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REVIEW ON PRINCIPLES OF ANTIOXIDANT METHODS  
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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 (1O2), 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 (N2O3), dinitrogen tetroxide (N2O4), nitryl 
chloride (NO2Cl), 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). 
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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 β- 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.  
 

III 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]×100 .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 λmax 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 (H2O2) 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) (Číž M et al.2010). 

6.  CUPRAC (Cupric Ion Reducing Antioxidant Capacity)  
CUPRAC 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 (Ozyürek 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 (Cekiç 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+/H2O2.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 Karagöz 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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Introduction : 

Ecological challenges are critical to national 
growth. Typically, progress is hampered by the 
unexpccted 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 ofover-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,| have been dependent on Nature since they started 

revolves around water. Water swallows and 

regurgitates land with each tide cycle. The 1970s 

tiger protection initiative in the Sundarbans leads 

to the ruthle ss 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 ofhuman rights for conservation. 

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

The present study focuses on the ecological crisis 
in Amitav Ghosh's The Hungry Tide. Ecological 
issues are significant due to humans' undue intrusion 

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 ofmen 

agriculture. Nature canbe 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 English novelist. 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 

studicd higher cducation at St. Stephen's College. 
Delhi University, and the Delhi School ofEconomics. 

Ghosh received the Scho larship foraD. Phil. in social 
anthropology at St. Edmund Hall, 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 literature is noteworthy. His works 



can be classified into two parts: fiction and nonfiction. 
Famous fiction works inchude The Shadow Lines, 
Calcutta Chromosome, Glass Palace, Ilungry 
Tide, lbis Trilogy. and Gun Island. Non-fiction 
works include In an Antique Land, Dancing in 
Cambodia and Burma, Countdown, The Imam 
and India, and The Great Derangement: Climate 
Change and the Uthinkable. The 

Eastern India and Southern Bangladesh. Major plot 
points are played by the human characters and the 
terrain, usually describcd as a shifting maze ofrivcrs, 
islands, and tidal waterways. Ghosh paints vivid 
pictures of the Bengal tigers that lurk in the 
mangroves, the cyclones that may suddenty change 
a person's path in life, and the waves that cone and 
go. Thc novcl's charactcrs, Piya, the devotcd 
cetologist, Fokir, and the determined Kanai, all 

The paper highlights crucial issucs, such as represent different ties to the laxd and waters of the 

examining Ghosh's main environmental storylineside natterns and approaches the mangroves with a 
Sundarbans. While Piya bases her existence on the 

and themes. The study recognises how the 
Sundarbans depict the precarious balance between 
humans and the environment. The paper evaluates 
the book's contribution to andeffectiveness in raising 
readers' environmental consciousness. 

Objectives: 

Literature Review: 

The Sundarbans is a large archipelago ofislands 
in the BayofBengal, and "The Hungry Tide," written 
by Amitav Ghosh, is a moving depiction of the 
intertwining ofhuman lives, socio-cutural 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 betwen people anxd 
unbridled force. (Mukherjee, 2010). 

The termeco-criticism," which derives from the 
Greek words "oikos," which means house" or 
"environment," and "kritikos," which means 

ISSN No. 2394-5990 

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 develop1ment of 
ecological literature, cmphasising the conncctions 
between them. (DcLoughrey, Elizabeth M., 201l) 

Discussion and Arguments: 
The narrative revolves around the Sundarbans, 

a vast, mysterious, and unstable delta that crosses 

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 
a picture ofthe Sundarbans as aregion 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 

nature'ssustainability by using 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 ike 
the Sundarbans. 

degradation may be analysed. Such books enhance 
literary traditions and contribute to bro ader 
discussions on cohabitation and environmental 

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 ccological relevance. The narrative highlights 
the impacts of climate change by acknowledging the 
region's increasing frequency ofhurricanes. The 
struggle to prescrve 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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novel highlights the intimate connection between tradition, culture, and the land, primarily via thc character Piya. Because they depict the complex web of ecological, cultural, and human elements inside the Sundarbans, these topic elenments are cssential to the novel's ccocritical point ofvicw. The novel's evocative descriptions and character 
interactions illustrate the complex and often 
dangerous links between humans and the natural 
world. The river, in particular, is a significant 
metaphor and source of inspiration for these 
nteractions and emphasises the novel's eco-critical 
pont ofview. The textual analysis reveals that Amitav 
Ghosh's storytelling cffcctively conveys cco-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 cco-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 arca are strongly connccted to the 
environment, cven ifit can sometimes be hostile. The 
frequencyofthis 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 stoms, 
tides, and other natural events, it is a place ofwonder 
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 consequcnces on a global scale. 

Ghosh's detailed descriptions ofthe Sundarbans' 
biodiversitywhich includes everything from deadly 
tigers to a wide variety of aquatic creatures 
highlight the complexity and richness ofthe local 
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ecosystem. By showing the range of species that sharc the same waterways and the dclicate balancc they maintain, Ghosh draws attcntion to the arca's biological valuc and crafts an intriguing tale about 
the interdependence of species. 

Onc ofthc book's central thcmcs is the struggle 
bctwccn cxploitation and conscrvation. The uniquc 
bjodiversity of the Sundarbans is being protected 
and preserved. However, the local population uISsualy 
depends on the land and its resources for their 
livclihood, often lcading to overusc. Ghosh tackles 
this paradox with various characters and subplots, 
raising thought-provoking issues regarding the ethics 
and realities ofsurvival and conscrvation. 

Thematic coding in The Hungry Tide" draws 
attention to how ccological 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 investigation. 

"The Hungry Tide" by Amitav Ghosh is a 
compelling tale that provides deep insights into the 
intricacies ofhuman-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 environnental 
issucs 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 ccological thenmes are emphasised 
through the textual analysis. The reader response 
poll highlights the book's impact even more by 

demonstrating how literature can encourage 



environnental knowedge and advocacy. The novel's 
sustained appeal and the insights gaincd from this 
study show the value of ongoing cco-critical literary 
inquiry. Future studies might broaden the scope to 
encompass other South Asian writers who 
investigate the relationships bctwcen 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. In light 

of the present situation of environmental decline, 

conservationists and writers worldwide are calling 

on us to take action and stop the destruction ofour 

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. In his 

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 novelillustrates the global issue ina local context. 

ISSN No. 2394-5990 

Amitav Ghosh's The Hungry Tide promotes 
awarcncss among pcople regarding the importance 
and nced to prcscrvc and maintain our planct for 
ourselves and future generations. 

References: 

1. Ghosh, Amitav. (2002)) The Hungry Tide, 
India: Harper Collins Harper 

2. Abrams, M.H. (2005) Glossury of Literary 
Terms. Banglore: Prism Books 

3. Bhabha, K, Homi.(1994) The Location of 

Culture. London: Routledge 
4. Beverley, John.(1999) Subalternity and 

represen tation: arguments in cultural 
theory. Durham: Duke in University Press 

5. Said, Edward W. (1978) Orientalismn, UK: 

Pantheon Books 

6. Spivak, Gayatri Chakravorty, (1988) Can the 
subaltern Speak?, India: Macmilan 

7. Aspea, Kazi. (2019). Voice ofthe Voiceless: 
ASubalten Study ofThe Hungry Tide. 

8. Guha, Ranjit. "Introduction'". Subaltern 
Studies. Ed. Ranjit Guha. Vol: 1. Delhi: Oxford 

University Press, 1982. 

9. SivaramakrishnanK."Situating the Subaltern: 

History and Anthropology in the Subaltern 

Study Project". Reading Subaltern Studies. 
Ed. David Ludden. Delhi: Parnanent Black, 

2008. 

10. Dhawan, R.K. The Novels ofAmitay Ghosh. 

New Delbi: Prestige Books, 1999 

(157) 



























































Phys. Scr. 99 (2024) 035925 https://doi.org/10.1088/1402-4896/ad24aa

PAPER

Microstructural, optical, andmorphological investigations of SnO2
nanomaterials grown bymicrowave assisted sol gel method

LalitaDeshmukh1,∗ and S LKadam2

1 Department of Physics, Ahmednagar College, Ahmedangar,Maharashtra, India
2 NewArt’s, Commerce and Science College, Parner, Ahmednagar,Maharashtra, India
∗ Author towhomany correspondence should be addressed.

E-mail: lalita.deshmukh@aca.edu.in

Keywords: tin oxide nanomaterials, XRD,W-Hplots, stress, strain, UV-Vis, SEMetc

Abstract
TinOxide (SnO2)nanomaterials were grownusing themicrowave-assisted sol–gelmethod at different
concentrations of tin precursor (namely 0.05, 0.1, 0.2, and 0.3M). Stannous chloride is used as a Sn
precursor. Liquid ammoniawas used tomaintain the pH in the range of 12–13. Synthesis was carried
out in an aqueousmediumusing a Teflon container in amicrowave oven for 1 hour. Precipitate was
annealed in ambient air for 600oC. Structural, optical, andmorphological investigations were done.
XRD reveals the growth of the tetragonal phase of SnO2. 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 beenmade 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. Strainwas not consideredwhile calculating crystallite size using the Scherrer
formula. In this investigation, we havemeasured the crystallite size and other structural features such
as strain, stress, deformation energy, dislocation density, etc using theW-Hplotmethod. All
modifiedmodels of theW-Hmethod have been utilized for thismeasurement. A comparative and
comprehensive study of structural features was carried out using the Scherrermethod, the
Williamson–Hallmethod, and all itsmodifiedmodels. The crystallite sizemeasured by the Scherrer
method and variousmodels of theW-Hmethod shows a peak at 0.2M concentration. Crystallite size
plots of variousmodifiedW-Hmethods show similar trends, followed by the Scherrer plot. Strain
calculated by Brag’s theory as well as allmodifiedW-Hdepicts similar behaviour upon changing the
concentration. Globular agglomeratedmorphologywas revealed by scanning electronmicroscopy
(SEM). The presence of tin (Sn) and oxygen (O)was confirmed by energy dispersive x-ray
spectroscopy. The band gapwas obtained using the Tauc theory, which portrays variation in the range
of 3.4 to 3.6 eV.

