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ABSTRACT

Nickel oxide with a nanoporous rose petal-like r@twhas been synthesized by the
chemical bath deposition (CBD) method. Its film nfation mechanism is
investigated and it was confirmed that the thicknasd morphology of synthesized
nanoporous NiO, is influenced by variation in thepdsition times. The SEM and
AFM analysis displayed a nanoporous rose petal-$ikeicture network comprising
wide cracks. As the deposition time increasesn#tevork becomes denser or more
packed as the width of the crack decreases. The pdtBrns of annealed NiO films
indicated low intense peaks, confirming cubic phafsHiO crystals. The fabricated
electrode delivers the specific capacitance 142°Faj a 10 mV se¢ scan rate. It
maintains 90 % of its initial capacitance after DO@harge/discharge cycles,
demonstrating one of the most promising electrodternals for high energy storage
performance.

KEYWORDS

NiO, metal oxidechemical bath deposition, supercapacitor, energyage, rose-
petal

1. INTRODUCTION

In electrochemical energy storage systems (EESspersapacitors (SCs) or
electrochemical capacitors (ECs) are always thedaé attention due to their ability
to deliver energy very quickly, rapid charge/disgegaprocess, and excellent cycle
stability.[1] Based on the charge-storage mechasigfCs are categorized into two
fundamental types, electrochemical double-layer acapr (EDLC) and
pseudocapacitor (PSC). During the electrostatio-facadic) charge storage process
in EDLC, ions/electrons accumulate on the electredeface. Electrochemical
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(faradic) charge storage in PSCs occurs at theceidnd near-surface of electrode
material. Carbon and its derivatives are suitablERLC electrodes, while transition

metal oxides (TMOs) and conducting polymers arer@mpate for use as PSCs

electrodes.[2] The high specific capacitance of T&g@mpared to that of carbon-

based materials makes them more appropriate faagplications and therefore they
are being widely studied.

Various low-cost high surface area EDLC materieds Carbonaceous
materials, then high capacitance and easy to ammisitMOs such as ruthenium
dioxide (Ru@), manganese oxide (M iridium oxide (IrQ), Nickel oxide (NiO),
and highly conducting polymers (CPs) such as Pdlgen(PANI), polythiophene,
Polypyrrole (PPy), etc. are being widely studiedr feenergy storage
applications.[3][4] Generally, metal oxides havghtheoretical capacitance, but it
suffers from poor Listorage/release properties and low electrical cotdties.[5]
The design and synthesis of nanostructured TMOs h#tvacted significant interest
and have made a great impact in many applicatiods as electrochromism, energy
storage, gas sensors, and many more, due to thykly hexposed active crystal
planes with many promising properties.[6—8]

Nickel oxide (NiO) has drawn increasing attentigith a wide variety of
applications such as an electrode in lithium-iorcrovbatteries[9], electrochromic
coatings[10], gas and temperature sensing [11]emvaplitting [12], plasmonic
photocatalyst for solar Hevolution [13], as hole transporting layers inamig solar
cells [14] etc. Among the numerous low-cost oxidesestigated, nickel oxide is a
promising material with its theoretical capacitamée2573F g%, high thermal and
chemical stability, excellent redox behavior, anginmentally friendly properties.
But its poor electrical conductivity and small paial window limit their
applications.[15] Up to now, remarkable progress lbeen made in the formation of
various nanostructures of NiO for electrochemiggllizations. Patil and coworkers
demonstrated a CBD approach for the fabricatiooubic NiO thin films on a glass
substrate. The resulting films showed a specifipacéiance of 16F g™ at
20 mVs?tin a 2 M KOH electrolyte.[16] Salokhe et al regartthe physical
properties of 2D NiO nanosheets developed via tiBD Gnethod for various
applications. They investigated that adhesion ptgpdepends on the contact
interface between the substrate and deposited [fili). Higher packing density
indicates better adhesion.[18] Afterward, a hidnar@ porous NiO superstructure
with a specific capacitance of 7EQ " at 1A g™* and 98% capacitance retention
after 2000 charge-discharge cycles was reporteduayn et al.[19] Hydrothermally
synthesized NiO nanoflakes resulted in a capadtasfc137.7Fg* at 0.2A g™*
current density.[20] Yan et al synthesized the psrbliO hollow spheres with the
template-free CBD method. The synthesized film leitbil a specific capacitance of
346F g ' at 1A g after the 2000 cycle.[21] A variety of methodslimting sol-gel
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process [22], electrochemical deposition [23], lykdermal synthesis [20],
electrospinning [24], hot-filament metal-oxide vapaeposition (HFMOVD)

technique [25] and chemical bath deposition (CBR}][have been developed to
fabricate NiO nanostructures.

Using the chemical bath deposition method (CBDQkiess, morphology, and
porosity of the synthesized film can be easily oaigd with the help of preparative
parameters such as deposition time, and concemtratif the solution.[26]
Nanoporous structures provide a large surface #nah can assist in a fast
ion/electron transfer path and consequence intactrelles with enhanced
electrochemical properties.[27] Herein, we presina simple CBD approach to
developing nanoporous nickel oxide (NiO) networkhainterconnected rose petals-
like morphology including wide cracks. The resugtinetwork was developed on an
ITO glass substrate. The influences of depositiore ton the morphologies and its
consequence on the specific capacitance of asesimédd NiO thin film have been
investigated. The synthesis strategy reported e provide an effective route to
develop a unique architecture for efficient enestprage applications.

2. EXPERIMENTAL SECTION
2.1.Materials

Nickel sulphate (NiS@6H,0) with 99 % purity, Potassium pyrosulfate &0s),
and ammonia (25-28%) purity were purchased fromalL@themie and Sd. Fine
respectively. All chemicals were used as receivathout further purification.
Indium-doped tin oxide (ITO) with a sheet resistwnf 25-30Q/cn’ was purchased
from Kintec Corp. Ltd, Hong Kong is used for theremt study.

2.2.Preparation of nanoporous NiO

NiO thin films were grown on ITO substrate via t&@&8D method followed by
annealing. Firstly, a precursor solution was pregaboy using 1M NiSQ6H,0,
0.25M K;S,0g, and aqueous ammonia in a 4:3:1 proportion in @n@5beaker.
Indium-doped tin oxide (ITO) coated transparentdtaing glass substrates were
ultrasonically cleaned in acetone and de-ionizedewaThese samples were
immersed vertically in the prepared solution anehtlextracted after a time interval
of 20, 40, and 60 min. Then the films were washéti dweionized water and after
that, the targeted NiO nanopetals were obtainednmyealing at 300°C in the air for
90 min. The obtained nanopetals synthesized atrdift deposition times of 20, 40,
and 60 min were denoted as MNPy, and NR, respectively.

2.3. Characterizations

The structural properties and surface morphologtheffiims were examined from
an X-ray diffractometer (Philips, PW 3710, Almeldolland) operated at 25 kV, 20
mA with Cu ku radiation §£=1.54A) and scanning electron microscopy (SEM)
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(Model JEOL-JSM-6360, Japan), operated akVQespectively. The infrared (IR)
spectrum was examined with a Perkin-Elmer IR spptintometer (model-100) of
the powder collected from all NiO samples in 400@6m* the spectral range. The
pellets were prepared, by mixing KBr with NiO powd@00:1 ratio) and then
pressing the powder into two pieces of polishedelst&he electrochemical
performance was analyzed at different scan rateg) wsiclic voltammetry (CV) in a
1M KOH electrolyte in a conventional three-electodrrangement that included
NiO thin film, graphite, and saturated calomel #lede (SCE) as the working,
counter, and reference electrode respectively uslagtrochemical quartz crystal
(EQCM) measurements (model-CHI-400A) made by Chrumsent, USA.

3. RESULTS AND DISCUSSION

The x-ray diffraction (XRD) patterns of as-syntlresi NBy NP4y andNPgs; samples
are shown irFigure-1. The XRD pattern exhibits three peaks indexed @pprately
at  =37.24°, 43.29° and 62.87°, along (111), (200)d af220) planes,
corresponding to a cubical crystalline NiO phd&sDD 04-002-066% respectively,
which reveals that NiO has successfully grown @nlTfO glass substrate.[28]

b

& FTOR TS A% 105
W NHBOPRS 32 e

Intensity { a. w.)

| fil Loi . 111

| 20 25 30 35 40 45 &0 55 B0 B85 TO TS5 8O
. 20 (degree) P

Figure 1 XRD pattern of the (a) NBo (b) NP4 and (c) NRy thin film samples. The
vertical red lines represent the standarcdCDD data (ICDD 04-002-066% for NiO

Due to the highly porous network of synthesizeahfithe low peak intensity arises in
the XRD.[29] The ITO substrate peaks are denotedeptycal black linegICDD-00-
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039-1058.[30] The particle size (D), micro straig)( dislocation density{§) and
distortion parameters (g) for all three samples;,d]NRP;, and NR, from XRD
spectra was calculated by using the formulae gbetow,

kA

D= o (1)
__Bcosé
=E e (D)
n
s R )
g= i (®

Where, k is Scherrer constant is shape factor usually tak®r0.9 for spherical
crystallites,\ is the X-rays wavelength (here for Clrk1.542 A6 is the angle of
diffraction, g is the Full Width at Half Maxima (FWHM) obtainecbm XRD pattern
[31][32] and n is a factor, which is almost equaluinity for minimum dislocation
density. The Williamson—Hall equation interrelabe fparticle size (D), micro strain
(¢) by the following relation and partially originagtédrom the Debye— Scherrer
equation (1) given above [30],

kA
pcosO = o +4¢ecosl ..o (5)

The particle size (D), micro straire)( dislocation density(§) and distortion
parameters (g) of all the samples were calculagdguabove formulas, which are
mentioned in Table-1 below. It can be easily natié®m the analyzed data that
crystalline size increase with the deposition time.

Table 1 The observed average crystalline size, astrain, dislocation density and
distortion parameters of the hNP4o andNPs.

Samole Average Crystalline micro strain  dislocation density distortion
P size (nm) D) (®) (6)(x 10%?) parameters (g)
NPy 16.20 0.041 77.59 0.311
NP4 18.23 0.037 59.24 0.245
NPg 37.34 0.033 65.63 0.240

The IR transmission spectra of without and withealimg treatment for Nigsample
is recorded in the range of 400-4000cas shown irFigure-2a & 2b respectively.
The broadband centered around 3460 and 163@m™ are attributed to the O-H
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Figure 2 FT-IR transmittance spectra of the (a) without annealing and k)
after annealing NPy thin film sample.

stretching vibrations and H-O-H bending vibrati¢83] The peak positioned at
1115 cm* corresponds to stretching vibrations of sulphatesi The peaks around
618 cmi* and 436 crit correspond to the Ni-OH and Ni-O stretching vibvas
respectively and they confirm the formation of netnactured NiO.[34] FTIR spectra
show that annealing leads to the formation of higdfaNiO.

XPS study investigates the chemical compositicth @lectronic states of N
sample deposited on ITO substrate. The survey mpacbf NPy as shown in
Figure- 3(a) confirms the presence of Ni, O, and C (from sundbng) elements and
assures the surface is clean [35fure-3b and 3cdisplay the highly resolved scans
of Ni 2p core-level spectra and O-1s spectra. Th2gg\comprises two peaks of Ni-
2ps2 and Ni-2p, at 855.62 eV and 873.24 eV respectively with bigdenergy
separation of 17.62 eV.[36] The shake-up processas to the two Ni satellite
peaks, which are located at 861.03 eV and 879.18Te¥ Ni-OH bonds developed
mainly from NiOOH groups attached to the NiO suefac

This indicates that the product is mainly NiO ahe existence of a small
amount of NiIOOH on the surface of the NiO film lay&7] The O-1s XPS spectrum
of the NB, sample is shown irFigure-3c, including three peaks at 529.13 eV,
531.16 eV, and 532.90 eV. As reported by Oswaldl.ethe 529.13 eV and 531.16
eV binding energy peaks of O-1s core level corredpm G anions of NiO and
Ni,Ozrespectively.[38]
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Figure 3 XPS spectra of NB thin film sample (a) Survey spectra (b) Ni 2p core-
level spectra and (c) hiahly resolved -1s spectr:.

SEM images of as-grown nickel oxide films develb@ different deposition
times are shown ifigure-4 (a-c). SEM study reveals that the synthesized samples
exhibit a porous architecture, that comprises awenected rose-petal-like structures
with wide cracks which have been grown on the ITl@sg substrate. Careful
observation of SEM images also confirms that, asdgposition time increases, the
network becomes denser or more packed as the waigthnumber of the crack
decreases. Deposition time affects the growth nmeshmand the film thickness.
Such highly dense and thick structures will lowes electron transfer velocities and
electrolyte diffusion efficiency.[39] The wide chals and a relatively large number
of channels exist in the N§ sample. The highly porous interpenetrating and
connected petal structures may assist to acquingta surface area that enables
active-site accessibility to encourage effectiva toansport in the redox process,
which affects the specific capacitance of the sgsitted electrode.

Figure 4 Scanning electron microscopy (SEM) images of (a) BRb) NP4 and (c)
NPso annealed thin film samples at x20,000 magnification (inset displays the cross-
section images x20,000 magnification.)
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Here the highly porous interpenetrating and odenected petals via deep
channels, help to increase the mobility of the itnmeugh the easily accessible sites
in the network. [40] The more detailed structurtimation is illustrated by taking
the cross-section of the all the samples as showihe inset ofigure-4 (a-c). The
SEM cross sectional analysis as a function of dépogime indicates that the film
thickness can be easily tunned by controlling teagdition time. As deposition time
increases from 20 to 60 minutes, the film thicknesgeases from 1054 nm to
1327 nm.

Such nanoporous networks facilitate control over available surface area to
enable active-site accessibility and porosity dtme influencing ion transport
kinetics in the redox procesg&igure-5 (a-b) shows 2D and 3D atomic force
microscopy (AFM) surface topographic images of,NHm. 2D image shows the
interconnected rose-petals network and the 3D inmstggvs a nano thorn-like

¥

structure on the top edge of the petals.[41]

Electrochemical properties of synthesized poroi® thin films were studied
with cyclic voltammograms (CVs) as shownHigure-6. To calculate the specific
capacitance all the samples were recorded wittpotantial window of -0.3¥% to
0.3V (SCE) at a 10nVs*' scan rate in 1 M KOH electrolyte. The specific
capacitance was calculated by using the equatiendielow,

f;’f (V)dV

2vmV =6

Specific Capacitance = Cs =
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where C; is the specific capacitance of the electrode pdér mass of the active
materials (in F. ¢); f‘yfi I(V)dV is the integral area of CV curve; V is the potdntia

window (in V), v is scan rate in mV.ségm is the mass of the active electrode
materials (in grams). Specific capacitance for ¢heésveloped NI3, NPy, and NRg
films were calculated based on CV analysis and dawnbe 14F g*, 75F g*, and
54F g*, respectively at a 10-mV'sscan rate.

These values are comparatively higher than theflh©developed by the CBD
method and studied in two different electrolytediigmdar et al. [42] As the deposit
time increases, the specific capacitance decreatésh may be due to the following
reasons. As the deposition time increases, thé&rtegs of the film increases (from
1054nm to 1327m), and from SEM we can notice that the film beesrdense and
compact. This results in increased equivalent segsistance, as it prevents easy ion
transport through the network which is the combia#fdct of the reduced pore size

"
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Figure 6 Cyclic voltammograms (CV) of the NBs;, NP4, and NPsg samples
within a potential window of -0.33 to +0.3 V vs. SCE at 10 mV’sscan rate. CV:
curves performed at scan rates from 10 to 100 mV'sn 1M KOH electrolyte for
NPy film within the potential window of —0.33 to +0.3V vs. SCE

and pore-clogging.

Figure-6 demonstrates the redox mechanism of the,N@mple at 10 mVsto
100 mV.$* scan rate. The CV profile appears as an almo&ingular shape. As the
scan rate increases, both the anodic and cathedksmf the CV profile are shifted
to more negative and positive values respectiveich indicates that the
capacitance of the synthesized film is due to tbeudocapacitive mechanism.[43]
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As the scan rate increased, the area under thes gradually increased and the
capacitance was found to decrease. The redox saadietween Nf and Nf* give
rise to the pseudocapacitive behavior and thereldoemical reaction is given by the
equation[36],

NiO + OH™ < NiOOH + e~

As shown inFigure-7, the porous Nf film exhibits long-term cycle stability,
maintaining 90% of its initial capacitance (from2l4o0 129 F.g) after 1000
charge/discharge cycles is significantly higher nthénose reported for NiO
synthesized by direct and pulse potentiostatic ouh[33]. The excellent
electrochemical activity and ion kinetics of thenthesized film was illustrated with
the well-defined sharp peaks at a high scan rate.

| 175 4

150 +

125_‘ .IIIIIIIII I

:

Z

Specific capacitance / F.g"
i T

T T T T T T T v T I
i_ 0 200 400 600 800 1000
Number of cycle .

T n n m— r — o — B — o — o — 0 m—

=

Figure 7 Capacitance retention as a function of cycle number of NfPsample at
10 mV.s! scan rate

CONCLUSION:

A very simple and low-cost chemical bath deposiapproach has been successfully
utilized to synthesize NIO thin films. This studyshrevealed the influence of
different deposition times on the structural, maiplgical, and electrochemical
properties of as-synthesized NiO films. SEM stuldgves that, as the deposition time
increases, the thickness of the film increases, samdiltaneously the width of the
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cracks between the rose petals decreases, andahudm becomes packed (or
porosity decreases). The NHilm exhibited a specific capacitance of 18g™*
which is 2.5 times higher than that of §§Palso it retains 906 of its initial
capacitance after 1000 charge/discharge cyclesufisrior specific capacitance and
cycle stability, represent it as the best electrodaterial for supercapacitor
applications
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ABSTRACT

Iron oxide is a common material. The use of iromdeased nanoparticles in
numerous disciplines has attracted a great deas@éntific attention. Due to its

accessibility, adaptability, biocompatibility, biegradability, and unique magnetic
characteristics, magnetite has received significatiention. In order to produce

high-quality products for the specified end apgiicas, precise control over the
nanoparticle manufacturing process is crucial. Tlasbecause the functionality of
nano-scale magnetite is directly related to itsnfprsize, and surface chemistry.
Many chemical, physical, and biological technigaes used in laboratories and in
industry today. These can be found in the litemtdro achieve hitherto unheard-of
synthesis results in terms of better-controlled photogies, sizes, and size
distribution, unconventional strategies have howewagisen in recent years.

Especially, microfluidic methods are a potentiatlteology for overcoming some of
the fundamental disadvantages of traditional bukthnds, such as lower reagent
volume consumption, waste reduction, precise coofrluid mixing, and simplicity

of automation. The major goals of this review aweptesent magnetite's features,
uses, and synthesis processes as well as the ewasttrdevelopments in this area.

KEYWORDS
Fe;0,4, Magnetic, Hydrothermal Synthesis, Microwave.

1. INTRODUCTION

The world is currently concerned about the fastaexijing use of fossil fuels and
global warming, which has led to a focus on develp@nd promoting renewable
energy. So, in order to meet the needs of our goaied economy, highly efficient
energy storage systems must be developed. Throtgheuprevious decade, a
number of research projects were carried out t@ldgvsupercapacitor applications
and energy storage [1, 2]. Many techniques, indgahnicro emulsion, laser ablation,
arc discharge, mechanical grinding, and high teatpez breakdown of chemical
precursors have been used to create magnetic néictgsa The need to manufacture
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well-dispersed magnetic nanoparticles led to theelkdpment of a variety of
techniques including co-precipitation, hydrothermathe sol-gel method,
electrodeposition, chemical bath deposition, aedted-spinning [3].

Despite the fact that there are various forms o ioxides, the term "iron
oxides" most frequently refers to three:,®G¢ (hematite), Fg, (magnetite), and
Fe,0O; (maghemite). Usually iron oxide nanoparticles, ckhare one of the most
often employed compounds for various applicaticars lse generated in three natural
forms: hematite o-Fe,03), maghemite (-Fe0Os), and magnetite (E©®;) [1].
Hematite ¢-Fe0O3), maghemitey-FeO3), and magnetite (6,) are the three main
types used in industrial applications. Due to ¥eeptional magnetic characteristics,
Fe;04 has garnered the most interest among all ironesxkk;0, NP research has
advanced significantly over the past 20 years, ooly in the synthesis of
homogeneous core magnetics®g NPs but also in the formation of advanced
nanoarchitectures (core-shell, composites, funatined surfaces, etc.) and the use
of these nanomaterials in a variety of fields [4, Bhe indirect charge transfer
bandgap of hematite, an n-type semiconductor owiile a more stable structural
makeup was 1.9-2.0 eV. It has a weak magnetic.fielde0O; has demonstrated
numerous significant uses at the nanoscale insfisicch as photonics, gas sensors,
Li-ion batteries, and water purification [6]. Femagnetic materialy-Fe,O; and
Fe0, are widely employed in the biomedical sector aredlia recording industries
respectively.

Fe;0, is utilized in a variety of applications includimgicrowave absorption,
memrister, supercapacitor, glucose sensor, walittirgy and biomedical use. @,
possesses higher magnetic saturation value than wiétal oxide such as &y [7—

9] NiO [10-12], TiQ [13-15] Thus, FeO, became more prominent material than
other metal oxide. Further §&, has effective absorbing bandwidth and microwave
absorption capabilities in the 2-18 GHz range. #s houtstanding cole-cole
interaction, permittivity, permeability, magnetimsk, and dielectric loss. Because of
its high-power density, great reversibility, anatlepility, supercapacitors are widely
used. This can be used for a variety of purposdading those requiring high power
pulses, such as electric vehicles, burst powerrgéna, memory backup systems,
and othersMassive interest in the invention of novel elecgadaterials for cutting-
edge energy storage technologies like batteries edectrochemical capacitors is
driven by the rising demand for effective, longtiiag, safe, and sustainable energy
sources. F®, film produced hydrothermally was used as an eléetr in
supercapacitor applications. The;Bgfilm displayed a specific capacitance of 118.2
F g between 1 and 0.1 V at 6 mA current [16]. In tiay, Author will discuss
Fe;0,4 synthesis methods as well as microwave and sypeeitar application in this
minireview.
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2. MAGNETITE (Fe 304)

Figure-1. Crystal structure of magnetite. Green spheres®%: Black spheres — Ee
red spheres —O[17]

Fe;0, is the chemical formula for magnetite. There aom ioxides in nature. It has
an inverse spinel cubic crystal structure. Halfabetral ferrous ion lattice sites,
half-octahedral ferric ion lattice sites and atladedral lattice sites compose up the
structure of magnetite [17]. Many characteristi€smagnetite include electric and
magnetic characteristics that are related to magaeid dielectric loss. Magnetite
exhibits superparamagnetism.

3. MAGNETITE SYNTHESIS TECHNIQUES
Magnetite can be prepared by several methods. $bte methods are mentioned
as follows.

3.1 Chemical bath deposition method
Popular low temperature chemical methods includemstal bath deposition and

chemical solution deposition. Chemical methodsrofequire particle development
and nucleation in two steps and solution growtgeneral. These techniques involve
a number of factors, including deposition durati@olution pH, concentration
molarity, temperature, substrate type, complexiggnd and Cation and Anion
concentration Furthermore, the several advantages of chemiatdl deposition
routes are 1) regulating growth factor 2) broad emdsistent deposition 3) Ternary
and quaternary compound deposition is discoverebdetdaking place. 4) doesn't
require a complex instrument 5) CBD prevents sabstoxidation and corrosion. 6)
It is inexpensive 7) The greater reaction timehef €BD technique results in good
crystallite orientation [18].
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3.2 Sol-gel Method

A simple and affordable approach to create perfanbstructures with a vast surface
area, great optical quality, purity, and homogenmitthe sol-gel process. There are
two deposit processes used in the sol-gel proced8gn coating is followed by dip
coating. Moreover, the sol-gel process parametech €1 reaction temperature,
reaction time, solvent, electrolyte compositiorrent density, and solution pH have
an impact on obtaining the structure with the bpsssible electrochemical
performance. The sol-gel process typically entddsr steps: 1) creating the
precursor solution, 2) creating the deposition potsl as sol, 3) converting from sol
to gel, and 4) finally, applying thermal treatmehhis sol-gel process has various
benefits, including 1) generating high quality migtls, 2) large area and high purity
at reduced temperature. There are a few downswod#ss environmentally friendly
procedure, including 1) a lengthy processing ti@jelt still has adhesion issues. 3)
The price of the raw materials 4) Large volumergtage and cracking are frequent
during drying [19, 20]

A common wet chemical technique for producing metaides with
nanoscale dimensions is called sol-gel synthesisol-gel processing, the molecular
precursor is hydroxylated and condensed to credtmola of nanometric particles
[21]. The nano dispersed "sol" will continue to agausing particles to expand and
eventually form a three-dimensional metal oxidemoek known as "gel.” To get the
'gel' to its final crystalline condition, more hewtimust be applied. Based on the
chemical mechanism depicted in Egs. (1) and @pectively, F& ions of the
precursor are hydrolysed and condensed to prodes®, hanoparticles. F& ions
are easily hydrolysed and condensed to create uterioydroxides or oxides,
according to the equation

F&" + 3H,0 — Fe (OH)} + 3H" 1)

12 Fe (OH) — 4Fg0,4+ 18HO0 +0O;, 2
Historically, the metal alkoxides of the desiredtah@xides were used as the initial
chemical solution or precursor for sol-gel synthedvietal alkoxides are highly
resistant to hydrolysis and produce nanoparticlesnetal oxides that are highly
crystalline and homogeneous in size. Unfortunatdlye to the intricate synthetic
processes and the expensive and toxic usually gmgblohemicals, this alkoxides
sol-gel synthesis approach is not suitable for descple and cost-effective
manufacturing. Metal salts like chlorides, nitrateasd acetates are employed as the
precursor in the subsequent sol-gel synthesis pso@e order to overcome the
drawbacks of the alkoxides sol-gel synthesis method

Sol-gel synthesis is the most recent synthetic otetihat is coupled. Pure
Fe;04 nanoparticles have been produced by annealing \ilacaum. successfully
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made utilizing affordable, nontoxic ferric nitragand ethylene glycol serves as a
precursor. Vacuum annealing is a further heatrireat applied to the nanopatrticles

that produces nanosizedsBg powders while preventing the oxidation of magnetite
to iron (lll) oxides like maghemite and hematitéeTphases created and the patrticle
volume percentage as well as the particle sizeilgigion and dispersion, all have a

significant impact on the magnetic ordering of®genanoparticles produced via sol-

gel synthesis. As a result many researchers aeested in the factors that affect the
size distribution and dispersion of particles sastthe precursor concentration used,
the annealing period, and the temperature.

