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REVIEW ON PRINCIPLES OF ANTIOXIDANT METHODS
Rani M Shaikh
P G Department of Botany and Research Center, New Arts, Commerce and
Science College Parner, Tal- Parner, Dist- Ahmednagar, (M S),414 302.

Rangnath K Aher
P G Department of Botany and Research Center, New Arts, Commerce and Science
College Parner, Tal- Parner, Dist- Ahmednagar, (M S),414 302

ABSTRACT

The antioxidant is defined as any substance that could put off or help oxidative harm by way
of loose revolutionaries. The antioxidant inhibits the oxidative harm with the aid of
unfastened revolutionaries through several mechanisms. The assets of the antioxidant are
abundantly available in nature and may be set up in the diurnal food plan similar as fruit,
veggies, seeds, nuts, leaves, roots, and barks. several principal composites related as
antioxidants comparable as polyphenols, vitamins, and carotenoids. This composition
provides a trendy summary of the most common in vitro patterns for determining antioxidant
exertion. It emphasizes the operating principle, method, advantages, and drawbacks of
various styles. The dedication of antioxidant exertion could not simplest comply with one
single approach due to the diversity of antioxidant mode of conduct. accordingly, the
selections of the applicable system of analysis need to be considered to achieve the reason of
the exploration.

Key words: antioxidant activity, spectrometry, free radical , reactive oxygen species.
I. INTRODUCTION

The document of world health corporation (WHO) noted the burden of non-communicable
diseases (NCDs) (e.g.cancer, cardiovascular sicknesses, continual respiration diseases,
neurodegenerative sicknesses and diabetes) in many nations, as their numbers are regularly
growing (Grosso G 2018). It money owed for almost -thirds of annual mortality, mainly in
low- and center-income international locations (Engelgau M.M et al. 2018). The NCDs have
been related with unhealthy existence such as imbalanced weight-reduction plan (excessive
calories and fat intake) and mild physical pastime. Besides, the prevalence of NCDs has been
related to oxidative stress, wherein the manufacturing of free radicals [reactive oxygen
species (ROS) and reactive nitrogen species (RNS)] and the biological antioxidant defense
gadget is not proportional (Sies H et al. 2005). ROS include superoxide anion radical (O2¢),
singlet oxygen (102), hydroxyl radical (*OH) and perhydroxyl radical (HO2¢) (Ahsan et al .
2003). RNS consist of radical nitrogen oxide (*NO), nitrogen dioxide (*NO2), and non-
radicals S-nitrosothiols, peroxynitrite (ONOO-), nitroxyl anion (NO-), nitrate (NO3-),
nitrosonium cation (NO+), dinitrogen trioxide (N203), dinitrogen tetroxide (N204), nitryl
chloride (NO2CI), and nitrous acid (HNO2) (Saddhe A.A et al.2019). The loose radicals are
volatile, reactive, and have a tendency to capture other stable molecules. Consequently, if the
number of loose radicals is in high concentration, the oxidative tissue harm can occur within
the body (Huang Y.J and Nan G.X 2019).

VOLUME 71, ISSUE 7, 2023 | https://solovyov-studiesispu.com/ | Page NO: 19



Solovyov Studies ISPU | ISSN: 2076-9210

Antioxidants are compounds which, found in meals or the human body in very Low
concentrations, delay, control or save you oxidative processes leading to meals quality.
Deterioration of food or the occurrence and propagation of degenerative illnesses within the
organism. Some of techniques are concerned in the technique of inhibiting the oxidation

By means of those antioxidant compounds (Shahidi F and Zhong Y 2015). Fats-soluble
antioxidants are critical in preventing the peroxidation of polyunsaturated Fatty acids (PUFA)
in biological membranes. Water-soluble antioxidants, like nutrition C, Play a key position in
neutralising ROS within the hydrophilic segment. This evaluation provides a fashionable and
updated evaluation of methods available for measuring Antioxidant activity and the
chemistry precept behind them. Similarly, the maximum Critical advantages and
shortcomings of each technique had been analysed and highlighted.Understanding the
principle mechanisms, benefits and barriers of the dimension Assays is important for correct
choice of technique(s) for legitimate evaluation of antioxidant Potential in practical
applications.( Irina Georgiana Munteanu and Constantin Apetrei 2021).

The part of exogenous antioxidants comes into play when endogenous species are unfit to
give full protection against the reactive oxygen.Vitamin C, vitamin E, vitamin D, vitamin K3,
flavonoids, minerals and - carotene are among the utmost effective and important exogenous
antioxidants used as active constituents in utmost medicinals and food supplements.
composites like butylhydroxytoluene, butylhydroxyanisole, gallates etc are among the
synthetic exogenous antioxidants, while they can be attained from natural sources as well like
flavonoids, vitamins, anthocyanins and some minerals (Litescu SC et al. 2011).In order to
help dangerous goods of free revolutionaries in the body, also for the regression of food
ingredients and fats, interest in the use of antioxidants is fairly adding (Molyneux P.2004).

II Benefits of antioxidants

The relation of antioxidants to the cancer prophylaxis, remedy, life and oxidative stress has
gained notable attention in recent days (Kalcher K et al.2009). Recent studies suggest that the
conditions related to oxidative stress like cancer, coronary heart complaint, hypertension,
rotundity, diabetes and cataract are stylish defended by the use of vegetables, fruits and lower
reused foods (Halvorsen.B.L et al.2002).This is made possible due to the positive health
goods of vegetables and fruits containing salutary antioxidants. Walnuts, cranberries,
blackberries, strawberries, blueberries, snorts, brewed coffee, cloves, grape juice,
unsweetened chocolate are at the top of the food list containing antioxidants. On assaying 50
food particulars containing high quantum of antioxidants, 13 of them were spices, 5 were
berries, 8 of them were vegetables and fruits, 5 were cereals and 4 of them were nuts
(Halvorsen.B.L et al. 2006). Antioxidants regulate colorful oxidative responses naturally
being in apkins. likewise, terminates or retards the oxidation process by scavenging free
revolutionaries, chelating free catalytic essence and also by acting as electron benefactors.

A diet high in foods of animal origin and impregnated fats increases the threat of
cardiovascular conditions and some cancers (Pierart Z.C et al.2006). which has generated
interest in promoting the consumption of factory- deduced proteins (Espin J.C et al.2007).
Legumes similar as cereals, fruits, and vegetables have health- promoting composites and
nutritive value (Shetti A et al.2009). The nutritive quality and nutraceutical content associated
with the antioxidant exertion of legumes similar as common bean are important sources of
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nutritive factors ( proteins, carbohydrates, fiber, vitamins, and some minerals). (Duarte-
Martino HC et al.2012).

In vitro antioxidant methods through several mechanisms of actions makes the comparison of
each antioxidant method impossible. However, the in vitro antioxidant approach can provide
a measurement of the effectiveness of compounds. Generally, the assessment of in vitro
antioxidant activity can be divided into two main mechanisms. The first category is
assessment in relation to free radicals transfer (hydrogen atom transfer, single electron
transfer, or the combination of both). The second category is related to the evaluation of the
damaging effect on biological markers and substrates, which is based on lipid peroxidation
(Litescu S C et al.2010). In vitro testing of antioxidants using free radical scavengers is
relatively easy to perform. Among the free radical scavenging methods, the 1,1-diphenyl-2-
picrylhydrazyl (DPPH) method is faster, simpler (i.e., does not require many steps and
reagents) and less expensive than other test models. On the other hand, the decolorization
assay of 2,2-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) diamonium salt (ABTS) is
applicable to both hydrophilic and lipophilic antioxidants.

IIT Discussion
1. DPPH (2,2-diphenyl-1-picrylhydrazyl) Scavenging Activity

The DPPH assay is very easy and rapid method for manual analysis of antioxidant content.
This method can be used for solid or liquid samples and is applicable not only to specific
antioxidants, but also to the total antioxidant capacity of the sample. The DPPH test is based
on the ability of the stable free radical 2,2-diphenyl-1-picrylhydrazyl to react with a
hydrogen donor (Inoue K et al 2005 and Fahey JW et al. 2002). The DPPH assay method is
based on the depletion of DPPH, a stable free radical. The free radical DPPH with an odd
number of electrons gives an absorption maximum at 517 nm (purple). When antioxidants
react with DPPH, stable free radicals are reduced to DPPHH in the presence of hydrogen
donors (e.g., free radical scavenging antioxidants), resulting in reduced uptake compared to
DPPH. The radical form of DPPH-H causes a color change (yellowing) depending on the
number of electrons captured. The stronger the discoloration, the higher the elasticity. This
test is the most widely used model for evaluating the free radical scavenging activity of any
new drug. The DPPH radical exhibits a strong absorption spectrum in the UV visible region.
When a solution of DPPH is mixed with a solution of a substance capable of donating
hydrogen atoms, it gives a reduced form (diphenylpicrylhydrazine; non-radical) that loses the
purple color (pale yellow when picrylic acid groups are present). (Bondet V et al.1997).
Approximately 4.3 mg of DPPH was dissolved in 3.3 ml of methanol and the tube was
covered with aluminum foil to block light. 150 ml of DPPH solution was added to 3 ml of
methanol and the absorbance at 517 nm was immediately measured as a control. Take 50 ml
of compounds of varying concentrations and a standard compound (e.g. ascorbic acid) and
bring to a volume of 150 ml with methanol. Each sample was then further diluted to 3 ml
with methanol and DPPH was added to each 150 ml. The absorbance was taken after 15
minutes at 517 nm using methanol as blank on UV-vis spectrometer. The IC50 values for
each drug compounds as well as standard preparation were calculated. The free radical
scavenging activity was calculated using the following formula:
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% scavenging=[Absorbance of control-Absorbance of test sample/Absorbance of
control]x100 .The effective concentration of sample required to scavenge DPPH radical by
50% (IC50 value) was obtained by linear regression analysis of dose-response curve plotting
between % inhibition and concentrations. The best way to compare antioxidant activity
between samples is by using IC50 values. The inhibitory concentration value (IC50) is
defined as the sample concentration required for 50% free radical inhibition. IC50 is
determined in triplicate in the graph between residual free radical uptake and concentration in
each assay. This test uses quercetin, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid
(Trolox), tocopherol and ascorbic acid as positive controls (Ferreira IC et al.2009 and Piljac-
Zegarac J et al.2009). The DPPH Assay is a quick and simple test that provides reliable
results. It is also widely used to screen for antioxidant properties because it only requires a
UV-Vis spectrophotometer to operate. However, this method is sometimes complicated when
a test compound has a spectrum overlapping the DPPH spectrum at 515 nm.

2. FRAP (Ferric Reducing ability plasma )
Assay Based on PubMed, the FRAP method has been described and used to measure the
antioxidant efficacy in 3400 papers. In this method, the evaluation of antioxidant activity is
characterized by the calculation of the low pH mixture of iron (III) and 2,3,5-triphenyl-1,3,4-
triaza-2-azoniacyclopenta-1,4-dienechloride (TPTZ) reduction to its ferrous form (II), change
the solution into violet-blue color. The changes was evaluated using spectrophotometer at the
wavelength of 593 nm (Benzie I F.F and Strain J.J 1996). It has been applied to detect the
antioxidant activity of honey (Moniruzzaman M et al.2016). FRAP method has some
limitations. The antioxidant activity of slow-reacting compounds such as polyphenols cannot
be accurately measured, nor can samples below the physiological pH value (pH 3.6) be
measured and could give false-positive results if the samples have lower redox potential
value than the redox pair Fe3+/Fe2+(Moniruzzaman .M et al.2016).

3. TEAC (Trolox Equivalent Antioxidant Capacity)
The data searching from PubMed shows that the TEAC assay has been utilized for measuring
the antioxidant capacity, approximately 1100 papers.The principle of this method is based on
the scavenging of stable ABTS+ (2,2'-azinobis(3-ethylbenzthiazoline-6-sulfonic acid) radical
by antioxidants in comparison with Trolox. The reduction causes the color loss of ABTS. The
color loss is measured at Amax 750 nm. Generally, the polar analog of vitamin E, namely
Trolox, is used to be the standard of the antioxidant calculation, and the result is interpreted
as Trolox equivalents. The advantages of this method are simple, reproducible, a wide range
of samples (e.g. a wide range of samples polarity (hydrophobic and hydrophilic compounds)
(Awika J.M et al.2003). However, it should be noted that the different reaction rates between
the antioxidants and ABTS radical, cause the different reaction times for the complete
measurement of antioxidant capacity (Zheng.L et al.2016)

4. ORAC (Oxygen Radical Absorbance Capacity)
ORAC is one of the popular methods for determining the antioxidant activity according to the
data from PubMed, where there are 1610 papers conducting this method. The measurement
of antioxidant activity is based on the scavenging activity of oxyradical-induced oxidation of
2,2'-azo-bis-(2-methylpropionamidine)  dihydrochloride (AAPH) by samples with
antioxidants. In this method, phycoerythrin or fluorescein is used as a target molecule. Over
time, the fluorescent signal of these compounds will be lost when the antioxidant compounds
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appear. When the solution tested containing antioxidant properties, the fluorescent reduction
is inhibited and measured at the excitation wavelength of 485 nm and emission wavelength of
520 nm (Alam Md.N et al.2013 and Awika J.M et al.2003). The test uses Trolox as a
reference standard, and the values usually expressed as Trolox Equivalent (TE).The
antioxidant capacity results have a correlation with the total fluorescence area under reaction
curves where the values of antioxidant are measured by subtracting the area with the blank,
which contain no antioxidant (Apak R et al.2007). ORAC method is suitable to be conducted
in a microtiter plate with constant temperature for automation of experiments in screening of
biological samples matrices, relevant to in vivo conditions, considers both inhibition time and
degree of inhibition of free radical action, and compliant for various sample matrices,
including food (e.g., sorghum, orange juice, blueberries, nuts),pharmaceutical, and blood
plasma (Alam Md.N et al.2013 and Prior R.L 2015). However, some difficulties occur when
applying this method such as the control of ORAC reaction temperature, reagent
concentration, and oxygen (Schaich K.M et al. 2015).

5. HORAC (Hydroxyl Radical Averting Capacity)
The working principle of this assay is the measurement of the antioxidant activity by the
calculation of the inhibitory activity of antioxidants against the oxidation of the fluorescent
probe (fluorescein) by hydroxyl radicals. This radical is produced through the radical
initiation process by the catalyzer hydrogen peroxide (H202) and Fenton reagent. Over time,
the radicals bind the fluorescein, until the appearance of antioxidant, gradually preventing the
oxidation of the probe (Borges R.S et al.2013). The standard of an antioxidant such as gallic
acid is used to make the calibration curve. The value of antioxidants is then compared and
correlated to the total area fluorescence decay curve (AUC) of the samples. The strong point
of this assay is that the value of antioxidant capacity is directly calculated against the
hydroxyl radicals produced from the breaking of the hydrophilic chain (Moharram H.A and
Youssef M.M 2014). determining the antioxidant activity of vegetables (tomato, parsley,
celery, chili pepper, radish, capsicum, eggplant, broccoli) (Ciz M et al.2010).

6. CUPRAC (Cupric Ion Reducing Antioxidant Capacity)
CUPRALC is one of electron-transfer based assay for measuring the antioxidant capacity. The
method is based on the utilization of the pigment-oxidizing agent (chromogenic), namely bis-
copper (II) neocuproine. When the antioxidants mix with the reagent, the reduction of
chromogenic probe occurs and changes the color of the solution. The degree of color change
is correlated with the concentration of antioxidants in the sample. The change is measured at
a wavelength of 450 nm (Ozyiirek M et al.2011). The CUPRAC method is simple and
adjustable. It is beneficial for high-throughput screening of the antioxidants in matrices of
food (egg white, whey protein, gelatin) and blood serum. It was also applicable to measure
the hydrophilic and lipophilic antioxidant, due to the high solubility of the reagent in a polar
and non-polar solvent (Ceki¢ S.D et al.2009). In addition, CUPRAC assay works at
physiological pH (pH 7) compared to another the electron-transfer assay such as ABTS and
FRAP (Apak R et al.2007).

7. Total Radical Trapping Antioxidant Parameter (TRAP)
The TRAP method was firstly described by Wayner et al. to measure the total antioxidant
capacity of blood plasma or serum (Wayner D.D et al et al.1985). This method is based on
the generation of peroxyl-radicals from 2,2'-azo-bis(2-amidinopropane) hydrochloride
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(AAPH). The surface of the oxygen electrode can be used to monitor the lag time of
oxidation. The induction period of APPH was measured to determine the ability of
antioxidants to inhibit the oxidation. Then, the total antioxidant capacity of samples was
measured by a comparison of the time interval of the reaction induction and the interval time
generated by the reference compound, Trolox.It has been applied to measure the antioxidant
activity of vegetables, berries, apple, banana, pepper, and green bean (Pellegrini N et al
2003). This method, however, has a significant drawback, such as lack of oxygen electrode
stability. Therefore, some modification has been done by the addition of chemiluminescence
such as R-phycoerythrin. This pigment is able to give a brief point where the reaction reaches
the completion. The addition of the antioxidants could quench the chemiluminescencein the
system (Huang D et al 2005).

8. Folin-Ciocalteau method
At present, the Folin—Ciocalteu test is commercially available from several important
commercial societies, so this method is widely used to quantify polyphenols in plantderived
extracts (Blainski A et al. 2013). as well as in foods and beverages (Apak R et al. 2018). The
pharmacopoeia includes the Folin—Ciocalteu test (Apak R et al.2018). and Europe adopted it
as an official procedure of measuring the total phenol contents in wines (European
Community 1990). The Folin—Ciocalteu test is based on reducing the Folin—Ciocalteu reagent
with phenolic compounds in an alkaline state. The exact chemical nature of the Folin—
Ciocalteu reagent is not clearly defined, but it is believed that it may contain a complex of the
phosphomolybdic/ phosphotungstic acid which are reduced to obtain a blue chromophore
with the maximum absorption at 765 nm (Magalhaes L.M et al.2008). The central
molybdenum ion in the complex is accepted as a reducing site, where the Mo6+ ion is
reduced to Mo5+ by accepting an electron donated by the phenolic antioxidant.

9. TBARS (Thiobarbituric Acid Reactive Substances)
TBARS is widely known as an assay for measuring the inhibition of lipid peroxidation
product by antioxidantin vitro. This assay measures the susceptibility of the samples to the
peroxyl radical-induced by Cu2+/H202.When peroxidation occurs, the lipid peroxides and
peroxyl radicals are formed subsequently and decompose the lipid to create aldehydes and
derivatives, such as 4-hydroxy-2- nonenal, malonic aldehyde (MDA), and hexanaldehyde
( Singh S and Singh R P ). This metabolite will react with TBA (thiobarbituric acid) and form
red or pink chromophore. The changes of color are then measured at the wavelength of 530-
540 nm. TBARS assay is comparable with other assays because it needs simple
instrumentation, good reproducibility, adaptable for measuring lipophilic and hydrophilic
antioxidant and suitable for running ,high-throughput™ analysis (Ghani M.A et.al 2017). It
has been used for determining the antioxidant activity in fried fast food, essential oils, and
medicinal plants ( Galego L et al.2008 and Karagoz A et al. 2015).However, some drawbacks
of this method have been described such as absorbance interference by samples containing
aldehydes and sugars, unsuitable for measuring lipid peroxidation in vivo, takes longer time,
and more complex preparation (Singh S and Singh R P and Ghani M. A et al.2017).
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IV Conclusion

This review is focused on the most common method of in vitro antioxidant activity. Each
method has its advantages and disadvantages, depends on the characteristic of sample
materials and mode of action of antioxidants. There is no single approach could describe all
antioxidant activity. The evaluation of antioxidant activity should be carried out using several
methods to measure the diverse inhibition mechanism of free radicals. Researchers have to
critically consider the method of the antioxidant analysis before carried out that for the
research purpose.
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Abstract:
Agriculture is considered as the one the prime source of livelihood to the farmers especially
in rural part of India. The farmers are experiencing tremendous problems on account of weeds and
. it has affected enormously on the productivity in the agriculture sector. Weeds commonly called as
undesirable plants growing along with the crop cultivated in the farm. It grows wildly in the farm
and affects on the overall yield of crop. Weeds are also known as biggest threat to the farmers and
it causes plenty of challenges in the process of sowing and reaping activity performed 1n the
agriculture realm. There is need to exterminate the weeds from the crop and 1t also requires lot of
labor and finance. Therefore, it is important that the farmers should use bio weedicide for
minimizing soil erosion and achieve better productivity in the farm. The biggest difficulties faced
by the farmers due weeds are: decrease in the productivity and economic loss. Bio weedicide 1s
known as blessings to the farmers as it ensures systematic destruction of weeds. Hence, the
farmers should avoid chemical weedicides and intensively use bio weedicides for environmental
and agricultural protection.
This research paper primarily investigates challenges of weeds to the farmers and use of bio
weedicides for better productivity, profitability, and sustainable development in agriculture.
Keywords: Weed, Agriculture, Weedicide, Challenges, Productivity and Profitability, Sustainable
Agriculture.

1

Jntroduction:

Agriculture has played an important
role 1n the life of people from ancient time. It
1s considered as prime source of livelihood to
the people especially from rural part of India.
The current population
of India 1s 1,430,326,518 based on projections
of the latest United Nations data.
(https://worldpopulationreview.com/countries
/india-population). It i1s apparent that India’s
population 1s equivalent to 17.76% of the
total world population. India ranks number
1 in the list of countries (and dependencies)
by population. Agriculture 1s one of the most
useful and resourceful sources of self-
employment to the people in India. Ratio of
Decreasing land wunder cultivation and
increasing population force us to focus on
food security. To fulfill the need of food
demand, security of food production by
controlling weed has become a major

challenge to the farmers. The Gross Value
Added (GVA) of agriculture and allied sectors
in 2020-21 was 20.1%, 1t was 19% i1n 2021-22
and 1t again came down to 18.3% 1n 2022-23.
(https://newsonair.com/2023/03/22/parhlamen

t-session). It 1s necessary to control the
threats posed by the weeds to the farmers in
the agriculture sector. There is presence of
weeds 1n the farm and it causes lot of damage
to yield taken by the farmers. It is essential
to 1nitiate effort to improved productivity in
agriculture in India. Weeds are the most
severe and widespread biological constraint
to agricultural production systems and cause
damage 1n cropped lands. There are plenty of
consequences of weeds 1n the realm of
agriculture and it has created serious
concerns to the farmers community. It is
apparent that the weeds reduce crop yield
.availably of water and degrade quality of the
produce besides raising cost of production. In
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addition to yield and nutrient losses, weeds
also harbor and serve as alternate hosts to
several insect pests and diseases and may
reduce land value. In the context of the
problems created by the weeds to the crop,
reviews on weed management in
agroecosystems of India were made earlier
(Joshi, 1971; Mukhopadhyay, 1993: Bhan
and Sushilkumar, 1998; Yaduraju, 2012; Rao
and Chauhan, 2015; Singh et al., 2016).
2. Weed as a natural competitor to food
Crops: Challenge for farmers

It 1s clear that weeds have been
biggest threats to the farmers. Man has
selected his food crops from the thousands
plant species that exist for their nutritional
and flavor characteristic rather than through
their ability to compete. Growing of crops, as
part of agriculture for centuries, has changed
the natural vegetation. It has been observed
that weeds grow on soil along with crop
plants naturally. But this growth of weed is
not desirable In the monoculture system.
These undesired plants deplete the nutrients,
water and space allotted for the intended
crop, and finally cause huge reduction in crop
yield. It has also created plenty of
apprehensions in the mind of farmers.
Weeds, in crop field, reduce input efficiency,
interfere with agricultural operations, impair
quality and act as alternate hosts for several
insect pests and diseases. Few weeds release
toxic substance which affects the crop
growth. The obvious effect of these traits is
the hike 1n cost of cultivation by several folds.
Along with this, weeds affect and interfere in
the management of all the terrestrial and
aquatic resources. They endanger the native
biodiversity by choking and deliberate
takeover of the native plants. The animals
which depend on this native biodiversity for
their survival are also getting affected.
Therefore, weeds have become inevitable
threat to the farmers especially in
agriculture realm.

3. Most Common Crops and Types of
Weeds in India:

The commonly cultivated crops in
India are: Wheat, Cotton, Sugarcane,
Groundnut, Soybean Grain (Wheat, rice,
maize, pulses and millets), commercial crops
(Jute, cotton, sugarcane, o1l seeds and
tobacco), plantations crops (rubber, coffee,
tea, coconut), and horticulture crops
(vegetables and fruits) are the four primary
crops 1n India. (Rice, millets, wheat, pulses,
and maize are all important food crops.
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Sugarcane, horticulture, o1l seeds, crops,
coffee, tea, rubber, jute, and cotton; are
important cash crops.). The farmers are
toilling consistently and persistently to
protect the crops the from the onslaught of
the so-called weeds and its negative effects.
Abundant information 1s available in India
on weeds 1n rice (Rao and Nagamani, 2010;
Subudhi et al., 2015), in wheat (Punia et al.,
2017), cotton (Nalini et al., 2015), sugarcane
(Jeyaraman et al., 2002), groundnut
(Rajendran and Lourduraj, 1999), soybean
(Panneerselvam and Lourduraj, 2000).A
Weed Atlas for major weeds 1n major crops in
435 districts spread across 19 states of the
country was published by DWR (Dixit et al.,
2008). Eight hundred and twenty-six weeds
species were reported to cause yield losses in
India of which 80 and 198 were considered
very serious and serious weeds respectively
(Choudhury and Singh, 2015). Major weed
species of India 1n different situations were
given 1n the vision document of DWR (DWR,
2015). Major weeds are categorized into four
groups:1. Crop land weeds 2. Non-crop land
weeds 3. Aquatic weeds 4. Parasitic weeds.
These weeds have posed tremendous
challenges to the farmers as a result it
becomes essential to explore remedies for the
weeds.
4, Most Common Crop land weeds in
India:

The commonly found crop land weeds
in India are as follows: Amaranthus

retroflexus, Amaranthus hybridus,
Amaranthus powellii, Phalaris minor
Retz., Echinochloa crus-galli
(L.),Ageratum conyzoides L.,Cyperus

rotundus L.,Cyperus compressus L.
Cynodon

dactylon(L.)Pers. L., ,Convolvulus
arvensis

L.Digitaria sanguinalis
L.(Scop.)Fimbristylis miliacea (L.)
Vahl.Ipomoea cairica (L..)

Sweet.Medicago denticulata Willd.Oxalis
corniculata L.Setaria glauca (L. P.
Beauv.,Parthenium hysterophoru L.,
Chenopodium murale.,Striga
densiflora,Striga quphrasioldes,Striga
lutee,Striga asiatica,Alternanthera
caracasana

9. Available Techniques of Weed
Management in India:
Different  techniques of  weed

Management used in India by the farmers
are as follows:
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0.1. Preventive methods — Application of
weed free crop seeds, use of clean seed laws,
cleaning farm equipment and produce,
cleaning irrigation water, cleaning sand and
gravel and reducing the number of weed
seeds returned to the soil (Das, 2008), not
using fresh or partially decomposed FYM or
compost, proper cleaning of farm machinery
before sowing and keeping farm bund and
irrigation/drainage channel free from weeds
(Verma and Singh, 2008)

0.2. Traditional methods — This method 1is
about use of, crop rotation, increase the
competitive ability of the crop, time of
seeding and irrigation, inclusion of cover
crops, and intercropping (Kumar and
Rathore, 2014), conscious use of crop
interference, use of cropping pattern, and
tillage systems (Zimdhal, 2007), inter and
mixed cropping, summer ploughing.

5.3. ©Stale seedbed technique -In stale
seedbed technique, after seedbed
preparation, the field is irrigated and left
unsown to allow weeds to germinate and
which are killed either by a non-selective
herbicide or by carrying out tillage prior to
the sowing (Singh, 2014).

5.4. Mechanical weed control-Most
mechanical weed control methods, such as
hoeing, tillage, harrowing, torsion weeding,
finger weeding and brush weeding, are used

at very early weed growth stages (Singh,
2014; Kewat, 2014).

Along with above main four methods
Slashing, Mulching, Residue management,
Thermal weed control, Flame weeding, Soil
solarization, Hand tools, Cutting/mowing,
Allelopathy, Biological weed management,
Integrated weed management methods are
also used worldwide.

6. Common Techniques used by farmers
to eradicate weeds in India:

The prominent common methods used
by farmers at large scale in India are -pulling
out of weeds with the hand, removal of weeds
by using the tools like: trowel, small sickle,
shovel,  ploughing, burning, spraying
weedicides, crop rotation, intercropping. etc.
These methods have also helped to the
farmers to eradicate the weeds and ensure
excellent production of the crop leading to
profitability.

7. Challenges faced by the farmers and
application of Weedicides for
Sustainable Agriculture:

Many mechanical control methods become
difficult after the cotyledon stage and their
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selectivity decreases with increasing crop and
weed age. Thus, if the weeds have become too
large, an 1ntensive and  aggressive
adjustment of the implements 1s necessary to
control the weeds, and by doing this one
increases the risk of damaging the crop
severely (Carter and Ivany, 2006). There 1s
unavailability of man power because of
migration, industrialization resulting 1n
increased job opportunities neighboring
cities. The best solution to the extermination
of this unwanted and undesirable plants 1s
effective application of bio weedicides and
contribute in the sustainable development of
the agriculture.

8. Need to Use Bio weedicides instead of
Chemical Weedicides: In spite of harmful
implications involved in the use of synthetic
chemicals to control weeds, they are
extensively used all over the world. There 1s
necessity of application of eco friendly bio

weedicides for the purpose of continuous

growth of agriculture products. Bio

weedicides 1s generally extraction of
chemicals for eradication of weeds. It 1s used

to express growth inhibition of a plant

through the release of chemicals into the

environment from another plant.

Conclusion: In this way, an attempt has

been made to identify challenges created by

the weeds to the farmers and it impact on

productivity in agriculture. It also highlights

on application of bio weedicide for
sustainable agriculture.
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Abstract:

Ecological challenges are critical to national
growth. Typically, progress is hampered by the
unexpected arrival of humans, which disrupts
ecological and unbalanced biodiversity. Amitav
Ghosh’s literary works addressed environmental
issues and highlighted how they affect the
ecosystem. Migrants and the underclass suffer as
a result of over-settlement, over-urbanisation, and
deforestation throughout India. This study aims to

investigate the ecological crisis that impedes
environmental protection. The Sundarbans, a
coastal region between India and Bangladesh,
revolves around water. Water swallows and
regurgitates land with each tide cycle. The 1970s
tiger protection initiative in the Sundarbans leads
to the ruthless state-led displacement of
Bangladeshi refugees from the islands. In 2000,
the government imposed significant portions of the
islands on a private business for an ecotourism
project. These events are the backdrop for Amitav
Ghosh’s novel The Hungry Tide. The novel
recounts the first incident and presents a political
critique of the second development. This study
investigates the author’s use of water as both a
metaphor and a material presence in the text to
examine how the novelist articulates the rupture of
social hierarchies and expresses dissatisfaction with
the violation of human rights for conservation.

Keywords: Ecosystem, Environment, Biodiversity,
Over-urbanisation, Deforestation

Introduction :

The present study focuses on the ecological crisis
in Amitav Ghosh’s The Hungry Tide. Ecological
issues are significant due to humans’ undue mtrusion
into nature and their effects on the environment. It
also focuses on how humans and Nature could
coexist if they didn’t affect each other. It aims to
create awareness among people for environmental
conservation. It acquaints people with the power of
nature and its ecology and environmental concerns.
Man and Nature are integral and can not be
separated due to their bonding. The lives of men
have been dependent on Nature since they started
agriculture. Nature can be revealed through ecology-
the scientific study of the relationship between
humans and nature. The present study limits and
focuses on the ecological crisis in Amitav Gosh's
The Hungry Tide.

Amitav Ghosh is a well-recognized
contemporary Indian Englishnovelist. He was born
in Kolkata on July 11, 1956, and grew up in India,
Sri Lanka, and Bangladesh. He completed his
education at the Doon School in Dehradun. He
studied higher educationat St. Stephen’s College,
Delhi University, and the Delhi School of E CONOMICS.
Ghosh received the Scholarship for aD.Phil. m social
anthropology at St. Edmund | fall, Oxford. First, he
worked for the Indian Express newspaper in Delhi.
He also worked as a faculty member in colleges
and universities. The Indian government awarded
him the Padma Shri in 2007. His contribution to
Indian English litcrature is noteworthy. His works
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can be classified into two parts: fiction and nonfiction,
Famous fiction works include The Shadow Lines,
Calcutta Chromosome. Glass Palace, Hungry
Tide, Ibis Trilogy, and Gun Island. Non-ﬁctio'n
works include In an Antique Land, Dancing in
Cambodia and Burma, Countdown, The Imam
and India, and The Great Derangement: Climate
Change and the Unthinkable. The

Objectives:

The paper highlights crucial issues, such as
examining Ghosh'’s main environmental storylines
and themes. The study recognises how the
Sundarbans depict the precarious balance between
humans and the environment. The paper evaluates
the books contribution to and effectiveness in raising
readers’ environmental consciousness.

Literature Review:

The Sundarbans is a large archipelago of islands
m the Bay of Bengal, and “The Hungry Tide,” written
by Amitav Ghosh, is a moving depiction of the
intertwining of human lives, socio-cultural realities, and
the powerful, unexpected dynamics ofnature there.
The book is not merely a story of human attempts
and aspirations; it also paints a clear picture of
environmental difficulties, interspecies connections,
and the ongoing struggle between people and nature’s
unbridled force. (Mukherjee, 2010).

The term “eco-criticism,” which derives from the
Greek words “oikos,” which means “house” or
“environment,” and “kritikos,” which means
“discerning judge,” refers to an approach to literary
and cultural criticism that looks at the complex
interaction between people and their environment in
literature. While books that express concerns about
the natural world and how humans affect it make up
environmental literature. This section defines the term
“eco-criticism” and recounts the development of
ecological literature, emphasising the connections
between them. (DeLoughrey, Elizabeth M., 2011)

Discussion and Arguments:

The narrative revolves around the Sundarbans,
a vast, mysterious, and unstable delta that crosses

Eastern India and Southern Bangladesh. Major plot
points are played by the human characters and the
terrain, usually described as a shifting maze of rivers,
islands, and tidal watcrways. Ghosh paints vivid
pictures of the Bengal tigers that lurk in the
mangroves, the cyclones that may suddenty change
aperson’s pathin life, and the waves that corne and
go. The novel’s characters, Piya, the devoted
cetologist, Fokir, and the determined Kanai. al]
represent different ties to the land and waters of the
Sundarbans. While Piya bases her existence on the
tide patterns and approaches the mangroves with a
scientific eye, Fokir’s knowledge is more instinctive
and has been passed down through the centuries.
On the other hand, Kanai has to tread carefully
because he is both an outsider and has family ties to
the area. With the help of these people, Ghosh paints
apicture of the Sundarbans as a region where culture
and environment coexist harmoniously.

In an era when these concerns are of global
concern, literature by authors such as Ghosh
provides a critical lens through which ecological
disasters, sea level rise, and environmental
degradation may be analysed. Such books enhance
literary traditions and contribute to broader
discussions on cohabitation and environmental
sustainability by fusing narrative with in-depth
ecological understanding. Additionally, the novel
offers a case study ofthe more significant challenges
faced by endangered ecosystems worldwide by
concentrating ona particular and distinctive site like
the Sundarbans.

The river’s significance is highlighted since the
narrative regularly explores the complex and often
perilous relationship between humans and their
natural environment. Ghosh illustrates the varied
fauna and plants of the Sundarbans, emphasising the
region’s ecological relevance. The narrative highlights
the impacts of climate change by acknowledging the
region’s increasing frequency of hurricanes. The
struggle to preserve the ecosystem and the Bengal
tiger serves as a reminder ofthe conservation efforts
made by both domestic and foreign groups. The
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nove.:l.highlights the intimate connection between
tradition, culture, and the land, primarily via the
character Piya, Becauge they depict the complex
web of ecological, cultural, and human elements
inside the Sundarbans, these topic elements ‘
essential to the novel’s ecocritical point of view,
' The novel’s evocative descriptions
nteractions illustrate the

are

and character

. complex and often
dangerous links between humans and the natural

world. The river, in particular, is a significant
fnctaphor and source of inspiration for these
mteractions and emphasises the novel’s eco-critical
point of view. The textual analysis reveals that Amitav
Ghosh’s storytelling cffectively conveys eco-critical
subjects and highlights the intricate links between
the natural and human worlds in the Sundarbans.
Additional research, like theme coding and reader
response surveys, will help us better understand the
novel’s eco-critical impact.

“The Hungry Tide” by Amitav Ghosh eloquently
captures the relationship between humans and their
surroundings. Throughout the book, the Sundarbans
and humankind maintain a delicate equilibrium that
demonstrates how living in the delta is more than
coexistence— a never-ending dance with survival
This motifkeeps coming up because it shows how
the people in the area are strongly connected to the
environment, even if it can sometimes be hostile. The
frequency of this topic’s appearances indicates how
vital it is to the plot and how understanding the book’s
larger environmental message is.

The book describes the Sundarbans as a site of
frequent tragedy mixed with breathtaking natural
beauty. Because the scenery changes due to storms,
tides, and other natural events, it is a place of wonder
and dread. Environmental disasters like this one draw
attention to the ecosystem’s fragility and, in turn, to
more widespread concerns about climate change
and its consequences on a global scale.

Ghosh’s detailed descriptions of the Sundarbans’
biodiversity—which includes everything from deadly
tigers to a wide variety of aquatic creatures—
highlight the complexity and richness of the local

[ e |
ccosystem. By showing the range of species that
share the same watcrways and the delicate balance
they maintain, Ghosh draws attention to the arca’s
biological value and crafts an intriguing tale about
the interdependence ofspecies.

Onc of'the book’s central themes is the struggle
between exploitation and conscrvation. The unique
biodiversity of the Sundarbans is being protected
and preserved. However, the local population usually
depends on the land and its resources for their
livelihood, often Icading to overuse. Ghosh tackles
this paradox with various characters and subplots,
raising thought-provoking issues regarding the ethics
and realities of survival and conservation.

Thematic coding in “The Hungry Tide” draws
attention to how ecological themes are intricately
woven. More than merely describing the
Sundarbans, Ghosh’s story raises important
questions about how humans relate to the
environment. This article’s questions highlight the
novel’s literary value in environmental debate and
offer new avenues for ecocritical imvestigation.

“The Hungry Tide” by Amitav Ghosh is a
compelling tale that provides deep insights into the
infricacies of human-nature connections, especially
in the fragile ecology of the Sundarbans. It stands
out at the junction ofliterature and environmental
discourse. Rather than being limited to being a
vehicle for storytelling, the text becomes a web of
narratives about personal, cultural, and ecological
resilience. Ghosh imagines a world where the
environment is a living thing that is both shaped and
shaped by its inhabitants rather than merely a

backdrop. The book’s eco-critical analysis highlights
Ghosh’s wide-ranging investigation of environmental
issues and his perceptive understanding ofhow they
are changing social and physical environments. The
author’s layers of environmental commentary are
made visible through the thematic coding, and the
overt and covert ecological themes are emphasised
through the textual analysis. The reader response
poll highlights the book’s impact even more by
demonstrating how literature can encourage

(156)
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environmental knowledge and advocacy. The novel’s
sustained appeal and the insights gaincd from this
study show the value of ongoing cco-critical litcrary
inquiry. Future studies might broaden the scope to
encompass other South Asian writers who
investigate the relationships between culture and
environment or go more into analysing Ghosh’s
other writings in comparison. It’s evident in the end
that literature could be more than just a tool of
escape; it may also work as a catalyst for change
by promoting understanding, empathy, and
conservation efforts.

Conclusion:

Environmental concerns endanger human life and
cause profound climate change. Nature has turned
hostile to people searching for justice due to humans’
reckless behaviour, ignoring its regenerative and life-
giving properties. Eco-catastrophism gives an
apocalyptic vision while warning us to take the
necessary precautions to prevent catastrophe. Inlight
of the present situation of environmental decline,
conservationists and writers worldwide are calling
onus to take action and stop the destruction of our
environment. The worldwide problem has resulted
from the ecosystem’s failure to meet our
unusual demands. Amitav Ghosh, a well-known
Indian writer, talks about social, political, cultural,
and environmental themes in a fresh manner. Inhis
work, The Hungry Tide, Ghosh investigates nature’s
annoyance and human suppression, as well as the
voices that advocate the need to preserve nature.
The novel illustrates the global issue ina local context.

Amitav Ghosh’s  The Hungry Tide promotes
awarceness among people regarding the importance
and nced to preserve and maintain our planct for

ourselves and future generations.
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Exploring Farm Pond Patterns In Ahmednagar:
Enhancing Agriculture Through Protective Irrigation Strategies

Dr. Dattatray Sheshrao Ghungarde

Abstract:

This research delves into Ahmednagar district, a drought-prone region in Maharashtra, to
investigate the spatial distribution and impact of farm ponds on agricultural development, water
resources, and groundwater dynamics. The primary aim is to assess the role of farm ponds in
alleviating water scarcity for horticultural crops and their influence on the net irrigated area.
Utilizing field surveys, questionnaires, and interviews, the study gathers primary data on_farm pond
characteristics. Among approximately 9798 farm ponds constructed from 2005 to 2015, a 10% sample
is analyzed to comprehend their role in agricultural development. Statistical analysis reveals that
farm ponds serve as vital irrigation tools, ensuring a reliable water source and contributing to
increased crop production. Spatial distribution analysis categorizes tehsils into various density levels,
with Rahata, Nagar, and Karjat showing notably high densities. This categorization sheds light on the
diverse contributions of farm ponds to the irrigation landscape. Exploring the proportion of irrigated
area by farm ponds relative to Net Irrigated Area (NIA) at different levels, the study unveils an average
proportion of 50.53%, with a standard deviation of 19.33%. These findings underscore the substantial
impact of farm ponds on agricultural productivity and water security in the region. The abstract
highlights farm ponds as crucial solutions to water scarcity challenges, offering valuable insights for
policymakers and agricultural extension workers to implement sustainable water resource
management strategies in drought-prone areas. Furthermore, the study considers potential
drawbacks of lined farm ponds, such as hindering rainwater percolation and impacting groundwater
resources, contributing to a comprehensive understanding of the implications of farm pond adoption
in agricultural landscapes.

Keywords: farm ponds, irrigation, water resources, Ahmednagar district, droughts etc.
Introduction:

“Ahmednagar district is one of the drought-prone regions in Maharashtra state.” (IPCC,
2007) [3] The extremity of droughts has its long-term effects on the Agricultural sector as it does not
allow the capital formation and hence farmers become a vulnerable community. The modern
agricultural farming methods such as horticultural crops contribute significantly in the capacity
building of farmers especially in drought prone areas. Shroff S. and Kajale J. stated that, “Horticulture
in the country and Maharashtra in particular has tremendous potential while infrastructure
bottlenecks, absence of post-harvest management and other logistics can act as major constraints.” [6]
Therefore, the water harvesting structures like farm ponds can act as a life saviour of horticultural
crops in the state of water scarcity in drought prone areas. “Considering the fast decline of irrigation
potential and increased demand for water from different sectors, many initiatives have been
introduced to conserve the scarce water resources in India. One of the methods introduced to save
water consumption in agriculture was drip method of'irrigation (DMI).” [4] The drip irrigation method
of modern irrigation techniques requires a source of water. The farm-pond is proving to be a secure
water source for growth of Horticultural crops.

According to Pooja Prasad and Milind ohani in their research article, “It is unlikely that a
desired state of equilibrium can be achieved without regulation because economic incentives continue
to drive farmers to invest in farm-ponds even as groundwater levels fall thereby leading to the tragedy
of'the commons.” [5] "The role of farm pond density in groundwater recharge" by Green, W. C., et al.
(2006) in the journal Hydrogeology Journal evaluates the impact of farm pond density on groundwater
recharge rates. The study found that watersheds with higher densities of farm ponds had lower
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groundwater recharge rates, due to reduced infiltration of rainwater into the ground. [7] Therefore, the
presented study entitled “Exploring farm pond patterns in Ahmednagar: Enhancing agriculture
through protective irrigation strategies” is undertaken.

Study Area:

Ahmednagar district is selected as the study area in the state of Maharashtra. The district is
spread between 18"10'to 20°00' North Latitude and 73°30' to 75°37' East Longitude. [1] (Figure 1). The
total geographical area of the district is 17048 sq. km. having 14 tehsils. [2] The district lies in the rain
shadow zone of the western ghat. The distribution of the rainfall is very uneven and average annual
rainfall received is 583.5 mm. About 75% of the annual rainfall is received during the southwest
MONsSoON season.