1. Introduction

Metal oxide nanomaterials claimpromising candidature in various fields of applications. Sensors,
optoelectronics, photovoltaics, etc fields heavily depend on the use ofmetal oxide nanoparticles.
Semiconductingmetal 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 a band 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 itsmultiple
oxidation states, it hasmultiple applications. SnO2 is a versatilematerial due to its attractive features.
Conducting oxide is used tomake the transparent conductor. It has stability, large optical transparency, and
small electrical resistance [2]. SnO2 is amultifunctionalmetal oxide, as it is used in photovoltaics [3],
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optoelectronics [4], gas sensing [5], spintronics [6], transparent conducting electrodes [7], antioxidant activities
[8], antimicrobial activities [8], batteries [9] andmanymore.

Different synthesismethodswere used to synthesize SnO2. Co-precipitation, precipitation,
mechanochemical, microwave irradiation, electrochemical reduction, hydrolysismethod, sol–gelmethod,
electrochemicalmethod,microwave assistedmethod, vacuumevaporation, chemical vapor deposition,
biosynthesis, etc techniqueswere used to grow SnO2 nanomaterials.

The co-precipitationmethodwas used to synthesize and dope SnO2 nanoparticles. Ni andCuwere used as
dopants. The tetragonal rutile structure has been revealed. Ni-doped SnO2 nanoparticles show a higher value of
saturationmagnetization. Enhanced electrical andmagnetic properties were detected inNi-doped SnO2

nanoparticles [10].
SnO2-graphene nanocomposites were synthesized by the one-pot hydrothermalmethod. An excellent

specific capacity was shownby grownnanocomposites even at low temperatures. A detailed storagemechanism
forNawas revealed. This work triggers the use of SnO2 as an anode inNa-ion batteries [11]. Ultrafast
SnO2-graphene nanoplates were synthesized using the rapidmicrowave irradiationmethod. CV reveals the
excellent alloying-dealloyingmechanism of Sn. Three-fold charging–discharging capacity was observed as that
of conventional electrolytes. It demonstrates the role ofmaterial as an anode in a lithium-ion battery [12]. SnO2

nanoparticles were grownon carbon cloth using the facile hydrothermalmethod. The SnO2/SnMott-Schottkey
junction causes CO2R electrolysis. Reduction in the energy barrier during CO2R formation. SnO2/Sn
heterojunction plays a vital role in this work [13]. Tin oxide nanoparticles show enhanced features such as large
specific capacitance. The electrode of SnO2 synthesized by the electrolysismethod shows significant cycling
stability up to 150 cycles. The performance of Li andNi-doped and un-doped tin oxide electrodes was examined
and compared [14].

Microwave-assisted green synthesis was carried out for the synthesis of SnO2 nanoparticles. The
photocatalytic and antibacterial activities of synthesized nanoparticles were investigated thoroughly. Plant-
based synthesized nanoparticles show excellent photocatalytic and antibacterial behavior [15].

The SnO2 electron transport nanolayer in a solar cell was deposited using the vapor depositionmethod.
Devices fabricated usingmultilayer have shown 27% the same power conversion efficiency as those fabricated
with a single SnO2 nanolayer [16]. SnO2/graphenemonolayer was grown via the chemical vapour deposition
technique. These layers were tested for the sensing ofNO2 gas. An enhancement in sensitivity of a SnO2-based
sensorwas observed compared to a graphene-based sensor. Recovery time shows a significant decrease uponUV
irradiation. UV irradiation contributed to the fast response and recovery time of the gas sensor [17].

Zhan et alhave explored the photocatalysis activity and growthmechanismof SnO2 nanocrystals using the
Sol–gelmethod. In this work,Ostwald’s RipeningMode (OR) andOrientedAttachment (OA)Modewere used
to study the growthmechanism. This work successfully demonstrates the dependence of photocatalysis activity
on growthmechanisms [18].

The sol–gelmethodwas used to grow the SnO2 nanoparticle for the application of humidity sensors. A
synthesized nanoparticle shows enhanced detection of humidity. Good relative humidity detectionwas reported
in this work [19].

A facilemicrowave-assistedmethodwas developed to synthesize large-scale SnSe1−xTex nanoplates. An
enhanced thermoelectric performancewas observed in this work. They have achieved the tailoring of electronic
band structure usingDensity Functional Theory (DFT) [20].

SnO2 nanostructures were synthesized using the co-precipitationmethod. The tetragonal rutile structure
was confirmed usingXRD. Structural data was obtained and compared using theNelson-Riley,Williamson–
Hall plot, andDebye-Scherermethods [21].

Iron oxide and Europiumoxide-doped SnO2 nanomaterials were prepared by the solid-state reaction
method.Dislocation density and strainwere calculated using theWilliamson–Hallmethod. Confirmation of
incremental grain boundaries due to dopingwas reported from structural analysis. An increase in resistancewas
reported due to these grain boundaries [22, 23]. Bare and sulfur-doped SnO2 nanoparticles were prepared using
the hydrothermalmethod. The Scherrermethod,Williamson–Hallmethod, and size-strain plotmethodwere
used to obtain the structural parameters, such as crystallite size andmicrostrain. The values reported in this work
show good agreementwith each other. Further, these prepared nanomaterials were used in energy storage
applications [24].

In this investigation, we have synthesized SnO2nanomaterials using the novelmicrowave-assisted Sol–gel
method.

Grownnanomaterials will be used for optoelectronic applications such as photo detection. Crystallite size
and strain are interdependent features of crystallitematerials. Defect/dislocation free crystallites result in
minimal-strain nanostructures. The Scherrer formula is widely used to obtain the crystallite size; however, strain
broadening is ignoredwhile calculating the crystallite size. InWilliamson–Hall and itsmodified equations, the
strain and isotropy ofmaterial were considered. This gives ameticulous idea of the crystalline aspects of grown
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nanostructures. Surface features such as shape, size, surface area, and nature of the surface affect the detection
mechanism. These comprehensivemorphologicalmeasurements are complementary to the synthesis of
nanomaterials for optoelectronic applications. Optical probing is helpful inmeasuring optical aspects such as
the band gap of the grownnanostructure that affect the detection range in photodetection.

An airtight Teflon containerwas used tomaintain the temperature and pressure during themicrowave
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 Scherrermethod andWilliamson–Hall plot
method.

2. Experimental

Microwave assisted Sol gelmethodwas used to synthesize TinOxide (SnO2)nanomaterials. StannousChloride
(SnCl2.2H2O) and ammonia solution (NH3) (MolychemA.R. grade) used as starting precursors. Stannous
chloridewas used as Sn source. pHof solutionwasmaintained at 12–13 using drop-wise addition of Ammonia
solution in continuously stirring solution. Four different concentrations (0.05, 0.1, 0.2, and 0.3M)were
synthesized in an aqueousmedium. The solutionwith awhite precipitate suspensionwas transferred to an
airtight Teflon container. Further,microwave heatingwas 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, andmorphologically using XRD,UV–vis,
and SEM techniques. Structural studies were performed using an x-ray diffractometer,model D8Advanced
Bruker, with aCuKα (radiationwavelength,=0.154 nm) anode. The optical features of the grownnanomaterial
were examined using a JASCOV-750UV–vis spectrometer. Surfacemorphology and elemental composition
were investigated using the Scanning ElectronMicroscope (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 TinOxide
which is in agreementwith standard data (JCPDS-72–1147). The average crystallite size was obtained using the
Scherrer [25] formula.

Figure 1.XRD spectrographs of SnO2 synthesized at different concentrations.
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l
b q

=d
0.9

cos
1( )

Where d is the average crystallite size,β is the full width at halfmaximum, l is the diffractionwavelength of the
Cu anode (0.154 nm), and q is the angle of diffraction. Dislocation density was calculated using the dislocation
density equation [26] given by

d =
d

1
2

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,

= d

d
2 3

∆ ( )

Contribution to peak broadening due tomicrostrain [27] is given by,

b q= 4 tan 4( )

b
q

=
4 tan

5( )

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 0.2M

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 from0.05M to 0.2M,
further increase in concentration result in a reduction in crystallite size; thismay 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 andmicrostrain 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 amore compact structure.
This could be the reason for the inverse trend of dislocation density andmicrostrainwith 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 theWilliamson–Hallmethod, which considers broadening of the peak
due to crystallite size as well asmicrostrain. AWilliamson–Hall plot was used tomeasure crystallite size,
dislocation density, strain, stress, and deformation energy. In theW-Hplotmethod, threemodifiedmodels:
UniformDeformationModel (UDM), UniformDeformation StressModel (UDSM), andUniform
Deformation EnergyDensityModel (UDEDM)were used. Table 2 shows concentration-dependent structural
features obtained by theW-Hmethod.

