¥ ® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Melt-quenched vanadium pentoxide-stabilized
chitosan nanohybrids for efficient
hydrazine detection

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2021,
2, 6665

©® Manish Kumar,© Rahul Verma,® Ranjana Verma,®
"and Devendra Kumar*®

Jay Singh, (2 *® Kshitij RB Singh,
Priya Malik,“ Saurabh Srivastava,® Ravindra Pratap Singh

Nanocrystalline low-dimensional nanostructured vanadium pentoxide (n-V,Os) nanoparticles were synthesized
using a hydrothermal and melt-quenching approach without using any reducing agent, acids/bases, and
hazardous solvents. Further, the synthesized V,Os nanoparticles were successfully dispersed in a chitosan (CS)
solution for fabricating an organic—inorganic nanohybrid matrix for the electrocatalytic determination of hydra-
zine to avoid human exposure. Furthermore, this study was supported by various sophisticated tools to charac-
terize the synthesized V,0s and V,05—-CS films, namely UV-Vis, PL, FTIR, XRD, SEM, AFM, TEM, and EDX. The
V,05—CS nanohybrid showed a substantial sensing strength when deposited onto an indium-tin-oxide
(ITO)-coated glass substrate without ultrasonication and studied using amperometry and cyclic voltammetry
techniques. Thus, the electrochemical responses against various hydrazine concentrations obtained from the
fabricated V,Os—CS/ITO electrode demonstrated high sensitivity, a low detection limit, a quick response time,
and a wide linear range of 50.48 pA pM~t em™2, 0.084 mM, 20 seconds, and 2-22 mM at a 50 mV scan rate,
respectively. Hence, the utilization of V,0s—CS-based inorganic—organic nanohybrid materials fabricates a
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robust sensing system and a favorable sensing platform with wide applications towards the development of
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1. Introduction

Hydrazine has demonstrated enormous applications as a pes-
ticide, blowing agent, propellant, insecticide, antioxidant,
plant-growth regulator, pharmaceutical intermediate, and cor-
rosion inhibitor.' However, despite its applications, it shows
toxicity and acts as a cancer-causing, nephrotoxic material,
causing damage to the nervous system and genetic
material.*® For overcoming these issues, the fast, selective,
and efficient electrocatalytic detection of hydrazine is necessary
to help avoid human exposure, as, in the environment,
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hydrazine decomposes very rapidly and does not harm human-
kind through environmental factors, but when hydrazine is
used in agriculture as a pesticide its overuse can lead to uptake
by plants/crops, which when consumed by animals and
humans can lead to various life-threatening complications like
cancer, neurological disorders, etc.””'> Furthermore, several
studies reported in this context for hydrazine sensing centered
on various electro-oxidation methods of hydrazine are based on
nanostructured materials and polymer nanocomposites.”*™”
However, these electrochemical sensors have many drawbacks
because of a lack of surface architectures that give an electro-
chemical sensor a higher sensitivity and specificity against
analytes of interest by utilizing nanostructured materials - thus
miniaturizing the elements of the sensor and increasing the
signal-to-noise ratio at the device interface — and, so far, many
nanomaterials with a variable morphology have been used for
fabricating electro-oxidation platforms.*®°

Moreover, owing to the multiple valence states and the
maximum oxidation state of vanadium, nanostructured V,O0;
exhibits enhanced catalytic properties, high electron-transfer
kinetics, and an enhanced adsorption capability for charge-
transfer characteristics. Therefore, vanadium pentoxide nanos-
tructures (n-V,0s) are promising materialsshowing a high
chemical stability and enhanced catalytic activity.'*¢™>°
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Fig. 1 Schematic overview of this works.

Furthermore, chitosan (CS) is a non-toxic biopolymer that
exhibits high biocompatibility and film-forming abilities. Many
studies®*?' to date have shown that CS is a promising material
for synthesizing nanocomposites with various metal and metal
oxide nanoparticles, which will offer nanocomposites with
extraordinary properties. Thus, here in this study, CS is used
to form a nanocomposite with the metal (n-V,05) due to its
film-forming ability and stability to control aggregation, which
will stabilize the n-V,Os5 film on the electrode surface.**>* The
V,05-CS inorganic (V,05)-organic (CS) nanostructured hybrid
film was developed for the effective and efficient electrochemi-
cal determination of hydrazine in an aqueous solution, and the
film was prepared via a simple solution-casting method of this
nanohybrid onto an ITO-coated glass substrate, which demon-
strated an excellent film-forming ability, charge-transfer char-
acteristics, a large surface area, and a high adsorption
capability. Thus, we investigated the fabricated electrochemical
device via the smart and intelligent V,05s-CS nanohybrid to
monitor hydrazine to avoid human exposure (Fig. 1). Hence, in
this work, the used nanocomposite was synthesized using the
melt-quenched and hydrothermally derived nanocrystalline
V,05 (n-V,05) ex situ grafted onto the chitosan (CS) biopolymer
as an organic-inorganic nanohybrid material without the use of
any reducing agent, acids/bases, and hazardous solvents for the
determination of hydrazine; this makes our synthesis proce-
dure unique compared with other pre-existing synthesis meth-
ods such as in situ and various other ex situ protocols.