Location Map
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Figure NO. 1: Locauon iviap o1 dtudy Area

Objective:
The present study's main objectives are,
1. To investigate the spatial distribution of farm ponds in Ahmednagar district and
2. To assess farm ponds' influence on net irrigated area, enhancing water resources for agriculture in
Ahmednagar district.
Database and Methodology:
The present study is based on primary data. The primary data is collected through field-survey
using questionnaire and personal interviews. The required data and information about various factors
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like number of farm ponds, respective location, shape and sizes, irrigation facilities, land data and
other related information etc. is collected. The detailed database and methodology are presented in the

flowchart (Figure 2).
Database & Methodology

Present research Paper is based on Primary data

Data is collected through Field survey & Persona
interviews using questionnaire

Total 9798 Farm ponds have been constructed during
10 fiscal years from 2005 to 2015 in District

H Random Sampling Technique is used H

v

H Tehsil-wise 10% data is collected from Farm pond holding farmers H

v

HDensity of Farm-ponds (Number per 100 hect of NSA is worked out) H

v

Statistical parameters such as Average, SD along with GIS techniques are used
to prepare the maps and interpret the results.

Figure No. 2: Flowchart for database and Methodology

Asper available data from the office of agricultural of Ahmednagar district, about 9798 farm-
pond have been constructed during ten fiscal years from 2005 to 2015 in the 14 tehsils of the district.
The 10% sample of the same has been used to understand agricultural development based on farm-
pond.

Results and Discussion:

Farm ponds have become an essential irrigation tool in many regions, providing a reliable
source of water during dry spells. By collecting and storing rainwater, farm ponds enable farmers to
supplement their irrigation needs, increasing and stabilizing crop production. Research has shown that
farm ponds are particularly beneficial in the study region, where water resources are limited. The
spatial distribution of farm ponds in Ahmednagar district is shown in the table (Table 1) and the map
(Figure 3) in the form of levels of number of constructed farm-ponds per 100 hect of NSA.

Table No. 1: Density of Farm-Ponds (Number per 100 hect of NSA)

Density of Scale Tehsils % tehsils
Farm Ponds
Very Low Below 30 Shrirampur 7
Low 30-35 Akole, Kopargaon, Parner 21
Medium 36-40 Newasa, Shrigonda 14
. Sangamner, Shevgaon, Pathardi,

High 41-45 Rahuri, Jamkhed 37
Very High Above 45 Rahata, Nagar, Karjat 21
District 14 100

. . e s Average:41 . SD:7 )
(Sourcer Compiled by researcher based on primary data
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The average proportion of constructed farm-pond per 100 hector NSA is 41. Shrirampur, Akole,
Kopargaon and Parner tehsils have very low and low (upto 35) level of density of farm-ponds, while
Newasa, Shrigonda, Sangamner, Shevgaon, Pathardi, Rahuri, and Jamkhed tehsils have medium to
high (36-45) density and Rahata, Nagar and Karjat falls under very high (Above 45) density of farm
ponds.

Density of Farm-ponds { 2005), Ahmednagar distreiet

- r
e -
LEGEND
Numbers /100 hectares of NSA
Bakir 30 - Vary Linw

B 30 - 35: Low H
£ | I 25 - 40 - Moderate A t
=| HE 41 - 45 ragh " ogrs w =

Bl ~ooe 45 Very High = —

T T T
RG] T | T4" 3]

Figure No. 3: Density of Farm-ponds (2015) in Ahmednagar District

In the study region, farm ponds are particularly important in the tehsils of Rahata, Nagar and
Karjat, which have a very high density of farm ponds. This suggests that farmers in these tehsils have
recognized the benefits of farm ponds and are investing in this technology to improve their crop
production.

Half of the tehsils in the study region have a high and very high density of farm ponds. These
tehsils have traditionally relied on farming, have fertile land and adequate water resources. However,
in some tehsils, such as Newasa, Shevgaon, and Rahuri, there is no guarantee of canal water rotation.
Therefore, farmers in these tehsils have built a high number of farm ponds (35 to 45 per 100 hectares)
to ensure areliable supply of water for irrigation.

Farm ponds can play a significant role in improving agricultural productivity and water
security in the study region. By promoting the construction and use of farm ponds, policymakers and
agricultural extension workers can help farmers to adapt to climate change and produce more food
with less water.
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Table No. 2: Proportion of Irrigated area by Farm-pond to Net Irrigated Area (NIA)

Level of Irrigated Scale of % to Irrigated area by Farm-Pond
area by Farm- NIA
pond Tehsils % tehsils
Very Low below 25.00 Shrirampur 7.14
Kopargaon, Rahata, Newasa,
Low 25.00-40.00 . 28.56
Rahuri
Medium 40.01-55.00 Akole, Sangamner, Shrigonda 21.46
High 55.01-70.00 Shevgaon, Parner 14.28
. Pathardi, Nagar, Karjat,
Very High above 70.00 Jamkhed 28.56
Distrtict 14 100
Average:50.53 SD:19.33

(Source: Compiled by researcher based on primary data)

The table (Table 2) and map (Figure 4) presents a detailed breakdown of the proportion of
irrigated area contributed by farm-ponds relative to the Net Irrigated Area (NIA) across different
levels. The first column categorizes the levels of irrigated areas by farm-pond, ranging from "Very
Low" to "Very High," with corresponding scales of percentage to NIA. The second column identifies
the Tehsils (sub-districts) falling within each level, providing a geographical context to the data. For
instance, Tehsils like Shrirampur fall under the "Very Low" category, with a scale below 25.00%. In
contrast, Tehsils such as Pathardi, Nagar, Karjat, and Jamkhed are classified as "Very High," boasting a
scale above 70.00%.

R ] T T 5= 3P0

Tehsil wise irrigated area of Farm-pond, Ahmednagar district

LEGEND

%% of krigated area by fanme-pond o NI
| Bedow 2500 : Wery Low

B 25.00 - 40.00 : Low "
£ ] I 4001 - 55.00 ; Moderate k | £
B 550t - 70.00 - High 2w s
S o

I -ooen 7000 Vary High
r v v
il T ] |

FigureNo.4: Tehsit wise Irrigated area of Farm-pond (2015), Ahmednagar District
66




Dr. Dattatray Sheshrao Ghungarde

The third column showcases the percentage of Tehsils within each level, offering insights into
the distribution of farm-pond-based irrigation across the region. Notably, Tehsils in the "Low"
category, including Kopargaon, Rahata, Newasa, and Rahuri, collectively contribute 28.56% to the
overall irrigated area by farm-ponds. Meanwhile, the "Medium" level Tehsils, such as Akole,
Sangamner, and Shrigonda, account for 21.46%. Interestingly, the "Very High" category, represented
by Tehsils like Pathardi, Nagar, Karjat, and Jamkhed, also contributes a significant 28.56% to the total
irrigated area.

The district-level summary at the bottom of the table consolidates the data, indicating that the
overall average proportion of irrigated area by farm-ponds to NIA is 50.53%, with a standard deviation
of 19.33%. This district-level overview provides a comprehensive snapshot of the distribution of
farm-pond-based irrigation, emphasizing the varying contributions across different Tehsils and levels
within the region.

The photo (Figure 4) shows a typical farm pond in the study region. The pond is lined with
polyethylene (PE) to prevent water seepage and is fenced with galvanized iron chain link fence to
protect it from livestock.

Lined farm ponds, while offering some benefits in terms of water conservation and
prevention of soil erosion, can also have certain disadvantages that impact groundwater resources.
First, lined ponds prevent rainwater percolation into the ground, which is a crucial process for
replenishing groundwater aquifers. By impeding this natural recharge process, lined ponds can
contribute to groundwater depletion, especially in areas with limited surface water sources.

h. = ‘l"f s -"-_d"!. j T j --J L J L ..'-.ll‘flll N lr ¥ L
Figure No. 4: Farm pond with Poly-ethane (PE) lining and Galvanized Iron chain link fencing
Conclusion:

In conclusion, the research conducted in Ahmednagar district illuminates the pivotal role of
farm ponds as a strategic intervention to address water scarcity challenges in drought-prone regions.
The study reveals a substantial spatial distribution of farm ponds, particularly evident in tehsils like
Rahata, Nagar, and Karjat, underscoring their importance in enhancing agricultural productivity.
Statistical results indicate an average density of 41 farm ponds per 100 hectares of Net Sown Area

67



Dr. Dattatray Sheshrao Ghungarde

(NSA). Furthermore, the study delves into the proportion of irrigated area contributed by farm ponds
to Net Irrigated Area (NIA), presenting a district-wide average of 50.53%, with a standard deviation of
19.33%. These findings emphasize the positive impact of farm ponds on irrigation practices while
acknowledging potential challenges such as groundwater recharge rates and the need for regulated
development. Overall, the research underscores the significant potential of farm ponds as a sustainable
water management strategy for agricultural development in drought-prone areas like Ahmednagar
district.
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Abstract

Tin Oxide (SnO,) nanomaterials were grown using the microwave-assisted sol-gel method at different
concentrations of tin precursor (namely 0.05, 0.1, 0.2, and 0.3 M). Stannous chloride is used as a Sn
precursor. Liquid ammonia was used to maintain the pH in the range of 12—13. Synthesis was carried
outin an aqueous medium using a Teflon container in a microwave oven for 1 hour. Precipitate was
annealed in ambient air for 600°C. Structural, optical, and morphological investigations were done.
XRD reveals the growth of the tetragonal phase of SnO,. The prominent presence of (110), (101), and
(211) reflections was noticed at 26.6, 33.7, and 52 two-theta values. Tin oxide is transparent in the
visible region of the electromagnetic spectrum. However, several attempts have been made to decrease
the visible blindness of tin oxide. The band gap is a property of nanomaterials that can tailor their
application in the optoelectronic field. Band gap and crystallite size show a prominent relationship in
the nano-domain. Strain was not considered while calculating crystallite size using the Scherrer
formula. In this investigation, we have measured the crystallite size and other structural features such
as strain, stress, deformation energy, dislocation de\ nsity, etc using the W-H plot method. All
modified models of the W-H method have been utilized for this measurement. A comparative and
comprehensive study of structural features was carried out using the Scherrer method, the
Williamson—Hall method, and all its modified models. The crystallite size measured by the Scherrer
method and various models of the W-H method shows a peak at 0.2 M concentration. Crystallite size
plots of various modified W-H methods show similar trends, followed by the Scherrer plot. Strain
calculated by Brag’s theory as well as all modified W-H depicts similar behaviour upon changing the
concentration. Globular agglomerated morphology was revealed by scanning electron microscopy
(SEM). The presence of tin (Sn) and oxygen (O) was confirmed by energy dispersive x-ray
spectroscopy. The band gap was obtained using the Tauc theory, which portrays variation in the range
of3.4t03.6eV.

1. Introduction

Metal oxide nanomaterials claim promising candidature in various fields of applications. Sensors,
optoelectronics, photovoltaics, etc fields heavily depend on the use of metal oxide nanoparticles.
Semiconducting metal oxide nanomaterials show attractive features such as surface area, band gap, non-toxicity,
and chemical stability [1]. It is a wide-band gap semiconductor with aband gap of nearly 3.6 eV. It has a rutile
tetragonal crystal structure. Tin oxide is present in two forms: stannous and stannic oxide [2]. Due to its multiple
oxidation states, it has multiple applications. SnO, is a versatile material due to its attractive features.
Conducting oxide is used to make the transparent conductor. It has stability, large optical transparency, and
small electrical resistance [2]. SnO, is a multifunctional metal oxide, as it is used in photovoltaics [3],

©2024 IOP Publishing Ltd
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optoelectronics [4], gas sensing [5], spintronics [6], transparent conducting electrodes [7], antioxidant activities
[8], antimicrobial activities [8], batteries [9] and many more.

Different synthesis methods were used to synthesize SnO,. Co-precipitation, precipitation,
mechanochemical, microwave irradiation, electrochemical reduction, hydrolysis method, sol-gel method,
electrochemical method, microwave assisted method, vacuum evaporation, chemical vapor deposition,
biosynthesis, etc techniques were used to grow SnO, nanomaterials.

The co-precipitation method was used to synthesize and dope SnO, nanoparticles. Ni and Cu were used as
dopants. The tetragonal rutile structure has been revealed. Ni-doped SnO, nanoparticles show a higher value of
saturation magnetization. Enhanced electrical and magnetic properties were detected in Ni-doped SnO,
nanoparticles [10].

SnO,-graphene nanocomposites were synthesized by the one-pot hydrothermal method. An excellent
specific capacity was shown by grown nanocomposites even at low temperatures. A detailed storage mechanism
for Na was revealed. This work triggers the use of SnO, as an anode in Na-ion batteries [11]. Ultrafast
SnO,-graphene nanoplates were synthesized using the rapid microwave irradiation method. CV reveals the
excellent alloying-dealloying mechanism of Sn. Three-fold charging—discharging capacity was observed as that
of conventional electrolytes. It demonstrates the role of material as an anode in a lithium-ion battery [12]. SnO,
nanoparticles were grown on carbon cloth using the facile hydrothermal method. The SnO,/Sn Mott-Schottkey
junction causes CO,R electrolysis. Reduction in the energy barrier during CO,R formation. SnO,/Sn
heterojunction plays a vital role in this work [13]. Tin oxide nanoparticles show enhanced features such as large
specific capacitance. The electrode of SnO, synthesized by the electrolysis method shows significant cycling
stability up to 150 cycles. The performance of Li and Ni-doped and un-doped tin oxide electrodes was examined
and compared [14].

Microwave-assisted green synthesis was carried out for the synthesis of SnO, nanoparticles. The
photocatalytic and antibacterial activities of synthesized nanoparticles were investigated thoroughly. Plant-
based synthesized nanoparticles show excellent photocatalytic and antibacterial behavior [15].

The SnO, electron transport nanolayer in a solar cell was deposited using the vapor deposition method.
Devices fabricated using multilayer have shown 27% the same power conversion efficiency as those fabricated
with a single SnO, nanolayer [16]. SnO,/graphene monolayer was grown via the chemical vapour deposition
technique. These layers were tested for the sensing of NO, gas. An enhancement in sensitivity of a SnO,-based
sensor was observed compared to a graphene-based sensor. Recovery time shows a significant decrease upon UV
irradiation. UV irradiation contributed to the fast response and recovery time of the gas sensor [17].

Zhan et al have explored the photocatalysis activity and growth mechanism of SnO, nanocrystals using the
Sol-gel method. In this work, Ostwald’s Ripening Mode (OR) and Oriented Attachment (OA) Mode were used
to study the growth mechanism. This work successfully demonstrates the dependence of photocatalysis activity
on growth mechanisms [18].

The sol-gel method was used to grow the SnO, nanoparticle for the application of humidity sensors. A
synthesized nanoparticle shows enhanced detection of humidity. Good relative humidity detection was reported
in thiswork [19].

A facile microwave-assisted method was developed to synthesize large-scale SnSe; _,Te, nanoplates. An
enhanced thermoelectric performance was observed in this work. They have achieved the tailoring of electronic
band structure using Density Functional Theory (DFT) [20].

SnO; nanostructures were synthesized using the co-precipitation method. The tetragonal rutile structure
was confirmed using XRD. Structural data was obtained and compared using the Nelson-Riley, Williamson—
Hall plot, and Debye-Scherer methods [21].

Iron oxide and Europium oxide-doped SnO, nanomaterials were prepared by the solid-state reaction
method. Dislocation density and strain were calculated using the Williamson—Hall method. Confirmation of
incremental grain boundaries due to doping was reported from structural analysis. An increase in resistance was
reported due to these grain boundaries [22, 23]. Bare and sulfur-doped SnO, nanoparticles were prepared using
the hydrothermal method. The Scherrer method, Williamson—Hall method, and size-strain plot method were
used to obtain the structural parameters, such as crystallite size and microstrain. The values reported in this work
show good agreement with each other. Further, these prepared nanomaterials were used in energy storage
applications [24].

In this investigation, we have synthesized SnO2 nanomaterials using the novel microwave-assisted Sol—gel
method.

Grown nanomaterials will be used for optoelectronic applications such as photo detection. Crystallite size
and strain are interdependent features of crystallite materials. Defect/dislocation free crystallites result in
minimal-strain nanostructures. The Scherrer formula is widely used to obtain the crystallite size; however, strain
broadening is ignored while calculating the crystallite size. In Williamson—Hall and its modified equations, the
strain and isotropy of material were considered. This gives a meticulous idea of the crystalline aspects of grown
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Figure 1. XRD spectrographs of SnO, synthesized at different concentrations.

nanostructures. Surface features such as shape, size, surface area, and nature of the surface affect the detection
mechanism. These comprehensive morphological measurements are complementary to the synthesis of
nanomaterials for optoelectronic applications. Optical probing is helpful in measuring optical aspects such as
the band gap of the grown nanostructure that affect the detection range in photodetection.

An airtight Teflon container was used to maintain the temperature and pressure during the microwave
treatment. These syntheses were carried out at different concentrations of Tin precursor. The effect of
concentration on the structural, optical, morphological, and elemental features of Tin oxide nanoparticles was
studied in this work. Especially, structural parameters such as crystallite size, dislocation density, microstrain,
stress, and deformation energy density were obtained using the Scherrer method and Williamson—Hall plot
method.

2. Experimental

Microwave assisted Sol gel method was used to synthesize Tin Oxide (SnO2) nanomaterials. Stannous Chloride
(SnCl,.2H,0) and ammonia solution (NH3) (Molychem A.R. grade) used as starting precursors. Stannous
chloride was used as Sn source. pH of solution was maintained at 12—13 using drop-wise addition of Ammonia
solution in continuously stirring solution. Four different concentrations (0.05, 0.1, 0.2, and 0.3 M) were
synthesized in an aqueous medium. The solution with a white precipitate suspension was transferred to an
airtight Teflon container. Further, microwave heating was carried out for 1 h. Precipitate was collected using
filtering, followed by natural cooling. Precipitate was dried using an IR lamp for 2 h. Air ambient annealing was
carried out in a furnace at 600 °C for 5 h.

The annealed precipitate was investigated structurally, optically, and morphologically using XRD, UV—-vis,
and SEM techniques. Structural studies were performed using an x-ray diffractometer, model D8 Advanced
Bruker, with a CuKa (radiation wavelength, =0.154 nm) anode. The optical features of the grown nanomaterial
were examined using a JASCO V-750 UV—-vis spectrometer. Surface morphology and elemental composition
were investigated using the Scanning Electron Microscope (SEM) JSM IT50.

3. Result and discussion

3.1. Structural analysis

Figure 1 reveals the x-ray diffractograms of SnO2 synthesized at different concentrations. (110), (101) and (211)
reflections show their prominent presence. XRD reveals the formation of the tetragonal phase of Tin Oxide
which is in agreement with standard data (JCPDS-72-1147). The average crystallite size was obtained using the
Scherrer [25] formula.
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Table 1. Crystallite size, microstrain, dislocation density, and band gap dependence on concentration.

Concentration (M) Crystallite size (nm) Dislocation Density (nm ) (x 1073) microstrain (x1073) Band gap (eV)
0.05 12.68 6.42 6.637 3.57
0.1 16.01 3.93 5.33 3.5
0.2 18.39 3.07 4.446 3.42
0.3 15.84 4.06 5.205 3.61

Table 2. Structural parameters using williamson—hall method.

Williamson—hall method

Conc.(M)
UDM USDM UDEDM
d(nm) €(x107% d(nm) €(x107% o (MPa) d(nm) € (x107? o (MPa) u(Kfm™3)
0.05 16.55 1.45 13.81 0.3131 1700 14.57 0.6551 655.5 1166
0.1 18.95 0.5969 18.08 0.3923 2130 18.88 0.6069 606.9 1000
0.2 26.04 1.13 23.25 0.8068 4380 27.27 1.3899 1389.9 5244
0.3 18.91 0.6265 18.33 0.5121 2780 19.70 0.9225 922.5 2310

0.9\
d= 1
B cosb W

Where d is the average crystallite size, 3 is the full width at half maximum, ) is the diffraction wavelength of the
Cuanode (0.154 nm), and 6 is the angle of diffraction. Dislocation density was calculated using the dislocation
density equation [26] given by

1

- 2
Scherrer theory gives an estimate of particle size; however, it completely neglects the contribution due to
microstrain in peak broadening. Microstrain is given by,
Ad
26 = — (3)
d
Contribution to peak broadening due to microstrain [27] is given by,
0 = 4e tan 4)
o ©)

€ =
4tan0

Table 1 displays the values of crystallite size, dislocation density, microstrain, and band gap.

Upon an increase in the concentration of Sn precursor, average crystallite size shows a rise up to 0.2 M
concentration; further increase in concentration result in a decrease in crystallite size. This is attributed to the
fact that an increase in concentration results in a rise in nucleation. This trend continues from 0.05 M to 0.2 M,
further increase in concentration result in a reduction in crystallite size; this may be due to the presence of an
excessive number of nuclei. The chemical reaction rate is directly influenced by the concentration of the
solution. This causes the evolution of the density of nuclei in solution, which governs the growth of crystallite
size. Dislocation density and microstrain exhibit the same inverse trend as that of average crystallite size. Larger
the crystallite, the fewer the boundaries, resulting in a decrease in imperfections and a more compact structure.
This could be the reason for the inverse trend of dislocation density and microstrain with crystallite size. These
parameters are obtained using the Scherer theory; however, this theory has its own limitations. Crystallite size
consists of broadening due to stress, strain, crystalline imperfections, faults, voids, etc present in the crystallite.
This limitation can be overcome using the Williamson—Hall method, which considers broadening of the peak
due to crystallite size as well as microstrain. A Williamson—Hall plot was used to measure crystallite size,
dislocation density, strain, stress, and deformation energy. In the W-H plot method, three modified models:
Uniform Deformation Model (UDM), Uniform Deformation Stress Model (UDSM), and Uniform
Deformation Energy Density Model (UDEDM) were used. Table 2 shows concentration-dependent structural
features obtained by the W-H method.
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Figure 2. Williamson—Hall plots (UDM method) for SnO, nanomaterials grown at different concentrations.

3.1.1. Uniform deformation model
Williamson—Hall equation for Uniform deformation model is given [28] by

OBk cos ) = % + 4€ sinf 6)

Where, G, is the full width at half maxima of a particular reflection, 6 is the angle of diffraction, k is the shape
factor, d is the crystallite size, € intrinsic strain present in crystallite due to imperfections, defects or dislocations.
Intercept and slope of linearly fitted data of plot of Gy cos 8 versus 4¢ sin 6 gives crystallite size and microstrain
present. Figure 2 shows Williamson—Hall plots (UDM method) of synthesized samples.

Crystallite size and microstrain obtained using the W-H method and the Scherer method are close to each
other. Microstrain and crystallite size obtained in the W-H method show similar behaviour to that of the Scherer
method. Crystallite size shows a rise with an increase in concentration from 0.05 to 0.2 M; further increase in
concentration result in a decrease in crystallite size.

3.1.2. Uniform stress deformation model (USDM)
Hook’s law exhibits proportional relationship between stress and strain which is given by,

o=Ye

Where, o, is stress, € is strain and Y, is constant of proportionality or Young’s modulus. This equation is valid
for small strain. However, for lattice strain, it is considered that strain and stress are uniform. This gives rise to
modification in second term of UDM equation, € is replaced by % Modified equation due to uniform stress
consideration is given by USDM model [29, 30] as,

kA 40sind

g— A ZosinG 7
Bpki cos y i (7)

Where, G is full width at half maxima of a particular reflection, 6 is angle of diffraction, k is shape factor, d is
crystallite size, o intrinsic stress and Y,y Young’s modulus along the particular (hkl) plane. Crystallite size can be
determined from the Yaxis intercept and microstrain is obtained by slope of linear fitted plot of 5y cos 6 versus
4sinf Figure 3 shows the plots USDM method.

Y
Young’s modulus Y, for tetragonal crystal structure [31] is given by formula,

1 Su(? + k) + PQSis + Sa) | (S35 — 2513 — Saa) + Wk*(2S12 + Seo)
Yiu (hz + k2 + 12) (hz + k2 + 12)2

®)

Where, S11, S12, S13, S33, Saa - and Sgg are elastic compliances of tetragonal phase [30] of SnO,, the values of S,
S12, Si3> S33, Sga and Sgg are 7.4262, —4.4081, —1.0438,2.9462,9.6432, and 4.8216(TPa)~! respectively [32].
The values of Young’s modulus were determined for all lattice planes. Crystallite size and microstrain obtained
using the USDM model are in agreement with the Scherer method and the UDM method.
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Figure 3. Williamson—Hall plots (USDM method) for SnO, nanomaterials grown at different concentrations.

3.1.3. Uniform deformation energy density model (UDEDM)
As per the UDM model, crystals are isotropic and have homogeneity; however, in reality, such a crystal system is
no longer in existence. Therefore, it is required to modify the UDM equation by considering the anisotropic
nature of a realistic crystal system.
Along with this linear relation between stress and strain cannot be considered due to defects, imperfections
presentin the crystal. In UDEDM, deformation energy density is denoted by # and given by
1 o?

2
U= —cY=
2 2Yhu

Intrinsic strain can be written as a function of deformation energy density as,

2u
e=o0 |—
Y

Using above in UDM formula, we get the modified equation [32] as given by

kA 2u
cosf = — + 4sinf |— 9
Bkt y ,thz ©)

Figure 4 shows the plot of UDEDM, [y cos 8 Vs 4sin 6 | Yi . Yaxis intercept gives the value of crystallite size.
hkl

Slope of linearly fitted data yield the value of energy. Further energy strain and uniform deformation stress is
obtained.

Figure 5 reveals that the crystallite size obtained by using the Scherrer method, UDM, USDM, and UDEDM
shows agreement. Average crystallite size for 0.2 M concentration shows a peak; further increase in
concentration result in a decrease. Similar trends were observed in the crystallite size obtained by using different
methods. Itis well known that, Scherrer equation considers broadening completely due to crystallite size; it
neglects the broadening due to strain. This results in small crystallite size as that of W-H method. Figure 5
depicts, crystallite size obtained by UDEDM shows larger values as that of USDM and UDM as UDEDM follows
more realistic anisotropic model of crystallite system.

Figure 6 shows comparative plots of strain measured by Brag’s and different models of the W-H plot
method. Strain measured by Brag’s theory exhibits higher values than those of different models of the W-H plot
method. This is attributed to the fact that W-H plot counts contribution in peak broadening due to crystallite
size as well as strain. However, UDEDM has higher strain values compared to UDM and USDM.

This is due to consideration of the anisotropic picture of the crystal, which yields an increase in strain
compared USDM. Synthesized nanomaterials will be deployed for the purpose of photodetection applications.

Larger the crystallite size, lesser the microstrain, dislocation density, and grain boundaries. This reduces the
losses during photo detection.
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Figure 4. Williamson—Hall plots (UDEDM method) for SnO, nanomaterial’s grown at different concentrations.
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4. Optical study

The Tauc theory was used to obtain the band gap of synthesized nanoparticles. Figure 7 reveals the Tauc plots of
SnO2 nanomaterials grown at different concentrations.

The band gap values obtained using these Tauc plots vary from 3.42 eV to 3.61 eV. Upon an increase in
concentration, the band gap shows a decrease up to 0.2 M; however, with a further increase in concentration, the
0.3 M band gap value increases. This could be due to the fact that an increase in molarity from 0.05 to 0.2 M
causes increases in crystallinity. A decrease in crystallinity was witnessed at 0.3 M. Variation in band gap with
concentration could be linked to variation in crystallite size. This is attributed to the quantum confinement
effect. Tin oxide is a visible-blind material. 3.42 eV is the band gap obtained for a 0.2 M concentration of Tin
precursor. Further optimization in concentration, temperature, and reaction time may result in a reduction in
the band gap. This may lead to detection within a higher threshold of the visible range.

4.1. Morphological study
Figure 8 shows the morphological features of SnO2. The inset shows the distribution of the average length of
particle distribution obtained by using Image-]J software.

This average length also shows a similar kind of trend with concentration. Agglomeration of the globular
type of morphology is clearly seen. Figure 9 reveals the EDS spectra for different concentrations. The EDS
spectra confirm the presence of Sn and O.
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Figure 7. Tauc plots for SnO, nanomaterial’s synthesized at different concentrations.

There is no specific trend in elemental composition or concentration observed.

Tuning of the energy band gap could be possible using process control parameters such as concentration,
power, reaction time, etc. Crystallite size and energy gap are interrelated. The quantum confinement effect is
observable in the microworld. Determination of crystallite size can be done using various formulas, such as the
Scherrer formula, the Williamson—Hall method, and its various models. The Scherrer formula does not consider
the microstrain present in the crystal lattice, which is obvious in crystalline materials as crystal with zero entropy
do not exist. However, the Williamson—Hall method is more precise as it considers microstrain while obtaining
the crystallite size. Modified W-H models even consider the isotropy of the crystal.

This ensures a more precise measurement of crystallite size and can be interlinked with the energy gap.
Tuning of the energy gap could result in variation in the detection range. These results will be utilized for further
optimization of the band gap so that the resultant SnO2 nanomaterial may work in the upper threshold region of
the visible spectrum. Surface features such as shape, size, surface area, and nature of the surface affect the

detection mechanism. These comprehensive morphological measurements are complementary to the synthesis
of nanomaterials for optoelectronic applications.
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Figure 8. SEM micrographs of SnO, nanomaterial’s grown at different concentrations.
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Figure 9. EDS spectra’s of Tin Oxide nanomaterial’s grown at different concentrations.

5. Conclusion

In this investigation, the effects of the concentration of Sn precursor on structural, morphological, elemental,
and optical properties were studied. XRD reveals the formation of a tetragonal structure with an increase in
crystallite size upon an increase in concentration. (110), (101) and (211) reflections show their prominent
presence in diffractograms. The average crystallite size obtained using the Scherer formula shows an increment
with an increase in concentration. Dislocation density and microstrain exhibit an inverse relationship with
crystallite size. The Williamson—Hall method was used to obtain the crystallite size, stress, strain, and
deformation energy density. UDM, USDM and UDEDM these three models were used. Crystallite size and
strain obtained using the W-H method show good agreement with the Scherer method. The band gap obtained
using the Tauc method varies from 3.42 eV to 3.57 eV. Agglomerated globular morphology was seen in SEM
imagery. EDS confirms the presence of Sn and O in synthesized nanomaterial.

Data availability statement

The data cannot be made publicly available upon publication because no suitable repository exists for hosting
data in this field of study. The data that support the findings of this study are available upon reasonable request
from the authors.
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ARTICLE INFO ABSTRACT

Keywords: Our research focuses on hydrothermally synthesizing a bimetallic cobalt vanadium oxide Co3V;0g (CVO)
Co3V,0g nanoparticles microstructure, tailoring it for use in both bifunctional supercapacitor and electrolysis applications. We carefully
Hydmthem}al optimized the molar ratio of Co and V to achieve a hexagonal microstructure for Co3V50g, confirming it through
Is_lgfrcapamor field emission scanning electron microscopy (FESEM) and High resolution transmission electron microscopy

OER (HRTEM) studies. The optimized electrode exhibited exceptional electrochemical characteristics when utilized in

XPS a supercapacitor application. It demonstrated a superior areal capacitance of 3.76 F/cm? at a current density of 1

HRTEM mA/cm? Subsequently, we utilized the optimized electrode in an asymmetric supercapacitor configuration with
activated carbon (AG), resulting in an areal capacitance of 126.1 mF/cm? and an energy density of 29.6 mWh/
cm? at a power density of 2.6 W/cm?. To assess the stability of this configuration, we conducted 5000 cycles at 5
mA/cm? and observed a retention rate of 87%. Additionally, we investigated the effectiveness of the optimized
electrode as an electrocatalyst for water oxidation in a 1 M KOH electrolyte. In this setup, the CVO-4 electrode
exhibited a lower overpotential of 226 mV for the hydrogen evolution reaction (HER) and a Tafel slope of 178
mV/dec for HER. Overall, our findings indicate that the as-prepared optimized electrode operates highly effi-
ciently in bifunctional applications, positioning it as a promising candidate for energy conversion and storage
operations.

1. Introduction

Increasing industrialization and the use of fossil fuel-powered vehi-
cles have given rise to the most severe issues of global warming and
energy crises. The usage of hybrid vehicles equipped with low-cost en-
ergy storage devices and energy sources can alleviate these issues.
Various electrochemical devices with different functionalities can be
built by combining electrodes with active materials and electrolytes
containing diverse components. Examples of these technologies include
solar cells, sensors, batteries, photo electrochemical cells, and super-
capacitors [1,2]. Supercapacitors, also known as ultracapacitors, possess
unique properties that make them a viable long-term alternative energy
storage solution. In the future, supercapacitors (SCs) and hydrogen en-
ergy will emerge as excellent choices for energy storage and

* Corresponding authors.

consumption. Hydrogen, which is ecologically acceptable and has high
density, can be regarded as a green energy source, and it can be
generated through the process of water electrolysis via the hydrogen
evolution reaction (HER). Therefore, synthesizing nanomaterial elec-
trodes with high output for SCs and HER assumes importance [3]. The
researchers directed their focus toward developing a bifunctional ma-
terial for energy strategies that encompass both supercapacitors and
hydrogen generation through electrocatalysis. Water electrolysis is the
process through which hydrogen, regarded as a clean energy source, is
obtained. In this process, water splitting occurs through two half-cell
reactions, transpiring at the cathode and anode, respectively, resulting
in the production of hydrogen and oxygen. Theoretically, full water
splitting takes place at 1.23 V with a current density of 10 mA/cm?. Up
to this point, platinum has demonstrated exceptional electrocatalytic
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activity for the hydrogen evolution reaction (HER), but its high cost
poses a hindrance to commercial production [4,5]. Rechargeable bat-
teries, with their high energy density, have been widely adopted as
common energy storage technologies in recent decades, alongside
supercapacitors (SCs). SCs are gaining popularity as an alternative to
rechargeable batteries due to their quick charging time and high power
density. Currently, achieving high energy density, stability, and a
reasonable price is the primary requirement for commercial energy
storage SCs. Researchers are extensively exploring novel electrode ma-
terials to enhance energy density. Nanomaterial-based efficient elec-
trodes play a crucial role as catalysts for the hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER) processes [6]. There are two
types of SCs based on their capacitive behavior: pseudocapacitors (PCs)
and electric double-layer supercapacitors (EDLCs). PCs involve a redox
reaction as their charge storage mechanism, which can be further
divided into two subparts: the bulk process and the surface process. The
charging mechanism of PCs consists of three components: monolayer ion
absorption at the electrode surface, surface redox reaction, and ion
intercalation [7]. The transition metal oxides, such as CuO [6], Co304
[81, Mn304 [9], NiO [10], NiCo204 [11,12] and similar materials, have
captured the attention of researchers in the field of pseudocapacitors
(PCs). In the case of electric double-layer supercapacitors (EDLCs), the
electrical double-layer capacitance is generated at the
electrode-electrolyte interface through fast ion adsorption and desorp-
tion. Electrode materials with high surface areas exhibit superior charge
storage capacities [13]. Carbon-based electrode materials, such as gra-
phene, graphene oxide, reduced graphene oxide, carbon nanotubes, and
various metal oxides, shows their charge storage mechanism in EDLCs.
Currently, the focus of research is on studying bimetallic metal oxides
instead of single metal oxide nanoparticles. This shift in focus is driven
by the fact that bimetallic metal oxides exhibit different oxidation states
and enhanced conductivity, leading to the generation of extraordinary
energy storage capacities through their synergetic effects. Several
research articles [1,14-18] have reported on the utilization of bimetallic
metal oxides in the field of energy storage, such as NiCoyO4 [19],
MnCo,04 [20], MoMn-oxide [21], BiMnOs [22], NiyV30g [23],
MoVMnAg-oxide [24], MnCo-LDH [25], S-NiCo-LDH [26], NiC-
0204@NiMoO4 [27,28] nickel cobalt molybdenum copper oxide [29]
electrodes for asymmetric supercapacitors demonstrate excellent energy
storage capacity. In recent studies, the attention has shifted towards
higher metal oxide or tri-metal oxide materials because of their
intriguing properties. It has been found that higher-order metal oxides
can introduce defects, which enhance the redox reactions and result in
increased electrical conductivity of the electrode material. This
increased electrical conductivity plays a significant role in enhancing
the energy storage capacity [30,31]. Cobalt vanadium oxide (CVO) has
been used for energy storage applications due to its excellent capaci-
tance compared to other metal oxides. Additionally, CVO maintains a
non-zero oxidation state for vanadium and demonstrates a strong
binding between vanadium and oxygen. Furthermore, cobalt-based
oxide exhibits high capacitance, environmentally friendly properties,
excellent redox chemistry, and stable chemical properties, and is
abundantly available. Therefore, CVO is considered an appropriate
material for energy storage applications [32]. Several articles reported
the different microstructures cobalt vanadium oxide (CVO) nanorose
[33], CVO multilayer nano sheet [34], CVO microsphere [35], CVO
nanosheets [36], CVO-mesoporous nanoparticles [37], are reported for
energy storage application.

S. Chandra Sekhar has reported the development of a multifunctional
binder-free electrode, Co3V20s, for a hybrid supercapacitor and Li-ion
battery. The researchers grafted nano hexagonal Co3V30g prisms onto
copper vanadium oxide nanorod arrays that were grown on copper foam
through solution processing. The hybrid Co3V,0g supercapacitor ex-
hibits excellent electrochemical properties, demonstrating a good areal
capacitance of 0.464 F/cm? and excellent cyclic stability. Furthermore,
the hybrid supercapacitor delivers a remarkable energy density of 0.092

Surfaces and Interfaces 41 (2023) 103267

mAh/cm? at a power density of 24.40 mW/cm? [2]. Z. Fahimi et al. used
the hydrothermal method to prepare a sphere with mesoporous walls
containing Co3V,0g nanoparticles. They fabricated the hybrid super-
capacitor using the optimum electrode and activated carbon electrode.
The hybrid supercapacitor demonstrated an energy density of 59.2
Wh/kg and a power density of 36.6 kW/kg, while also exhibiting
excellent electrochemical stability over 10,000 cycles [32]. W. Fang
reported on the very effective catalysis of the hydrogen evolution pro-
cess (HER) by a vanadium cobalt bimetallic metal oxide framework [5].
and, Z. Lue et colleagues prepared cobalt vanadium oxide nanosheets for
total water splitting using the hydrothermal technique [38]. The aim of
this article is to investigate how different cobalt-to-vanadium ratios
affect the electrochemical performance and hydrogen evolution reaction
(HER) in the context of electrochemical storage and electrocatalytic
activity.

In this study, we utilize the hydrothermal technique with urea to
prepare the electrode material, employing four different Co/V ratios. We
analyze the electrode material using techniques such as X-ray diffraction
(XRD), Field emission scanning electron microscopy (FE-SEM), energy
dispersive X-ray spectroscopy (EDS), High resolution transmission
electron microscopy (HRTEM), and X-ray photoelectron spectroscopy
(XPS). To evaluate the electrochemical properties of the electrode ma-
terial, we employ cyclic voltammetry (CV), galvanometric charge and
discharge (GCD), and electrochemical impedance spectroscopy (EIS).
The power law and duns approach are used to investigate the charge
contribution and surface and diffusion current contributions, respec-
tively. Additionally, we assess the HER/OER performance of the elec-
trode material in a 1 M KOH electrolyte using linear sweep voltammetry
(LSV). The results highlight the significant impact of the cobalt-to-
vanadium ratio on the electrochemical performance of the electrode
material. This study offers valuable insights for future research in this
field.

2. Materials and methods
2.1. Materials

All chemicals, particularly cobalt nitrate hexahydrate (Co
(NO3)2-6H20 (98%), urea (CO(NH>)3) (99%), ammonium metavanadate
(NH4VO3) (99%), acetone (CH3CO) (99%), ethanol (CaHgO) (99.5%),
polyvinylidene fluoride (PVDF), N-Methyl-2-pyrrolidone (NMP) and
potassium hydroxide (KOH) (85%), has sourced from Sigma-Aldrich and
used without extra purification processing, purchased from Daejung
Chemical in the Republic of Korea supplied hydrochloric acid (HCL).

2.2. Sample preparation

2.2.1. Synthesis of the Co3V20g

The Co3V,0g samples were synthesized through a simple hydro-
thermal method. Firstly, a homogeneous solution was prepared by dis-
solving 0.12 M cobalt nitrate hexahydrate (Co(NO3)2 - 6H50), 0.06 M
ammonium metavanadate (NH4VO3), and 0.560 M urea (CO(NHs)5) in
50 ml of deionized (DI) water at room temperature (300 K) with con-
stant stirring. The solution was then transferred into a Teflon-lined steel
mold (100 ml) and subjected to a hydrothermal reaction in an oven at
140 °C for 16 h. The hydrothermal reactor was allowed to cool gradually
to room temperature. Afterward, the product was extracted using filter
paper and meticulously washed with DI water and ethanol several times,
resulting in a refined material. The collected samples were subsequently
annealed at 400 °C for 4 h and designated as CVO-1. Furthermore, other
microparticle variants, including CVO-2, CVO-3, and CVO-4, were syn-
thesized using a similar approach, but with different concentrations of
ammonium metavanadate (NH4VO3) of 0.12 M, 0.180 M, and 0.24 M,
respectively, each exhibiting distinctive characteristics. The same
nomenclature was adopted throughout the manuscript for easy identi-
fication. Scheme 1 provides a schematic representation of the
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Scheme 1. Schematic of the hydrothermal synthesis of Co3V,Og nanoparticles.

hydrothermal synthesis of Co3V,0g microparticles.

2.3. Material characterization

The crystal structure and phase development of the microparticles
were examined using X-ray diffraction (XRD; PANalytical) with CuK
radiation. Field-emission scanning electron microscopy was used to
analyze the surface morphology and elemental mapping of the nano-
particles (FE-SEM; S-4800 HITACHLI, Ltd., Japan). The surface chemical
composition was examined using X-ray photoelectron spectroscopy
(XPS; K-alpha, Thermo Scientific, UK). High-resolution transmission
electron microscopy was used to examine element mapping and surface
morphology further (HRTEM; Tecnai F21, FEI Company), Nitrogen
adsorption-desorption was performed at 77.2 K to obtain the Brunauer-
Emmett-Teller (BET) specific surface area (Micromeritics; 3-flex
analyzer). Electrochemical measurements such as cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS), galvanostatic
charge/discharge (GCD), linear sweep voltammetry (LSV), and cyclic
stability measurements were performed on a ZIVE SP5 electrochemical
workstation. These measurements were carried out in a conventional
three-electrode arrangement consisting of a platinum counter electrode,
the active material as a working electrode, and an Ag/AgCl reference
electrode (WonAtech).

2.4. Electrode preparation

The fabrication of the working electrode was undertaken with
utmost precision and care to enable a thorough analysis of the active
material’s electrochemical performance. A slurry of the active material
(CVO0), PVDF, and carbon black (CB) in an 80:10:10 ratio was prepared
using an NMP solution and used to construct the electrode. To ensure a

pristine electrode surface, the 2x1cm? area of Ni-foam was thoroughly
cleansed with hydrochloric acid to eliminate any impurities. The dried
Ni-foam substrate was then used for the final electrode preparation. The
active material slurry was drop-cast onto the Ni substrate’s 1x1cm?
active area and subjected to an overnight drying process at 60°C prior to
electrochemical analysis. The mass loaded on the Ni foam was 8.3 mg for
CVO-1, 11.6 mg for CVO-2, 9.8 mg for CVO-3, and 6.46 mg for CVO-4
electrodes. For the two-electrode system, KOH and PVA electrolytes
were utilized. The electrolyte was prepared by dissolving 2 g of PVA in
20 ml of water for 1 hour at 80°C. Afterward, 5 ml of a 2 g KOH solution
was added to the above solution, and the mixture was heated for an
additional hour. Two electrode devices were fabricated, consisting of the
positive electrode, the negative electrode, and the PVA-KOH electrolyte.
The two terminals were retained as positive and negative terminals for
the electrochemical evaluation of the device. The fabricated device was
then used for the electrochemical study, ensuring optimal electrode
fabrication for reliable and accurate results.