Table 1.Crystallite size,microstrain, dislocation density, and band gap dependence on concentration.

Concentration (M) Crystallite size (nm) DislocationDensity (nm−2) ´ -10 3( ) microstrain ´ -10 3( ) 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 usingwilliamson–hallmethod.

Conc.(M)
Williamson–hallmethod

UDM USDM UDEDM

d (nm) ´ - 10 3( ) d (nm) ´ - 10 3( ) s MPa( ) d (nm)  ´ -10 3( ) s MPa( ) -u KJm 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
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3.1.1. Uniform deformationmodel
Williamson–Hall equation forUniformdeformationmodel is given [28] by

b q
l

q= + k

d
cos 4 sin 6hkl ( )

Where, bhkl is the full width at halfmaxima of a particular reflection, q 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 linearlyfitted data of plot of b qcoshkl versus q4 sin gives crystallite size andmicrostrain
present. Figure 2 showsWilliamson–Hall plots (UDMmethod) of synthesized samples.

Crystallite size andmicrostrain obtained using theW-Hmethod and the Scherermethod are close to each
other.Microstrain and crystallite size obtained in theW-Hmethod show similar behaviour to that of the Scherer
method. Crystallite size shows a rise with an increase in concentration from0.05 to 0.2M; further increase in
concentration result in a decrease in crystallite size.

3.1.2. Uniform stress deformationmodel (USDM)
Hook’s law exhibits proportional relationship between stress and strainwhich is given by,

s = Y

Where, s, is stress,  is strain and Y , is constant of proportionality or Young’smodulus. 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 termofUDMequation,  is replaced by s .

Y
Modified equation due to uniform stress

consideration is given byUSDMmodel [29, 30] as,

b q
l s q

= +
k

d Y
cos

4 sin
7hkl

hkl

( )

Where, bhkl is full width at halfmaxima of a particular reflection, q is angle of diffraction, k is shape factor, d is
crystallite size, s intrinsic stress and Yhkl Young’smodulus along the particular hkl( ) plane. Crystallite size can be
determined from theY axis intercept andmicrostrain is obtained by slope of linear fitted plot of b qcoshkl versus

q .
Y

4 sin

hkl
Figure 3 shows the plots USDMmethod.

Young’smodulus Yhkl for tetragonal crystal structure [31] is given by formula,

=
+ + +

+ +
+

- - + +
+ +Y

S h k l S S

h k l

l S S S h k S S

h k l

1 2 2 2
8

hkl

11
2 2 2

13 44
2 2 2

4
33 13 44

2 2
12 66

2 2 2 2

( ) ( )
( )

( ) ( )
( )

( )

Where, S ,11 S ,12 S S S, ,13 33 44 and S66 are elastic compliances of tetragonal phase [30] of SnO2, the values of S ,11

S ,12 S S S, ,13 33 44 and S66 are -7.4262, 4.4081,−1.0438, 2.9462, 9.6432, and -TPa4.8216 1( ) respectively [32].
The values of Young’smodulus were determined for all lattice planes. Crystallite size andmicrostrain obtained
using theUSDMmodel are in agreement with the Scherermethod and theUDMmethod.

Figure 2.Williamson–Hall plots (UDMmethod) for SnO2 nanomaterials grown at different concentrations.
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3.1.3. Uniform deformation energy densitymodel (UDEDM)
As per theUDMmodel, crystals are isotropic and have homogeneity; however, in reality, such a crystal system is
no longer in existence. Therefore, it is required tomodify theUDMequation by considering the anisotropic
nature of a realistic crystal system.

Alongwith this linear relation between stress and strain cannot be considered due to defects, imperfections
present in the crystal. InUDEDM, deformation energy density is denoted by u and given by

s
= =u Y

Y

1

2 2
hkl

hkl

2
2

Intrinsic strain can bewritten as a function of deformation energy density as,

s= u

Y

2

hkl

Using above inUDM formula, we get themodified equation [32] as given by

b q
l

q= +
k

d

u

Y
cos 4 sin

2
9hkl

hkl

( )

Figure 4 shows the plot ofUDEDM, b qcoshkl Vs q4 sin .
Y

2

hkl

Y axis intercept gives the value of crystallite size.

Slope of linearlyfitted data yield the value of energy. Further energy strain and uniformdeformation stress is
obtained.

Figure 5 reveals that the crystallite size obtained by using the Scherrermethod, UDM,USDM, andUDEDM
shows agreement. Average crystallite size for 0.2M 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. It is 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 ofW-Hmethod. Figure 5
depicts, crystallite size obtained byUDEDMshows larger values as that ofUSDMandUDMasUDEDM follows
more realistic anisotropicmodel of crystallite system.

Figure 6 shows comparative plots of strainmeasured by Brag’s and differentmodels of theW-Hplot
method. Strainmeasured by Brag’s theory exhibits higher values than those of differentmodels of theW-Hplot
method. This is attributed to the fact thatW-Hplot counts contribution in peak broadening due to crystallite
size as well as strain. However, UDEDMhas higher strain values compared toUDMandUSDM.

This is due to consideration of the anisotropic picture of the crystal, which yields an increase in strain
comparedUSDM. Synthesized nanomaterials will be deployed for the purpose of photodetection applications.
Larger the crystallite size, lesser themicrostrain, dislocation density, and grain boundaries. This reduces the
losses during photo detection.

Figure 3.Williamson–Hall plots (USDMmethod) for SnO2 nanomaterials grown at different concentrations.
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4.Optical study

TheTauc theorywas 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 from3.42 eV to 3.61 eV.Upon an increase in
concentration, the band gap shows a decrease up to 0.2M; however, with a further increase in concentration, the
0.3Mband gap value increases. This could be due to the fact that an increase inmolarity from0.05 to 0.2M
causes increases in crystallinity. A decrease in crystallinity waswitnessed at 0.3M.Variation in band gapwith
concentration could be linked to variation in crystallite size. This is attributed to the quantum confinement
effect. Tin oxide is a visible-blindmaterial. 3.42 eV is the band gap obtained for a 0.2M concentration of Tin
precursor. Further optimization in concentration, temperature, and reaction timemay result in a reduction in
the band gap. Thismay lead to detectionwithin a higher threshold of the visible range.

4.1.Morphological study
Figure 8 shows themorphological 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 trendwith concentration. Agglomeration of the globular
type ofmorphology is clearly seen. Figure 9 reveals the EDS spectra for different concentrations. The EDS
spectra confirm the presence of Sn andO.

Figure 4.Williamson–Hall plots (UDEDMmethod) for SnO2 nanomaterial’s grown at different concentrations.

Figure 5.Comparative plots of Crystallite size at different concentrations.
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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 themicroworld. Determination of crystallite size can be done using various formulas, such as the
Scherrer formula, theWilliamson–Hallmethod, and its variousmodels. The Scherrer formula does not consider
themicrostrain present in the crystal lattice, which is obvious in crystallinematerials as crystal with zero entropy
do not exist. However, theWilliamson–Hallmethod ismore precise as it considersmicrostrainwhile obtaining
the crystallite size.ModifiedW-Hmodels even consider the isotropy of the crystal.

This ensures amore precisemeasurement of crystallite size and can be interlinkedwith 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 nanomaterialmaywork in the upper threshold region of
the visible spectrum. Surface features such as shape, size, surface area, and nature of the surface affect the
detectionmechanism. These comprehensivemorphologicalmeasurements are complementary to the synthesis
of nanomaterials for optoelectronic applications.

Figure 6.Comparative plots of strain calculated for different concentrations.

Figure 7.Tauc plots for SnO2 nanomaterial’s synthesized at different concentrations.
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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 andmicrostrain exhibit an inverse relationshipwith
crystallite size. TheWilliamson–Hallmethodwas used to obtain the crystallite size, stress, strain, and
deformation energy density. UDM,USDMandUDEDMthese threemodels were used. Crystallite size and
strain obtained using theW-Hmethod show good agreement with the Scherermethod. The band gap obtained
using the Taucmethod varies from3.42 eV to 3.57 eV. Agglomerated globularmorphologywas seen in SEM
imagery. EDS confirms the presence of Sn andO in synthesized nanomaterial.

Data availability statement

The data cannot bemade publicly available upon publication because no suitable repository exists for hosting
data in thisfield of study. The data that support thefindings of this study are available upon reasonable request
from the authors.

Figure 8. SEMmicrographs of SnO2 nanomaterial’s grown at different concentrations.