2. Experimental section

2.1. Materials

Vanadium pentoxide (V,0s; molecular weight (My):
181.88 ¢ mol '; CAS number: 1314-62-1), hydrogen peroxide
(H,0,; Myy: 34 g mol ™ '; Product Cat no. 1.93007.0521), chitosan
(CAS number: 9012-76-4), potassium hexacyanoferrate(u) trihy-
drate (CgFeK,Ng-3H,0; My: 422.39 g mol ™ '; product cat no.:
1.93686.0521), potassium hexacyanoferrate(u) (CeFeK3Ng; My

6666 | Mater Adv, 2021, 2, 6665-6675

’{21"{ e((olmlo) '%o " OX‘?MZO

N, + 4H,0 + 4¢°

(OXOX‘X'O(OXO 5

Response

329.25 g mol ™ '; product cat no.: 1.93667.0521), glacial acetic
acid (CH3CO,H; Myw: 60.05; CAS number: 64-19-7), sodium
chloride (NaCl; My: 58.44 g mol'; Product Cat no. S9888)
and hydrazine solution (NH,NH,; My,: 32.05; CAS number: 302-
01-2) were obtained from Sigma-Aldrich. Sodium hydroxide
(NaOH; Myy: 40.00 g mol™'; CAS no. 1310-73-2), acetone
(C3HgO; Myy: 58.08; CAS number: 67-64-1), and ammonia
solution (NH3; My: 17.03 g mol™'; CAS no. Q16225) were
obtained from Qualigens, Thermo Fisher Scientific. Disodium
phosphate (Na,HPO,-H,0; Mw: 177.99; CAS no. 10028-24-7)
and monosodium phosphate (NaH,PO,; My: 119.98; CAS no.
7558-80-7) were procured from Himedia. All the chemicals used
for the experiments were of analytical grade, and they were used
as received without further purification. The ITO sheets (sur-
face resistivity ~15 Q cm’i) for deposition of the V,05;—CS
nanohybrid were procured from Sigma-Aldrich. Milli-Q water
(18 Q resistivity), Millipore, USA, was used to perform all the
experimental works, and the stock solution of hydrazine was
prepared in 5 mM phosphate buffer of pH 6.4.

2.2. n-V,0;5 nanoparticle synthesis

The V,05 nanoparticles were synthesized via hydrothermal and
melt-quenching methods, as reported previously>® with some
modifications. First, as purchased, micro-size V,05 (5 g) powder
was weighed and kept in a crucible, which was placed in a
muffle furnace at 900 °C until the molten phase was achieved; it
was then taken out and cooled to room temperature using cold
Milli-Q water with continuous stirring for eight hours until the
V,0s5 sol was finally obtained, and this sol was kept overnight in
a sealed airtight bottle for aging before it was transferred to a
Teflon-lined stainless steel hydrothermal vessel. Next, this
vessel was placed in a hot air oven for 15 hours at 180 °C before
being allowed to cool by natural convection to room tempera-
ture. Subsequently, a yellow residue was obtained, which was
washed several times with Milli-Q water and, lastly, it was
washed with ethanol to remove any impurities before being
vacuum dried at 50 °C.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.3. V,05 nanoparticle electrophoretic deposition (EPD)

EPD was performed using a BioRad, Model 200/0.2 instrument
(DC power supply unit). Before EPD, V,05 nanoparticles (20 mg)
were sonicated in 10 mL of absolute ethanol for one hour using
an ice bath to avoid alcohol evaporation. After that, a yellow
and opaque suspension of V,05 nanoparticles was obtained.
Then, this as-prepared colloidal suspension of V,0s; nano-
particles was transferred to a two-electrode-based electroche-
mical cell. A platinum electrode was used as the anode and the
hydrolyzed ITO-coated glass substrate acted the cathode, where
the anode and cathode were parallel to each other and had a
separation distance of 1 cm. This setup resulted in the for-
mation of a thin, uniform, and homogeneous V,0s film on ITO
(0.25 cm?) via EPD using the optimal conditions of 25 V for
15 seconds. Moreover, this prepared V,05/ITO film electrode
was washed several times with Milli-Q water followed by
ethanol for removing any unbound particles; it was stored at
4 °C for further experiments.