3.3 Electrodeposition

One of the most effective, non-vacuum based, arst-effective processes is
electrochemical deposition. The following elementduding 1) temperature, affect
the electrodeposition parameters, 2) The amountuwfent, 3) the period of
deposition, 4) the solution's pH, 5) Crystallognaplt) The metal's nature, 7)
contaminants in the solution, 8) electrolyte conijms. There are two primary
categories for the electrodeposition technique: |ég@us Electrodeposition and
cathodic Electrodeposition [22—-24]. Moreover electremical atomic layer epitaxy
and anodization are included in the cathodic déjoosprocess. Pulsed potential,
anodization, cathodic deposition, and the produactid additional materials such
carbonaceous material, metal, and metal oxideh@enbdes in which the deposition
process takes place. The many benefits of elegiomiion include: 1) its rapid
deposition rate and composition control, 2) It asva huge area and doesn't require
any vacuuming at all, 3) It requires little equipthe4) It is a simple, scalable,
pricey, and accurate procedure

The growth mechanism of g, nanoparticles are explained as follows [25].
The FgO, (magnetite) formation can be explained by two stégrtrochemical-
chemical (EC) mechanism, which includes:

Thepossible reduction reactions during the electrodbainphase are:
NG; +2H0 +2e — NO, +20H E°=-0.32 Vvs. Ag/AgClI  (3)
2HO0 + 2¢ — H, + 20H E°=-1.08 V vs. Ag/AgCl  (4)
Fé +e — Fé&* E° =-0.55 V vs. Ag/AgCI (5)

the product deposits on the cathode electrode wheepH of the solution rises close
to the steel electrode surface due to an increags®iOH content.
The chemical step:
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FE" (ag+ FE" (aq) +60H (aq) — F&0s + 3H0 (6)

Given the observed potential throughout the dejwosjtrocess, which was -1.21 V
vs Ag/AgCl at a current density of 2 A @nit is widely acknowledged that the
reduction of waterEquation-4)) plays a significant part in the electro prodactof
base (OH at the current conditions. In actuality, the &lechemical action was
encouraged by the reduction of water moleculesaifsegntly, during the deposition
process, gas bubbles were seen flowing over thedatsurface, further supporting
the idea that OHions were produced by electrolysis of water. ThE @ns
generated by the electrochemical step can reahtthét F&" and F&" cations in the
chemical step. The chemical process leads to thesiteof FgO..

3.4 Electrospinning

Modern effective ways for creating nsinoctured materials include
electrospinning. It is typically used to continubpuand directly prepare polymer
nanofibers with sizes ranging from submicron toasmale. Additionally, a variety of
materials, including polymers, composites, and roars, have shown an interest in
the electrospinning of nanofibers from polymer sohs for a number of possible
uses. Many factors including viscosity, concentratmolecular weight, deposition
time, solution pH, and deposition rate have an thpan electrospinningThe
electrospinning process has so far drawn more sttdytion in recent years due to a
number of potential characteristics such as ith Bigrface area, accessibility, special
mechanical qualities, cheap production costs, htage power supply,
convenience, affordability, and environmental fdimess [26]. The method can also
be applied to a variety of nanostructures includiojow and porous multilayers,
hollow nanotubes, hollow nanowires, and core-shahostructures. In addition, a
number of significant parameters including size riigtion, morphologies,
concentrations of metal precursors, types of potghmaetal precursors, and solution
viscosities of the precursors might affect the prapon process. The electrode
materials electrospinning technique produced aldes with a large surface area,
long cycle stability, and high capacitance

3.5 Co-precipitation

The cost efficient and simple method is co-preaipn. In the co-precipitation
approach, an alkaline solution combines with ackiometric mixture of ferrous and
ferric precursors in aqueous solution to produgeeguaramagnetic nanoparticles as
the iron source. The type of salts such as chlsridelphates, and nitrates, the
Fe?/Fe™ ratio, reaction temperature, the type of staligisagent, pH level, and ionic
strength of the reaction fluid all affect the sizhape, and composition of the
magnetic nanoparticles. Nucleation and particlewgino are both present and
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competing in thecoprecipitation process. Co-precipitation howevsrcommonly
utilised since it has the potential to lead to stdalization [28].
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Figure-2. Schematic representation of commonly used chémethods for MNPs

synthesis. (a) co-precipitation; (b) thermal decosifion; (c) sol-gel; (d)
microemulsion [27].

The usage of iron oxide nanoparticles (IONPs) ianm@dicine, magnetic
storage, water treatment, and catalysis is widespr&he co-precipitation method,
which is applied in aqueous solutions containingdgFe’) and ferrous (F8) salts
as precursors and a base is added at moderatertggomps (100°C) has been the
most widely utilised synthetic technique to dateteate IONPs. Further Lagrow et
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al. [29] explained growth mechanism of;6g nanoparticles. Green rust is a form of
iron hydroxide carbonate, or [§®H):,COs]. Green rust is a mixed valent 2-
dimensional structure that can be stabilised byety of counter ions, including
COs%, SQ, CI, and Bt in either a hexagonal or rhombohedral crystalcstme. It
shares structural similarities with amorphous FefOlkheets. F& hydroxide
tetrahedral centres are partially or completelyorporated into the framework
through oxidation of P& hydroxide tetrahedra and incorporation. AuthorduSEM
and Mdssbauer to track the linear rise in ferriitgdparticle size over time, starting
with initially generated 0.5 nm particles. When pagticles are around 4 nm in size,
researchers see a size-dependent transition betweenferrinydrite and the
magnetite. In the X- ray diffraction pattern, tiiansition is marked by the absence
of peaks from the iron hydroxide carbonate phase. férrihydrite phase disappears
at 4 minutes, which is when the ferrinydrite phasao longer visible by TEM. As
the reaction develops, the iron hydroxide carbompatiéern becomes less intense.
Before and after the creation of iron oxide, theoant of iron hydroxide carbonate
decreases over time. The ions are integrated derrihydrite, giving a supply of
Fe*®* leading it to expand and transform into magnefiteis suggests that as the
process advances, the iron hydroxide carbonatectsteu is re-dissolved. The
ferrinydrite and later the magnetite slowly increm®ver time as a result of the iron
hydroxide carbonate acting as a reservoir fd Bad F&" ions. Figure 3 depicts a
schematic of this growth mechanism which deviatemftraditional nucleation and
growth ideas.

Precipitation Emwth

@ Ferrihydrite
i Feg(OH),,CO;
B Magnetite

Fey(OH),,L0; acting as a source of ions

Figure-3. Diagram of the growth process demonstrating thealnprecipitation of
ferrinydrite and iron hydroxide carbonate {f&H);.CO;) and the growth of
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ferrihydrite through the re-dissolution of iron hgdide carbonate to generate the
magnetite phase [29].

3.6 Hydrothermal Method

Uniform magnetic nanoparticles are synthesized gugime hydrothermal
technique. In a hydrothermal reaction, iron prectgsare dissolved in an agueous
solution under high pressure and high temperatdoe. hydrothermal reaction, a
Teflon-sealed stainless-steel autoclave is utilizdee autoclaves water is in either a
supercritical or sub-supercritical condition. Thalfolysis of the ferrous ions results
in intermediate hydroxide products (FeOHn), whioh hen converted to iron oxide
by dehydration. High-crystalline, well-regulatedripdes can be produced through
hydrothermal synthesis [30]. In order to manufaetunagnetic nanoparticles,
hydrothermal preparation is the most efficient way.

The growth mechanism of §&, nanopatrticles in this method as follows [31-34]
Initially Fe?*, F€* and KOH precursors are dissolved in double distillvater. The

reaction of this precursors are as follows:

FE* + 20H —  Fe(OH) (7)
Fe* + 30H —  Fe(OH) (8)
4Fe(OH} + O; + 2H,0 — 4Fe(OH) (9)
4Fe(OH) + O, —  4FeOOH + 21D (10)
Fe(OH) + 2Fe(OH} — FgO, +4H,0 (11)

The formation of Fg, as a pre-product at the beginning of the hydrotiaér
process (also known as the prehydrothermal procems)be attributed to these
reactions (7) and (8). A portion of the?Fevere oxidised to produce ¥eand this
resulted in the creation of FeOOH, an intermedpteluct, as demonstrated in both
reactions (9). Nevertheless, the process was daoug at high concentrations of
KOH (pH > 12) and in the presence of pure oxygél).(As a result of reaction (11)
and both reactions (12) and (13)zBGgnanocrystals can develop in the hydrothermal
process at high temperatures:

Fe(OH} — FeOOH + KD (12)

Fe(OH)+ 2FeOOH — FgO, +2HO (13)
The pre-hydrothermal method produces the precgitgrms iron hydroxide and
iron oxyhydroxide, which provide a favourable eownment for the growth of @,
nanocrystals.

4. Fes04: VARIOUS APPLICATIONS

Iron oxide may be a good choice for a variety gilmations,due to its simple redox
reaction, low price, simple production, and miningdvironmental impact. Iron
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oxide has a charge-storage capacity that can reased by boosting the surface
area that is actually active. Greater magneticraatuin and lower coercivity in
magnetic nanoparticles lead to improved complexmgeability. As a result, they
have a large magnetic loss and are well-known miave absorbers.

4.1 Microwave application

Fe;04 exhibits exceptional performance at ultrafine disiens and has a key role
that cannot be easily substituted by any other mi@ggmaterial since it is highly

stable, economical for a wide range of applicatiomsd capable of fabricating

complicated shapes. Iron-containing polycrystallmaterials called ferrites which

typically have a hard, brittle consistency and urideatures are made of iron oxide
and other metals like copper, nickel, and magnesiberrite is useful in many

electronic devices because of its magnetic andrelezharacteristics. Due to their

extremely low eddy current loss, ferrite cores usettansformers, electromagnets,
and inductors have high magnetic permeability aseful for antennas and electrical
resistance.

A type of ferrite called R®, has an anti-spinel structure and a Curie
temperature of 585 °C. SincesBa has an ABO, structure, where Béis located in
the A position (a tetrahedral position), and*Fand F&" are both essentially
disordered in the B site, electrons can move quibktween the two oxidation states
of the iron. This has a significant impact on theettric loss of the iron oxide solids
[35]. At high frequencies, Béis also readily polarised and this polarisation ca
result in EM wave loss which has a certain addithnfuence on the absorption of
EM radiation. Ji et al. [35] investigated electranatic wave absorption properties
of FeO4 nanoparticles. Ethylene glycol (MEG) was used asducing agent and
DEG served as an additional reducing agent anédarit during the hydrothermal
preparation of F£, nano-crystallines. The E®, generated in the optimum solution
(MEG 3.58 mol/l, DEG 2.10 mol/l) has a maximum eefion loss of -42 dB at 2.1
mm thickness and the largest reflection loss pdakla8 GHz. The microwave
absorption band width is 3.2 GHz (9.5 GHz-12.7 Géiz) the reflection loss peak is
smaller than -10 dB in these frequencies. The &¥eaenicrowave absorption band
width at 10 GHz is 3.9 GHz (7.29 GHz-11.2 GHz) whiea thickness is 2.5 mm and
the centre maximum reflection loss peak is -19 biBthis way, Author reported
Fe;04 nanoparticles excellent microwave absorption priogee

As a popular ferromagnetic EMW absorber;@gparticle primarily relies on
the synergistic effects of magnetic loss, partidylamatural resonance, exchange
resonance, and eddy current loss to absorb amtlateeincident EMWs. Shao et al.
[36] reported microwave absorption properties ofdzaenanoparticles. In parallel the
coercivity and saturation magnetization both enbdn¥ector network analysis was
used to determine the permeabilityand complex permittivity, of the FgO, and
paraffin mixture. Using values @f andp, and a model of a microwave absorbent
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layer supported by a metal plate, the reflectioss lat different sample thicknesses
was calculated. With increasing thickness, theadifeast reflection loss changes to a
lower frequency band. The minimum reflection lo$sFe;O, formed with a 6:1
molar ratio and paraffin wax composites reachedl-8B at 5.2 GHz and -30.2 dB
at 17.6 GHz, respectively, when the thickness wasrf. Liang et al. [37]
demonstrated Ball millings impact on the;Bg microwave absorption properties.
Mechanical ball-milling was used to synthesizg@zewith various particle sizes by
varying the milling period. The impact of millingnmie on FeO, structure,
morphology, and electromagnetic parameters wassiigaged and the materials
absorption characteristics and mechanism were eahfor various milling times.
The results showed that as the ball milling timeeased, the integrity of the initial
tiny spherical structure diminished. When the mgliperiod was 2 hours, &, had
excellent microwave absorptions and when the tlsknwas 6.55 mm, the
maximum reflection loss was -21.19 dB at 4.64 GHz.
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Figure-4. Fe;04 nanoparticles various applications with differeanastructure and
size [23]

4.2 Supercapacitors

Supercapacitors often referred to as ultracapacitorelectrochemical capacitors,
store electrical charges as electric energy on wdinty materials. Due to their
advantages such as their quick charge and dischat®g long cycle lives, excellent
energy densities, high power densities, self-opmraand environmental friendliness
based on charge storage principles, supercapaditors closed the gap between
batteries and conventional capacitors. Electricalbte-layer capacitors (EDLCS),
pseudo capacitors (PCs), and hybrid capacitors YHf@s the three types of
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supercapacitors. At the junction of the electroddage and the electrolyte ions,
EDLCs store energy by electrostatic adsorption.roligh the development of a
second layer of electrolyte ions, EDLCs store eyeng the surface of conducting
electrodes. Hence EDLCs have very high dischargk drarge rates and have
lifetimes of over a million cycles. Although theS€s have low specific capacitance.
Among EDLC components, carbon nanotubes, activastion, graphene oxide,
graphene, nano-architecture carbon, and carbormgelsrare quite important. High-
rate pseudo capacitors can provide greater powekenargy densities as compared
to EDLCs. The surface redox reactions of activeemat which have more active
sites are principally responsible for pseudo cdpace [38]. Supercapacitors (SCs)
which have a higher power density than batterie$ @dielectric capacitors have
attracted attention as the next-generation endoygage technology [39, 40]. SCs are
divided into two classes: EDLC and PC, dependinghenenergy storage technique.
Electric double-layer (EDLCs) and pseudo-capacdaaie two different ways that
SCs store charges [41]. The most prevalent and nesstarched type of SC is an
EDLC, where the capacitance is caused by elec&olghs adsorbing at the
electrode-electrolyte interface. The surface pridperof the materials such as their
consequent surface area and pore architecture &aed veally determine the
capacitance value for EDLCs. In EDLCs, during tharging process the anions and
cations travel towards the positive and negatieeteddes respectively which causes
the electron flow in the external circuit to be uiced in the opposite direction. The
ions direction would be reversed throughout theldisge process. Because to their
high specific surface area and excellent condugtigarbon-based porous materials
such activated carbon, xerogels, carbon nanotul#¢Tg), carbon nanofibers
(CNFs), graphene, and carbide-derived carbons érmtyu exhibit EDLC-type
behaviour. Because to its association with entinebn-Faradaic processes, the
charge/discharge process in EDLCs reacts quicklyotential alterations. Whereas,
Conway and Gileadi first used the term "pseudodtgnare" to refer to the
electrochemical properties of materials that aneneated to the surface coverage-
and potential-dependent activation energy for sbgge ion adsorption. The
pseudocapacitive reactions which differ from EDIoGhat they are of faradic origin
store electrical energy at the electrode surfaceutth quick and reversible
electrochemical redox processes. In other words,gizcapacitive materials reflect
their electrochemical characteristics by exhibitagtery-like redox processes that
occur at extremely high rates, akin to a capad¢fgaasi-rectangular CVs and quasi-
triangular GCD curves). In pseudocapacitive magrigdhe charge storage
mechanisms can either involve i) redox reactionsorainear the surface or ii)
intercalation-type reactions

In this mini-review, Supercapacitor is the mosmdeading application in
ongoing projects as we discuss®gs numerous applications. There was an inverse
spinel structure in magnetite @&&). FeO, is a semiconductor material with a 0.1
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eV band-gap. The electron (and hole) hopping betvtiee F&" and F&" ions at the
octahedral sites is the source of the conductigityFe;O, materials. In light of
magnetite's known band-gap and octahedral siteitgeits carrier density which is
equal to the product of the alensity and exp (-0.1 eV/2kT) is predicted to be n
more than 2x18 cm® Following the MottSchottky relation and assumiag
dielectric constant of 7.0 for the compaciCHfilm at the interface and a voltage of
1.0 V, a maximum space-charge capacitance at tigaetite side is calculated to be
10uF cmi? of real surface. According to the Mott-Schottkyat®n, a maximum
space-charge capacitance at the magnetite sidaldalated to be 1QF cmi? of
actual surface, assuming a voltage of 1.0 V aneekedaric constant of 7.0 for the
compact HO layer at the interface. As magnetite, which hasower carrier
concentration and lower conductivity is expectedo&able to achieve this value
which is similar to the experimentally determineapacitance of highly conductive
Sbh-doped Sng) it is anticipated that this value will serve & tupper limit. For
instance, the magnetite particles utilised in theeah electrode have a BET specific
surface area of 34 Tgj*. As a result, 3.4 FhFe;O, is calculated to be the specific
capacitance. Its value is close to those in Nad@l l[dgSO, but much smaller than
those in the other electrolytes, especially in,®&. Supercapacitors (SCs) are
among the most promising energy storage technaodiee to their high-power
density, lengthy cycle lifetimes, and quick chadigzharge rates. SCs are widely
desired in applications where large power dens#tresnecessary such as peak power
support and emergency power supply [42]. The elebemical properties were
calculated through working electrode. In order ¢mgrate the working electrode, 80
weight percentage of the iron oxide nanocrystalsewembined with 10 weight
percent of acetylene black and 10 weight percenpdyivinylidene difluoride
(PVDF) in the presence of N-methyl pyrrolidinoneMR). The components were
combined, and the slurry was then applied on nidkaln [16]. The prepared
electrode was vacuum-dried overnight at 60 °C. €lectrochemical tests were
carried out in a typical three electrode cell wahworking electrode made of
manufactured R©, nanocrystals on nickel foam and a reference eldetmade of a
saturated calomel electrode. The electrolyte wascameous solution containing 3 M
KOH. Galvanostatic charge-discharge techniquescgalic voltammetry (CV) were
used to assess the performance of the supercapaditoVersastat 4-500
electrochemical workstation was used to conducetaetrochemical measurements.
Aghazadeh et al. [42] investigated the electrochamtesting of cathodically
produced ultra-fine magnetite nanoparticles cafiedsilas an electrode material for
supercapacitor applications. Cyclic voltammetry JCtbntinuous charge-discharge
(GCD), and electrochemical impedance spectroscBify) (techniques were used to
assess the electrochemical performance of the @@ padtra-fine nanoparticles. By
having a specific capacitance of up to 195.8'Ftge produced E®, nanoparticles
were shown by the electrochemical data to have gincharge storage ability. After
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3000 cycles under a current load of 0.5 A they still retain roughly 94% of their
initial capacity. Further the charge storage memrof FeO, were explained by
the author Nithya et al. [43]. For that severalemus electrolytes including sodium
sulphite (1 M NaSGs), sodium sulphate (1 M N80Oy), sodium chloride (1 M NacCl),
sodium phosphate (sat. ), and potassium hydroxide (1 M KOH), were used to
study the electrochemical performance of§®e A higher capacitance of 510 F g
with an operating potential of 1.2 V which was aénhb-7 times more than those of
other electrolytes was offered bys;Bg in the NaSQ; electrolyte. As a result, two
pseudocapacitive mechanisms for ;&£ in the NaSO; electrolyte were
demonstrated and are represented by

FeO +S@ <« FeSQ +2e (15)

This results from the redox reaction of sulphur its surface which produces
sulphate and sulphite anions.

2Fd'0 + SQ%* o (F"0)'sO?(FE"0)" + 2e (16)

The oxidation/reduction reaction between Fe (Il are (lll) is described in
Equation (16), with the potential intercalation silphite ions to counteract the
additional charge in the iron oxide layers. Accoglio the relationship between the
rest potential and anion concentration, the eleb&mical performance of g, in
different electrolytes is discovered to be a poatmtetermining process [44]. &y
is highly reactive to anion species in a varietyaqtieous media but not to alkaline
cations or electrolytes with a pH < 11. Later inD&0the electrochemical quartz
crystal microbalance and X-ray photoelectron spscwwpy were used to establish
the capacitance mechanism og®gin NaSQO;, N&SQ,, and KOH electrolytes. The
specific capacitance of f&, was 170, 25, and 3 F'gn 1 M NaSO;, N&SOs, and
KOH electrolytes respectively. The combination lné £DLC and pseudocapacitor
which involves the reduction/oxidation of specifigaadsorbed sulphite anions was
determined to be the cause of the capacitance;;fie the NaSG; electrolyte.

2SQ% + 3HO +4e o SO0+ 60H (17)

S0° + 3HO +86 « 2% + 60H (18)
While double layer formation was responsible foe tbapacitive performance
observed in the N&O, solution. The surface oxidisation of the oxidectiede was
responsible for a minor amount of capacitance i@ KOH electrolyte. F£,
electrodes have so far been shown to have loweifgpeapacitances than expected
and their low electronic conductivity has preventedm from reaching their high
theoretical capacitance. Further, we can enhancgOsFeelectrochemical
characteristics by combining with other materials.

5. CONCLUSION
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Since the last two decades, there has been anagecn@ interest in the study,
development and usage of magnetic nanoparticles ¥ariety of purposes including
drug delivery systems, contrast agents, and hypenila therapy for the treatment of
cancer. Magnetite is given particular attentioncsint is the most adaptable and
readily available iron oxide type. Co-precipitatiorsolvothermal, ultrasonic
irradiation, laser ablation, chemical reductiond aven plant-based processes are
just a some of the techniques that can be usedottupe it synthetically. However
the transition from research to practical applmadi is typically hampered by such
techniques high prices, slow response times, enssnmamounts of waste, and
utilisation of dangerous chemicals. In conclusiaimconventional magnetite
synthesis techniques are still in the early stajetevelopment but the early results
are encouraging and motivate more research inteasag synthesis options and
addressing pressing global issues. While more effstiive strategies of recycling
iron-based waste contaminants into magnetite narcistes are anticipated, the
methods currently under investigation may be sciledhdustrial production.
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ABSTRACT

In this work, the Cobalt oxide electrode is made afpsuccessive ionic layer
adsorption and reaction (SILAR) method. Also, tfiece of different SILAR cycles
on supercapacitive properties was studied. CoOhsteha single, stable phase with a
cubic crystal structure and a porous, sheet-likerphology that is helpful for the
intercalation of the electrolyte. The CoO electrosleows a maximum specific
capacitance of 367 F/g measured in KOH electroptea scan rate of 10 mV/s.
Additionally, the CoO electrode has a power densityl33 W/kg and an energy
density of 14 Wh/kg at 1 mAfenwith 70.6% cyclic retention. Due to its
hydrophilicity and porous agglomerated surface, C® a suitable electrode
material for supercapacitor application.

KEYWORDS
Aqueous Electrolyte, Chemical Method, Cobalt Oxfglepercapacitive Properties,
Thin Film

1. INTRODUCTION

Nowadays, nobody can even imagine a world withartgble/wearable electronic
devices, including laptops, mobiles, cameras, smaches, activity trackers, and
many more, which have greatly changed our lifestyd®d brought significant

convenience to us. However, the increased demandthis smart electronic

equipment requires superior energy storage deVidesSSupercapacitors have been
considered one of the potential energy storageesyst[2]. Generally, they are
classified based on their mode of energy storageharmesm, i.e., (i) the redox
electrochemical capacitors and (ii) the electroadbamdouble-layer capacitors,
respectively. In most cases, carbonaceous matenalsised in the fabrication of
supercapacitors due to their excellent cyclic $tgband high specific capacitance.
However, they suffer from poor specific energy dgnsind limited cell voltage.

These difficulties could be minimized with transiti metal oxides, which play a
major role in supercapacitor technology becaustef good efficiency, long-term

Page 31



performance, corrosion stability, and higher oxmlatstates [3]. Because of the
higher transition and oxidation, there is a higb&pacity for storing energy in them
[4]. Metal oxides like ruthenium oxide (Ry)0[5], cobalt oxide (CoO) [6], nickel
oxide (NiO) [7], and manganese oxide (M)(8] have been reported as electrode
materials in supercapacitors. Among these metalessicobalt oxide/hydroxides are
the most prominent electrode materials for supexciégrs owing to their attractive
properties like high conductivity and good cyclialslity. According to a literature
survey, it has been found that cobalt oxide eleeschave good efficiency and long-
term performance. They have good corrosion stgptitgh specific area, low cost,
and high reversible redox reactions.;0pand CoQ are promising phases of cobalt
oxide for supercapacitors due to their intercaageudocapacitance properties [9].
The cobalt oxide electrode has been found to hawesl gfficiency and long-term
performance, as well as good corrosion stabillfy]. Hence, developing electro-
active materials with high specific surface areay tost, and high reversible redox
reactions is an investigative object for electrooists. CoO films have been
synthesized by many different methods, includingerrial oxidation,
electrodeposition, dip coating, chemical vapourasdémon, chemical bath deposition
(CBD) and Successive lonic Layer Adsorption anddRea (SILAR) [11]. Each
deposition method offers different advantages. Agnibrese techniques, SILAR is a
promising technique because it is simple, safeirenmentally friendly, suitable for
mass production, low-temperature and cost-effecdlation method [12].

In the present work, the electrochemical perforrean€ CoO electrode for
supercapacitors using a 1 M KOH electrolyte soluiminvestigated. The sheet-like
CoO electrode is prepared by the cost-effectiveARILmethod, which is simple,
convenient, and favourable for obtaining porousucitred electrodes. The
electrochemical performance of the supercapacitrevaluated using cyclic
voltammetry (CV), galvanostatic charge/discharge] alectrochemical impedance
spectroscopy (EIS) techniques. The CoO electrodevsha maximum specific
capacitance of 367 F/g in KOH electrolyte at a sede of 10 mV/s. With 133 W/kg
power density at 1 mA/chrand an energy density of 14 Wh/kg.

2. EXPERIMENTAL SECTION

2.1. Materials

Reagents Cobalt chloride (Co®,0), Ammonia solution (NkOH), and hydrogen
peroxide (HO,) were bought from Thomas baker (AR grade) withoaluding any
chemical treatment.

2.2. Preparation of cobalt oxide (CoO) electrode

The schematic representation of the CoO electregesited onto the stainless steel
(SS) substrates is shown kigure-1. The SS substrate is polished with fine-grade
polish paper and washed with double-distilled waBsO films were deposited from
the cationic precursor of 0.1M CaGCtomplexed with liquid ammonia solution to
make pH-12 and 0.4% kD, as an anionic precursor. Double-distilled wateD{iD)
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Is alternately placed in between the beakers aaintacationic and anionic precursor
solutions. Previously cleaned SS was immersed thigocationic solution of Cogl
for 20s, where Co ions are absorbed on the suesttatace, then rinsed with DDW
for 10s to remove loosely bound or excess cobal foom the substrate. Then the
substrate was immersed in an anionic precurso¥{®40,) solution for 30s. Where
the oxygen ions reacted with pre-adsorbed Co ionthe SS to form CoO electrode.
Several SILAR cycles were repeated to get the fimakness of the CoO.