Figure 9.EDS spectra’s of TinOxide nanomaterial’s grown at different concentrations.
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Bimetallic Co3V2O8 microstructure: A versatile bifunctional electrode for 
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A B S T R A C T   

Our research focuses on hydrothermally synthesizing a bimetallic cobalt vanadium oxide Co3V2O8 (CVO) 
microstructure, tailoring it for use in both bifunctional supercapacitor and electrolysis applications. We carefully 
optimized the molar ratio of Co and V to achieve a hexagonal microstructure for Co3V2O8, confirming it through 
field emission scanning electron microscopy (FESEM) and High resolution transmission electron microscopy 
(HRTEM) studies. The optimized electrode exhibited exceptional electrochemical characteristics when utilized in 
a supercapacitor application. It demonstrated a superior areal capacitance of 3.76 F/cm2 at a current density of 1 
mA/cm2. Subsequently, we utilized the optimized electrode in an asymmetric supercapacitor configuration with 
activated carbon (AC), resulting in an areal capacitance of 126.1 mF/cm2 and an energy density of 29.6 mWh/ 
cm2 at a power density of 2.6 W/cm2. To assess the stability of this configuration, we conducted 5000 cycles at 5 
mA/cm2 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 

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/cm2. 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], Co3O4 
[8], Mn3O4 [9], NiO [10], NiCo2O4 [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 NiCo2O4 [19], 
MnCo2O4 [20], MoMn-oxide [21], BiMnO3 [22], Ni2V3O8 [23], 
MoVMnAg-oxide [24], MnCo-LDH [25], S-NiCo-LDH [26], NiC-
o2O4@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, Co3V2O8, for a hybrid supercapacitor and Li-ion 
battery. The researchers grafted nano hexagonal Co3V2O8 prisms onto 
copper vanadium oxide nanorod arrays that were grown on copper foam 
through solution processing. The hybrid Co3V2O8 supercapacitor ex-
hibits excellent electrochemical properties, demonstrating a good areal 
capacitance of 0.464 F/cm2 and excellent cyclic stability. Furthermore, 
the hybrid supercapacitor delivers a remarkable energy density of 0.092 

mAh/cm2 at a power density of 24.40 mW/cm2 [2]. Z. Fahimi et al. used 
the hydrothermal method to prepare a sphere with mesoporous walls 
containing Co3V2O8 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⋅6H2O (98%), urea (CO(NH2)2) (99%), ammonium metavanadate 
(NH4VO3) (99%), acetone (CH3CO) (99%), ethanol (C2H6O) (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 Co3V2O8 
The Co3V2O8 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 ⋅ 6H2O), 0.06 M 
ammonium metavanadate (NH4VO3), and 0.560 M urea (CO(NH2)2) 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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hydrothermal synthesis of Co3V2O8 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 HITACHI, 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 
(CVO), 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 2×1cm2 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 1×1cm2 

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]. 

Areal capacitance =

∫
idV

2 × v × A × ΔV
(1) 

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

Areal capacitance =
2 × Td × i

V × A
(2)  

Scheme 1. Schematic of the hydrothermal synthesis of Co3V2O8 nanoparticles.  
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Energy Density (EDa) =
V2 × Careal

7.2
(3)  

Power Density (PDa) =
3600 × EDa

Td
(4) 

Where ‘i’ is the current, m is the mass loaded on electrode, ΔV is the 
potential window of the CV profile, v is the scan rate of the, A is area of 
the electrode, Td 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 Co3V2O8. 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 Co2V3O8 
(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 Co3V2O8 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 

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 V5+ oxidation states, respectively. The 
V2p1/2 two peaks were observed at 522.85 eV and 523.99 eV repre-
senting the V4+ and V5+ 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 Co2p1/2 and Co2p3/2 states, respectively. Addi-
tionally, peaks were observed at 795.54 eV and 779.43 eV, confirming 
the presence of the Co2+ state, while peaks at 797.07 eV and 781.14 eV 
indicate the presence of the Co3+ 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+2 oxidation state [43]. A 
Co3+/Co2+ ratio of over 1.09 for Co2p3/2 and 1.04 for Co2p1/2 suggests 
the presence of an oxygen surface [45]. Fig. 2d illustrates the decon-
volution spectrum of O1s. The prominent peaks in the O1s spectra are 
observed at 529.0 eV, 529.54 eV, and 531.21 eV. The peak at 531.21 eV 
(OIII) indicates the presence of hydrated species on the nanoparticle 
surface. The peak at 529.54 eV (OII) represents adsorbed oxygen species, 
while the peak at 529.0 eV (OI) 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 

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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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 l. 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 Co3V2O8. Furthermore, the surface area of the 
CVO-4 active material was calculated using the Brunauer-Emmett-Teller 
(BET) method. Figure S4 illustrates the N2 adsorption-desorption iso-
therms of CVO-4 micro particles, which reveal a surface area of 13.10 
m2/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 Co3V2O8 at the 
electrolyte interface. The equation representing the redox reaction at the 
electrode interface is as follows [32].Co3V2O8 + 6OH− →3CoOOH+

H3V2O3−
8 + 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 

Fig. 2. (a) The high resolution XPS Survey spectra (b) V2p spectra, (c) Co2p spectra (d) O1s XPS core level spectra of CVO-4 nanoparticle.  
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time of the CVO-4 electrode may be attributed to the synergistic effect of 
Co and V, as well as the electro conductivity of Co2V3O8. 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/cm2. 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 = avb (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 

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, (l)EDS spectra of CVO-4 nanoparticles. 
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Fig. 4. (a) Comparative CV profile, (b) comparative GCD profile, (c) Comparative areal capacitance from CV, and (d) Comparative areal capacitance from GCD, (e,f) 
log(ip) vs log scan rate cathodic and anodic, (g,h) peak current(ip) vs √v cathodic and anodic of CVO-1, CVO-2 CVO-3 and CVO-4 nanoparticles. 

Table 1 
Areal capacitance (GCD), b value, standard rate constant (K0), diffusion coefficient (D), series resistance of CVO-1, CVO-2, CVO-3, and CVO-4.  

Sample Code Areal Capacitance F/ 
cm2 

Specific capacitance F/ 
g 

b value Standard rate constant (K0) cm/S 
10− 4 

Diffusion coefficient 10− 4 cm2/ 
S 

Series resistance Ω 

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  

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) ln (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. 

ip = 0.4463 × A × C × F × n ×

̅̅̅̅̅̅̅̅̅̅̅
nFvD

RT

√

(7) 

Where D is the diffusion coefficient, ip 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 
ip vs

̅̅̅
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: 

i(v) = icapacitive + iDiffusive (8)  

i(v) = k1v + k2v0.5 (9) 

The capacitive charge contribution and the diffusive controlled 
contribution are expressed by the coefficients k1 and k2, respectively. 
The CV profile provides values for k1 and k2, 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 (K0) 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 K0 value, 10− 1>K0>10− 5 

represents the quasirevesible electrochemical reaction. The 
K0>10− 1represents the reversible reaction and K0<10− 5 represent the 
irreversible electrochemical reaction. The value of the K0 were calcu-
lated from the following equation. 

ip = 0.227 × n × C × A × F × K0 × exp
[

−

(
∝nF
RT

)
(
Ep − E0)

]

(10) 

Where α is the charge transfer coefficient,K0 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, E0 and Ep is the formal and peak potential. 
The K0 value of the CVO electrode ranges from 1.8 to 2.0 × 10− 4, 
indicating a quasi-reversible electrode chemical reaction. The K0 values 
are listed in Table 1, obtained from Eq. (10). The charge transfer coef-
ficient is calculated from the intercept of the ln(ip) vs Ep-E0 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 

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 Rs values for CVO-1, CVO-2, CVO-3, and CVO-4 
electrodes are 2.21 Ω, 2.39 Ω, 2.28 Ω, and 2.06 Ω, 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. 6c 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/cm2 at a current density of 4 
mA/cm2. Eqs. (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/cm2 and a power density of 2.6 W/cm2 at a current 
density of 4 mA/cm2. 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/cm2. 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 Ω 
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/cm2. 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 Ω and a charge transfer resistance of 12.2 Ω. 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/cm2, the OER 
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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 Ω and a 
charge transfer resistance of 3.15 Ω. 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/cm2. 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/ 
cm2. 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 Co3V2O8 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 

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 
density 

Power 
density 

Reference 

NiMoO4@Co3V2O//AC 131 F/g (at 1 
A/g) 

48.5 
(Wh/ 
Kg) 

0.839 
(kW/ 
Kg) 

[53] 

Ni2P/Co3V2O8//AC 147.5 F/g 
(at 0.5 A/g) 

40.2 
(Wh/ 
Kg) 

0.353 
(kW/ 
Kg) 

[54] 

Co3V2O8//AC F/g (at 1 A/ 
g) 

22.39 
(Wh/ 
Kg) 

0.649 
(kW/ 
Kg) 

[55] 

Co3V2O8–Ni3V2O8@PCNF// 
PCNF 

191 F/g (at 5 
A/g) 

59.7 
(Wh/ 
Kg) 

1.97 
(kW/ 
Kg) 

[56] 

Ni3V2O8/Co3V2O8 105 F/g (at 5 
A/g) 

37(Wh/ 
Kg) 

0.13 
(kW/ 
Kg) 

[57] 

Co3V2O8//AC 165.3 F/g 
(at 1 A/g) 

59.2 
(Wh/ 
Kg) 

0.25 
(kW/ 
Kg) 

[32] 

Co3V2O8//AC 126 mF/ 
cm2 (at 4 
mA/cm2) 

29.61 
(mWh/ 
cm2) 

2.6 
(W/ 
cm2) 

Present 
work  
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electrode exhibits remarkable electrochemical capabilities, boasting an 
areal capacitance of 3.79 F/cm2 at a current density of 1 mA/cm2. 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/cm2, an energy 
density of 29 mWh/cm2, and a power density of 2.6 W/cm2- showing 
promising potential for practical applications. Remarkably, even after 

5000 cycles at 5 mA/cm2, 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 Co3V2O8 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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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/cm2 and schematic of overall water splitting of 
CVO-4 electrode. 