2.4. V,05-CS/ITO nanohybrid film fabrication

V,05 nanoparticles (30 mg) were dispersed in a CS solution
(1 wt%; 5 mL) and were kept under ultrasonication for two
hours, which resulted in a highly viscous solution of CS with
V,0s5 nanoparticles dispersed uniformly. Then from this vis-
cous solution, a 10 uL sample was aliquoted onto a pre-cleaned
ITO-coated glass substrate (0.25 cm?) to form a thin film of the
V,05-CS composite via the drop-casting method; this was then
allowed to dry at room temperature. After drying, the thin-film
composite was washed using Milli-Q water to remove any
unbound particles. Furthermore, the prepared V,05-CS/ITO
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electrode was used for performing electro-oxidation studies of
hydrazine using the three-electrode system.

2.5. Characterization

Several characterization techniques were used to study the as-
prepared V,0s, V,05/ITO, V,05-CS, and V,05-CS/ITO samples.
Initially, the ultraviolet-visible (UV-vis) spectra were obtained in
the wavelength range of 200-800 nm using a PerkinElmer,
Lambda 950 spectrophotometer. Then, the vibration spectra
were obtained using a Fourier transform infrared (FTIR) spec-
trophotometer (Nicolet 380, Thermo Fisher Scientific) in the
400-4000 cm ™" wavenumber range. X-Ray diffraction measure-
ments were carried out using a D8 Advance, Bruker, with Cu-Ko
(A = 1.5406 A) radiation and a Ni filter in the 20 angle range of
10-50°. Thermogravimetric (TGA) analysis was performed using
a Model-STA 6000 instrument (PerkinElmer, Singapore). Photo-
luminescence (PL) spectra were obtained utilizing a Fluoro-
log®™-3 spectrofluorometer (Horiba). The energy dispersive
X-ray (EDX) and scanning electron microscope (SEM) analyses
were performed using a Hitachi S-3700N instrument for ele-
mental confirmation and surface morphology analysis of the
as-prepared nanoparticles and nanohybrids. In addition,
atomic force microscopy (AFM) (Park Systems, XE 100) was also
utilized for determining the surface morphologies of the V,05/
ITO and V,05—CS/ITO electrodes. Moreover, selected area elec-
tron diffraction pattern (SAED) and high-resolution transmis-
sion electron microscopy (HR-TEM) micrographs were obtained
utilizing an FEI Tecnai G2 F20-Twin, Swiss Confederation
instrument. Finally, an Autolab PG workstation, Metrohm,
was utilized for performing electro-oxidation studies of
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hydrazine via the V,0s-CS/ITO electrode using the three-
electrode system, in which a platinum wire was used as the
counter electrode, V,05-CS/ITO was the working electrode, and
Ag/AgCl was the reference electrode in the presence of a
mediator of 5 mM [Fe(CN),]>~’*~ in 50 mM phosphate buffer
saline (PBS) at pH 6.4 containing 0.9% NaCl.

3. Results and discussion

3.1. Structural, optical, and morphological characterization of
V,05, V,05-CS, and V,05-CS/ITO

The CS, V,0s nanoparticles and V,05-CS nanohybrid were
initially studied utilizing the UV-vis spectrum, recorded in the
200-500 nm range (Fig. 2(A)). As CS is transparent in the
ultraviolet and visible regions thus, determining its optical
properties using spectroscopic methods is very difficult. For
the V,05 nanoparticles, the UV-vis spectrum demonstrates two
absorption peaks at 248 and 208 nm, while the broad peak that
arises at 242 nm in the V,05-CS nanohybrid is due to the
combination of n-n* transitions and n-n* transitions. Further-
more, the optical band gap was calculated using the Tauc plot
by plotting (¢hv)* vs. hv (eV), as shown in Fig. 2(B). By extra-
polating the linear part to the energy axis, the energy band gap
(E,) values obtained are 5.8, 4.4, and 5.95 eV for CS, the V,0;
nanoparticles and the V,05-CS nanohybrid, respectively. Com-
pared with the V,05 nanoparticles, the increase in the band gap
of the V,05-CS nanohybrid is due to the V,05 nanoparticles
being successfully intercalated into the CS matrix. The reason
behind the increase in the band gap of the nanohybrid is that
in CS in the acidic solution phase, the NH, group of CS is
protonated to acquire a positive charge (NH; "), which offers the
CS a slightly higher band gap of 5.8 eV, and when CS was
crafted with the V,0s5 nanoparticles to form the V,05-CS
nanohybrid the conduction band of the nanohybrid increased,
becoming 5.95 eV due to the favorable environment provided
by the CS, which suppresses the conduction band of V,05 and
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offers the nanohybrid an elevated band gap. Furthermore, the
thermal behaviour of CS, V,05 and V,05-CS nanohybrid was
studied using TGA in the temperature range from 30 to 800 °C.
The initial weight loss of CS in the temperature range of
50-140 °C is about 16% [Fig. 2(C) (cyan color)], which might
be due to the loss of residual moisture in the sample. CS shows
a slight weight loss between 140 and 250 °C owing to the
decomposition of small chain polymers, followed by a more
apparent loss of weight starting from 250 up to 485 °C, which
might be ascribed to a multifaceted process including dehydra-
tion of the saccharide units in the polymer.*>*® On the other
hand, in the TGA curve for the V,05-CS nanohybrid [Fig. 2(C)
(red color)] up to 225 °C, the weight loss of the nanohybrid film
is quite small (up to 11%) because of the removal of the
absorbed physical and chemical moisture content. When the
temperature was increased to higher than 550 °C, the weight
loss of up to 45% was significant because CS was decomposed
into smaller units. The TGA curve of V,05 nanoparticles
[Fig. 2(C) (green color)] shows that the weight loss in the
temperature range of about 30-140 °C is due to the removal of
water in the sample.>” Moreover, the V,05 nanopatrticles exhibit
a significant weight loss of up to 65% when the temperature is
increased to 460 °C. Therefore, although the prepared V,05-CS
nanohybrid exhibits a higher thermal stability than CS and the
V,0s nanoparticles, there was no considerable weight change
from 645 °C to 800 °C, implying the presence of only V,05 within
the temperature range. Fig. 2(D) shows the PL spectra of CS,
V,05 nanoparticles and the V,05-CS nanohybrid performed at
the 420 nm excitation wavelength. The emission spectra show
peaks at 483 nm (Fig. 2(D)(i)), 359 nm (Fig. 2(D)(ii)), and 404 nm
Fig. 2(D)(iii) for CS, V,05 and V,05-CS, respectively. A red-
shifted emission is observed in the V,05-CS nanohybrid due
to the successfully incorporation of V,05 nanoparticles into the
electron-rich CS polymer chains.**