2.5. Equations

The areal capacitance of the electrode and ASC device were calcu-
lated from the following equation from CV profile [32,39,40].
[iav

Areal it = — 1
real capacitance T Xy XA XAV (€D}

The areal capacitance, energy density and power density of the
electrode and ASC of device were calculated from the following equation
2 xXTy;xi

Areal it = — 2
real capacitance V<A (2)
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Energy Density (ED,) = % 3)
3600 x ED,
Power Density (PD,) = % 4
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Where ‘i’ is the current, m is the mass loaded on electrode, AV is the
potential window of the CV profile, v is the scan rate of the, A is area of
the electrode, Tq is the discharge time, V is the potential window of GCD
profile.

3. Result and discussion
3.1. XRD analysis

The phase evolution of the prepared sample was evaluated using
XRD analysis. Fig. 1 shows the XRD pattern of all CVO microparticles.
The XRD spectrum indicates that the molar concentration of ammonium
metavanadate has an influence on the crystal structure. The XRD pattern
reveals all CVO microparticles have a polycrystalline nature. The XRD
spectra of CVO-1, CVO-2, and CVO-3 show diffraction peaks at 30.49,
35.83, 43.42, and 63.62°, which are attributed to the planes (220),
(311), (400), and (440). The XRD spectra of CVO-1, CVO-2, and CVO-3
are in good agreement with JCPDS card 0160-675 [31], confirming the
cubic phase of Co3V;0g. In the CVO-4 XRD spectra, exhibited diffraction
peaks at 26.34, 27.57, 29.55, 30.99, 32.84, 35.09, 35.87, 43.61, 57.67,
63.67, and 77.67°. These peaks correspond to the planes of CozV30g
(220), (211), (002), (140), (231), (320), (400), (520), (024), and (622),
respectively, as identified by the JCPDS card No 01-074-1486 with an
orthorhombic crystal structure [41]. While observing the CVO micro-
particles at different concentrations (CVO-1, CVO-2, and CVO-3), no
significant changes were observed. However, in CVO-4, an additional
peak was observed at 26.46, 27.61, 29.61, 32.94, and 35.14°. The in-
crease in the vanadium concentration results in intensity growth and a
little bit of peak shift. Moreover, a phase change from cubic to ortho-
rhombic were noticed with an increase in vanadium concentration. The
increased peak intensity of the (220), (211), (002), (040), and (140)
planes confirms the enhanced crystallinity of the Co3V2Og microparti-
cles with increasing molar concentration. M Akram reported a similar
impact of molar concentration on crystallinity [42]. The concentration
had an influence on the surface microstructure and crystalline structure.
The XRD analysis demonstrates that CVO-4 possesses an orthorhombic
crystal structure and CVO- CVO-2, and CVO-3 have a cubic crystal
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Fig. 1. XRD spectra of CVO-1, CVO-2 CVO-3 and CVO-4 nanoparticle for
different Co/V molar ration.
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structure which influences the electrochemical performance.
3.2. XPS analysis

XPS analysis was conducted to investigate the nanocrystal involve-
ment and electronic state. Fig. 2a presents the survey spectra of CVO-4
microparticles. The survey spectra exhibited peaks at 517.81 eV,
530.26 eV, 779.24 eV, and 284.16 eV, indicating the presence of V2p,
O1s, Co2p, and C1s, respectively. Fig. 2b shows the spin-orbit splitting of
the V2p, The V2p3/2 with two peaks observed at 515.63 eV and 516.67
eV, representing the V4™ and V°* oxidation states, respectively. The
V2p;,2 two peaks were observed at 522.85 eV and 523.99 eV repre-
senting the V** and V> oxidation states, respectively [43,44]. In Fig. 2c,
the spin-orbit splitting spectra of Co2p are depicted. The two peaks
observed at 795.64 eV and 779.68 eV, with a peak separation of 16.07
eV, correspond to the Co2p;,2 and Co2ps/» states, respectively. Addi-
tionally, peaks were observed at 795.54 eV and 779.43 eV, confirming
the presence of the Co?" state, while peaks at 797.07 eV and 781.14 eV
indicate the presence of the Co>* state. The two shake-up satellite peaks
observed at 802.38 eV and 785.99 eV align well with the reported re-
sults, confirming the existence of the Co*? oxidation state [43]. A
Co®*/Co®" ratio of over 1.09 for Co2ps,, and 1.04 for Co2p; /2 suggests
the presence of an oxygen surface [45]. Fig. 2d illustrates the decon-
volution spectrum of Ols. The prominent peaks in the Ols spectra are
observed at 529.0 eV, 529.54 eV, and 531.21 eV. The peak at 531.21 eV
(Opp) indicates the presence of hydrated species on the nanoparticle
surface. The peak at 529.54 eV (Oyy) represents adsorbed oxygen species,
while the peak at 529.0 eV (Oj) corresponds to lattice oxygen [43].

3.3. Surface morphology

Field electron Scanning Electron Microscopy (FESEM) was used to
examine the surface morphology and particle size of the nanoparticles.
The surface FESEM microstructure of all CVO microparticles is depicted
in Figure S1 (Supporting Information S.I.). The synthesized micropar-
ticles exhibited a hexagonal shape with varying thicknesses. Changes in
the Co/V concentration ratio led to modest tailoring of the surface
microstructure. The structure and uniformity of particle dispersion
varied with the Co/V ratio ranging from 2 to 0.5. At a Co/V ratio of 2, a
nonuniform hexagonal microstructure with tiny surface overgrowth was
observed, having an average thickness of 514 nm. When the Co/V ratio
was changed to 1 and 0.66, the growth on the discs increased, resulting
in thicknesses of 547 nm and 830 nm, respectively. As the Co/V ratio
approached 0.5, a complete hexagonal microstructure of CVO nano-
particles with an average thickness of 1.232 micrometers and an average
length of 4.07 micrometers was observed, as shown in Figure S1 and
Fig. 3a. The average crystallite structure increased with the concentra-
tion of ammonium metavanadate. Fig. 3 (a-e) illustrates the FESEM of
CVO-4 nanoparticles. J. Rajesh observed an increase in crystallite
structure size as the precursor’s concentration increased [46]. The vol-
ume of the disk increased with the thickness, providing a greater surface
area and active site for electrolyte and electrode interaction. This effect
was reflected in the electrochemical performance of the electrode ma-
terial. The elemental composition of the electrode was examined using
EDS measurements. Fig. 3f illustrates the EDS spectra showing the
elemental content of the CVO-4 nanoparticles. The sharp peaks of Co, V,
and O are also visible in the EDS spectra, indicating the presence of all
CVO nanoparticles and their variation with the precursor concentration.
Figure S2 depicts the EDS spectra of CVO-1, CVO-2, CVO-3, and CVO-4.

High resolution Transmission Electron Microscopy (HRTEM) was
employed to examine the structural and surface differences of the hex-
agonal microstructure of CVO-4 nanoparticles, along with their
elemental composition. Figure 3(g-n) illustrates a HRTEM micrograph
of CVO-4 nanoparticles at various magnifications. Fig. 3g shows the
edge of the hexagonal microstructure. Figs. 3h and 3k reveal a compact
arrangement of nanoparticles within the hexagonal microstructure, with



R.A. Kadam et al.

Surfaces and Interfaces 41 (2023) 103267

(a) Ols
’; Co2p
«
N’
£ V2p
w
=
2
= Cls
T

0 200 400 600 800 1000
Binding energy (eV)

©

S
&
°
O

Intensity (a.u.)

780 786 792 798 804 810
Binding energy (eV)

)

2p;

Intensity (a.u.)

513 516 519 522 525
Binding energy (eV)
(d) Ols
3
&
Z
Z
8
=

530 532 534
Binding energy (eV)

528

Figure.2

Fig. 2. (a) The high resolution XPS Survey spectra (b) V2p spectra, (c) Co2p spectra (d) OIs XPS core level spectra of CVO-4 nanoparticle.

small gaps between them. The presence of small surface pores provides
areas for ion intercalation and charge storage, thereby increasing the
storage capacity of the CVO-4 electrode material compared to other
electrodes in the electrochemical study. Fig. 3i presents the Selected
Area Electron Diffraction (SEAD) pattern of the CVO-4 microparticles.
The SEAD pattern confirms the crystalline nature of the CVO-4 micro-
particles. These results align with the findings from XRD analysis, which
also indicated the crystalline nature of the CVO microparticles. High-
Resolution TEM (HRTEM) measurements of CVO-4 microparticles
were conducted to illustrate the lattice spacing of the two layers, as
depicted in Fig. 3m and 3n. The HRTEM images reveal a lattice spacing
of 0.52 nm corresponding to the (220) plane of the CVO-4 microparti-
cles. The elemental composition of the CVO-4 microparticles was
investigated using EDS spectra, shown in Fig 3 I. The presence of Co, V,
and O peaks in the spectra confirms the existence of these elements in
the CVO-4 microparticles. The EDS spectra align with the elemental
composition of CVO-4, demonstrating near-stoichiometry with the
chemical composition of Co3V,0g. Furthermore, the surface area of the
CVO-4 active material was calculated using the Brunauer-Emmett-Teller
(BET) method. Figure S4 illustrates the Ny adsorption-desorption iso-
therms of CVO-4 micro particles, which reveal a surface area of 13.10
m?/g. The hexagonal disk-shaped microstructure, with its appropriate
thickness, provides a substantial surface area that enhances electro-
chemical and electrocatalytic activities. The presence of large surfaces
with hexagonal microstructures favors ion conduction, thereby
improving the electrochemical and electrocatalytic performance.

3.4. Supercapacitance analysis

An electrochemical analysis of the electrode material was performed
using a three-electrode configuration. The working electrode consisted
of active materials, platinum served as the counter electrode, and Ag
(AgCl) was used as the reference electrode. The purpose of this analysis
was to examine the energy storage capacity of the electrode material.
Figure S3 illustrates the cyclic voltammetry (CV) profile of the CVO

electrode in a 2 M KOH aqueous electrolyte, with scan rates ranging
from 5 mV/s to 50 mV/s within a potential window of 0.0-0.5 V. All CV
profiles of the electrodes exhibit visible oxidation and reduction peaks,
indicating the occurrence of faradic reactions. The electrode material
demonstrates pseudocapacitive properties, as evidenced by the non-
rectangular shape of the CV curves. The CV profile shows a pair of
redox peaks, which correspond to the redox reaction of Co3V,0g at the
electrolyte interface. The equation representing the redox reaction at the
electrode interface is as follows [32].Co3V20g + 60H —3CoOOH +
H3V,03~ + 3e~. The CV profile exhibits the same shape for all scan rates.
Furthermore, the area beneath the CV profile expands monotonically
with the scan rate, indicating strong electrochemical reversibility of the
electrode. The comparative cyclic voltammetry (CV) profiles of the CVO
electrodes are depicted in Fig. 4a. The CVO-4 electrode has a greater
integral area under the CV profile than other CVO electrodes, indicating
that it has superior redox activity and a higher energy storage capacity.
The CVO-4 electrode may have a high energy storage capacity due to the
synergistic impact of Co and V. The relationship between the peak
current and the square root of the scan rate demonstrates a reasonable
linear relationship, indicating the contribution of diffusion-controlled
processes and the battery-type nature of the CVO electrode to the elec-
trochemical current at a constant potential. Figure S4 illustrates that as
the scan rate increases, the area under the curve expands, and the
reduction and oxidation peaks shift towards lower or higher potential
values. This behavior suggests that the redox reaction of the CVO elec-
trode is quasi-reversible. The observed phenomena can be attributed to
the high scan rate, which leads to charge polarization and ohmic resis-
tance within the electrode material [47-50].

The galvanostatic charge-discharge (GCD) investigation was also
conducted to examine the rate capability and areal capacitance of the
CVO electrode. Fig. 4b illustrates the comparative GCD profiles of the
CVO electrode. Among all the electrodes, the CVO-4 electrode exhibits a
longer charge-discharge time. This can be attributed to its longer
charging time and greater electrode surface area, which provide a larger
active site for the electrochemical reaction [39]. The extended discharge
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Fig. 3. (a-e) FESEM micrographs of CVO-4 nanoparticles at different magnifications, and (f) EDS spectra of CVO-4 nanoparticles, (g,h,k,j) HRTEM image of at
different magnification, (i) SEAD pattern, (m,n) d spacing, (DEDS spectra of CVO-4 nanoparticles.

time of the CVO-4 electrode may be attributed to the synergistic effect of
Co and V, as well as the electro conductivity of CooV30s. Figure S5
presents the GCD profiles of all electrodes, which are nearly symmetri-
cal, indicating a high energy storage capacity of the electrode material.
The areal capacitance of the electrode material was estimated using Eq.
(2). Figs. 4c and 4d represent the comparative areal capacitance of the
electrode at various scan rates and current densities. The specific
capacitance of all electrode were listed in table 1, as the scan rate and
current density increase, the areal capacitance of the electrode de-
creases. This is because the higher current density makes electrolyte
diffusion and penetration more challenging. The table provides the
capacitance values of the electrodes. Figure S5 illustrates the GCD
profiles of all electrodes at current densities ranging from 1 to 20
mA/cm?. The areal capacitance of the CVO-4 electrode is found to be
greater than that of the other electrodes, as indicated by the analysis
results. The porous surface structure of the CVO-4 electrode could ac-
count for this difference [51]. The electrochemical performance of the
electrode material primarily relies on the ingress and egress of OH™ ions
from the electrolyte through the porous electrode surface. SEM and TEM
investigations reveal that the hexagonal surface of the CVO-4 electrode
contains tiny pores that facilitate ion insertion and extraction. The

charge storage mechanism is capacitive with a diffusive contribution,
which was explored by analyzing the peak current and scan rate of the
CV profile. The charge distribution is quantified by the b’ value,
computed using the following equation, where *b’ represents the slope
of the logarithm of peak current and the logarithm of the scan rate.

i=a 5)

log(i) = a+log(v) (6)

The °b’ value ranges between 0.5 and 1.0, representing the current
distribution as diffusive, capacitive, or a combination of both. A ’b’
value of 0.5 describes the charging and discharging process primarily
driven by diffusion, while a *b’ value of 1.0 indicates a pseudocapacitive
charging and discharging mechanism. In Fig. 4e and 4f, the logarithm of
peak current is plotted against the logarithm of the scan rate to deter-
mine the b’ value. Table 1 shows that the b’ value ranges from 0.5 to
0.56. For the CVO-4 electrode, the "b’ value is 0.51, indicating that ion
diffusion is the dominant process during charging and discharging. The
porous hexagonal microstructure of CVO-4 is advantageous for ion
diffusion and charge storage. The b = 0.5 value of the CVO electrode
suggests that it undergoes charging primarily through diffusion. By
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Table 1
Areal capacitance (GCD), b value, standard rate constant (K®), diffusion coefficient (D), series resistance of CVO-1, CVO-2, CVO-3, and CVO-4.
Sample Code  Areal Capacitance F/ Specific capacitance F/ bvalue  Standard rate constant (K°) cm/S Diffusion coefficient 10~ cm?/ Series resistance Q
cm? g 107 S
CVO-1 1.24 150 0.53 2.43 5.46 2.14
CVO-2 1.51 130 0.54 2.18 6.07 2.31
CVO-3 1.75 182 0.53 2.41 6.53 2.19
CVO-4 1.92 195 0.51 2.64 7.28 2.11
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Fig. 5. (a) Diffusion coefficient and b value of CVO-1, CVO-2 CVO-3 and CVO-4 nanoparticles (b) Diffusive contribution at 40 mV/s (c) capacitive and diffusion-
controlled charge at different scan rates of CVO-4 electrode, (d,e) In (ip) vs EPC—E0 plot for cathodic and anodic, (f) EIS spectra of CVO-1, CVO-2 CVO-3 and CVO-
4 nanoparticles.
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varying the scan rate of the CV profile, the diffusion coefficient of the
electrode material can be determined, which reflects its charge transfer
kinetics. The diffusion coefficient of the electrode can be calculated
using the following equation: The diffusion coefficient represents the
movement of K ions into the electrode.

nFvD
RT

i, =0.4463 xAXxCxF xnx )

Where D is the diffusion coefficient, i, is the peak current, A is the
electrode area, C is the electrolyte concentration, F is the faraday con-
stant, R is the universal gas constant, v is the scan rate, T is the tem-
perature, and n is the available number of electrons for redox processes.
To compute the diffusion coefficient acquired from the slope of the
i, vs v/v plot and slope were obtained from Fig. 4g,h, the diffusion co-
efficient of the electrode was enhanced with a reduction in the b value,
noting that a b value around 0.5 indicates a greater diffusion coefficient
value [22]. The hexagonal, porous surface area of the electrode is more
suitable for diffusing the K" ion into the CVO-4 electrode. The Fig. 5a
illustrates the diffusion coefficients and b values for all electrodes. The
overall charge contribution of the electrode at constant potential is the
sum of the capacitive and diffusion controlled contributions, as
expressed by the following equation:

l(V) = irapacitive + l‘Diﬂiﬂive (8)

i(v) = kv + k™ 9

The capacitive charge contribution and the diffusive controlled
contribution are expressed by the coefficients k; and ks, respectively.
The CV profile provides values for k; and kj, representing the rate
constants of the electrochemical reaction. The graph illustrates the
charge storage contribution at different scan rates. The analysis in-
dicates that as the scan rate increases, the contribution from diffusion
decreases. This is because at higher scan rates, the time available for ion
diffusion to the electrode surface is shorter. The CVO-4 electrode ex-
hibits a higher b’ value, indicating a greater contribution from the
diffusion process. Fig. 5b shows the quantification of charge contribu-
tion at a scan rate of 40 mV/s for the CVO-4 electrode. The diffusion-
controlled contribution accounts for 68% of the total charge, while the
capacitive charge contribution is 32%. In Fig. 5c, the charge quantifi-
cation at a scan rate of CVO-4 electrode is depicted. The standard rate
constant (K% and charge transfer constant were utilized to study the
kinetics of the electrochemical reaction. These parameters provide in-
sights into the detailed study of the electrochemical reaction’s kinetics.

The quasi reversible, reversible, irreversible and electrochemical
reaction of the electrode were identified by the K° value, 1071 >K°>107°
represents the quasirevesible electrochemical reaction. The
K%>10"'represents the reversible reaction and K°<10~5 represent the
irreversible electrochemical reaction. The value of the K° were calcu-
lated from the following equation.

, xnk’
i, = 0.227 xn><C><A><F><K°><exp{f<ﬁ>(EP7E°)} (10)

Where a is the charge transfer coefficient,K° standard rate constant,
ip is the peak current, A is the electrode area, C is the electrolyte con-
centration, F is the faraday constant, R is the universal gas constant, v is
the scan rate, T is the temperature, and n is the available number of
electrons for redox processes, E® and E,, is the formal and peak potential.
The K° value of the CVO electrode ranges from 1.8 to 2.0 x 1074
indicating a quasi-reversible electrode chemical reaction. The K° values
are listed in Table 1, obtained from Eq. (10). The charge transfer coef-
ficient is calculated from the intercept of the In(i,) vs Ep-EO plot shown in
Fig. 5d,e. The charge transfer coefficient ranges from 0.20 to 0.22,
indicating that the electrochemical reactions are quasi-reversible. The
values of the charge transfer coefficient are also listed in Table 1. The
electrochemical impedance spectra (EIS) of the electrode were utilized
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to investigate the electrical conductivity of the electrode material [52].
Fig. 5f displays the comparative EIS spectra of the CVO electrode. The
EIS results show that the series resistance of the CVO-4 electrode is
smaller than that of the other electrodes, illustrating the remarkable
conductivity of CVO-4 and its effect on the electrochemical performance
of the electrode. The Rg values for CVO-1, CVO-2, CVO-3, and CVO-4
electrodes are 2.21 Q, 2.39 Q, 2.28 Q, and 2.06 Q, respectively. The
frequency-dependent real and imaginary capacitances of the CVO elec-
trode were estimated using EIS spectra. Compared to the other elec-
trodes, the CVO-4 electrode exhibits the highest C values, which align
with the CV and GCD research conducted on the CVO electrode. The real
and imaginary capacitance vs. frequency graph of all electrodes is
depicted in Fig. S6. The porous surface of CVO-4 may contribute to its
high-performance rate by shortening the diffusion paths of electrolyte
ions and reducing series resistance. The practical utility of the prepared
CVO-4 electrode was examined by combining CVO-4 electrodes as the
positive electrode and activated carbon (AC) as the negative electrode in
a two-electrode configuration. The CVO-4//AC combination was used to
fabricate asymmetric supercapacitors (ASC) with 2 M KOH, PVA, and
electrolyte, and the entire design was wrapped in paraffin paper. Fig. 6a
illustrates the CV profile of the ASC CVO-4//AC at varying potentials
ranging from 0.8 V to 1.3 V. The CV profile of the ASC device shows a
redox peak primarily attributed to CVO-4, confirming its pseudocapa-
citive behavior, as depicted in Fig. 6b. Based on the CV profile study, the
acceptable potentials for the ASC were found to be at 1.3 V. Fig. 6¢ and
6d depict the GCD evaluation of the CVO-4//AC ASC at various current
densities and potentials. In accordance with Eq. (2), the areal capaci-
tance of the CVO-4//AC ASC is 126 mF/cm? at a current density of 4
mA/cm?. Egs. (3) and (4) were employed to calculate the energy density
and power density of the CVO-4//AC ASC, which resulted in an energy
density of 29 mWh/cm? and a power density of 2.6 W/cm? at a current
density of 4 mA/cm?. These findings suggest that the CVO-4//AC ASC
could serve as electrode material for energy storage devices in super-
capacitors. The comparative study of the ASC were listed in Table 2. The
cyclic stability of the CVO-4//AC ASC device was examined over 5000
cycles at a current density of 5 mA/cm? The CVO-4//AC ASC device
retains 87% of its charge, demonstrating remarkable cyclic stability, as
illustrated in Fig. S7a. Fig. S7b displays the EIS assessment of the
CVO-4//AC ASC device, revealing stability over the cyclic tests. The
series resistance of the CVO-4//AC ASC was measured to be 6.32 Q
throughout the cyclic stability evaluation. Thus, the electrochemical
evaluation of the CVO-4//AC ASC devices indicates that the CVO-4
active material holds promising potential for energy storage
applications.

3.5. HER and OER studies

The CVO-4 electrode was electrocatalytically evaluated for the
hydrogen evolution reaction (HER), oxygen evolution reaction (OER),
and overall water splitting to assess its multifunctional catalytic activity.
Fig. 7a presents the linear sweep voltammetry (LSV) curve of the CVO-4
electrode measured in a 1 M KOH electrolyte at a scan rate of 1 mV/s.
The LSV plot indicates an overpotential of 226 mV at a current density of
10 mA/cm?. To perform a comprehensive kinetic analysis of the HER
investigation, the Tafel plot was employed, as depicted in the Fig. 7b. In
Fig. 7b, the exceptional Tafel slope of the CVO-4 electrode is shown to be
178 mV/dec. The observed modest overpotential and Tafel slope could
be attributed to the hexagonal surface microstructure. Fig. 7c illustrates
the recorded EIS spectra at the overpotential, which demonstrate a small
series resistance of 3.32 Q and a charge transfer resistance of 12.2 Q. The
presence of small pinholes in the hexagonal microstructure might
contribute to the low series resistance by providing accessible pathways
for charge transfer. For the evaluation of the OER catalytic activity, the
CVO-4 electrode underwent linear sweep voltammetry (LSV) at a scan
rate of 1 mV/s, as shown in Fig. 7d, along with the Tafel plot for kinetic
analysis in Fig. 7e. At a current density of 10 mA/cm? the OER
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Fig. 6. (a) CV profile at different potential window (b) CV profile at different scan rate (c) GCD profile at different current density and (d) GCD profile at different

potential of ASC.

Table 2
Comparison of asymmetric supercapacitor.
Asymmetric supercapacitor Capacitance Energy Power Reference
density density
NiMoO4@Co3V,0//AC 131F/g(atl 48.5 0.839 [53]
A/8) (Wh/ (kw/
Kg) Kg)
Ni,P/Co3V,0g//AC 147.5F/g 40.2 0.353 [54]
(at 0.5 A/g) (Wh/ kw/
Kg) Kg)
Co3V,0g//AC F/g(at1 A/ 22.39 0.649 [55]
g) (Wh/ (kw/
Kg) Kg)
Co3V,05-NizV,05@PCNF// 191 F/g(at5 59.7 1.97 [56]
PCNF A/g) (Wh/ kw/
Kg) Kg)
NizV,05/Co3V,0g 105F/g(at5 37(Wh/  0.13 [57]
A/g) Kg) kw/
Kg)
Co3V30g//AC 165.3 F/g 59.2 0.25 [32]
(at1 A/g) (Wh/ (kw/
Kg) Kg)
Co3V,0g//AC 126 mF/ 29.61 2.6 Present
cm? (at 4 (mWh/  (W/ work
mA/cm?) cm?) cm?)

overpotential of the CVO-4 electrode is 489 mV, as depicted in the
Fig. 7d. The corresponding Tafel slope for the CVO-4 electrode at the
same current density is 184 mV/dec illustrated in Fig. 7e. Fig. 7f displays
the EIS spectra recorded at an overpotential. According to the EIS
analysis, the CVO-4 electrode exhibits a series resistance of 3.05 Q and a
charge transfer resistance of 3.15 Q. The low overpotential and Tafel
slope can be attributed to the hexagonal microstructure, and the similar
charge transfer resistance between OER and HER with little variation in
series resistance suggests the availability of pathways in the hexagonal

microstructure in all directions. In 1 M KOH electrolyte, the CVO-4
electrode demonstrates excellent electrocatalytic activity for both HER
and OER. Furthermore, the CVO-4 electrode was used in a simple two-
electrode design, with the cathode and anode both composed of CVO-
4 electrodes, to evaluate its performance in overall water splitting.
Fig. 7g shows the LSV plot of overall water splitting. In Fig. 7h inset, the
two electrode setups are displayed, illustrating the overall water-
splitting cell. The cell voltage of the overall water-splitting cell is
measured to be 1.81 V at a current density of 10 mA/cm?. These results
highlight the effectiveness of the CVO-4 electrode, as shown in Fig. 7h.
Among the electrodes tested, the CVO-4 electrode exhibits the highest
catalytic activity, and the generation of air bubbles at both electrodes is
observed throughout the entire water-splitting process, as depicted in
the inset of Fig. 7h. the comparative overpotential and Tafel for HER and
OER were listed in Table 3. The stability of the overall water-splitting
cell is evaluated over a period of 9 h at a current density of 10 mA/
cm?. The LSV plot of the CVO-4 electrode before and after stabilization is
presented in Fig. 7h. After stabilization, a slight increase in the cell
voltage is observed. The stability of the CVO-4 electrode for overall
water splitting is depicted in Fig. 7i. Furthermore, inset Fig. 7i provides
schematic representations of the HER, OER, and overall water-splitting
processes.

4. Conclusions

We have presented a groundbreaking synthesis of Co3V,0g micro-
particles through hydrothermal means, utilizing urea, at various Co-to-V
molar ratios. Our aim was to investigate the potential of these nano-
particles in supercapacitor and electrocatalysis applications within an
alkaline medium. The resulting CVO-4 nanoparticles showcase a stun-
ning hexagonal microstructure with pinholes, as confirmed by both
FESEM and HRTEM analyses. Through our thorough evaluation of
electrochemical performance in 2 M KOH, we discovered that the CVO-4
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Fig. 7. CVO-4 nanoparticles; (a and d) LSV plots, (b and e) Tafel plots, and (c and f) EIS plots of OER and HER, respectively, (g) LSV plot overall water splitting (h)
LSV plot before and after stability and two electrode configuration of overall water splitting, (i) stability plot at 10 mA/cm? and schematic of overall water splitting of

CVO-4 electrode.

Table 3
Comparison of overpotential, Tafel for HER and OER.
Electrode Overpotential Tafel Overpotential Tafel Reference
mV (HER) mV/ mV (OER) mV/
dec dec
(HER) (OER)
Co3V0g - - 190 85 [58]
CoO- 297 159 429 175 [59]
V205
Vg.3-Co- 293 156 435 78 [5]
MOF
Co3V,0g 278 180 318 130 [59]
Co3V,0g - - 359 65 [60]
Vi6.7—Co- 271 146 413 77 [5]
MOF
Co3V,0g 226 178 487 148 Present
work

electrode exhibits remarkable electrochemical capabilities, boasting an
areal capacitance of 3.79 F/cm? at a current density of 1 mA/cm?. The
CVO-4 electrode reveals itself to be diffusion-controlled, displaying a
higher diffusion coefficient than its counterpart. When we pair it with
activated carbon in a two-electrode configuration, the asymmetric
supercapacitor displays an areal capacitance of 126 F/cm?, an energy
density of 29 mWh/cm?, and a power density of 2.6 W/cm?- showing
promising potential for practical applications. Remarkably, even after

10

5000 cycles at 5 mA/cm?, the asymmetric supercapacitor maintains 87%
of its charge. Moreover, the CVO-4 electrode demonstrates excellent
over-potential for HER and OER, with a Tafel slope of 178 mV/dec and
148 mV/dec, respectively. We attribute this impressive performance to
the unique nanostructured shape of the hexagonal microstructure with
pinholes, low charge-transfer resistance, and a high number of active
sites, all of which provide enhanced electrochemical and electrocatalytic
capabilities. In conclusion, our findings suggest that hydrothermally
synthesized Co3V;0g nanoparticles exhibit exceptional potential for use
in supercapacitor and electrocatalysis applications, making them a
promising avenue for further research and development.
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specific surface area of the electrode material. The CuCo204 prepared at 7 h hydrothermal reaction period, (i.e.
CCO-7 h) battery type electrode revealed a capacity of 193 F/g (96.5 C/g) at 3 mA/cm? and capacity retention of
85.9% over 6000 cycles at 15 mA/cm?. Furthermore, the activated carbon and CCO-7 h (CCO//AC) asymmetric
supercapacitor (ASC) exhibited energy and power densities of 2.120 Wh/kg and 277 W/kg, respectively with a
capacity retention of 64% after 2000 cycles. The binary metal oxide CuCo204 with unique morphology could be a
promising battery type electrode for supercapacitor device application.

1. Introduction

Industries are increasingly adopting electronic technology. Energy
storage devices, crucial for many modern electronics, are on the rise.
Supercapacitors are being explored as alternatives to traditional batte-
ries [1]. They can function as both components and backup energy
sources for high-power devices. Engineers and scientists are studying
electrochemical devices for energy storage solutions. Supercapacitors
are gaining attention due to their unique features[2]. Their properties
include high power density, fast charging, and long life cycles, making
them attractive in the current market. [3,4]. A supercapacitor’s charging
and discharging processes are incredibly fast. While this signifies that it
has a lower energy density than a battery, it’s able to deliver a higher
power density in a shorter duration [5]. Owing to their noteworthy
characteristics, such as high power density and long life cycles, super-
capacitors are being evaluated as potential battery replacements. Elec-
tric double-layer capacitors (EDLCs) and pseudocapacitors (PCs) are the
two different kinds of supercapacitors that differ in their energy way of
storing energy. Charges accumulate at the electrode/electrolyte inter-
action in EDLC electrodes due to a non-faradaic process. Graphene [6],
graphene oxide, reduced graphene oxide, and carbon nanotubes [7,8]
are examples of carbon-based materials with high surface area elec-
trodes that exhibit EDLC-type storage. The metal oxides [9-16], metal
chalcogenide [17-20], and polymers [21] exhibit PCrs behavior where
the charge is stored both via redox reaction and non-faradic redox re-
action. The third type under consideration is the battery-type electrode.
This type of electrode material exhibits a redox peak at a distinct po-
tential in its CV profile, and a clear plateau in its nonlinear GCD profile.
This behavior sets it apart from EDLC-based or pseudocapacitive mate-
rials. As a result, should express charge storage in battery-type elec-
trodes at a specific capacity (mAh g~ or C g™1) rather than specific
capacitance [13,22]. EDLCs are widely used in commercial applications.
Their energy density, however, is lower than that of batteries. This
limitations their wide-ranging use.

Transition metal oxide is a valuable supercapacitor material for the
electrode. It possesses a high capacitance and varied oxidation states.
Moreover, its distinct surface structure enhances redox reactions. Metal
sulfides suffer conductivity and stability concerns. Conducting poly-
mers, on the other hand, are unreliable over a period of time. A feasible
alternative is transition metal oxide. Metal oxide composites and
bimetallic oxides are gaining importance. In electrochemical testing,
they surpass single metal oxides. Cobalt-based bimetallic oxides stand
out among them. They outperform Co304 in terms of conductivity and
capacitance [23-25]. CuCo204 has received great attention due to its
inexpensive cost, low toxicity, and high theoretical capacitance [26-28].
The copper cation reduces the activation energy of electron transport
and the cobalt cation increases electrochemical activity in the faradic
reaction. Hence, CuCo504 is expected to improve the electrochemical
performance of the device when compared to cobalt oxide and copper
oxide [29,30]. Algahtani et al., described the hydrothermal synthesis of
CuCo204 for energy storage applications with a specific capacitance of
478 F/g, the electrode has the largest specific capacitance [31]. Kambale
et al. used a simple hydrothermal technique to produce an Urchin-like
microstructure of CuCoz04 nanomaterial and reported a specific
capacitance of 443 F/g. The Urchin-like microstructure architecture is
then utilized to adorn metal oxide nanoparticles in order to improve the
device’s electrochemical performance [32]. Silambarasan et al.

measured the 290 F/g specific capacitance of CuCoz04 nanoparticles
produced by chemical precipitation without the use of a surfactant [33]
CuCo304, with its multiple valence states that enable rich redox re-
actions, has been extensively studied as a battery-type material.

The electrochemical performance of electrode materials can be
influenced by the surface microstructure of nanomaterials. The surface
microstructure of the electrode influences the electrochemical perfor-
mance of the electrode materials. Many researchers have reported
different microstructures of CuCo0y4, including dendrite structures
[34], nanoneedle arrays, nanosheet arrays, nanorod arrays [35], and
hexagonal nanoparticles [36]. Each has a distinct electrochemical per-
formance. We focused on the growth of tiny nanogranules on CuCo204
nanoparticles due to the importance of surface microstructure on the
electrochemical performance of the electrode. The tiny nanogranules
have been produced at 7 h of hydrothermal reaction time by tweaking
the hydrothermal reaction duration. When compared to CuCo204
nanoparticles synthesized utilizing different hydrothermal reaction du-
rations, the CVO-7 h electrode demonstrated superior electrochemical
performance. Nanostructured CuCo204 and an activated carbon elec-
trode were used to fabricate the supercapacitor device. The
two-electrode device exhibited high cycle stability and good charge
storage specific capacitance. The CuCo204 nanoparticles may be used
battery type electrode for energy storage applications, the right hydro-
thermal reaction time gave the highest electrochemical characteristics.

2. Experimental
2.1. Chemicals

All chemicals were used for the experiment without further purifi-
cation. Cobalt acetate (C4HgC0O4), copper acetate (C4HeCuO4), and
sodium hydroxide (NaOH) were purchased from the Loba chemicals
from Mumbai, India. Potassium hydroxide (KOH), NMP, PVDF, carbon
black (CB), and activated carbon (AC) were purchased from sigma
Aldrich, Nickel electrodes 1.6 mm thickness were purchased from the
MTI Corporation.

2.2. Synthesis of materials

A hydrothermal approach was used for the preparation of cobalt-
copper oxide nanostructures: 2 M cobalt acetate (C4HgC0O4) was dis-
solved in 40 mL of double-distilled water and homogenized for 10 min
before adding 1 M copper acetate (C4HgCuO4) and stirring for another
10 min. A 0.3 mM sodium hydroxide solution was then added gradually
to the precursor mixture, followed by 10 min of continuous stirring. The
solution was transferred to a 100 mL Teflon liner, sealed in a stainless
steel autoclave, and exposed to 3 h of hydrothermal treatment. To get
the sample CCO-3 h, the product was cleaned with water and ethanol
alternately, the nanparticles were dried under infrared light for 5 h, then
annealed at 400 °C for 5 h. similar to the above procedure has been
utilized with longer hydrothermal durations of 5 h, 7 h, and 9 h, for the
synthesis of samples CCO-5 h, CCO-7 h, and CCO-9 h. These materials
were then characterized and used to make electrodes to evaluate their
electrochemical characteristics.
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2.3. Characterization

X-ray Diffraction (XRD; PAN analytical, Cu-K radiation) and X-ray
Photoelectron Spectroscopy (XPS; K-alpha, Thermo Scientific, UK) were
used to investigate the structural and chemical surface states of a CCO
sample. Purity and phase formation were studied using Raman spec-
troscopy (Xplora micro-Raman spectrometer, Horiba, Kyoto, Japan),
and surface area measurements were obtained using the Brunauer-
Emmett-Teller (BET) method with a Micromeritics 3-Flex analyzer.
The Field Emission Scanning Electron Microscope (FESEM, S-4800
HITACHI, Ltd., Japan) and Transmission Electron Microscope (TEM)
were used to investigate surface morphology, element mapping, and
element composition (energy dispersive spectroscopy, (EDS)) (HRTEM;
Tecnai F21, FEI Company).

2.4. Electrochemical measurements

Electrochemical investigations were carried out using a three-
electrode configuration that includes graphite as the counter elec-
trode, Ag/AgCl as the reference electrode, and a CCO nanoparticles
working electrode. This composite, which included Cobaltite (CCO)
active material, Polyvinylidene Fluoride (PVDF), and carbon black, was
disseminated in N-Methyl-2-pyrrolidone (NMP) at an 80:10:10 wt ratio
and ultrasonicated for 30 min. The resultant slurry was drop-cast over Ni
foam and allowed to cure overnight at 60 °C. On Ni foam, the active
material loadings were 1.11 mg for CCO-3 h, 1.06 mg for CCO-5 h, 0.8
mg for CCO-7 h, and 1.12 mg for CCO-9 h. The electrodes that were
created were then used for further electrochemical characterizations. At
the time of electrode preparation, Ni foam was ultrasonically cleaned for
10 min each in acetone, ethanol, and water. The CCO composite served
as the working electrode in the asymmetric supercapacitor, with acti-
vated carbon (AC) serving as the counter electrode, both of which were
manufactured using a similar technique. The CCO working electrode, AC
counter electrode, and a separator made of 2 M KOH-saturated filter
paper were all encased in paraffin paper in the device arrangement.
These built asymmetric supercapacitors (ASC) were then characterized
to determine their electrochemical properties.

3. Results and discussion

XRD was used to examine the crystal structure and purity of CCO
nanoparticles. The XRD spectra of all CCO nanoparticles synthesized via
varying hydrothermal reaction times are shown in Fig. 1. All XRD peaks
are seen at 20 values of 31.01, 36.78, 38.74, 48.99, 59.24, 65.10, and
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68.49“, which are indexed with the planes (220), (311), (222), (400),
(331), (511), (440), (531), and (620) of CuCoy04 nanoparticles with
cubic crystal phase and polycrystalline nature. The XRD spectra revealed
the mixed phase of CuyCoy_xO4. The phase fluctuation was detected
when the hydrothermal reaction time changes. At a hydrothermal re-
action of 3 h, the peak intensity and splitting were not detected. The
peak intensity increases as the hydrothermal reaction duration in-
creases, up to a 7 h hydrothermal reaction period. At 7 h reaction time, a
broad XRD peak at 36.7 was detected, and no mixed phase of Cuy.
Cosy_x04 was noticed. Peak intensity increases for 9 h prepared sample,
and crystal development and mixed crystal phase were detected along
the different plane directions. According to the XRD results, single
crystal development was seen for up to 7 h of hydrothermal reaction
time for CuyCoy_xO4. The mixed crystal phase of CuyCos_xO4 was
observed for CCO-9 h sample. Mixed CuyCoy_xO4 phases were found as a
result of the extended hydrothermal process. The mixed phase has an
influence on the electrochemical performance of the CCO electrode.
The chemical valence states and elemental composition of Cuy.
Coy_xO4 were determined using X-ray photoelectron spectroscopy
(XPS). All XPS data were examined using the Cls as a reference. The
CCO survey spectrum is depicted in Fig. 2 (a), with prominent peaks
appearing at 529.29 eV, 779.46 eV, and 933.37 eV, indicating the
presence of O, Co, and Cu in the sample. Fig. 2 (b) depicts the Co2p’s
core-level spectrum. With an energy separation of 14.92 eV, the strong
peak was observed at 779.41 eV and 794.33 eV, reflecting the Co2p3,»
and Co2p; /y, respectively [37]. The peak Co2ps/, was fitted into two
peaks at 779.27 €V and 780.7 eV, respectively, indicating the existence
of Co*3 and Co?* [37]. The peak Co2p1,, was fitted into two peaks at
793.93 eV and 796.19 eV, indicating the presence of Co™® and Co*"
[38]. Furthermore, the presence of CCO’s spinal structure was verified
by two large peaks at 786.10 eV and 804.7 eV [39]. The Fig. 2 (c) in-
dicates that two spin-orbit peaks arise in the core level spectra of Cu2p at
953.49 eV and 933.15 eV with an energy difference of 22.24 eV, indi-
cating the presence of Cu2ps,, and Cu2p; 2. The peak present at binding
energy 961.71 eV and 941.51 eV shows the characteristic peak of Cu?*
[40,41]. The presence of oxygen is depicted in Fig. 2 (d) by
high-resolution O1s spectra. The deconvoluted peaks in the Ols spec-
trum are 529.56 eV, 531.22 eV, and 533.13 eV. The 533.13 eV peak
corresponds to lattice oxygen (Co-O), the 531.22 eV peak corresponds to
H50 oxygen, and the 529.56 eV peak indicates lattice oxygen [42-44]
cu?* and Co?*/Co®" were confirmed in CuCoy04 molecules, according
to the XPS data. The Raman study measurement was used to study the
structural properties of the CCO-7 h nanoparticle, and the Raman
spectra of the CCO-7 h nanoparticles were shown in the Fig. S1 (S.I). The
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Fa g, Eg, Ea g, and A; g modes of the CuCo204 signals were detected in the
CCO-7 h Raman spectra at 197, 470, 513, and 672 cm L, respectively,
which indicated the formation of the CuCo04 nanoparticle at 7 h hy-
drothermal reaction time [30].

Field electron scanning electron microscopy (FE-SEM) was used to
examine the surface microstructure of all the CCO samples. Fig. 3 il-
lustrates the FE-SEM of CCO-3, CCO-5, CCO-7, and CCO-9 samples. The
FESEM picture depicts the reaction time-dependent progressive surface
alteration of all nanoparticles. Fig. 3(a, b, ¢) depicts a CCO-3 sample
prepared at 3 h of hydrothermal reaction time. The particles resemble
non-uniform spherical particles, and the nanoparticle’s development is
only beginning. There is less porosity observed for the nanoparticles
since they are tightly packed together. It might be because of the short
hydrothermal reaction time. As the hydrothermal reaction time was
increased to 5h, nanoparticles growth was observed and the nano-
particles begin to exhibit a different microstructure than CCO-3, as seen
in the Fig. 3(e, f, g). Tiny overgrowth was discovered in sample CCO-5,
and the small overgrowth particles form a rough surface. The rough
surface of the nanoparticle influences the electrode material’s electro-
chemical performance. At 7 h of hydrothermal reaction time, these tiny
nanoparticles began to acquire the small granular form of the nano-
particle and are separated from each other, creating space between
them. The effect of the small growth of the nano granules has been
observed in its electrochemical performance. Small granules were
clumped together over the nanoparticle with an increase in the size of
the nanoparticles for the entire 9 h reaction period. The surface area of

the nanoparticle was decreased due to the clumping of the nanoparticles
into each other, affecting the electrochemical performance. The size of
the nanoparticles grew as the hydrothermal reaction duration increased.
The average particle size of the CCO-3 nanoparticle is ~ 71 nm, while
the CCO-5 particle size was significantly enhanced up to ~ 76 nm for the
sample. The nanogranules are around ~ 23 nm in size. The nano-
granules over the nanoparticles confirmed the highest surface-to-
volume ratio, which improves the electrode’s electrochemical perfor-
mance. The clumping of the nanogranules increased the particle size of
the sample by up to ~ 138 nm, minimizing space between the
nanogranuals.

Surface microstructure modification was detected while reaction
time was varied. EDS measurements were used to determine the
elemental makeup of all samples. Fig. 3(d,h,l,p) depicts the EDS spectra
for all samples. The sharp peak that occurs in EDS spectra indicates the
presence of Co, Cu, and O in all samples, and the peak intensity of the
elements varied with the hydrothermal reaction time. The atomic
composition of the element changes with the hydrothermal reaction
time in each EDS spectrum. With reaction time, the Cu/Co proportion
dropped down to 0.40. The Cu/Co ration was closely matched with XRD
data for the 7 h hydrothermal reaction time, confirming the phase
development of CuyCoy_xO4, and the Cu/Co ration increased, perhaps
owing to the mixed phase of CCO. The sample CCO-7 h performed the
best in terms of CV and GCD. It might be attributable to the sample’s
elemental makeup and phase development. An inductive coupled
plasma emission spectrometer (ICP) was used for additional elemental



M.A. Yewale et al.