Table 3 
Comparison of overpotential, Tafel for HER and OER.  

Electrode Overpotential 
mV (HER) 

Tafel 
mV/ 
dec 
(HER) 

Overpotential 
mV (OER) 

Tafel 
mV/ 
dec 
(OER) 

Reference 

Co3V2O8 – – 190 85 [58] 
CoO- 

V2O5 

297 159 429 175 [59] 

V8.3-Co- 
MOF 

293 156 435 78 [5] 

Co3V2O8 278 180 318 130 [59] 
Co3V2O8 – – 359 65 [60] 
V16.7–Co- 

MOF 
271 146 413 77 [5] 

Co3V2O8 226 178 487 148 Present 
work  
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Sphere-shaped CuCo2O4 nanostructures battery type electrode for 
supercapacitor via hydrothermal synthesis approach 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Spherical balls having the nanostructure 
of CuCo2O4 have been created using a 
hydrothermal technique. 

• The effect of hydrothermal reaction 
timeframe on an electrode’s electro-
chemical performance has been 
observed. 

• Overgrowth of CuCo2O4 nanoparticles 
on the knobbly surface improves elec-
trode’s electrochemical performance at 
7 h of reaction time and shows a specific 
capacitance of 432 F/g.  

Cyclic Voltammetry curve of CCO-3h,CCO-5h,CCO-7h, and CCO-9h electrode.

A R T I C L E  I N F O   
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A B S T R A C T   

Transition metal oxide (TMO) is expected to be a highly competitive electrode material for energy storage ap-
plications based on its superior electrical and theoretical capacity in supercapacitors. However, a larger surface 
area and higher porosity are required to improve the electrode’s electrochemical performance for practical 
applications. The nanostructured CuCo2O4 nanoparticles was prepared via a simple hydrothermal process with 
increased surface area and favorable active site to promote electrolyte penetration. The optimal hydrothermal 
reaction time was investigated to allow nanoparticle overgrowth, which will be critical in determining the 
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specific surface area of the electrode material. The CuCo2O4 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/cm2 and capacity retention of 
85.9% over 6000 cycles at 15 mA/cm2. 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 CuCo2O4 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− 1 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 Co3O4 in terms of conductivity and 
capacitance [23–25]. CuCo2O4 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, CuCo2O4 is expected to improve the electrochemical 
performance of the device when compared to cobalt oxide and copper 
oxide [29,30]. Alqahtani et al., described the hydrothermal synthesis of 
CuCo2O4 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 CuCo2O4 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 CuCo2O4 nanoparticles 
produced by chemical precipitation without the use of a surfactant [33] 
CuCo2O4, 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 CuCo2O4, 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 CuCo2O4 
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 CuCo2O4 
nanoparticles synthesized utilizing different hydrothermal reaction du-
rations, the CVO-7 h electrode demonstrated superior electrochemical 
performance. Nanostructured CuCo2O4 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 CuCo2O4 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 (C4H6CoO4), copper acetate (C4H6CuO4), 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 (C4H6CoO4) was dis-
solved in 40 mL of double-distilled water and homogenized for 10 min 
before adding 1 M copper acetate (C4H6CuO4) 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. 

M.A. Yewale et al.                                                                                                                                                                                                                              



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

3

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 2θ values of 31.01, 36.78, 38.74, 48.99, 59.24, 65.10, and 

68.49˚, which are indexed with the planes (220), (311), (222), (400), 
(331), (511), (440), (531), and (620) of CuCo2O4 nanoparticles with 
cubic crystal phase and polycrystalline nature. The XRD spectra revealed 
the mixed phase of CuxCo2− 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 36.7̊ was detected, and no mixed phase of Cux-

Co2− xO4 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 CuxCo2− xO4. The mixed crystal phase of CuxCo2− xO4 was 
observed for CCO-9 h sample. Mixed CuxCo2− 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 Cux-

Co2− xO4 were determined using X-ray photoelectron spectroscopy 
(XPS). All XPS data were examined using the C1s 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 Co2p3/2 
and Co2p1/2, respectively [37]. The peak Co2p3/2 was fitted into two 
peaks at 779.27 eV and 780.7 eV, respectively, indicating the existence 
of Co+3 and Co2+ [37]. The peak Co2p1/2 was fitted into two peaks at 
793.93 eV and 796.19 eV, indicating the presence of Co+3 and Co2+

[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 Cu2p3/2 and Cu2p1/2. The peak present at binding 
energy 961.71 eV and 941.51 eV shows the characteristic peak of Cu2+

[40,41]. The presence of oxygen is depicted in Fig. 2 (d) by 
high-resolution O1s spectra. The deconvoluted peaks in the O1s 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 
H2O oxygen, and the 529.56 eV peak indicates lattice oxygen [42–44] 
Cu2+ and Co2+/Co3+ were confirmed in CuCo2O4 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 

Fig. 1. (a) XRD spectra for CCO-3h, CCO-5h, CCO-7h, CCO-9h samples.  
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F2 g, Eg, E2 g, and A1 g modes of the CuCo2O4 signals were detected in the 
CCO-7 h Raman spectra at 197, 470, 513, and 672 cm− 1, respectively, 
which indicated the formation of the CuCo2O4 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, c) 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 5 h, 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 CuxCo2− 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 

Fig. 2. (a) XPS survey for CCO-7 h, (b) XPS peaks for Co2p species,(c) XPS peaks for Cu2p species, (d) XPS peaks for O1s species.  
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analysis investigation. CCO-7 nanoparticles were studied at three con-
centrations: 0.1 ppm, 1 ppm, and 5 ppm. 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 Cu2+-Cu+ and Co4+-Co3+ 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]. 

CuCo2O4 + 2H2O+ e− ↔ 2CoOOH +CuOH +OH− (1)  

CoOOH +OH− ↔ CoO2 +H2O+ e− (2)  

CuOH +OH − ↔ Cu(OH)2 + 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 

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). 
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Fig. 4. (a, b, d) The TEM images, (c) SAED pattern, (e-f) ‘d′ spacing, (g-i) Elemental mapping, and (j) EDS spectrum of CCO-7 h.  

Fig. 5. Cyclic Voltammetry curve of (a) CCO-3 h, (b) CCO-5 h, (c) CCO-7 h, (d) CCO-9 h.  
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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 = i surface + idiffusion (4)  

i = avb (5) 

After rearranging the above equation 

log(i) = log(a)+ b • 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 

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 N2 absorption and 
desorption isotherms of all samples. The CCO-3 h CCO-5 h CCO-7 h 
CCO-9 h electrode has an absolute surface area of 10.53, 10.61, 23.40 
and 8.96 m2/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
̅̅̅
v

√
(7)  

i
̅̅̅
v

√ = k1
̅̅̅
v

√
+ k2 (8)  

Where k1v signifies the capacitive controlled contribution and k2
̅̅̅
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 

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 cm2S− 1. The 
hydrothermal reaction period does not influence the diffusion coeffi-
cient. The diffusion coefficient D was calculated from ipvs

̅̅̅
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 × Td/M (9)  

Specific capacitance(Cs) = I × Td/M × V (10)  

Energy density(ED) = (CsV2)
/

7.2 (11)  

Power density(PD) = (ED × 3600) /Td (12)  

where Cm 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,Td is the discharge time in s. Fig. 8(a) depicts the GCD 
cure of all electrodes at 3 mA/cm2 and the GCD profile of the CCO-7 h 
electrode at the various current densities as shown in Fig. 8 (b). Fig. S2 
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 

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 rate1/2 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. CuCo2O4 
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/cm2 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 Eqs. (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 density15 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 CuCo2O4 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 Ω, corresponding to 
the system’s bulk resistance. The charge transfer resistance has given by 
the tiny semicircle diameter in the high-frequency zone (Rct). The charge 
transfer resistance of a CuCo2O4 electrode is 2.24 Ω, 5.24 Ω, 1.81 Ω, and 
2.74 Ω at 3 h, 5 h, 7 h, and 9 h. The small Rs and Rct values of the CCO- 
7 h electrode may provide higher specific capacitance. The low Rct 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 45̊ is 3.08 Hz, 2.05 Hz, 0.1 Hz, and 1.14 Hz for 
the 3 h, 5 h,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 Eqs. (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. 

Fig. 8. (a) Comparative Galvanostatic charge-discharge curve of CCO-3 h, CCO-5 h, CCO-7 h, CCO-9 h at 1 mAcm− 2, (b) Galvanostatic charge-discharge curve of 
CCO-7 h at different current densities, (c) Cyclic stability of CCO-7 h at 15 mAcm− 2. 
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C(ω) = C′(ω) − jC′′(ω) (13)  

C′(ω) = Z′′(ω)
[ω|Z(ω)|2]

(14)  

C′′(ω) = Z′(ω)

[ω|Z(ω)|2]
(15)  

where Z′′and Z′ are imaginary and real parts of the Nyquist plot. Z(ω) is 
the complex impedance represented by Z(ω) = Z′(ω)+Z′′(ω), ω = 2πf , f is 
the frequency. C′′(ω), and C′(ω) are the energy loss due to irreversible 
processes and accessible capacitance of the electrode. The Eqs. (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 fo, which corresponds to the relax-
ation period τo = 1/ fo. 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(ω) = P(ω) − jQ(ω) (16)  

P(ω) = [ωC′′(ω)] × [|ΔVrms|
2
] (17)  

Q(ω) = [ωC′(ω)] × [|ΔVrms|
2
] (18)  

where |ΔVrms|
2
= ΔVmax̅̅

2
√ ,ΔVmax is the maximum amplitude of A.C. signal 

the electrode. 