The FTIR spectra of CS, nanostructured V,0s, and the V,05-
CS nanohybrid film are shown in Fig. 3(A) in which the
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vibrational spectrum of CS (green curve (a)) demonstrates a
characteristic peak at 3440 cm™ " owing to overlap of -NH, and
-OH stretching bands, and the bands exhibited at 2920 cm™*
and 1650 cm ' are the CH, and carbonyl (C=O0) stretching
bands of amide I and amide II, respectively; the peak at
1380 cm ™' is the result of the -C-O stretching mode of the
-CH,-OH groups, and finally the peak at 1070 cm™ " is due to
the stretching vibration of C-O-C in the glucose ring of CS.***°
Furthermore, the vibration spectrum of the V,05 nanoparticles
(Fig. 3(A) [red curve (b)]) yielded weak bands at 3430 cm ™" due
to the different vibration modes of O-H stretching due to
physically adsorbed water. Moreover, the three broad peaks
centered at 573, 812, and 1030 cm™' are ascribed to the
stretching vibration of V-O, the bending vibrations of V-O-V,
and the vibration of stretching between the shortest bonds of
vanadium and oxygen, respectively.*’ It is evident from Fig. 3(A)
[blue curve (c)] that the vibrational spectrum obtained has
similar vibration spectral bands that correspond to the func-
tional group of CS, and the other bands at 571 and 813 cm ™" are
the result of the stretching vibration of V-O and the bending
vibration of V-O-V, respectively; thus, it can be concluded from
this that the V,05-CS nanohybrid was successfully synthesized.

The X-ray diffraction (XRD) analysis of CS, V,0s, and V,05—
CS is presented in Fig. 3(B). Here, the red curve (c¢) demon-
strates the XRD spectrum of pure CS, which exhibits a broad

View Article Online

Paper

diffraction peak at a 26 value of 20.3° indicating the amor-
phous structure of CS; this broad peak thereby indicates the
long-range disorder commonly found in polymer samples.®”
Furthermore, the XRD peak patterns of the V,05 nanoparticles
[green curve (b)] and the V,05-CS nanohybrid [blue curve (a)]
are relative reflections of each other, as all the patterns show
the reflection planes from (2 0 0), (00 1), (10 1),(110), (4 00),
(011),(111),(310),(211),(401),(002),(102),(411),and
(3 0 2), which indicates that the V,05 nanoparticles and V,05-
CS nanohybrid have an orthogonal type of structure and all
these corresponding peak points match with the reported
values of the Joint Committee’s database on Powder Diffraction
Standards (JCPDS) card number 41-1426 (a = 11.5160 A,
b =3.5656 A, and ¢ = 4.3727 A).*" Apart from these peaks, no
foreign phases (diffraction peaks of any impurities) were
detected, confirming that the synthesized V,0s5 samples were
highly pure. Furthermore, in the V,05-CS nanohybrid [blue
curve (a)], a broad peak at 20 at ~21° is observed, which may be
linked to the CS phase due to intermolecular hydrogen bonds
and the steric effects between the polymer chains and V,0s
nanoparticles.”> Furthermore, the average crystallite diameter
(d) values calculated using Scherrer’s equation [eqn (1)] are
~25 and ~21 nm for the V,05 nanoparticles and V,05-CS
nanohybrids, respectively, from the full width at half maximum
(FWHM) of the most intense peak (0 1 1) of the XRD. In eqn (1),