Colloids and Surfaces A: Physicochemical and Engineering Aspects 679 (2023) 132541

A,

Element At %

Cu 32.82
Co 17.90
(0] 49.27

0 1 2 3 4 § 6 7 8 9 10
Il Full Scale 382 cts Qursor: 0000 keV

Element
Cu
Co

0

T T T T T
0 1 2 3 4 H 6 7 8 ] 10
Full Scale 382 cts Cursor: 0.000 keV

o0

Element
Cu
Co

(0]

0 1 2 3 4 5 6 7 8 9 10
Full Scale 177 cts Cursor. 0000 keV,
At %
29.66
16.22

54.12

0 1 2 3 4 5 3 7 8 g 10
il Full Scale 246 cts Cursor: 0.000 keV

Fig. 3. Scanning Electron Micrographs of CCO-3 h (a-c), CCO-5 h (e-g), CCO-7 h (i-k), CCO-9 h (m-o) at different magnification, corresponding EDS spectra (d, h,

i, p).

analysis investigation. CCO-7 nanoparticles were studied at three con-
centrations: 0.1 ppm, 1 ppm, and 5ppm. The estimated average
elemental composition showed that the Co and Cu concentrations were
50.51% and 30.91%, respectively. The results of this study are consis-
tent with those of XPS and EDS, revealing that the CCO-7 electrode
appears to be stoichiometric. A transmission electron microscopy (TEM)
was also performed for the CCO-7 h sample to resolve microstructure at
higher magnification. The TEM images of CCO-7 h nanoparticles are
shown in Fig. 4. A small overgrowth of nanoparticles was observed for
the CCO-7 h nanoparticles. The particle overgrowth offers maximal
surface area and an electroactive site, allowing the essay electrolyte ions
transportation and improving the electrochemical performance of the
electrode. Fig. 4 (a, b, and d) depicts the overgrowth of tiny nano-
particles in CCO-7 h sample. The SAED pattern of the CCO-7 h particles
is shown in Fig. 4c. SAED observation demonstrates that the CCO-7 h
nanoparticles are highly crystalline. The interplanar spacing was
determined to be 0.274 nm, as illustrated in Fig. 4 (e,f) ‘d spacing. Fig. 4
(g, h, i, j) shows the elemental mapping and EDS spectrum of the CCO-
7 h nanoparticles. The elemental mapping shows that all elements were
uniformly distributed i.e. Co, Cu, and O, in the sample and the EDS
spectrum confirms the stoichiometry of the CCO-7 h nanoparticle,
which is well matched with XRD and XPS results.

Using a Cyclic Voltammetry curve, the influence of the hydrothermal
reaction time on the electrochemical performance of the electrode was
investigated. Fig. 6 depicts the Cyclic Voltammetry of all CCO electrodes
measured in 2 M KOH electrolytes obtained at different scan rates of 10,

20, 40, 60, 80, and 100 mV/s within the potential range of 0.0-0.5 V.
The existence of a pair of redox peaks in all CV curves caused by the
faradic reaction of Cu?*-Cu™ and Co**-Co>* suggests that the electrode
material is a battery type electrode [45]. All the CV profile shows the
pair of redox peak which originated from the reversible faradic reaction
associated with OH™ anion [46]. As the scan rate increases, the peaks
shift. This shift correlates to an increase in internal resistance to ion and
electron transport at higher scan rates, resulting in a modest drop in
electrochemical performance [47]. The faradic reactions are repre-
sented by the following Eqs. (1-3)[34,35].

CuCo,04 +2H,0 + ¢~ < 2CoO0OH + CuOH + OH~ [@))
CoOOH + OH™ < Co0O, +H,0 + e~ 2)
CuOH + OH™ < Cu(OH), + e~ 3

Fig. 5 (a) illustrates the CV of CVO-3 electrode at various scan speeds.
The CV profile illustrates different oxidation and reduction peaks that
rise with scan rate. Fig. 5(b) shows sharp oxidation and reduction peaks
for the CCO-5 electrode, as well as an increase in the plateau region.
Fig. 5(c) shows a reduction in the plateau region for the CVO-7 elec-
trode, presumably due to the formation of tiny nanogranules on the
nanoparticle. In Fig. 5(d), the sharpness of the peak and the plateau both
diminish for CVO-9. This might be attributable to nanogranules over-
growth, which lowers surface area and ion diffusion, lowering the
electrode’s electrochemical performance. In Fig. S2 (SI) the CV
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demonstrates that as the hydrothermal reaction time was varied,
changes were observed in the shape of the CV curve and the area under
the curve also changed. The variation of the cathodic and anodic peaks
was noticed when the hydrothermal reaction time changed. The
elemental composition and phase formation of the electrode material
may account for the change in area under the curve and peak shift. The
Cu/Co ratio changes with the hydrothermal reaction period, according
to the EDS results. The Cu/Co ratio reduced as the hydrothermal reac-
tion time increased up to 7 h and then increased again for 9 h of reaction
time. The electrode’s specific capacity changes with reaction time as
well. The Cu/Co ratio from the XRD analysis is 0.33, while the EDS Cu/
Co ratio is 0.4. It has the potential to improve the electrochemical per-
formance of the CCO-7 h electrode. The electrochemical performance of
the CCO-9 h was reduced once again. It might be because of the mixed
phase detected in the XRD data.

The charge storage mechanism could be due to a capacitive-
controlled mechanism on the outer surface and a diffusion-controlled
mechanism on the inner surface. The following equation was used to
determine the charge storage contribution using an empirical power
law: The peak current in the CV profile is the sum of the capacitive
(surface) and diffusion (inner surface) contributions, which are given by
the formulae below.

i=1  guface + ldiffusion )
i=a’ ®)
-1.4
(a)
-1.6
"21.8-
S
9 -2.0
2.9 cco-3
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After rearranging the above equation

log(i) = log(a) + b e log(v) (6)

Where, ‘I' represent the peak current in CV profile, ‘v’ is the scan rate of
the CV profile and the ‘b’ is the slope of the log(i)vslog(v) and ‘a’ is the
intercept of the same plot.

Charge storage in an electrochemical system involves interactions
between the electrolytic ions and the active material. This storage
mechanism can be explained by both faradaic and non-faradaic pro-
cesses. In the non-faradaic process, charge storage occurs through the
Electric Double Layer Capacitor (EDLC) mechanism, where charges
accumulate at the interface between the electrolyte and the electrode.

Faradaic processes, on the other hand, employ two approaches for
charge storage. The first is the pseudocapacitive approach, where charge
is stored through a redox reaction occurring at the interface between the
electrode and the electrolyte. The second is the battery-type approach,
where charge storage occurs through the faradaic reactions involving
electrolyte ions within the matrix of the active material. [48]. According
to the slope oflog(i)vslog(v), the material’s charge storage contribution
were determined as either a diffusion contribution from the faradic
redox activity or a capacitive contribution from the non-faradic activity.
The b = 1.0 indicates charge storage from non-faradic activity with a
capacitive charge storage contribution, whereas b = 0.5 represents
charge storage from faradic activity with a diffusion contribution [11,
49]. The ‘b’ value of the electrode material lies between 0.66 and 0.83 as
shown in Fig. 6(a-b). The ‘b’ value was observed to be lowered for
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Fig. 6. (a) log current vs log scan rate for b value for all electrodes (cathodic), (b) log current vs log scan rate for b value for all electrodes (Anodic), (c) Comparative
diffusion controlled and capacitive contribution for different scan rates of all electrodes, (d) Nitrogen adsorption-desorption isotherm of CCO-3 h, CCO-5 h, CCO-7 h,

CCO-9 h.
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increasing hydrothermal reaction time from 3 h to 9 h. As ‘b’ value de-
creases with increasing hydrothermal reaction, the contribution of
diffusion charge storage decreases. Fig. 6(c) depicts the comparative
charge storage contribution of all electrodes at 10 mV/s. The ‘b’ value
for CCO-7 h is 0.66, which explains the diffusion contribution charge
storage was dominated over capacitive contribution. The
diffusion-controlled contribution in CCO-7 h electrode material may be
attributed to the nanoparticle’s tiny growth, which provides a greater
surface for diffusion contribution. BET were used to compute the specific
surface area of the nanoparticles. Fig. 6(d) depicts the Ny absorption and
desorption isotherms of all samples. The CCO-3 h CCO-5h CCO-7 h
CCO-9 h electrode has an absolute surface area of 10.53, 10.61, 23.40
and 8.96 m?/g, the CCO-7 h electrode has higher surface it might be due
to the overgrowth of the nanoparticles which increases the energy
storage capacity of the CCO-7 h electrode. The increased surface area
impact may benefit ion diffusion and increase the specific capacity of the
CCO-7 h electrode [50]. The CV profile was used to estimate the diffu-
sion controlled and capacitive controlled percentages to total charge
storage. The capacitive and diffusion-controlled contributions to total
current are depicted in the equation below.

i:k1v+k2\/; (7)

%:kl\/‘_j"!‘kZ ®)

Where k;v signifies the capacitive controlled contribution and kz+/v
indicates the diffusion contribution. Fig. 7(b) depicts the capacitive and
diffusion-controlled contributions of CCO-7 h at varying scan rates, in
addition to the quantitative charge storage distribution at 100 mV/s as
shown in Fig. 7(a). The diffusion-controlled contribution dropped as
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scan rates go up, confirming that surface-limited charge storage prevails
at high scan speeds. To compute the diffusion coefficient and explain the
charge storage kinetics, the Randles-Sevcik relation was employed. The
diffusion constant is approximately the same, at 0.000198 cm?S~L. The
hydrothermal reaction period does not influence the diffusion coeffi-
cient. The diffusion coefficient D was calculated from i,vs\/v plot as
shown in Fig. 7(c-d) using equation [49]. As The D decreases with an
increase in scan rate. At a high scan rate, the detection of redox species is
small, which affects the diffusion contribution, and at a small scan rate,
the detection of redox species is greater, which increases the diffusion
contribution [49]. The GCD profile was utilized to calculate the elec-
trode’s specific capacity(C/g), specific capacitance(F/g), energy density,
and power density using the equation.

Mass capacity(Cm) = I x T;/M 9
Specific capacitance(Cs) =1 x T;/M x V 10)
Energy density(ED) = (C,V*)/7.2 1)
Power density(PD) = (ED x 3600) /T, 12)

where Cp, is the specific capacity, Cs is the specific capacitance of the
sample, M is the mass of the active material on Ni foam in g, V is the
voltage window, T4 is the discharge time in s. Fig. 8(a) depicts the GCD
cure of all electrodes at 3 mA/cm? and the GCD profile of the CCO-7 h
electrode at the various current densities as shown in Fig. 8 (b). Fig. 52
depicts the GCD profiles of CCO-3 h, CCO-5 h, CCO-7 h, and CCO-9 h.
Fig. 8 (a) depicts the nonlinear character of the GCD profile, which
demonstrates the faradic behavior of the battery type electrode material,
and the results were comparable to the CV profile. When all of the

3 I Diffusion controlled contrubution (b)
Il Capacitive controlled contrubution

-
N A O 0 O
o O ©Oo o o

Current contrubution(

10 20 40 60 80 100
Scan rate (mV/s)

301(d) )

3 254

o

=, 20,

= 15

c

£ 101 = CCO-3

5 « CCO-5

O 5] 4 cco-7
v €CO-9

0.10 0.15 0.20 0.25 0.30 0.35
Scan rate"? (mV/s'?)

Fig. 7. (a) Diffusion-controlled and capacitive contribution of CCO-7 h at 100 mV/s, (b) Comparative diffusion controlled and capacitive contribution for different
scan rates of all electrodes, (c-d) Peak current vs scan rate!’? for diffusion coefficient oxidation and reduction for all electrodes.
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electrodes are compared, the CCO-7 h electrode has the longest charge
and discharge profile, showing its high specific capacity. CuCo204
electrode material has specific capacitance (specific capacity) of 121 F/g
(60 C/g), 82 F/g (41 C/g), 193 F/g (96.5 C/g), and 143 F/g (71.5 C/g)
at 3 mA/cm? current density. The influence of the hydrothermal reac-
tion duration on the specific capacity of the electrode was detected due
to variations in the surface microstructure of the electrode material.
Nanoballs-like structures were observed at 3 h hydrothermal reaction
time, and their size was marginally enhanced up to 5 h hydrothermal
reaction time. A little overgrowth on the nanoparticle was found after
7 h of the hydrothermal reaction period, providing the porous surface
area and increasing the specific capacity of the CCO-7 h electrode.
Instead of a single metallic oxide, the synergistic impact of Cu and Co
increases the specific capacity of the bimetallic oxide. The Egs. (11-12)
was used to compute the electrode’s energy density and power density.
The power density and energy density were obtained as 7.09 Wh/kg and
312.5 W/kg, respectively for CCO-7 h electrode material.

The long-term endurance of the electrode material is critical in
practical applications. Fig. 8(c) demonstrates the CCO-7 h electrode
cyclic stability over 6000 cycles at constant current densityl5 mAcm 2.
The capacity retention of the CCO-7 h electrode after 6000 cycles was
studied. The CCO-7 h electrode material offers improved long-life sta-
bility, high rate capability, and superior specific capacity due to the
ideal hydrothermal reaction duration of 7 h for CuCoy04 electrode
material. The kinematic electrochemical reaction that happens in a cell
at the electrode-electrolyte interface was explained by the EIS spectra of
the electrode material in the 2 M KOH electrolyte. Fig. 9 (a) depicts the
EIS spectra of all electrodes. At high frequencies, the x-axis intercept
shows the specifics of the equivalent series resistance (Rs) for all

electrodes, with almost the same intercept, at 0.44 Q, corresponding to
the system’s bulk resistance. The charge transfer resistance has given by
the tiny semicircle diameter in the high-frequency zone (R.y). The charge
transfer resistance of a CuCo;04 electrode is 2.24 Q, 5.24 Q, 1.81 Q, and
2.74 Qat 3 h, 5h, 7 h, and 9 h. The small R and R values of the CCO-
7 h electrode may provide higher specific capacitance. The low R value
might be due to nanoparticle overgrowth and the wide surface area,
which provides a larger active surface area for diffusion into the elec-
trode material without obstructions. The ionic conductivity of the
electrode is represented by the straight line in the low-frequency region.
The phase angle frequency plot was used to evaluate the electrode’s
optimum capacitive behavior. The curve of phase angle versus fre-
quency is shown in Fig. 9(b). For the CCO electrode, the frequency that
crosses the phase angle at 45is 3.08 Hz, 2.05 Hz, 0.1 Hz, and 1.14 Hz for
the 3h, 5h,7 h, and 9 h hydrothermal reaction periods, respectively.
CCO-7 h electrode offers the best capacitive nature and quick frequency
response, with a phase angle of 45 at 0.1 Hz. The influence of the surface
microstructure on frequency variation was detected, which was reduced
to 0.1 from 3.08, implying that tiny overgrowth of nanoparticles gives
superior capacitive behavior [51]. Fig. 9 (c) reveals the lowest value of
frequency-dependent impedance for CCO-7 h revealing that it has a
higher conductivity than other. It might be due to nanoparticle over-
growth [52,53]. The capacitive nature of the active electrode material is
demonstrated by the frequency-dependent impudence as shown in Fig. 9
(d). The Egs. (13-15) were used to compute the frequency-dependent
capacitance of the electrode material. Fig. 9(d) depicts the frequency
dependence electrode’s real and imaginary capacitances of the CCO-7 h,
which is roughly 4.22 mF.
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C(w) = C(0) —jC (0) 13)
, _ Z (o)
) = oz} )
g _ ﬂ 1

=z a9

where Zand Z are imaginary and real parts of the Nyquist plot. Z(w) is
the complex impedance represented by Z(w) =Z (0)+Z (0), w = 2xf, fis
the frequency. C'(w),and C(w) are the energy loss due to irreversible
processes and accessible capacitance of the electrode. The Eqgs. (16-18)
were used to compute the complex power, normalized active power, and
normalized reactive power of the electrode material. The image depicts
the two power crosses at frequency f,, which corresponds to the relax-
ation period 7, = 1/ f,,. The relaxing time yields a discharge time with an
efficiency greater than 50%. The CCO-7 h electrode has a relaxation
time of 1.9 ms [52,54].

S(w) = P(w) —jO(@) 16)
P(w) = [0C ()] X [|AV,s/*] a7
0() = [0C ()] X [|AV,["] (18)

where |AV|? = %7 AVpx is the maximum amplitude of A.C. signal

the electrode.
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To explore the practicability of the CCO-7 h electrode for energy
storage, an asymmetric supercapacitor was fabricated using activated
carbon and CCO-7 h electrodes as anode and cathode, respectively, with
a separator between the two electrodes and is denoted by CCO//AC. The
CV analysis of the CCO-7 h and AC electrodes in the 2 M KOH electrolyte
was used to figure out the total voltage of the CCO//AC ASC device.
Fig. S4(a)(SI) represents the CV profile of CCO//AC ASC and Fig. 10 (a-
b) shows the CV and GCD profile of the device at different scan rates and
current density at the potential. Based on the CV studies, the voltage of
the CCO-7 h electrode was 0.0-0.5 V and the voltage of the AC carbon
electrode is — 1.0-0.00 V. Fig. S4(b)(SD) represents the CV profile of the
CCO//AC electrode with a range of 0.6-1.0 V at 100 mV/s scan rate
showing a rectangular shape with a redox peak. The CV profile’s form
stayed constant. The form of the CV profile stayed unchanged but the
area under the curve enlarged as the scan rate increased, confirming its
outstanding rate property up to 1.0 V. Further expansion of the CV
profile’s potential window beyond 1 V was observed, as a stretched CV
profile, presumably due to an undesired peak of oxygen emersion [55,
56]. Fig. S4(c) (SI) shows the GCD profile of CCO//AC ASC, which was
accomplished to examine the further capacitive property at a current
density of 1 mA/cm?. The almost symmetric nature of CCO//AC ASC’s
GCD exhibits enhanced electrical reversibility. The specific capacitance
of the CCO//AC ASC is 35 F/g and specific capacity of 35 C/g, illus-
trating the capability derived from the overgrowth structure and the
high conductivity of the CCO-7 h electrode. The Egs. (11-12) were used
to compute the energy density and power density of the CCO//AC ASC.
The galvanostatic charge-discharge (GCD) measurements of the
CCO//AC asymmetric supercapacitor (ASC) showed energy and power
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up to 2000 cycles.

densities of 2.12 Wh/kg and 277 W/kg, respectively. These results are
represented in the Ragone plot shown in Fig. S4d. The cyclic perfor-
mance of the ASC during 2000 cycles of 1 A/g was used to investigate
the stability of the CCO//AC ASC. Over 2000 GCD cycles, the ASC re-
tains 64% of its capacity as shown in Fig. 10 (d). Fig. 10 (c) depicts the
EIS spectrum of CCO//AC ASC following stabilization. Rg and R have
values of 1.14 and 24.96 Q, respectively. Table 1.

Table 1
Comparison of specific capacitance for different microstructure reported in the
literature.

Sr. Surface Synthesis Specific Reference
No. microstructure Method capacitance
(F/8)
1. Spheroidal Chemical 210 [57]
Method
2. Rose-Like Hydrothermal 235 [58]
3. Spherical Co-Precipitation 290 [33]
4. Needleshaped Hydrothermal 335 [58]
Nanorods
5. Cauliflower- Precipitation 338 [59]
6. Nanoneedle Hydrothermal 390 [60]
7. Hexagonal Precipitation 24 [36]
8. Nanowire Electrospinning 0.423 [61]
9. Spherical Hydrothermal 432 Present
work
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4. Conclusions

CuCo204 battery-type electrode material has been efficiently syn-
thesized with uniform overgrowth at sub-ambient temperatures using a
hydrothermal approach. Optimal hydrothermal reaction durations
resulted in a porous morphology with finely dispersed nanoparticles,
which boosted the electrode-electrolyte interface area and hence elec-
trochemical efficacy. Under a current density of 3 mA/cm?, the CCO-7 h
electrode achieved specific capacity and capacitance of 96.5 C/g and
193 F/g, respectively. Concurrently, the CCO/AC ASC device exhibited
an energy density of 2.12 Wh/kg and a power density of 277 W/kg,
while retaining 64% of its initial capacity after 2000 cycles, indicating
excellent cycle durability. This study highlights the critical importance
of hydrothermal reaction duration in fine-tuning the microstructural
properties of CuCo204, making it suitable for high-performance super-
capacitor applications.
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ARTICLE INFO ABSTRACT

Keywords: We herein reported SnO» (Tin Oxide) nanoparticles (NPs) synthesis using microwave assisted method. Stannous
Tin Oxide nanoparticles (NPs) Chloride is used as a source of Sn, pH level 8 was maintained throughout the reaction for one hour using liquid
XRD ) ammonia. Domestic microwave oven with frequency of 2.54 GHz was used to treat the precipitate. Microwave
;J;II;{VB treatment with different power modes (High power, low power, and direct heating mode) was given to collected
Ete dried synthesized samples for 30 min duration. Synthesized nanoparticles were investigated using UV-Vis, XRD,

and FTIR spectroscopy. Crystallite size obtained using Scherrer formula. Tetragonal Rutile crystal structure has
been obtained in XRD investigation. Prominent existence of (110) and (101) reflection has been revealed in X
ray diffractogram. Microstrain and dislocation density shows dependence on microwave power. Optical features
are investigated using UV-Vis spectroscopy. Band gap shows variation upon increase in microwave power.
Stretching band modes were investigated using FTIR spectroscopy. There are multiple advantages of microwave
assisted method. Microwave assisted method is fast, cost effective as well as scalable method. Domestic Mi-
crowave was deployed for the purpose of nanoparticle synthesis. Various power modes available were used

innovatively for reported synthesis.

1. Introduction

Tin Oxide is a versatile material due to its striking features. It is a
wide band gap (3.6 eV to 3.8 eV) n type compound semiconductor. This
material has excellent thermal stability. Its high optical transparency
and low electrical conductivity makes this material a promising candi-
date for different optoelectronic applications [1]. There are different
phases exists in this nanomaterial. SnOs is cheaper and non-toxic hence
eco-friendly nanomaterial. It is a better option in energy applications as
it has attractive specific capacitance. Tin Oxide has shown potential
candidature in various fields such as catalysis, medicine, optoelec-
tronics, sensing and energy storage devices [2,3]. Various synthesis
techniques were used to synthesize SnO5 NPs. These NPs can be syn-
thesized using solvothermal method, gel-combustion method, spray
pyrolysis method, physical vapour deposition method, sol-gel method,
hydrothermal method, microwave assisted method etc [4-8].

Microwave assisted technique is unique with regards to its proper-
ties. It is possible to tune microwave energy instantaneously. This re-
duces reaction time, reaction cost etc. This technique leads to uniform
heating and hence improves reaction yield [4,9-14]. It is possible to
synthesize nanomaterials mainly metal oxides, without using traditional
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annealing method. Krishnakumar et.al. have used microwave synthesis
method to synthesize Tin Oxide NPs [11]. They have confirmed the
formation of single crystalline Tin Oxide using this technique. TEM
confirms formation of crystalline Tin Oxide nanomaterial. Electrical
resistivity measurements were carried out showing an inverse trend
upon increase in temperature. Karthik et.al. have synthesized Tin Oxide
NPs using microwave assisted method [12]. XRD reveals formation of
crystalline nanoparticles. SEM images show nano-spherical morpho-
logical features of grown Tin Oxide NPs. Desired elemental composition
has been revealed in EDS study. In this synthesis method traditional
annealing method was not used. Xu et.al. have used microwave assisted
method to grow the Tin Oxide Quantum dots. They have used these NPs
in thin film solar cells. They have reported enhancement in parameters
of solar devices [12].

Microwave assisted synthesis method has been used to synthesize Tin
Oxide NPs. Microwave treatment with different power levels were used
to treat the synthesize samples. Annealing via microwave treatment is
innovative method as it requires less power so it is cost effective, pro-
vides instantaneous and uniform heat transfer through the sample.
Sample heating takes place via ionic conduction mechanism and dipole
rotations in sample.
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Synthesized samples were dried using microwave treatment for 20
min. Further these samples were treated in the microwave at different
microwave power levels.

2. Experimental

Tin Oxide NPs were synthesized using microwave assisted method.
For this synthesis Stannous Chloride (SnCly-2H50 (99%)), Ammonia
solution (NH4OH 28%) from Thermo Fisher Scientific were used as
starting precursors. 0.1 M solution of Stannous chloride was prepared in
500 ml deionised water. pH of solution is maintained at value 8 using
drop wise addition of liquid ammonia. Reaction time for this mixture
was kept for 1 h. Precipitation was formed and kept 24 h to settle down.
This precipitate was filtered out and chloride contents are removed
using distilled water rinsing. Prepared precipitate was grinded followed
by 20 min microwave (Model-IFB20SC2) drying. These samples were
treated using microwave at different power levels for 30 min. Micro-
wave treated samples were investigated structurally using XRD, Model
D8 Advanced Bruker with CuKa anode having radiation wavelength, A
= 0.154 nm. Optical feature was examined using JASCO V-750 UV-Vis
spectrometer. 5DX FTIR spectrometer is used to obtain the Fourier
Transformed infrared spectra (FT-IR).

3. Results and discussion
3.1. Structural analysis

Fig. 1 portrays XRD patterns of SnO2 nanoparticles synthesized at
different microwave power levels. XRD confirms formation of tetragonal
rutile crystal structure with space group P42/mnm. The reflections
observed in XRD shows good agreement with standard JCPDS data
(01-072-1147). (110), (101), (200), (211) and (301) reflections
associated with 26.65°, 34°, 37.89°, 51.78°, and 65.93° two theta
values. Weak presence of secondary phase SnO (06-0395) appears in
pattern for as prepared (A). These secondary phases get removed due to
microwave treatment at different powers. Strong reflection associated
with (110) plane shows increment in intensity upon increase in mi-
crowave power. This may be attributed to fact that, upon increase in
power, increase in energy gives rise to boost significant growth along
this plane. Average crystallite size has been calculated using Scherrer
formula [14].
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Fig. 1. XRD of Tin Oxide nanoparticle grown at different Microwave power
levels. (A) as prepared, (B) Low power (c) High Power (d) Direct Heating mode.
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Where, D, B, A, and 0 represents average crystallite size, full width at
half maximum, diffraction wavelength (0.154 nm) and the angle of
diffraction respectively.

Dislocation density was obtained using [8],

1
6= E (2)
Microstrain is obtained using Wilson’s equation given by [15],
p
€=
4tanf

3

Where, € is micro- strain, this depends Gaussian profile broadening.

Samples A is as prepared and B, C, and D are the samples treated at
increasing microwave power level using domestic purpose microwave
oven. As prepared Tin Oxide sample depicts small crystallite size,
increasing trend in crystallite size upon increasing microwave power
levels was observed. This could be due to increase in power causes rise in
energy which is required to crystallite growth. Power triggers the
initiation of reaction; required reaction temperature could be attained
using microwave power level. Activation energy enhancement for
molecule formation could be done using microwave power level. Similar
results were reported by Gerbec et.al. have discussed microwave
enhanced reaction rates for NPs synthesis [16]. Dislocation density and
microstrain shows inverse nature with respect to crystallite size. Rise in
crystallite size leads to reduction in voids, defects this could be attrib-
uted to reverse trend in dislocation density and microstrain of grown
nanoparticle.

3.2. Optical analysis

UV-Vis spectroscopy was used to investigate the optical features of
grown Tin Oxide NPs. Band gap was obtained by using Tauc Theory.

Fig. 2 shows Tauc plots of Tin Oxide samples treated at different
microwave power levels. Band gap valued are tabulated in Table 1. Band
gap shows systematic decrement upon increase in microwave power.
This result is attributed indirectly to fact that increases in microwave
power results in larger crystallite growth. This could be responsible for
quantum confinement effect.

3.3. FTIR analysis

Presence of Sn-O-Sn stretching has been displayed in Fig. 3. This
shows the FTIR spectra taken in the range from 4000 to 500 cm ™. This
spectrum depicts the Sn-O-Sn stretching around 600 cm™! for the Tin
Oxide samples treated with different microwave powers. The charac-
teristic Sn—O-Sn bond is identified at 640 cm ™!, similar results were
reported in earlier work [10,12].

Near about 540 cm ™! was attributed to terminal oxygen vibration for
microwave dried precipitate. Peaks around 1400 cm-1 are associated
with NH™ stretching vibration [17-19]. For higher microwave power,
these peaks were almost vanishes, this is attributed to microwave
treatment at increasing microwave power. At higher power, -OH group
could be removed which disappears the corresponding vibration peaks
from the FTIR spectra.

4. Conclusions

In conclusion, Instead of traditional annealing method we have
adapted microwave assisted method for Tin Oxide NP synthesis.
Appearance of SnO phase has been observed in as prepared sample.
After microwave annealing at different microwave power levels these
phases get removed. Synthesized samples were treated at different
increasing microwave power levels. Tetragonal rutile structural growth
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Fig. 2. Tauc Plots of Tin Oxide samples treated at different microwave power levels:. (A) as prepared, (B) Low power (c) High Power (d) Direct Heating mode.

Table 1
Values of average crystallite size, microstrain, dislocation density and band gap.
Sample Average Dislocation Microstrain Band
Designation Crystallite density (Radians) gap
size (nm) (nm~?) (eV)
A (As 6.52 0.024 0.0187 3.8
prepared)
B (10% power) 6.99 0.020 0.0168 3.5
C(100% 8.46 0.014 0.0143 3.4
Power)
D (Direct 8.91 0.013 0.0133 3.36
Heating
mode)

has been observed in structural study. Upon increase in microwave
power, increment in crystallite size was noticed. Dislocation density,
microstrain and band gap displays reduction with increase in microwave
power. FTIR spectra portrays, Sn-O-Sn stretching at different signature
peaks. Peaks associated with —OH group disappear with increase in
microwave power levels.
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Abstract: Background: Nanomaterials are very useful in energy harvesting and energy storage de-
vices. Morphological features play a vital role in energy storage devices. Supercapacitors and batter-
ies are examples of energy storage devices. The working of a supercapacitor is decided by the nature
of the microstructure and other features of the electrode material. Vanadium Pentaoxide (V,05s) is

one of the promising materials due to its attractive features, such as band gap, multiple oxidation

ARTICLE HISTORY state, and large conductivity transition from semiconducting to conducting domain.
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Objective: This study aimed to perform the tuning of structural, optical and morphological properties
of V,05 nanomaterials using the hydrothermal method.

DoI:

10.2174/0118764029265057231 121004206 Methods: A low-cost hydrothermal method was used in this work. Hydrothermal synthesis was car-

ried out at different concentrations of Ammonium Metavanadate (NH4VOs3), varying from 0.06 M,
0.08 M, and 0.1 M in the aqueous medium. Moreover, the pH of the solution was maintained at 4 us-
ing drop-wise addition of H,SO,4. Hydrothermal synthesis was carried out at 160[] for 24 hours. The
synthesized precipitate was annealed at 70000 for 7 hours in ambient air. Structural, optical, morpho-
logical, and elemental probing was carried out.

Result: XRD revealed the formation of monoclinic crystalline phase formation of V,0s. Crystallite
size increased with an increase in the concentration of vanadium precursor. The band gap obtained
using UV-Vis spectroscopy decreased upon an increase in concentration. SEM micrographs dis-
played nanosheet and nanorod-like distorted morphology. The presence of vanadium and oxygen
was noticed in the EDS study.

Conclusion: Nanoparticles with attractive features are very useful as an electrode material for super-
capacitors. Upon changing concentration, we can change the band gap of the material, adding an ex-
tra edge in the use of these materials.

Keywords: V,05 nanoparticle, hydrothermal synthesis, XRD, SEM.

1. INTRODUCTION

Vanadium pentaoxide (V,0s) shows promising candida-
ture due to its versatile features. It has multiple oxidation
states (V2*, V**, V¥, and V°"). Due to elemental abundance,
this metal oxide is cost-effective [1, 2]. It is more eco-
friendly due to the low toxicity of the constituents of this
metal oxide. Its band gap lies at 2.2 eV to 2.6 eV, making
this material more photoactive [3]. It has diverse crystal
structures, rutile, monoclinic and orthorhombic. Crystal

*Address correspondence to this author at the Department of Physics, New
Arts, Commerce and Science College, Ahmednagar, Maharashtra, India; E-
mail: rupinranu@gmail.com

1876-4029/xx $65.00+.00

structure transition gives rise to a large variation in condutiv-
ity. V,0s has the capability to host different ions and mole-
cules. V5,05 is used as electrode material in lithium-ion bat-
teries due to its attractive electrochemical features.

Different synthesis methods have been used to develop
V,0s nanomaterials. Hydrothermal, sol-gel, simple precipita-
tion, microwave-assisted method, etc., are the different
methodologies adapted to synthesize V,Os nanomaterials.
Ayyaru et al. used the hydrothermal method to synthesize
V,05 nanorods [4]. These nanorods were used as an alternate
cathode catalyst for microbial fuel cell applications. Co-
doped V,05 nanoparticles were synthesized by Yazadi ef al.
using sol-gel method [5]. They found that upon an increase

© xxxx Bentham Science Publishers
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in Co doping, lattice constant and particle size also in-
creased. Taylor ef al. used a liquid laser ablation technique to
develop the naked vanadium pentaoxide nanostructures [6].
Sol-gel and hydrothermal methods were used by Sajid et al.
to synthesize V,0s nanomaterials [7]. They studied the pho-
toresponse of V,0s nanomaterials developed by these two
methods. Comparative photocatalytic activity of V,0s nano-
materials developed by hydrothermal and sol-gel methods
was evaluated in this investigation. The wet chemical meth-
od was utilized to develop V,0s nanomaterial by Tahir and
coworkers [8]. Nanocomposites with GO and Mxene were
synthesized for advanced supercapacitor electrodes, and
some extraordinary electrochemical results were obtained.
Tang et al. demonstrated the laser synthesis of vanadium
oxide bonded graphene for energy application [9]. A signifi-
cant increase in the electrochemical properties was found in
this work. Velpula et al. performed comparative measure-
ments on V,0s nanostructures developed by green and chem-
ical synthesis methods [3]. Aerosol synthesis of V,0s— car-
bon nanostructures has been carried out successfully by
Chung et al. [10]. They demonstrated Lithium extraction
using the electrochemical deionization technique. Hien V,05
nanosheets were prepared using vanadium powder with the
help of the hydrothermal synthesis method [11]. Prepared
nanosheets display efficient ethanol sensing properties.
Rasheed et al. used a novel colorimetric method to synthe-
size V,0s nanoparticles. Synthesized V,0s nanoparticles
exhibited catalase mimetic activity; further increase in an-
nealing temperature showed an increase in mimetic activity
[1]. In a study, palladium decoration on vanadium pen-
taoxide was carried out using the hydrothermal synthesis
method [12].

In this investigation, we demonstrated the synthesis of
V,05 nanorods using the hydrothermal synthesis method.
The hydrothermal synthesis method has attractive features,
such as grain size control, crystalline phase, morphology,
etc., via controlling the concentrations of reactants, solution
composition, reaction temperature, reaction time, etc.

2. MATERIALS AND METHODS

Ammonium metavandate (NH4;VO3; 99%) and sulfuric ac-
id (H,SO4 98%) were purchased from Molychem. In this
work, all reagents were used without further purification.

Vanadium pentaoxide nanomaterials were synthesized
using the hydrothermal method at different concentrations of
vanadium precursor. Synthesized nanomaterials were inves-
tigated using several probing techniques.

Structural studies were performed by using an X-ray dif-
fractometer, Model D8 Advanced Bruker, with Cu Ka (0.154
nm) radiation. The optical feature of the Mo layer was exam-
ined using a JASCO V-750 UV-Vis spectrometer. Surface
morphology was imaged using SEM Joel model JSM-IT 100.

3. EXPERIMENTAL SECTION

Aqueous solution of ammonium metavandate was pre-
pared with 0.06 M, 0.08 M, and 0.1 M concentration in 40

Ranu et al.

ml double distilled water. Sulfuric acid was diluted using
double distilled water in a 1:4 ratio (H,SO4/ H,O: %4). More-
over, the pH of the vanadium precursor solution was kept at
4 using drop-wise addition of diluted sulfuric acid. The or-
ange color solution was stirred at room temperature for 30
minutes and transferred to a 50 ml Teflon container. Hydro-
thermal reaction was carried out in a stainless steel autoclave
at 160°C for 24 hours. The precipitate was filtered out and
rinsed using double distilled water several times, followed by
24 hours of natural cooling. The precipitate was annealed in
the furnace at 700°C for six hours.

3. RESULTS AND DISCUSSION

3.1. Structural Analysis

Fig. (1) shows the XRD spectrographs of V,0s (Vanadi-
um Pentaoxide) nanomaterial with different concentrations
of vanadium precursor. XRD revealed the formation of an
orthorhombic crystal structure. All XRD reflections of syn-
thesized V,05 were indexed using a JCPDS card (41-1426).
The dominance of the (001) plane is clearly seen in XRD
spectrographs of all the samples. Nanomaterials synthesized
with a molarity of 0.08 M showed highly intense (001) re-
flection. Dominating signature peaks of V,0s were observed
at 26 equal to 20.26° 26.12° and 31.05° corresponding to
(001), (110) and (301) reflection, respectively. The average
crystallite size was obtained using the Scherrer formula [13]:

D 0.91
"~ Bcos6

€y

Where, A, 8, and 6 are the wavelength of X-rays used for
diffraction (CuKa = 0.154 nm), full width at half maxima,
and angle of diffraction, respectively.
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Fig. (1). XRD diffractograms of V,0s nanomaterials synthesized at
different concentrations. (4 higher resolution / colour version of
this figure is available in the electronic copy of the article).

In Fig. (1), the intensity of (001) reflection is much high-
er than other peaks. This is due to the highly preferential
growth of nanomaterial along the (001) plane. This could be
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Table 1.

Micro and Nanosystems, xxxx, Vol. xx, No. x 3

Structural and Optical Aspects of V205 Nanomaterials Developed by the Hydrothermal Method.

Concentration of Vanadi-
um Precursor (M)

Crystallite Size (nm)

Dislocation Density
(X 107 (nm?)

Band Gap (eV)

Cutoff Wavelength (nm)

0.1 46.2 4.7 2.29 672
0.08 38.4 6.8 2.57 660
0.06 31.8 9.9 2.66 651

due to the relationships between synthesis conditions and
reaction kinematics of the hydrothermal method.

Table 1 presents the values of the average crystallite size
obtained. This reveals an increase in crystallite size with an
increase in the concentration of vanadium precursor. This is
attributed to the fact that an increase in concentration results
in an increase in the number of nuclei, which can nucleate
and may cause a rise in crystallite size. The concentration of
precursor may affect the rates of reaction as well as nuclea-
tion; this could be the reason for the rise in crystallite size.

Dislocation density is obtained using the formula [14]:
1

6 = E

Where, D is the crystallite size.

Dislocation density shows a decrease with an increase in
concentration. It is the parameter that indicates the defects in
crystalline solids. It is also a measure of number of disloca-
tion lines per unit volume of the crystal. This could be due to
the fact that an increase in crystallite size with concentration
results in a decrease in movements and generation of disloca-
tion density. Neupane et al. [15] reported similar trends in
association with capping agents.

3.2. Optical Analysis

Fig. (2) shows the absorbance plots of vanadium pen-
taoxide nanomaterials prepared at different concentrations.
This could be due to an increase in crystallite size. Crystallite
size variation results in a change in the band gap.
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Fig. (2). UV-Vis Absorbance Plots of V,0s Nanomaterials Synthe-

sized at Different Concentrations. (4 higher resolution / colour

version of this figure is available in the electronic copy of the arti-

cle).

200 300

Change in the band gap may reflect a shift in the cut-off
wavelength in the absorbance plot. Band gaps were obtained
using the Tauc theory. Fig. (3) presents Tauc plots of vana-
dium pentaoxide nanoparticles synthesized at different con-
centrations.
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Fig. (3). Tauc Plots of V,0s Nanomaterials Synthesized at Different
Concentrations. (4 higher resolution / colour version of this figure
is available in the electronic copy of the article).

Band gap values are tabulated in Table 1. The band gap
shows a decrease with an increase in concentration. These
results are in good agreement with the crystallite size ob-
tained from XRD. This could be due to the quantum con-
finement effect.

3.3. Morphological Analysis

Scanning electron microscopy was used to study the
morphological features of developed nanomaterials. Figure 4
illustrates the nanorod-like shapes. Image j software was
used to obtain the average length of developed nanorods.

The average length shows an increase with an increase in
the concentration of precursor. Furthermore, 1.2, 0.8, and
0.55 pum are the values of average length measured by Image
J software of samples developed at 1, 0.08, and 0.06 M con-
centrations. This could be due to the fact that the higher the
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Fig. (4). SEM Micrographs of V,0s Nanomaterials Synthesized at Different Concentrations (Inset: Average length).

Table 2. Elemental composition.

Concentration of Vanadium Precursor (M) Vanadium (At%) Oxygen (At%)
0.1 46.42 53.56
0.08 46.95 53.05
0.06 42.03 57.97
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Fig. (5). Presents the presence of vanadium and oxygen. (4 higher resolution / colour version of this figure is available in the electronic

copy of the article).

concentration, the more the nucleation centers and the
growth.

Elemental analysis was carried out using energy-
dispersive X-ray spectroscopy. Fig. (5) shows the elemental
content in synthesized nanomaterials.

Fig. (5) EDS Spectrographs of Vanadium Pentaoxide
Nanomaterials Synthesized at Different Concentrations.

The concentrations of vanadium and oxygen in atomic
percentages are tabulated in Table 2.

No significant change was observed in atomic percent-
ages of vanadium and oxygen upon changing concentrations
of vanadium precursor.

CONCLUSION

This investigation demonstrated the synthesis of V,0s
nanomaterials using the hydrothermal method. The effect of
the concentration of vanadium precursor on structural, opti-
cal, and morphological features has been studied. XRD con-
firmed the formation of phase pure vanadium pentaoxide.

Crystallite size showed an increment upon an increase in
concentration. Dislocation density portrayed an inverse trend
as that of crystallite size with concentration. Absorption plots
showed an increase in cutoff wavelength with a rise in con-
centration. The band gap decreased with an increase in con-
centration. Optical results were found to be in good agree-
ment with concentration. SEM images revealed the for-
mation of rod-shaped morphological features. EDS con-
firmed the presence of vanadium as well as oxygen in syn-
thesized nanomaterials.
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With the improved microstructure, porosity, and surface area, bimetal oxides make excellent electrode materials
for supercapacitor applications. Here, the hydrothermal method for different molar concentration ratios of Nickel
and Vanadium sources was successfully used to synthesize the NizVoOg microballs with a porous microstructure.
At a current density of 3 mA/cm?, the electrode prepared at a Ni:V molar ratio of 1:0.5 exhibits excellent areal
capacitance of 1.56 F/cm?. The NigV,0g//AC device is an asymmetrical one, delivering 6.6 mWh/cm? energy

density at 2.2 W/cm? power densities while exhibiting an area capacitance of 39 mF/cm? at 8 mA/cm? current
density. With a retention of 72 % for the most recent 5 K GCD cycles, the device exhibits excellent stability for use
in practical applications over 5 k GCD cycles at 12 mA/cm?2. This research offers a NizVoOg microstructure that
offers excellent areal capacitance for energy storage applications.