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)(SI) 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/cm2. 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 Eqs. (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 

Fig. 9. (a) Electrochemical impedance spectroscopy spectra, (b) Phase angle vs. frequency, (c) log |Z| vs Frequency of CCO-3 h, CCO-5 h, CCO-7 h, CCO-9 h, and (d) 
Real capacitance (C’) and imaginary capacitance (C’’) versus frequency (inset plot of normalized active power and normalized reactive power vs frequency of 
CCO-7 h. 

M.A. Yewale et al.                                                                                                                                                                                                                              



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

11

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. Rs and Rct have 
values of 1.14 and 24.96 Ω, respectively. Table 1. 

4. Conclusions 

CuCo2O4 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/cm2, 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 CuCo2O4, making it suitable for high-performance super-
capacitor applications. 
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Fig. 10. Electrochemical performance of CCO-7 h (CCO//AC) asymmetric device. (a) Cyclic voltammetry at different scan rates (10–100 mVs− 1), (b) Galvanostatic 
charge-discharge at different current densities (1–10 mAcm− 2), (c) Nyquist plot. (d) Cyclic stability of CCO-7 h (CCO//AC) asymmetric device based on discharge Q, 
up to 2000 cycles. 

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

Sr. 
No. 

Surface 
microstructure 

Synthesis 
Method 

Specific 
capacitance 
(F/g) 

Reference 

1. Spheroidal Chemical 
Method 

210 [57] 

2. Rose-Like Hydrothermal 235 [58] 
3. Spherical Co-Precipitation 290 [33] 
4. Needleshaped 

Nanorods 
Hydrothermal 335 [58] 

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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A B S T R A C T   

We herein reported SnO2 (Tin Oxide) nanoparticles (NPs) synthesis using microwave assisted method. Stannous 
Chloride is used as a source of Sn, pH level 8 was maintained throughout the reaction for one hour using liquid 
ammonia. Domestic microwave oven with frequency of 2.54 GHz was used to treat the precipitate. Microwave 
treatment with different power modes (High power, low power, and direct heating mode) was given to collected 
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. SnO2 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 SnO2 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 

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 (SnCl2⋅2H2O (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 CuKα anode having radiation wavelength, λ 
= 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]. 

D =
0.9λ

βcosθ
(1) 

Where, D, β, λ, and θ 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], 

δ =
1

D2 (2) 

Microstrain is obtained using Wilson’s equation given by [15], 

∈=
β

4tanθ
(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− 1. This 
spectrum depicts the Sn-O-Sn stretching around 600 cm− 1 for the Tin 
Oxide samples treated with different microwave powers. The charac-
teristic Sn–O–Sn bond is identified at 640 cm− 1, similar results were 
reported in earlier work [10,12]. 

Near about 540 cm− 1 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 

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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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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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 
Designation 

Average 
Crystallite 
size (nm) 

Dislocation 
density 
(nm¡2) 

Microstrain 
(Radians) 

Band 
gap 
(eV) 

A (As 
prepared)  

6.52  0.024  0.0187  3.8 

B (10% power)  6.99  0.020  0.0168  3.5 
C(100% 

Power)  
8.46  0.014  0.0143  3.4 

D (Direct 
Heating 
mode)  

8.91  0.013  0.0133  3.36  
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Fig. 3. FTIR Spectra of Tin Oxide samples treated at different Microwave power 
levels:. (A) as prepared, (B) Low power (c) High Power (d) Direct Heating mode. 
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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 (V2O5) is 
one of the promising materials due to its attractive features, such as band gap, multiple oxidation 
state, and large conductivity transition from semiconducting to conducting domain.  

Objective: This study aimed to perform the tuning of structural, optical and morphological properties 
of V2O5 nanomaterials using the hydrothermal method.  

Methods: A low-cost hydrothermal method was used in this work. Hydrothermal synthesis was car-
ried out at different concentrations of Ammonium Metavanadate (NH4VO3), 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 H2SO4. Hydrothermal synthesis was carried out at 160� for 24 hours. The 
synthesized precipitate was annealed at 700� 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 V2O5. 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. 
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1. INTRODUCTION 

Vanadium pentaoxide (V2O5) shows promising candida-
ture due to its versatile features.  It has multiple oxidation 
states (V2+, V3+, V4+, and V5+). 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  
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structure transition gives rise to a large variation in condutiv-
ity. V2O5 has the capability to host different ions and mole-
cules. V2O5 is used as electrode material in lithium-ion bat-
teries due to its attractive electrochemical features.  

Different synthesis methods have been used to develop 
V2O5 nanomaterials. Hydrothermal, sol-gel, simple precipita-
tion, microwave-assisted method, etc., are the different 
methodologies adapted to synthesize V2O5 nanomaterials. 
Ayyaru et al. used the hydrothermal method to synthesize 
V2O5 nanorods [4]. These nanorods were used as an alternate 
cathode catalyst for microbial fuel cell applications. Co-
doped V2O5 nanoparticles were synthesized by Yazadi et al. 
using sol-gel method [5]. They found that upon an increase 
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in Co doping, lattice constant and particle size also in-
creased. Taylor et 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 V2O5 nanomaterials [7]. They studied the pho-
toresponse of V2O5 nanomaterials developed by these two 
methods. Comparative photocatalytic activity of V2O5 nano-
materials developed by hydrothermal and sol-gel methods 
was evaluated in this investigation. The wet chemical meth-
od was utilized to develop V2O5 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 V2O5 nanostructures developed by green and chem-
ical synthesis methods [3]. Aerosol synthesis of V2O5 – car-
bon nanostructures has been carried out successfully by 
Chung et al. [10]. They demonstrated Lithium extraction 
using the electrochemical deionization technique. Hien V2O5 
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 V2O5 nanoparticles. Synthesized V2O5 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 
V2O5 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 (NH4VO3 99%) and sulfuric ac-
id (H2SO4 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 Kα (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 

ml double distilled water. Sulfuric acid was diluted using 
double distilled water in a 1:4 ratio (H2SO4/ H2O: ¼). 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℃ 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℃ for six hours. 

3. RESULTS AND DISCUSSION  

3.1. Structural Analysis 

Fig. (1) shows the XRD spectrographs of V2O5 (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 V2O5 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 V2O5 were observed 
at 2𝜃 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 =
0.9𝜆
𝛽𝑐𝑜𝑠𝜃

                      (1) 

Where, 𝜆,𝛽, and  𝜃 are the wavelength of X-rays used for 
diffraction (CuK𝛼 = 0.154 𝑛𝑚), full width at half maxima, 
and angle of diffraction, respectively.  

 

 
Fig. (1). XRD diffractograms of V2O5 nanomaterials synthesized at 
different concentrations. (A 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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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]: 

𝛿 = !
!!

  

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. 

 
Fig. (2). UV-Vis Absorbance Plots of V2O5 Nanomaterials Synthe-
sized at Different Concentrations. (A higher resolution / colour 
version of this figure is available in the electronic copy of the arti-
cle). 

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. 

 

Fig. (3). Tauc Plots of V2O5 Nanomaterials Synthesized at Different 
Concentrations. (A 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 µm 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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Table 1. Structural and Optical Aspects of V2O5 Nanomaterials Developed by the Hydrothermal Method. 

Concentration of Vanadi-
um Precursor (M) 

Crystallite Size (nm) Dislocation Density  
(X 10-3) (nm2) 

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 
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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 V2O5 
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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Fig. (4). SEM Micrographs of V2O5 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 

 

 
Fig. (5).  Presents the presence of vanadium and oxygen. (A higher resolution / colour version of this figure is available in the electronic 
copy of the article). 
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A B S T R A C T   

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 Ni3V2O8 microballs with a porous microstructure. 
At a current density of 3 mA/cm2, the electrode prepared at a Ni:V molar ratio of 1:0.5 exhibits excellent areal 
capacitance of 1.56 F/cm2. The Ni3V2O8//AC device is an asymmetrical one, delivering 6.6 mWh/cm2 energy 
density at 2.2 W/cm2 power densities while exhibiting an area capacitance of 39 mF/cm2 at 8 mA/cm2 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/cm2. This research offers a Ni3V2O8 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 

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], 
NiCo2O4 [18], CuCo2O4 [19], Ni3V2O8 [20–23] and Co3V2O8 [24], have 
been studied for energy storage applications due to their various 
oxidation states, synergetic effects, and excellent electronic conductivity 
[25]. Among them, Ni3V2O8 has garnered more attention because of its 
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diverse oxygen states. There are a few reports where researchers have 
synthesized Ni3V2O8 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/cm2 and a performance retention of 94.1 % 
over 3000 cycles. These findings suggest that by creating a porous 
microstructure for Ni3V2O8, it is possible to further increase its energy 
storage capacity [29]. 