Adsorption 2.Rinsing

NN mm

1.Rinsing Reaction

!

_I_,..—-———-—-..\
- R e R —-
i M Colly 100 ml DWW H (0, TRl EXEFAY
1R} mil DN
R H —

o 334
Figure-1. Schematic of CoO electrode deposited byLAR method.

2.3. Characterizations

The Bruker AXS (Diffractometer D8) with CugKadiation (wavelength 1.54 A) X-

ray diffraction (XRD) instrument was used to analythe phase purity and
crystallinity of the sample. ECO-ATR alpha instrurhéATR) adapted for detecting
functional groups. Where JEOL-6360 Scanning Elecivicroscope (SEM) is used

for surface morphological analysis. The surfacetatity was studied with contact

angle (Rame-hart 500-F1) measurement and a CT ruséet for thermal analysis
measurement.

2.4. Electrochemical characterization

The electrochemical characteristics of the ele&ravere investigated using a
traditional three-electrode system on electrochahimpedance spectroscopy (EIS)
(Model: BioLogic vmp3 Potentiostat) utilizing symetized CoO electrode as
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working electrode (WE), platinum foil, and satucht@alomel electrode as a counter
electrode (CE), and reference electrode respeytivel
3. RESULTS AND DISCUSSION

.

ICDD
00-001-1227

(111)

*

Intensity (a.u.)

20 40 60 80
20 (deg.)
Figure-2. XRD pattern of CoO thin film.

The structural study of CoO thin films is carriedt dy the XRD.Figure-2 shows
the XRD patterns of CoO thin film. It is observdtht the entire sample exhibits
polycrystalline nature along with a crystalline peaAccording to théCDD card,
No. 00-001-122patterns belong to cubic crystal structure alontty {d11) plane at
angle of 36.5° relatively. The peak of SS represgby *.

The crystallite size was calculated by the X-rang Ibroadening method using
Scherrer’s formula [13]Table-1 shows the values of crystalline parameters obdaine
from the XRD measurement,

0.9A
D= BcosO (1)

Table-1. Crystallographic parameters obtained fromXRD measurement.

SAMPLE PLANES | B 20 () D (nm)

CoO (111) 0.39 36.5 3.8
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Figure-3. FT-IR graph of CoO thin film.

FT-IR spectroscopy is used for the identificatioh fonctional groups of CoO
electrodes. As shown iRigure-3, the FT-IR spectrum of CoO is in the range of
3500-550 /cm. The peaks arising between 500-60(afemepresentative peaks that
appear due to the metal-oxygen (Co-O) bonding [IA§ peak arises in the range of
1000 to 3500due tothe bending vibration of molecular water and OH-stretgh

vibration [15].

e

e

e Bl
| = -

Figure-4. SEM images of CoO thin films at 5K and 2R magnification.

Figure-4 shows the SEM of CoO, indicating agglomerate smostieet-like

morphology and particles connected on the surflcéhe case of a supercapacitor,
the surface morphology of the active material efétectrode plays an important role
in electrochemical reactions that occur near thvtase of the electrode [16]. The
film surface is well covered without any pinholeedacracks. Such a surface
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morphology offers increased surface area, feadinlesupercapacitor application

[14]. The film surface is well-covered without apyholes and cracks.

Figure-5. Surface wettability test of CoO thin film

A wettability test is carried out to investigate timteraction between liquid and
CoO thin film. If the wettability is high, the cadt angle ), will be small and the
surface is hydrophilic. On the contrary, if the tability is low, 6 will be large and
the surface is hydrophobic. A contact angle dfneans complete wetting and a
contact angle of 180° corresponds to complete nettivg. Super-hydrophilic
surfaces are important for supercapacitor appbaoatiFigure-5. shows the water
contact angle of the CoO electrode. The observedacb angle is 42° which is
nearly hydrophilic in nature [17].
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Figure-6a. CV curves of different CoO thin electro@ in 1 M KOH electrolyte.
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The electrochemical performance of SILAR-depos@ed thin film was tested
using the cyclic voltammetry (CV) techniqguégure-6a. shows CV of the CoO in
the aqueous electrodes viz. 1M KOH electrolytehim different scan rates. The area
under the curve increases slowly with the scan rEtes shows that voltammetric
current is directly proportional to the scan rat€v.

The capacitance(C) of the CoO the electrode carfobed by using the
following relation [18],

C=a &
Where ‘I’ is the average current in amperes, anddt is the voltage scan
rate. The specific capacitance (\f electrode was obtained by dividing its
respective weight using the relation,

C
Cs = w (2)
Where ‘W’ is the weight of active material on thabstrate. The interfacial

capacitance (fwas calculated using the relation,
Ci = - (3)
Where ‘A’ is an area of active material dipped ithe electrolyte.

Table-2. Specific capacitance and interfacial cap#ance of CoO electrode at 10
mV/s in 1M KOH electrolyte.

Sample Interfacial Specific capacitance
ID capacitance (Ci) (F/g)
(Flcm?)
CoO 0.37 367

To avoid the oxidation and dissolution of a sulistduring the measurement of
capacitance by CV, the area of the working eleetrads chosen to be 1&nThe
cyclic voltammograms of these films were conductedd M KOH electrolyte in the
voltage range of -0.4 to 0.4 V vs. SCE for CoO filin this case, the KOH
electrolyte exhibited symmetric CV characteristiesforward and reverse sweeps.
Therefore, KOH was found to be a suitable electeofpr CoO.Table-2 shows the
obtained result of the interfacial capacitance #ral specific capacitance of CoO
electrode.Table-2 shows the obtained result of the interfacial capace and the
specific capacitance of CoO elecrode.

Figure-6b. shows the relation between specific capacitancetl@mdcan rate of
the electrode in 1 M KOH electrolyt&his shows the decrease in capacitance with
an increasing scan rate. It has been attributéloetpresence of inner active sites that
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cannot sustain the redox transitions completelyigtier scan rates. This is probably
due to the diffusion effect of protons within tHeatrode [19]. The decreasing trend
of the capacitance suggests that parts of thecgudhithe electrode are inaccessible
at high charging—discharging rates [20able-3 shows the obtained results of CoO
electrode with various scan rates.

The charge-discharge behavior of the CoO electrodes studied by
galvanometric charge-discharge method at diffecemtents 1 mA/cry 4 mA/cnf,
and 8 mA/cmbetween -0.4 to 0.4 V potential window depictedFigure-7.
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Figure-6b. Specific capacitance with different scanates.
Table-3. Specific capacitance at various scan rateg CoO thin film electrode in
1 M KOH electrolyte.

Scan rate Spec_:ific
capacitance
mV/s
(mVIs) (Fig)

10 367.0
20 337.9
50 289.8
100 219.0

The discharge profile contains usually two parisst,fa resistive component
arising from the sudden voltage drop due to therival resistance and a capacitive
component related to the voltage change due toamgehin energy within the
capacitor [21].

The electrical parameter such as specific powej €86 specific energy (SE)
was calculated using the following relations [22].
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Figure-7. The charge—discharge curve of cobalt ox&l electrode in 1M KOH
electrolyte.

The electrical parameter such as specific powe) €8 specific energy (SE)
was calculated using the following relations [22]

IxV
S = = 4)
_IxtxV
- m

SE

(5)

Where, SP specific power is in kW/Kand SE is specific energy in Wh/Kg. The
above expressions show the discharge current @mperes, voltage range (V) in
volts, discharge time (t) in seconds, and masdefelectroactive material (m) in
kilograms. The coulombic efficiency is calculatesing the following equation [23],

n= E—D X 100 (6)
C
Where, ¢ and b represent the time of charging and dischargirgpeetively.

Table-4. The specific power (SP), specific energ$It), and coulombic efficiency

(q) of CoO.
Sample I Cs SE SP n
ID | (mA/cm2) | (F/9) | (Wh/Kg) | (KW/Kg) | (%)
CoO 1 164.6 14 133 98.7

Page 39



4 138.5 12 533 95.2
8 133.2 11 1066 | 90.3

The value of specific capacitanceg)Cspecific power (SP), specific energy
(SE), and coulombic efficiency are summarized able-4. The value of SE reduces
and the value of SP increases with increasing ourfidie CoO electrode shows very
good columbic efficiency.

The charge transfer study of the CoO electrodecaased by EIS at frequency

range of 0.1 Hz to 1 MHz. The EIS spectrum of Cd€zteodes is shown iRigure-
8. The equivalent solution resistances)(Rf the electrode/electrolyte interface is
represented by the beginning of the semicirclehettigh-frequency region, and the
diameter of the semicircle in the low-frequencyioags represented by the charge
transfer resistance {fRof the electrode/electrolyte interface.

8
= 0.1 Hzto 1 MHz

6 "
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8 4
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Figure-8. The electrochemical impedance spectra cbbalt oxide electrode in
1M KOH electrolyte.

The obtained values ofsRnd R; for CoO electrode in KOH solutions is 0.82
Qlcn? & 2.16 Q/cnt respectively.

One of the key characteristics of the electrodsability, which is necessary for
a successful long-term energy storage system.derdo further verify the stability
of CoO, GCD was done for 2500 cycles at a 15 mA/dfigure-9 depicts the 1st
and 2508 CD curves are stable. It can be seen that the™28MDs area is smaller
than the 1 CD, suggesting electrode degradation into KOHeAR500 cycles, it is
estimated that 70.5% of capacity is still usableddlon the area under the CD curve.
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One of the key characteristics of the electrodsability, which is necessary for
a successful long-term energy storage system. foeiuverify the stability of CoO,
GCD was done for 2500 cycles at a 15 mAlcm
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Figure-9. The electrochemical stability of cobalt xide electrode in 1M KOH
electrolyte.

Figure-9 depicts the ¥ and 25081 CD curves are stable. It can be seen that the
2500" CD's area is smaller than th& €D, suggesting electrode degradation into
KOH. After 2500 cycles, it is estimated that 70.8%capacity is still usable based
on the area under the CD curve.

4. CONCLUSION

It is concluded that Cobalt oxide film has beencesgsfully deposited on the SS
substrate and employed as a supercapacitor. Teemure of characteristic bonds of
cobalt oxide was confirmed by FT-IR studies. TheetHike morphology of CoO
offers more active sites for electrochemical rearctiThe CoO electrode showed a
maximum specific capacitance of 367 F/g at 10 mVfe energy density (E) and
power density (P) were 133 W/kg, 14 Wh/kg, and etilic efficiency | %) 98.7 %
with 70.5% retention. CoO sheet-like electrode kxtigood performance at room
temperature, which suggests potential applicatien am effective and high-
performance supercapacitor.
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ABSTRACT

This review article includes a thorough discussainComposite Ferrite gas sensors. It
enables a thorough comparison of Composite Fegite sensors with other gas sensors,
particularly for the detection of Hazardous gaséke following section discusses many
factors that can impact the responsiveness, seiggtiand stability of Composite
Ferrite gas sensors. The changes in Composite téamaterials used for gas sensing
caused by dopants or impurities are also discugsehis research. Conclusion: Dopants
alter the geometry, topology, activation energectical structure, or band structure of
Ferrites to improve the characteristics of Ferrites gas sensing applications. Dopants
can sometimes produce oxygen vacancies or solutiso$, which lead to defects in
Ferrites. These defects improve the gas detectingatilities. In addition to
nanopowders, several nanostructures have also beszarched in this study. Examples
of Composite Ferrites are provided in the conclasito show how various
Ferrite Composite materials may be used for gasisgn

KEYWORDS
Ferrite Materials, Ferrite Composites, Gas Sensing.

1. INTRODUCTION

A few of the numerous diverse uses for which gaedl®en is becoming increasingly
important including environmental protection, sgfefsensing dangerous gases),
managing fermentation in the food sector, diagrgpaimd monitoring patients, as well as
household usage to detect flammable gases. Theidli@n of the material’s electrical,
acoustic, optical, mass, or calorimetric charastes provides the basis for gas sensor
detection. The most focus is being given to detectbased on electrical property
variations since it is easy, quick, and less expenghs the need for sensors in smart
devices for remote sensing increases, their pditiabnd operating system compatibility
are helping to accelerate the development of étettdetection-based sensors. Gas
sensors with modified electrical properties prinyaoperate on changes in electrical
resistance. Conducting polymers, single- or polstaljine metal oxide semiconductors,
and carbons are the basis of one of the most widseéd gas sensors [1]. Among a
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Figure-1. Ferrite materials with different composites.
variety of gas sensing materials, Metal oxide semdcctors (MOSs) are high
performance sensors in terms of other materialausecof their exceptional physical and
chemical characteristics and distinctive structaiesign. Due to their broad band gap,
these materials can exhibit the whole range oftric characteristics. The material
size usually has a significant impact on the MQ®8slracteristics [2]The ferrite-based
compound is among the most researched and usediatgia the nanomaterials area
because of its exceptional qualities. Ferrite nmalterand the fabrication of ferrite gas
sensing materials has been the subject of sevevastigations through. The high-
temperature solid-state reaction approach, thegeolmethod, the co-precipitation
method, the high-energy ball milling method, anel ttydrothermal technique may all be
used to synthesize ferrites in powder and thinktHibn formation [3][4]. Crystalline
structure, optoelectronic, magnetic, and electramaiductivity qualities, as well as the
flexibility to design heterojunction and doped syss, are the main characteristics of
Ferrite composites. Because of its small particke,spresence of numerous surface
active sites, strong adsorption capability, easeseparation, adjustable chemical
composition, nonconductive nature, and high surtagea to volume ratio, ferrite is one
of the best possibilities for many composit8ginels, garnets, hexagonal ferrites, and
orthoferrites are the several types of ferrite$ taa be categorised based on their crystal
structure. For gas sensing applications, spineltésr with the ABO, composites are
particularly promising complex oxides:igure-1 shows the Ferrite Materials with
different Composites.

2. MOS-FERRITE COMPOSITE MATERIALS

MOS-Ferrite Composite sensors are generally basethamxide semiconductor change
resistance in response to gakeS and other flammable gases are commonly measured
with MOS-Ferrite sensors. MOS-Ferrite sensors arergy the best sensors fopFgas
monitoring when sensitivity to low concentrationgpih range) is required. However,
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non-specificity interferences present difficultidsr the monitoring of flammable
hydrocarbons [5]. According to reports, there agmificant variances in performance
amongst sensor manufacturers, with significantrdgancies frequently coming from a
single company [6]. A MOS-Ferrite substance isliadpon a non-conducting substrate
in between two electrodes to form MOS-Ferrite sesisbhe substrate is heated to a point
where the monitored target gas can affect the M&S®HE material's conductivity in a
reversible manner. Without the target gas, oxygema or other electron acceptors
adsorb on the surface of the MOS-Ferrite materabping free electrons from the MOS-
Ferrite conduction band. When introduced to gas whe oxygen atom that has been
adsorbed, releasing the trapped electrons and ilegvdre material's resistance. Electrical
measurements are used to determine this changssistance, which is proportional to
the gas concentration being assessed. The senaorde doped or the operating
temperature can be altered to affect the resistahdke sensor when particular gases
react with the adsorbed oxygen in order to obtames specificity. MOS-Ferrite sensors
operate for a considerable amount of time (3-5g)edihey are very sensitive to NO and
CO, the majority of flammable gases. Fast readiimes, excellent mechanical strength,
good stability, resistance to corrosive gases, inagpensive cost of production are all
characteristics of MOS-Ferrite sensors [7]. Whem@&ygen-containing material, such as
NiFe,O,, is exposed to it, oxygen molecules adhere tosthréace and get ionised into
oxygen elements. By grabbing electrons near thelifsurfaces, 0,0, and0?7) is
produced. In this method, particles were prohibifiean accumulating additional free
electrons by the building of a theoretically higirteer near to the NiR©®, surface, while
the sensor's resistance was decreased by the neeistf a dense layer of holes

r'/- Electron &= Hole ‘\,

(a k

’fb] Gas (CH,COCH;)

) @ Adsorbed oxyvgen specices

/

Figure-2. Gas Sensing Mechanism of NiF©®,. Adapted with Permission From.
Copyright (2018) Elsevier
accumulation close to the Nif, surface. When exposed to a reducing gas, such as
acetone, the reducing gas particles were oxidiséad axygen anions and the electrons
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were injected back into the conduction band andenhiwith holes. This increased the
depth of the holes accumulation layer and decretsetevel of the barrier layer, which
is shown inFigure-2 [8]. The capacity of ferrites to identify both texing and oxidising
gases has been thoroughly studied. Because fearitdave its electrical properties fine-
tuned, it is perfect for gas detection [5]. Addiatly, ferrites include oxygen vacancies,
which change the conduction properties and, coresgty) the electrical response of the
sensor. The primary advantage of ferrite over ofiegle MOS sensor materials is its
ability to alter the kind of conductivity and retsisce value by modifying the position of
the positive ions and their calcination state RyFeG, nanoparticles were synthesized
by Wang et al. [10] using a straightforward hydesthal method, and then they were
exposed to gamma radiation. Gas detectors thatletett ethanol were created using
pure and irradiated AgFeOnanomaterial. In comparison to a pure AgkeO
nanoparticle-based detector, the gamma-irradiatgfee® nanomaterial sensor showed a
greater response (S=36.8) and a lower optimal tpgraemperature (140°C). The
irradiation AgFe@ nanomaterial sensor also has remarkable ethalectiséy. By using

a conventional molten-salt process, Khandekar.diLa] created undoped and Ce doped
CuFeO, Nanocrystalline, which was subsequently effecyiveahployed as a component
of a reducing gas detector. Investigated were tfexts of doped Ce on the structural,
morphological, and gas response capabilities ofpeopferrite. The size of the
nanoparticles in the doped Ce composite was dectedsea working temperature of
350°C, an undoped Ce sample at 2000 ppm had a &lé6tise response to LPG.
However, the sensitivity was raised to 86% aftenstmning cerium. Therefore, the
current study investigated the potential applicaiof cerium-doped Cub®, pellets for
LPG sensing.

Surface morphology plays a significant role insseg response. The response
gualities of porous composites can be significamtiproved. MgFgO, was developed
by Godbole et al. [12] using a heating-free autoroostion technique. The auto-
combusted porous MgE®,; composite has lower magnetization compared torothe
samples because more ions are concentrated in diadedral locations. The auto-
combusted MgF£, detector's sensitivity to alcohol vapours is beddty small particle
size, decreased magnetism from cation redistributand therefore greater catalytic
activity of Mc?* ions. Due to the quicker rate of electron transpibre reaction with
ethanol vapour is stronger than the one with methaapour. The sample's pores also
helped with the quick adsorption and desorptiogades, which led to incredibly quick
reaction and recovery times for alcohol vapours arwdeased the sensor's ability to
detect gases.

3. CARBON-FERRITE COMPOSITE MATERIALS

Carbon materials are excellent candidates for gasisg applications due to their
intrinsic qualities, such as the nanoscale shagdtahigh surface area-to-volume ratio.
MWCNTs are more desirable as sensors because #weydtronger chemical resistance
than single-walled carbon nanotubes (the propertynportant for surface-functioned).

CNTs also have several drawbacks, including limgedsitivity and a slow recovery rate.
Operating CNTs at high temperatures and addinglr(®ta Pt, Pd) or metal oxide NPs

to them are two popular strategies to enhance thas-sensing capabilities. In

comparison to bare MWCNTSs, Chen et al. develope@,8MWCNT hybrid structures
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through physical vapour deposition that were merestive to gas-phase Ntnd NQ.
However, these nanocomposites' poor selectivitga isignificant issue. Ferrites have
played a key role in gas sensor technology ovempts ten years because they exhibit
greater selectivity and chemical stability than memductor oxides. The gas-sensing
capabilities of spinel-type ferrites, an essenti@mber of the ferrite family, have been
studied. It has been discovered that by repladiegA-site or B-site ions in spinel-type
ferrites with carbon materials, rare- earth andditéon metal ions, the gas sensitivity can
be adjusted.

Tang et al. [16] successfully fabricated ferrit¥/@NTs nanocomposites by
using an in situ solvothermal method that direddyposited clusters of ferrite NPs onto
the MWCNTs. The nanocomposites demonstrated aggtsetectivity toward ammonia
when evaluated against gas-phase ammonia, ethaethanol, toluene, benzene, and
methanol. The hybrid structure of ferrite NPs dispd on the surface of MWCNTSs not
only enhances the reaction area but also pernetdreh transfer between the NPs and
the MWCNTSs, which explains why nanocomposites exhihcreased sensitivity to
ammonia vapours. Through a change in the electramaiductivity of the CNT
component, the electronic interaction between tRs Bhd MWCNTs makes it easier to
detect gas molecules. Negatively charged chemidotxggen (3 or O) is formed
when oxygen forms oxygen adsorbates on the sudaé&rite nanoparticles (NPs) and
carbon material captures electrons from the bulthefnanocomposites. As a result, the
nanocomposites electron density drops, increagiagntaterial's resistance. The traped
electron is released to the conduction band and rekistance of the nanocomposite
decreases when a reducing gas R, such as amnmsigplied.

In conclusion, two different gas sensing methodghinbe used with ferrite. NPS/CNT
nanocomposites, 1) Target gas molecules like amemcatialytically react with oxygen
adsorbates to decompose into gaseous M@ water vapour, releasing electrons back to
the nanocomposites surface and changing their csurfroperties. 2) Target gas
molecules like ethanol directly adsorb onto thefas@a of the CNTs through hydrogen
bonding. Here the nanocomposites gas-sensing iedillhave been enhanced in
comparison to bare MWCNTs and ferrite NPs. Alsoucedl graphene oxide (rGO)-
CuFeO, nanocomposite was made by Achary et al. to monitbls gas, and they
discovered that the sensor could do so at low curattons of 5 ppm at ambient
temperature.In this rGO-CuFgO, composite sensing mechanism firstiy, oxygen
molecules from the air are initially adsorbed oe #durface of the nanocomposite by
trapping electrons from the material's conductiand As a result, the concentration of
vacancies grows, decreasing its resistance innfit@eat air. The impedance spectra of
the rGO-CuFgD, composite show a minor arc as a result of suakceedse in resistance.
When analyte gas (N§i comes into contact with the sensing material axgf
chemisorbed oxygen molecules react with the angste(NH), supplying electrons to
the sensing material's conduction band. As a rethdt resistance rises and the charge
carrier concentration (hole) drops.
The resistance of the sensor returns to its intiahdition as soon as the analyte
gas (NH) breaks the bond during the desorption processalllfj rGO-CuFgO,
nanocomposite exhibited increased activity andctigley when compared to GO and
CuFeO, nanopatrticles [17]. The gas sensing propertidseofite composites reported in
literature is listed iMable-1.
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Table-1. Different composite Ferrite Materials basd gas sensor.

Temp- Concentra-
Sr Ferrlte_ Target erature _ Sensitivity
N Composite tion Ref.
0. ) Gas
Materials °C) %
(ppm)
1 CuFeO, Acetone 250 10 20.1 [13]
2 ZnFe0y, Ethanol 300 100 29.1 [14]
3 NiFe,O,4 LPG 25 2000 2.1 [15]
MWCNTs/Co .
4 ‘NiFe,0, Ammonia - 4000 6.2 [16]
5 rGO-CuFgO, |[Ammonia 25 200 25 [17]
U.'Fezo:;-
6 PANI NO, 25 20 229 [18]
PANI/
7 Ammonia 25 5 4.7 [19]
CuFeO,

4. POLYMER-FERRITE COMPOSITE MATERIALS

Conducting polymers like polyaniline, polypyrrolend polythiophene have
received a lot of attention as potential chemiealser materials. Polyaniline (PANI), one
of the conducting polymers, is frequently employkee to its simplicity in synthesis,
environmental stability, and inherent redox resporBut these conducting polymers
have a processing capability issue, a mechanicahgth issue, and a chemical stability
issue. Combining organic materials with their ireorig equivalents to develop composite
materials is an excellent method for improving thechanical strength and properties of
sensors. Due to their potential for a variety ofgjsheterogeneous conducting polymer
nanocomposites, particularly organic-inorganic mamoposites, have captured the
interest of scientists in recent years. Conductietymer/Ferrite nanocomposites are
particularly difficult to make because they combitiee flexibility and improved
processability of polymers with the desirable modultransparency, surface hardness,
and thermal resistance properties of Ferrite coraptsn Ferrite nanoparticles represent a
class of novel materials with promising applicaidn a wide range of areas [20]. In
recent years, a variety of composites of polymeith Werrite nanoparticles have been
manufactured, and several research groups have déseloped polymer/Ferrite
nanocomposite sensors to provide materials witlergygtic or complementary behaviour.
Ferrite oxide-polyanilineo-FeOs-PANI) films were synthesized by Sonkar et al. [18]
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using the spin coating technique over Pt intertdigelectrodes on a variety of corning
glass substrates. A ferric oxide-polyaniline conifgoghin film sensor structure with a
sensitivity of 2.29x1§ a moderate response time of 2.35 min, and a ezgdime of
3.80 min has been developed for the trace levep(#f) sensing of NOgas at ambient
temperature. For achieving the improved responaétis, nanoporous spherical surface
shape with nanocrystalline grains were discoverethe of great significance. In situ
polymerization was used by Wang et al. to develofPdyaniline/Copper Ferrite
heterostructure, and the heterostructure was tbated on to substrate with staggered
electrodes to create a high-performance; Mehsor. According to the mechanism, a p-n
junction is formed when the p-type PANI nanocapswdes securely fastened to the n-
type CuFegO, nanospheres. In the depletion layer, the PANI/GOFdeterojunction
creates an electric field. When the sensor is eegpds NH gas, the holes in Cukte,
migrate in the opposite direction from the PANIattens, which causes a drop in the
depletion layer at the equilibrium point and a m@dhn in resistance. The ammonia
concentration is converted to resistive variationsthis process via the electrical
sensitivity of the PANI/CuF®, p-n junction. As a result, it is simpler to detantmonia
gas at low concentrations using the PANI/C@ze nanocomposite [19]. The
concentration of PANI holes is reduced as a resiuthe adsorption of Ammonia as a
reducing gas, and p-n junction depletion zonegeapanded, as demonstrated in Fig.-3.