Fig. 4 Two- and three-dimensional AFM micrographs: (a) CS/ITO film, (b) V,Os/ITO film and (c) V,Os—CS/ITO nanohybrid film.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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CuKa wavelength, and 0 is the Bragg diffraction.
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Moreover, atomic force microscopy (AFM) was utilized to study
the surface properties of the CS, V,05 nanoparticles, and V,0s-
CS nanohybrid film deposited on the ITO substrate to form the
electrode, and the obtained morphological characteristics are
demonstrated in Fig. 4. The three-dimensional morphology of
the CS/ITO film surface demonstrates smooth, homogeneous,
and bulbous structural elements [Fig. 4(a)]. Furthermore, in
Fig. 4(b), the surface morphology of the V,05 nanoparticles on
the ITO is demonstrated, where the nanoparticles are uniformly
distributed, and the roughness analysis revealed the root mean
square roughness (RMS-Ry) = 6.0 nm, the roughness average
(Ra) = 5.1 nm, and the maximum peak height profile = 11.3 nm.
The 2D and 3D morphologies of the V,05-CS/ITO nanohybrid
film [Fig. 4(c)] demonstrate how the nanoparticles are

incorporated into the CS layer with RMS-Ry, R,, and maximum
peak height profiles of 3.2 nm, 2.5 nm, and 9.3 nm, respec-
tively. Thus, these results show that the roughness is decreased
compared with the V,05/ITO nanoparticle surface due to the
presence of CS; from this, it can be said that the obtained V,05-
CS film on the ITO surface is a smooth nanohybrid film with
incorporated V,05 nanoparticles as CS is a biopolymer. Further-
more, SEM analysis was also carried out to investigate the
surface morphologies of CS, the V,05 nanoparticles, and the
V,05-CS nanohybrid film deposited on the ITO substrate to
form the electrode. Porous, thick, and uniform layers of CS are
visible in Fig. 5(a). From the SEM micrograph of the V,Os
nanoparticles [Fig. 5(b)], it can be seen that the nanoparticles
are uniformly dispersed on the ITO surface, and apart from this
it can also be observed that they are densely distributed owing
to deposition via the EPD process. Fig. 5(c) reveals the globular
morphology of the formed nanohybrid film, indicating the
successful synthesis of the V,05-CS nanohybrid, formed due
to electrostatic interactions between the cationic CS and the

Fig. 6 TEM and HR-TEM images with inset images showing the corresponding SAED image and the size distribution histogram fitted by Lorentzian

function of V,Os nanoparticles prepared via the hydrothermal method.
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as a function of the scan rate (10-100 mV s™3).

presence of surface charges on the V,05 nanoparticles, which
help in the grafting of the V,0; nanoparticles into the CS
polymer network. Fig. 5(d)-(f) show the EDX spectra of CS/
ITO, V,05/ITO and V,05-CS/ITO film, respectively. The atomic
percentage of C, N and O for the CS/ITO electrodes are 46.28,
16.57 and 37.15%, respectively, while in the V,05/ITO film the
atomic percentages of V and O are 68.46 and 31.54%, respec-
tively, with the absence of other elements indicating the high
purity of the synthesized nanoparticles. The EDX data of the
V,05-CS/ITO nanohybrid film show atomic% values for C
(12.72%) and N (2.94%), indicating the presence of CS mole-
cules, and confirming the formation of the nanohybrid. In
addition to these studies, TEM analysis of the V,0s5 nano-
particles was also carried out and is presented in Fig. 6. The
TEM image reveals that the V,0s nanoparticles retained a
homogeneous spherical morphology, and these particles range
from 10 to 35 nm in size. The average particle size of the V,05
nanoparticles was around ~12 nm, which was obtained by a
histogram fitted by the Lorentzian function. Furthermore, the
interplanar spacing ‘d = 0.26 nm’ is consistent with the promi-
nent (0 1 1) diffraction peak observed in the XRD study; in
addition to this, the selected area electron diffraction image
(top-right inset in Fig. 6) is similar to the JCPDS card data
values of d-spacing, which corresponds to the highly intense
peak of the XRD study.

