significant broadening of peaks upon increasing the amount of oleic
acid. Oleic acid is an fattyacid surfactant. Generally the use of water insoluable surfactant such as
oleic acid produces a narrow sized particles*’. Herein, the increase in concentration of oleic acid
results in broadend peaks of XRD spectra. This shows that increasing the concentration of oleic

acid decreases its crystallinity, paving the way for reducing the particle size.
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Figure 2. XRD patterns.of BiVO4 without oleie acid and with various quantities of Oleic

acid (0.5,'1, and 1.5 ml)
3.2. Raman analysis

The direct'tool to know about the structural formation and also a sensitive method for the
investigation of the crystallization, local structure, and electronic properties of materials was
Raman analysis. The Raman spectra of hydrothermally synthesized without and with different
concentration of cape agent BiVOy is shown in Figure 3. The observed Raman spectra show six
Raman bands, subdivided into two external (below 250 cm-1) bands and four internal (above 300
cm’!) bands. The asymmetric and symmetric deformation bands of the VO4*tetrahedron were

observed at 329 and 366 cm™'.** The Raman bands at 710 and 826 cm 'was attributed to the



stretching modes of two types of V—O bonds Ay symmetry.* The Remaining two bands at 211 and
129 cm'was correspond to external(translation/rotation) vibration.*® Among these vibrational
modes, the two stretching vibration bands were observed at 710 and 826 cm™!, providing
interesting information on the structural variations due to shape and size changes. The size and

shape changes were immediately reflected in the two bands' width and relative intensity.
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Figure 3. Raman analysis of BiVO4 without oleic acid and with various quantities of Oleic

acid (0.5, 1, and 1.5 mL).

The variations in the bond length of the V—O due to the shift could be correlated, which
can be calculated by means of an equation. The Raman stretching frequencies and the respective
metal—oxygen bond lengths have an inverse relationship. A higher stretching frequency
corresponds to a lower metal-oxygen bond length. If the following expression for the bond length

was utilized,



9 (cm™1) = 21349 ¢~ L9V76RA) (1)

Where v is the stretching Raman frequency for V-0, it can be seen that the bond length
varies over a range of 1.6938—1.67367 A for the 0- 1.5 ml oleic acid added samples, respectively.

The bond length comparison of V-O with various synthesis methods was compared in Table 1.

Table 1. Symmetry stretching Raman shift and V-O bonddength variation with different

oleic acid concentrations included BiVO4 synthesis

S.No. Sample name Symmetryfstretching Raman shift, Bond length V-0 [A]
V-0 [ecm™]
1 BiVO4 0 mL Oleic acid 82943 1.6938
2 BiV0O40.5 mL Oleic acid 824.60 1.69684
3 BiVO4 1 mL Oleic acid 819.76 1.69991
4 BiVO4 1.5 mL Oleic acid 862.07 1.67367

The Raman analysis of pure BiVOgand with various quantities of Oleic acid (0.5 ml, 1 ml,
and 1.5 ml) are represented in Higure 3. The results annotate the same changes that are observed
in XRD patterns. The shift in peaks was observed with an increase in acid concentration. The pure
BiVOs has its major peaks at 340,370,715 and 830 cm™' and ascribes the typical symmetric and
anti-symmetric bending modes of vanadate anion. The 830 cm™ also shows the symmetric

stretching mode of V-O bonds.



Similarly, 715 cm! specifies the anti-symmetric V-O stretching mode. The small shoulder
peak at 210 cm! indicates the appearance of an external mode. The rise in the plateau region from
400-750 cm™! in pure BiVO4 with adding 0.5 ml of oleic acid shows a slight decrease in the plateau
from 430-620 cm™. In 1ml of oleic acid, the preferred peaks at 340 and 370 cm™ appeared as a
single peak at 350 cm™!. The addition of oleic acid thereby reduces the intensity of peaks as well.
To 1.5 ml of oleic acid in BiVOs, significant deformation in‘peaks with reduced intensity and a

peak shift to 870 cm™ was observed.