5. CONCLUSION

MOS, Carbon nanoparticles, and Polymers increage sénsitivity of Ferrite gas

detectors. An analysis of the related literaturewsh that the preparative method,
annealing temperature, concentration, and type ad all influence the sensitivity,

selectivity, operating temperature, and reactiometiof ferrite gas sensors. It is
discovered that composite ferrites have a higherrgaponse than pure ferrites. Doping
reduces both the operating temperature and theigeatme. The creation of new

materials that will allow for durable responsivedaelective devices is the goal of ferrite
composite gas sensors. In order to promote theofigsarious novel techniques for the
development of novel sensor materials, there ikear ¢rend toward the search for new
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Ferrite Composite nanostructures, such as nanpbaltewires, and nanorods. The future
use of different Ferrite composites in biomediaafides such as biosensors, bioimaging,
and gas sensors, electronic devices such as matauiges and semiconductor devices,
magnetic recording, energy devices such as sollar ekectrocatalytic and photocatalytic
based chemical storages, and many other fieldsssilple due to these properties.
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Abstract

In this report, we have prepared the Sy Sngand ZnS thin films by a simple
and cost effective successive ionic layer adsamptémd reaction (SILAR)

technique. Herein, we have reported the layer byedadeposition of metal

chalcogenide on conducting substrate. The numb8iLAR cycles was optimized
to get uniform, good quality deposition of thinmd. Meanwhile, the different
physico-chemical characterization tools such as XRD-Raman spectroscopy,
UV- visible spectroscopy and SEM were used forattadysis of thin films. XRD

study confirmed the development of crystalline oohthe thin films. The SEM
analysis showed that the as synthesizegSCthin films were dense and
homogeneous spherical in shape while ZnS thin $ilawed the porous film
surface. The chemical composition and microstrieguof material plays vital

role in exotic applications based on metal chalasuges.
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1. INTRODUCTION

Today'’s rapidly developing nanomaterials worldsp@er sulphide (CuS) is
an important semiconductor material due to its Bswekoptical, electronic physical
and chemical properties. €1 has potential applications in solar energy caiwgar
catalysis, and sensing. §ufacilitates various stoichiometric structural (@)ases
and form stability at room temperature. The stabjstal forms like covellite (CuS),
anilite (Cu.7sS), digenite (CugS), djurlite (CugsS), and chalcocite (G8) are
present in copper sulphate [1]. Researchers haderiaken efforts to develop a
facile synthesis strategy of copper sulphide atrofm@no level with modulated
morphologies and architectures [2-5].

Similarly, Tin Sulfide(SnS) is promising “alternative” material because of
its indirect and direct band gap 1.0 eV and 1.3reSpectively [6, 7], and absorption
coefficient exceeded upto “tn™ in visible range [8-9]. The solar cells fabricated
using Sngfound to be 20% efficient as per simulation [18so, it is revealed that
the short circuit current will not pass higher trf&th mA/cnf [7]. Synthesized SnS
mostly form in orthorhombic nature which is ascdlie the space group of Pn-ma
[11]. The unit cell of SnSexhibits double layers of atoms stacked with akwen
der Waals force and shows coupling along the a-&ie atomic bonding between
Sn and S found covalent with Sn attached with §htmrsof sulphur [12]. The DFT
simulation of Sng advice the p-type nature of conductivity developkes to the
Quick formation of Sn vacancies (VSn), which figadict as shallow acceptors [13].
Few years back, thin film formation of nanostruetirSn$ for the application of
energy conversion has been reported. The preparatid utilization of SnShave
been carried out using physical as well as chemdsgosition methods like
evaporation, sputtering, chemical bath depositi©B), electrochemical deposition,

spray pyrolysis method, and atomic layer depositi@in20].
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From vast research, it is found that tin interagih sulphur atom to form
numerous binaries such as orthorhombic form of Smfpnal form of Sng
rhombic form SpS;, tetragonal forms of $8, and SgSs [21]. Furthermore, these
binary phases of crystallites affects adversely tbe properties of SnS An
inadequate change in elementary composition retulise enormous change in the
type of conductivity [22]. Till date, the enormowsrk has been undertaken for $nS
based solar cells devices. The bottom neck numeadides with wide range of

deposition methods have been selected and listedle.

Table 1 show prominent results of SngSbased solar cell

Sr.  Method Buffer layer Voc Jsc FF Efficiency Ref.

No. mV ~ mAlcm® (%) (%)

1 Spray CdS: In 260 9.6 53 1.3 [23]
Pyrolysis

2 Thermal Cds 208 17.9 38 1.6 [6]
Evaporation
RF Sputtering ZnyMg, O . . . 2.1 [24]
Pulsed CVD Zn (O,S) . . . 2.9 [25]
Vaccum Zn (O,S) " " " 3.8 [8]
Evaporation

6 ALD Zn . . . 4.3 [9]

Also, Zinc sulfide (ZnS) has numerous applicatidng to it's a wide band
gap of 3.7 eV and consequent low absorption irvisible range. ZnS is widely used
as filter and lens materials to UV photodiodes atiter compound semiconducting
devices [26—31]. ZnS nanostructured thin films dsn developed with help of
numerous synthetic methods namely chemical batbgiepn (CBD), physical and
chemical vapour deposition (PVD &CVD) [28-30, 32}3B this typical work, we
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introduced a facile synthesis ZnS based thin filsieg SILAR method. The typical
characterizations were carried out to study toweatal the quality of ZnS thin films.

This work focuses the simplistic SILAR method fbetsynthesis of metal
chalocogenides thin films. We have selected SILA®hods because of its possible
advantages like (a) Large area device prepar#timugh SILAR proves simplicity
and economically cheaper. (b) The growth rate ef fihm prohibits thickness of
deposition. (c) Doping and composition of variailements can be easily carried
through this method. (d) Room temperature reac@nalso be carried out. () Any
kind of substrates can be used for the adsorpfioons. After successful deposition
we have characterized these thin films by varicheracterization techniques. Also,
to study the effect of layer by layer depositionddferent metals chalcogenides on
thin films. The obtained thin films were used fbe wifferent application and it is the
promising metal chalcogenides for several purpdke. layer by layer deposition of
metal chalocogenides via SILAR method and its ingdar solar cell application
has been studied.
2. EXPERIMENTAL SECTION

The Molybdenum Coated glass (Mo) substrates ofZ6zexm X76 mm X 1 mm

were used for the deposition of £ Sng and ZnS thin films. The Mo substrate was
cleaned by reported method in our previous worle $tbstrates were washed with
detergent for multiple times. Further the substgratere cleaned ultrasonically in
ammonia solution.

All the chemicals were purchased from S. D. fineroltals, Mumbai (India) and
used without purification The 0.02 M copper sulphate (Cu3Q 0.5 M Zinc
sulphate (ZnS¢) , 0.08 M Tin sulphate (Sng0Owere used as an anionic
precursors and 0.16 M sodium sulphide g8)awas used as a cationic precursor for
the deposition of Gi$, ZnS and SnSthin films, respectively. The films were
deposited onto Mo conducting substrate. These fimese developed using the

Modified version of SILAR method. The repetition afsequential deeping of Mo
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substrate in the metallic (Cu, Zn and Sn) solutiovexe followed by Sulphur
solution. The developed films were cleaned by 30isenersion time and kept for
each solution respectively. This cycle is repeatpdo 80 times. Developed films
were cleaned in distilled water many times. Finalhe films were soft dried electric
oven at 333 K. Then obtained this films were usmdfdrther characterization. The
schematic representation of the preparation ofntleé&al chalcogenides as shown in
Fig. 1. Then, these samples were used for chaizatiens by different
characterization techniques.

T i

Adsorption Rinsing (1) Heaetion Hinsing (118

N SN

8 Inimn A . & '

D Cu wn - - L= |

3 icn Ao A e
e fanized | e panired
W W wlier

Fig. 1. The schematic representation for the depd&n of Cu,S / Sn%/ ZnS thin
films by SILAR method

3. RESULTS AND DISCUSSION

Fig. 2 shows the XRD pattern of as-depositedSCuSnS and ZnS thin films
synthesized by SILAR method with constant depasitigcles .The peak intensities
of ZnS and C5 are lower than SnPeaks because of film thickness. The intensities
of (021), (040), and (130) XRD peaks of 3tt8n films can be seen in Fig. 2 aind

is well match withstandardJCPDS card no. 32-1361. On the basis of primary

observations, we found no any diffractive reflestigpeaks of any other contaminant.
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This confirms that engaged salts have been entiralysformed into the stable

phases of G418, Sng and ZnS metal chalcogenides.
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Fig. 2 X —ray diffraction pattern of Cu,S, ZnS and Sngthin films

The SEM micrographs of the €34 Sng and ZnS thin films are shown in
Fig. 3 (a, b, and c). The depositions oLEthin films were uniform and covered all
over the substrateThe morphology of the G& thin films shows dense and
homogeneous spherical grain shape morphology hars dleservedThe size of the
grain was increased as increases the SILAR cy€les.size of the grains in the
range from 0.3 to 0.8 unThis variation in the grain size is due to the afifint
nucleation centres available for the films and aggdration of the crystallites to
lower the energy of the crystal. Fig. 3. b) shole surface morphology of the SnS
thin films. The obtained grain size in the range of 0.3 topOrZ Meanwhile the film
of Sn$ surface shows dense morphology with large graia s@mparable to the
Cw,S thin films. Similarly, Fig. 3 c) shows the sudamorphology of the ZnS thin
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film deposited by SILAR technique. The film surfaiserelatively uniform having
micro level grains present all over the film. Tipeain sizevarying from 0.2 to 0.4
pum. Further the morphology of the films is unifomnd no voids or cracks are
observed on the films at micrometre range confignsuitability of the films for

solar cell application.

ey e L5

Fig. 3 SEM images of (a) C&5 (b) SnS (c) ZnS thin films
Fourier Transform Raman (FT-Raman) spectroscosésl to examine the
purity of the material and functional groups, présen the surface of the films. A
typical FT-Raman spectra of a £) Sn$ and ZnS thin films is shown in Fig. 4.
Positions of the peaks observed are in good agmtewith those of Cz, Sn$ and

ZnS films reported earlier in literature.
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Fig. 4 (a) is FT-Raman spectra of Suthin film which shows the pronounce
peak at 272 cih belongs to the vibration of the Cu-S bond and theerved at 472
cm*which are attributed to the stretching vibratiohthe S-S bond. The intensity of
the Cu-S peak is greater than that of S-S bondrooiny formation of Cu-S and also
indicates absence or lesser presence of unresgltedur in CuS. Fig. 4 (b) shows
the FT-Raman spectrum of typical Snf8m. The presence of three characteristic
peaks located at 170 €m192 cmand at 219 cfh suggests Sn$hase [38]. These
peak positions well agree with the earlier repodsfirming the formation of SnS
film [39]. The most intense peak is observed at 92 assigned to the asymmetric
stretching of Sn-S bond [39]. The Raman peaks obdeat 170 ci and at 219 cih
belongs to lattice vibrations attributed to the syetric stretching of Sn-S bond. Low
intense peak at 307 ¢his due to the presence of secondary phasg;Svhich is
observed in Fig. 4 (b). In addition absence of otpeak at 312 crhindicates
absence of secondary Sn@hase. Fig 4. (c) shows FT-Raman spectrum of BinS t
film. It is observed that ZnS has very low scattgrifficiency due to lower film
thickness and lower absorption and scattering is tdnge. Peaks available at 654
cm® and 1100 cm confirms formation of ZnS phase. The observed Rema
scattering efficiency in case of ZnS film was founery weak with green level
visible excitation obtained due to less absorptam well as scattering in the
particular region [40]. FT-Raman studies are inpsup with the XRD studies
confirming the formation of the G8, ZnS and SnShin films.
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Fig. 4 FT- Raman spectra of (a) CifS, (b) Sn$ and (c) ZnS thin films

The optical band gap of the metal chalocgenides films were estimated

using well known Tauc’s formula [34],
(@)'"=A(v-Eg) (1)

However, ‘4" represents the absorption coefficient of respecthin film.
The plot of (thv)? versus h for deposited thin films prepared by SILAR techrq
was given in the Fig..50n the basis of simulation, it is found that #esorption plot
should attain linearity. Since, the divergence bsaption spectra of G8 film
found at high bombardment of photons. It is foulnak tthe observed divergence are
absent in case of Sp@nd ZnS thin films. This can be ascribed to thenftion of
structural perturbation and surface level destonctn the respective films. The band

gap energy graph of the prepared&USnS, and ZnS thin films as shown in Fig. 5.
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The direct optical band gap values of synthesizeg5CSn$, and ZnS thin films
were 2.20, 1.65 and 3.20 eV respectively, which Vigthin the reported direct band

gap range of literature value [35-37].

—SNnS
L —7NS
B CuS-2.20eV

(ahv)**10%(eV/cm™)

SnS-1.65eV

12 14 16 18 20 22 24 26 28 3.0 32 34 36 38

hv (eV)

Fig. 5 Band gap energy graph of C¢5, ZnS and Sngthin films

4. CONCLUSIONS

Thin films of CyS, Sng and ZnS were successfully prepared by using
SILAR method. XRD study confirmed the developmehtnystalline forms of the
thin films. The SEM analysis showed that the aglsgized chalcogenides thin films
were dense and homogeneous spherical in shapeyraims size in the range of 0.3
to 0.8 um for all the prepared metal chalocogenidée FT- Raman spectrum
confirms all the bonds were present in the prepahedcogenides. The direct optical

band gap values of synthesized,EuSn$ and ZnS thin films were 2.20, 1.65 and
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3.20 eV, respectively. Based on these charactenmmaimetal chalocogenides were

sutable for solar cell application.
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ABSTRACT

Researchers are trying to develop sensors basadetal oxide-polymer composites
used at low concentrations and low temperatureses€éhmaterials have excellent
environmental stability and endurance, providingmaious advantages over
individual constituents, and are widely used inssgrapplications. Because of their
synergic interaction, the composite outperformsngls metal oxide or polymer in
terms of sensing performance. The composite sholheaneed sensing performance
as compared to a single metal oxide or polymer wuéeir synergic interaction.
This work emphasizes an overview of metal oxidgapel composites for sensing
performance, and finally, we comment on the futesearch directions for further
development in this field.

KEYWORDS
Metal Oxides, Conducting Polymers, Composite, Gas&

1. INTRODUCTION

A sensor is an electronic device that converts ggasentrations and components
into conventional electrical signals. There areagety for applications of sensors in
various fields, such as drug delivery, remote aintvater, air, food quality, and
agriculture. It is essential to continuously meastite concentration of dangerous
gases in the air to protect the environment andamuhealth from the adverse effects
of air pollution. For real-time applications, acate and quick detection, stability and
reproducibility, and cost effectiveness are thetuies needed to be met by the
modern sensing scheme [1]. The performance of gasoss influences several
parameters, including sensitivity, characteristesponse, selectivity, operating
temperature, detection limit, and additives or apd?2], which are schematically
represented irFigure-1. For practical applications, gas sensors must Hagh
responsibility, quick response and recovery, roemgerature (RT) working, strong
selectivity and stability, and ease of fabricati®. To meet these requirements,
many types of gas sensors have evolved from meitdé® (MOs), polymers, carbon
materials, metal-organic frameworks (MOFs), MXerasd other two-dimensional
(2D) materials. Several investigations have beatettaken to construct gas sensors
using MOs such as ZnO [4], W({B], TiO,[6], SNG:[7] etc.
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Figure-1. Schematic representation of the variousgrameters influenced by the
performance of the gas sensor

The MOs exhibit greater feasibility due to theitatgtic behaviour, wide band gap,
tunable conductivity, and dielectric nature [1].

The field of MO-based gas sensors has grown sggmfly in order to
improve selectivity, sensitivity, and response tirBecause of their high operating
temperature and higher power consumption, MO-basedsors have limited
applications. Single MOs have several drawbacksyTieed higher temperatures for
formation, so the sensing efficiency is reduced Mg a result, researchers focused
primarily on modifying them to lower their operainemperature by incorporating
polymers. Composites of conducting polymers (CRP&) metal oxides (MOs) for
gas-sensing utilization have the interest of redeas owing to their synergistic
properties, which have attracted extensive interasigas-sensing applications.
Because of their oxygen stoichiometry and activéase charges, MOs can make
sensors more responsive to the target gases. Qothbehand, the presence of CPs
can affect the working temperature and lead teebstlectivity for various gases [8].
The goal of today’s research is to lower the séaseorking temperature while
enhancing sensitivity, response, and recovery tifigs review article provides an
overview of various types of metal oxide-polymernenels for sensing applications.

1.1 Advantages and scope of composite material for gagnsor application

The goal of today’s research is to reduce the wgrkemperature of the sensor while
increasing sensitivity, response, and recovery .tifffee composite structures are
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made of various organic-organic and organic-inoigamaterials, and they achieve
excellent properties by combining different materieith different compositions.
When two or more materials are combined, their @rips are altered, resulting in
hybrid materials with innovative and distinct prapes [9]. MO-polymer
nanocomposite with improved optical, mechanicad afectrical properties for gas
sensor applications that combines the benefitsotf brganic polymer material and
inorganic metal oxide [10]. The ability of polymeased sensors to have their
physical and chemical properties tuned so thatr thesistance to degradation,
biodegradability, and flexibility can be modified iwhat makes them useful.
Polymers have a low formation temperature; at aetowmperature, fewer electrons
are created at the material’s surface, and suchriakst are thermally stable but have
a lower response. When the gas sensors are subjedtégher concentrations at low
operating temperatures, their response, recoveny,stability suffer [11]. But the
issue with the bare polymers is their low chemsgtability and mechanical strength.
The creation of MO-polymer-based composites makgmssible to combine the
advantages of both materials while eliminatingrtideawbacks [10].

2. AN OVERVIEW OF METAL OXIDE-POLYMER COMPOSITES FOR
GAS SENSOR APPLICATION MATERIALS

The MO gas sensors achieved superior sensing paafae when subjected to WH
H,S, NGO, LPG, toluene, acetone, and many more gases [f2]they needed
higher formation and operating temperatures. Heghgeratures reduce the sensor’s
life and involve higher power consumption. As aulesleveloping a gas sensor that
operates at room-temperature is highly desirableredtly, there is a lot of interest
in studying improved sensing properties using hd/miaterials like organic (CP)
and inorganic (MO) composites [13]. The complemgntaehaviour between
polymers and MOs resolves the problems associaitbdowistine MOs gas sensors.
Polyaniline (PANI) and polypyrrole (PPy) are theshpromising CPs for detecting
hazardous as well as flammable gases at room tetoper even at low gas
concentrations [14,15]. Here we discuss MOs hybwidk polymers such as ZnO,
TiO,, WGO;, SnQ, etc.

ZnO has gotten a lot of attention in the last yesrause of its large band gap,
high excitation energy, high chemical stabilitydagpod mechanical strength. Bare
ZnO has some disadvantages. It requires a highaetpe for efficient sensing
performance and is not as effective at room tentpexaThe performance of the
ZnO-PANI nanocomposite for ethanol, methanol, an#i; Nensing at room
temperature was reported by Das and his collealdiBds According to the author,
ZnO-PANI nanocomposite is highly selective for NJas, has a quick response time,
and is more stable than single-phase PANI film. zm@ sulphate ions are present in
the PANI chain, which contributes to the compasdiivquick recovery time of ZnO-
PANI composite films. The composite’s response tisi@bout 21 sec, which is
substantially faster than that previously report#&dcording to the author’s finding,
sensors fabricated from the composite exhibit bestdectivity towards NElwith a
low detection limit, quick response, and fast remgy along with high stability at
room temperature. NChas become a significant pollutant gas becausehighly
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oxidizing and toxic, and it also causes acid raime NG sensing capabilities of Ni-
doped ZnO-PANI composites were studied by Jain let{8 using an in-situ
oxidative polymerization technique. ZnO nanopagschot only tune the surface-
active sites for adsorption and desorption of targases but also tune the
semiconducting properties. Because of its highestatal conductivity, PANI could
improve electron transfer rates. Ni-doped ZnO-PAf¢hsors outperformed pure
PANI and ZnO/PANI nanocomposite sensors in termsetéctivity, sensitivity, and
response, achieving 75% sensing response towaflpdii of NQ gas at ambient
temperature with response and recovery times adef2and 399 sec, respectively.
The result showed that doping Ni over ZnO nanoindgeases their surface area and
maximizes gas adsorption, resulting in a very éffecNO, gas sensor at room
temperature [8].

In another report, Sonker et al. [16] reportedNl@ sensing performance of
pure ZnO and PANI-ZnO composite thin films. Theigaon of PANI concentration
in a ZnO composite thin film with exposure to difat NG, gas concentrations was
investigated in this work, and it was discoveredttithe sensor was highly
responsive, had good selectivity, had better repibdity, and was functional at
room temperature. With the incorporation of p-typ&NI into Z-type ZnO, it was
found to increase the sensing response towardsg® This could be because p-n
heterojunctions form in the hybrid composite filmmad PANI chains are surrounded
by mesh-like structures made by ZnO nanoparticléee model for ZnO-PANI
heterojunction through the schematic is showRigure-2. Minority charge carriers
in PANI are less energetic to move to the condachiand during the formation of
the p-n junction; as a result, a small variatiors whserved at first, but because ZnO
is n-type and abundant in the sample, the n-tygar@eaof films will dominate.
Minority charge carriers in PANI are less energétienove to the conduction band
during the formation of a p-n junction; as a resalsmall variation was observed at
first, but because ZnO is n-type and abundant enstaimple, the n-type nature of
films will dominate. Only PANI will enhance the eabf reaction with oxidizing
gases like N@ The first oxygen species were adsorbed on tHfa®pof air particles
and then ionized into £, capturing free electrons from the particles axiilting in
the formation of a thin space charge layer andes®ed surface bending. Because
the doped PANI has a lower band gap than that Qf,Zhe electrons are transferred
to the PANI, resulting in the formation of an acadation layer at the ZnO-PANI
interface. The film was stabilized before beingaserd to N@, which was adsorbed
by the heterojunctions between ZnO and PANI. Inrdaetion, the electron served as
an electron acceptor, and an acceptor surfacewsts®bserved. Because the surface
state energy level is close to the valence band edgrder to bring the Fermi level
close to the surface state. As a result, fewertreles are transferred from ZnO to
PANI, resulting in an increase in resistance. Agmpping the supply of NQthe
trapped electrons are released into heterojuncbengseen ZnO and PANI by NO
resulting in a decrease in resistance. As a reugt,sensor structure can be used to
detect NQ gas at commercial levels at room temperature eatifidence [16].
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Figure-2. Schematic representation of proposed meahism of NO, sensing of
ZnO/PANI heterojunction

Barkade et al. [17] worked on PPy/ZnO functionakenals synthesised by
the ultrasound-assisted oil-water mini-emulsionhrodtat different concentrations of
ZnO (2, 4, 6, 8, and 10 wt%) in order to improve téfficiency of liquefied
petroleum (LPG) gas. The use of ultrasound acta aie-controlling tool in the
synthesis, which enhances the interaction betwedh @and PPy nanoparticles. The
ultrasound irradiation significantly improves theéopess of encapsulating ZnO
nanoparticles into the PPy chains, resulting intaien conditions that ensure the
formation of a miniemulsionFigure-3 depicts the reaction mechanism for the
formation of a hybrid PPy/ZnO nanocomposite usitg tultrasound-assisted
miniemulsion method. The response curve of the &Ry PPy/ZnO sensors as a
function of LPG concentrations varies from 1000 poni800 ppm, as illustrated in
Figure-4a. The response increases up to 1400 ppm for bothdPd PPy/ZnO
sensors and remains constant for higher concemigtof LPG. Both PPy and
PPy/ZnO nanocomposite exhibit the highest respahdel00 ppm concentration of
LPG, and the response amplitude of PPy/ZnO nanoositepis higher than that of
pure PPy. Figure-4b indicates the sensing reproducibility of the PRZ
nanocomposite sensor prepared with 10 wt% of ZnO1#®H0 ppm of LPG. The
PPy/ZnO nanocomposite sensor shows steady behawithurepeated exposure to
LPG for up to three cycles. The study found thad #®Py/ZnO-based sensor
responded more quickly than bare PPy in the presehcPG [17].
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The detection of greenhouse gases has become iaksentontrolling the
damage to the environment and the quality of (i€, is the major greenhouse gas.
Hence, the detection and control of £l@vels in the environment are essential.
Sonker et al. [6] used a spin-coating techniqueréate a TiQ-PANI nanocomposite
thin film and tested its C£sensing performance at room temperature. The ilrg
achieved a sensing response of 1.77, while the-Pi&NI thin film sensor exhibited
a 7.76 sensing response, indicating that this sestsocture can be used for the
detection of CQ gas [6]. In another work, Seif et al. [18] worked ultra-violet
(UV)-irradiated TiQ/PANI core-shell NFs for NElsensing performance. Without
exposing it to UV irradiation, the TUWPANI hybrid showed an 18.1% response
towards 1 ppm of Nk while the UV-irradiated TigJPANI hybrid exhibited a
53.11% response towards 1 ppm of NMith significant response (58 sec) and
recovery (38 sec) times. The work concluded thabeure to UV irradiation of the
sensing material significantly improves the gasssenperformance, and UV light
exposure leads to a reduction in recovery and respbime [18].

Due to its exceptional semiconducting propertieQ;Ws an n-type gas-
sensing material [5]. However, there are some daawb to single W@based gas
sensors, including their operating temperature,gd@mm stability, and lower
detection. Hence, hybrids of W@vith polymers were fabricated by researchers for
long-term stability and excellent sensing perforo@afil9]. Li and co-workers [5]
developed a W@hollow spheres@PANI hybrid sensing device thatraigel at a
lower temperature. The fabricated sensor achiev@ehaing response of 25 towards
100 ppm of NH at 20C. The improvement in sensing parameters is atgibto the
heterojunction between PANI (p-type) and W@-type) hollow spheres [5]. Zhang
et al. [7] investigated the performance of PPyted&nQ hollow spheres for NH3
sensing. The PPy-coated Sn@ollow spheres were synthesized through in-situ
polymerization of pyrrole monomer in the presen€eSnQ, hollow spheres. The
figure depicts the TEM images of Snlollow spheres and PPy-coated ShOllow
spheres. It is seen that the Sri@llow spheres have a rough and porous morphology
(Figure-5a and Figure-5b) and TEM images of PPy-coated Sni@llow spheres
show that the SnOhollow spheres were homogeneously wrapped by PB{Nngs
(Figure-5¢ and Figure-5d) Figure-5e shows the sensitivity of gas sensors to
different NH; gas concentrations at room temperature and cledubyvs that the
sensitivity of PPy-coated Snaollow spheres is higher than that of Srit@llow
spheres. The great sensitivity of PPy-coated ;Sa@aused by a number of factors.
A fine pathway for electron transfer in the gasssap process is provided by the
interconnection of Snohollow spheres with PPy coatings. The synergierattion
of PPy and Snghollow spheres may result in the formation of @ jomnction, which
is also responsible for improved sensing perforradiit
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Table-1 shows the various metal oxide-polymer composites ¢as sensor
applications with various parameters such as sgigheute, gas, gas concentration,
response/recovery time, operating temperature, etc.