Ni3V2O8 is a bimetal oxide that exhibits excellent energy storage 
capacity for supercapacitor applications [20]. In this report, we present 
an electrochemical study of Ni3V2O8, by tuning the molar concentration 
of vanadium source. Ni3V2O8 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/cm2 at 3 mA/cm2 

current density in a 2 M KOH electrolyte. With a power density of 2.2 W/ 
cm2, a constructed asymmetric supercapacitor (ASC) has an excellent 
areal energy density of 6.6 mWh/cm2. Throughout 5 K cycles, ASC has 
outstanding cyclic stability. The excellent electrochemical performances 
of Ni3V2O8 indicate that it is a viable candidate electrode material for 
energy storage applications. 

2. Experimental section 

2.1. Synthesis of Ni3V2O8 and electrode preparation 

In the synthesis of Ni3V2O8 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 Ni3V2O8 
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]. 

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 Ni3V2O8 nanoparticles. A Ni3V2O8 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 
Ni3V2O8 was seen at a concentration of 150 mM vanadium precursor 
concentration. The excess peak has been observed at higher molar 
concentrations. Ni3V2O8 and V2O5 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 (2θ), 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 Å, 11.42 Å, and 8.24 Å 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◦. 
Ni3V2O8 and V2O5 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 Ni3V2O8 nanoparticles studied through an 
XPS study. The Fig. 2(a) shows survey spectra of Ni3V2O8 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 2p1/2 and Ni 
2p3/2. These peaks suggest the sample contains Ni(II). The observed 
satellite peaks associated with Ni 2p1/2 and Ni 2p3/2 at 879.22 eV and 
860.96 eV, indicate the presence of highly oxidized or bivalent Ni. The 
deconvoluted Ni 2p1/2 and Ni 2p3/2 peaks into four spin-orbit doublets. 
Peaks at 856.30 eV and 874.43 eV suggest the presence of Ni3+, while 
peaks at 854.57 eV and 872.18 eV point to Ni2+ [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 

Fig. 1. XRD spectra of Ni3V2O8 nanoparticles.  
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to V4+ 2p3/2, V5+ 2p3/2, V4+ 2p1/2, and V5+ 2p1/2, confirming the 
presence of vanadium [33]. Fig. 2(d) shows the O1s spectra, show three 
deconvoluted peaks at 529.10 eV (OI), 529.84 eV (OII), and 532.15 eV 
(OIII). The peaks at 529.10 eV and 529.84 eV represent lattice oxygen 
and H2O 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) 

Ni3V2O8 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(a1–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 Ni3V2O8 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 Ni3V2O8 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 Ni3V2O8 atomic 
percentage. The surface microstructure of the Ni3V2O8 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 Ni3V2O8 
nanoparticle. Fig. 5 displays a TEM micrograph of NVO-2 nanoparticles 
at various magnifications. The Ni3V2O8 nanoparticles were composed of 
the tiny Ni3V2O8 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 Ni3V2O8 nano-
particle’s d-spacing. As seen in the Fig. 5(c (magnified) and h), the 
Ni3V2O8 electrode has a d-spacing of 0.21 nm. The EDS spectra were 
used to analyze the elemental makeup of the Ni3V2O8 nanoparticles. As 

p1/2

p3/2

2p

p3/2

p1/2

2p

Fig. 2. X-ray photoelectron spectra (a) survey scan, (b) Ni 2p, (c) V 2p, (d) O 1s spectra of NVO-2.  

M.A. Yewale et al.                                                                                                                                                                                                                              



Journal of Energy Storage 73 (2023) 109005

4

depicted in the Fig. 5g, the presence of a sharp peak confirms the 
presence of Ni, V, and O elements. The Ni3V2O8 nanoparticle’s elemental 
mapping is shown in Fig. 5f (i - iii). Elemental mapping of the Ni3V2O8 
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 m2/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 

Fig. 3. FESEM micrograph of Ni3V2O8 nanoparticles-NVO-1 (a1–a3), NVO-2 (b1–b3) and NVO-3 (c1–c3), and NVO-4 (d1–d3).  
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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/cm2. 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/cm2, the NVO-2 electrode displays an 
areal capacitance of 1.56 F/cm2. 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 Eqs. (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/cm2 and a power density of 600 mW/cm2. 

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 = avb (1)  

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) (2) 

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]. 

i(V) = k1v+ k2v1/2 (3)  

ip
̅̅̅
v

√ = 2.69×A×C×
̅̅̅̅
D

√
×

̅̅̅
n

√
(4)  

ip = 0.227ACFnk0exp
[

−
αnF
RT

(

Ep − E0
]

(5)  

Ca =
I × Δt

ΔV × A
(6)  

Ea =
1

7.2
Ca ×ΔV2 (7)  

Pa =
Ea

Δt
× 3600 (8) 

Fig. 4. EDS spectra of Ni3V2O8 nanoparticles-NVO-1 (a), NVO-2 (b), NVO-3 (c) and NVO-4 (d).  
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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, Δt discharge time, ‘R’ is 
universal gas constant, ‘k0’ is standard rate constant, ‘I’ current density, 
‘ΔV′ potential window, ′Ca

′ areal capacitance, ‘Ea
′ areal energy density, 

Fig. 5. FE-TEM of Ni3V2O8 (NVO-2) nanoparticles at different magnification (a-d), (e) SEAD pattern, (f) elemental mapping and ‘d’ spacing, (g) EDS spectra from 
FETEM, (h) FFT ‘d’ spacing. 

Fig. 6a. Brunauer–Emmett–Teller (BET) surface area analysis of Ni3V2O8 
(NVO-2) sample. 

Fig. 7. Comparative CV (a) GCD (b) of NVO-1, NVO-2, NVO-3, and NVO-4, CV 
(c), GCD (d) of NVO-2. 
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′Pa
′ 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 ′k1

′ and ‘k2
′ 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 

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 (k0) and the charge transfer 
coefficient (α) 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 (α) study was done on the redox process. The α 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 (k0), additional kinematics of the redox process were investigated. 
The value of k0 in the range of 10− 1 to 10− 5 cm/S represented a quasi- 
reversible process [30,36,41], and the range of k0 for all electrodes, 
which ranges from 0.37 to 9.6 10− 4 cm/S, demonstrates that all elec-
trodes exhibit this reaction. The higher k0 value of the NVO-2 may be 
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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. 
no 

b 
value 

Diffusion 
coefficient 
cm2/S× 10− 7 

Transfer 
coefficient 
(α) 

Standred rate constant 
(k0) 
cm/S× 10− 4  

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  
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Fig. 9. Capacitive and diffusion controlled contribution at 10 mA/cm2 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’ k0 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 
(Rs), 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 Rs value for NVO-1, NVO-2, and NVO-3, 
respectively, is 2.12 Ω, 2.01 Ω, 2.42 Ω, and 2.26 Ω. Since the NVO-2 
electrode’s Rs 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 Rs 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 Ni3V2O8 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 Creal(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, Creal(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 

switches from capacitive to resistive and is denoted by the relaxation 
time (τ0), the active power and reactive power were crossed [48]. The 
relaxation time (τ0), 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 
(τ0) 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 
(PVDF), 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/cm2 at current densities of 8 
mA/cm2 and 6.6 mWh/cm2 energy density at power densities of 2.2 W/ 
cm2. 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/cm2, 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 Rs 
value of 4.93 Ω before stability Rs value of 6.42 Ω after stability Rs 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 Ni3V2O8 
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 Ni3V2O8 
nanoparticles with various Ni:V molar ratios. We prepared a porous 
microstructure of Ni3V2O8 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/cm2 at 3 mA/cm2 

current density. At a current density of 8 mA/cm2, the asymmetric de-
vice exhibited an areal capacitance of 39 mF/cm2. The device delivered 
an energy density of 6.6 mWh/cm2 at power densities of 2.2 W/cm2. 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 Ni3V2O8 possible, and this 

Fig. 10. EIS spectra of for NVO-1, NVO-2, NVO-3, and NVO-4 electrode (a), 
log|Z| vs Frequency and phase angle vs frequency plot of (b), Creal and Cimg vs 
frequency plot of NVO-2 electrode and active and reactive power for τ0 for 
NVO-2 electrode (d). 
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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 Vmax 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 108 Ω 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 

voltage to the XY electrode of the piezo, the surface has scanned in a raster pattern. At the 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 M range. Here, the Op amp OPA 128 has used, which has high input impedance (10

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 R

system. Infrequency response, gain picking has obs

output.[14] 

 

III. FEEDBACK CONTRO

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Block diagram of feedback controller network

The important and central part of a scanning tunneling microscope 

For every system should be controlled system. In STM system, it is necessary that the Z piezo

sample is in contact. The tunneling current is exponential function of tip

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 

feedback circuit, it is necessary to analyze it.[ 4,11,12].