1. Introduction

Energy crises result from the fact that human everyday activities do
not meet the need for energy sources, despite the necessity and avail-
ability of such sources. The current energy used to power all sectors
comes primarily from natural fossil fuels such as coal, oil, natural gas,
and nuclear energy, which are being depleted rapidly. Although batte-
ries and fuel cells can be used as alternative energy sources to solve the
energy storage problem, they are limited by their large size and short
lifespan. Supercapacitors, on the other hand, are the best alternative for
energy storage since they can address all of the critical concerns
mentioned above. Supercapacitors have higher power density and en-
ergy density than conventional capacitors and batteries. They have a
longer lifespan, faster charging and discharging periods, smaller size,
less weight, high power and energy density, and ease of assembly [1-3]
Based on the charge storage mechanism, supercapacitors are divided
into two subclasses: pseudocapacitors (PCs) and electric double-layered

* Corresponding authors.

capacitors (EDLCr) [4]. Metal oxides [5-7], and metal chalcogenides
[8,9] exhibit the charge storage PCs nature through redox reaction,
producing high power and energy density over an extended period of
time. Transition metal oxides have a porous structure, numerous active
sites, a large surface area, and multiple oxidation states, making them
better suited for ion insertion and extraction for charge storage,
increasing the electrode material’s capacity for energy storage. Bimetal
oxide can be more advantageous for redox reactions that significantly
increase energy capacity compared to mono-metal oxide, which has one
metal [10,11].

Solid state stretchable micro supercapacitor [12], Zinc ion micro-
supercapacitor [13], CoFe-phosphate [14], ternary oxide MnVMo oxide
[15], Bimetallic oxides, such as NbMn oxide [16], NiMnO4 [17],
NiC0204 [18], CuC0204 [19], Ni3V208 [20723] and C03V208 [24], have
been studied for energy storage applications due to their various
oxidation states, synergetic effects, and excellent electronic conductivity
[25]. Among them, Ni3V50g has garnered more attention because of its
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diverse oxygen states. There are a few reports where researchers have
synthesized NizV2Og in the form of nanospheres and nanorods using
various methods such as solvothermal, hydrothermal, and co-
precipitation [20,26]. These methods have been used to create elec-
trodes with excellent energy storage capacity. W. H. Low reported, a
Solvothermal method was used to prepare an electrode with a capaci-
tance of 319 F/g at 0.5 A/g current density, while a hydrothermal
method produced nickel-vanadium oxide Nano spheres with an energy
storage capacity of 562.5 F/g at 1 A/g current density [27]. An asym-
metric device was then constructed using the active electrode material
and acetylene black, demonstrating a remarkable capacity for energy
and power density, as well as long-term stability with a retention of 74 %
over 3000 cycles reported by Li et al. [28]. In addition S. E. Arasi re-
ported, a co-precipitation method was used to create nanorods of nickel-
vanadium oxide nanoparticles, resulting in an electrode with a capaci-
tance of 894 F/g at 0.4 mA/cm? and a performance retention of 94.1 %
over 3000 cycles. These findings suggest that by creating a porous
microstructure for NigV2Og, it is possible to further increase its energy
storage capacity [29].

NigV20g is a bimetal oxide that exhibits excellent energy storage
capacity for supercapacitor applications [20]. In this report, we present
an electrochemical study of NigV2QOg, by tuning the molar concentration
of vanadium source. NigVoOg nanoparticles were synthesized using a
simple hydrothermal method. We thoroughly investigated the effect of
modifying the molar concentration on both the stoichiometry of the
electrode material and the electrochemical performance of the elec-
trode. An electrode synthesized at a 1:0.5 M ratio of nickel and vana-
dium shows excellent areal capacitance of 1.56 F/cm? at 3 mA/cm?
current density in a 2 M KOH electrolyte. With a power density of 2.2 W/
cm?, a constructed asymmetric supercapacitor (ASC) has an excellent
areal energy density of 6.6 mWh/cm? Throughout 5 K cycles, ASC has
outstanding cyclic stability. The excellent electrochemical performances
of Ni3V,0g indicate that it is a viable candidate electrode material for
energy storage applications.

2. Experimental section
2.1. Synthesis of NizV,0g and electrode preparation

In the synthesis of Ni3V,0g nanoparticles, initially prepared 150 mM
of nickel nitrate hexahydrate, 37 mM of ammonium metavanadate, and
700 mM urea solution in 40 mL of double distilled water. Stirred the
solutions for 30 min at 350 RPM using a magnetic stirrer until we ach-
ieved a homogeneous solution, then transferred the homogenous solu-
tion to a stemless steel hydrothermal reaction vessel, tightly sealed it,
and placed it in a fan-forced oven. The reaction was carried out the re-
action at 120 °C for 18 h. After completion of the reaction, the reactor
allowed the mixture to cool down to room temperature naturally.
Remove the resulting product from the reaction vessel and washed it
with ethanol and water through filter paper and dried the prepared
product at 60 °C overnight and then anneal it at 400 °C for 4 h. The final
product was named NVO-1 and used for further study. We used a similar
procedure to prepare other electrode materials with different molar
ratios of Ni:V named the product NVO-2 for the 75 mM concentration of
ammonium vanadate, NVO-3 for the 150 mM concentration of ammo-
nium vanadate sample and NVO-4 for the 225 mM concentration of
ammonium vanadate sample. A similar nomenclature was used in the
manuscript throughout. The prepared nanoparticles for further charac-
terization. The electrodes were prepared for studying the electro-
chemical performance of the electrode material by using NizV,Og
nanoparticles, carbon black, and NMP solution. Similarly, procedures
were used to prepare activated carbon electrodes using activated car-
bon, carbon black, and NMO solution [30].
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3. Result and discussion
3.1. X-ray diffraction (XRD)

X-ray diffraction was used to look into the crystal structure and phase
formation of Ni3V,0g nanoparticles. A NigV,Og nanoparticle’s XRD
pattern is shown in the Fig. 1. The XRD spectra demonstrate that the
peak intensity rises until a vanadium precursor concentration of 150
mM. Peak intensity decreases while the number of peaks increases at a
vanadium precursor concentration of 225 mM. The phase formation of
NigV,0g was seen at a concentration of 150 mM vanadium precursor
concentration. The excess peak has been observed at higher molar
concentrations. NigV,0g and V205 were found in a mixed phase at high
vanadium precursor concentrations. As the concentration rises, the
growth rate increases according to the XRD analysis [31]. The XRD
spectra of NVO-2 nanoparticles at 75 mM concentrations were observed
at (20), 35.87°, 43.95°, 58.34°, and 63.84°, with oriental miller indices
of (211), (151), (022), (023), and (244). An orthorhombic structure with
lattice constants of 5.93 A, 11.42 A, and 8.24 A is seen in the XRD spectra
of the NVO-2 nanoparticle. This JCPDS card 10-70-1394’s XRD spectra
are an exact match. Peak intensity increased as vanadium precursor
concentration increased due to the nanoparticles’ increased growth rate
with concentration [31], but the identical JCPDS cards were well
matched for NVO-3 peak data. The oriental miller indices for NVO-4 are
(010), (110), (101), (010), (310), (011), (301), (411), (600), (002), and
(701), and the NVO-3 spectrum shows additional peaks at 20.31°,
21.14°, 26.16°, 31.05°, 32.39°, 34.32°, 45.49°, 47.35°, and 51.23°.
NizgV20g and V505 have been found to coexist in a mixed phase. Because
of the higher vanadium concentration, the mixed-phase formation in the
NVO-4 electrode may be formed.

The elemental valence of Ni3V,0g nanoparticles studied through an
XPS study. The Fig. 2(a) shows survey spectra of NigVoOg nanoparticles
display sharp peaks at 854.75 eV, 515.76 eV, and 529.25 eV, indicating
the presence of nickel, vanadium, and oxygen in the sample, respec-
tively. The high-resolution spectra of Ni 2p shown in Fig. 2(b) shows
peaks at 872.22 eV and 856.34 eV, which correspond to Ni 2p; /5 and Ni
2p3/2. These peaks suggest the sample contains Ni(II). The observed
satellite peaks associated with Ni 2p; /5 and Ni 2p3/2 at 879.22 eV and
860.96 eV, indicate the presence of highly oxidized or bivalent Ni. The
deconvoluted Ni 2p; » and Ni 2pg/» peaks into four spin-orbit doublets.
Peaks at 856.30 eV and 874.43 eV suggest the presence of Ni>*, while
peaks at 854.57 eV and 872.18 eV point to Ni%" [32]. The Fig. 2(c)
shows XPS spectra of V split the spin-orbit doublets of V into four peaks
at 516.2 eV, 517.4 eV, 523.6 eV, and 524.8 eV. These peaks correspond
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S T Z 28 - $ ——NVO-3
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Fig. 1. XRD spectra of Ni3V,0g nanoparticles.
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Fig. 2. X-ray photoelectron spectra (a) survey scan, (b) Ni 2p, (c) V 2p, (d) O 1s spectra of NVO-2.

to V¥ 2psse, VO 2psse, V' 2p1s, and V' 2pis, confirming the
presence of vanadium [33]. Fig. 2(d) shows the O1s spectra, show three
deconvoluted peaks at 529.10 eV (Oy), 529.84 eV (Oyy), and 532.15 eV
(Onp). The peaks at 529.10 eV and 529.84 eV represent lattice oxygen
and HyO water vacancy, respectively, while researchers attribute the
peak at 532.15 eV to lattice oxygen (V—O & Ni—O) [34].

3.2. Field emission scanning electron microscope (FE-SEM) and
transmission electron microscope (TEM)

NizgV20g nanoparticle surface morphology and elemental composi-
tion were investigated using a field emission scanning electron micro-
scope (FESEM). Fig. 3 displays a magnified FESEM micrograph of the
NVO-1, NVO-2, NVO-3, and NVO-4 samples. The impact of the ammo-
nium metavandate’s molar concentration was seen in the surface mi-
crostructures. Fig. 3(al-a3) displays the FESEM micrographs of the
NVO-1 sample at different magnifications, prepared at a 37 mM con-
centration of ammonium metavanadate. The FESEM reveals the begin-
ning of NigV,0g nanoparticle growth. The NVO-2 sample prepared at a
75 mM ammonium metavanadate concentration is shown in the Fig. 3
(b1-b3) using FESEM. The surface microstructure resembled an irreg-
ular sponge nanoball. These nanoballs are connected to one another via
links. All of the nanoballs have a porous appearance and offer an
interaction pathway to the electrolyte in the essay. The surface micro-
structure of the nanoparticle was tuned to spherical nanoball-like
nanostructures as shown in Fig. 3(c1-c3) as the ammonium metavana-
dium concentration increased to 150 mM. Instead of creating a nano-
chain and wrapping it in NVO-2, nanoballs are wrapped one over the
other to form a Nano sphere-like structure. As the nanoballs grow, they
are wrapped over each other once more, completely filling the space
between them. This decreases the porosity of the nanoballs, which has
an impact on how the electrolyte interacts with them. The ammonium
metavandate concentration may be the cause of the nanoball’s growth.
The more compact and dense nanosphere were seen at 225 mM molar
concentration of the NVO-4 nanoparticle, as shown in the Fig. 2(d1-d3).

These surface microstructure almost resemble NVO-3 with nanosphere
beginning to link together via overgrowth minimizes the porous nano-
structure; this could be due to an excess concentration of ammonium
metavanadate. The electrochemical performance of the electrode in the
supercapacitor was also affected by the molar concentration that was
observed on the surface microstructure. The EDS analysis was used to
determine the elemental compositions of each sample. The Fig. 4 below
displays the NigV,Og EDS spectra. The EDS spectrum reveals that all of
the spectra had a sharp, intense peak of nickel, vanadium, and oxygen,
but the peak’s intensity varied depending on the molar concentration of
ammonium vanadate. Inside the Fig. 4 displayed the NigV,Og atomic
percentage. The surface microstructure of the NizV,0g showing porous
nanostructure and demonstrates NVO-2 nanoparticles exhibit nearly
close stoichiometry to the chemical structure. The study using trans-
mission electron microscopy (TEM) provided additional information
about the surface morphology and the elemental makeup of the NigV,0g
nanoparticle. Fig. 5 displays a TEM micrograph of NVO-2 nanoparticles
at various magnifications. The Ni3V,Og nanoparticles were composed of
the tiny NizV,0g nanoparticles, as shown in the Fig. 5(a-d). The porous
nanoparticle sphere were created by uniformly wrapping nanoparticles
one on top of the other, starting from the center of the particle, as some
of the nanoparticles were initially linearly linked together up to a certain
length. Unwrapped nanoparticles were seen at the loosely bound outer
shells of the nanoparticles, which offer the simplest pathway for the
electrolyte insertion. The average particle size of the minuscule nano-
particles is nm, but they are not uniformly distributed. The smaller
molar concentration of ammonium metavanadate may prevent the
excessive growth of the minute nanoparticles that maintain the void
spacing between two or more nanoparticles and increase the porosity of
the nanoparticles. This effect was seen in the electrochemical perfor-
mance of the electrode. Fig. 5(e) shows the SEAD pattern with crystal
plane. The TEM analysis was used to determine the Ni3V,Og nano-
particle’s d-spacing. As seen in the Fig. 5(c (magnified) and h), the
Ni3V30g electrode has a d-spacing of 0.21 nm. The EDS spectra were
used to analyze the elemental makeup of the NigVoOg nanoparticles. As
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Fig. 3. FESEM micrograph of Ni3V,0g nanoparticles-NVO-1 (al-a3), NVO-2 (b1-b3) and NVO-3 (c1-c3), and NVO-4 (d1-d3).

depicted in the Fig. 5g, the presence of a sharp peak confirms the
presence of Ni, V, and O elements. The Ni3V,Og nanoparticle’s elemental
mapping is shown in Fig. 5f (i - iii). Elemental mapping of the NizgV,Og
nanoparticle reveals that the Ni, V, and O are distributed uniformly
throughout the entire nanoparticle. The elemental composition of the
NVO-2 nanoparticle was studied using inductively coupled plasma-
atomic emission spectroscopy (ICP-AES). ICP analysis of the NVO-2
nanoparticle was performed at three different concentrations: 0.1
ppm, 1 ppm, and 5 ppm. The average atomic percentages of Ni and V
were 48.38 % and 20.68 %, respectively. The results from transmission
electron microscopy EDS and ICS studies showed nearly identical
elemental matches. The surface area of the NVO-2 nanoparticle was
studied using the Brunauer-Emmett-Teller (BET) analysis. Fig. 6a dis-
plays the BET plot, which shows that the surface area of the NVO-2
electrode is 79.77 m%/g. A higher surface area of the material is more
beneficial for ion diffusion and for interactions between ions, the elec-
trode, and the electrolyte. This enhances the electrochemical perfor-
mance, which is why NVO-2 electrode exhibits excellent areal
capacitance.

3.3. Electrochemical study

Through the use of cyclic voltammetry (CV), galvanostatic charge
and discharge (GCD), and electrochemical impedance spectroscopy
(EIS) measurement, the electrochemical analysis of the prepared elec-
trode were investigated. The Fig. 7a shows the compared CV profiles of
the NVO-1, NVO-2, NVO-3, and NVO-4 electrodes measured at a 5 mV/s
scan rate over the potential range of 0.0 to 0.5 V. All electrodes’ CV
profiles exhibit a pair of redox peaks, indicating that the electrode ma-
terial and electrolyte are undergoing faradic reactions, which are the
mechanism for storing energy. The NVO-2 electrode’s larger surface
area than the other electrode reveals that it has a greater capacity for
energy storage than the other electrode. The CV profile showed a strong
couple redox peak at 0.19 V and 0.38 V, indicating the presence of a
reversible faradic redox reaction between Ni and V with OH and
demonstrating the pseudocapacitor’s ability to store energy. The NVO-2
electrode’s surface morphology may be the reason why the area under
its CV profile is larger. The NVO-2 electrode’s surface microstructure
resembles a wrapping of nanochains, one on top of the other, with void
spaces in between. For the redox reaction of the electrode material with
the electrolyte, the void space may serve as both an easy pathway and a
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Fig. 4. EDS spectra of NizV,0g nanoparticles-NVO-1 (a), NVO-2 (b), NVO-3 (c) and NVO-4 (d).

more active site. As the nanochain density increased and the surface
microstructure started to become more compact, the pathway for the
faradic reaction and the synergistic effect of the Ni and V became more
difficult. This made it easier for the electrolyte to access and react with
the more active site on the NVO-2 electrode compared to the other
electrodes. The CV profiles of all electrodes, which range from 5 to 100
mV/s scan rates, are shown in the Fig. S1(a-d). The electrode’s CV
profile showed that the faradic reaction responsible for the valence
change of the Ni and V in measurements is what causes the redox peak’s
strong intensity of pair. According to the CV profile, the electrode po-
larization caused by the redox reaction causes the CV curve to shift
monotonically and increase peak separation as the scan rate rises from 5
to 100 mV/s as shown in Fig. 7c. The NVO-2 electrode exhibits excellent
electrochemical performance, which is thought to be a result of its
porous structure and the synergetic effect of Ni and V, which may help to
precisely regulate the electronic structure and facilitate charge transport
at the electrode-electrolyte interface. The electrode’s GCD profile was
used to study the electrochemical performance of each electrode. The
Fig. 7b displays the comparative GCD profiles for each electrode at a
current density of 3 mA/cm?. The graph demonstrates that the NVO-2
electrode requires more time to charge and discharge than the other
electrode. At a scan rate of 3 mA/cm?, the NVO-2 electrode displays an
areal capacitance of 1.56 F/cm>. The porous structure, microstructure,
and accessibility of the void space and active site for the electrode and
electrolyte interaction may all contribute to the large areal capacitance
of the NVO-2 electrode. The Fig. 7d shows the GCD profile of NVO-2
electrode at different current density and GCD profile of all electrode
were shown in Fig. S2(a-d). The Egs. (6), (7), (8) were used to calculate
the areal capacitance, areal energy density and power density of each
electrode, and the results for the NVO-2 electrode show that it is an
effective electrode material for energy storage applications with an en-
ergy density of 34 mWh/cm? and a power density of 600 mW/cm?.

The CV profile were carefully examined to learn more about the
specifics of the capacitance contribution and charge storage mechanism,
as shown in the Fig. 8(a, b). To investigate the details, the peak current
was used [35-37]. The following equation was used to represent the
peak current of the CV profile.

i=av’ (€D}

where ‘i’ is the maximum current in the CV, v is the rate at which the CV
scans, and ‘a’ and ‘b’ are the constant parameters. Whether charge
storage is controlled by capacitive, diffusion, or both, the value of the b
represents the contribution of the charge. If b = 0.5 represents the
current is controlled by the diffusion-controlled behavior, if b = 1.0
represents the current is capacitive controlled behavior, and if b= 0.5 >
b > 1 represents the total current is capacitive and diffusion-controlled
behavior [35,36]. Eq. (1) is used with the following modifications to
determine the value of the variable b.

log (i) = log (a) +b log (v) ()]

The slope of log(i) vs. log (v) provides the value of ‘b’. The Fig. 8(a, b)
displays the log(i) vs log (v) plot for anodic and cathodic current for all
electrodes. Table 1 contained a list of the ‘b’ values for each electrode.
The porous design of the NVO-2 electrode and the presence of an active
site for charge carrier diffusion to the active electrode material may be
the cause of the NVO-2 electrode’s low ‘b’ values. The electrode material
had a further capacitive charge distribution, and the following equation
provided diffusion-controlled current at a constant potential [38-40].
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where ‘v’ is scan rate, ‘A’ is the area, ‘C’ concentration of the solution, ‘D’
is diffusion coefficient, ‘F’ faraday constant, At discharge time, ‘R’ is
universal gas constant, k" is standard rate constant, ‘I’ current density,

‘AV potential window, 'C, areal capacitance, ‘E, areal energy density,

——NVO-1
——NVO-2
~——NVO-3

@smVis ——NVOo4

Current density (mA/cm?)

Potential (V vs Ag/AgCl)

[b]

——NVO-1
——NVO0-2
—o—NVO-3
—o—NVO-4

N
k'S

S
W

S
o

e
=

@3mA/em?

0.0 01 02 03 04 05
Potential (V vs Ag/AgCl)

)

S
=

100 200, 300 400 500
Time (s)

>

m2
—
=3
=]

[c]

ity (mA/c
2

=

40mV/s
—— 10mV’s 50mV/s
——20mV/s* ——60mV/s
——30mVis 100mV/s

(=
=3
=l

Current densi
n
—}

00 01 02 03 04 05
Potential (V vs Ag/AgCl)

Potential (V vs Ag/AgCl)

[d] —o—3mA/em®

—o—S5mA/em®
—o—TmA/em
—o—10mA/em”
—o—15mA/em®
—o—20mA/em™

0.4

0.3

0.2

0.1

200 300 400 500
Time (s)

Fig. 7. Comparative CV (a) GCD (b) of NVO-1, NVO-2, NVO-3, and NVO-4, CV

(c), GCD (d) of NVO-2.



M.A. Yewale et al.

Journal of Energy Storage 73 (2023) 109005

-0.8 -0.8
[a] [b] ‘ oo
-1.21 -1.24 =
R 1.2 S0
M—l.6 w'1'6' = 40
) P ) =
= 2o ° = 5-601
<01 ° NVO- -2.0 =
s wes : S.80] 0 W
° o NVO4 fq NVO-3
-2.4 T T T T 2.4 . T r r 2100 @ NVO-4
24 20 -16 -12 -08 24 20 -6 -12 -08 & 01 02 03
log scan rate log scan rate SQRT scan rate
~120 2 2
2100/ [d] 5 [E] [f] o e
< 31 % R -3 o -~
< 50 . AN ./ P
- _ AN - e 7,
< 60 =4 .\ . 24 S
= = e <
2 40 = \ & /f
= i B _&8{ —o—nNvo-1
Z 204 / -5 N e 512 Woa
< NVO-3 o ::’g:
& 04 6 —o— NVO-4 65 - . . .
0.1 02 03 -0.24 -0.18 -0.12 -0.06 0.00 0.06 -0.06 0.00 0.060 0.12 0.18
SQRT scan rate E,-E'(V) E,-E'(V)

Fig. 8. log i, vs log v plot for b value (a,b), peak current vs \/ v rate plot for diffusion coefficient (c,d) and In i, vs Epa-E0 plot for slandered rate constant K° and transfer

coefficient (e,f) for NVO-1, NVO-2, NVO-3 and NVO-4 electrode.

Table 1
Comparison of b value, diffusion coefficient, transfer coefficient, and standred
rate constnat of NVO-1, NVO-2, NVO-3 and NVO-4 electrode.

Sr. b Diffusion Transfer Standred rate constant
no value coefficient coefficient &%
em?/Sx 1077 (@ cm/Sx 1074
1 0.58 0.46 0.49 0.37
2 0.50 3.4 0.33 9.6
3 0.51 3.1 0.080 5.5
4. 0.64 3.0 0.27 1.6

P, areal power density. Where the diffusion-controlled current is rep-
resented by the other term in the equation above and the capacitive-
controlled current is represented by the first term at a constant poten-

tial. The 'kl/ and ‘kzr values were determined from the i(V) vs \/ v plot at
constant potential and represented in the charge contribution at 10 mV/
s and the charge contribution at various scan rates in the Fig. 9(a, b). The
NVO-2 electrode’s ‘b’ value demonstrates that the diffusion charge
contribution outweighs the capacitive charge distribution. The ion
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diffusion for the capacity to store charges is provided by the diffusion
coefficient. The CV profile was used to calculate the diffusion coefficient
for every electrode. From the Eq. (4) and Fig. 8(c, d), the diffusion co-
efficient for each electrode were determined. The NVO-2 electrode has a
higher diffusion coefficient value than the other electrode. Table 1
shows the values for all electrodes’ diffusion coefficients. In comparison
to the other electrode, the micro ball’s porous structure and the presence
of void space may have contributed to the higher diffusion coefficient.
Additionally, the standard rate constant (k% and the charge transfer
coefficient (o) were used to study the kinematics of the NVO electrode.
The Eq. (5) and Fig. 8(e, f) were used to calculate both the charge
transfer coefficient and the standard rate constant. Charge transfer co-
efficient (a) study was done on the redox process. The o values of all
electrodes are listed in Table 1 and range from 0.081 to 0.49, with alpha
representing the quasi-reversible process. From the standard rate con-
stant (ko), additional kinematics of the redox process were investigated.
The value of k° in the range of 107! to 107> cm/S represented a quasi-
reversible process [30,36,41], and the range of KO for all electrodes,
which ranges from 0.37 to 9.6 10~* cm/S, demonstrates that all elec-
trodes exhibit this reaction. The higher k° value of the NVO-2 may be

120

[l Capacitive controlled contrubution

[b]

[ Diffusion controlled contrubution
3100
= 2oy
S 80+ B
= 72 I
2 60 :
e J
&
= 40 38
=] 3 32
Q 2
- 2| &
= 20 16
]
=
5 0
)

5 10 i dketholy 60 100

Fig. 9. Capacitive and diffusion controlled contribution at 10 mA/cm? current density (a) and at different scan rate (b) of NVO-2 electrode.
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because its porous structure allows for a greater number of active sites
for the quasi-reversible redox reaction. Table 1 provided a list of all
electrodes’ k° values. Through the use of electrochemical impedance
spectroscopy (EIS), the NVO electrode’s electrochemical characteristics
were assessed. The frequency range of 0.1 Hz-100 kHz was used to run
the EIS spectra. In the Fig. 10a, the Nyquist plots of all NVO electrodes
are depicted. The Nyquist plot is divided into two regions: the lower
frequency region and the higher frequency region. The curve’s intercept
on the x-axis at the high-frequency region denotes the series resistance
(Ry), which is the sum of the resistances to contact between the active
material and the electrolyte, the electrolyte, and the active material
[42]. The NVO electrode’s Rg value for NVO-1, NVO-2, and NVO-3,
respectively, is 2.12 Q, 2.01 Q, 2.42 Q, and 2.26 Q. Since the NVO-2
electrode’s R value is lower than that of other electrodes, it indicates
that the electrode and electrolyte are more accessible to ions for energy
storage. The porous microstructures of the micro balls, which offer an
active site for the interaction of the ion with the electrode and increase
the capacity of the NVO-2 electrode to store energy, may be the cause of
the NVO-2 electrode’s low R, value. The NVO-2 electrode has the highest
areal capacitance compared to other electrode materials, demonstrating
that it is a superior electrode material for energy storage. The Bode plot
is used to illustrate the relationship between the phase angle and the
frequency. The electrode’s bode plot for NVO-2 is shown in Fig. 10b. For
the capacitor, the phase angle should ideally be 90° or less. It is at 45° for
the pseudocapacitor as well. The pseudocapacitor nature of the NVO-2
electrode is represented by a phase angle close to 45° [43,44]. The
NVO-2 electrode’s capacitive properties are depicted by the Fig. 10b log
(Z) vs Frequency plot. The porous structure of the NizV,0g microsphere
may be the cause of the frequency-dependent impudence that the NVO-2
electrode exhibits over a wide frequency range. The capacitance C(w),
real capacitance Crea(w), and imaginary capacitance Cimg(w) were
calculated from the equation [30,44-46] reported in the previous article
using the EIS profile of the NVO-2 electrode. The Fig. 10c shows
accessible capacitance, Crea(W), and imaginary capacitance, Cimg(w),
represent the energy dispersion of the electrode material through an
irreversible process. The area around the NVO-2 electrode exhibits a
higher capacitance value at low frequencies. NVO-2 electrodes’ complex
power S(w), active P(w), and reactive Q(w) powers were calculated
using the equation [30,46,47] Calculations were made to determine the
normalized active power and reactive power, which are shown in the
Fig. 10d. At a point known as the transition point, where behavior
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switches from capacitive to resistive and is denoted by the relaxation
time (10), the active power and reactive power were crossed [48]. The
relaxation time (7o), which also exhibits the electrode material’s
response to discharge, served as a representation of the duration of
discharge with >50 % efficiency. Because of the porous microstructure
of the electrode material, the NVO-2 electrode exhibits a relaxation time
(7o) of 0.91 s. This implies that the majority of the time is needed for ion
diffusion into porous electrode material that engages the active site.

3.4. Asymmetric supercapacitor (ASC)

Activated carbon (AC) was used as the counter electrode and NVO-2
served as the working electrode in an asymmetric supercapacitor (ASC)
to study the practical applicability of the NVO-2 electrode. Activated
carbon and NVO-2 electrode material prepared with polyvinyl alcohol
(PVDEF), carbon black (CB), and N-Methyl-2-pyrrolidone (NMP) solution
were used to make the counter and working electrodes. With the aid of
paraffin paper and a separator between the counter electrode and
working electrode, the counter electrode and working electrode were
wrapped together in 2 M KOH electrolyte. The Wonatech SP5 electro-
chemical workstation was used to analyze the devices electrochemical
study. The CV and GCD profiles were tested over the range of 0.8-1.1 V
in order to obtain the best potential window, and they confirmed the
potential window of 1.1 V for NVO-2//AC as shown in the Fig. 11a. The
NVO-2//AC’s CV profile, with potential windows of 0.0 to 1.1 V, is
depicted in the Fig. 11a. Fig. 11c displays the area of the CV profile
increases with an increase in scan rate. This result reveals that the NVO-
2//AC ASC has the good rate capability and the reversibility of the NVO-
2//AC ASC. The Fig. 11(b, d), depicts the GCD profile of the NVO-2//
AC, which has an approximately triangular shape for all current den-
sities. The Regon plot in the Fig. 12b illustrates the area capacitance,
energy density, and power density of the NVO-2//AC ACS, which ex-
hibits excellent areal capacitance of 39 mF/cm? at current densities of 8
mA/cm? and 6.6 mWh/cm? energy density at power densities of 2.2 W/
cm?. For excellent areal capacitance, the NVO-2’s porous structures
might be advantageous. The long-term stability for 5 k cycles at a scan
rate of 12 mA/cm?, as depicted in the Fig. 12a in the form of discharge Q,
was used to study the practical stability of the NVO-2//AC ASC. The
device shows the maximum capacitance over 1 K cycles, and again the
capacitance decreases up to 72 % retention till 5 k cycles, which may be
due to the change in the structure of the electrode material [49]. The EIS
measurement was used to analyze the electrochemical impedance of the
NVO-2//AC ASC. The EIS spectra of the NVO-2//AC ASC are depicted in
the Fig. 12c. According to the EIS study, the NVO-1//AC ASC has an Ry
value of 4.93 Q before stability R value of 6.42 Q after stability Rg value
were increase after stability due to the change in the structure of the
electrode material [49]. The results of the overall investigation and the
analysis of the NVO-2 and NVO-2//AC ASC show that the NigV,Og
nanomaterial prepared at Ni:V molar ratio of 1:0.5 makes an excellent
electrode material for the application in energy storage.

4. Conclusions

In this work, we used the hydrothermal method to prepare NizV2Og
nanoparticles with various Ni:V molar ratios. We prepared a porous
microstructure of NigV,0g nanoparticles at a Ni:V molar ratio of 1:0.5,
which provided high active sites for electrolyte and electrode interac-
tion. The large diffusion coefficient and b-value indicated a significant
contribution to charge storage. An electrode with a 1:0.5 M ratio of Ni:V
demonstrated an excellent areal capacitance of 1.56 F/cm? at 3 mA/cm?
current density. At a current density of 8 mA/cm?, the asymmetric de-
vice exhibited an areal capacitance of 39 mF/cm?. The device delivered
an energy density of 6.6 mWh/cm? at power densities of 2.2 W/cm?. The
device showed excellent stability over 5 k GCD cycles, retaining 72 % of
its capacity in the most recent 5 k GCD cycles. The optimized Ni:V molar
ratio made the unique microstructure of NigVoOg possible, and this
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material shows potential for energy storage applications.
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Abstract: The Scanning Probe Microscopy (SPM) techniques, mainly Scanning tunneling microscopy
(STM) and atomic force microscopy (AFM) instruments have great important in surface science
laboratories due to its high potential to achieve image at atomic scale resolution. SPM has revolutionized
our ability to explore the nanoscale world enabling the imaging, manipulation and characterization of
materials at the atomic and molecular level. The experimental designing and its analysis of feedback
network system has proposed for scanning tunneling microscopy. Instability in feedback network could
affect the measurements and accuracy in surface topology of material. Feedback network circuit controls
the necessary arrangementfor proper functioning of STM. It Controls the STM operation like a regulator
circuit in sealing fan even if input voltage changes, the output has controlled by the regulator.  The
working of each element of feedback network is well discussed and analysed. The interconnection between
the different elements of feedback control network is analysed with mathematical equations.STM has the
outstanding advantage from the biological perspective of allowing measurements has made with a
resolution of nanometers in aqueous media. Hence, living cells, working enzyme systems etc. can be
examined.[4] SEM also investigates ‘Trichomes’ which is present on both surfaces of leaf. [5].

Keywords: Scanning Probe Microscopy

I. INTRODUCTION
Scanning probe microscopy (SPM) includes STM, AFM, and chemical force microscopy that have extensively applied
in nanostructure characterization. Scanning Probe Microscopy (SPM) is device based on a new technique to investigate
the structures at the atomic or molecular level.
Scanning Tunnelling Microscopy was first developed by Gerd Binnig and Heinrich Rohrer in 1981 and earned its
inventors the Nobel Prize in Physics in 1986. STM has considered the godfather of all the other tip-based microscopy
methods, including atomic force microscopy (AFM). It creates powerful surface images and characterization method,
which have developed of our understanding of material, condensed matter and device operation at nanoscale. A key
future of SPM is the nano sized probe, which interacts with the surface and produce the information used to create an
image of the surface topography. [9]
After high success in providing high-resolution imaging, some limitation are still at the centre of researchers interests
like low speed of imaging, limit of processes in real time, interpretation of complex data, issues related to tip-surface
interaction. The sensing principle has remained unchanged since the development of SPM. This influences careful
piezoelectric actuation for a raster scan of the sample surface while a feedback system senses the tip - surface
interaction in one of the many modes such as contact or contactless. It providing high-resolution imaging and
information required for spectroscopy. Machine learning introduced some new technology to enhance performance data
collection to improve traditional limitation and enhanced the quality of SPM. [9]
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Figure 1.1: Schematic diagram of the scanning tunneling microscope
Scanning Tunnelling Microscopy (STM) is applicable to the conductive sample or the surface operating under different
environment. STM operation has invented based on the mechanism of the quantum tunnelling effect. [3]
After building this microscope with increasing accuracy and complexity, we look towards to design a simple, cheap
system that has to be useful for students and our research laboratory. An analogue control proportional feedback
controller with sample and sharp conducting tip which has used to control the STM operation.The STM consists of a
sharp metal tip, often made of Pt-Rh or tungsten and a conducting or semiconducting planer sample surface. When
sample is clean and flat, even atoms canimaged. The distance between tip and sample control during data collection is
change by synchronising the parameter of feedback loop. Instead of tip position, D- A convertor maintained velocity of
tip to reduce generated noise. This will provide time delay for the collection of data. [2,18]
In scanning tunnelling microscopy (STM), where a small tunnelling current has measured between probing tip and
sample. Various operation modes such as constant tunnelling and constant height modes as well as tunnelling
spectroscopy had described and application are given. [10] By using combination of a coarse approach and
piezoelectric transducers, a sharp, metallic probing tip has brought into close proximity with the sample.The surface
contact between tip and sample is only a few angstrom units, which implies that the electron wave functions of tip and
sample start to overlap. [16,17]

II. BACKGROUND AND DESIGNING OF PREAMPLIFIER

There are three major part of STM device. It contains head stainless steel with differential screw and piezo tube for
scanning. [2]Scan area has limited by the choice of the piezoelectric scanner and the maximum output voltage V., of
the high voltage amplifier. In the driver amplifier of piezo, we can use op-amps. The scan tube sensitivity is 30nm/V for
X and Y and 5 nm/V for Z. The tunnel current converted in to a voltage for feedback system by using pre amplifier with
a 10° Q and OPA 128.The signal is amplified 10 times to get a 1 V/nA. Preamplifier has mounted at base of head to
reduce mechanical noise. Since the current is exponential dependence tip-sample distance. The current has linearized
with logarithmic amplifier. This voltage has apply to feedback controller, which is the difference amplifier. The output
voltage of the log amplifier has compared with set reference, which decides the value of the tunnel current desired.
Feedback circuit generated proportional voltage depending on error signal. [1,14]

To achieve constant tunnel current, this proportional signal has applied to the Z electrode of the piezo, which is in
corresponding to reference voltage. For this rules and condition, we assume that tunnel current locked by applying
same time, output of the
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feedback controller is gain by the data acquisition system. The software produced then a grey scale image, which is
image of the sample topography.[16]

The preamplifier circuit converts small current through the high impedance tunnel junction into low impedance voltage
signal. It has two stages, Op amp 1 has used as current to voltage converter.The tunnel current is of the order of 1 nA
with an impedance of a few MQ range. Here, the Op amp OPA 128 has used, which has high input impedance (IOIZQ).
The tunnel signal has amplified by the instrumentation amplifier AD 524 with variable gain. The proper selection of
feedback resistor is necessary since the increase in Ry will increase signal to noise ratio but will decrease band-width the
system. Infrequency response, gain picking has observed at a particular frequency. Here no drift has observed in the

output.[14]
III. FEEDBACK CONTROLLER NETWORK
REFERENCE
—+>®—— INTEGRAL | GAIN [ 7 H V. AMP
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Figure 3.1: Block diagram of feedback controller network
The important and central part of a scanning tunneling microscope electronic system is the feedback controller network.
For every system should be controlled system. In STM system, it is necessary that the Z piezo-electric element and tip-
sample is in contact. The tunneling current is exponential function of tip-sample separation. The logarithmic amplifier
is used to linearized the tunneling current. [1,5,13]
In figure 3.1, block diagram shows the control system in constant current scan the gap separation has set by comparing
the tunneling current to the demanded current and has compensated by a negative feedback loop. Before designing
feedback circuit, it is necessary to analyze it.[ 4,11,12].
The feedback circuit uses integrator. If Viand V, are the input and output of the integrator, R is the input variable
resistance 500KQand C is the capacitance, 0.22 puf across the integrator, then the output of an integrator is given as

vV, = - #I V. dt

The amplifier is adjusting the gain of the feedback circuit to match with piezo electric devices. The next circuit is
summing amplifier, which allow the addition of external voltage to the control signal. The output of it has connected to
high voltage amplifier, which is necessary in order to get larger movable range for the Z tip. The problem of perfect
tuning of the controller to match to the system is common. Initially system has locked for required tunneling current.
Therefore, error signal from differential amplifier is zero; which indicates Z control signal Vz is set. [15,19]

At time t=0 sec, the Z piezo is raised up or lowered by step input Vd, which simulates the disturbances created by
scanning the STM tip laterally. The changing the tip—sample distance produces finite the error signal that makes the
feedback operation to recover the initial Vz. R
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After the feedback loop stabilizes, all outputs from each stage have returned to the initial values before disturbances
except Vs to the summing amplifier. [12]By simply monitoring the response of Vi to the disturbances V4 on an
oscilloscope, we can easily adjust the loop gain.
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Figure-3.2 Graph of pre-amplifier

For Op-Amp, IC1, 3140, if V;,< Vref, the negative feedback will moves the tip in upward direction. It acts as buffer
circuit. When Vj, increases the output of IC1 is negative and if Vi, gecreases Of IC1 is the output is positive. IC2 is
integrator when V;,< Vref, then output is positive. The output of integrator is negative. It is gain amplifier and no phase
change in it. For IC3 output is negative. It has feed to IC4 and now its output is positive. IC5 is unity gain amplifier of
gain 2. It is inverting amplifier and output is negative. [11]

IC6 removes the noise and output is negative. V7 is negative and tip moves in downword direction. Tunnel current
increasing and now Vs = V ;, Feedback controller is tested by changing Vi for fixed vale of V. and Output is
monitored.

Vyer = 0.5 Volt Constant

VYout
(=2

15 L L L
0.0 0.5 1.0 1.5 2.0

Vin

Figure- 3.2Graph of V;, against V,,, for V.. = 0.5 Volt Constant.
We have been able to obtained the stability region of an STM analytically using the all the possible element in feedback
loop. We have use theoretical and mathematical model for each element of feedback loop and we have solve the
problems by using logical and technical way. It is possible to achieve real condition of stability of loop. The parameter
permits us a to achieve the highly accurate and stable condition for imaging.
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Design and Simulation of 4 bit- Successive
Approximation ADC
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Abstract: The digital signal is easy to process than the analog circuits. The design of digital circuits is less complex than
the analog circuit. The digital circuit is cheap, robust, stable, less affected by noise and more accurate than analog circuit.
The analog to digital converter is bridge between digital and analog. The biomedical and industrial sensor requires
powerful analog to digital converter which consume less energy and high speed of operation.

In this paper, the four-bit successive approximation ADC is designed which consumes less power with high precision.
The converter consists of SAR (Successive Approximation Register), Weighted Register Digital to analog converter and
comparator. The simulation of the circuit is implemented and tested into proteus software.

Keywords: Analog to Digital Converter, Successive Approximation Register, simulation.

l. INTRODUCTION

Successive Approximation type ADC is the most widely used and popular ADC method. The successive approximation
ADC used in biomedical, industrial circuits, Voltmeters, ammeters, multimeter etc.

The successive approximation ADC is used to approximate the given analog input with higher accuracy, low power and
in less time. ADC plays an important role where there is need of increasing digital components these demand increases
in industrial equipment’s, biomedical and sensors which demand low power consumption, accurate and more life. The
technologies like VLSI make the device compact. The ADC is used where the accuracy is needed. The accuracy of the
ADC depends upon the resolution. While the error of the ADC varies on its linearity. ADC plays in important role where
accuracy is needed. The most popular ADC is the flash ADC but it consumes much power because of the many
comparators.

1. LITERATURE REVIEW

ADC plays an important role in many processing circuits. In all the different types the Successive Approximation ADC
is used where the low power, high resolution is required. The recent development in the field of CMOS ADC decreases
the power consumption and increase the efficiency. The ADC have accurate for low to medium resolution. In some
research time complexity is decreased based on the design. The capacitance plays important role for deciding the time
complexity and power consumption. The number of capacitance decrease switching and power consumption.

In this proposed paper the time and power consumption by the design so it can solve the problem based on the need of
the biomedical devices.

Architecture:

SIX EOX

Comparstor ‘ I

N
| —— N Successve
Analog | N Approximation S
nalog [npet —— -/ T
_"/ D anlerss
bt — -» (MSB)
» -
[ F—
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Fig: Typical Block of DAC
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When the start command is applied, the SAR sets the MSB to logic 1 and other bits are made logic 0, so that the trial
code becomes 1000.

This type of ADC operates by successively dividing the voltage range by half, as explained in the following steps.

(1) The MSB is initially set to 1 with the remaining three bits set as 0000. The digital equivalent voltage is compared
with the unknown analog input voltage.

(2) If the analog input voltage is higher than the digital equivalent voltage, the MSB is retained as 1 and the second MSB
is set to 1. Otherwise, the MSB is set to 0 and the second MSB is set to 1. Comparison is made as given in step (1) to
decide whether to retain or reset the second MSB.

The above steps are more accurately illustrated with the help of an example.

Let us assume that the 4-bit ADC is used and the analog input voltage is VA = 11 V. when the conversion starts, the
MSB bit is set to 1.

Now VA =11V > VD = 8V = [1000]2

Since the unknown analog input voltage VA is higher than the equivalent digital voltage VD, as discussed in step (2), the
MSB is retained as 1 and the next MSB bit is set to 1 as follows

VD = 12V = [1100],
Now VA = 11V < VD = 12V = [1100],

Here now, the unknown analog input voltage VA is lower than the equivalent digital voltage VD. As discussed in step
(2), the second MSB is set to 0 and next MSB set to 1 as

VD =10V = [1010].
Now again VA = 11V > VD = 10V =[1010]

Again, as discussed in step (2) VA>VD, hence the third MSB is retained to 1 and the last bit is set to 1. The new code
word is

VD =11V = [1011],
Now finally VA = VD , and the conversion stops.
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1) WEIGHTED DAC:
A weighted DAC produces an analog output, which is almost equal to the digital input by using binary weighted resistor

in non-inverting adder circuit. The resistor 1k, 2k, 4k and 8Kk is given to the non-inverting input of the op-amp whereas
the feedback resistor is connected to the inverting input.

= . . .
| TR- B . -

- RE

.th .
— 1

1k

Rs. . . H'md

azo

Since the number of inputs is four in the binary input, we will get sixteen possible value of output voltage by varying the
binary input 0000 to 1111 for a fixed reference voltage Vr.
Output of DAC is applied to the inverting input of the comparator.

2) Comparator:

Comparator compare the the two inputs voltage and output a binary signal indicating which is larger.

If the non-inverting input is grater than the inverting input, the output goes high. If the inverting input is grater than the
non-inverting the output goes low.

Due to high open loop gain, the output of the comparator is +Vcc or -Vcc.