Table-1. Various metal oxide-polymer composite fogas sensor application

Material Synthesis |Gas Gas Response Operating | Response Ref.
Route concentration Temperature|/Recovery
(ppm) (C) time
Two step  |NH, 100 25 20 _ [5]
WO,@PAN method
Ni@znO| In-situ  |NO, 100 75% RT 82 sec | [g]
/PANI  |polymerizatior /399 sec|
ppy-wg | Soldstate INo,| 100 61% RT _ |19
synthesis
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In-situ chemicg 18 sec
PANITIO,| oxidation |NHs| 23 1.67 25 [20]
o /58 sec
polymerizatior
Solution route NH,4 100 - RT 15 sec | [21]
PANI/SNG, technique /80 sec
SnQ-Ag- | Chemical |NH, 0.02 3.15% RT _ [22]
PPy method
TiO»-Au- Chemical |NH,4 0.02 3.2% RT ) [22]
PPy method

Specification DMA: Dimethylamine

3. CONCLUSION

There is a greater need for gas sensors to detexispheric pollutants. These
pollutants are hazardous to human health and thieoement; detecting them in the
future is essential. Single MO and polymers hawaesdrawbacks, such as the fact
that MO requires a higher temperature to form, cedy sensing efficiency.
Polymers have a low formation temperature, butlaeoperating temperature, their
response, recovery, and stability suffer. As a ltesasearchers concentrated on
lowering the operating temperature while maintajnstability. Various research
groups around the world are continuously working oretal oxide-polymer
composites for sensor applications. This reviewclartis focused on MO-polymer
composites for the detection of numerous dangesnd flammable gases. The
expansion of the application spectrum is providedthee overall hybridization
condition. MO-polymer composites that are both gmnrdly and cost-effective are
essential for the evolution of effective sensorides, which will be a significant step
forward in sensing applications.
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ABSTRACT

Perovskite oxides have recently gained significattention as promising materials for
resistive switching applications. These materiatssggess unique electronic and optical
properties, making them suitable for use in varielectronic devices such as non-volatile
memories (NVM) and logic circuits. Resistive switghis a property where the electrical
resistance of a material changes upon the appbecatf an electric field, allowing for the
storage and retrieval of data. This property is édson the formation and rupture of
conductive filaments within the material. Perowslkakides show excellent resistive switching
behavior due to their ability to undergo phase s#ions and their high ionic conductivity.
Moreover, they are relatively low-cost, environnadigtfriendly, and scalable, making them
attractive for use in large-scale electronic degick this review, we present an overview of
the recent progress in the field of perovskite egitbr resistive switching applications. We
discuss the various factors that affect the regssswitching behavior, including material
composition, electrode materials, and device asghitre. Furthermore, we highlight the
challenges that need to be overcome for the suctdesgilementation of perovskite oxides in
resistive switching devices and outline future cli@ns for research in this area.

KEYWORDS: Non-volatile memory (NVM); Resistive switching; RRA&Rerovskite Oxides

1. INTRODUCTION

Nanotechnology has developed rapidly over the feagtyears. There is a need for
more efficient electronic components that reseaschave driven to develop new materials
and devices. Memristors are a relatively unexpldiettl in electronics that has become
increasingly popular over the years [1]. Prof. L&dimua discovered a two-terminal passive
electronic device in 1971 named a memristor. A ni&on gives a relationship between
electric charged) and magnetic fluxg). The memristor is a two-terminal passive eledtron
element theoretically predicted by Leon Chua in11p%73]. Memristor has a unique property
to remember the last resistance state [4].

Today in the data storage devices market, silicased flash memory has struggled to
meet the requirements for future device developrdartto some limitations, like it requires
high voltage, it consumes high power, and its t&ancapacity is limited. A growing trend
in the miniaturization of electronic devices hasr@ased the need for memory devices.
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Memory devices based on RRAM are not only usedie@sents in analog circuits but can
also be widely used in neuromorphic computing appilbons[5]. RRAM is considered a
promising candidate for next-generation memory ce&vias the upcoming technology in non-
volatile memory devices (NVM) [6]. NVM devices amgrowing attention in current
microprocessor-based devices, which run differenctions within electronic devices like
smartphones, electric vehicles, wireless devicés, VM, technology is based on the
storage of charges. Therefore, charge storage-bdeeides are being studied for next-
generation NVM applications, such as Static RAM ASR, dynamic RAM (DRAM), phase
change memory (PCM), magnetic RAM (MRAM), and RRAGK. these, RRAM is one of
the most promising candidates for NVM because of isimple structure
(Metal/Insulator/Metal), low operating voltage, dar endurance, fast write, read and erase
speeds, and excellent scalabilityable-1 indicates the importance of RRAM devices where
the parameters of voltage, retention, endurance,a&e discussed in detalil.

Table-1. Comparison of memory technologies

Memory | spaM | DRAM | PCM  |MRAM | RRAM ref

technology
Cell area >100E| 6F 4-20F | 6-20F | < 4F(3D) [7]
Cell element 6T 1T1C| 1T(D)IR1(2)T1R| 1T(D)IR [7]
Voltage <1V <1V <3V <2V <3V [8]
Read time ~1lns | ~10ns| <10ns| <10ns <10ns [9]
Write time ~1lns | ~10ns| ~50ns | <5ns <10ns [10]
Write energy

(3/bit) fJ 10 10 pJ 0.1pJ 0.1pJ [11]
Retention N/A | ~64ms| >10y >10y >10y [12,13]
Endurance >16 | >10° | >10 | >10° | ~10-10° [14]
Multibit No No Yes Yes Yes

capacity
Non- No No Yes Yes Yes

volatility

Figure-1 depicts a simple metal insulator metal (MIM) sturetconsisting of an RS
layer sandwiched between the top and bottom elgesrolhis simple structure consisting of
a top electrode (Pt, Au, Ag, Al), bottom electrdd¢iEO, FTO), and RS layer makes ReRAM
prominent [15-18]. There are several perovskitelesj which are common active materials
in memory devices. Aside from being highly duraldleemically stable, and fast, perovskite
oxides also exhibit many unique properties dueh@rtstrong electron correlations, which
make them highly promising materials for RRAM.
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Figure-1. Sandwich structure for ReRAM devices

The following Figure-2 shows the statistical analysis of published ditigre in the last five
years in the field of memristor and perovskite matse-based memristor have been added in
graphical form based on the Scopus database.
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Figure-2. statistical analysis of published literatre in the last five years in the field of
memristor and perovskite materials-based memristor

1.1 Review of memristive properties

The defining property of memristor is its ability $tore and recall information based
on the resistance of the materials, which is reteto as memristance. Memristance is the
result of the formation and rupture of conductivianients within the material, and is
controlled by the application of an electric fieldne of the key properties of memristors is
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their non-volatility, which means that they carmaretinformation even when power is turned
off. This makes them attractive for use in vari@lsctronic devices, such as memory and
logic circuits. Another important property of mestdrs is their ability to exhibit both
resistive and capacitive behavior, which make thamtable for use in various hybrid
electronic devices. Furthermore, memristors havenbghown to have high endurance,
meaning that they can be switched between low adgh fresistance states many times
without degradation. Additionally, memristors cathiits multiple resistance states, which
make them suitable for use in multi-level memoryides. In conclusion, the unique
properties of memristors, non-volatility, resiste@pacitive behaviour, high endurance, and
multiple resistance states, make them attractiveuge in various electronic applications.
There has been significant progress in the devedopof memristor devices in recent years,
and they are poised to play a significant rolehim future of electronics.

2. RS MECHANISMS OF RRAM DEVICES

RRAM has a simple three-layered M-I-M structure eTéxternal voltage is applied
across the top electrode in the MIM structure, Hredbottom electrode and current will be
measured using a semiconductor characterizatioierayd9]. The device functions in the
insulator's reversible soft breakdown, which chanige resistance by applying an external
bias. The process of forming cation-based condgdiiaments by metal electrodes is known
as electrochemical metallization. An electrode ciasof an inert metal to carry out the
valence change mechanism (VCM), which causes tease in electronic conductivity as
oxygen is enriched [20-23]. Applying high voltaggess transforms the initial high
resistance state into a low resistance state (L&¥8gd electroforming. The process of
switching LRS to a low resistance state (HRS) bglypg voltage is called the RESET
process, and the process of switching HRS to LR&pdp}ying external voltage is called the
SET process. In the RS process, the change froifSEieto RESET process gives the "ON"
state, while the opposite behaviour shows the "Gie [19, 24]. Several insulating oxides
and perovskites exhibit this RS behaviour.

2.1 Unipolar resistive switching (URS)

In URS, the switching direction depends only ondh®litude of applied voltage, not
on polarity, as shown iRigure-2a. Under an external electric stimulus, a devicelRS can
be transformed into LRS, which can be regarded &sming process. Once the forming
process is complete, LRS will be switched to HRShwhreshold voltage (VWs). By
introducing an electric stimulus Q) greater than Mse; the HRS is switched to the LRS.
Current compliance (CC) is applied in the SET pssde restrict the current. Alternatively, a
series resistor can be combined with the SET psoteslimit the current. The current
compliance (CC) is not applied in the RESET proc&snerally, In unipolar RS, Mmay be
larger than V.se[25]. It should be noted that |-V curves are ofsgmmetrical.
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Figure 3: Current-Voltage curves for RRAM. a) URS and b) BRS. Reproduced from
[26]

2.2 Bipolar resistive switching (BRS)

In a divergence from URS, the BRS in RRAM dependstlte polarities of the
external electric stimulus, as seen from a disitedBRS Current-Voltage curve, as shown in
Figure-2b. In the RESET process, the device is switched faomLRS to an HRS by
applying a negative bias. Conversely, in the SEC@ss, the device has to be switched from
the HRS to the LRS. An input must satisfy amplitidel polarity conditions for BRS to
operate. This spectacle occurs in many semiconuuottides, such as perovskite [27-30].

2.3 Endurance

There is frequent switching between the HRS and_&® for RRAM. As a result of
switching between resistive states, each eventpmamanently damage the RRAM and
decrease its performance. As an RRAM device vdreween HRS and LRS, endurance
describes how often the two can be switched withlosting their distinct ratio [31].
Endurance testing determines how often the HRS. &&ican be switched effectively before
they are no longer distinguishable from one anot@er application of a read voltage, the
endurance characteristics of RRAM can be determiyestanning the |-V of an RS cell and
extracting the Rrs and Rgs [32]. In addition to accurate switching, this nadhs very slow
since obtaining an I-V sweep takes a long timeegeigly if lower currents are used.

2.4 Retention
After a set and reset transition, it is crucialingestigate the stability of an RRAM

device over a long period to determine its datartdn. Memory cells retain their content for
a specified period following a set/reset operatian, the amount of time it takes to remain in
their current state [33]. Using a low read voltagmmstant voltage stress (CVS) over time can
measure the current versus time (I-t) curve fohlibe LRS and HRS. Retention is usually
not a concern since it is the natural state oRR&M, and if no bias (or low bias) is applied,
it will remain in this state. As the compliance iirmcreases during the switching process of
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the LRS, the retention of the conducting filamentcréases, resulting in a more stable
conducting filament over time, for instance, in RRAusing conductive filament switching
mechanisms [34][32].

3. PEROVSKITE OXIDES FOR RRAM DEVICES

A change in resistance is observed in some ingslatben an electric field is applied.
Recent research has investigated this propertgsidtance change for developing future non-
volatile memory devices [35]. The use of oxide-laswitching materials in non-volatile
memory applications has been extensively studies tdutheir compatibility with CMOS
semiconductors. The recent study of RS can bedrbaek to the discovery of hysteresis (I-
V) properties in perovskite oxides suchBasTiO;, SrTiO;, BaSrTiQ, BiMnOs, and LINbQ.

3.1 BaTiO; (BTO)
Barium titanate (BTO) has been considered the mmgtificant perovskite oxide
material with an ABQ® pattern. BTO possesses excellent properties Higé dielectric
constant (3.2 eV), ferroelectric activity, large taglectronic coefficients, spontaneous
polarization, and piezoelectricity attracted comsatble attention from many researchers in
the last few decades. BTO is a well-known ferragleenaterial in the crystalline phase with
a spontaneous polarization of ~@6/cnfand with a large and tunable bandgap of 3.2 eV.
Qian et al. [36] reported a Pt/BTO/LSMO/BTO/Pt sshihg device. A complimentary RS
(CRS) memory device consists of two ferroelecuiiriel junctions, symmetrically connected
by a metallic top electrode and a common bottortelde based on BaT#OIt permits the
non-volatile storage of two states ("0" and "1")eaich ferroelectric tunnel junction. In 2010,
Linn et al. [37] proposed to solve the current-énga@blem by connecting two RS devices in
complementary RS configurations such that if onaadeis in an LRS state, the other is in an
HRS state (referred to as complementary RS, CRS)sigle RS element in these
circumstances does not store information, but tustirdjuishable coupled pairs, namely
LRS+HRS and HRS+LRS, represent the logic statesat@'"1". The results presented that
using BTO ferroelectric tunnel barriers and nanaimehin film electrodes, the two resistive
states, HRS and LRS, determined and controllechéypblarization reversal, can be used as
building blocks for a CRS device.
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Figure-4. a) I-V curve of junction A recorded in T-B contact configuration. b) |-V of
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in T-T contact configuration. Sketches indicate theesistance states (H=HRS, L=LRS)
of the two anti-series connected capacitors. Reprimsing Ref.[36]

3.2 SITiO3 (STO)

Strontium titanate (STO) is an important para-eiegerovskite material with cubic
and tetragonal crystal structures depending on e¢eatyre.STO has lots of interesting
properties, like high dielectric constant (3.2 eféyroelectric activity, piezoelectricity, good
thermal stability, photoactivity, etcAccording to these properties, STO has possible
applications in RRAM, micro-electronicgphotocatalysis, solar cell, and gas sensor.
Perovskite STO appears to be an important matienahe application of RRAM due to its
high value of the dielectric constant that redutesmagnitude of leakage current. Stacking
STO thin films with other semiconductor materialashbeen studied to achieve higher
resistance ratios and even multilevel RS. Wandg. girapared STO and Bi-doped STO films
for non-volatile memory application by the sol-ggdproach. They have also deliberated
endurance and retention properties. STO and Bi-ed@prO films deposited on Si or Pt
substrate have identical phase compositions, méwgipand grain size; however, the grain
size of the Bi-dopped STO films deposited on S idtle larger than that of the STO films
deposited on Si or the Bi-dopped STO films grownPonThe STO or Bi-dopped STO films
deposited on Si or Pt all show bipolar resistivetdwing behaviour and observe the same
conductive filament (CF) mechanism. Also, the Ag/¢Bio0sTiO3/Si device has the highest
RurdRirs Of 10 and the greatest endurance and retention propeffige doping of Bi
enhances the RS ratmf the STO films. Also, the Si substrates aid inpioving the
endurance and retention properties of the Bi-do@EQ films [38]. Bera et abynthesized a
heterojunction RRAM composite ZnO nanorods (NRsBI®© substrate, which has a single
shared crystallinity formed using the facile aqueahemical deposition technique. In
addition to their excellent rectification propesijeSchottky diodes possess a photodetection
capability, a photo-to-dark current ratio of 10é4daa high forward-to-reverse bias ratio of
10°. set / reset voltage ranging from -4V to +4V. A®sult of a reversible reconfiguration of
ionic defects near the interface region, the vatagd photosensitive properties of ZnO/STO
heterojunction diodes are modified [39].
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Figure-5. a) -V switching loop for 30 cycles. For clarity, he absolute value of the
reverse current is plotted. Inset is the semi-loglpt for a single loop with the scanning
sequence and directions marked. b) Retention data fothe ZnO NRsS/NSTO
heterojunction. Both ON and OFF states were measudeat — 2 V. c¢) Switching loops
showing the modulation of the LR state via scanningo different maximum negative
voltages. d) Switching loops showing the modulationf the HR state as a result of
different maximum positive voltages. The arrows mak the maximum positive voltages
for different loops. Reprint using Ref.[39]

3.3 BaSrTiO; (BSTO)

A BaSrTiO; compound is a solid solution of barium titanatd @ and strontium
titanate (STO) containing perovskites oxide (Afg@ature.For decades, BSTO has been
investigated for applications in tunable microwalevices and DRAM cells due to its high
dielectric and low dielectric loss propertieBhe application of resistive random-access
memory (RRAM) to BSTO films has recently been exjmh by the demonstration of
resistive switching (RS). Epitaxial BSTO thin filnase deposited on SrTib (NSTO)
using the hydrothermal method. When the Pt/BSTO/M $l€vice is operated at a relatively
low voltage, it shows typical rectification charmgstics. In contrast, when it operates at
relatively high voltage, it exhibits bipolar RS tvia high and low resistance ratio greater than
10%. Under various reset voltages, negative diffee¢ntésistance arises during the reset
process, resulting in multilevel RS. As oxygen vexes form at the interface of Pt/BST,
these behaviors in Pt/BST/NSTO devices are likelg tb electron trapping or detrapping.
This process is referred to as the set processhwdtdcurs when the voltage swept from 0V
to 3V switches the resistive state from HRS to LRS.
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Figure-6. a) Current-voltage (I-V) curves for the RBBST/NSTO device at low voltage b)
BRS characteristics of the P/BST/NSTO device. Ratdon characteristics at (HRS) and

(LRS) were measured at 0.1 V for ¢) 100 switchingycles and d) 1800 s. |-V curves for
the Pt/BST/ NSTO device at e) -6V to 3 V and f) -4 to 5V. Reprint using Ref.[40].

3.4 BiMnO3 (BMO)

BiMnO3; (BMO) displays a perovskite structure (ABQand it shows ferromagnetic
(FM) and ferroelectricity (FE) properties, like B®; (BFO) and BiCrQ (BCrO). Because
ferroelectric (FE) and ferromagnetic (FM) ordere aoupled, these materials can switch
spontaneous magnetization and electric polarizdtoapplying electric and magnetic fields.
Sun et al [41] reportedthe light-controlled RS memory behaviour of muliitec BMO
nanowire arrays at room temperature by hydrothemmethod, which is prominent for the
next generation of NVM. The voltage was varyinghir6 - + 4V— 0— - 4 V— 0. The
device has two stable states of resistance whenected to the positive electric field. A
sudden current increase occurs at about 3.88 3/)(in the dark and 4.0 WAL s¢) under the
presence of white light, shows that a "Set" prodem® an HRS to an LRS happens; when
the applied voltage is varying from zero to a dartegative voltageMgese) Of about -3.5 V
in the dark and - 3.75 W res¢) Under the presence of white-light, shows thaRasét"
process from an LRS to HRS occurs. It is demoredréhat BMO nanowires can control
multiple levels of memory under light-controllednclitions because they provide a clear
memory window in both the dark and under whitetlidjamination [42].
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Figure-7.a) The typical J-V characteristics curves Ag/BiMnQ/Ti structure in the dark
and under white-light illumination; The inset showsthe experimental test circuit. b) The
corresponding resistive switching effects in logatlhmic scale. ¢) The evolution of
switching voltages including \se: and Vgeset during the 100 resistive switching cycles in
the dark and under white-light illumination respectively. d) The resistance-cycle
number curve with 100 cycles under a positive biagoltage of 1.5 V in the dark and
under white-light illumination respectively. Reprint using Ref.[43]
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3.5 LiNbO3 (LNO)

Among the many uses of lithium niobate crystals @Q)Nin acoustic, optic, and
optoelectronic devices, lithium niobate is an imaot dielectric and ferroelectric material. A
few factors affect the physical and chemical propsrof LNO, including its microstructure,
defects, compositions, and dimensions. Liu etreported the fabrication of the RS device
made of lithium niobate (LNO). The LNO is a potahitandidate for RS and neuromorphic
computing. The structure of the device consistJit*t/ LNO /Ti/Pt, where the switching
layer of LNO was prepared by the PLD (Pulsed ldegosition) methof#i4]. There were 10
nm of titanium (Ti) and 50 nm of platinum (Pt) imetbottom electrode, whereas 10 nm of Ti
and 80 nm of Pt were in the top electrode. Theailisubstrate was used on which then®
layer of SiO was deposited by the PECVD methodhils structure, Ti is an active metal like
Ag. Ti was used as the top electrode, which probaiireased the movement of oxygen
vacancies inside the layer, resulting in RS. Aagidt between -3 V and 3 V was applied for
most measurements, allowing for repeatable hysgsedesps. It exhibits a bipolar RS
mechanism45].

Page 85



10

Current {ma)
L

-3 -2 -1 0 1 2 3
Voltage (V)

Figure-8. I-V characteristic of a 15pum? LiNiO 3 device. The many hysteresis loops show
strong repeatability with a small amount of variation in the positive write voltage
threshold Reprint using Ref.[46]

Table-2. State Of Art Comparison of Perovskite Oxides

Structure Deposition VseT Vreser | Endurance | Retention| Ref.
Technique (V) (V) (Cycles) (s)
pyeTo/Pt | RF Magnetici 10 18 i [47]
Sputtering
zno/BTO/ZnO | RF Magnetic 1 70 16 [48]
Sputtering
pysTopt | REMagnetic) 4 55 1 4 g 16 10° [49]
Sputtering
AlsTO/si | Pulsed Lasen g 5 1d 10* [50]
Deposition
PyBSTO/NSTO| Hydrothermall 5 6 16 | 18x1¢| 10
Ag/BMO/Ti Hydrothermal 4 4 16 i [41]
TiPYLNO/Ti/Pt | Pulsed Laser 4 3 16 10° [46]
Deposition

4. CONCLUSION

This review article aims to offer a general outlamk the advancements in-memory
technology, as well as the current trends that ideowaluable intuition into the field of
upcoming memory technology. We have presented aile@tdiscussion of RRAM, its
structure, and the working mechanisms of RRAM. Theent review also discusses RRAM
operation based on the key performance parametesous important applications of
RRAM have been highlighted, including non-volatilejeuromorphic computing.
Furthermore, RRAM should be used more frequentlyembedded memory and NVM
technology because advances in these fields aré moce interesting. RRAM devices will
likely become an important non-volatile memory tealogy if they continue to be developed
and improved. Memristor is a type of electronic pament that can remember their previous
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state and have the potential to be used for a wadge of applications such as memory
storage, neuromorphic computing, and machine legriMemristor have the potential to be

integrated with other devices such as transistogscapacitors to form a new type of memory
and computing systems. Researchers are activelglaf@ag new memristor designs with

improved performance reliability and scalabilityeMristors have the potential to be used in
the development of new type of artificial neuratwarks and neuromorphic computing

systems. As researchers continue to study the piepeof memristors and develop new
designs, the range of applications for memristsrikely to expand into new areas such as
bio-inspired computing, autonomous systems, andhtieenet of Things (loT).

Declaration of competing interest

The authors declare that they have no known comgpdinancial interests or personal
relationships that could have appeared to influetie®e work reported in this paper.

REFERENCES

1. He S, Sun K, Peng Y, Wang L. (2020) AIP Advand®(1).

2. Chua LO. (1971) IEEE Transactions on Circuiedity, 18(5), 507-519.

3. Duraisamy N, Muhammad NM, Kim HC, Jo JD, Chdi.K2012) Thin Solid Films,
520(15), 5070-5074.

4, Strukov DB, Snider GS, Stewart DR, Williams R&E08) Nature, 453(7191), 80-83.

5. Domaradzki J, Wojcieszak D, Kotwica T, Mawska E. (2020) International Journal
of Electronics and Telecommunications, 66(2), 383-3

6. Munjal S, Khare N. (2020) 3Rd International @wance on Condensed Matter and
Applied Physics (Icc-2019), 2220, 020171.

7. Goodman FJ, Martin AF, Wohlford RE. (1989) ICHS IEEE International
Conference on Acoustics, Speech and Signal Proges$iroceedings, 1, 528-531.

8. Shen WC, Mei CY, Chih YD, et al. (2012) TectaiDigest - International Electron
Devices Meeting, IEDM, 745-748.

9. Mueller S, Slesazeck S, Mikolajick T, MullerRglakowski P, Flachowsky S. (2015)
IEEE International, 233-236.

10. Yang JJ, Zhang MX, Strachan JP, et al.(201plidd Physics Letters, 97(23), 12-15.

11. ITRS. International Roadmap Committee OvervieRublished online 2013.
http://www.itrs.net/Links/2013ITRS/Summary2013.htm

12. Song Z, Song S, Zhu M, et al. (2018) Scienu@&Information Sciences, 61(8), 1-15.

13. Berdan R. (2016) Conventional Analogue Elecos
https://spiral.imperial.ac.uk/bitstream/10044/1/433 /Berdan-R-2016-PhD-
Thesis.pdf

14. Hermes C, Wimmer M, Menzel S, et al. (2011EEElectron Device Letters, 32(8),
1116-1118.

15. Zakaria O, Madi M, Kasugai S. (2020) JournaBmmedical Materials Research -
Part B Applied Biomaterials, 108(2), 460-467.
16. Mullani N, Ali I, Dongale TD, et al. (2020) Maials Science in Semiconductor

Page 87



17.
18.
19.
20.
21.
22.
23.
24,
25.
26.
27.
28.
29.
30.
31.
32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

Processing, 108, 104907.

Du X, Tadrous J, Sabharwal A. (2016) IEEE Semtions on Wireless
Communications, 15(12), 8551-8564.

Jamkhande PG, Ghule NW, Bamer AH, Kalaskar NZ®R19) Journal of Drug
Delivery Science and Technology, 53, 101174.

Prakash A, Jana D, Maikap S (2013) Nanoscase&ch Letters, 8(1), 1-17.

Menzel S. (2017) Journal of Computational &#teucs, 16(4), 1017-1037.

Baeumer C, Schmitz C, Marchewka A, et al. @®ature Communications, 7, 1-7.
Wang J. Aono Nat Mat 07 lonic Switching Memdxanoionics-based resistive
switching memories.

Waser R, Dittmann R, Staikov C, Szot K. (2008yivanced Materials, 21(25-26),
2632-2663.

Sawa A. (2008) Materials Today, 11(6), 28-36.

Yao J, Zhong L, Natelson D, Tour JM. (2012gS8tfic Reports, 2, 1-5.

Devices F, Architectures A. Resistive Randotuess Memory (RRAM).

Beck A, Bednorz JG, Gerber C, Rossel C, Widtng2000) Applied Physics Letters,
77(1), 139-141.

Sawa A, Fujii T, Kawasaki M, Tokura Y. (200Applied Physics Letters, 85(18),
4073-4075.

Fujii T, Kawasaki M, Sawa A, Akoh H, Kawazoe Yokura Y. (2005) Applied
Physics Letters, 86, 1-3.

Sawa A, Fujii T, Kawasaki M, Tokura Y. (20Q&)panese Journal of Applied Physics,
Part 2: Letters, 44(37-41), 6-9.

Lanza M, Wong HP, Pop E, et al. (2018) AdvdnE&ctronic Materials, 1800143, 1-
28.

Huang Y, Shen Z, Wu Y, Wang X, Zhang S. (201BpC Advances, 26, 17867-
17872.