3.2. Electrochemical studies

3.2.1. Cyclic voltammetry (CV) and differential pulse vol-
tammetry (DPV). The redox electrochemical behavior of the
plain ITO, CS/ITO, and V,05/ITO, and V,05—-CS/ITO electrodes
were studied in 50 mM PBS solution (0.9% NaCl) of pH 6.4
containing [Fe(CN)s]*~"*~ of 5 mM at a scan rate of 50 mV s~ *
[Fig. 7(A)]. The green curve in Fig. 7(A) is the cyclic voltammo-
gram of the plain ITO electrode, which exhibits oxidation and

© 2021 The Author(s). Published by the Royal Society of Chemistry

reduction peaks due to the presence of the [Fe(CN)>*~*~

mediator, which demonstrates the anodic/oxidation current
peak (I,,) at 0.303 mA. Furthermore, the black, red, and blue
curves in Fig. 7(A) are of the CS/ITO, V,05/ITO, and V,05-CS/
ITO electrodes, respectively, and demonstrate the anodic/oxida-
tion current peak (Ip,) values of 0.506, 0.658, and 0.714 mA,
respectively. The current increase that is observed in the CS/ITO
electrode compared with the plain ITO electrode is due to the
cationic nature of the CS, which helps to accept electrons.*?
The I,,, value of the V,05/ITO electrode is more than those of
the plain ITO and CS/ITO electrodes, confirming that the metal
oxide V,0s is an excellent conducting material with a large
surface area. Further, the I;,, value of the V,05-CS/ITO electrode
is the highest among the other fabricated electrodes, and this is
as a result of the V,05 nanoparticles being incorporated into
the biopolymer CS matrix, which increases the electroactive
surface area obtained from the high electrocatalytic mobility,
resulting in improvement of the electron transfer. Furthermore,
the DPV results were in complete agreement with the CV
behavior of the ITO, CS/ITO, V,0s/ITO, and V,05—CS/ITO
electrodes, and it also suggested that the V,05 nanoparticles
incorporated into the CS biopolymer provide greater electron
transport and an enhanced electrocatalytic behavior between
the mediator and the electrode [Fig. 7(B)].

3.2.2. Scan-rate effect. For studying the interfacial kinetics
of the V,05-CS/ITO electrode, CV studies were performed by
varying the scan rate from 10 to 100 mV s " [Fig. 7(C)] in a
50 mM PBS solution (0.9% NaCl) of pH 6.4 containing
[Fe(CN)o]* *~ of 5 mM. From this study, it was evident that
the magnitudes of the oxidation/anodic (I,,) and reduction/
cathodic (I,,.) peak currents increase linearly when the current
values are plotted against the square root of the scan rate (/%)
[Fig. 7(D)]. Moreover, when the scan rate is varied from
10 to 100 mV s !, with this increase in scan rate, the
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oxidation/anodic and reduction/cathodic peaks start to shift
towards a more positive potential and a more negative
potential, respectively, which in turn suggests this redox (oxida-
tion-reduction) behavior as a quasi-reversible process; further-
more, the potential peak shift (AE, = Ep, — Ep) also exhibits a
linear association [Fig. 7(E)] with the scan rate, suggesting this
process at the electrode of electrochemical reaction as a
diffusion-controlled process, and the obtained linear fit
(R* = 0.99335) of the peak height against the scan rate suggests
enhanced electrocatalytic behavior.

3.2.3. Kinetic studies. The electron-transfer coefficient (Ks)
of ITO modified by V,05-CS is calculated using eqn (2)'* in
which ‘F is the Faraday constant (96485 C mol '), the gas
constant is denoted by ‘R’ (8.314 ] mol ™" K™ '), the peak-to-peak
separation (in V) is denoted by m, the number of electrons is
denoted by n, v is the scan rate, and T is the temperature (which
in this case is a room temperature of 300 K). Thus, by putting
these values into eqn (2), Ks was obtained for V,05-CS/ITO
electrode as 0.601142 s~ '; this value indicates an increased
rate of electron transfer, which is a result of the higher catalytic

View Article Online
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behavior of the V,0s nanoparticles. Furthermore, the
Brown-Anson model [eqn (3)]'> was used to determine the
V,05-CS/ITO electrode’s surface concentration (Y); here,
A denotes the surface area of the electrode (0.25 cm?), I, is
the peak current of the electrode (I, and I,,), and the remain-
ing other values are as stated above. Thus, putting these values
in eqn (3), the obtained Y value was 3.67 x 10~° mol cm™?,
suggesting an increased electroactive surface area. Moreover,
for calculating the diffusion coefficient (D) for 5 mM
[Fe(CN)sJ>/*~ diffusion from the electrolyte to the surface of
V,05-CS/ITO electrode, the Randles-Sevéik equation [eqn (4)]*
was employed in which C denotes the mediator concentration
at the surface (in this case, it is 0.000005 mol cm ™), and the
other values are as stated for eqn (2) and (3). Putting the values
into eqn (4), the obtained D value is 1.27368 cm® s~ .