The voltage comparator is 1 bit analog to digital converter as the input signal is analogue but the output behaves digitally.
The output of the comparator is connected to the SAR.
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3) SAR (Successive approximation ADC)

SAR consist of ring counter which is divided into control logic and comparator. The SAR consists of D flip flops. Control
logic is depended upon the output from the comparator. According to the output of the comparator, the shift register
decides whether to shift the output of the ring counter. The SAR works on asynchronous clock. As the output from the
previous flip flop act clock input to the next flip flop. This method was proposed by Anderson. The SAR starts by the
SOC (start of the conversion). The output of the SAR is given to the input of ADC. The circuit is reset by the reset input.
The circuit works like binary search. One can add more shift register to the circuit and extend the circuit to implement
the algorithm. The increase in shift register increases the power consumption and propagation delay. The clock is given
manually but it can be processed using the clock generator.

. CONCLUSION

SAR ADC is the most efficient ADC, this is because of its Power Efficiency, Complexity, Conversion rate which is better
than the flash ADC, single and dual slope ADC. This paper gives architecture of the ADC which is Comparator, DAC
and SAR. Along with the binary search algorithm, the parameter like offset error, gain error, parasitic effect, jitter and
management all these considered while designing the circuit. It is observed that the ADC have conversion time of less
than 100 micro sec with less power consumption.
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Abstract:

Security is the main concern in the current world. Recently there are many security systems are developed for
securing Home, offices and Personal Properties. The security system includes camera, fingerprint identification,
RFID and sensors. In all this security system camera face recognition system is most common, it takes less time
for implementation and installation.

In this work, a system is implemented that recognise the family members of the home by face recognition and
rang a simple bell. Whereas when the unknown person detected by the system then the system rang a different
bell and shows the face in the system display. The system also send email to the home owner. The process is
performed automatically without human help. In this system, the raspberry microcontroller installed with Open
CV & Face recognition library, the raspberry pi camera module is connected for face recognition and bell is
connected to Raspberry microcontroller. The data of the persons is stored in the memory card which is
connected to the Raspberry Pi. The result shows that it feels secure while opening the door for the persons and
alerts home owner.

Keyword: face recognition, Open CV, Bell, E-mail
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I.  Introduction:

The current system rang different bell works on face detection and identification. Generally, the door
is opened by looking through door hole but it is quite risky. Hence it is necessary to develop such system that
identify the difference between the family members and the unknown person. This system also sends the email
to the home owner so any accidental situation happened then it helps for investigation. The Raspberry Pi uses
Open command Visualization (Open-CV) and the Face recognition library in used in which Source code is open
and which is used for image processing. The main aim of this system is to feel free and secure for the door
Opener.

I1.  Literature Survey:
Many Companies providing the home security system that includes various sensor network, network devices
and it automatically increases the cost and Power requirement. These system takes more time for installation.
The face detection has been implemented using a method called Histogram of Oriented Gradients.
The Existing system using smart doorbell using raspberry pi send SMS and Email notification to the person in
the home.
The existing system of 10T based smart doorbell send video call when someone presses the door bell as well as
send an SMS.
In above systems the internet to be continuously on but current system works well without internet.

Hardware Description
The hardware of the current system is basically consisting of Raspberry pi, Camera module, bell, network
device(switch).

Raspberry pi board:

The raspberry pi 3 accept the input from the camera, then raspberry pi identifies the person and sending the
signal to bell and send the email to the home owner through the switch.

Specification of Raspberry Pi:

1) Broadcom BCM2837 64bit Quad Core Processor 1.2 GHz
2) RAM: 1Gbytes DDR2

3) Bluetooth: 4.1 LE

4) WIFI
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Camera Module:

face detected by using of the camera module. It is Raspberry Pi Camera Module with Automatic IR-Cut Night
Vision Camera 5MP 1080p HD Webcam for Raspberry Pi 3 Model. It’s easily affordable to any inventor for
camera projects.

Software Description:
Write the code for the hardware it’s required a Linux terminal.
The capture image, its recognition all command written in the Linux terminal. Linux command is:
Sudo apt-get update = to update the raspberry pi 4.
Cd /home/pi/Desktop = To use the open file its located on the desktop.
Sudo apt-get install rpi.gpio = To install a require library for the GPI10O pin.
sudo apt install python3-opencv
pip3 install face_recognition
¢ Python face.py = To run the source code.

Proposed Model

The Proposed system is used for home security by using face detection and bell. The system block
diagram consists of Camera module attached to the raspberry pi3 and it is placed at the entry of the home.
Camera is used to detect the face of the person next to the door.
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The face of the person is recognized and compare with the face of the family which is stored in the databases
through library file present in the Open CV and face recognition. Face recognition is simple and effective
method.

The process of face recognition and bell as follows

1) Image from Camera:

The camera is installed in the area where people enter through door. The camera collects the images as well as
video from the camera. The collected images is used for face recognition.

57 video

2) Creating and verifying the image in the databases:
The image of family member with name is stored in the databases. The database contains the five to six sample
of images of each family members with different lightning situation.

3) Detecting faces:
There is different algorithm is present in the Open CV library Here we have to detect the face in real time so
Haar cascade Algorithm is used because it is Robust.

4) Face Recognition:

The detected face is compared with the images stored in the databases. The accuracy of image detection is
increased by comparing with 30-40 images. The distance from camera to face is also critical while recognition
and it is found that ideal distance is 2-6 meters.
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5) Bell:
After the face is detected if the person is family member, then Raspberry Pi send the signal to the bell to sound
for simple bell and if the person detected is unknown then bell rang differently to indicate new person.

6) Email:
If the identified person is unknown then Raspberry pi send the email to the house owner which helps for security
and in accidental situation.

Google
Gmail ~ - a () ] .- @ -
m Test Message inbox
Inbo.
o @gmail.com
Starred -
Sent Mail

Hello everyone,
Drafts
More v Important message

Thanks,

+ SMTP Robot
2 Attachments
No recent chat B testtxt '

Start a new one

I11.  Conclusion:
Secure Home Bell system proves the system is robust, safe, cheap, accurate and easy to install. In real time
Scenario, the haar cascade algorithm is suitable for work.
Raspberry Pi improves the mobility of the setup and debugging. The work can be improved by night vision
camera and HD camera.
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Abstract

In this work, a series of P-Cyclodextrin coated MoO3-Fe,0O; nanocomposites were synthesized by the sol-gel
technique for degradation of methylene blue in presence of light from aqueous solutions. The prepared materials were
analyzed by using powder XRD, FT-IR, UV-DRS, FE-SEM, HR-TEM, RAMAN, BET, and XPS techniques. The
X-ray diffraction spectra of B-CD coated MoOs-doped Fe,O3 confirms the orthorhombic phase of the Fe,(MoQy);
nanocomposite. The allowed indirect transition optical energy band gap of nanocomposites lies between 2.67 and
1.71 eV. The FE-SEM study revealed that nanoflakes change in the morphology of the nanocomposites sample, and it
gives an estimated size below 30 nm. The 10 mgL ™! methylene dye degrades efficiently around 91.62% within 1 h.
with reaction condition of 15mg 5% p-Cyclodextrin coated MoO3-Fe,O5 catalyst, 6 pH, 10 mM concentration of
H,0,, at room temperature under sunlight. The pure MoO3 and Fe,O5 gives 38.21% and 77.10%, shows less activity
compare with S5PMF catalyst. This study provides newer catalytic system which shows better photocatalytic
degradation of dyes from industrial waste water.
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Highlight

e The B-Cyclodextrin coated MoO;-Fe,0O3; nanocomposites was successfully prepared by using the cost effective sol-gel

technique.

e The efficiency of nanocomposites was improve using B-Cyclodextrin which gives more active sites and fast charge

carrier separation.

e The reaction successfully carried outstanding efficiency of 5PMF for the degradation of methylene blue.

e Its result gives 91.62% degradation of MB in short reaction time as compare to the other nanocomposites samples.

e It concludes that, efficiency of photocatalyst increases with the loading of MoO3 on Fe,0Os. This SBMF catalyst shows
better activities within short duration, use of less quantity of catalyst and in works in visible light region.

1 Introduction

William Henry Perkin discovered dye mauveine in the 19
century. After that, as rapid industrialization increases, the
use of dyes also increases. All over the world, up to 800,000
tons of dyes are produced and used each year [1]. There are
many industries like cloths, paints, carpets, leather, food,
printing, and paper that release hazardous dyes directly into
the environment [2, 3]. These releases of pollutants into
water bodies affect human health. Dyes cause so many
hazardous effects on the human body, like skin damage,
hypertension, anemia, and vomiting [4]. Methylene blue, a
cationic dye with carcinogenic properties, also causes nausea
and hyperhidrosis due to direct contact and is used in many
industries. Therefore, the removal of this organic pollutant
from waste water is a major issue worldwide [5-7].

There are many techniques used to degrade these organic
pollutants in wastewater treatment: adsorption techniques,
advanced oxidation processes (AOP), ion exchange, coa-
gulation, and membrane processes are some of them [8].
Adsorption and coagulation techniques have some limita-
tions, such as the use of much more amounts of chemicals.
Also, the membrane process has an expensive technique
that requires a high cost [9, 10]. Photodegradation is one of
the advanced oxidation processes (AOP’s) that is useful for
the removal of organic pollutants from wastewater because
it is a simple, easy, and non-toxic technique. The avail-
ability of sunlight also makes this technique clean and
requires a low cost [11-13].

Transition metal oxide, like MoO;, is a n-type of semi-
conducting material that attracts researchers because of its
properties like being highly stable, cost-efficient, and non-
toxic [14]. MoOs has a large band gap range of 2.5-3.2¢eV.
MoO; is used in various applications as a catalyst, super-
conductor, gas sensor, energy storage, solid lubricant, and
photocatalyst. It has the exclusive property to act as a photo-
catalyst in a wide range of ultraviolet to visible light [15].
Molybdenum oxide has some polymorphs, which are orthor-
hombic (a-MoOj3), monoclinic ($-MoOs), and hexagonal
(B-MoOs) [16]. Also, it has some boundaries: limited electrical
conductivity, low quantum yield, low visible light absorptivity,
and low reduction capacity. Therefore, it was less active in the

ultraviolet and visible regions as a photocatalyst, so the
reconstruction of the photocatalyst is a must [17].

Iron oxide nanoparticles are applied in many areas, like
catalysts, sensors, biodiagnosis, biomedication, and also as
photocatalysts [18]. Iron oxide has three main types, which
are as follows: hematite (a-Fe,Os3), maghemite (y-Fe,03),
and magnetite (Fe;O,4) [19, 20]. Due to their properties such
as chemical and biological stability, large surface area, non-
toxicity, low cost, and paramagnetic nature, iron oxide
nanoparticles are efficient to use [21, 22]. But, due to the
various types of limitations of a single iron oxide, including
its low light absorption coefficient, higher band gap, and
fast recombination (e-h) pair rate, it is not suitable for
photocatalytic activity under visible light [23].

Further, the properties of a single metal oxide material are
effectively influenced by the various types of doping, coating,
substituting, and composites of nanoparticles. Doping refers
to the addition of impurities to a material’s structure in order
to modify its properties and improve its activity for a parti-
cular application [24, 25]. It is the new way to enhance
photocatalytic performance to degrade harmful organic pol-
lutants. Thakur et al. [26] modify polyvinylpyrrolidone and
Tinospora Cordifolia in dual (Co-Cu) doped TiO, nano-
particles to remove organic water pollutants methyl orange
and methylene blue under ultraviolet irradiation.

Many researchers show that the doping of other metal
oxides increases defects like O, vacancy, which improves
the efficiency of nanocomposite as compared with pure
Fe,O3 under visible light irradiation [27-29]. Literature
study gives information about work reported on degradation
of dyes from industrial waste water, but some catalyst were
active in UV light, or time required is more. Recently our
research group was reported similar work on Fe-oxide fra-
mework using p-cyclodextrin and its application as a Fenton
catalyst for degradation of some pollutant [30-35].But there
is very less or no work reported on doping of MoO;3 on
Fe,0; which may works as a photocatalyst under sunlight.

Here we first time reported the removal of organic pollu-
tants from industrial waste water using MoOj; doped on Fe,O3
under sunlight irradiation. In this work, we synthesized a
series of mesoporous nanocomposite B-cyclodextrin coated
MoOs-Fe,O; by varying molybdenum contents. The
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photodegradation of methylene blue (MB) under direct sun-
light has been successfully tested by using prepared nano-
composites. The impact on the photodegradation reaction of
various parameters like the effect of various photocatalyst, the
initial amount of photocatalyst, the concentration of H,O,, the
initial amount of dye concentration, and the effect of pH are
also studied. It provides an efficient and environmentally
friendly way to degrade organic dyes pollutant from
waste water.

2 Experimental section
2.1 Chemicals and reagents

The chemicals used for the synthesis of pure MoOs, pure
Fe,0;, and p-cyclodextrin coated MoOs-Fe,O; nanocompo-
site, including specifications and grades stated by Chemo
Equip Corporation, Sangamner, Maharashtra, India (Supple-
mentary Table S1). All chemicals purchased were analytical
grade and used without further purification; the solutions were
made by dissolving in double-distilled water (DDW).

2.2 Synthesis of pure Fe,0; and pure MoO;

The pure Fe,O; nanocomposite was synthesized with pre-
cursor amounts of ferrous (II) sulfate heptahydrate (1.20 g)
and ferric (IIT) sulfate hexahydrate (1.72 g), respectively.
After dissolving all of the above precursors in 120 mL of
double-distilled water, CTAB (0.2 g) and PVA (0.2 g) were
added to the mixture until a sol was produced. Aqueous
ammonia solution (10 mL) was added dropwise while being
constantly stirred to produce the gel. After three time
washings with DDW the resultant precipitate and mother
liquors were analyzed for presence of ammonium and sul-
fate ions. Subsequently, it was then heated at 70-80 °C to
evaporate any remaining water with constant stirring for 3 h.
After that, it was oven-dried at 110 °C for 2 h. The solid
product was crushed finely and then calcined at 500 °C for
3h in an open-air muffle furnace. Finally it gives 5.8 gm
(95%) pure Fe,O; nanocomposite. By using the similar
path, we prepared pure MoOj; nanocomposites where
starting material ammonium heptamolybdate tetrahydrate
(8.58 g) was taken as precursor. Finally we were obtaining
3.33 gm of pure MoO; nanocomposite material.

2.3 Synthesis of B-cyclodextrin coated MoO;-Fe,0;
nanocomposite

We synthesized a series of B-Cyclodextrin coated 1% MoOs-
F6203, 5% MOO3-F6203, 10% MOO3-F€203, 15% MOO3-
Fe,03, and 20% MoOs-Fe,03 nanocomposites catalysts with
the help of the conventional standard sol-gel method, which is
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named as 1PMF, 5MF, 10BMF, 15fMF, and 20BMF,
respectively. Typically, in the synthesis of 1BMF, the requisite
quantities of ammonium heptamolybdate tetrahydrate
(0.4293 g), ferrous (II) sulfate heptahydrate (5.9429 g), and
ferric (III) sulfate hexahydrate (8.5475 g) precursors were
dissolving in 120 mL of DDW under constant stirring con-
ditions. Further, B-CD (0.2 g), CTAB (0.2 g), and PVA (0.2 g)
were added to the following mixture until a viscous sol was
formed. It was then immersed in water, and a dropwise
addition of aqueous ammonia solution (10mL) with con-
tinuous stirring to form gel. The obtained precipitate was
washed with DDW several times and mother liquors were
tested for presence of sulfate ions as well as ammonium ions.
The gel is subsequently heated at 70-80 °C to eliminate
excess water with constant stirring for 3 h then oven-dried at
110 °C for 2 h. Finally, the resulting solid product was finely
crushed and calcined at 500 °C for 3 h in an open-air atmo-
sphere in muffle furnace. The same procedures were followed
for the synthesis of series of 5, 10, 15, and 20 wt% by
changing the requisite amount of ammonium heptamolybdate
tetrahydrate. The practical % yield was varies from 5.79 to
5.31 gm (91 to 95%) for series of nanocomposite respectively.
Furthermore, Supplementary Fig. S1 provides a schematic
representation of the nanocomposite formation process.

2.4 Characterization techniques

By using various analytical techniques, the synthesized
materials were characterized to find out some important
information, such as crystalline size, surface structure,
morphology, particle size, etc.

The X-Ray Diffraction (XRD) analysis of the synthesized
nanocomposites is recorded on a powder X-ray dif-
fractometer (Rigacu MiniFlex 600) using the radiation source
Cu Ko with A=0.154nm and a scanning range between
angle 20 (°) = 20-80. Fourier Transform Infra-red Spectro-
scopy (FT-IR) of the prepared nanocomposite was analyzed
by PerkinElmer (Spectrum 2) using a diamond ATR in the
region between 4000 to 450 cm™!. The UV-Visible Diffused
Reflectance Spectra (UV-DRS) of the nanocomposites were
measured using a Lab India UV-Vis spectrophotometer (UV
3092) in the wavelength range of 200-800 nm. Raman
spectral analysis of the photocatalyst was done by a
Renishaw Raman analyzer with a scanning wavelength of
1500-100 cm™'. The morphological study of the prepared
nanocomposite was done by High Resolution Transmission
Electron Microscopy and Field Emission Scanning Electron
Microscopy (FE-SEM), supported by FEI Nova (Nano SEM
450) with ultra-high resolution. The surface area of the
nanocomposites was measured by Brunauer-Emmett-Teller
(BET) using the Microtrac MRB BELSORP MAX II
instrument. X-ray Photoelectron Spectrum (XPS) was
recorded by the Thermo Scientific NEXA Surface Analyzer
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using a monochromatic Al Ka X-ray source. Similarly,
photocatalytic activity applications of synthesized catalytic
material were carried out in a dye degradation experiment
monitored through a Systronics UV-Vis spectrophotometer
(Double Beam UV-VIS Spectrophotometer AU 2790).

2.5 Photocatalytic activity study

The catalytic activity of prepared BMF nanocomposites
materials was examined by photodegradation of Methylene
blue (MB) dyes in the presence of sunlight at room tempera-
ture. The activity performed in between 11.00 am to 3.00 pm
day time. The dye degradation experiment was performed
using a series of catalysts (15-35 mg) dispersed in 50 ml of
MB dye solution (10-20 mgL.™!). To achieve an adsorption-
desorption equilibrium, these mixtures were vigorously stirred
for 30 min in a dark environment. After completing 30 minutes
in the above solution, the addition of H,O, (5—15 mM) took
place. The pH of solutions was adjusted by adding dilute
hydrochloric acid or a diluted sodium hydroxide solution.
During the experiment, the various reaction parameters,
including catalyst amount, concentration of MB dye solution,
H,0, concentration, and the impact of pH were optimized.

For the monitoring of the photodegradation reaction
process, 3 ml of the reaction mixture were taken off during a
10 min time interval. The catalysts were removed by cen-
trifuging the solution and then using an external magnet.
The resultant clear dye solution was then examined using a
UV-Vis spectrophotometer at A,x = 660 nm for MB. The
percent dye degradation efficiency of the catalyst is
expressed by the equation...

- Ct

Cco
Degradation efficiency of catalyst(%) = o= 100

(1)

Where C, stands the initial concentration of dye (mgL_])
and C, stands the concentration of dye remaining at time (t)
(mgL™h.

2.6 Turnover number (TON) and turnover
frequency (TOF)

In catalysis, the turnover number and turnover frequency
are states that describe a catalyst’s efficiency and activity.
The turnover number represents the number of substrate
molecules that can be transformed into products by a single
catalyst molecule during its lifetime. TON indicates the
catalytic efficiency of a catalyst and how many times it can
facilitate a reaction before becoming deactivated or con-
sumed.

No. les of MB degraded
Turnover number (TON) = 0. of moles of egrade

No. of moles of catalyst taken

Turnover frequency represents the number of catalytic
cycles that go through via a single active site per unit time
in the catalyst. It is a measure of the catalytic activity of the
catalyst and describes how quickly it can convert substrates
into products.

Turnover number
Turnover frequency(TOF) = ———
Time (min)
TOF is usually expressed in units of moles of substrate
converted per minute. It indicates the rate at which the
catalyst can perform the catalytic reaction.

Both TON and TOF are essential parameters in evalu-
ating and comparing different catalysts. A catalyst with a
higher TON and TOF is more efficient and active. It indi-
cates the ability to convert more substrate molecules into
products in a shorter time. Here we check TON and TOF of
our synthesized catalyst.

3 Results and discussion
3.1 X-ray diffraction spectroscopy (XRD) analysis

XRD of pure MoOj shows a very sharp peak was observed
at 20 (°) values of 23.3, 25.8, 27.3, 33.7, 38.9, 46.3, 49.2,
52.7, which is corresponding to (110), (120), (021), (111),
(060), (061), (002), (080). All planes of the MoO; exactly
match the orthorhombic crystal structure of the JCPDS card
no. 76-1003 [36] as shown in Fig. la. Similarly, Fig. 1b
shows that the XRD pattern of pure Fe,O3 gives peaks at 20
(°) values of 20.7, 21.5, 24.8, 29.8, 32.5, 36.9, 37.5, 50.6,
53.6, 63.0 that are attributed to the planes of (114), (201),
(212), (215), (118), (305), (1 0 10), 22 11), (21 13),(4 0
12), which indicate the tetragonal phase (Fe,O3;) of all
species exactly match with JCPDS card 76-1470 [37].
Figure lc—f shows the XRD peaks of a series of p-CD
coated MoOs;-doped Fe,O; nanocomposite materials. It
shows an intense peak at 20 (°) values of 22.3, 23.5, 28.0,
34.7, and 53.7, corresponding to the planes (112), (202),
(122), (023), and (152) that match the orthorhombic struc-
ture of Fe,(MoQ,); with JCPDS card 85-2287 [38].
Figure 1c—f, it was observed that the peak at a 20 (°) value
of 23.50 for the (110) plane is mainly due to the presence of
MoO; in all of the prepared samples. It indicates the gradual
increases in peak intensity with increasing Mo-loading. It
was observed that proper MoO3; was doped into the Fe oxide,
which exhibited the crystalline nature of the composite
material. However, the intensity of the peaks at 24.8 and 32.5
(°) for Fe,O5 also decreases as it clearly shifts to the lower
angle with the addition of MoOs;. It indicates occupying the
vacant space, which is available in Fe,O3 material by MoOs.
The crystallite sizes of nanocomposite samples have
been estimated using the Debye-Scherrer equation, and the
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Fig. 1 XRD of a Pure MoOj3, b Pure Fe,03, ¢ 1fMF, d 5pMF,
e 10pMF, f 15pMF, g 20pMF

Table 1 The various physicochemical properties of B-CD coated
MoOj; doped Fe,O3 material

Entry Sample 2 Theta (°) Crystallite size (nm)
1 MoO; 27.3 39.44
2 Fe,03 24.8 32.98
3 1pMF 23.5 11.35
4 5pMF 23.5 11.78
5 10BMF 23.5 14.93
6 15MF 23.5 17.33
7 20BMF 23.5 15.72
results are shown in Table 1 [39, 40].
094
= (2)
pCos@

Where A is the wavelength (A) of Cu ko radiation
(0.1514 nm), O is the angular position of the peak, and p is
the FWHM in radians of the more intense diffraction peak.
The increase in MoOj3 concentration from 1pMF to 20pMF
sample is correlated with an increase in the intensity peak at
the 23.5°, which implies that the nanocomposites crystal-
linity has increased from 11.35 to 17.33 nm. This was
revealed as a result of the strong interactions between the
incorporated MoOj; and Fe,Oj; species.

3.2 FE-SEM analysis

The investigation morphology of the prepared catalysts
surface nature was studied by scanning electron micro-
scopy. The Fig. 2a shows the FE-SEM morphology of
pure MoQOj;, which represents a nano-flakes-like material.
Figure 2b—f shows gradual changes in morphology from
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flakes to the nanocomposites sample, and it gives an esti-
mated size of ranges below 30 nm. The addition of $-CD to
the MoO3/Fe,O5 shows the dispersion of MoOj particles on
the surface of Fe,03. Similarly, the presence of p-CD was
also observed in the FE-SEM images [35].

3.3 HR-TEM EDS analysis

Figure 3a—e gives the HR-TEM image of 15fMF that
indicates a spherical shape with a uniform crystallite size
range of 20 +2nm. This value closely matches the XRD
data of 17.33 nm. The Fig. 3f shows selected area electron
diffraction (SAED) pattern that is closely matched to the
tetragonal structure of Fe,Os3. According to the SAED pat-
tern, the distance between the center of the ring and the
diffraction spots is 0.28 nm for the (111) planes of MoO;
and 0.26 nm for the (305) planes of Fe,O5 [41].

The EDS images were shown in Fig. 3g as well as EDS
spectra shown in Supplementary Fig. S2 and in Supple-
mentary Table S2. It was indicating that the stoichiometric
ratio of the synthesized nanocomposite contains iron
(13.03%), molybdenum (5.43%), oxygen (47.29%), and
carbon (34.25%) for 15pMF material. The peaks between
0-1 keV are associated with oxygen and carbon that exist in
B-Cyclodextrin, CTAB and PVA. The EDS and XRD
results demonstrate that the synthesized nanocomposite is
very pure and has not presented any impurity.

3.4 UV-Diffuse Reflectance Spectrum (UV-DRS)

The UV-DRS is typically used to designate highly scatter-
ing and absorbed nanoparticles in all material matrixes. As
discussed earlier, the investigated change in optical prop-
erties of pure MoOj3 and Fe,O; and their various percen-
tages of molar concentrations of MoO; and its Fe,O3
nanocomposites was studied using UV-visible spectroscopy
(UV-DRS) [42]. The reflectance spectra measured can be
converted to the equivalent absorbance spectra, as shown in
Fig. 4a.

The optical absorption coefficient (o), which is calcu-
lated by using the Kubelka—Munk equation [43].

K (1—Ry)"
F(ROO)ZEZ%

Where ‘o’ absorption coefficient is equivalent to the F(R..),
K and S were absorption and scattering coefficient,

Rsample
Rstandard

(%) of an infinity specimen, and the optical band gap was
directly related to the Kubelka—Munk function [44].

subsequently, R, = was the diffused reflectance

[F(R).n" = A(hv — (Ey) )
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Fig. 2 FE-SEM images of

a Pure MoO3, b 1BMF, ¢ 5pMF,
d 10BMF, e 15pMF, f 20pMF
nanocomposite

Fig. 3 a—e HR-TEM images of
15PMF catalyst with different
resolution and f SAED pattern,
g EDS image

Here, A is a constant dependent through the transition
(direct and indirect) possibility. (E,).;s was the effective
optical band gap energy, and n was an order magnitude level
known as the transition power factor (n = 1/2, 3/2, 2, 4),
respectively [45, 46]. As discussed, the indirect band gap
energy was calculated via a graph that included the y-axis,

incident energy of photon (hv), and the x-axis, [F(R) h]'?,

as well as a straight line on the y-intercept (Eg).s, which is
well-known as effectively optical band gap energy [47].
Figure 4b shows the plot [F(R) hv]"2 versus (hv) for a
5BMF sample having a band gap energy of 1.80eV. The
analysis of the effective optical band gap is shown in
Fig. 4c [48]. The MoOj percentage level ratio increased in
nanocomposites, which showed that the optical band gap
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energy was significantly lower as compared to the pure
samples. It was absolutely due to the localized defect sites
and absorption edge point towards the visible region
(400-650 nm). The absorption peaks were shifted towards
the higher wavelength (red shift) [49]. In addition to the
point of tail of the width of localized defect states through
the band gap, this is said to be Urbach energy. The Urbach
energy equation was calculated via the following equa-

tion:

Where a is a constant as a dependent-material coefficient
as a function of Eg, The optical absorption coefficient was
associated with the incident energy of photons, and Eg was
compared to the optical band gap energy of pure and
nanocomposites samples investigated at room temperature
(25 °C) [50, 51].

(E - E,

azaoexp<
U

Ey = AE, — AE,

Where AE, was the energy gap between conduction band
and valence band an also AE/g was the energy gap between
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valence band tail and conduction band tail [52, 53].

E—Eg>

Ey

Now, Urbach energy (E;) was investigated by fitting a
graph plotted In(a) vs Photon energy (E =hv), which is
seen in Fig. 4c for all series samples. The fitted linear
exponential function that gives the inverse slope of values is
known as Urbach energy, and the value of Urbach energy is
seen in Fig. 4c [54]. Urbach energy was found below the
absorption edge or tails in the series nanocomposites than
the pure samples. More specifically, the current case’s
higher oxygen vacancies produce a variety of defect states
that disturb the material’s band structure and significantly
narrow the optical band gap [55].

In(a)

In(atg) exp <(

3.5 FT-IR analysis

The functional group and chemical structure of nano-
composites were determined by using the FT-IR spectrum.
Figure 5a of pure MoO; shows a broad peak around
860 cm™!. Four strong vibrational peaks were detected at
543, 814, 860, and 990 cmfl, which are assigned to the
oxygen linking of three atoms in the stretching modes.
These stretching modes assign oxygen to the Mo-O-Mo
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Fig. 5 FT-IR spectrum of (a) MoOs3, (b) Fe,03, (¢) 1pMF, (d) 5pMF,
(e) 10BMF, (f) 15BMF, (g) 20pMF

units, and the Mo=O stretching mode associates with
orthorhombic MoQO; [56, 57].

The spectrum of Fig. 5b Fe,O3 shows sharp peaks at 430,
453,473,592, 621, 661, 1020, 1034, 1100, and 1642 cm ™.
The absorption peaks at 500-700 cm ™! correspond to the
characteristic vibration of the Fe-O bonds of magnetite
nanoparticles [58]. The peaks at 950-1100cm ™" indicate
Fe-O-Fe stretching vibration, and the adsorbed water has a
peak at 1642 cm™". Also Fig. Sc—g PMF shows absorption
peaks at 430, 591, 620, 659, 807, and 1099 cm~! for
stretching and bending vibration modes for M-O-M, M-M,
and M-O bonds. A peak of 1631 cm™' informs the bending
vibrations of H-O-H bonds [59].

3.6 RAMAN analysis

The spectra of pure MoOj in Fig. 6a exhibit strong absorption
bands at 818 cm™! (Ag, Biy) and weak absorption bands at
993 cm ™! (Ag, Big) due to Mo-O-Mo symmetric stretching
and Mo=0 terminal asymmetric stretching, respectively [60].
Similarly, the spectra of nanocomposites bands shown at 781,
785, and 787 cm~! were associated with the V3 (MOO4)27
asymmetric stretching vibrations for Fig. 6d—g. The Infrared
band at 968, 970, 971, and 972 cm ™! was given to the v,
(MoO,)*~ symmetric stretching vibrations. The ferrimo-
lybdite Raman spectrum in the 100-500 cm™' spectral range
is exhibited in Fig. 6¢c. 466 cm™' was given to the doubly
degenerate v, (9) (MoO,)*~ bending vibrations. These bands
are mostly related to the v; Fe-(O) stretching vibrations in the
Fe-(O)g octahedra. The Raman band at 347, 349, and 351 cm™!
was assigned to v, (O) triply degenerate (MOO4)27 bending
vibrations. It was observed that the Raman spectra of the
studied ferrimolybdate sample demonstrate that structurally
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Fig. 6 Raman spectrum of (a) MoOs3, (b) Fe,03, (¢) 1pMF, (d) 5pMF,
(e) 10BMF, (f) 15MF, (g) 20pMF

distinct (MoO,)*>~ units are represented in the crystal
structure of ferrimolybdate [61, 62].

Due to stretching vibrations, MoO; composite shows
new bands at 781-787 and 968-972 cm ™', which are shifted
towards the blue shift and represent the bridging and
terminal stretching, which confirms the formation of the
composite and signs the new phase Fe,(M0QOy); [63, 64].

3.7 BET analysis

Brunauer-Emmette-Teller N, adsorption desorption isotherm
of 5fMF nanocomposite is presented in Fig. 7a, which
informs about the pore volume, pore size, and pore area of
nanocomposites. The average pore area of a SPMF catalyst is
1.947 m®*g~! and the average pore volume is 0.0226 cm® g~ ..
Also, the pore size of nanocomposites calculated by the
Barrett-Joyner-Halenda (BJH) plot, which is 28.98 nm,
specifies the mesoporous nature of nanocomposites.

3.8 XPS analysis

The XPS analysis primarily provides information about the
surface composition and chemical composition of the sur-
face and the inferior surface of the sample. The XPS survey
spectra of 15BMF clearly display distinct signals corre-
sponding to iron (Fe 2p peaks), molybdenum (Mo 3d
peaks), oxygen (O 1s peak), and carbon (C 1s peak), as
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shown in Fig. 8a. High resolution spectra of Fe 2p show two
main peaks at around 711.4eV and 725.3 eV, which are
assigned to the binding energies of Fe 2p;, and Fe 2py,.
The Fe 2p peak was deconvoluted to four peaks (Fig. 8b) at
724.70eV for Fe’* 2pin, 711.15eV for Fe?™ 2psp,
727.13 ¢V for Fe** 2p,), and 713.38 eV for Fe*™ 2ps,. For
these four peaks, two satellite peaks are consigned to
binding energies of 733.30 and 718.53 eV, respectively
[65, 66]. The XPS spectrum for Mo 3d (Fig. 8c) of 15pMF
clearly displayed two distinct peaks at around 235.6 eV (Mo
3d3p) and 232.5eV (Mo 3dsp), signifying well-defined
spin-orbit components. This observation suggests that the
Mo element predominantly exists in the chemical state of
Mo®" on the composite [67]. These values are in accor-
dance with the MoOj; binding energy. The result further
proved the presence of MoOj in the PMF catalyst [68, 69].
High resolution O 1s spectra (Fig. 8d) showed peaks at
530.3eV, 531.6eV, and 532.8 eV assigned to the lattice
oxygen (Fe-O), lattice hydroxyl groups (Fe-OH), and per-
oxide groups (—022*) [70]. The most intense peaks at
711.4 eV (Fe 2psp), 232.5eV (Mo 3ds)), and 530.5eV (O
Is) confirm the presence of Fe,(MoQ,); in nanocomposite
[71]. High resolution C 1s spectra (Fig. 8e) showed three
peaks derived from C-C/C=C in graphite carbon
(284.6eV), C-O (285.6eV), and C=0 (288.8eV) [72, 73].

3.9 Photodegradation of methylene blue

The study of photocatalytic activity nanocomposites was
performed by photodegradation of MB dye in the presence
of H,O, under sunlight. Figure 9 shows the typical visible
spectrum of results obtained from the photodegradation of
MB dye. Reactions with controlled experimental conditions
show that without catalyst or without H,O,, reaction was

@ Springer

not proceeds. The SPMF material shows 91.62% photo-
degradation of MB in 1 h, while the pure Fe,O; and pure
MoOj; showed 77.10% and 38.21%, respectively. Similarly,
IBMF (84.09%), 10BMF (79.25%), 15pMF (59.44%) and
20BMF (46.64%) showed gradual decreases in degradation
efficiency, respectively mentioned in Fig. 10. It is mainly
due to the more active sites provided by p-CD gives higher
degradation efficiency of nanocomposites.

3.10 Impact of concentration of H,0, on
photodegradation

To on reaction the effect of the H,O, was studied. The
reaction was performed by varying amounts of H,0,
concentrations (5 mM, 10 mM, and 15 mM). By increasing
the amount of H,O, from 5mM to 15 mM, the photo-
degradation of MB was also enhanced from 81.81, 91.62,
and 82.03%, respectively. As shown in Fig. 11, the sig-
nificant degradation efficiency of 10 mg/L of MB dye at
10 mM H,0, indicates that it is directly dependent on the
concentration of hydroxyl radicals produced by the H,0,.
When the concentration of H,O, increases, the rate of
photodegradation of dye is also increased up to a certain
limit, but when the concentration of H,O, passes this limit,
it acts as a scavenger, which decreases the rate of photo-
degradation of dye [74, 75]. It was concluded that
increased H,O, concentration decreases the rate of
photodegradation due to the scavenger effect of H,O,.

3.11 Impact of photocatalyst amount on
photodegradation

The photodegradation process of methylene blue is affected
by the initial amount of catalyst shown in Fig. 12. An



Journal of Sol-Gel Science and Technology (2024) 110:304-318

313

Fig. 8 XPS of a full scan O1ls 15MF
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increasing amount of S5PMF catalyst ranging between 15,
25, and 35 mg was tested, and the results shows that 91.62,
81.08, and 83.64% photodegradation of MB dye, respec-
tively. Thus, the 15 mg catalyst shows better degradation
efficiency at room temperature under sunlight. When the
concentration of catalyst increases, the production of -OH
radicals on the catalytic surface were also increases. This
phenomenon raises the degradation percentage at a certain
limit, and after that, it decreases due to reduced light
intensity because of the excess loading of the catalyst [76].

540 538 536 534 532 530 528 526
Binding Energy (eV)

206 294 292 290 288 286 284 282 280
Binding Energy (eV)

3.12 Impact of initial dye concentration on
photodegradation

Similarly, Fig. 13 shows the impact of a variation in the
concentration of dye solution from 10 to 20 mg/L by keeping
reaction parameters the same at room temperature on the
degradation reaction. It was found that the 10, 15, and 20 mg/
L concentrations of MB solution give 91.62, 75.68, and
25.51% photodegradation, respectively. The result shows that
increasing the concentration of dye decreases the rate of
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Fig. 9 Typical visible spectrums of photodegradation of MB dye,
reaction condition : A, = 660 nm, catalyst - SPMF, catalyst amount
—15mg, concentration of H,O, —10mM, pH -6, concentration of
methylene blue dye - 10 mgL’l, temperature — room temperature
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Fig. 10 Effect of various catalyst on photodegradation of MB dye
Reaction condition: A, = 660 nm; catalyst — (a) pure Fe,O3, (b) pure
MoO;, (¢) 1BMF, (d) 5pMF, (e) 10BMF, (f) 15pMF, (g) 208MF, catalyst
amount — 15 mg, concentration of H;O, —10 mM, pH -6, concentration
of methylene blue dye - 10 mgL ™", temperature — room temperature

reaction. It is due to the occupation of active sites of the PMF
catalyst, which reduces the generation of photons from the
BMF surface, as well as the formation of -OH radicals, which
decreases the photodegradation [77, 78].

3.13 Impact of solution pH on photodegradation

The pH of the solution, which is an essential factor in the
efficiency of the photodegradation reaction, affects the

@ Springer
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Fig. 11 Impact of concentration of H,O, on photodegradation of MB,
Reaction condition: A, = 660 nm, catalyst - SPMF, catalyst amount
—15mg, concentration of H,O, —10mM, pH -6, concentration of
methylene blue dye - 10 mgL’l, temperature — room temperature
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Fig. 12 Impact of catalyst amount on photodegradation of MB,
Reaction condition: Ay,x = 660 nm, catalyst - SBMF, concentration of
H,O0, —10mM, pH -6, concentration of methylene blue dye -
10 mgL*I, temperature — room temperature

surface characteristics of the catalyst [79]. So, in this
study, the effect of pH varying at (2-11) was studied by
adjusting pH by using dilutions of HCI (0.1 M) and NaOH
(0.1 M) solutions. Figure 14 shows that photodegradation
of MB gives the highest 91.62% degradation at pH 6,
which is a natural pH of MB dye solution. In an acidic
medium of pH 2 and 4, the efficiency of the catalyst
decreases up to 61.82 and 87.28%, while in a basic med-
ium of pH 9 and 11, the efficiency of the catalyst also
decreases to 86.20 and 83.19%, respectively. As a result,
the results show that the rate of dye degradation is more
efficient at pH 6.
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Fig. 13 Impact of concentration of MB dye solution on photo-
degradation, Reaction condition: A, =660 nm), catalyst - 5pMF,

catalyst amount —15mg, concentration of H,O, —10mM, pH -6,
temperature — room temperature

The turnover number (TON) and turnover frequency (TOF)
are calculated for all series of catalysts shown in Table 2. It was
interestingly shown that the values of TON (7.3782-14.4953)
as well as TOF (0.1229-0.2415) increase with increasing from
1BMF to 20BMF. Further increases in doping of MoO; from 5
to 20%; values were decreasing consistently. It indicates that
5PMF catalytic material shows maximum activity, which is full
supportive evidence as shown in Fig. 10.

3.14 Photodegradation process on the 3-CD Coated
Mo0O;-Fe,0;3 Catalyst

Figure 15 show the photocatalytic process in presence
prepared nanocomposites (f-CD Coated MoOs-Fe,03) cat-
alysts and hydrogen peroxide in presence of sunlight. When
incident sunlight emits photon energy, it is greater than
optical band gap energy in pure and nanocomposites, and it
forms an electron (¢~ - h") pair after the transition of
electrons transporting from the valence band to the con-
duction band [80]. The Fe?* reacts with H,0, to produces
-OH radicals and Fe*" ion. It was observed that the modified
surface drastically improved photocatalytic activity due to
the smaller crystallite size and reduced optical band gap
energy as compared to the pure surface. As a result of the
formation of Fe™ ions on the surface, there is a rapid
migration of charge carriers to the catalyst/dye interface.
Additionally, these species are very reactive and can
quickly convert hazardous dye into nontoxic dye, as well as
water and carbon dioxide as side products [81].

MOO3 - FC3O4OX + hVGreaterPhoton - e(CB) + h(J;/B)

—#—pH 2
—a&—pH 4
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pHY
—&—pH 11
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Fig. 14 Impact of pH on photodegradation of MB, Reaction condition:
Amax = 660 nm, catalyst - 5pMF, catalyst amount —15 mg, concentra-
tion of HO, —10mM, concentration of methylene blue dye -
10 mgL~", temperature — room temperature

Table 2 Turnover number and turnover frequency of various B-CD
Coated MoO;-Fe,05 material

Entry Sample TON TOF (min~")
1 MoO; 5.7314 0.0955
2 Fe,0; 12.830 0.2138
3 1BMF 13.300 0.2216
4 5MF 14.4953 0.2415
5 10pMF 12.5329 0.2088
6 15pMF 9.4028 0.1567
7 20pMF 7.3782 0.1229

Bold: maximum activity catalytic material (5BMF).

Visible
Light Photodegradation

of Methylene Blue

Degradation Product
+CO, + H,0

Fig. 15 Photocatalytic process behind the reaction mechanism of
prepared nanocomposites (B-CD Coated MoOs-Fe,05) catalyst

H,0, + Fe’* — Fe** + -OH + HO~ — Radical Formation

Fe>™ 4+ e~ — Fe’™ — Reduction Reaction
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Table 3 Comparison of photodegradation of methylene blue with other catalyst

Photocatalyst Light source Concentration (ppm) Solution (ml)  Catalyst amount  Time Degradation ~ Reference
(mg) (Min.) (%)
ZnO/Au/rtGO Sunlight 10 10 5 120 95 [82]
Fe;0,@C@Ru Visible Light 107*M 30 10 140 92.70 [83]
NiO/a-MoOs Simulated Solar Light 10 100 10 120 96.5 [84]
MoO5/TiO, UV-visible Light 20 25 600 20 99 [85]
Fe;0,-MWCNT Visible Light 10 100 40 60 98.49 [86]
pH =11 Temp 50 °C
a-Fe,O3 Sunlight/U.V. Light 10 70 50 90 96 [87]
pH=12

y Fe,03/ Fe;04/ SiO, U. V. Light 50 200 100 120 87.5 [88]

y Fe,03/ Fe;0,4/ SiO, Visible Light 50 200 100 180 79.6 [88]
Co-Ox-Ac U. V. Light 100 500 100 60 98 [89]
Ni-Ox-Ac U. V. Light 100 500 100 60 91 [89]

ZnO U. V. Light 10 50 200 70 100 [90]
CoxZn,.x Fe,04 Visible Light 10 100 5 60 77 [91]
Bi;MoOg/ZIF-8 Visible Light 20 80 20 100 66.88 [92]
GO/Fe3;04/BiOI Visible Light 3.19 100 100 170 91.4 [93]
rGO/Fe;0, U. V. Light 12.5 20 2 60 74 [94]
B-CD Coated MoOs5-Fe,O;  Sunlight 10 50 15 60 91.62 Present Work

Bold: maximum activity catalytic material (SPMF).

O, +e~ — O, — Reduction Reaction
h{g + H,O/HO™ — H" + -OH — Oxidation Reaction

-OH/O; + MB — Degradation Product + H,O + CO,

3.15 Comparison of photodegradation of methylene
blue with other catalyst

We compared our results with literature as shown in Table 3.
The ZnO/Au/rGO material gives 95% degradation, but the
reaction was completed within 120 min. The MoO5/TiO,
shows a 99% degradation result within only 20 min, but the
amount of catalyst required is about 600 mg. Similarly, ZnO
shows excellent results up to 100% within 70 min, but it works
in the UV light region. When we compared our catalytic
material with previously reported works, our present catalyst
shows better activities within a short duration, with a smaller
quantity of catalyst, and it works in the visible light region.