Gupta V, Kapur S, Saurabh S, et al. (2019EHE&chnical Review, 0(0), 1-14.
Bousoulas P, Stathopoulos S, Tsialoukis D,uKalas D. IEEE Electron Device
Letters, 37 (7), 874-877.

Chang TC, Chang KC, Tsai TM, Chu TJ, Sze SN016) Materials Today, 19(5),
254-264.

Qian M, Fina |, Sanchez F, Fontcuberta J. 420lano-micro Small, 1805042, 1-9.
Linn E, Rosezin R, Kugeler C, Waser R. (2048)ure Materials, 9(5), 403-406.
Wang H, Zhang W, Xu J, Liu G, Xie H, Yang R0(@8) Bulletin of Materials Science,
41(6), 149.

Bera A, Peng H, Lourembam J, Shen Y, Sun XW,TW(2013) Advanced Functional
Materials, 23(39), 4977-4984.

Jing He, Jie Zhu, Changcheng Ma, Jingjing Zuoqi Hu. (2019) Applied Physics
Letters, 115(7), 1-6.

Acharya SA, Gaikwad VM, Kulkarni SK, Despande. (2017) Journal of Materials

Page 88



42.
43.

44,
45,

46.

47.

48.
49.

50.

Science, 52(1), 458-466.

Sun B, Li CM. (2015) Physical Chemistry Chemhiehysics, 17(10), 6718-6721.

Lee BW, Yoo PS, Nam VB, Toreh KRN, Jung CUO1®) Nanoscale Research
Letters, 10(1), 1-5.

Liu 'Y, Li J, Zhang Z, Kong Y. (2017) Ferroetecs, 520(1), 34-41.

Lapkin DA, Emelyanov A V., Demin VA, BerzinaST Erokhin V V. (2018)
Microelectronic Engineering, 185-186, 43-47.

Wang S, Wang W, Yakopcic C, Shin E, Subramany@, Taha TM. (2017)
Microelectronic Engineering, 168, 37-40.

Pan RK, Zhang TJ, Wang JY, Wang JZ, Wang D#rDMG.(2012) Thin Solid
Films, 520(11), 4016-4020.

Wei L, Sun B, Zhao W, et al. (2016) Modern $lby Letters B, 30(14), 1-8.

Nili H, Walia S, Balendhran S, Strukov DB, Bkaran M, Sriram S. (2014) Advanced
Functional Materials, 24(43), 6741-6750.

Song MY, Seo Y, Kim YS, et al. (2012) Appli€thysics Express, 5(9). 091202

Page 89



Supercapacitive performance of chemically deposited
CuO thin film

Suman A. Sawant, Sunny R. GuraV, Gayatri R. Chodankar?,
Pradnya G. Raje, Rajendra G. Sonkawad@&*

aDepartment of Physics, Shivaji University, KolhapMiaharashtra, 416 004, India.
*Corresponding author: rgs_phy@unishivaji.ac.in

ABSTRACT
Copper oxide (CuO)-based supercapacitors have gainensiderable interest

because they are inexpensive, ecologically benignd aexhibit superior
electrochemical performance. Herein, the syntheasd supercapacitive
performance of nanoflakes-like CuO have been imgasd. CuO thin films were
synthesized by cost-effective and easy chemichl degiosition (CBD) method. The
formation of monoclinic CuO was confirmed by anaX-diffraction (XRD) pattern.
Distribution of densely packed nanoflakes obsernvedhe surface topographical
image with an average roughness of CuO 91.66 nm.hjdrophilic nature of CuO
thin films was revealed from water contact angleasseement. A nanocrystalline
surface with hydrophilic nature helped for bettéeatrochemical interactions. The
electrochemical performance of CuO thin film wasted in 1M KOH and showed
the specific capacitance (Cs) of 340 F/g at a 5m8¢an rate with small charge
transfer resistance (R), energy density (Ed), power density (Pd) and aaoll
efficiency (g) of 3.22, 5 Wh/kg, 500 W/kg and 93.62%, respectively. Thesdts
show that this electrode will be a potential maaern supercapacitor applications
besides it is cost-effective.

KEYWORDS
Copper Oxide, Energy Storage Device, Pseudocapa8tgoercapacitor, Transition
Metal Oxide.

1. INTRODUCTION

The increase in global population and the rapidaesmpn of the modern economy
required the use of energy resources to meet ertkngyands at a reduced cost. To
fulfill the ever-growing demand for energy, manyuimns are coming forward. On
this context, supercapacitors (SCs) provide thamrdaature in the field of energy
storage which bridges the gap between conventicaphcitors and batteries [1].
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Depending on the charge storage mechanism SCdamwfied into two categories;
first one is electric double layer capacitors (EB)LGn which charge stored via
electrostatic way and next is pseudocapacitorshichvcharge stored through faradic
reactions. Carbon based materials shows EDLC tgh@wor whereas conducting
polymers and metal oxides shows pseudocapacitiveenf?].

Till date various materials are studied for thes@&@plication. The properties
of electrode material have a significant impactlos performance of SCs. Electrode
materials with large surface area, great electnooted stability, low toxicity, and
high electrical conductivity have attracted a Ibtirderest [3]. Rigorous study has
done on the most popular transition metal oxide RioDpseudocapacitordue its
large surface area and high conductivity. But tigh hcost and toxicity limit its
commercial application [4]. Other cost effectivedanvironmentally friendly metal
oxides which exhibits better electrochemical prtpsrare Nickel Oxide (NiO) [5],
Manganese Oxide (MnO2) [3], and Copper Oxide (C{&)) Among these, CuO
gains lots of attention due to its easy synthdeis, cost, environmentally benign,
and having higher electrical conductivity. CuO da@ synthesized by different
methods such as SILAR [6], hydrothermal [7], digheg method [8], and CBD [9].
Amongst, CBD is a most suitable technique for tyatlsesis of adherent, large area
deposition without high-quality substrate and vauouconditions at any stage. One
can control the properties of prepared thin filmapgimizing the deposition time, pH
of solution, the temperature and concentrationre€grsors [9].

In present study, densely packed CuO nanoflakeg weposited on cost-
effective stainless-steel substrates via simple @&hod. The CuO thin films were
characterized using XRD, atomic force microscopyFNA, Fourier transform
infrared spectroscopy (FT-IR), Raman spectroscomy surface wettability test. To
study the electrochemical properties of CuO thimgi cyclic voltammetry (CV),
galvanostatic charge discharge (GCD), and electroatal impedance spectroscopy
(EIS) methods were employed. Nanoflake-like formCaiO might be advantageous
for electrochemical reactions and showed good sapecitive performance. This
nanoflake-like CuO thin film with no conducting atides or binder demonstrated
promising capacitive capabilities.

2. EXPERIMENTAL SECTION

2.1. Materials

Chemicals like copper sulphate (CuSb,0) and ammonium hydroxide (NBH),
and double distilled water (DDW) were used whichravpurchased from Thomas
baker. None of the compounds underwent additionafipation before usage.
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2.2.Synthesis of CuO thin film

In the present work, CuO thin films were synthedid®y cost- effective CBD
method. Heterogenous reactions are basis for ththesis of CuO via CBD method.
When the solution reaches its maximum level of ssgiaration, the ionic product
exceeds the solubility product, which triggers tdexelopment of atomic nuclei and
the deposition of the film. The preparative pararetsed for the synthesis of CuO
thin films are listed inrable-1

Table-1. Preparative Parameters of CuO thin film

Preparative parameters
Precursor 0.1M CuSO
Complexing Agent NEOH
Substrate Stainless steel
pH of Solution 12
Deposition Time 2hr
Deposition Temperature a0

For the deposition of CuO, stainless steel sulestraire used. Before
deposition, substrates were cleaned using poliplerpaith successive washing and
cleaning with DDW and acetone. Firstly, 0.1 M Cu30lution was prepared in
DDW. Then to make alkaline solution, aqueous ammavas added drop by drop
until the pH maintained at12. Then the clean stainless-steel substrates were
immersed in above prepared solution which is keptanstant temperature bath at
80° C for 2hr. Then as reaction goes precipitatiomtstand through heterogeneous
reactions deposition takes place on substratesn lalkaline bath initially formation
of Cu(0H), occurs and finally convert intduO by annealing at 200 for 2 Hrs.

The possible reaction mechanism involved in theeess is give below:
when ammonia is added to it,

CuSO, + 2NH,OH — Cu(OH); + (NHy),50, (1)
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Cu(OH), + NH,0H - (NH,)Cu0; + H,O +H*  (2)

When this solution was heated,
(NH,)CuO; + H" = Cu(0H)., + NH; 3)

2.3. Characterizations
For the structural characterization, Bruker D8 Aabed X-ray diffractometer of Cu-

Ka Radiation with 1.54 A wavelength was used forghely of XRD pattern of CuO
electrodes. Perkin EImer Spectrophotometer (40@eB6’) were used for the study
of FT-IR and Raman spectroscopy, respectively. HaneNX-10 Bio-AFM was
used for the study of topography. For electrochamicharacterization three
electrode system was used, where the CuO electRidenum (Pt), and saturated
calomel electrode (SCE) were used as working, euand a reference electrode,
respectively. The whole assembly is immersed in MOH electrolyte.
Electrochemical workstation (Model: BioLogic vmp®tentiostat) was used for the
CV, GCD and EIS study. From CV, GCD and EIS plgtkg, Py, g and Rt of CuO
electrodes were calculated.

3. RESULTS AND DISCUSSION

XRD pattern of as prepared CuO thin film is showirigure-la. The peaks
observed in XRD pattern are well matched with ICEddd no. 00-048-1548 showed
polycrystalline nature with pure monoclinic struetuwithout presence of any
impurity peak of CuOH and Cu(OF)The peaks denoted by star sign are due to
stainless steel substrate. Obtained values oféattonstants for CuO are a = 0.46883
A, b =0.34229 A, ¢ = 51319 A, arfF 99.0% with unit cell volume 81.22 A. For
20= 35.5 corresponding to (002) plane, FWHM is found to @&604f and
calculated value of crystalline size using Debyesw®&r's formula is 12.6 nm.
Additionally, interplanar distance (d), microstra{s), dislocation density, and
distortion parameters are calculated and listeGhinie-2.

Figure-2b represents the FT-IR spectrum of CuO recordedmge of 400-
4000 cn. The dominate peak at 502 ¢nis associated with the Cu-O bond which
confirms the formation of CuO. The peak observedldt4, 1383, 1635, 2935 and
3435 cnit corresponds to the C-Nigrimary aliphatic amine, ~COO carboxylic acid,
C=0 stretching, alkane C—H stretching mode, andsBetching respectively [10].
Raman spectrum of CuO thin film recorded in thegeamf 100 to 1000 cthis
shown inFigure-3c. In Raman spectrum, the peaks observed at 296,&a320610
cm®. Among the optical branches which theoreticallypested in the Raman
spectrum (4Au +5Bu +Ag +2Bg) of CuO, three modeg $A2Bg) are Raman active.
The peaks observed at 296, 329, and 610 mepresents the first order phonon
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scattering corresponding to Ag mode, Bg mode, agdr®de, respectively, which
confirms the formation of CuO [11,12].

(@) ICDD 00-048-1548  [cuwo (b) cuo

Intensity (a. u.)
Transmittance (%)

T T T T T T T T T T T T T
30 35 40 45 50 55 60 65 70 75 500 1000 1500 2000 2500 3000 3500 4000

20 (degred Wavenumber (cm'l)
(C) Ag mode Cuo|

Intensity (a.u.)

T T T T T T T T
100 200 300 400 500 600 700 800 900 1000
Raman Shift (cm'l)

Figure-1. a) XRD pattern of CuO thin film, b) FT-IR spectra of CuO thin film,
and (c) Raman plots of CuO thin film.

Table-2. The XRD Parameters of CuO thin film.

XRD parameters
Crystalline Interplanar i i
20 FVE”;'M SY D distance | Strain| Dislocation B;ﬁg'&gr
(degree) p ize (D) (d) (e) | Density (m?)
(degree)  (nm) (9)
(hm)
35.5 | 0.66041 12.6 0.2346 | 0.41 | 6.26749E+15 0.036009463

Surface topological images of CuO thin films wetaedged using AFM.
Figure-4 shows 2D and 3D topography of CuO thin film withel profile. Images
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show the distribution of densely packed CuO nakefiaall over the substrate [13].
Nanoflakes having nearly 0.426n of size with 0.121um thickness. The measured

6.P_220200 7 Haight Fonwed 005

20

(©)

Figure-2. (a) 2D and (b) 3D topographical images &€uO thin films, (c) line
profile.

average roughness value obtained as 91.966 nnmroligh surface densely covered

by nanoflakes benefits application by exposing mmaxn active surface for the good

electrochemical interaction between CuO and elbté&o

Contact angle = 48

Figure-3. Contact angle measurement of CuO thin fih.

While investigating electrochemical propertiesy order to check
hydrophilicity of electrode in aqueous electrolytater contact angle measurements
are mandatory. For the electrochemical applicatinteraction between electrode
and electrolyte is highly dependent on surface abdity of electrode [2]. As the
wettability of electrode is higher in electrolytelectrochemical interactions taken
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place at electrode electrolyte interface increag@sh improves the charge storage.
To study the surface wettability, contact angle sneament is taken. CuO thin film
showed hydrophilic nature with water contact angflet8® as shown irFigure-5.
Hydrophilicity is related to the nanocrystallinetur@ of material [14]. Prepared
hydrophilic CuO thin film with nanocrystalline stiwre gives better wettability to
the aqueous electrolyte solution used for SCs eguodn.

3.1. Electrochemical Performance
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Figure-4. (a) CV, (b) CD, and (c) Nyquist plot of @O carried out in 1M KOH.

Figure-4 shows the CV, GCD and Nyquist plots of CuO thimfi CV plot of CuO
thin film carried out in 1M KOH electrolyte betwe@&r0.5 V potential window is
given inFigure-6a. The CV curves are not ideal rectangular type Wwheveals the
pseudocapacitive behavior of CuO i.e., here chargéored fanatically [14]. Redox
peaks observed in CV curve are due to oxidationegoh of Cd and Cd*. CV
scanned at various scan rates from 5-100 mV/s stanand shows the increasing
current density of CV curve with increasing scate.r&apacitance (C) ands Gf
electrodes is calculated by the following formulae:

Imﬂx
C=-g e (4)
dt
Imax
at
A R —— (5)

Where, hax - average current, dV/dt - scanning rate, M - mhass difference of
electrode.

The highest specific capacitance obtained for th® @hin film is 340 F/g at
5 mV/s scan rate. With increasing scan rate spec#pacitance deceased from 340
F/g to 93 F/g. This drop in capacitance is due ttdow scan rate, the ions get
sufficient time to interact with / adsorb on activaterial and the electrode is fully
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charged and discharged during cycling which in tegsult into higher value of
specific capacitance and vice versa. Consequedtitlizigh scan rate the electrolyte
ions are adsorbed only at the outer surface oélkbetrode due to slower transfer of
ions that leads lower specific capacitance [15].

GCD plot of CuO thin film carried out in 1M KOH elgolyte between 0-0.5
V potential window at different current densitiesrh 1 mA/g to 5 mA/g is given in
Figure-4b. Non-linear nature of GCD curves represents theughscapacitive
contribution of CuO [15]. The symmetric nature bhaging — discharging curves is
the indication of the suitability of CuO for supapacitor application. The following
formulae is used for the calculation of &y, Py andn and the obtained results are
summarised ifable-3.

Co= ol e (6)
Ego= 22 e @
P, = S.E:iGOO ________________ 8)
U [1]) e ——— 9)

The specific capacitance obtained for the CuOfilims is 176 F/g at 1 mA/g current
density. It was found that with increasing scane rapecific capacitance was
decreased due to diffusion of electrolyte [1].

EIS measurements were carried out in 1 M KOH ebége between 1 mHz
to 1MHz frequency range fitted with equivalent aitdnsideFigure-4c. Figure-4c
shows the Nyquist plot of CuO thin film in which ihigh frequency region
semicircle was observed which is due to faradictreas. Where as in low frequency
region straight line is observed due to diffusidrelectrolyte ions [1]. The value of
Rs and Rt obtained for CuO are 0.79 and 323 The cycling stability of a CuO
electrode is studied in 1 M KOH at a scan rate @@ inV/s for 1000 CV cycles.
Figure-5 depicts the capacitance retention of a CuO eldetfoom the first to the
1000" CV cycle. The plot of the first, 1080CV cycles is shown in the inset of
Figure-5. After 1000 CV cycles, the capacity retention ©uO thin films is
determined to be 67%. The loss in stability afte0@ CV cycles is attributed to
structural collapse, active material deterioratidaring CV cycles, and active
material dissolving into the KOH electrolyte. Swegaroughness with hydrophilic
nature of CuO thin film promoted the better electremical interactions between
electrode and electrolyte solution. This lead teawb higher specific capacitance
with low charge transfer resistance.
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Figure-5. Cyclic stability of CuO carried out in 1M KOH.

Table-3. Electrochemical performance of CuO

Electrochemical results
Current density (mA/g) 1
Specific capacitance (F/g 176
Energy density (Wh/KQ) 5
Power density (W/KQ) 500
Coulomb efficiency (%) 93.62

4. CONCLUSION

CuO thin films were successfully synthesized by @fitctive CBD method. Pure
monoclinic structure of polycrystalline CuO is comfed by XRD analysis.
Additionally, synthesis of CuO was confirmed fromIR and Raman spectroscopy.
Distribution of densely packed nanoflakes all otrex surface observed in surface
topographical image. Measured water contact angkeasorements revealed
hydrophilic nature of CuO thin films, which attrifed to the nanocrystalline
structure. The combination of rough, nanocrystalliand hydrophilic surface
promoted good electrochemical interactions. Eletteoical measurements showed
the CuO thin film displayed pseudocapacitive chi@r@stics with maximum specific
capacitance of 340 F/g at 5m V/s scan rate andygragnsity of 5 Wh/ kg, power
density 500 W/kg and Coulomb efficiency of 91% ai¢d at 1 mA/g current
density.
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ABSTRACT

MnzO, is a significant possibility for a multitude of @cations. The MgO, thin film was
successfully prepared utilising Successive lonigektaAdsorption and Reaction (SILAR)
method in this research work. Systematic evaluatiarere carried out to confirm the
morphology and structural properties of the {@3 materials. In an electrochemical system,
spherical MRO,4 grains that are well spaced and well-connectedldtquromote greater
electrolyte penetration and fill the ion buffer eegoir to ensure a steady supply of
electrolyte. The MyO, thin film showed good specific capacitance) (@ 106 F/g at 5 mV/s
and 62 F/g at 1 mA/chin 1M NaSQ, electrolyte. The developed By thin film exhibits
incredible energy density {Eand power density ¢y values of 5.54 Wh/Kg and 800 W/Kg,
respectively. The M@, thin film achieve a lower value of Bnd R; as 1.44 and 0.98 and

it has a capacity retention rate of 99% after 18@V cycles at 100 mV/s scan rate. With the
help of this work, high performance electrochemi&ls can be produced directly by
manufacturing a thin film of My®..

KEYWORDS
Energy Storage Device, Microsphere, @y SILAR, Pseudocapacitor, Supercapacitor.

1. INTRODUCTION

Fossil fuels are being used carelessly, which ledstb large C@emissions that have
contributed to global warming and other seriousiremmental and health problems. The
rapid growth of the world's population, the demetiof fossil fuels, and the scarcity of
traditional energy sources have resulted in a s$hithe usage of renewable energy sources
such as hydro, solar energy, wind, tidal, and gnetgrage devices (ESDs) [1,2]. But right
now, renewable energy sources like wind, solar, aieérs are insufficient. Additionally,
because the majority of these energy production @rversion paths are irregular, they
require the appropriate storage options in orderefdace fossil fuels. Significant research
efforts over the past three decades have sparkedetelopment of modern electrochemical
energy storage technologies including batteries &@k. Compared to batteries and
capacitors, SCs have longer life cycles and highaBdwell as extremely quick charge and
discharge rates. SCs have already been used imdbstrial sector, especially in constant
power systems, electric trains, vehicles, and ¢tesd3,4].

The characteristics of the electrode materials lrasgnificant impact on how well a
SCs performs. Depending on what type of electro@&s are divided into 2:
pseudocapacitors, which store energy through qtiakadaic reactions at the electrode
surface, and electrochemical double layer capacittEDLCs), which rely on the

Page 101



accumulation of electrostatic charges at the aldetrand electrolyte interaction [2,5]. The
capacitance of pseudocapacitors can be 10 to @3 tmore than the capacitance of EDLCs
under the same electrode area, implying that tleese la greater potential for development
[6].Till now, among metal oxides, Ru@H,O provides a superior electrochemical behaviour
or pseudocapacitors; nevertheless, the massivesptiaxicities, and unavailability of its raw
resources restrict its practical utilisation. Asesult, there has been a surge of attention in
designing commercially viable, attractive transitimetal oxide (TMO) electrodes like
Mn304, NiO, CqOy4, V205, Fe&O,, BixOs, IrO,, NiFeO4, and BiFe@, and others. Manganese
oxide materials stand out among them for their ptoaal structural flexibility together with
excellent physical and chemical properties, makivegn extremely important in application
areas including catalysis and rechargeable badtefibere are various crystal forms of
manganese oxide, so it is crucial to the chargageomechanism [7-9].

Mn3O, has been used as a working electrode for ESDstaluts high specific
capacity, variable structure and shape, and widdadility. Compared to other conventional
electrode materials, it has attracted consideralilention for energy storage applications
because of its greater manganese valence, higberetical capacitance value, abundance in
nature, simple manufacturing process, outstandimgr@anmental compatibility, superior
electrochemical performance, and diversified stmect [9]. Luo et al. [10] synthesized
Mn3O,4 cubes interlocked with each other for SCs apptioa At scan rates of 1 mV/s and
low current densities of 1 A/g, the M, electrode exhibits maximum
C;of 667 F/g and 583 F/g, respectively. Throughube of a modified solvothermal process,
Qiao et al. [11] fabricated porous M®, with micro/nano-structure. The porous ¥ny
employed as a SCs electrode showed great elecimcdleproperties, with a comparatively
high G value of 302 F/g at a low current density of 0./g,Avith high-rate dischargability
(246 Flg, 81% capacity retention when the curresisdies are increased by 10 times (5
Alg), and good cycling stability (89% retentioneaf6008' charge/discharge cycles at 5 A/g).
The MO, thin films were synthesized using the SILAR tecjua by Dubal et al. [12]. The
highest Cs of the My®, thin film supercapacitive capabilities in 1M £, electrolyte was
314 F/g at scan rate 5 mV/s. In light of thesedes;tin this article we presented a @3 thin
films for SCs application via SILAR method.

2. EXPERIMENTAL DETAILS
2.1  Synthesis of MnO4 material

The SILAR method is employed to synthesizesMnthin film on a stainless steel (SS)
substrate using a manganese acetate as a catresiorgpr. Double distilled water (DDW)
was employed as the solvent and the AR grade cladésracquired from Thomas Baker were
used without further purification. In a typical pess, 50 ml of 0.1 M manganese acetate was
employed as a cationic precursor and 50 ml of lotMwsn hydroxide (NaOH) was employed
as an anionic precursor to deposit pure®jthin film. MnzO,4 electrodes were grown on SS
substrates that were 1x5 Tin size. The surfaces of SS substrates were wesdhed with
acetone cleaned after being properly polished w#0-grade silicon carbide paper.
Furthermore, experimental work was conducted opgntg cleaned stainless steel substrates.
The SS substrate was immersed in manganese asetatmns for 22 seconds to deposit
Mn?* ions, and for the next 11 seconds, it was washigdl RDW to remove any loosely
bound Mrf* ions. In order to build a layer of manganese axitle SS substrate was dipped
in the anionic solution (which contained the NaQ#usgon) for 22 seconds. The substrate
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was then rinsed in DDW for 11 seconds. The conguedif this single SILAR cycle process
takes place at room temperature. 140 SILAR cyclesewperformed to get the MD, thin
film to the proper and consistent thickness.

2.2 Characterization of Mn3;O4 material

The MnrgO, sample was characterized by various charactesizatechniques such as
structural, morphological, surface wettability, arfdnctional group detection. The
identification of the structure and phase detertmnaof MnsO, material were studied
through X-ray diffractometer [Model Bruker D8-Adwa phaser with Cu dradiation { =
1.5406 A)]. Surface morphology was studied fromréag Electron Microscopy (SEM),
JEOL-6360, Japan. Fourier Transform Infrared (FJ-Hpectra of MgO, samples were
recorded on Perkin Elmer FT-IR Spectrophotometed004-360 crit) with KBr as
compressed slices to realize the nature of bonada& wettability test was studied from
Contact Angle (CA) measurement instrument. The telebemical performance was
investigated through EC lab (Potentiostat) instnitne

3. RESULTS AND DISCUSSION

As-prepared MgO, thin film exhibits a typical XRD pattern iRigure-1, which suggests that
the final product is almost X-ray weakly crystadliform. A weakly crystalline form of
Mn3O;, thin film is thought to result from the low tempgure of the synthesis. The XRD
pattern is
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Figure-1. XRD pattern of Mn3O4 thin film.
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Figure-2. FT-IR spectrum of MnzO,4
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very well matches with th€IF no. 1011262Whereas, the reflections observed Gawalues
44 is corresponds to SS substrate, which indicated p§,13]. The FT-IR spectrum is
captured in order to confirm the bonding propertiethe MO, materials shown ifigure-

2. Peaks at 3424, 1634, 1448, 1040, 626, and 512 amm attributable to different bonding
types between My, and surface-absorbed water molecules, respectiVaby stretching and
bending vibrations of molecule O-H are relevanttfoe IR bands at 3424, 2930, and 1634
cm’. While the peaks at 1434 and 1041 csignify the combined bending vibrations of the
Mn atoms with the -OH groups. Two sharp IR bandsseen at 626 and 512 ¢mwhich
reflect the stretching vibrations of Mn-O units atiet asymmetric Mn-O-Mn stretching;
hence, the formation of M®, may be understood [14-16].

Figure-3. Surface wettability test of MO, thin film.