Raman spectra to harvest the peak positions and the full widthathalf maximum (FWHM)
of the most intensive bands near 819 cm™!'. With the increasing concentration of oleic acid, the
peak shifts (FWHM) were extracted from fitting 826 (36.79), 819 (46.49), and 860 (68.79) cm™!
for 0.5, 1 and 1.5 mL oleic acid. The corresponding FWHM of the peaks was increased with the
concentration. The Ramafi'band. at 819 cm\position wassmore sensitive with short-range order,
and width was more sensitive with a.degree of erystallinity, defects and disorders, particle size or
aggregation of particles. Thepresent €ase noticed that the oleic acid capping distorted the local
symmetry and affected the crystallinity of ‘thencompounds. With the increasing oleic acid
concentration, the peak position was changed, and the FWHM maximum of the increases indicates
the decreasing crystallinity. The same trends were observed in bending modes also. Therefore, the
Raman analysis reveals that the'samples prepared with lower oleic acid consisted of VO4 tetrahedra
of less symmetric compared with those prepared at higher concentrations of oleic acid. The lower-
concentration synthesized samples contained lesser defects and better crystallinity than samples

prepared at higher concentrations.

3.3 XPS Analysis



The surface chemical composition and chemical state of the synthesized BiVO4 1.5 mL
Oleic acid sample were identified using XPS. The survey spectrum (Figure 4a) implies that the
synthesized sample contains Bi, V, and O. The Bi 4f spectra of BiVO4 1.5 mL Oleic acid depicted
in Figure 4b exhibits two intense peaks at 164.1 eV and 158.8 eV that corresponds to Bi 4f5, and
Bi 4f7. This confirms the presence of Bi with +3 oxidation state*’. The peaks at binding energies
of 524 eV and 516.5 eV of V 2p spectra (Figure 4c ) that corr€sponds to V 2p12 and V 2p32 verify
the existence of V> *8. Three primary peaks can be seenfin the XPS spectrum of O 1s presented in
Figure 4d. The peak at 529.7 eV is attributed tothe lattice oxygen in\BiVO4, while the peaks at

531.9 eV and 532.1 eV represent signals from hydroxyl groups of the sample*.
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Figure 4. XPS graphs of (a) survey spectrum, (b) Bi 4f, (c) V 2p, (d) O 1s for BiVO4 with

1.5ml oleic acid.

3.4 SEM Analysis

The surface morphology analysis of as-prepared BiVO4 with an adequate quantity of oleic

acid compositions (0 ml (a and b), 0.5 ml (c and d), 1 ml (e an .5 ml (g and h)) were depicted

in Figure 5. The change from its typical as a far hierarchi cture to spheres is observed with

histogram confirmed

1300, and 800 nm, resp



Figure 5. SEM images of BiVO4 without oleic acid (a and b) and with various quantities of

Oleic acid (0.5 mL (c and d), 1 mL (e and f), and 1.5 mL (g and h)).
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3.5 TEM analysis

The surface formation of BiVO4 was investigated further using TEM analysis. The TEM

images of BiVO4 with 1.5 ml oleic acid at various magnifications are shown in Figure 7 (a-d) .
The spherical shape of BiVO4 nanoparticles was observed in TEM images. The particles appear to



be uniform and regular in shape. This confirms that adding oleic acid tunes the BiVO4 particles

resulting in a sphere shape for BiVO4 1.5 ml oleic acid, which agrees with SEM analysis.

200 nm

Figure 7. TEM and HRTEM images of BiVO4 with 1.5 mL oleic acid

Figure 8 shows the possible growth mechanism of BiVO4 spheres in the presence of oleic
acid. At high temperatures, methanol reacts with acetic acid in an acidic environment (oleic acid)
and forms methyl acetate with' water as a reaction byproduct. In this condition, formed methyl
acetate might create microemulsion spheres in a methanol-water solution and was stabilized by
oleic acid surfactant, like that solution without oleic acid less possible to form a methyl acetate in
the solution so that the growth of BiVO4 leads shape fewer particles. Once oleic acid is added to

the solution forms an acidic environment which helps us to form methyl acetate. An increase in



oleic acid content makes the stabilization of the emulsion smaller in size and leads to controlled

particle size.
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Figure 8 Possible Growth mechanism of BiVO4 sphere formation

3.6. Experimental parameters optimization

The volume ©f B1VO4 suspension used to modify the. GCE surface was optimized using
cyclic voltammetry. From Figure §(a),it can be seenthat the peak current is increased if the volume
of the moédifier is mereased upto S nlL. A further increase in suspension volume has a negative
effect on'peak current. Therefore, 5 L of suspension is used to modify GCE surfaces. The pH of
the background electrolyte might also influence the electrochemical response of bifenox has been
carefully optimized ‘and shown in Figure 8(b). The higher peak current was obtained at highly
acidic pH ranges.>® As pH inereases, the current value decreases, so all electrochemical research

was conducted at 2.5 pH.
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3.7. Electrochemical detection of bifenox herbicide