Ks = mnFv/RT (2)
I, = n’F°YAV/4RT (3)
I, = (2.69 x 10°)n*””AD"*CV*? (4)

3.2.4. pH optimization. Before starting the experiments,
initially, the pH of the final electrode (V,05-CS/ITO) was
optimized via CV analysis in a 50 mM PBS solution (0.9% NacCl)
containing 5 mM [Fe(CN)e]>*~ of varying pH (5.7 to 8) at a
scan rate of 50 mV s~ ' (Fig. 8). This study observed that the I,
value increases from pH 5.7 to 6.4 and then starts to deteriorate
as the pH is increased further. Moreover, it was observed that at
pH 6.4, the V,05-CS/ITO electrode demonstrated the highest
current magnitude (inset of Fig. 8) owing to the enhanced rate
of interaction between the electrode and the mediator
[Fe(CN)]> /" compared with the other pH conditions. The
lower I, values for the other pH conditions is due to the
limited electron transport between the V,05-CS/ITO electrode
and the medium. Thus, for this study’s overall CV analysis,
pH 6.4 was selected as the optimum pH condition.

3.2.5. Electro-oxidation study of hydrazine. Regarding
human toxicity issues caused by hydrazine, in this study the
electrochemical sensing response of the V,05-CS/ITO nanohybrid
electrode to hydrazine was demonstrated via the fabrication of a
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(A) Electro-oxidation response study of the V,O5-CS/ITO electrode with respect to the hydrazine concentration (2-22 mM) in PBS (5 mM,

pH 6.4, 0.9% NaCl) containing [Fe(CN)g]* /4~ at a scan rate of 50 mV s~2. (B) Calibration curve of the V,O5—CS/ITO electrode and the variation in current
as a function of the hydrazine concentration (2-22 mM) in PBS (5 mM, 6.4 pH, 0.9% NaCl) containing [Fe(CN)¢]*~4~ at a scan rate of 50 mV s,
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Table 1 Sensing parameters for hydrazine utilizing different electrode materials
PH, Response
Method Electrode material medium  Sensitivity Linear range LOD time (s) Ref.
Ccv Pd-GG-g-PAM-silica 7.0, PBS — 0.05-0.6 and 0.6-180 mmol 4.1 x 10 > mmol  — 39
modified GCE dm™ dm™
Amperometry AuNG/CMG/GCE 7.4,PBS — 6-30 UM 0.5 uM — 40
(6)% Pd NPs-modified CB 9.0, PBS — 0.005-0.5, 0.5-10, and 8.8 x 10> mmol — 41
10-50 mmol dm * dm™
Amperometry Au@Pd/rGO/GCE 6.8, PBS 0.825 AL mol™* 2.0-40 pM liter * 0.08 pM liter * - 42
cv Fe-doped ZnO nanoparticle — 39.36 pAcm™>  — 0.01 x 107° mmol ~10 43
electrode pMh dm™?
Amperometry Fe,Oz;-modified carbon 7.4,PBS — — 1.18 x 10° mmol  ~60 44
powder epoxy composite dm™
electrode
Ccv m-Fe;0,/GO/GCE 71, PBS — 1.0-4400 pM 0.059 uM — 45
Amperometry Au@Pd/CB-DHP/GCE 10, PBS  0.0824 AL mol " 2.5-88 uM liter " 1.77 pM liter * — 46
Amperometry CuO/CNTs-rGO/GCE — 4.28 1.2-430 pM 0.20 uM — 47
Amperometry V,05-CS/ITO 6.4, PBS  50.48 A pM " 2-22 mM 0.084 mM 20 Present
cm? work

fast, selective, and efficient V,05-CS/ITO nanohybrid-based electro-
chemical sensing device for detection of hydrazine to help avoid
human exposure. For the measurement of different hydrazine
concentrations, CV analysis was performed in which the V,05-CS/
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Fig. 10 (A) CV study of the electrochemical response times of the V,Os5—

CS/ITO nanohybrid electrode; inset image shows the current response
versus the incubation time for the V,0s—CS/ITO nanohybrid electrode.
(B) Interference study of the V,05-CS/ITO electrode with ascorbic acid
(12 mM), urea (12 mM), dextrose (12 mM), and ammonia (12 mM) as
interferent materials.