In SCs applications, surface wettability is critida order to investigate how water
interacts with the MgO, thin film, a wettability study was conducted [1Fgure-3 (with
digital image) depicts the CA value of water drdaplen the MO, nanoplate electrode
surface. The CA of a MR, electrode with a water drop is 21°, which indicatest MO,
surface has a hydrophilic nature. Because of tingirophilic nature, aqueous electrolytes
can make good contact with the electrode surfacel@ctrochemical applications. It is
obvious that the hydrophilic surface of the eled&ranaterial in SCs applications is a crucial
aspect for improved performance [18,19]. SEM hasnbesed to investigate the surface
morphology research of M@, thin film. Spherical and polygonal grains haverbseen in
the SEM image of M§D, thin film as shown irFigure-4a. Additionally, it is shown that the
particles were agglomerated, as well-connectedoumly dispersed spherical grains with
increased porosity were revealed. Electrolyte icars access a high number of microscopic
pores in a MgO, thin film, increasing the electrode’s ability tore charges [7]Figure-4b
shows the histogram of grain size of {3 material. The approximately average grain size
of MnzOy4 is 375 nm.
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Figure-4. a) SEM image of MRO, thin film and b) histogram of grain size of the MrO,.
3.1 Electrochemical Study

Through CV and GCD analysis, the SCs performance wassessed in 1M B8O,
electrolyte. The CV curve of the M@, thin film is shown inFigure-5a at scan rates of 5,
10, 25, 50, 75, and 100 mV/s. The curves show axrgeak, which suggests that the thin
Mn3O;4 thin film exhibits pseudocapacitor behaviour doefte faradic redox processes. The
capacitance behaviour of the working electrodegpsesented by the area of the CV curve.
Thus, it is evident that the area of the curvesrigdth increasing scan rat&igure-5a).
However, when the scan rate rises, theofCthe MO, thin film drops. This is because at
high scan rates, there is inadequate intercalatiod deintercalation at the electrode-
electrolyte interface. Therefore, with a scan rafe5, 10, 25, 50, 75, & 100 mV/s,
respectively, maximum Lvalues of 106, 77, 51, 36, 28, & 23 F/g have baehieved.
According to theEquation-1, the G value of the MgO, thin film was estimated from CV
curves [7,20].

P2 1v)av

mx*v*Av

Cs = 1)

Whereasjv"lzl(V)dv- area under the CV curve, m - the mass of degbsnaerial in grams,

Av is a potential window in V/SCE. Furthermore, thg &, and K of the MnyO, thin film
were examined by GCD analysis.

Current Cs Ed Pd
Density | (F/g) | (Wh/kg) | (W/kg)
(mA/cm?)

1 62.35 5.54 800
2 35.35 3.14 1600
3 26.85 2.38 2400
4 20.10 1.78 3200

Table-1: - The estimated values of Cs, Pd, Ed, angl

As depicted inFigure-5b, the non-linearity of the GCD curves further supgdhe
Mn3O, thin film's pseudocapacitive character, which iegistent with the findings from CV
curves. The GCD curves, which are showTable-1, were used to estimate the values of
the G, Py, and . The values of Cand E decrease as the current increases; as a result, th
current density at 2 mA/chexhibits the maximum SCs performance ofs®nthin film. The
following equations 2, 3, and 4 respectively, asedito calculate thes(&y, and R [20].

It

Cs = m_;V (2)
0.5+CsAVAV

Ed- = —3.6 (3)
S.E.x3600

Pq = (4)

tq
where m is the mass of the deposition in gramniess the discharge time in seconds, tc is
the charging time in seconds, V is a potential wimdn V/SCE, and | is the discharge
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current in mA. In addition to CV and CD, the freqgug dependence and resistance provided
by the MO, thin film is investigated using EIS analysis ir tlhequency range of 1 Hz to 1
MHz. Figure-5c depicts Nyquist plots for M, thin film. It is observed that M, thin
film achieve a lower value of fand R; as 1.44 and 0.98. Thus, the MgO, thin film
exhibits superior SCs performances due to theirvalme of R and R;, which signifies the
rapid charge transfer mechanism during the chargingischarging cycle. Furthermore, the
cyclic stability of MO, thin film is examined for 1000 cycles using CV measurement in
1M N&SOQ, electrolyte at a 100 mV/s scan ratggUre-5d). It is apparent that there is a
dramatic increase in they By 14% after 250 cycles to that of SLcycle, which is attributed to
the increase in the material's active site. Funtioee, after the 50 750", and 1008 cycles,

it decreases by 6, 6, and 3% to that of the™2%md" and 758 cycles respectively. This
decrement in capacity retention between™&01008" CV cycles is due to a large amount of
material active sites material loss during theibtghest. The prepared M@, thin film has a
capacity retention rate of 99% after 150GV cycles. Hence, the aforementioned study
confirms the stable nature of a M thin film and it is a suitable candidate for SCs.
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Figure-5. a) CV curve of MnsO, at various scan rates, b) GCD plot of MgO4 thin film
at various current, c) EIS plot of Mn;O4 and d) Retentivity plot of Mn3O4 thin film

CONCLUSION

In conclusion, MgO, thin films have been synthesized using a SILARhoét The XRD
pattern revealed that the MOy thin film is crystalline in nature and a My phase was
confirmed by the FT-IR analysis. SEM images shoat the MO, thin film surface was
completely covered with spherical and polygonalpglth grains. The contact angle
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measurement revealed that thez@psurface was hydrophilic, with a contact angle Bt 2n
1M Na&SOQ, electrolyte, the MgO, thin film achieved a great,©f 106 F/g at 5 mV/s and 62
F/g at 1 mA/cri. The developed MyD, thin film exhibits incredible Fand R as of 5.54
Wh/Kg and 800 W/Kg, respectively. The by thin film achieve a lower value ofsRnd R;
as 1.44 and 0.98 and it has a capacity retention rate of 99% af@@0" CV cycles at 100
mV/s scan rate. These findings showed that chelypidaposited MgO, thin film is a strong
candidate for the role of electrode material in &@glication.
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ABSTRACT

India is agro-based continental country with 1.3Bom population. The available cultivable
land in the country has been continuously encrodced decreased by cement jungles, in
the fast expanding cites in India, which has sigaiftly decreased cultivability. Number of
scientists concentrated in research on increaseigid and decrease production-cost of
wheat all over the world to overcome high demanelyative air ion generator (NAI) plays
very important role in the management of soil arapgyield in the agricultural sector. Main
focus of the study is to see the effect of arificigenerated negative air ions of the order of
109 per cc generated by negative air ion generdtdAl). Treatment of the generated
negative ions was observed on nutrition and groethwheat crop, which may help to
increase the yield. The study was carried in theeobatory, to observe the effect of artificial
negative ions on the nutrition and growth of wheap. For this study we cultivated wheat
crop (HD-2496) in the pots separately for untreat#dp as a control and treated crop to
find the result. In this research it has been obedrthat growth of plants and percentage of
mineral nutrients present in wheat crop has beenegased. Thus, after treatment of negative
air ions, we found that the values of rate of gtowhd eight mineral nutrients like N, P, K,
Na, Fe, Zn, Mn, and Cu of the wheat crop has beereased. Due to this experiment, there
is no need of using other fertilizers. It has givepeful results to increase the yield and
guality of wheat grains. Such study significantiteis the electrostatic configuration of the
agriculture and increases cation holding capaciGEC) of the soil to maintain fertility,
giving healthy vigorous crop.

KEYWORDS
Negative air ion generator (NAI), Negative air iphgheat plant (Triticum aestivum), Cation
exchange capacity (CEC), Nutrition, Mineral Nutrign

1. INTRODUCTION

Wheat is the one of the oldest and second-largestosial cereal cultivated in rubi crop in
India. The overall area under the crop is abouti@8on hectare within the country. The
productivity of wheat which was 2602 kg/hectare 2004-05 has increased to 3140
kg/hectare in 2011-12 [25]. Wheat is known as werldost important nutrient crop which
can provide approximately 20% of calories. Therefavorld’s nutrient is build upon wheat
and wheat products; e.g. pasta, chapatti, breads[16]. To improve crop yield many of
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farmers in India widely used chemical fertilizeradapesticides in agriculture. Though
chemical fertilizers increase crop production; itteieruse has hardened the soil, decreased
fertility, strengthened pesticides, polluted aidamater, released greenhouse gases, thereby
bringing hazards to human health and environmentvels Therefore, our study is to
overcome the use of fertilizers and pesticides.v8developed alternative option which is
known as negative ion generator (NAI). All airborparticles in the environment with
electrical conductivity and charges (positive arebaitive) are known as air ions [24]. Main
work of NAI is to generate a negative ion whichrizg negative charge (Figure-2).

There are many harmful effects of air pollutionsmants; they can have direct poisonous
impacts or by implication by changing soil pH felled by solubilisation of the sulphur
dioxide can influence the opening of the stomatisging about excessive loss of water. Air
is mixture of different gases. Natural air ions gemerally producing many ways such as
gamma rays, natural radioactivity, cosmic rays,enatls and wind motions. lonisation,
attachment, and clustering are three phases folesiarm of ions [23]. When atom looses or
gains electron then it is said to be positivelynegatively charged respectively. Process is
called as ionisation [22] as shown in Figure-3. Bwm or molecule which is electrically
neutral and balanced, it is said to have an equaber protons and electrons [22]. Losing an
electron atom molecule becomes negative ions [PB¢ constriction of such negative air
ions in the atmosphere affects human health and playsiology.

The participation of air ions in the atmosphere imaseased the interest of scientists in the
aerosol formation, its influence of air qualityinchte change and human health. Studies of
various scientists have been revealing and dengrithie impact of air ions on human and
crop health. Oxygen and other ionised moleculeaim€omponents have stronger effect on
human being [22]. Air ions may have healing or Hatneffect on human health. We feel
happy, relaxed and breathe easy in the presenegiveegns [20].

In the recent year air ionizer is used for as @nagement and soil management which killed
bacteria present in atmosphere which is healthjndionan health. Number of researchers has
been invented the biological action of ions in atpteere but attention has given on physical
action of air ions. Clinically study shows that a&ge air ions overcome the bacterial activity
present in atmosphere and protected the humar2®fe Negative ions which help to kill
bacteria or viruses present in plant and soil aedease growth of plant and nutrient level
[29].

The aim of this study is to see the effect of mitifly generated negative air ions on the
nutrition and growth of wheat crop (Triticum aestiv), without using fertilizers and
pesticides useful for human health. It may be Udefumprove the economy by increasing
the yield of wheat in developing country like Indfaur hypothesis explained the physical
evidences of effect of generated air ions in adfucal sector. There has been great interest to
see the effect of negative air ions artificiallyngeate negative air ion generator on the
nutrition, growth and increase in the yield of dint crops.

2. EXPERIMENTAL DETAILS
2.1  Experimental details and study area

Our experiment carried out at Ghogaon (17°05'2974;26'27"E) and 570 m above sea
level) rural area located in Sangli District; Madsttra (India) as shown KFigure-1a. Figure
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1d shows the vegetation area around the observataryral site Ghogaon, climate is clean,
less dust particles and high wind speed (~2.6 mttsgards East).

(a)

()

Figure-1. a) Map of Ghogaon (17°05'29”N, 74°26’27"Erural area located in District

Sangli; Maharashtra (India), b) Satellite view of wral area Ghogaon (Sangli), ¢) The

vegetated area surrounding the observatory at rurakite Ghogaon, d) Mountain site
surrounding to the observatory.

The experiment was conducted in the well-furnisblegervatory on the first floor. The room
temperature was 25 °C (1 °C) in all of the meawytests-igure-1c. The NAI was placed

at the distance of one feet from the wheat plahte T™ountain site just half Km from
observatoryFigure-1d. Google map clearly shows observatory surroundieg is covered
with vegetation area with few numbers of homess typical Indian villagd-igure-1b.

Two pots of same size and shape filled with sanpe tgf soil from the same locality
containing 100 seeds each of wheat HD-2496 varaetgt,covered with a soil properly with a
same quantity placed at N.T.P.in two separate roéinst dish placed without negative ion
generator in room and another dish is placed wathative ion generator another room. The
treatment of negative air ion was given from 12 &mber 2020 to 27 November 2020
continuously for sixteen days and height of plamss recorded on 11, 12, 20 and 23
November in first experiment. Daily same water eahtvas poured to both the dishes at the
same time and growth was recorded. All plants weneoved from each dish separately and
dried properly in clean area in the shade. Thetplaom two pots and soil were separately
sent for laboratory testing. The testing report waorded. Same experiment was repeated
for the period from 13 January 2021 to 28Janua@i20
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2.2 High negative potential (-eV)

According to variation of energy in the environmedifferent methods based on natural
generation are introduced. As for artificial getieraof NAI, corona discharge is dominantly
elaborated due to its preponderance in convengenbntrol of the concentration of ions. It
tends to introduce the determination of NAI, comitagy quantitative and qualitative detection,
by using ion counting device. By using negativei@ir generator near about 7000V negative
potential is created at the tip of negative air gemerator as shown iRigure-2. When
neutral air molecules come in to contact with higlgative potential electron is attached to
the neutral molecule. Thus, neutral atoms and mtdecare negative charged. These
negatively charged air ions repelled by high negagiotential of negative air ion generator.
These artificially produced negative are surrounog@vheat plant in the observatory.

Dust particle, molecules of
‘water vapours, air aerosol

Stable positiveion

(speed 1.4cm/s)

High Negative ' _-'I

Potential From Heavy big positive

Negative Air lon Non-stable negative small ion (speed 0.001
cm/s)

Generator ion (speed 1.9 cm/s)

Unbound electron with Heavy big negative
very high speed Ion (speed 0.001

Neutral gas molecules \ cm/s)
qhhlil. 2.

Stable HEEGIIVE ion Effect of negative ion

on wheat plant
Dust pamcle
molecules of water
vapours, airaerosol

Schematic of production of negative air ions by negive air ion generator.

Figure-

2.3.  Process of cation exchange capacity (CES)

Cation exchange is the absorbed cations replenishedon in the soil solution when
concentration decreases due to uptake by plant €@aiton exchange capacity (CEC) is a
measure of the total negative charges within thietfsat absorbs plant nutrients cations such
as calcium (C%), magnesium (Mg), and potassium (K (Figure-3).

Cations are positively charged; they are held lgatieely charged sites on clay and humus
particles called colloids. These consist of thitat fplates and for their size, have a
comparatively large surface area.
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Figure-3. Schematic representation of cation exchae capacity (CEC) process in
presence and absence of NAI.

Therefore because of this reason they are ableimhg very high quantities of cations. The
stronger the negative charge on the colloid, thghdm its capacity to grip and exchange
cations, hence the term CEEigure-3).

3. RESULTS AND DISCUSSION

The result indicates that high concentration ofatieg@ ions causes significant change the
experimental datéTable-1 and 2) It shows the effect of treatment of negative ionsthe
wheat crop. To support this observation controhuwiit treatment has been shown. It has
been observed that wheat crop under treatment gditive ions generated by NAI, show
comparatively more healthy growth and stabilityrthentreated wheat crdpigure-4 and>5.
Daily measurements revealed variability in height wheat plants, which showed
comparatively more height in treated plants thatmeated plantgFigure-5a&b). After the
treatment of negative air ions Nitrogen increasesf1.76% to 1.80%, Phosphorus from
0.22% to 0.27%, Potassium from 0.12% to 0.13%, Buodirom 69.00% to 73.00%, Iron
changes from 102.04 PPM to 138.40 PPM, Zinc 30A& b 34.80 PPM, Manganese from
52.25 PPM to 61.42PPM, Copper 48.20 PPM to 55.20 PRble-2) in the first experiment.
From the graph it is also clear that nutrition dieat increases due to negatively charged
generated air ion near the plaffsgure-6). In the second experiment conducted from 13 to
28 January 2021with same soil and environment, lsemwed clearly increase in mineral
nutrients of the wheat plants after the treatmémiegative ions by NAI in the soil and on the
crop (Table-2). It revealed after the treatment of negative amsiNitrogen increases from
4.60% to 4.72%, Phosphorus from 0.83% to 0.84%ad3aim from 1.19% to 2.11%, Iron
changes from 156.24 PPM to 182.25 PPM, Zinc 32F6I ko 37.40 PPM, Manganese from
0.21 PPM to 0.22 PPM, Copper 6.77 PPM to 8.33 FPable-2) in the second experiment.
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(a) (b) (a) (b)

Analysis Report
Sr. No. Constituents Without treatment With treatment
1. Nitrogen% 1.76 1.80
2. Phosphorous% 0.22 0.27
3. Potassium% 0.12 0.13
4. Sodium% 69.0 73.0
5. Ironin PPM 102.04 138.40
6. Zinc in PPM 30.16 34.80
7. Manganese in PPM 52.25 61.42
8. Copperin PPM 48.20 55.20

Figure-4. Daily observation of growth of Wheat cropa) with Table 1: Nutrition analysis
report without and b) without treatment of negative air ion generator at with treatment
of NAI Ghogaon from 12 to 27 November 2020.

Analy
sis
Repor
t
Sr. Constituents Without With
No. treatment treatment
1. Nitrogen% 4.60 4.72
2. Phosphorous% 0.84 0.85
3. Potassium% 1.99 2.11
4. Sodium% 62.00 65.8
5. Ironin PPM 156.24 182.25
6. Zinc in PPM 32.75 37.40
7. Manganese in 0.21 0.22
PPM
8. Copperin PPM 6.77 8.32

Figure-5. Repeated experiment from 13 to 28 Januaryable 2: Nutrition analysis
report with and 2021 for daily observation of growh of Wheat without treatment. Crop
a) with b) without treatment of NAI at Ghogaon.

3.1  Graphical interpretation of nutrient level

The variation in nutrition of wheat plants beforedaafter the treatment by the negative ions
using NAI of both the experiment have been prieskm Figure- 6a and6b. It has clearly
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revealed that treated plants showed steady increasiee nutrient level in the both the
experiments as compared to untreated plants.
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Figure-6. a) Nutrition variation of wheat plant with different constituents present in
plant, before and after treatment of NAI (From 12 © 27 November 2020) b) After
repeated same experiment of nutrition variation ofwheat plant with different
constituents present in plant (from 13 to 28 Janugr2021).

Increased Fe level from 102.4 & 156.24 to 138.40182.25 respectively in both the
experiments. It helps for more chlorophyll pigmeintshe leaves giving bright green colour
to the leaves enhancing rate of photosynthesisecpently resulting in the higher growth
rate to help higher productivity of quality whea&i.

Zinc plays important role in yield of plant andstalso known as foliar application. Mn, N, P,
K, Na and Cu are also important micronutrientsnimre wheat plant growth and NPK acts as
natural fertilizer to the wheat crop. Thus, it al®use of chemical fertilizers and soil and air
pollution. From these observations, we may conchiae effect of negative ions using NAI
on wheat plants gave positive response of nutriemtithe growth of wheat plants.

3.2 Graphical interpretation of growth of wheat cra

There is no need of chemical fertilizers and avadsg and air pollution. The histogram
shown in theFigure-7 clearly revealed comparatively more growth off",112", 20", and
239 November 2020 in the first experiment and off,121%, 22", and 2%' January 2021. It
clearly indicates good results and vigorous growthwheat crop. These results of the
experiments showed vigorous growth of wheat croaleesnative method of soil and crop
treatment as a substitute method in the place @hatal manual treatment preventing the soil
and air pollution.
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Figure-7. Growth of Wheat crop at rural at Ghagon g From 12 to 27 November 2020 b)
From 13 to 28 January 2021.

Figure-8. Growth of wheat a) Without b) With treatment of NAI at rural station
Ghogaon.

In a research study of equilibrium separation adiviyemetals in Dutch field soils, it was
observed that the solid/aqueous phase partitioffficieats for Cd, Cu, Ni, Pb and Zn
correlated well with CEC [30]. In a study on Pbaduailability and toxicity to earthworm’s
significant negative relationships between mostaditd pH and between mortality and CEC
were demonstrated [10]. In the same study stalbticremarkable negative associates
emerged between internal Pb, CEC. Furthermore, rét&tionship between earthworm
internal Pb concentration and soil properties ag&cCEC was also significant [10].

lon exchange phenomena in soil are important fiainang and increasing the nutrients status
of soil [13]. Various types of clay minerals alongth the organic matter in the soil have
certain electrically charged site which can attrd opposite charge ions in soil. With
negative charge site in the layer lattice clay matsg CEC of the soil increases which have
the ability to hold positive cations like H+, Al+&a+2, Mg+2, Na+, NH4+, etc. So, with
increase ion exchange in soil, it has the capacityold the nutrients in the form of ions but
exchangeable with other similar charged ions fréma $oil solution [1]. By holding the
nutrients in the surface layer, it reduces the tafssutrients through leaching and in other
way it reduces the contamination of groundwatehhe ions or heavy metal reducing water
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pollution [28]. CEC in soil is an important inderrfthe fertility status of soil [2]. With
increase in CEC the exchangeable nutrient iongilnrereases and this exchangeable form
of nutrients is the most available form for plaptake. Plant roots also have the ability to
exchange cations from the soil. This property aftiie due to the presence of free carboxylic
groups of Uronic acid of pectin (Laird et al., 2D10here lies a positive correlation with the
dry matter production and yield of crops with timerease in CEC of soil [17]. Nutrients
uptake by plant to shoot and grains from soil fkienced by the roots CEC [31], which also
depends on different physiological growth stageplaht [4]. With large CEC the nutrient
griping capacity of a soil increases with its cafigito grip nutrients cations in the negative
charged surface making many nutrient buffering cejes of the soil for plant uptake
Figure- 8.

4. ROLE OF PHOSPHORUS

Phosphorus is a component of high-energy bonddudmg phosphoanhy-dride, acyl
phosphate and enol phosphate and plays an impadéntn cellular metabolism. These
high-energy phosphate-containing compounds trartsierenergy to acceptor molecules,
thereby serving as sources of crucial cellular @sses. It plays an important role in
photosynthesis right from the seedling growthgrkin formation and maturity [8]. Uptake is
the first step of the pathway involved in the moeatof any element from soil to roots and
other plant parts. The availability of phosphornssoil solution is largely decided by soil
components, including soil pH, texture and conegin of phosphorus. In NAI treatment
phosphorus increases from 0.22% to 0.27% in fidt@83% to 0.84% in second experiment
this is due CEC in increases after the treatmeneghtive ions by NAI.

Air pollution has become a serious environmentedsst to crop plants due to increasing
industrialization and urbanization during last des[26]. Some scientists have reported the
adverse effect of air pollution on wheat crops [2Xir pollution emitted from urban and
industries adversely affecting the ambient air agdcultural production. It is very clear that
urban and industrial air pollution has become @assrthreat to agricultural production. In
this study artificially generated negative ions paty used to increase the CEC of soil but
also used for cleaning air pollution surrounding tiheat crop. Negative air ions produced
by NAI are combined with pollutants surrounding thieeat crop and settle down on surface
[22]. Due to these reasons even though we are sed €ertilizers or pesticides there is
growth both in height and mineral nutrients in Nl treated wheat plants.

5. CONCLUSION

From this study we have to conclude that, negatime which help to kill bacteria or viruses
present in plant and soil and increase growth ahtpland nutrient level. In this study
observed that negative air ion produced around tpkeat by negative air ion generator.
Due to high negative potential 1010 negative aisiper cm are generated. Soil in plant pot
is more negatively charged. At the same time mat@iws are held by soil due to more
negatively charged soil. As there is attractionweein positively charged cation near the
surface of soil and negatively charged soil as Itesation exchange capacity (CEC)
increased. Therefore, more nutrients were providedheat plant. Automatically, nutrients

of plant in increases, due to that yield of whedt mwcrease without using any fertilizer or
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pesticides. This naturally produced wheat producti® healthy for human health and
production cost effective for developing countrigeliindia. Negative air ions produced by
NAI are combined with pollutants surrounding theeahcrop and settle down on surface.
Due to these reasons even though we are not udgiddes or pesticides there is growth both
in height and mineral nutrients in the NAI treateaeat plants.

In Further study we will see the effect of treatin@innegative ions using NAI on wheat crop
in green house which will be helpful to the increéise yield of wheat grains.

In present work, the ZCN NCs were prepared usingpld sonochemical method. Further
bare ZnO NRs and ZCN NCs based working electrodere \iabricated via binder free

technique. The structural, optical as well as molpgical studies were preformed using
XRD, FTIR, UV-Visible DRS and SEM analysis. The gt PEC performance was
observed for ZCN1l NCs based working electrode, Wwhialso possessing high

chronoamperometric stability. Hence, such ZCN N@sed photoanodes will be highly

appreciated and efficient for solar energy conweersitudies.
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ABSTRACT

Copper oxide nanoparticles were synthesized by exstep hydrothermal method
using copper acetate as a precursor. The purity,ndbdinic structure, and
crystallinity of copper oxide nanoparticles werenfiomed by x-ray diffraction,
revealing a crystalline size of 16.87 nm. The Wible spectra showed maximum
absorbance at wavelength 310 nm and the band gajpmder oxide nanoparticles
found to be 4.1 eV. Functional groups present i@ shmple were confirmed by
Fourier Transform Infrared Spectroscopy. Scannitegton microscopy revealed a
nanoflake-like morphology of the prepared copped®xmanoparticles. The zone of
inhibition for Bacillus subtilis (gram-positive beszia) was found to be 8 mm and the
zone of inhibition for Escherichia coli (gram-neiyat bacteria) was found to be 7
mm as compared to the standard antibiotic cefotaxim

KEYWORDS

Antimicrobial, Copper Oxide, Hydrothermal, Monod@iin Transition Metal Oxide.
1. INTRODUCTION

Due to desirable qualities of copper oxide (CuOnapearticles such as low cost,
nontoxicity, and ease of use, copper oxide nanmesthave significant interest in
research fields like Solar cells, Biodiesel, Phatalysis, Supercapacitors,
Electrocatalysis, Antimicrobial activity, etc. [1$cientists are currently working on
copper oxide nanoparticles by various methods sashhydrothermal method,
Solvothermal method, reflux method, sol-gel metfimddifferent applications [2].
Antibacterial activity is a very important charagséc in medical science, to provide
enough protection against harmful bacteria andadisetransmission. Transition
metal oxide nanoparticles have great attentionememt years and applications in
numerous fields. As compared to micro or bulk-sizeterials, nanoparticles have a

high surface-to-volume ratio which produces unedalphysical and chemical
properties [3]. To prevent microbial contaminatminfabric nanoparticles including
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silver, Chitosan, silicon dioxide, titanium dioxjdand zinc oxide have become
popular in the textile industry [4]. An innovativand simple method for creating
CuO nanocrystals is hydrothermal synthesis.

Copper oxide is a p-type semiconductor exhibiamgonoclinic phase and band
gap of 1.2 eV. CuO has been extensively used aasasgnsor, heterogeneous
catalyst, and field emission emitter in a variety feelds [5]. Due to their
effectiveness in heat transfer applications as fhade, CuO NPs are of particular
interest [6]. The United states environmental pidé agency (USPA) has
permitted copper and its alloy to kill 99.99% ofcteia [7]. Pathogenic bacteria
becoming a pitfall to human health [8]. Copper exiCuO), zinc oxide (ZnO),
titanium oxide (TiQ), and iron oxide (F£s3;) played an important role in
antimicrobial activity. Copper oxide is more inerp&/e than silver and has stable
physical and chemical properties [9]. The noveftyhe work lies in the synthesis of
copper oxide nanoparticles using the hydrothermethod and the observation of
nanoflake morphology. The use of hydrothermal sgsithis a relatively simple and
cost-effective method for the production of nantipls, and the resulting
nanoflakes may have unique properties comparedher anorphologies, such as
spheres or rods. Additionally, the testing of thentBesized nanoparticles for
antimicrobial activity againsBacillus subtilisand Escherichia coliis also a novel
aspect of the work, as it demonstrates the poteaiglications of these materials in
the field of microbiology.