The catalytic properties of the synthesized bismuth vanadate nanoparticles were first
assessed on the 4-nitrophenol since both nitrophenol and bifenox belong to the nitroaromatic
family of compounds. A cyclic voltammetric method (CV) was used to examine the
electrochemical response of nitrophenol on bare GCE and bismuth vanadate-modified GCE with
different nano-size particles with and without nitrophenoldn 2.5 pH B-R buffer solutions at 100
mV/s. The cyclic voltammetric response of nitrophenol at bare‘and modified electrodes is shown
in Figure 9. Nitrophenol is reduced at about 600 mVs™! on bismuth wanadate-modified GCEs
(Figure 9(b-¢)) and bare GCE (Figure 9a). Howevet, the reduction current observed on bare GCE
is much lower than that observed on bismuth vanadate-modified electrodes. In developing a sensor,
the sensing current is one of the most important eharacteristiesy The particle size of BiVO4 plays
a vital role in the electrocatalytic reduction of nitrophenols, Sensing currents change considerably
with particle size decreasing from 1500 to 800 nm. Compared to other electrodes studied, BiVO4
nanoparticles_with sizes of 8004nm possess supetior electrocalytic properties. The increased
sensing‘current achieved with these' BiVOs-modified clectrodes would be useful for detecting trace
levels of compounds in the environment.aAdditionally, as can be seen in Figure 9, the size of the
particles decreaseds, and the reduction potential of nitrophenol shifted to the anodic direction,
which also corroboratesithe sudperior electrocatalytic property of smaller-sized BiVOg4 particles

towards the reduction of nitrophenol.
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Figure 9. Cyclic voltammetric response of 10 pM nitrophenol on bare GCE (a) and BiVO4
nanoparticles modified electrode pure (b), 1500 nm (¢) 1200 nm (d) and 800 nm (e) in 2.5

pH B-R buffer solution at 100 mVs-'.

The BiVO4 nanoparticles offered superiot electrocatalytic properties for the reduction of
nitrophenol used on'GCE to study bifenox hetbieide reduction behavior. Figure 10a illustrates the
cyclic voltammetric response of bifenox, herbicide on bare GCE and modified BiVOj4 electrodes.
As shown in Figure 10a, bifenox herbicide reduced on modified BiVO4 electrode about -600 mV,
and on bare GCE about-720 mV. A lower overpotential reduction can be observed on the BiVO4
nanoparticles-modified electrode, as evidenced by the lower overpotential reduction. Further, a
higher sensing current was observed on BiVO4/GCE, indicating better electrocatalytic properties.
The effect of the scan rate was investigated to determine whether the reaction was controlled by
diffusion or adsorption (Figure 10b). A linear relationship was found between the square root of

the scan rate and peak current, as shown in Figure 10c, indicating that diffusion controls the



reaction.’! There are no reverse peaks in both bare and modified electrodes, indicating that bifenox
undergoes irreversible reduction. To understand the number of electrons transferred in the
reduction reaction and the kind of product formed, it is necessary to examine the reduction
mechanism of bifenox. When the pH of the background electrolyte increased, the peak current
increased, and a linear relationship was found between peak potential and pH, as depicted in
Figure 8b with a slope of 68 mV/pH, indicating equal numbers of protons and electrons are
involved in the reaction. The number of electrons transferred was calculated using the Randles-
Sevcik equation by assuming the diffusion coeffi€ient as 1.06 x10-5'ems"! >, which was found

to be 4.
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Figure 10. Cyclic voltamm\ebtric response of 10 pM bifenox on (a) bare GCE (i) and BiVO4
modified electrode (ii) in 2.5 pH B-R buffer solution at 100 mVs-!, (b) at different sweep
rates: i) 10, ii) 20, iii) 30, iv) 100, v) 200, and vi) 600 mVs-!, and (d) at different
concentrations of bifenox i) 2, ii) 4, iii) 5, iv) 7, v) 9, vi) 11, vii) 13, and viii) 15 pM, scan

rate:100 mVs!