© 2021 The Author(s). Published by the Royal Society of Chemistry

ITO nanohybrid electrode was exposed to various concentrations of
hydrazine (N,H,; 2-22 mM) in a 50 mM PBS solution (0.9% NacCl)
of pH 6.4 containing [Fe(CN)s]>*~ of 5 mM at a scan rate of
50 mV s~ ' [Fig. 9(A)]. From the CV study, it was observed that the
oxidation/anodic peak current (I,) increases linearly with the
increasing concentration of N,H,, and the reduction/cathodic
peak current (I,.) decreases linearly with the increasing concen-
tration of N,H,, suggesting that the V,05-CS/ITO nanohybrid
electrode is sensitive towards N,H,. The chemical overview of
the electrochemical reduction of N,H, by the V,0s-CS/ITO
nanohybrid electrode in the presence of the mediator
[Fe(CN)s]* "~ is demonstrated in eqn (5) below.
37 /4

[Fe(CN)q]
_—

N,H4 +40H™ N; + 4H,0 + 4e~ (5)

As it was observed that the oxidation/anodic current (I,,) and
reduction/cathodic current (I,.) peaks had a linear relationship
with various N,H, concentrations from 2 to 22 mM [Fig. 9(B)],
and the obtained linear coefficient value (R*) was 0.96859, which
suggested a strong relationship between currents at oxidation
(Ipa)/reduction (Ip,.) peaks and the N,H, concentrations. Further,
from the obtained results, the limit of detection (LOD) was
calculated using the standard formula (3 x SD/sensitivity) in
which SD is the value of the standard deviation of the calibra-
tion plot slope and the background current; for determining the
LOD, first sensitivity was calculated, and the obtained sensitivity
was 50.48 pA pM ' ecm? which suggested that the fabricated
electrode was highly sensitive towards N,H,; then from further
calculations, the obtained LOD was 0.084 mM. Thus, the
electro-oxidation activity of the V,05-CS/ITO nanohybrid elec-
trode at various concentrations of N,H, suggests that the V,05—
CS nanohybrid material used to fabricate the electrode is a
promising material for the electrochemical sensing of N,H, in
the given sample, and the V,05-CS nanohybrid is further put
forward as a prominent material for fabricating a potential
electrochemical device. Moreover, Table 1 compares this fabri-
cated electrode with other pre-existing electrode materials used

Mater. Adv.,, 2021, 2, 6665-6675 | 6673
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to determine N,H,,**> which suggests that the electrode
fabricated in this work has a better sensitivity.

3.2.6. Response time, reproducibility and selectivity/inter-
ference study of the V,0;-CS/ITO electrode. The reproducibility
of the V,05-CS/ITO nanohybrid electrode was delineated utilizing
the CV technique in a 50 mM PBS solution (0.9% NacCl) of pH 6.4
containing [Fe(CN)s> "*~ of 5 mM at an optimized scan rate of
50 mV s~ ' in the presence of N,H, (8 mM). The results obtained
from 15 repeated measurements using the same electrode (data not
shown) indicated that the as-prepared V,05-CS/ITO electrode
showed good reproducibility after 15 repeated measurements with
good precision of about 2.3% at low SD. Furthermore, by utilizing
similar reaction conditions, the response time was determined
[Fig. 10(A)], for the V,05-CS/ITO nanohybrid electrode by measuring
the electrochemical current responses between 2 and 30 s. The
magnitude of the current increases initially (2-20 s), and after 20 s
the current started to deteriorate, indicating that 20 s is the
optimum response time for the V,05-CS/ITO nanohybrid electrode
for sensing N,H, in the sample. Moreover, interference studies
presented in Fig. 10(B) were also performed in the presence of
ascorbic acid (12 mM), urea (12 mM), dextrose (12 mM), and
ammonia (12 mM), which demonstrated that no significant current
change was observed.

4. Conclusions

In conclusion, we herein presented a method for the synthesis
of V,05 nanoparticles using a hydrothermal method followed by
a melt-quenching method; these nanoparticles were further
stabilized by functionalizing them with CS for fabricating a thin
film electrode (V,05-CS/ITO) via casting an aqueous suspension
of the V,05-CS nanohybrid onto an indium-tin-oxide (ITO)-
coated glass electrode, to investigate the electrocatalytic activity
of the nanohybrid towards hydrazine oxidation via cyclic vol-
tammetry. The electrochemical response of the V,05-CS/ITO
electrode showed a high sensitivity (50.48 pA pM ™' cm™?) for the
electrochemical determination of hydrazine (2-22 mM); the
obtained LOD in this study was 0.084 mM at a scan rate of
50 mV s~ ', and the determined amperometric response time
was 20 s. Thus, the findings of this study suggest that the
synthesized V,0s-CS nanohybrid material is a very promising
agent for fabricating an electrochemical sensing platform for
the label-free, rapid, and simple quantitative determination of
N,H, in samples to overcome the human toxicity issues caused
by hydrazine, as the device fabricated using the V,05-CS nano-
hybrid is fast, selective, and efficient. Hence, from this, it can be
stated that a favorable electrochemical sensing device platform
has been established for the determination of N,H,; but further
studies are still needed to develop an on-site model for N,H,
detection in real samples, and our group is working towards
achieving these objectives in the near future.
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