4 Conclusion

The present study reveals the enhancement of the photo-
degradation activity of MoO3-Fe,O3 nanocomposites with the
coating of B-Cyclodextrin. The XRD and Raman spectra
confirm the change in the tetragonal phase of Fe,O; to the
orthorhombic phase (Fe,(MoQ,)3) after the addition of MoOj3
via the sol-gel method. Furthermore, the crystalline size varies

@ Springer

with the changes in a phase. FE-SEM shows the nanoflakes
like surface morphology, where the particle size observed
below 30 nm. The efficiency of nanocomposites was improved
using PB-Cyclodextrin, which gives more active sites and fast
charge carrier separation. The reaction shows a better effi-
ciency of 5BMF for the degradation of MB dye. This material
gives 91.62% degradation MB within a short reaction time as
compared to the Fe,O; and MoQOj3. The synthesized catalytic
material shows maximum degradation efficiency within short
time, under acidic medium using H,O,. The catalyst could be
easily recovered using magnetic separation. It can be recycled
and reused many time. This study may provide useful in the
application of photocatalyst for dye degradation of waste water
of dye industries. Tailoring the nanocomposite materials
properties for specific applications such as biomedical, gas
sensor, etc. can leads to breakthroughs in environmental pro-
tection and clean energy technologies.
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tary material available at https://doi.org/10.1007/s10971-024-06357-1.
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Abstract

The highly crystalline mesoporous series of various percentages such as 1, 3 and 5% of CeO,-doped MoO; nanocomposite
were synthesized successfully by using ultrasonic wave-assisted sol—gel synthesis procedure and calcined at 873 K for 3 h.
The synthesized CeO,-MoO; nanocomposite material characterized by different techniques like XRD, Raman, FT-IR, FE-
SEM, HR-TEM, BET, XPS and UV-DRS measurements to find crystallinity, surface morphology, surface area, structural
and optical properties. Among these, 5% CeO,-MoO; nanocomposite shows excellent photo-Fenton dye degradation activity
of Rhodamine-B (Rh-B) dye in visible light irradiation using direct sunlight. Maximum degradation was observed (95.36%
in 120 min) with optimum condition of pH, catalyst amount and H,0, concentration. These nanocomposite material was
recovered, recycle and its reusability also gives excellent results up to the 4th cycle. Similarly, turn over number, turn over
frequency, kinetic study and scavenger study of photo-Fenton degradation reaction were also discussed.
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Introduction

In the last few decades, we have witnessed rapid changes
in the world we live in, including increased urbanization
and human population growth. Consequently, ever-increas-
ing scarcity of clean water and environmental contamina-
tion has become a fundamental problem worldwide. (Yang
et al. 2013), (Getahun 2022), (Gogoi et al. 2017). One
reason for this contrast is the increasing number of textile
industries, which have become an ingrained part of the
industry's effluent, releasing contaminants directly into
water resources. The consumption of this contaminated
dyestuff-laden water has adverse health effects such as skin
and eye infections, breathing problems, allergic reactions
and central nervous system disorders. (Singha et al. 2021),
(Rauf and Ashraf 2009), (Karri, Ravindran and Dehghani
2021). With regard to, photo-Fenton catalyst has been
proposed as an eco-friendly approach and a challenging

@ Springer

technique for researchers to boot pollutants from water
and air via the possible oxidation of organic pollutants into
non-toxic CO, and H,O (Jo and Tayade 2014).

Photo irradiation of the synthesized semiconductor
photo catalytic material ejects electron from valence band
to the conduction band and this ejected mobile electrons
are used for various catalytic reactions like dye degra-
dation and organic transformation reactions. And this
ejected photons having the energy in between 1.8 and
3.1 eV in visible region (Lu et al. 2021), (Navgire and
Lande 2017). So fabrication of nanocomposite material
which is operating in visible light is the innovative idea
for researchers.

The molybdenum oxide is the earlier investigated pho-
tocatalyst ergo of its not only high photocatalytic activ-
ity but also of its low cost, low toxicity and good ther-
mal and chemical stability. It shows band gap energy of
3.1 eV which is very high and limits its applications in
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UV region only which is of only 5% in solar radiations
(Kamoun et al. 2016). To surmount this problem doping of
some impurities may leads to reduce its band gap energy
and overcoming its limitations in visible region (95% of
solar radiations) also. For that purpose, some metal oxides
from lanthanide series will be doped on MoO; material
which has unique applications in visible light region for
photo-Fenton degradation reactions and similarly it shows
luminescent properties due to f-f transitions of electrons in
their partially filled f orbitals and fully filled 5S* and 5p°
shells (Lopez-Pacheco et al. 2022), (Cerrato et al. 2022).

Inner transition metal oxides like cerium oxide (ceria) mate-
rial consist of high concentration of oxygen vacancies and
these acts as a source for oxidation reactions due to variable
stable +II, +III and + IV oxidation states, it takes place on the
surface which is helpful for its catalytic activities (Lawrence
et al. 2011), (Li et al. 2009). This nanocomposite material
not only shows high oxygen storage capacity but also oxy-
gen mobility and strong interaction with the supported metal
shows synergistic applications to degrade the organic pollut-
ants (Saranya et al. 2014), (Bui et al. 2021). Recent literature
work reported on ceria-supported metal oxides shows appli-
cation in various fields such as catalyst in organic reactions,
photocatalysts as well as Fenton catalyst in the degradation
of toxic waste, electrocatalyst, etc. (Sudarsanam, Singh, and
Kalbande 2022), (Qamar et al. 2023), (Abdulwahab, Khan,
and Jennings 2023), (Ravula et al. 2024), (Gogoi et al. 2023),
(Bandalla et al. 2022), (Sudarsanam et al. 2015). The com-
pounds containing MoO; and CeO, has great promising and
challenging nanocomposite material which shows an exciting
applications in various fields such as for catalytic activities
for hydrocarbon oxidation, hydro-desulphurization, sensing
applications and photocatalytic applications also (Allam et al.
2021), (Liu et al. 2018), (Li et al. 2009), (Shadidi et al. 2022),
(Navgire et al. 2016).

To overcome this problem, here we reported the fabri-
cation of desired cerium oxide doped molybdenum oxide
nanocomposite material by using ultrasonic wave-assisted
sol—gel synthetic route. The effect of doping of inner tran-
sition metal oxide modifies the properties of molybdenum
trioxide and shows better photo-Fenton efficiency towards
the degradation of pollutants in textile wastewater as well as
in the degradation of organic dyes.

Experimental section
Materials

Precursor materials used for the synthesis of MoO;
are AR grade Ammonium molybdate tetrahydrate
(NH;),M00,.4H,0 (99.3%) as well as dopant material AR
grade cerous chloride heptahydrate CeCl,.7H,0 (98.5%)
was obtained from Loba chemie pvt. Ltd., surfactant AR
grade cetyltrimethyl ammonium bromide (C,oH4,BrN),
Rhodamine-B (C,3H;,CIN,O5), hydrogen peroxide (H,0,)
was obtained from Research Lab fine industries and used
as it is. Similarly, the solvents ammonia solution (NH,OH)
and double distilled water were used. The information
regarding the grade, purity and source company of each
chemical used are reported in tabular form, and it was
included it in the supplementary material (Table S1).

Synthesis of CeO,-doped MoO; nanocomposite

The ultrasonic wave-assisted sol-gel method was used for syn-
thesis of MoO; nanocomposite with varying percentages of
CeO, doping (1, 3 and 5%). The calculated mole % of cerous
chloride heptahydrate was added to an aqueous solution made
by dissolving 8.53 g of ammonium molybdate tetrahydrate in
60 ml of double distilled water (DDW). And after that, 0.1 g
of CTAB was added to enhance the surface morphology of
nanocomposites. This aqueous solution was kept near about
30 min at the speed of 350 rpm at room temperature with
continuous magnetic stirring. The resultant clear solution was
then ultra-sonicated with sonicator (Ultrasonics Labline 6.5
L) for 30 min to obtain sol. In the sol, 15 ml NH,OH has been
added drop by drop to get gel of molybdenum hydroxide. With
continuous stirring for 4 h, the clear solution converted into
milky precipitate of molybdenum hydroxide. The precipitate
obtained was filtered and dry it in an oven for 6 h at 353 K.
The dried powder material were grinded in mortar and pestle
then kept it in a muffle furnace for 873 K for 3 h for complete
oxide formation. The obtained nanocomposite was named as
1CM, 3CM and 5CM, respectively. By using same method,
we synthesized MoOj; and CeO,. The schematics of detailed
procedure are as follows...
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(NH,) ,MoO-.4H,0

(TCC12.7I']10

NH,OH

DDW

Mo (VI)

1CM ICM SCM

Schematic Representation of the nanocomposite forma-
tion process.

Photo-Fenton activity experiment

The Fenton activities of the prepared catalysts (CeO,, MoO;,
1CM, 3CM and 5CM) were tested for the degradation of
RhB in visible light, i.e. under direct sunlight. In this photo-
Fenton activity, Rhodamine-B (1 ppm, 40 ml) dye was firstly
placed in dark for 30—35 min to obtain adsorption—desorp-
tion equilibrium. Then, dye solution (under different condi-
tions of catalyst concentration, pH and H,O, concentration)
were placed in direct sunlight for 2 h. During experimental
trial, after every 15 min absorbance of dye solution was
monitored using a double beam AU-2701 UV-Visible
spectrophotometer. The following steps are used to select
the optimal nanocomposite catalyst that yields the best out-
comes with a minimum amount of economy:

(1) Selection of better nanocomposite catalyst,

(2) Nanocomposite catalyst amount variation for selected
catalyst (15, 25, 35 mg/1 ppm/40 ml),

(3) Effect of concentration of oxidizing agent (H,O,:
5 mM, 10 mM and 15 mM),

(4) Effect of pH variation (pH: 3,5, 7,9 and 11),

(5) Reuse and Recycle of the selected nanocomposite pho-
tocatalyst.

@ Springer

("'r.u “ N7 5

Dried Product

Calcination
(873 K for 3 hrs.)

Nanocomposite photocatalyst was recycled and reused
to determine its successive reusability runs with slight
decrease in degradation efficiency was observed. And lastly
photo-Fenton percentage was calculated by using following
equation:

% Degradation = [(A, — A,) /Aq| X 100% where, Ay:
absorbance at time ‘zero’, A,: absorbance at time ‘t’.

Results and discussion
Characterization of synthesized nanocomposite

Prepared nanocomposite material were analysed with the
help of XRD, Raman, FT-IR FE-SEM, EDAX, HR-TEM,
BET, XPS and UV-DRS measurements to obtained crystal-
line size, surface morphology, surface area, particle size,
structural and optical properties, etc. of synthesized nano-
composite material.

X-ray diffraction spectroscopy (XRD) analysis

The crystallite size and phase of the synthesized nanocom-
posite were analysed by powder XRD diffractometer (Rigaku
MiniFlex 600) using Cu Ka (1=0.15418 nm) radiations at
40 kV and 15 mA. For all the sample nanocomposite X-ray
diffraction measured in the 20 range between 10 and 80°
with a scan rate of 0.12 per second and a step size of 0.02.
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Fig. 1 XRD analysis of a
MoO;, b CeO,, ¢ ICM, d 3CM
and e 5CM

(021)

. (b)

Intensity (a.u.)
—

JJJWMMMAQ

(d)

20 30

XRD study gives the phase symmetry and crystallinity of the
calcined nanocomposite material which is shown in Fig. 1.

The peaks shown at 2(0)°=23.4, 25.8, 27.4, 33.8, 39.07,
49.3, 64.6 and 72.9 designates hkl values to the plane (110),
(120), (021), (111), (060), (002), (062) and (232). All the
XRD peaks confirm the orthorhombic structure of MoO,
(JCPDS 76-1003) which is shown in Fig. 1a (Kihlborg, L.
1963). The sharp and highly intense peaks suggest that the
as-prepared nanocomposite material is highly crystalline
in nature. Figure 1b shows highly intense peaks of CeO,,
at 2(6)° =28.93, 32.08, 45.80, 47.82 and 56.81 which are
corresponds to (—221), (—234), (—117), (210) and (—443)
crystal planes, respectively with monoclinic structure of
crystalline CeO, (JCPDS 32-0196) (Sgrensen 1976).

Similarly, the Fig. 1c—e shows diffraction peaks for 1CM,
3CM and 5CM, respectively. Addition of CeO, in MoO;
causes only slight shifting of 20 diffraction peaks and no
separate peaks were observed for CeO, in nanocomposite.
The average crystal size (D) of the synthesized nanocompos-
ite material can be calculated by Debye—Scherrer equation
(B. Cullity 1978):

D=kM(p cos 0).

20 (Degree)

Where, 4 =wavelength (0.154 nm), f=FWHM (Full
Width at Half Maximum of more intense peak), K=0.89 and
0 =diffraction angle. The observed crystallite size for CeO,,
MoO; and CeO,-doped MoOj is in the range of 45-52 nm
which is shown in Table (S2).

Raman spectroscopy analysis

Figure 2 represents the Raman spectra of MoO; CeO, and
5CM nanocomposite material characterized by using Invia
Raman microscope (Renishaw make). According to group
theory, the optical vibrational modes of MoO; with D,;, sym-
metry were predicted as follows. I'=8A,+8B,,+4B,,+
4B3,+4A,+3B;,+7B,,+ 7B;,. Raman active modes are
A, Byg. By, and B3, while A, is an inactive mode. The B,
B,, and B;, are only infrared-active. The Raman modes of
Ag, Blg, Bzg, B3g and A, shows peaks at 83, 95, 115, 126
and 151 cm™!. 801=M =01 wagging shows B, mode at
286 cm™!. Raman mode for CeO, shows peak at 463.21 cm™!
which gives the symmetric bending vibration of the O atoms
around each cation of CeO, with F,, symmetry (Gogoi and
Sarma 2017), (Y. Lee et al. 2011) CeO,-doped MoOj; nano-
composite has little shifted to 468 cm™'.

@ Springer



Chemical Papers

Fig.2 Raman analysis of a
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Fig.4 FE-SEM images of a MoOj;, b CeO, and ¢ 1CM, d 3CM and e 5CM nanocomposite material

Fourier-transform infrared (FT-IR) study

The Fourier-transform infrared (FT-IR) analysis was per-
formed on Perkin Elmer spectrum two instruments in the
range of 400-4000 cm™' wavenumber which is shown in
Fig. 3. Peaks observed at 549, 813, 862, 990 cm~! which
indicates Mo—O vibration, Mo—O bending, Mo—O-Mo
stretching and Mo = O stretching vibrations respectively for
MoO; nanomaterial shown in Fig. 3a (Tariq et al. 2020),
(Zhao et al. 2010). While due to increases in per cent dop-
ing of CeO, causes gradual decrease in intensity of peak at

862 cm™! mainly due to breaking of Mo—O-Mo bond and
formation of Mo—O-Ce bond (Li et al. 2009).

Field emission scanning electron microscopy (FE-SEM)
images and EDS analysis

Surface morphology of prepared nanocomposite was ana-
lysed by FE-SEM (FEI Nova NanoSEM 450) instrument.
Figure 4a, b indicates the images of highly crystalline nano
flakes of the MoOj; sheets whereas spherical-shaped mor-
phology for CeO,, respectively (NAVGIRE et al. 2011),
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1 300 nm

Fig.5 EDAX mapping of CeO,-MoO; nanocomposite material

Fig. 6 HR-TEM Images of CeO,-MoO; nanocomposite material
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(Suresh, Ponnuswamy, and Mariappan 2014). The addition
of CeO, on MoO; results a change in crystallite size and the
deposition of Ce on the surface of MoO; nanosheets which
is shown Fig. 4c—e. These premise that the calcined material
is made up of mixed metal oxides is well-supported by the
above results.

Chemical composition of the synthesized nanocompos-
ite was investigated by using elemental mapping EDAX
analysis and further distribution of dopant elements in the
nanocomposite materials was shown in Fig. 5. Results
shows that well distinct peaks of Ce, Mo and O, which
confirms the formation of CeO,-MoO; nanocomposite
which is in good agreement with the results obtained from
XPS analysis.

High-resolution transmission electron microscopy

The internal morphology of the synthesized nanocompos-
ite were analysed with the help of the HR-TEM analysis
carried out on a FEI make FEG T20 instrument which is
shown in Fig. 6. HR-TEM analysis proves the formation of
highly crystalline nanosheets of CeO,-MoO; nanocompos-
ite and it clearly shows that incorporation of ceria onto the
MoOj surface which corresponds to SEM results.

Brunauer-Emmett-Teller (BET) analysis

The specific surface area and pore diameter of the synthe-
sized nanocomposite material was successfully calculated
with the help of the Brunauer-Emmette—Teller (BET)
measurements (BELSORP MAX II). Figure 7a shows that
N, adsorption—desorption isotherm and observed specific
surface area for SCM nanocomposite material was 2.1201

m?g~! and BJH (Barrett—Joyner—Halenda) plot shown
in Fig. 7b with average pore diameter is 16.503 nm so it
concludes that synthesized nanocomposite material is in
mesoporous in nature.

X-ray Photoelectron spectroscopy (XPS) analysis

The XPS spectrum of synthesized CeO,-MoO; nanocom-
posite were analysed on Thermoscientific NEXA Surface
analyser instrument and it shows Mo 3d, Ce 3dand O 1 s
deconvoluted spectra as shown in Fig. 8a—d. Figure 8a
will be exhibits full scan of XPS of synthesized material.
The peaks of Fig. 8b for the Ce 3d were asymmetric and
broad. The binding energies at 900.3, 904.25 eV belongs
to Ce 3d;;, and 886 and 882.1 eV belong to Ce 3ds,, of
Ce3* jons (Li et al. 2009). Thus, Ce** ions were homoge-
neously incorporated in the MoO; lattice. XPS spectrum
for Mo 3ds,, and Mo 3ds,, exhibits doublet peaks at 235.7
and 232.6 eV, respectively. It was indicated that Mo ele-
ment existed mainly as the chemical state of Mo®" and
after reaction, the XPS spectrum of Mo 3d (Fig. 8c) kept
intact compared to that before the reaction, which shows
that Mo element existed mainly as the chemical state of
Mo%* and was remains same during the reaction. The O
1 s peaks (Fig. 8d) appeared at approximately 530.5 eV,
due to the O bond present in MoO;, Ce—O bond, Mo-O-
Ce bond and surface-attached OH™ group (Y. Z. Wang
et al. 2017).

UV-visible diffused reflectance spectra (UV-DRS) analysis

The band gap energy studies were done with the help UV-
DRS analysis (UV 3092 LABINDIA Analyticals) on UV/VIS
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Fig.8 XPS Spectra of CeO,-MoO; nanocomposite material, a Overlay, b Ce 3d, ¢ Mo 3d,dO 1 s

spectrophotometer. The band gap energy was calculated with
the help of the plot of (F(R)hv)*(eV(em™"))"? versus Energy
(hv) and it shows band gap energy of 3.05 eV for MoO; which is
shown in Figure S1a and Figure S1b shows, interestingly reduce
in band gap energy to 2.47 eV for SCM nanocomposite material
which promising its photocatalytic applications in visible region
(Makuta, Pacia and Macyk 2018), (Chithambararaj et al. 2015).

Activity study
Selection of nanocomposite catalyst

The photocatalytic dye degradation experiment were carried
out for various nanocomposite like CeO,, MoO;, 1CM, 3CM
and 5CM with 25 mg catalyst with 40 ml/1 ppm Rh-B dye
solution and 10 mM/ 2 ml H,0, for 120 min. And absorb-
ance was recorded for all above-mentioned nanocomposite
catalyst for every 15 min and % degradation was calculated

@ Springer

which is shown in Fig. 9. From that figure 45.32%, 41.87%,
83.03%, 94.68% and 95.36% degradation is observed for
MoO;, CeO,, 1CM, 3CM and 5CM, respectively in 120 min.
It concludes that maximum photo-Fenton degradation of
Rh-B dye is observed for SCM nanocomposite material, and
this catalyst is selected for further analysis.

Effect of amount of nanocomposite photo-Fenton catalyst

At various amounts (15 mg, 25 mg and 35 mg) of selected
5CM nanocomposite catalyst, photo-Fenton degradation was
monitored and Fig. 10; which shows that 86.66%, 95.36% and
91.36% degradation is observed for 15 mg, 25 mg and 35 mg,
respectively for SCM nanocomposite catalytic materials. It
summarizes that by increasing the photocatalyst amount from
15 to 25 mg degradation per cent increases because of more
active sites are created on catalyst surface and enhances the
increase in absorption of light (i.e. photons) and after specific
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Fig.9 Effects of differ-

ent photo-Fenton catalyst

for degradation of Rh-B at
Amax =550 nm (Reaction condi-
tions: [H,0,]=10 mM, [Rh-
B]=1 ppm, [Catalyst] =25 mg,
pH=7 at room temperature)

Fig. 10 Effects of 5SCM

catalyst concentration (15 mg,
25 mg and 35 mg) for photo-
Fenton degradation of Rh-B

at A, =550 nm (Reaction
conditions: [H,0,]=10 mM,
[Rh-B]=1 ppm, pH=7 at room
temperature)
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Fig. 11 Effects of H,0, doses
for degradation of Rh-B at
Amax =550 nm (Reaction condi-
tions: [Rh-B]=1 ppm, [Cata-
lyst: SCM]=25 mg, pH="7 at
room temperature)

Fig. 12 Effects of pH for
degradation of Rh-B at

Amax =550 nm (Reaction
conditions: [H,0,]=10 mM,
[Rh-B]=1 ppm, [Catalyst:
5CM] =25 mg, at room tem-
perature)
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amount of catalyst (i.e. from 25 to 35 mg) degradation percent-
age decreases gradually due to scattering of light to catalytic
surface (Kuriechen et al. 2011), (Ahmad Rafaie et al. 2021).
Hence it concludes that 25 mg is an effective amount of nano-
composite catalyst for maximum photo-Fenton degradation.

Effect of concentration of H,0,

Concentration of H,0, is varied, i.e. 2 ml of 1 mM, 10 mM,
30 mM and 50 mM for optimization of good amount of
oxidant for Rh-B dye degradation. Figure 11 shows that
by increasing the H,O, concentration, the % degradation
increases to a certain amount and then it again decreases.
The increase in degradation rate is observed because catalyst
is reducing the electron—hole pair recombination rate (W. H.
Lee et al. 2015), (Haji, Benstaali, and Al-Bastaki 2011). So
it concludes that better degradation is observed at 10 mM
H,0, concentration for 5SCM nanocomposite catalyst.

Effect of pH variation

Photocatalytic dye degradation activity of Rh-B dye was
studied at various pH values (3—11). Selection of optimum
pH is necessary to avoid the loss of excess amount of nano-
composite photocatalyst and it is also important to enhance
photo-Fenton by absorbing visible light. Figure 12 shows
that effect of various pH range with percentage degrada-
tion of 89.34, 94.56, 95.36, 69.9 and 37.6% for pH 3, 5,

Table 1 Turn over number and turnover frequency of different nano-
composite materials

Sr. No.  Catalyst  Active sites (moles) = TON TOF(min™")
1 MoO; 1.7407 X 1074 20.08 0.17
2 CeO, 1.4525 X 1074 26.05 022
3 ICM 1.7339x 1074 3998 0.33
4 3CM 1.7283x107* 40.11  0.34
5 5CM 1.7226 X 10~* 46.22  0.38

Bold indicates SCM nanocomposite shows superior catalytic perfor-
mance as well as shows higher TOF and TON

7,9 and 11, respectively, and it shows that by increasing
pH, degradation efficiency increases up to neutral pH 7 and
then decreases in basic condition at pH 9 and pH 11 due to
change in structure of Rh-B in basic condition (Guo et al.
2021), (Nguyen Thi Thu et al. 2016). Maximum degradation
was done at neutral (pH-7) condition by increasing the active
sites on catalytic surface (Xue et al. 2019).

Recycle and reuse of the selected nanocomposite catalyst

Stability of catalyst was performed via recycle and reusability
of the catalytic materials. For reuse of the SCM; photo-Fen-
ton degradation experiment were repeated with several times
with Rh-B dye and at the end of the each cycle the nanocom-
posite material was washed with double distilled water and

Fig. 13 Recycle and

reuse of SCM catalyst for
degradation of Rh-B at

Amax =550 nm (Reaction
conditions: [H,0,]=10 mM,
[Rh-B]=1 ppm, [Catalyst:
5CM] =25 mg, pH=7 at room
temperature)
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recovered with help of centrifuge machine and further used
for next run. Figure 13 concludes that photo-Fenton activity
for Rh-B dye degradation in first run is 95.36% and slightly
decreases to 94.44, 89.31 and 86.63% for 2nd, 3rd and 4th
run, respectively, and it shows that 5CM nanocomposite
material is stable during photo-Fenton experiment.

Turnover number (TON) and turnover frequency (TOF)

Active sites present on catalyst are effective sites for especial
heterogeneous catalytic reaction. The turnover number and
turnover frequency apprise the catalytic performance of syn-
thesized nanocomposite photocatalyst (Gomathi Devi and
Shyamala 2018), (Nick Serpone et al. 1993), (N. Serpone
et al. 2000).

Plausible mechanism of photo-Fenton reaction

‘OH x Mo+
H,0, Mo"+>

CO, + H,0

Rh-B +-OH

Calculation of turnover number

TON = Number of moles of Rh-B degraded/ Number of
moles of catalyst taken.

Calculation of turnover frequency

TOF = TON/ time (min)

Calculated active sites, turnover number and turnover
frequency of synthesized nanocomposite catalyst is sum-
marized in Table 1:

The MoOj3;, 1CM and 3CM shows higher active sites;
these active sites are acts as electron—hole recombina-
tion centres so it shows lower TOF and TON reflecting its
lower catalytic performance. While, SCM nanocomposite
is also shows higher turnover frequency, i.e. 0.38 and 46.22
turnover number which attributing its superior catalytic
performance.

The photo-Fenton degradation activity for Rh-B dye
were performed with visible light, i.e. in direct sunlight
(A>400 nm), 10 mM H,0, and simultaneous incorporation
of S5CM catalyst. Continuous generation of OH radicals takes
place by reacting H,O, with catalyst surface and in this step
Ce (IIT) is converted into Ce (IV) and Mo (IV) to Mo (VI)
(Zhu et al. 2021), (Xing et al. 2020). These generated OH
radicals reacts with Rh-B dye and further decomposes into
CO, and H,O which were analysed by decrease in inten-
sity of absorbance peak at 4,,,, =550 nm in 120 min was
observed.
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Crystal structure of
C602-MOO3
nanocomposite
Kinetic study

Kinetic study of photo-Fenton degradation of Rh-B dye was
done. The experimental data fitted well to the pseudo-first-
order kinetics which is shown in Fig. 14 and rate constant
(k) was calculated by using following formula.

In (C/CO) = —kt where, k’ is rate constant (min~").

‘C’ are concentration of Rh-B dye at time ‘t’

‘Cy’ is initial concentration of Rh-B dye, i.e. (adsorp-
tion—desorption equilibrium time).
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Fig. 14 Kinetic study of photo-
Fenton degradation of Rh-B

at A, =550 nm (Reaction
conditions: [H,0,]=10 mM,
[Rh-B] =1 ppm, [Catalyst:
5CM]=25 mg, pH="7 at room
temperature)

Fig. 15 Effects of scavengers
(isopropyl alcohol, EDTA and
1-Ascorbic acid) on degrada-
tion of Rh-B at 4,,, =550 nm
(Reaction conditions:
[H,0,]=10 mM, [Rh-

B]=1 ppm, [Catalyst] =25 mg,
pH=7 at room temperature)
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and calculated rate constant value was 2.85 % 107> min™".

The correlation coefficient (R?) indicates that the experimen-
tal data could be a fitted linearly and adequately.

Scavenger study

To study the mechanism of CeO, doped MoO; nanocom-
posite material, radicals and holes trapping experiments was
carried out for determination of which reactive species plays
the active role for photo-Fenton degradation mechanism of
5CM nanocomposite catalyst for Rh-B dye. For study of
scavenger activity, L-ascorbic acid, Ethylene diamine tetra-
acetic acid (Na,-EDTA) and Isopropyl alcohol (IPA) are
used for quenching the O%>~, holes and OH, respectively.
The scavengers (10 mM) were added into Rh-B dye solution
prior to addition of nanocomposite photocatalyst. After two
hours of degradation experiment the results shows that, pho-
tocatalytic degradation was observed to be only 28% after
addition of L-Ascorbic acid and 38% for IPA and in case of
EDTA it is only slightly decreased to 82% this whole part
concludes that O~ and OH plays the crucial role in photo-
Fenton degradation of Rh-B and holes plays the subsidiary
role which is shown in Fig. 15 (Van Doorslaer et al. 2012),
(Naraginti et al. 2016).

Table (S3) gives the comparison of synthesis method
and photocatalytic performance of the SCM nanocom-
posite material (Selvakumar and Palanivel 2022), (Zhang
et al. 2019), (Tariq et al. 2020), (Chen et al. 2020), (Pas-
cariu et al. 2020), (Rahman et al. 2021), (Magdalane et al.
2019), (Kuzniarska-Biernacka et al. 2021), (B.-Y. Wang
et al. 2022). The majority of work that has been reported
has numerous limitations, including the synthesis method,
high precursor costs, Rh-B degradation limited to the UV
region, a specific pH, the maximum amount of photo-
catalyst and degradation time. However, this SCM nano-
composite photocatalyst, which was synthesized using a
simple sol-gel method with less economy and exhibits
maximum photo-Fenton degradation, i.e. 95.36% in the
direct sunlight with only 25 mg of photocatalyst at differ-
ent pH range.

Conclusion

In this report the synthesis of CeO,-MoO; nanocomposite
material is synthesized with help of ultrasonic wave assisted
sol-gel synthesis technique. Nanocomposite materials
were characterized by different analytical techniques and
photo-Fenton degradation for Rh-B for various percentages
CeO,-Mo0O; were performed with variation study on amount
of catalyst, H,O, concentration, pH range were investigated.
TOF and TON and scavenger study were performed. Finally

@ Springer

it concludes that 5SCM is an excellent photo-Fenton cata-
lyst (95.36% in 120 min) for degradation of Rh-B in visible
(direct sunlight) region at neutral (pH-7) condition because
of high crystallinity, surface morphology, less band gap
energy, mesoporous nature and greater surface area of the
photocatalyst and also shows best results for recovery and
reuse of nanocomposite photocatalyst up to the 4th cycle.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11696-024-03479-2.
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ARTICLE INFO ABSTRACT

Keywords: Globalization and industrialization have significantly exacerbated air pollution, particularly through the increase
p-Cyclodextrin of volatile organic compounds (VOCs), posing severe health risks and environmental challenges. The need for
Gas sensor effective VOC detection at room temperature has become critical. In this study, a novel p-Cyclodextrin coated
Hexagonal . . . . . o .
R X " MoO3-ZrO, nanocomposite was synthesized via a cost-effective simple sol-gel method, aiming to enhance gas
oom temperature . . . . . . . .
Zr(MoO. )p sensing properties. Comprehensive characterization techniques confirmed the formation of a mesoporous Zr
4)2

(Mo004)2 structure with smooth surface morphology in the $-CD coated nanocomposites. The gas sensing per-
formance of the synthesized nanocomposites was rigorously evaluated, with results indicating significantly
improved activity towards VOCs at room temperature (30 °C). Among the various compositions, the 10 % $-CD
coated MoOs-ZrO; nanocomposite exhibited the highest response to acetone vapors, with a remarkable sensing
response of 1.97, a fast response time of 30 s, and a recovery time of 39 s at a concentration of 100 ppm. This
enhanced performance is attributed to the increased specific surface area, the porous structure of the composite,
and the unique interaction between acetone and the active sites on the nanocomposite. Comparative analysis
with literature-reported materials highlights the superior room-temperature performance of the 10pMZ nano-
composite, positioning it as a promising material for VOC detection in environmental monitoring and industrial
safety. This study not only advances the understanding of composite gas sensors but also introduces a novel
catalytic system with enhanced gas sensing activity, selectivity, and reusability.

VOC detection

1. Introduction

The contemporary human population is dealing with a serious
problem of air pollution, primarily attributed to volatile organic com-
pounds (VOCs), which exert harmful effects on their health. Environ-
mental air pollution is a primary factor contributing to respiratory
diseases. Volatile organic compounds (VOCs) are organic compounds
that readily evaporate at room temperature. The compounds acetone,
ethanol, methanol, toluene, and n-butanol find widespread use in
several applications such as varnishes, cleaning products, cosmetics, air
fresheners, printers, and chemical synthesis [1]. Acetone, a colourless,
highly volatile, combustible, and hazardous chemical, is used in
numerous industries and laboratories. Exposure to it in the environment
presents several hazards to human health, including as respiratory
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diseases, nasal irritation, and skin burn [2,3]. Hence, it is crucial to
carefully check the concentration of acetone at room temperature.

A range of gases have been identified using chemiresistive gas sen-
sors based on metal oxide semiconductors (MOS), including SnOq,
MoOs, ZnO, ZrO,, and TiO,. The desirability of these metal oxides de-
rives from their high sensing activity, cost-effectiveness, exceptional
stability, and remarkable sensitivity to a wide range of target gases [4].
Gas sensors play a crucial role in the identification of hazardous, toxic,
and explosive gases that have the potential to cause severe accidents or
present health hazards. This study focuses on zirconium oxide (ZrOs), a
commonly used substance in ceramic materials, photocatalysts, cata-
lysts, and p-type semiconductors [4,5]. Moreover, ZrO, finds application
in the field of medicine owing to its anti-cancer, anti-microbial, and
antioxidant characteristics [6]. Zirconium oxide (ZrO,) exists in three
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distinctly identifiable phases: tetragonal, monoclinic, and cubic.
Furthermore, it possesses unique features such as cost-effectiveness,
ecological compatibility, and oxidizing and reducing active sites.
Furthermore, the material has a wide band gap range of 3.25-5.1 eV [7].
Nevertheless, due to its exceptional stability, ZrO; necessitates a greater
amount of energy to function at elevated temperatures and exhibits
reduced sensitivity to various gases [4,8]. Hence, in order to enhance the
gas sensing properties of the ZrO, material, it is necessary to dope or
coat it with an alternate material.

Molybdenum trioxide (MoOs3) is a semiconducting material exhibit-
ing a band gap ranging from 2.5 to 3.2 (eV). The material has a wide
range of applications including photocatalysis, catalysis, gas sensing,
and energy storage [9]. The catalytic and photocatalytic applications of
mixed metal oxides doped with molybdenum have been comprehen-
sively investigated and documented by our research team. Owing to its
acidic sites, it was employed as a catalyst in several organic trans-
formation processes. Furthermore, it was employed as a photocatalyst in
the process of degrading pesticides, dyes, and toxic organic contami-
nants [10-15]. Due to its exceptional stability and surface catalytic ac-
tivity, MoOs is employed for the detection of volatile organic
compounds (VOCs). However, pristine MoO3 has specific limitations
such as a high operating temperature, poor selectivity, and a weak
sensing response [16,17]. Consequently, there is a lack of published
research on the gas sensing capabilities of MoO3 nanocomposite mate-
rials at room temperature.
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An oligosaccharide polymer with seven glucopyranose units is called
B-cyclodextrin. It is used to synthesize porous structures having molec-
ular recognition and solid phase extraction properties [18]. Liu et al.
prepared porous carbon for herbicide adsorption by using f-Cyclodex-
trin MOF [19]. Al. Palaniappan et al. synthesized $-CD functionalized
mesoporous silica film for ethanol and benzene detection. They reveal
that the mesoporous structure, stability, and chemical bonding of $-CD
immobilization on the matrix contribute to the increased sensitivity
[20].

In response to the limitations of single metal oxide gas sensors, such
as high operating temperatures and poor selectivity, researchers have
employed various strategies, including doping, coatings, heterojunction
formation, and the development of highly porous nanostructures like
nanorods, nanotubes, and nanowires [21]. Among these approaches,
doping with metal oxides has proven particularly an effective in
enhancing gas sensing properties. For instance, J. Zhang et al. synthe-
sized a porous GO/ZnO heterostructure with responses of 42.9 for 50
ppm acetone at 200 °C, providing more active sites for gas adsorption
[22]. L. Qiu et al. developed a three-dimensional ordered Macroporous
NiO/ZrO, nanocomposite that responded 25.6 to 100 ppm xylene va-
pours at 330 °C, ten times better than pure NiO [23]. S. Xu et al. created a
sea urchin-like SnO,/a-Fe;O3 heterostructure, achieving 18.7 ppm
acetone reactivity at 300 °C and faster recovery than pristine SnO; [24].

As per the gas sensing mechanism, oxygen adsorbed on the sensor
surface reacts with the target gas. Researchers dope, coat, and create
heterojunction on nanocomposite surfaces to improve gas sensing. We
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need a highly porous nanocomposite material with a more active gas-
detecting surface [25]. We made a composite of pristine MoOs and
ZrO; to overcome their limits. To improve gas sensing capability and
surface quality, we added p-Cyclodextrin to the composite. ZrOy’s sta-
bility enhances MoOj3’s electrical characteristics, improving gas sensing.
Mesoporous Zr(MoOj4), has more gas adsorption sites and an increased
surface area. These composite materials are important because they
lower working temperatures, are chemically stable, and last a long time.
This article focuses on mesoporous Zr(MoO4), because it can overcome
the constraints of ZrO, and MoO3. However, no research has reported
using MoOs-doped ZrO; to detect VOCs at room temperature. Building
on these findings, this study aims to develop a novel p-Cyclodextrin--
coated MoO3-ZrO, nanocomposite, designed to operate effectively at
room temperature (30 °C). By synthesizing this composite using a simple
and cost-effective sol-gel method, we aim to address the challenges of
traditional metal oxide sensors. The incorporation of $-Cyclodextrin is
expected to improve the gas sensing capabilities of the composite by
enhancing surface morphology, increasing porosity, and providing more
active sites for gas adsorption.

Present a chemiresistive gas sensor, utilizing MoO3 and ZrO; nano-
composite, capable of detecting volatile organic compounds (VOCs) at
room temperature. We created B-Cyclodextrin-coated MoO3-ZrOy
nanocomposite with molybdenum concentrations of 1, 2, 5, and 10 %.
We synthesized the composite material using the inexpensive sol-gel
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method. The prepared material was characterized by various tech-
niques. At 30 °C, purified and nanocomposites samples successfully
detected a variety of VOCs. Nanocomposite material has outstanding
response time (30 s) and recovery time (39 s) for 100 ppm acetone. The
rapid interaction between acetone vapors and nanocomposite active
areas shortened recovery time.

The resulting nanocomposite material is anticipated to demonstrate
superior sensing performance, with particular emphasis on acetone
detection. The mesoporous structure of Zr(MoQOy),, coupled with the
catalytic activity of MoO3 and the stabilizing effect of ZrO,, should
contribute to lower operating temperatures, improved sensitivity, and
faster response and recovery times. This research, therefore, not only
advances the understanding of composite gas sensors but also introduces
a promising material for efficient VOC detection in environmental
monitoring and industrial safety applications.

2. Experimental section

For this experiment, zirconium oxychloride octahydrate
(ZrOCl,-8H20), ammonium heptamolybdate tetrahydrate
(NH4)6Mo07024-4H20, and p-Cyclodextrin (p-Cd: C42Hy79O35) were pur-
chased from LOBA Chemicals. Cetyl Trimethyl Ammonium Bromide
(C19H45N.Br) and ammonia solution (NH4OH) were obtained from SD
Fine Chemicals. All chemicals used were A.R. grade and utilized without
further purification. Double-distilled water (DDW) was used throughout
the experiment.

3. Synthesis of p-Cyclodextrin coated MoOs-ZrO,
nanocomposites

Pristine and B-Cyclodextrin coated MoO3-ZrO, nanocomposites were
synthesized using the cost-effective Sol-Gel method. A series of f
Cyclodextrin coated MoO3-ZrO; nanocomposites with 1, 2, 5, and 10 %
MoOg3 were synthesized and named as 1pMZ, 2pMZ, 5MZ, and 10fMZ,
respectively. For the synthesis of 1MZ, zirconium oxychloride octahy-
drate (2.589 g) and ammonium heptamolybdate tetrahydrate (0.085 g)
precursors were dissolved in 100 mL of DDW with constant stirring.
After obtaining a clear solution, $-Cd (0.2 g) and CTAB (0.5 g) were
added to form viscous Sol. To form the gel, aqueous ammonia solution
(10 mL) was added dropwise while stirring continuously. The gel was
heated with constant stirring for 3 h to remove excess water, and then
dried in an oven at 110 °C for 2 h. The dried gel was crushed with a
mortar pestle and calcined in an open-air muffle furnace at 600 °C for 3
h. During calcination, B-Cyclodextrin in the nanocomposite material
carbonized and transformed into porous carbon.

Using the same procedure, nanocomposites with 2, 5, and 10 %
MoOg3 namely (2pMZ), (5pMZ), and (108MZ) were synthesized with the
appropriate amounts of precursors. Pristine MoOs and ZrO2 nano-
composites were also prepared using similar methods, with ammonium
heptamolybdate tetrahydrate (8.58 g) and zirconium oxychloride octa-
hydrate (2.61 g), respectively.

4. Materials characterization

The structural phase and crystallinity of nanocomposites were
determined by using X-Ray Diffraction analysis (XRD, Rigacu MiniFlex
600) with Cu Ka radiation (A = 0.154 nm). Fourier Transform Infrared
spectroscopy (FTIR, PerkinElmer Spectrum 2) was investigated in the
range 4000 to 450 cm ™', The surface morphology was examined using
Field-Emission Scanning Electron Microscopy (FESEM, FEI Nova Nano
SEM 450) and High-Resolution Transmission Electron Microscopy
(HRTEM, Tecnai G2 20). UV-Visible Diffused Reflectance Spectra
(UVDRS, Lab India UV-Vis spectrophotometer 3092) was used to
analyze the optical properties. Raman analysis was done by a Renishaw
Raman analyzer. The surface area was measured using Brunauer-
Emmett-Teller analysis (BET, Microtrac MRB BELSORP MAX II).
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Surface chemical compositions were analyzed using X-ray photoelectron
Spectroscopy (XPS, Thermo Scientific NEXA surface analyzer).

5. Gas sensing activity

To evaluate the gas sensing properties of the nanocomposites, thick
films were prepared using the doctor-blade method on a clean glass
substrate. The glass substrate were immersed in a 0.5 M HCl solution and
sonicated for 30 min before cleaning. The nanocomposite powder was
mixed with polyethylene glycol (PEG) as a binder to form a paste using a
mortar and pestle. The resulting films were then dried at 300 °C for three
hours in an open-air muffle furnace. The gas sensing experiment was
conducted in a 750 mL airtight glass chamber connected to a Keithley
2000 multimeter for recording the resistance of the nanocomposites. A
static gas sensing method was used, where specific amount of test gas
vapor was introduced into the test chamber. The gas sensing activity was
performed at room temperature (30 °C), and different concentrations of
vapor were prepared using pure volatile organic compound (VOC)
liquid. The concentration of VOC’s in the glass bottle was calculated
using Eq. (1), and the volume of gas transferred from the bottle using a
syringe was calculated using Eq. (2) [5].

cxMxVx107°
=" """ @
224 xp
Where v is the volume of the liquid (mL), c is the concentration of the
target gas (ppm), p is the density of liquid (g/cm®), M is the molecular
weight of injected liquid (g mol ™), and V is the volume of the glass bottle
(mL).

y=cxVx10°°. (2)

Where v is the volume of the gas (mL), V is the volume of the testing
chamber (mL), and c is the concentration of gas in the chamber (ppm).

Before conducting the sensing test, the gas sensor was stabilized in
the air for 12 h, after which it was exposed to target volatile organic gas

vapors. The response (S) was calculated by using the formula ﬁ—i or 2—; for
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(d and e) cross-section of sensing film of 10pMZ nanocomposite material.

reducing and oxidizing gases, where R, is the resistance of the sensor in
the air atmosphere and Ry is the resistance in the presence of the target
gas. The response and recovery time of the gas sensor were defined as
the time required achieving 90 % of the change in resistance.