Hence, four protons and four electrons are involved in the reduction of the mechanism of
bifenox herbicide. The following mechanism is proposed for reducing bifenox in a 2.5 pH B-R
buffer solution. A reduction peak results from reducing the nitro group of bifenox into a
hydroxylamine group through 4 e". The higher sensing current observed in this work would appeal
to the development of commercial and portable sensors. The peak current also increased as bifenox
concentration increased (Figure 10d). It's always preferable t6 use pulse voltammetric techniques
for electrochemical sensing of analytes since there is mifitmal‘interference from charging currents.

DPV experiments were conducted with optimized‘instrument settings.

Electrochemical Impedance Spectroscopy of Bare/GCE and BiVO4/GCE electrodes was
performed and were compared in Figure 11. The charge transfer resistance value of the BiVOu-
modified electrode (804 Q) is slightly lower than that of the bare glassy carbon electrode (1093

). This indicates that the modified electrode facilitates faster electron transfer.
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Figure 11. Comparative EIS analysis of Bare/GCE and BiVO4/GCE.

The differential pulse voltammetric response of bifenox at various concentrations is
illustrated in Figure 12a. A linear increase in peak current was observed when bifenox

concentrations were increased from 0.1 to 20 nM, and the LOD was found to be 0.3 nM which



was calculated from the calibration curve by using the equation LOD = 3 s/m where s is the
standard deviation of the intercept and m is the slope of the calibration curve.>® According to the

existing literature, this work achieves higher sensing current and lower detection limits.
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Figure 12. Differential pulse voltammetric response of bifenox at different concentrations:
a) Nil, b) 0.1,'¢) 2.5, d) 5, e) 7.5,.1) 10, g) 12.5, h) 15, i) 17.5 and j) 20 nM on BiVO4/GCE in

2.5 pH B-R buffer solution (a) and Calibration graph (b).

3.8. Testing the reproducibility and stability of the bismuth vanadate modified GCE

Cyclic voltammetric experiments were carried out for 10 nM and were repeated seven
times to ensure accuracy and precision. It was observed that peak currents were reproducible with
a relative standard deviation of 2.8%. Figure 10a. In addition, the reproducible response and

stability of the same electrode were examined. The electrode stability was investigated by



analyzing bifenox for 20 days using the same modified electrode Figure 13a. There was no
significant change in peak current for 20 days, with a standard deviation of 2.1%. There was a

gradual decline in the peak current after that. This may have been caused by the film's instability.
3.9. Electrochemical analysis of interfering ions and pesticides

The interferences caused by metal ions and other nitro compounds with the reduction signal
of 2 nM bifenox were tested. The concentration of the métal ions and other pesticides added was
2 nM Figure 13b. This study found no interferencé between the‘inorganic cations and the other

pesticides for the sensing signal. However, the reduction signal of bifenex'is affected by adding 4-

nitrophenol.
10
3] 10 uM Bifenox in 2.5 pH B-R buffer solution (a)
8
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Figure 13. (a) Plot for peak current vs. number of days for 10 uM bifenox in 2.5 pH B-R
buffer solution (b) Interference study of inorganic species and nitroaromatic pesticides
such as (i) Na*, (i) Ca*, (iii) Mg?", (iv) Parathion, (v) Methyl Parathion, (vi) Fenitrothion,
and (vii) Chlorpyrifos, on the reduction signal of 10 uM bifenox at 100 mV s~ in 2.5 pH B-

R buffer solution at BiVO4 modified GCE.

3.10. Determination of bifenox in water samples

The water was collected from the functional,materials laboratory and analyzed for the
presence of bifenox herbicide. It does not contain the bifenox. So the caleulated amount of bifenox
was spiked into the water sample. The bifenox fromi the water was)extracted using
dichloromethane. While extracting ‘the bifenox from the water sample with dichloromethane,
traces of water in the organic layer were present, which were removed with anhydrous sodium
sulfate. After evaporation, the residue was disselved ‘in a, pH 2.5 B-R buffer solution for
electrochemical measurements. Table 2 and 3 summarizes the limit of detection obtained for
previouslysfeportedmmethodologies and compares ‘it with the current material. The comparison
confirms the current size-controlled BiVO4 materials show lower detection limits. Table 4 shows
the BiVO4 derives from hydrothermal method synthesis particles with different particle shapes.
The current synthesis, methodology allows size, shape, and surface to be easily controlled for a

particular purpose.



Table 2: Comparison of the shape of the particles and electrochemical detection and

reduction potential of synthesized BiVO4 with previous reports.