The problem statement of work could be summariasdhe need for more
effective and sustainable methods for controlliragtbrial growth, particularly in
healthcare and food production settings. The widegpuse of antibiotics has led to
the emergence of antibiotic-resistant strains oftdyéa, making it increasingly
difficult to control bacterial infections. In adaiit, there is a growing concern about
the environmental impact of traditional antimicralbagents, such as heavy metals.
The development of novel, environmentally friendhtimicrobial agents is therefore
an important area of research. A focus of this ysttal synthesize copper oxide
nanoparticles by hydrothermal method and to studijpacterial activity of CuO NPs
againstBacillus subtilisandEscherichia coli.

2. EXPERIMENTAL SECTION
2.1 Synthesis of copper oxide NPs

Copper oxide nanoparticles were prepared via higdratal method using copper
acetate monohydrate {sCuGs) as a precursor and sodium hydroxide (NaOH) as a
precipitate agent. In a typical synthesis proceduteM CGHgCuG; (SD Fine Chem
Ltd.) is added to 100 ml of double distilled wasdter that 1 M Sodium hydroxide
(NaOH) solution was added drop wise to copper éeetalution under continuous
stirring so as to get pH value 10. Then soluti@ngferred into Teflon lined steel
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autoclave at temperature £@0for 2 hours under autogenous pressure. The snoluti
filtered with filter paper and washed several timath double distilled water and
ethanol to remove impurities. The filtrate was draver night at 6XC in oven. The
obtained powder further annealed at #D@or 2 hrs. Figure-shows the schematic
of synthesis of CuO NPs.
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Figure-1. Schematic of synthesis of CuO NPs

2.2 CHARACTERIZATION TECHNIQUES

Powder X ray diffraction pattern to confirm monoati phase of copper oxide
nanoparticles were recorded on X-ray diffractomaising Cu-k radiations of
wavelength 1.54 An the D range of 10to 9C. (Bruker AXS Analytical Instruments
Private Ltd., Germany, Model: D6 phaser). Uv-visildpectroscopy was used to
know absorption in sample. The Uv-Vis spectra rdedrin the range of 200-800
nm. FTIR spectra of the samples were recorded USIMR spectrometer (JASCO,
Lisses, France) with the pellet technique in theemamber range of 4,000-400 ¢m
The surface morphology of copper oxide nanopagigl@as characterized by using
scanning electron microscopy [JEOL JSM 6360] witbederating voltage 18 KeV.
Antibacterial activity of CuO NPs was analyzed gsilisk diffusion assay.

3. RESULTS AND DISCUSSION
3.1 Growth mechanism of CuO NPs
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Copper acetate monohydrate is used as copper pogcand sodium hydroxide as
precipitating and stabilizing agent [5]. Sodium toxdde reacted with copper acetate
monohydrate to form copper hydroxide and sodiunteaee

[Cu(CH;C00),] + NaOH — Cu(OH), + CH;COONa (1)
On heating at 40%C, copper hydroxide decomposes into copper oxide.

Cu(OH), — Cu0O + H,0 (2)

3.2 X-ray diffraction study

---- CuO NP'S

L
(002
(111)

JCPDS Card no. 00-045-0937

(-202)

Intensity (a.u.)
113)

|

(-110)

s——"|!

20 40 60 80

20 (degrees)
Figure-2. pdy diffraction of CuO NPs

The phase and structural characteristics of coppade nanoparticles were
confirmed using X- ray diffraction technique [10,12]. Copper oxide nanopatrticles
forms monoclinic structure. The diffraction peakls acopper oxide nanoparticles
centered at 32.89 35.60, 38.79, 48.70, 58.29, 61.54, 66.19, 68.20
corresponding to the crystal planes (-110), (0a01), (-202), (202), (-113), (-311),
(-220) and matched withCPDS Card no. 00-048937[11-14].(002) is most intense
peak hence it attributed to high crystallinity gndity of sample. The crystallite size
was calculated from Scherrer formula [13].
0.9A
D= BcosH (3)
Where) is wavelength of X- ray (1.54 AR is full width half maxima. The

crystallite size found to be 16.87 nm. Accordingliterature, (002) peak is most
intense peak. It is seen that monoclinic phase otserved in many reports. It is
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clearly seen that x-ray diffraction results in omork are well concurred with
literature.

Cuo Np's

Absorbance(a.u.

300 400 500 600 700 800
Wavelength (nm)

3.3 UV-Visible spectroscopy
Figure-3. UV-Visible spectrum of CuO NPs.

The optical properties of Nanomaterials can beyaeal through this technique. The
UV visible spectra were recorded in the wavelengtige 200-800 nm. Band gap
can be calculated from UV-Vis spectroscopy. Thecudated band gap from UV

spectra found to be 4.1 eV which was larger thamdbgap of bulk CuO due to

guantum size effect [14,15]. The maximum absorbave® found at wavelength 310
nm. As size of nanoparticle decreases band gapradparticles increases. According
to literature, the band gap of nanoparticles wamdoto be 3-4 eV [16]. It is clearly

seen that UV spectroscopy study in our work are meatches with literature.

3.4 FT-IR Study

The chemical bonding of copper oxide nanopartisigghesized using hydrothermal
method was examined using FT-IR. 400 - 4000" ewavenumber range was used to
record the FTIR spectrum of CuO NPs. The peaksédcat 500 cil and 585 cnf
showed the formation of pure copper oxide nanofagi A peak situated at 1100
cm 7 attributed to the stretching mode of pyrrole riamyg vibration mode of C-N
bond. A peak located at 2943 ¢rshowed C-H bond of indole moiety (alkaloids)
and peak centered at 3445tmeveals O-H stretching due to water molecule or
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moisture present in the sample [17]. It is obvithet our results closely reflect the
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Fig. 4 FTIR spectrum of CuO NPs

3.5 SEM Study

Figure-5. SEM micrographs of CuO NPs
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The surface morphological study of copper oxideopanticles was confirmed
by scanning electron microscopy. Figurerpresents SEM micrographs of CuO
NPs. It is observed that nanoparticles formed rlake$§ morphology [18]. In
literature, number of morphologies has been regolitee hanorods, nanospheres,
nanoflakes, nanograins [3, 7-9, 15, 18]. It is coméd that our results are well
agreement with literature.

3.6 Antibacterial Activity of Bacillus Subtilisand E. coli

Antibacterial activity of CuO NPs was examined ag#Bacillus subtilisandE. coli.
Figure-6 represents the antibacterial activity of CuO NPairagj Bacillus subtilis
and E. coli using disk diffusion assay[19]. The disk diffusiorethod was used to
determine susceptibility of bacterial speci€&adillus subtilis and E. col). The
diameter of zone laid out magnitude of susceptypdi bacteria. The antibiotic used
as positive control and distilled water used asatieg control for comparison. In this
method, the sterile Muller Hinton agar plate waspared. Then the test organism
spread over plate and by borer wells are prepanddten 50 uL sample was added
to the well from 1 mg/mL stock solution of CuO NH#e plates were incubated at
37° C for 24 hours. After 24 hours of incubatiBacillus subtilisexhibited 8 mm
zone of inhibition in comparison with the standartibiotic cefotaxime (15 mm)
and E. coli displayed 7 mm zone of inhibition as compared he antibiotic
cefotaxime (17 mm). It can be seen that gram pesiiacteriaBacillus subtilis)and
gram-negative bacterigE( coli) displayed significant results. Hence copper oxide
nanoparticles exhibited good antibacterial actiatainst gram positive and gram-
negative bacterial species. The comparison wittrditire is summarized in table
below:

Figure-6. Antibacterial activity of a) Bacillus subtilisand b) E-coli
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Table-1. Comparison of different bacteria based oropper oxide reported in

literature.
Bacterial Zone of

Method Morphology species inhibition (mm) Ref.
Green approach Grain S. aureus 7 [20]
Biosynthesis Rectangular S. aureus 6 [12]
Biosynthesis _ S. aureus 7 [21]
Hydrothermal Flakes E. coli 7 This
work

Hydrothermal Flakes Bacillus subilis 8 This work

3.7 Antibacterial Mechanism of Copper Oxide Nanopaticles

ROS Generation

]
L ¥, o

Bacieria

Figure-7. Antibacterial mechanism of copper oxide anopatrticles

Figure-7. illustrates antibacterial mechanism of copper oxid@oparticles. When
the light incident on reaction sample, electrongitex from valence band to
conduction band by leaving holes in valence barale#ioxidize the water molecule
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in the reaction sample to more reactive OH radigéhg to the presence of electrons
in conduction band. The oxygen molecule gets retittoeO? radicals and kD
reduced to OH radical and these radicals are cafladtive oxygen species (ROS).
This ROS can directly break cell wall and kill thacteria. This ROS are necessary
to kill the different bacterial species [22].

4. CONCLUSION

We have successfully synthesized copper oxide ratioles by hydrothermal
method. The phase and crystallite size of CuO N#dirsmed by using X-Ray
diffraction pattern. Absorbance and band gap cowd by using UV visible
spectroscopy. Scanning electron microscopy showakke flike morphology of
copper oxide nanoparticles. The crystallite siaentbto be 16.87 nm from Scherrer
formula. The band gap of copper oxide nanoparticlas found to be 4.1 eV. FTIR
peaks in the range 500 - 1100 tmevealed formation of pure CuO. Scanning
electron microscopy showed the nanoflakes morplyldghe reactive oxygen
species (ROS) are necessary for antibacterialigcand successfully produced by
copper oxide nanoparticles synthesized via hydrothe approach. ROS are
necessary to kill the bacterial cell wall and toguce oxidative stress in bacteria. By
causing the oxidative stress in the bacteria ftassible to break the cell wall and
responsible for contact killing of various bacterspecies. This work has the
potential to provide insights into the propertiesl applications of copper oxide nano
flakes as antimicrobial agents, and to contribudettie development of more
sustainable and effective methods for controlliragtbrial growth. The prepared
copper oxide nanoparticles exhibited good antivedtectivity againstBacillus
subtilisandE. col..
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ABSTRACT

Here, we describe the simple hydrothermal approaoh synthesize WO3
nanostructured material. The X-ray diffraction taadfue (XRD), scanning electron
microscopy (SEM), surface wettability test, andcteteehemical studies including
cyclic voltammetry (CV) and galvanostatic chargsetiarge (GCD) were used to
characterize the W§nanostructure (NSs) electrode material. The maniacl
crystalline nature of W@NSs was revealed by an XRD signal. The encapsulate
nanoflowers with a non-uniform porosity were obsenin the SEM micrographs.
The electrochemical properties of W&ainless steel (WEBS) electrodes have
been examined in 1M KOH electrolyte, and they skogeod electrochemical
performance. Moreover, W3tainless steel was a battery-type material that
provides specific capacitance (SCs) of 201 F/gcangates of 5 mV/s and a good
energy density of 1.85 Wh/kg with a power dengi7cd W/kg at a current density
of 3 mA/crfi

KEYWORDS
Hydrothermal, Metal oxide, Nanoflowers, Supercafmaci

1. INTRODUCTION

Today's world is dealing with an unexpected ranigenwironmental issues,
mostly as a result of climate change brought othkeyemissions of gases that cause
global warming. Non-renewable fossil fuel use isticGpated to significantly
decrease during the next few years. As a resuls iecessary to use alternate,
sustainable, and renewable energy sources. Dugetading growth in population,
demand for global energy [1]. The device will addréhese shortcomings required in
current market trends i.e., supercapacitors, atteéries [2]. Electrostatically double-
layer capacitors (EDLC) and pseudo-capacitorstadévio forms of supercapacitors.
The majority of EDLCs are carbon-based materiald, @ue to their high surface-to-
volume ratio and broad operating potential windtvey are widely used in energy
storage systems. Although materials like metal exi(MOs), transition metal oxides
(TMOs), and conducting polymers can operate asdusmypacitors to store charge
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through a quick redox reaction at or near the eddet surface [3]. Various electrode
materials, including carbon-based materials, cotmagigpolymers, and TMOs, have
been studied for SC. TMOs are the most promisiniyaelectrode material. They
produce capacitance from extremely quick redoxtr@as and, more significantly,
because they store more energy than EDLCs [4]. llysuhe active electrode
material for SCs, such as MpNiO, WG;, and Ni(OH) [5-7] have been used as
active electrode material for SCs. The scientibtnunity has paid a lot of interest
to tungsten oxide, due to its properties such astreichemically stable n-type
semiconductor metal oxide, and present in a vagégpplications [8]. Pristine W
is an intriguing material, because of its notaltectural stability, high conductivity,
ease of structural changes, and sub-stoichiom@tase transitions. There has been a
considerable increase in W@ the application of photo-catalysis, gas sensamgl
electrochromic devices [9]. It has long been aaxphat structural flaws rather than
just electrical structures have a larger role itedwrining the characteristics of metal
oxides. Additionally, oxygen vacancies can imprelactrode material's conductivity
and activity. Consequently, tungsten oxide musinb@duced in the field of charge
storage mechanisms [10]. There are numerous repaorthe use of W@as an
electrode material for supercapacitors. For inganXu et al. show the
hydrothermally created mesoscopic Wanicrospheres. The mesoscopic WO
microspheres give the required porosity structares surface area that is provided
by entwined nanofibers for easy electrolyte flowd ajuick reaction kinetics [11].
Chacon et al. have reported the synthesis and aarwation of WQ polymorphs
using a solvothermal method. By adjusting the watantent in the solvothermal
process, they have reported the crystal forms of;\tdbe monoclinic, hexagonal,
and orthorhombic [12]. Huang and colleagues notitedv the hydrothermal
temperature affected the shape, phases, and sgumtlWGO; and examined it for
photochromic and electrochemical study [13]. e turrent study, WONSs are
prepared using a straightforward simple hydrothémmethod, and electrochemical
performance is assessed using inexpensive stastiegissubstrates in an agueous
KOH electrolyte.

2. EXPERIMENTAL SECTION
2.1. Materials

Sodium tungstate (N&/O,42H,0), concentrated hydrochloric acid (HCI), hydrogen
peroxide (HO,), double distilled water (DDW), Stainless SteelSYSsubstrate,
polyvinylidene difluoride (PVDF), Activated carboAC), and N-methyl-2-
pyrrolidone (NMP) was purchased from Loba Chemie B., Mumbai (India). All
chemicals were of analytical grade, additional fozation was not necessary.
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2.2.Synthesis of WQ NSs

To make W@NSs, 20 ml of DDW and 0.1 M sodium tungstate waissolved in a
DDW. For 20 minutes, the mixture was magneticatiyred, and add 5 ml of HCI
into the precursor solution until it turned yellehicolored. After, 5 min add 5 ml of
H.O, to form a well-dispersed solution, and the mixtwaes thoroughly poured into
a Teflon-lined stainless steel still autoclave. Bo¢oclave was sealed and heated for
10 hours at 18€. The well-prepared powder was taken out from nhgurally
cooling furnace after being rinsed several timeh \WDW and ethanol. It was then
dried at 86C for 2 hours before being annealed at°@5@r 3 hours shown in
Figure-1.

Na,WO,.2H,0 —> 2Na* +WO0,* + 2H,0
2Na* +WO0,* +2HCI — > HoWO,+ 2NaCl

H,0
HWO, —2=2> WO, +nH,0

- -
. - i
(R ( % I:"-"'l pon 12 g,
LTAL TR w
+ DI — ( %

Figure-1. Schematic for the formation of WQ-NSs using the hydrothermal
method.

To create milky white or yellowish tungstic parés| the tungstate ions first go under
the treatment of protonation or acidifications. Tinéermediate KWO, ions go
through additional hydration to crystallize with tea molecules and are kept
together by weak intermolecular interactions. Tplgse is crucial because at this
stage the pH and temperature have the most inftuener the morphology and size
of the nanostructure. The W-O bonds rebuild aswager is removed from the
structure, allowing O atoms to join and stack tbgetcausing a phase shitd, 15]
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2.3. Characterizations

The X-ray diffraction (XRD) for W@NSs was completed using a D2 Phaser
diffractometer from Bruker Ltd. (Germany) (Cux1.540%%). The surface
morphology of W@NSs was studied using scanning electron micros¢§sBM)
methods. The surface wettability test was used dterchine the contact angle
between the water molecule and the 383 electrode. A three-electrode assembly
in 1 M KOH electrolyte was used to measure thetelebemical characteristics of
the WQ-SS electrode (Model-VMP3- Bio-Logic, France).

2.4. Preparation of WO3-SS electrode for electrochemical study

The conductive component (carbon black), binder¥P) and active material were
combined in a weight ratio of 8:1:1 to form the W85 electrode. The combination
was thoroughly grounded, and add 3 drops of the Nihith gives the resultant
slurry; further, it was deposited onto a substrasele of 1 x1 cfof SS and dried at

60 °C. A three-electrode system was used to conductrettnemical analysis on the
properly manufactured WHBS electrode in 1 M KOH electrolyte.

3. RESULTS AND DISCUSSION

The phase identification of WENSs was accomplished using the powder XRD, and
the relevant profiles are displayedrimgure-2. For the monoclinic phase of WQhe
more intense and sharp diffraction peaks were obdeat ® degree of 23.1%
23.67, 24.37, 26.62, 28.79, 33.30, 34.06, 35.56, 41.68, 47.28, 48.28, 50.32,
53.52 and 55.83 corresponds to their respective (hkl) planes (022)0), (002),
(120), (112), (022), (220), (122), (222), (3124@D, (-114), (024) and (142) for the
monoclinic phase of WEJCPDS 00-024-0747116].

Mlonoclinic "u'ﬁ't}]

il

Intensity {a.u)

JCFIFS pamaleer BI-004-0747

I M =1} L]

41
20 (degree)
Figure-2. The XRD patterns of WQ-NSs.
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The peak intensities in XRD patterns are attributethe crystalline nature of WO
material. The average crystallite size (D) and lhiice parameters including
interplanar spacing 'dfor different planes of monoclinic WENSs are calculated
and reported iTable-1

_ 092
D= B cosBO (4)

Here, the wavelength of the sourée=1.5405 A),0 is the Bragg diffraction angle
andp is the full-width half maxima (FWHM). The tablemhis the typical crystallite
size of WQ-NSs at various (hkl) planes and shows the 6 nmageecrystallite size
for WO3-NSs.

Table-1. Crystal structure parameters for WO;-NSs material synthesized via
hydrothermal method.

20 Miller | Interplanar | FWHM Lattice Crystallite The

(Degree)| indices | distance (d)| (B) parameters| size (D) | average
(hki) Q) (Rad.) (a;\))‘ ) (nm) Cszzt?:';e)

23.16 (020) 3.76 0.82043 9.8

23.58 (200) 3.64 0.8201 9.90

24.38 (002) 3.64 0.82018 9.91

26.59 | (120) 3.34 1.76646 4.62

28.93 (112) 3.08 1.7666 4.64

33.26 (022) 2.69 1.76643 4.69

34.18 | (220) 2.62 1.76646  7-53 4.71 6

41.90 (222) 2.15 1.76643 4.82

47.26 | (312) 1.82 1.76643 4.91

48.28 (040) 1.81 1.76643 4.93

49,95 | (-114) 1.79 1.76657 4.96
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53.47 | (024) 1.64 1.76647 5.04

55.92 | (142) 1.63 1.76648 5.09

Scanning electron microscopy was used to studystinace morphology of
WOs5-NSs at low (X 5,000) and high (X 10,000) magnificas using 10 kV
potential. The surface morphology of WAQSs exhibit irregularly shaped
nanoflowers, some microporous gaps, and overgrowdbme locations, as shown in
Figure-3. The high surface area of these NFs gives an aaganfor the
electrochemical characteristics. The high porositg large surface area make it
simple for electrolyte ions to access during theéoreprocesq17]. These highly
functional NSs like morphology are used for enesjgrage, and it has great

e
M= PR Skt BT &L 1. FES

potential for use in next-generation smart elettemaical components. Therefore,
the crystal structure of WHENSs has a significant impact on electrochemical
characteristics
Figure-3. SEM micrographs of WGs-NSs at low (X 5,000) and (X 10,000) high
magnifications.

The surface wettability test investigates how addajuid contact interacts.
The suitable interaction between the active eldetranaterial and electrolyte is
indicated by the hydrophilic character. With a emttangle of 79 it has been
discovered that the surfaces of W8S are hydrophilic to water presentedrigure-
4. MOs materials are predicted to have extremely Bigifiace energies due to their
hydrophobicity. The low contact angle value for IN€;-SS electrode is beneficial
to improve the electrochemical performafit@].
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Figure-4. Surface wettability test of WQ-SS electrode

3.1. Electrochemical study

Figure-5 shows the cyclic voltammogram of the \W6S electrode at various scan
rates in the potential range of (0 V to 0.45 V)SGE in an aqueous 1 M KOH
solution. The oxidation and reduction peaks of W®;-SS electrode material
represent the CV plots at the same potential, b@tcurrent density varied, from
various scan rates. The atomic size of the compsrnisnmesponsible for the shift in
the current density of the WSS electrode. The pseudocapacitive charactereof th
WOs-SS electrode is confirmed by the emergence ofxrgmaks in the CV plots.
Eventually, at a low scan rate, the well-developature of the CV curve indicates
good electrochemical performance and better rewétgito the WQ-SSelectrode.

It is easy to see how the scan rate causes theiadea the CV curve to increase and
the intercalation of Hions onto the surface of Wdrom the electrolyte. The
subsequent response mechanism can be explainepiaian (5)[1],

WOz + xH" + X6 «—» HXWQ (5)

From the cyclic voltammetry curve, the Cs of the M8%electrode is
determined by using Eq. (6).
Cs = f1(W)dv (6)

mvAV

here, [ 1 (V) dv indicates the absolute area under the curve, tiveisnass of
the working electrode, v is the scan rate in nollis per second andV is the
potential window in volts. The SCs achieved from @Wves at different scan rates
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of 5 mV/s, 10 mV/s, 40 mV/s, 80 mV/s & 100 mV/s a@l F/g, 160 F/g, 93 F/g, 59

F/g, and 50 F/g respectively and showrnTable-2. As the scan rate increases, the
Cs of the W@-SSelectrode decreases.

0.3

—E Vs

w— |l mY s
WmYyis
EImhis
188 m i

Current density (mAjem®)
=3

b
L

0.1 4

l.ljll I]':l ﬂj! ll._'l 1Ij4 (LK1
Potential (v vs SCE)

Figure-5. CV curves obtained for the various scanates of W(;-SS electrodes in
1 M KOH electrolyte.

Table 2. Summarized data of gravimetric SCs for th&VO3-SS electrodes using
CV curves in 1 M KOH electrolyte.

Sr. No. | Scan rate Specific
(mV/s) capacitance

(F/9)

1 5 201

2 10 160

3 40 93

4 80 59

5 100 50

The three-electrode system depicted-igure-6 is used to record the galvanostatic
charge/discharge (GCD) curves of WSS electrodes at different current densities,
including 5, 7, 9, and 11 mA/dmThe CV curves for W@SS electrodes reveal that
they are pseudocapacitive, and their GCD curvesodstrate the departure from the
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triangular form in the potential window of 0 V ta40V which confirms the
pseudocapacitive nature of the working electrode.

0.5

4

3

Potential (v vs SCE)

Tlm;ﬁunﬂ .
Figure-6. GCD curves obtained for the current densy of WO3-SS electrodes in
1 M KOH electrolyte.

The GCD plots are used to calculate the gravim&@s of the W@SS electrodes
using the following equatiotf

At
Cg = m (Vv) (7)
where m is the activated mass electrode materjalWg is the operating
potential window, and Cg denotes the SCs (F/g)hef WQ-SS electrodes. The
highest SCs are measured using the GCD curve &/@6n 3 mA/cn, and the
remaining current densities for the \A/6S electrode are 58 F/g, 46 F/g, and 40 F/g,

respectively, as shown ihable-3. The Cg value decreased as the current density

increased. It is important to note that the @ids have more time to interact with the
working electrode at low current densities thanhggh current densities. The
aforementioned findings demonstrate that the shapemical constitution, and
electrolyte concentration all affect the super cépee capabilities of W@SS
electrode material. The formulas for calculating@rgy density (Ed), power density
(Pd), and Columbic efficiency are as follows [10],

0.5%Cg X V2

36 ®

S.E.*3600

Ed' =

Pd:

9)

tq
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n=-=2+100 % (10)

At varying current densities, the energy densityttid WQ-SS electrode
varies; the highest energy density is reachedcatri@nt density of 3 mA/cf(1.85
Wh/kg at 67.5 W/kg). The Coulombic efficiency vaduechieved are 78 %, 85 %, 90
%, and 96 % at 3, 5, 7, and 9 mAfcraspectively

Table-3. Summarized data of gravimetric SCs for th&VO3-SS electrodes using
GCD curves in 1 M KOH electrolyte.

Current SCs Ed | Pd Coulombic
density Efficiency
(mA/cm?) (F/g) | (Wh/ | (W/kg) @) (%)
kg)

5 66 1.85 67.5 78

7 58 1.65 112.5 85

9 48 1.31 157.5 90

11 38 1.09 199.7 96

EIS is the best method to measure the internasteegie and to identify the
frequency response nature of the electrode material

LT

254 4

RLLIE

il 1] 100 150 200 250
£ (O

Figure-7. EIS data obtained for WG-SS electrode in 1 M KOH electrolyte.

EIS measurement of the W@ES electrode is carried out over a frequency
range of 0.1 Hz to 100 MHz. It represents the pletiveen the imaginary part -Z”
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against the real part Z’, also known as the Nygplist. Figure-7 shows the Nyquist
plots of the WQ@-SS electrode in 1 M KOH electrolyte. The WES electrodes
show lower values of Rs and Rct which are necest&atore more charges and
provide more power. However, the WSS electrodes do not show the semicircle on
the Nyquist plot, which indicates less or no chargasfer resistance which provides
easy access for electrolyte ions in the low antiHfigquency region.

4. CONCLUSION

We report the hydrothermally formed monoclinic phas WQO-NSs, which is being
investigated for the charge storage mechanism.nidreoclinic structure of the WO
material is confirmed by the XRD pattern, whichoashows its crystalline nature. A
non-uniform nanoflowers-like shape across the serfim the SEM micrograph is
observed. The hydrophilic character of the Waterial is demonstrated by the
contact angle study for the W3S electrode. A three-electrode configuration M 1
KOH electrolyte has been used to examine the stgggacitive characteristics of the
WO;3-SS electrode material. The CV and GCD studies shimat the WQ@-SS
electrode has moderate electrochemical performance.
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