6. Results and discussions
6.1. X-ray diffraction spectroscopy (XRD)

The crystallographic structure of pristine materials and nano-
composites were determined using X-ray diffraction (XRD) analysis, as
shown in Fig. 1. The diffraction peaks of pristine ZrO,, depicted in Fig. 1
(a) appear at 20 (°) values of 30.2, 35.2, 50.2, 60.1 and 74.5 corre-
sponding to the crystallite planes (111), (200), (202), (311) and (400).
These planes align with JCPDS card No 14-0534, confirming a tetrag-
onal crystal structure [26]. Fig. 1(b) shows the XRD pattern for ortho-
rhombic MoOj3, with sharp and intense peaks at 20 (°) values of 23.2,
26.0, 27.6, 34.0, and 39.3 corresponding to the (110), (120), (021),
(111), and (150) diffraction planes, respectively. These match well with
JCPDS card No 75-0912 [27].

For the nanocomposites with high loading of molybdenum, 5pMZ,
and 10BMZ the XRD pattern are shown in Fig. 1(e and F). The peaks at 26
(°) values of 23.2, 30.6, 35.3, 38.8, 47.4, and 50.1 correspond to the
planes (112), (300), (220), (222), (224), and (116), respectively. These
peaks match the values reported in JCPDS card No 38-1466, indicating
the presence of a hexagonal phase of Zr(MoO4); material [28]. The
gradual increase in intensity of the peak at 23.2 (°) is attributed to the
increasing MoOgs concentration from 1fMZ to 10pMZ. Additionally, a
decrease in the intensity of the MoOs peak at 27.6 (°) suggests the
conversion of orthorhombic MoO3 and the formation of the hexagonal
Zr(MoO4)2 nanocomposite [29].

The crystallite sizes of the synthesized nanocomposites were esti-
mated using the Debye-Scherrer equation, with the results are presented
in Table S1. [30,31]. The Eq. (3) used for the calculation is as follows:
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Where, A is the wavelength of Cu Ka radiation (0.1514 nm), 6 in-
dicates the angular position of the peak, and p is the full width at half
maximum (FWHM) of the most intense diffraction peak, measured in
radians. The crystallite size of nanocomposites ranged from 7.72 to
27.61 nm, indicating strong interactions between the incorporated
MoOg and ZrO; species.

6.2. RAMAN spectroscopy

Fig. 2 shows the Raman spectra, providing insights into the vibra-
tional modes and crystal phase of both pristine and nanocomposite
materials. Fig. 2(a) presents the Raman spectrum of pristine ZrO, The
intense peak at 147 cm™! corresponds to the symmetric stretching vi-
bration mode of Zr-O bonds in the tetragonal phase of ZrO,. Additional
peaks at 268 and 316 cm ™! are attributed to the Zr-O-Zr bending vi-
bration or the asymmetric stretching mode of oxygen atoms. The peak at
460 cm™! corresponds to the symmetric stretching mode of the Zr-O-Zr
bonds, while peaks at 601 and 645 cm ™! are associated with the bending
mode of the O-Zr-O bond present on ZrO, [32].

In Fig. 2(b), the Raman spectrum of pristine MoOg is shown, with
prominent peaks at 197, 244, and 283 cm ™!, corresponding to the
symmetric stretching mode of Mo-O-Mo bonds in the orthorhombic
MoOs lattice. The peaks at 335, 378, and 425 cm ™ are mainly due to the

Surfaces and Interfaces 53 (2024) 105068

bending vibrations of Mo-O bonds or may relate to the stretching mode
of terminal Mo=0 bonds. The band at 665 cm corresponds to the
symmetric stretching mode of the Mo-O bond, while peaks at 817 and
994 ¢cm™! illustrate the stretching vibration of Mo-O-Mo and Mo=0
bonds, respectively [33,34].

The Raman spectra of $-CD coated MoOs-ZrO; nanocomposite indi-
cate the presence of hexagonal phases. Fig. 2(c-F) shows the vibrational
modes within the crystal lattice for 1pMZ, 2pMZ, 5pMZ, and 10fMZ
nanocomposites. A low-frequency band is observed, resulting from the
lattice vibrational and translational modes of the hexagonal structure.
The peak at 319 cm ™! corresponds to the symmetric stretching vibra-
tions of Mo-O and Zr-O bonds in the crystal lattice. Additionally, the
intense peaks at 749, 945, and 1003 cm ™! correspond to the symmetric
V(0-Mo-0), antisymmetric ¥(O-Mo-0) and v(Mo=0) vibrational modes,
respectively. The decrease in intensity of the corresponding peaks of
pristine MoOs3 and ZrO; in the composite material further confirms the
formation of hexagonal Zr(MoQ4),; nanocomposites [35-38].

6.3. Fourier transform infrared spectroscopy (FT-IR)

The Fourier Transform Infrared (FT-IR) spectrum, shown in Fig. 3,
provides essential insights into the chemical bonding in the samples. In
Fig. 3(a), the pristine ZrO, spectrum features peaks at 761 and 606
em ™}, corresponding to Zr-O stretching vibration and a peak at 559
em™!, suggesting the O-Zr-O bending vibration, characteristic of the
ZrOy [39-41]. The FT-IR spectrum of pristine MoOs shows a peak at 980
cm™!, representing the terminal Mo=0 and a peak at 809 cm™!, asso-
ciated with antisymmetric O-Mo-O or Mo-O-Mo stretching vibrations.

For the B-CD coated MoOs3-ZrO5 nanocomposite, a significant new
absorption band emerges in the range of 500 to 810 cm ™%, likely cor-
responding to the M-O-M or O-M-O bonding. The peak at 809 cm™!
indicates the M = O bonding mode. These results suggests the successful
formation of Zr(MoQy4), [39,42,43].

6.4. Field emission scanning electron microscopy (FE-SEM)

The surface morphology of both pristine materials and nano-
composites was analyzed using FE-SEM images, as depicted in Fig. 4.
Fig. 4(a), shows that pristine MoOs has a 2-D nanosheet structure with a
width ranging from 2 to 5 ym and a length of 10-20 pm. Fig. 4(b) dis-
plays the pristine ZrO,, which exhibits agglomerated nanoparticle-like
morphology. Fig. 4(c) reveals the uniform and smooth surface
morphology of 10pMZ nanocomposite.

Fig. 4(d and e) illustrate the cross-sectional view of the sensing film
made from the 10MZ nanocomposite. The film’s thickness ranges be-
tween 4 and 6 pm, which is more favorable for fast response times and
high sensitivity in gas sensing applications [44].

6.5. High resolution transmission electron microscopy (HR-TEM)

Fig. 5 presents the transmission electron micrograph (TEM) image
the 10pMZ nanocomposite, revealing the presence of hexagonal crystal
structure of Zr(MoOj4)2. The size of the nanocomposite particles ranges
from 70 to 180 nm. The high-resolution transmission electron micro-
scopy (HRTEM) image also shows d-spacing values of 0.19 and 0.23 nm,
corresponding to the (224) and (222) lattice planes of the Zr(MoO4)s
phase, respectively, along with d-spacing of 0.35 for the (120) lattice
plane of residual MoOs3 in nanocomposite. Additionally, due to the high
temperature calcination of the nanocomposite, p-CD was carbonized
into porous carbon [19]. These findings are consistent the XRD analysis
of 10fMZ nanocomposite material.

6.6. Ultra Violet- Visible and diffuse reflectance spectroscopy (UV-Vis
DRS)

The UV-Vis diffuse reflectance spectrum offers critical insights into
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the optical properties of nanocomposite materials. This spectrum cap-
tures both absorption and remission within the materials. As illustrated
in Fig. 6(a-e), the reflectance spectra for the pristine ZrO,, 1pMZ, 2fMZ,
5BMZ, and 10fMZ nanocomposites were recorded across a wavelength
range of 200 nm to 800 nm at room temperature. Notably, the reflec-
tance spectrum exhibits a peak shift towards the longer wavelength,
which can be attributed to the increasing concentration of metal (Mo™)
ions in the composites.

By converting the reflectance spectra into equivalent absorbance
spectra, the optical absorption coefficient (a) was determined using the
Kubelka-Munk method [45]. This absorption coefficient ‘a’ was then
modified by multiplying it by the incident beam light intensity. The
effective band gap of the ZrO, and MoO3-ZrO, series were calculated by
extrapolating the linear region of the plot, as shown in Fig. 6. The
analysis revealed an indirect optical band gap energy of pristine ZrO,
and nanocomposites samples, with detailed values shown in Table S2
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[46]. The pristine ZrO, displayed an optical band gap of 4.02 eV, while
in nanocomposites exhibited a ranges from 3.42 eV to 2.70 eV.

The incorporation of Zr(MoOg4), significantly narrows the optical
band gap, especially with higher Mo* ion concentration in nano-
composites. This narrowing is due to the formation of a narrow elec-
tronic band structure, likely resulting from localized defect states in the
sub-band gap region. The absorption coefficient edge shifts towards the
visible region (310 to 460 nm), enhancing the suitability of these
nanocomposites for sensor applications [47].

6.7. X-ray photoelectron spectroscopy (XPS)

The surface elemental composition of 10MZ nanocomposites was
analyzed using X-ray Photoelectron Spectroscopy (XPS). The compre-
hensive XPS spectrum, presented in Fig. 7(a), reveals the presence of Mo,
Zr, C, and O elements on the nanocomposite surface, with atomic per-
centages of 7.15, 16.5, 57.42, and 18.31 %, respectively. The Mo 3d
spectrum, shown in Fig. 7(b) features peaks at 232.7 and 235.8 eV,
corresponding to the Mo 3ds/2 and Mo 3ds,/2 of Mo®*tin MoOs3 [48].
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Similarly, the Zr 3d spectrum shown in Fig. 7(c) display character-
istic peaks at 184.7 and 182.3 eV for Zr 3d3,, and Zr 3ds,s, respectively,
which are consistent with the Zr*" oxidation state in the nanocomposite,
as corroborated by literature [49]. The deconvoluted O 1 s spectrum in
Fig. 7(d) shows prominent peaks at 530.4 and 531.8 eV, representing
0%~ ions within the lattice and surface-adsorbed oxygen or hydroxyl
groups in nanocomposites, respectively [49,50].

Fig. 7(e) displays the C 1 s spectrum, with peaks at 284.8, 285.8, and
288.8 eV, corresponding to C = C/C—C, C—O0, and C = O bonds in
graphite-like carbon atoms [51,52]. The detection of Mo 3d, Zr 3d, C1s,
and O 1 s elements in the XPS survey confirms the formation of Zr
(MoO4)» nanocomposite, along with the attachment of carbon atoms.

6.8. Brunauer-Emmett-Teller (BET)Analysis

The Brunauer-Emmett-Teller (BET) analysis of the Pristine ZrO,,
Pristine MoO3 and 10pMZ nanocomposite is summarized in Fig. 8. The
analysis of pore size distribution, pore volume and specific surface area
was conducted using nitrogen adsorption-desorption isotherms and the
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Barrett-Joyner-Halenda (BJH) method. The specific surface area is a
crucial factor that influencing the gas sensing properties of material.

Fig. 8(a-c) displays a type IV isotherm and a type H3 hysteresis loop
for both pristine and nanocomposite samples, indicating the mesoporous
nature of the materials. The corresponding BJH plot in Fig. 8(d-f)
further confirms this mesoporosity. Table S3 provides a summary of the
specific surface area, pore size and pore volume for both pristine and
nanocomposite samples. The results indicate that an increase in specific
surface area correlates with a decrease in pore size, demonstrating that
doping MoOs3 on ZrO, enhances the performance of the nanocomposite.
This improvement is primarily due to the larger surface area, which
plays a significant role in enhancing the sensing properties of the ma-
terial [53-55]. The addition of -CD further contributes to the increase in
surface area, leading to enhanced sensor activity.

7. Gas sensing activity studies

The gas sensing experiment was conducted to evaluate the selectivity
of the synthesized materials for various volatile organic compounds

Surfaces and Interfaces 53 (2024) 105068

(VOCs), as well as key factors such as response and recovery time, the
effect of operating temperature, concentration dependence, and reus-
ability. The material tested including pristine MoOs, pristine ZrO, and a
series of PMZ nanocomposites. Selecting appropriate target gases is
crucial for evaluating sensor selectivity. Fig. 9 illustrates the responses
of various VOCs (acetone, ethanol, methanol, xylene, toluene, and N-
butanol) at a concentration of 100 ppm, tested at room temperature (30
°C) for both pristine and nanocomposites samples.

Among all the synthesized catalytic materials, the 10fMZ nano-
composite demonstrated the highest gas sensing response (1.97) to-
wards acetone vapors, outperforming other tested gases. In comparison,
pristine ZrO and pristine MoO3 exhibited lower responses of 1.34 and
1.41, respectively, highlighting the superior sensing activity of the
10fMZ nanocomposite. Several factors contribute to the enhanced per-
formance of the 10pMZ nanocomposite. Firstly, high specific surface
area (343.26 m?/g) provides more active sites for adsorption-desorption
gas reaction, crucial for effective sensing [56]. Additionally, bond
dissociation energy plays a significant role in determining selectivity
towards acetone gas. Acetone, bond dissociation energy of 352 kJ/mol,
has lower energy requirement compared to other testing gases such as
ethanol (462 kJ/mol), methanol (462 kJ/mol) and toluene (370 kJ/mol)
[57]. The high dipole moment of acetone, indicating high polarity, fa-
cilitates its easy adsorption onto sensors surface, resulting in a stronger
sensing response [58].

8. Response and recovery time

One of the main characteristic features of gas sensors is their ability
to respond and recover quickly. As depicted in Fig. 10, the change in
resistance of the sensor when exposed to 100 ppm acetone vapors is
shown. The 10fMZ nanocomposite material exhibits a rapid response
time of 30 s and recovers within 39 s. Upon the injection of acetone
vapors into the test chamber, the resistance of the film rapidly increases,
indicating a swift detection response.

9. Optimum operating temperature

Determining the optimum operating temperature is crucial for
maximizing the gas sensor’s performance. The response of the sensor at
various temperatures is illustrated in Fig. 11. As the temperature in-
creases, the resistance R, of the sensor also increases, leading to a higher
response. The 10BMZ sample shows the highest response of 65.34 for
100 ppm acetone at 40 °C, which is nearly 33 times higher than the
response observed at room temperature (30 °C). However, at 50 °C, the
response decreases to 1.02 due to the reduced adsorption ability of
acetone molecules at higher temperatures, which adversely affects the
sensing activity [59].

10. Concentration effect

The effect of varying acetone vapor concentrations on the 10fMZ
nanocomposite is illustrated in Fig. 12. The sensor was tested with
concentrations ranging from 25 to 200 ppm. The response shows a linear
increase with increasing concentration, but beyond 150 ppm, the rate of
increase slows down, reaching a saturation point. This behavior is
attributed to the reduced availability of surface-adsorbed oxygen species
in the nanocomposite as it becomes increasingly covered with acetone
vapors. Consequently, the reaction rate decreases, leading to a slower
rise in response [60].

11. Effect of relative humidity

Fig. 13 illustrates how varying levels of relative humidity (RH) at
room temperature (30 °C) influence the response of the 10MZ nano-
composite to 100 ppm acetone vapor. The response at different RH levels
33, 45, 50, 67 and 75 % decrease from 1.97 to 1.006. As the relative
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humidity increases, the gas sensor’s response decreases. This is because
the surface of nanocomposite absorbs more water molecules at higher
humidity levels, which reduces the adsorption of oxygen. As a result,
both the reaction rate and the sensor response are diminished [57].

12. Repeatability and reusability

Repeatability is a critical factor in evaluating the reliability and
quality of a gas sensor. The 10BMZ films were tested for repeatability by
recycling them at 100 ppm acetone vapor concentrations over seven
cycles, as depicted in Fig. 14. After each cycle, the sensor’s resistance
returned to the baseline, with only a slight decrease in response
observed before stabilization. This consistent performance across mul-
tiple cycles suggests that the 10pMZ nanocomposite exhibits excellent
reusability and stability as a gas sensor material (Fig. 15).

13. Gas sensing mechanism

When MoOs-ZrO; nanocomposites are exposed to air, they absorb O,
from the atmosphere. The absorbed oxygen species (O, orO™) undergo
chemisorption, drawing electrons (e”) from the conduction band of
MoOs3-ZrO,. Upon exposure to acetone vapors, the acetone molecules
adsorb onto the surface of the MoO3-ZrO,. The a-H of acetone, which is
slightly acidic, interacts with the oxygen atom ‘O’ in MoOs-ZrO,,
forming an intermediate enolate species through the elimination of a-H
from the acetone molecule (M-O—-H—CH,COCH3). This interaction
leads to the formation of O—H bonds on the MoO3-ZrO, film, a phe-
nomenon that is confirmed by the FT-IR spectra, where an increase in
the -OH frequency is observed in the presence of adsorbed acetone (as
shown in Fig. 16b). Additionally, the enolate species can further interact
with a second acetone molecule to form diacetone alcohol. The forma-
tion of the O—H bond on the MoO3-ZrO, film involves the utilization of
electrons from the conduction band, thereby increasing the resistance of
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the film upon acetone adsorption. During the desorption process, the
O—H bond on the MoO3-ZrO- dissociates, restoring the H to the acetone
species, which leads to a decrease in film resistance as acetone is
removed [61,62].

The B-CD coated MoOs3-ZrOs nanocomposite exhibits excellent gas
sensing performance towards acetone at room temperature, with quick
response and recovery times. The enhancement in gas sensing properties
towards acetone vapors is mainly attributed to several factors: the large
specific surface area, the formation of heterojunctions, and the porous
nature of the sensor [63]. The incorporation of $-CD significantly im-
proves the specific surface area and porosity of the nanocomposite,
providing more active sites, which in turn increases the sensor’s
response. Additionally, the Mo content loaded onto ZrO; nano-
composites exhibits high catalytic activity due to the formation of
Brgnsted acid sites, which enhance surface activity [36]. The high dipole
moment and low bond dissociation energy of acetone also contribute to
the selectivity and enhancing sensing performance.

Overall, the gas sensing mechanism relies on the adsorption-
desorption reaction between the sensor’s surface and the gas mole-
cule. A highly porous sample performs better due to the availability of
more active sites for the reaction. Therefore, the presence of p-Cyclo-
dextrin in the sample enhances the sensing activity of nanocomposite
material.

14. Comparison of acetone gas sensing performance with other
gas sensors

Table 1 summarizes the performance of various gas sensors for
acetone detection, highlighting key metrics such as response, operating
temperature, response time, and recovery time.

B-CD coated MoOs-ZrO, nanocomposite exhibits a high response of
1.97 at 100 ppm acetone at room temperature (RT), with a rapid
response time of 30 s and a recovery time of 39 s. ZnO nanofibers
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(PZ4Go) show a slightly higher response of 2.30 at 200 ppm acetone, but
require a high operating temperature of 400 °C and have longer
response (31 s) and recovery (144 s) times. ZnO-RGO nanofibers (PZ4G7)
achieve a significantly higher response of 4.00 at 200 ppm acetone, with
a response time of 36 s and recovery time of 167 s, operating at 200 °C.
Co304 nanoparticles demonstrate a high response of 8.61 at 100 ppm
acetone, with a response time of 43 s and recovery time of 92 s, at an
operating temperature of 200 °C. N—C@SnO;—Co304—HNBs (2 %)

Surfaces and Interfaces 53 (2024) 105068

achieves a remarkable response of 14.00 at 50 ppm acetone, but the
response and recovery times are not specified, and it operates at 160 °C.
Cu-MOF400 provides a response of 2.60 at 40 ppm acetone, operating at
250 °C, with unspecified response and recovery times. Co304 Nanowire
array has a response of 1.60 at 100 ppm acetone, with long response
(206 s) and recovery times (over 190 s), at 250 °C. The Cu doped ZnO
shows a response of 3.50 at 10 ppm acetone, operating at room tem-
perature with a prolonged response time (~400 s) and recovery time
(~100 s). Au loaded Co304 porous hollow nanocages demonstrate the
highest response of 14.50 at 100 ppm acetone, but have the longest
response (319 s) and recovery times (280 s) at 190 °C.

Our B-CD coated MoOs-ZrO: nanocomposite compares favorably,
offering a strong balance of performance metrics with a high response
and fast response and recovery times at room temperature.

15. Conclusion

This study successfully synthesized and characterized pristine MoOs,
pristine ZrO», and a series of -CD coated MoOs-ZrO, nanocomposites
using a cost-effective sol-gel method for gas sensing applications,
particularly at room temperature (30 °C). The incorporation of
B-Cyclodextrin significantly enhanced the surface morphology and
porosity of nanocomposite, as confirmed by extensive characterization
techniques (XRD, RAMAN, FT-IR, SEM, HR-TEM, UV-DRS, XPS, and
BET).

The gas sensing experiments demonstrated that the B-Cd coated
MoOs3-ZrO,; nanocomposites exhibited superior performance compared
to pristine MoO3 and ZrOs;. The 10pMZ nanocomposite, in particular,
displayed remarkable sensing capabilities with rapid response time of 30
s and recovery time 39 s for 100 ppm acetone vapors. The nano-
composites displayed good selectivity and repeatability, with the
response strongly influenced by operating temperature and acetone
concentration. Notably, the 10fMZ nanocomposite demonstrated the
highest response to acetone vapors (1.97) among the tested gases. This
enhanced performance is attributed to the increased specific surface
area, abundance of active sites, and the porous nature of the composite,
which facilitated efficient gas adsorption. Additionally, the low bond
dissociation energy and high dipole moment of acetone further
contributed to the improved sensing response.

In comparison with existing materials reported in the literature, the
108MZ nanocomposite not only operates effectively at room tempera-
ture but also offers competitive advantages in terms of response and
recovery times, as well as overall sensitivity to acetone vapors. These
findings underscore the potential of this nanocomposite as an efficient
gas sensor for VOC detection, making it a promising candidate for ap-
plications in environmental monitoring and industrial safety.

However, while the 10pMZ nanocomposite demonstrated excellent
acetone sensing performance, its effectiveness across a broader spectrum
of VOCs and in real-world environments remains to be fully explored.
Future research should focus on optimizing the nanocomposite

Table 1
Comparison of acetone gas sensing performance with other sensing materials.
Gas sensor Acetone Response Operating Temperature Response Time Recovery Reference
Concentration (ppm) (°0) (s) Time
(s)
B-Cd coated MoO3-ZrO, nanocomposite 100 1.97 RT 30 39 This work
ZnO nanofibers 200 2.30 400 31 144 [64]
(PZ4G0)
ZnO-RGO nanofibers 200 4.00 200 36 167 [64]
(PZ4G7)
Co304 nanoparticles 100 8.61 200 43 92 [65]
N-C@Sn0O,—Co304—HNBs (2 %) 50 14.00 160 - - [66]
Cu-MOF400 40 2.60 250 - - [67]
Co304 Nanowire array 100 1.60 250 206 >190 [68]
Cu doped ZnO 10 3.50 RT ~400 ~100 [69]
Au loaded Co304 porous hollow nanocages 100 14.50 190 319 280 [70]
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composition, exploring additional VOC targets, and assessing the ma-
terial’s long-term stability and reusability in diverse conditions. Such
efforts will be crucial in expanding the practical applications of this
promising material and addressing the ongoing challenges in VOC
detection.
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1 Introduction

Nanomaterial with two-dimensional (2D) structures
have received immense attention owing to their
specific structural anisotropy and several fascinating
electrical properties [1-3]. The transition metal oxide
(TMO) semiconductors [4-11] with well-known
physical and chemical properties in hierarchical
nanostructures have attentive for wide applications
in electrochemical energy storage devices (EESDs).
However, the electrochemical activity of nanostruc-
ture tungsten oxides (WO;) strongly depends on
morphology and crystal system based on synthesis
techniques, besides this, are also useful in water
splitting, [12] visible light driven photo catalysts,
photochromic devices, buffer layer in organic light-
emitting diodes and sensor. EESDs play the central
role in ongoing sustainable carbon-free energy tech-
nologies such as solar cells, batteries, and super
capacitors, where the key factor in up and down
streams of energy and power density devices trying
to be resolved for both the purpose of TMOs are
preferred. Due to the excellent electrochemical sta-
bility, low cost and easy to obtained WO; motivated
to the material scientist to make a new avenue in the
field of EESDs [13]. The recognition of these tech-
nologies heavily trusts on the fundamental properties
of the electrode materials that are being used to fab-
ricate EESDs. WO; has been materialized as a pro-
jecting metal oxide for next EESDs development by
its inherently tunable nonstoichiometric, surface-ac-
tive redox states augmented to improve the electrode
kinetics in super capacitor applications. For the same,
various synthesis techniques have been employed to
engineer 2D materials with designated and control-
lable morphology. [14, 15] Recently, Mandal et al. [16]
reported the lack of synthesis techniques with high
quality WO; nanostructures. Yin et al. [17] presented
the NSs of anchored WO;, The quality of nanostruc-
tures used for the supercapcitor is depends on the
contact between electrode and electrolyte, the NSs
possesses the sufficient area for the contact due to
aspect ratio. Yang et al. [18] reported the NSs of WO;
doped with MnO; ¢, super capacitor. The quality of
nanophase WO; also been improved by compositing
with post transition metals [19].

In the context, the 2D y WO3 Nano sheets (NSs) is
synthesized by hydrothermal technique in mild
conditions and tested for electrode material in super
capacitor applications resulting as a promising
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material. By using the nanostructures reported the
enhanced nano-technological applications. The super
capacitor is one of the most important EESD which
works as a faster delivery of energy than batteries
and is superior to conventional capacitors [20]. To
date, various electrode materials have been synthe-
sized for use in supercapacitors, including conduct-
ing polymers, metal-organic frameworks, siloxenes,
transition metal oxides, transition metal sulfides,
carbonaceous materials, chalcogenides, polyoxomet-
alates [5, 9, 11], Tungsten oxides in the forms of NSs
is an n-type semiconductor with an indirect bandgap
having good optical, chemical, and thermal stability,
making it appropriate for super capacitor applica-
tions [21-23]. Extensive research and numerous
studies have focused on WO; based super capacitors,
highlighting their notable pseudo capacitive behavior
arising from the presence of multiple oxidation states,
rapid surface reactions, and a crystal structure con-
ducive to the intercalation of electrolyte ions. Huang
et al. [24] observed a high specific capacitive of WO;
NSs.

In this work, we report the synthesis of stable, cost-
effective, and oxygen deficient 2D-y- WO; NSs by
hydrothermal method and their performance in
super capacitor applications. The synthesized mate-
rials were characterized by different spectroscopic
techniques. Then, the as-synthesized materials were
tested for super capacitive properties in the three-
electrode system with the potential window of
0.0-0.6 V in the presence of 3 M KOH. The as-syn-
thesized 2D NSs of y- WO3; demonstrated excellent
electrochemical performance with the specific
capacitance of 386 F g~ ' at a constant current density

of 5 mA cm™2.

2 Experimental section

2.1 Synthesis of y-Tungsten oxide
nanosheet (y-WO; NSs)

The precursors used in this synthesis are of analytical
grade and utilized as received. In a typical reaction,
an equivalent amount of lead acetate Pb(C,H305)»
and sodium tungstate (Na,WO,) (2 mmol) were dis-
solved in 50 ml 0.1 M nitric acid (HNOs) solution.
The mixture was stirred vigorously for 75 min in a
hot water bath and obtained a white color suspen-
sion. This white color suspension of lead tungstate
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(PbWO,) turns to yellow at pH 2.9 [15] which is
subjected to the hydrothermal treatment at 120 °C for
12 h in a Teflon reactor jacketed with stainless steel
autoclave. After the completion of the reaction, the

product was filtered at room temperature and then
washed with DI water and dried at 100 °C for 2 h.

2.2 Characterizations

The structural analysis and phase purity of the sam-
ple was examined by X-ray diffraction (XRD) on a
Bruker D8 Advance X-ray diffractometer. X-ray
photoelectron spectroscopy (XPS) analysis was per-
formed using an ESCALAB-MKII spectrometer. The
absorption properties were measured by a UV-Vis
diffuse reflectance spectrophotometer (UV-3600, Shi-
madzu). The Photoluminescence properties were
measured by a spectrofluorophotometer (RF-5301PC,
Shimadzu). Room-temperature micro-Raman scat-
tering analysis was performed using an HR
800-Raman spectrometer (Horiba Jobin Yvon), with
excitation at 532 nm. The morphological features of
the synthesized samples were analyzed by Field-
Emission Scanning Electron Microscopy (HITACHI
54800) and Transmission Electron Microscopy (FEI
Technai T20, Netherlands). For SEM analysis, the
sample was mounted on an aluminum stub using
conductive sticky pads. For TEM analysis, the as-
synthesized sample was dispersed onto TEM grids
using ethanol, and air-dried before imaging.

2.3 Electrochemical measurement

Electrochemical properties of the electrodes fabri-
cated from nanosheet-like y-WQO5; were measured
through a three-electrode assembly in 3 M KOH
electrolyte using a Versa STAT 3 electrochemical
workstation. The three-electrode assembly was com-
posed of WO; as a working electrode, platinum as a
counter electrode, and saturated calomel electrode
(SCE) as a reference electrode. The cyclic voltamme-
try (CV) analysis was performed by varying the scan
rates from 5 to 100 mV s~ within a potential window
of 0-0.6 V vs. SCE. A Galvanostatic charge—discharge
(GCD) investigation was carried out at various cur-
rent densities ranging from 5 to 10 mA cm ™2 The
electrochemical impedance spectroscopy (EIS) was
conducted over a frequency range of 1 Hz-100 kHz.
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3 Results and discussion

Figure 1a—d illustrates the XRD, Raman, DRS, and PL
study of y-WO;.« NSs, respectively. The peak posi-
tions in Fig. 1a correspond to the monoclinic struc-
ture of WO; (y-WO3) with lattice parameters,
a=07301, b=0.7539, and c=0.7688 nm (JCPDS
Card No 01-083-0950). The monoclinic structure of
WO; is referred to as the gamma phase of tungsten
oxide (y-WQO;). The strong intensity peak located at
23.1° indicates domination of the (002) crystal plane
as a preferred orientation [25]. Comparison to the
XRD pattern of bulk WO; reported by Boruah et al.,
[26] corresponds to y-WO; NSs. In addition, the
shape of the peak located at 34.19° is not the same as
bulk WOj;. This could indicate the oxygen deficiency
in WO; NSs [15]. The Raman peaks observed at 720
and 813.5 cm ™' in Fig. 1b correspond to the stretch-
ing vibrations [v (O-W-O)] and the peak at
280.5 cm ™! belongs to the bending vibrations [§ (O-
W-0O)] of the y-WO3 NSs [27-29]. Unlike in the bulk
WO;, the peaks are slightly blue-shifted, this again
could attribute to the oxygen deficiency in the NS
[23]. From the UV-Vis diffuse reflectance spectrum
shown in Fig. 1c., the electronic band gap of the NSs
is estimated as 2.86 eV. The band gap was evaluated
by the Tauc method using the following Eq. (1):

(euhv)'"= B(hv — Eg) (1)

where, o is the absorption coefficient, h is the Planck
constant, v is the photon’s frequency, E, is the band
gap energy and B is a constant. The v factor depends
on the nature of the electron transition and is equal to
1/2 for direct and 2 for indirect band gaps. [26] The
band gap of the NSs is higher than that of the com-
mercial bulk WO; (2.54 eV) partially due to quantum
confinement effects [15]. The major cause of the
enhancement in the band gap is due to the shortage
of O*" ions at the intrinsic sites, although oxygen
deficiency ultimately helps in the formation of the
NSs [26, 27]. Fig. 1d reveals the PL spectrum of v-
WO; NSs obtained at an excitation wavelength of
325 nm in dichloromethane. The strong peak at
433 nm reveals a bandgap of 2.86 eV (~ transparent
WO;) and other weak peaks are at the border of
quantum confinement. However, quantum confine-
ment is difficult to attain in metal oxides because
their exciton Bohr radii are of the order of a
nanometer [28]. This border quantum confinement

@ Springer
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Fig. 1 a XRD, b Raman spectra, ¢ Diffused reflectance spectra (DRS), and d Photoluminescence (PL) of y-WO3 NSs

and oxygen deficiency are indicated by the peaks at
433 and 459 nm, respectively.

The possible reaction of our as-prepared samples is
given as follows. The reactions involved as,

PbAC, + Na;WO; -2 PbWO, + 2NaAC

PbWO, +2H" — PbWO;H,0 — WO; + H,O

FE-SEM images of the y-WO3; NSs with different
magnifications are displayed in Fig. 2a and b. From
Fig. 2a, the morphology of the as-synthesized y-WO;
can be concluded as NSs. From the high magnifica-
tion image provided in Fig. 2b, the average lateral
size and thickness of the NSs are estimated to be 50

@ Springer

and 100 nm respectively. It shows that these NSs are
loosely stacked together leading to a large meso-
porosity, which could be one of the factors con-
tributing to the good electrochemical properties. The
surface area plays an important role in enhancing the
supercapacitor properties. Therefore, the 2D NSs can
provide better optimization routes including the
modulation of the materials” activity, surface polar-
ization, and rich oxygen vacancies. Hence, this is
synthesized y-WO3; NSs could be very effective for
supercapacitor applications.

The TEM images of y-WO;5; NSs are given in Fig. 2¢c
and d show the growth of a thin layer of uniform y-
WO3; NSs. Figure 2c show y-WO3; NSs with irregular
morphology. By analyzing the TEM images (Fig. 2c),
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Fig. 2 a-b FESEM images of
v-WO; NSs ¢ TEM images of
v-WO3 NSs d high resolution
image and SAED pattern
(inset) of y-WO;3 NSs
synthesized by hydrothermal
method

it is estimated that y-WO3; NSs have a broad distri-
bution in lateral size ranging from 20 to 100 nm. The
observed NSs-like morphology is favorable for
supercapacitor application. HR-TEM images of the
NSs displayed in Fig. 2d, clearly show lattice fringes,
whose resolution is estimated to be 0.38 nm. This
corresponds to the interplanar distance of the (002)
planes of WO; (in good agreement with JCPDS data
01-083-0950), supporting the dominance of (002)
peaks in the XRD patterns shown in Fig. 2a. The
SAED pattern of the NS is given in inset Fig. 2d.
From the figure, it is clear that the NS are crystalline
and the corresponding planes match very well with
the XRD data given in (Fig. 1a).

Elemental and oxidation state analysis was per-
formed using XPS and are presented in Fig. 3a—c. The
XPS survey spectrum of the NSs presented in Fig. 3a
displays no other peaks than that of ‘W” and ‘O’. The
Wi4f spectrum with spin-orbit doublet 7/2-5/2 for
the ‘W’ valance state is demonstrated in Fig. 3b. In
Fig. 3¢, the deconvoluted Ols spectra of the y-WO;.
NSs are displayed. The peak located at 529.6
and 530 eV corresponds to the stoichiometric Oy~
ions, while the slightly shifted peak located at
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532.5 eV corresponds to oxygen deficiency [15]. The
XPS results further support the XRD and Raman data
to confirm the presence of oxygen deficiency in the
nanosheet [29].

Figure 4 shows the supercapacitive properties of
the y-WQO; thin films prepared using the hydrother-
mal method at a temperature of 120 °C for a constant
deposition time of 12 h. Figure 4a shows the CV
measurements of the y-WQOj thin films with various
scan rates from 5 to 100 mV s™' in the potential
window of 0 to — 0.6 V, respectively. The CV curves
indicate the scan rates increase in the area under the
CV curves and the reduction peaks intensity also
increases. The values of specific capacitances of the y-
WO; thin film can be calculated using standard
relations [29]. The calculated values of the Cs are
shown in Fig. 4b, the obtained Cs values of 451, 409,
314, 190, 171, and 161 F g~" for 5, 10, 20, 50, 80, and
100 mV s, respectively. The Cs values of the y-WO;
thin film show larger than the reported values in the
literature review. The calculated values of Cs are
more than the previously reported values because the
vertical growth of the nanoplates like surface mor-
phology provided higher surface area and easy axis

@ Springer
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Fig. 3 a XPS survey scan spectrum b W4f XPS spectrum, and ¢ Ols XPS spectrum of y-WO; NSs

of the ions transfer from the electrode/electrolyte
interface. Numerous researchers are currently
engaged in the study of WO; nanomaterial for its
potential use in electrochemical applications [30]. Sun
et al. [31] synthesized the hexagonal nanorod-like
WO; electrodes for negative electrode material by
hydrothermal method for the supercapacitors appli-
cation, and they reported a higher specific capaci-
tance of 4153 F g*l at 0.5 A g*l. Mineo et al. [32]
reports the WO; electrode material using hydrother-
mal method. Also they reported the value specific
capacitance of 325 F g™ ' at fixed scan rate 2 mV s~
with hexagonal nanostructures. Also, they reported
the effect of, structural morphology and electrical
properties of WOj; electrodes. Similarly, the

@ Springer

supercapacitor properties of the as-synthesized
nanoplates like the nanostructure of y-WQO; thin films
were studied by GCD measurements with the same
potential window (0.0 to — 0.6 V) in the 3 M KOH
electrolyte. Figure 4c shows the typical GCD mea-
surements of y-WQj; thin films at different current
densities from 5 to 10 mA cm™> in the constant
potential windows of 0.0 to 0-0.6 V, respectively. The
charging-discharging curves show a non-linear-like
nature which is typical behavior of electrical double
layer capacitor (EDLC) super capacitors. This types of
behavior indicate the presence of faradaic reaction in
the as-synthesized nanoplates like y-WOj thin films
and electrolytes. The calculated values of the Cs of
the as-synthesized nanoplates like y-WOj thin films
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Fig. 4 a CV curves of WO; electrodes at various scan rates, b specific capacitance with scan rates, ¢ GCD curves of WO; electrodes at
different current densities, and d specific capacitance with different current density

using standard relations. The calculated Cs values
were 383, 261, 201, 173,179, and 130 F gf1 at different
current densities of 5, 6, 7, 8, 9, and 10 mA cm 2 (as
shown in Fig. 4d) [32-35]. Kumar and Karup-
puchamy [36] prepared the Co doped WO; electrode
composite with CNT using solution growth method.
They mentioned the value of the specific capacitance
of 60 Fg~'at1 A g™, respectively. The calculated Cs
values are better than the previously mentioned
study [37], which indicates the highly porous-like

surface supply more active surface area for electro-
chemical properties, which is useful for faster ion
transformation during the electrochemical reaction
[33, 34].

For more details study of the electrical mechanism
of the as-synthesized nanoplates like a y-WO; thin
film as shown in Fig. 5. We used the EIS techniques
in the constant frequency of 1-100 kHz with an open-
potential 0.39 V. The calculated values of the solution
resistance (Ry) and charge-transfer resistance (R.;) of

@ Springer
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Fig. 5 EIS plots of WOj3 electrode, inset shows zoom image of
the EIS and equivalent circuit

v-WOs; thin film fitted data with the Z-SimpWin
software. The fitted data provided the values of the
Rs and R are 9.1 and 1.19 Q, respectively. The cal-
culated values of the charge-transfer resistance indi-
cate the as-synthesized nanoplates like y-WO;
electrode provided higher conductivity for the
enhanced electrochemical properties [34, 35].

4 Conclusions

In conclusion, high-quality y-WO3; NSs were synthe-
sized by an inexpensive hydrothermal route at low
temperatures. The as synthesized materials were
characterized by different techniques such as X-ray
diffraction, Raman spectroscopy, diffused reflectance
spectroscopy, and photoluminescence analysis, field
emission-scanning electron microscopy and high-
resolution transmission electron microscopy. The as-
prepared y-WO; NSs have a monoclinic structure
with the (002) plane as the preferred orientation. The
as-synthesized y-WO; has nanosheet-like morphol-
ogy having a thickness of ~ 50 nm. The band gap of
the nanosheet is calculated to be 2.86 eV using DRS
results. In the Raman study of y-WO3 NSs, the peaks
at 720 and 813.5 cm™" corresponds to the stretching
vibrations [v (O-W-O)] and 280.5 cm ™' belong to the
bending vibrations [6 (O-W-O)]. Furthermore, y-WO;
NSs were tested for electrochemical properties for
supercapacitor application. The as-synthesized 7y-
WO; NSs electrode shows a high specific capacitance
of 451 F g~ ' at a scan rate of 5 mV s . In addition,
the y-WO; nanosheet electrode displayed excellent
stability, emphasizing its potential for energy storage
applications. It opens up a new avenue to produce a
new phase of WO; that will be extremely useful for
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supercapacitor applications as well as other opto-
electronic applications such as a photodetector,
photo-switches, high-performance ultraviolet radia-
tion sensors, optical keys, optical memory, etc. Fur-
ther research in this direction is highly anticipated.
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THRLHAT ATl SexesdT ATETHTIH ATIATaHIT SUAsd 3Tg. &l Aligdl TguaTaTel ATaedTaT
ITHTEEAT He ATAT AN, dTETSS FUNS o9 U €9 A1g; I o YoiqHed a9 qriaar
AT Hereil AT AT JTATE L SAAT AT, ATATeEH [ ATEAT FLAAT Fgeed a¥ Tt Fear

T AT, ATETEE g Tk TeAAdl 9 g, oY Af2dr a7 Ja98iHed diiad ®efl Sid.
HIATEl ATILHRAT AT ATASC=TT 9d USTaaY Hidde g% Hdl A0 qT Hfgdl ITg hal.
STALTATA FHIOTCATET THREHT AT gdl SAMIeTTAT HSaTT= [ 9| ¥ dadTee gl qarau 9a1d

Mg, ST TdF T HIATEAGL Tede IUAsH ATATHS FlU gl SR HITATGl JadTeed]
AT I3 AT AT AT [SATeHaT dadTee IS AT,

. SHA

TSI He ThaT S-HA g ToAFeiiveh ATeTH=aT AIgrAT™ 49l TSaudTe qaIa 3.
TEAT=AT TEATI S-HA AV ZeqAeAT ATIL FIATT. TAFEI e HA SATAT ATTOT TST=4T ATI
-0 AT AT ApEdr. T Tw=AT ioee geam=h T3 - Aarer g, -0 UHT SA<hig
TR AT Hed TSaAAT HSHT STl ATSAT d6Td AT THT a1 37 arahiaad
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2 3. T FATHEH;

T[T FATHEHAT TEA 6 F 2014 TSI ATAAT e, [T FATHET g AT Aligai=
AT Y& FOATETST Tl [@Gd Id. WA FATHEHT gl UF o9d HadT Mg, [T FATH SHAT
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g, ATAATS T207 e T FISITT FLOATAT A A FATHEHAT [HHAT HLOATT SATAT. AT
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Mg, A Flal (QadTgaT T TEET AET FEAT TR AT HLAT JTAAT gal ATATST ATHEY
AT AEA=AT qHTALT FeAT g, ATHS AT AT etk IraeTel [T FATH &7 JTI0Tg
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F AT [T FATHEH © WA FATTEH TSl A= 5 - TAFdl. A FATTEH g
TOreAUTTaRTAT ATIET STOMY AT ATeqH ATy, T FATHSHAT AT (eqH Tt AT FHHTA
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AT AR, T[T FATHER HLd HUSEE TET WIO=T YIS SASTATT AT A HEAT THOT 54
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T FATHERA B<

A FATFEH AT TAT ITANT STLATIT FXOTAT  TAAFE G SeqqT FHI0TA

BB HISIT THIG A e, WA FATEET AT Jfceenerd=a1 ATeqqTqe e
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THIET g AIFeAAT SaAeaT IUTNT Fed sg1ed 9 [egfeall Fier HLOATHATST aTI ST,
TG AT TI FIeet qraa0r oy PEfRsh FiFRe™aT F3ar Id. ThEIgI Sesd §a9r
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foesT U a9 Tied ST ATiorsT &=, AN ST AT Helarst o TredT
AHEA STd. AT Hhaedarar e 28 RHaT 2002 AT oo 5 7 2003 TSt O AATATS
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TTAT Fe e T FZOTATA AT HIA ASaTanT ATLSTHTI I q@ie Tegfear ArsTi¥ar, ®ier

QUSTTRAT, TT2Teh QSATT, ATS SoA NI, FIAHT s VT ST AT STAH AT .
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ATHTEE AT, ATAATAS SR [Fesd T daaTeea? HIgd! JATad ATH9 HgwaTo e,
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AT I FgUSTA GHITEAAT § Uk Toiaei v STl g ATAT RAATETST ST

. o < o o
AT STAT. ITAT SUSHHET HATed B haT O BT TH FOrdra. GHUTEAA =97 qgr=aT
TATIUTHT T A= ATOT-S A0 AT A, e FBIAT HIATSd BT g TATTOELS
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