Electrode Shape of the Synthesis Material for Limit of Ref.
Material  material in study electrochemical Detection
detection (LOD)
BiVO4 Nano dendrites Hydrothermal 0.03 uM >4
BiVOs Porous structure Solution 0.027 >3
Combustion pmolL!

BiVO4 Spheres Nitrite 1.5 umolL"! 36

BiVO, Shuriken-flower Hexavalent .035uM 57
shape

BiVO, Clavate, Fusiform, ( 3 0.2 uM 38
Flowered, Bulky

BiVOs 0.016 uM 59

BiVO4 Rifampcin drug 0.014 uyM 60

Bifenox 0.3 nM This

work




Table 3. Different materials comparison for electrochemical Bifenox detection

Material for

Electrode electrochemical Limit of Detection Reduction Ref
Material ) (LOD) Potential
detection
MnFe04@CTS Bifenox 0.09 umolL! +0.23 V BV1
MnFe;Oq4 Bifenox BV1
MWCNT Bifenox BV2
This

work




Table 4. Comparison of the shape and the applications of the Hydrothermally synthesized

BiVOa4 nanoparticles with other works.

Synthesis route: Hydrothermal

Shape of the nanoparticles Applications Ref.
Nanosheets Photocatalyst o1
Bi-pyramidal microcrystals and Platelet ~Photocatalytic conversion from 62
microcrystals methane to'methanol
Star-like shape Methylene blue removal 63
Microsphere to regular decahedron Controlled morphelogical studies 64
Sphere, star, cubic, and flower-like Photocatalyst 65
structures
Sphere, Lamellar structure Photocatalytic O2 evaluation 66
Egg shape Photocafalytic désulfurization of 67

thiophene
Square sheet, leaf like Transparent Photoeatalyst 68
spheres
Plate like nanostructure Photoeatalyst 69
Sphere to cubes Supercapacitor 70
Spheres Electrochemical detection of 4- This work

nitrophenol and bifenox herbicide

After the detection of bifenox herbicide, the BiVO4 (1.5 mL Oleic acid) particles phase
structure and morphology were analyzed using XRD and SEM. Figure 13 shows the XRD spectra
of BiVO4 1.5 ml oleic acid after the experiment. The diffraction peaks seem to agree with the XRD

pattern of the as-synthesized sample before the experiment. The slight variation in peak intensity



and broadness might be due to the etching process during the experiment. The SEM images of
BiVOs4 1.5ml oleic acid recovered after the electrochemical experiment are depicted in Figure 14.
The spherical shape of the particles was retained with some disorders. The size of some particles
was observed to be reduced, which might occur due to surface etching during the experiment. The
EDS spectrum in Figure 14(d) shows the presence of Bi, V and O atoms in the synthesized sample
after the experiment. Thus, the XRD and SEM analysis confirms that the structure and surface

morphology of BiVO, particles were not changed greatly “after the electrochemical detection

experiment.

BiVO, 1.5ml oleic acid

Intensity (a.u.)

1 i 1 i 1 i 1

10 20 30 40 50 60
20 (degree)

Figure 13. XRD pattern of BiVO4 with 1.5 ml of oleic acid particles collected after the

experiment



Energy (KeV)

4 with 1.5 ml of oleic acid

ent

decreasing particle size of the gold particle. (SZ 1) The same scenario was reflected in the present

result while the sensitivity is increasing in decreasing the size of BiVOy particles.

4. Conclusion

BiVO4 smooth surface spheres with periodic size reduction were achieved via the

hydrothermal method. The morphology of BiVO4 turns a smooth surface upon adding oleic acid



as an additive in the synthesis. XRD confirms the highly crystalline nature of the as-synthesized
nanoparticles. Raman analysis denotes the shift in peaks with an increase in oleic acid
concentrations. Smooth surface and periodic particle size reduction of synthesized BiVO4 particles
were observed with SEM analysis. A modified bismuth vanadate electrode has been developed to
detect bifenox herbicide. Electrochemical results indicated that fabricated BiVO4 modified
electrode has a lower reduction potential, a higher sensingfeurrent, and better electrocatalytic
activity. The BiVO4-modified electrode shows a lower detection limit and reduction potential
compared to previous reports. The BiVO4-based electrode is highly stable, which makes it possible
to detect bifenox for up to seven experimental'days without losing sensitivity. From the analysis
report, this sensor can be easily used for field analysis. Its analytical validity was tested using

spiked water samples, opening up new possibilities for environmental herbicide sensing.
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