The feedback circuit uses integrator. If V

resistance 500Kand C is the capacitance, 0.22 

 
0

1
iV V d t

R C
  

 
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 

scanning the STM tip laterally. The changing the tip

feedback operation to recover the initial Vz.
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by the data acquisition system. The software produced then a grey scale image, which is 

The preamplifier circuit converts small current through the high impedance tunnel junction into low impedance voltage 

as two stages, Op amp 1 has used as current to voltage converter.The tunnel current is of the order of 1 nA 

range. Here, the Op amp OPA 128 has used, which has high input impedance (10

the instrumentation amplifier AD 524 with variable gain. The proper selection of 

feedback resistor is necessary since the increase in Rf will increase signal to noise ratio but will decrease band

system. Infrequency response, gain picking has observed at a particular frequency. Here no drift has observed in the 

III. FEEDBACK CONTROLLER NETWORK 

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 V0 are the input and output of the integrator, R is the input variable 

and C is the capacitance, 0.22 f across the integrator, then the output of an integrator is given as 

V V d t
 

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 

troller 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]

 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. 
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by the data acquisition system. The software produced then a grey scale image, which is 

The preamplifier circuit converts small current through the high impedance tunnel junction into low impedance voltage 

as two stages, Op amp 1 has used as current to voltage converter.The tunnel current is of the order of 1 nA 

range. Here, the Op amp OPA 128 has used, which has high input impedance (1012).  

the instrumentation amplifier AD 524 with variable gain. The proper selection of 

will increase signal to noise ratio but will decrease band-width the 

erved at a particular frequency. Here no drift has observed in the 

electronic system is the feedback controller network. 

electric element and tip-

eparation. The logarithmic amplifier 

In figure 3.1, block diagram shows the control system in constant current scan the gap separation has set by comparing 

and has compensated by a negative feedback loop. Before designing 

are the input and output of the integrator, R is the input variable 

f across the integrator, then the output of an integrator is given as  

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 

troller 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] 

or lowered by step input Vd, which simulates the disturbances created by 

sample distance produces finite the error signal that makes the 
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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 Vs to the disturbances Vd on an 

oscilloscope, we can easily adjust the loop gain. 

 

 

 

 

 

 

 

 

 

 

Figure-3.2 Graph of pre-amplifier 

For Op-Amp, IC1, 3140, if Vin< Vref, the negative feedback will moves the tip in upward direction. It acts as buffer 

circuit. When Vin increases the output of IC1 is negative and if Vin decreases of IC1 is the output is positive. IC2 is 

integrator when Vin< 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. VZ is negative and tip moves in downword direction. Tunnel current 

increasing and now Vref = V in..Feedback controller is tested by changing Vinfor fixed vale of Vref and Output is 

monitored. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure- 3.2Graph of Vin against Vo/p, for Vref. = 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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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. 

 

I. 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.  
 

II. 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: 

 
 

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]2 

             Now VA = 11V < VD = 12V = [1100]2 

 

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]2 

Now again VA = 11V > VD = 10V = [1010]2 

 

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]2 

Now finally VA = VD , and the conversion stops. 
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Hardware  
 

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 8k is given to the non-inverting input of the op-amp whereas 

the feedback resistor is connected to the inverting input.  

 

 
 

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.    

 

III. 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   

----------------------------------------------------------------------------------------------------------------------------- ---------- 

Date of Submission: 12-03-2023                                                                           Date of Acceptance: 26-03-2023 

----------------------------------------------------------------------------------------------------------------------------- ---------- 

 

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. 

 

II. 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 IOT 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 GPIO 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.  

 

 
 

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. 

 

 
 

III. 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 β-Cyclodextrin coated MoO3-Fe2O3 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 β-CD coated MoO3-doped Fe2O3 confirms the orthorhombic phase of the Fe2(MoO4)3
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−1 methylene dye degrades efficiently around 91.62% within 1 h.
with reaction condition of 15 mg 5% β-Cyclodextrin coated MoO3-Fe2O3 catalyst, 6 pH, 10 mM concentration of
H2O2, at room temperature under sunlight. The pure MoO3 and Fe2O3 gives 38.21% and 77.10%, shows less activity
compare with 5βMF catalyst. This study provides newer catalytic system which shows better photocatalytic
degradation of dyes from industrial waste water.

Graphical Abstract

Keywords β-Cyclodextrin ● Methylene Blue ● Nanocomposites ● Oxidation ● Photodegradation

* Madhukar Navgire
navgireme@gmail.com

1 New Arts, Commerce and Science College,
Ahmednagar, Maharashtra 414001, India

2 Department of Chemistry, School of Science, Gandhi Institute of
Technology and Management (GITAM) University,

Hyderabad, Telangana 502329, India
3 Department of Chemistry, Nowgong College (Autonomous),

Nagaon, Assam 782001, India
4 Jijamata College of Science and Arts, Bhende Bk., Maharashtra

414605, India

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-024-06357-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-024-06357-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-024-06357-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-024-06357-1&domain=pdf
mailto:navgireme@gmail.com


Highlight
● The β-Cyclodextrin coated MoO3-Fe2O3 nanocomposites was successfully prepared by using the cost effective sol-gel

technique.
● The efficiency of nanocomposites was improve using β-Cyclodextrin which gives more active sites and fast charge

carrier separation.
● The reaction successfully carried outstanding efficiency of 5βMF for the degradation of methylene blue.
● Its result gives 91.62% degradation of MB in short reaction time as compare to the other nanocomposites samples.
● It concludes that, efficiency of photocatalyst increases with the loading of MoO3 on Fe2O3. This 5βMF 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 19th

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 MoO3, 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]. MoO3 has a large band gap range of 2.5–3.2 eV.
MoO3 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 (α-MoO3), monoclinic (β-MoO3), and hexagonal
(β-MoO3) [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 (α-Fe2O3), maghemite (γ-Fe2O3),
and magnetite (Fe3O4) [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 TiO2 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 O2 vacancy, which improves
the efficiency of nanocomposite as compared with pure
Fe2O3 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 β-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 MoO3 on
Fe2O3 which may works as a photocatalyst under sunlight.

Here we first time reported the removal of organic pollu-
tants from industrial waste water using MoO3 doped on Fe2O3

under sunlight irradiation. In this work, we synthesized a
series of mesoporous nanocomposite β-cyclodextrin coated
MoO3-Fe2O3 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 H2O2, 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 MoO3, pure
Fe2O3, and β-cyclodextrin coated MoO3-Fe2O3 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 Fe2O3 and pure MoO3

The pure Fe2O3 nanocomposite was synthesized with pre-
cursor amounts of ferrous (II) sulfate heptahydrate (1.20 g)
and ferric (III) 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
3 h in an open-air muffle furnace. Finally it gives 5.8 gm
(95%) pure Fe2O3 nanocomposite. By using the similar
path, we prepared pure MoO3 nanocomposites where
starting material ammonium heptamolybdate tetrahydrate
(8.58 g) was taken as precursor. Finally we were obtaining
3.33 gm of pure MoO3 nanocomposite material.

2.3 Synthesis of β-cyclodextrin coated MoO3-Fe2O3
nanocomposite

We synthesized a series of β-Cyclodextrin coated 1% MoO3-
Fe2O3, 5% MoO3-Fe2O3, 10% MoO3-Fe2O3, 15% MoO3-
Fe2O3, and 20% MoO3-Fe2O3 nanocomposites catalysts with
the help of the conventional standard sol-gel method, which is

named as 1βMF, 5βMF, 10βMF, 15βMF, and 20βMF,
respectively. Typically, in the synthesis of 1βMF, 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 120mL of DDW under constant stirring con-
ditions. Further, β-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 20wt% 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 Kα with λ= 0.154 nm and a scanning range between
angle 2θ (°)= 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−1. 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−1. 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 Kα 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 βMF 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 (15–35mg) dispersed in 50ml of
MB dye solution (10–20mgL−1). To achieve an adsorption-
desorption equilibrium, these mixtures were vigorously stirred
for 30min in a dark environment. After completing 30minutes
in the above solution, the addition of H2O2 (5–15mM) 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,
H2O2 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 λmax= 660 nm for MB. The
percent dye degradation efficiency of the catalyst is
expressed by the equation…

Degradation efficiency of catalystð%Þ ¼ C0� Ct

C0
� 100

ð1Þ
Where C0 stands the initial concentration of dye (mgL−1)
and Ct stands the concentration of dye remaining at time (t)
(mgL−1).

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.

Turnover number ðTONÞ ¼ No: of moles of MB degraded

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 frequencyðTOFÞ ¼ Turnover number

Time ðminÞ
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 MoO3 shows a very sharp peak was observed
at 2θ (°) 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 MoO3 exactly
match the orthorhombic crystal structure of the JCPDS card
no. 76-1003 [36] as shown in Fig. 1a. Similarly, Fig. 1b
shows that the XRD pattern of pure Fe2O3 gives peaks at 2θ
(°) 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), (2 2 11), (2 1 13), (4 0
12), which indicate the tetragonal phase (Fe2O3) of all
species exactly match with JCPDS card 76-1470 [37].
Figure 1c–f shows the XRD peaks of a series of β-CD
coated MoO3-doped Fe2O3 nanocomposite materials. It
shows an intense peak at 2θ (°) 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 Fe2(MoO4)3 with JCPDS card 85-2287 [38].

Figure 1c–f, it was observed that the peak at a 2θ (°) value
of 23.50 for the (110) plane is mainly due to the presence of
MoO3 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 Fe2O3 also decreases as it clearly shifts to the lower
angle with the addition of MoO3. It indicates occupying the
vacant space, which is available in Fe2O3 material by MoO3.

The crystallite sizes of nanocomposite samples have
been estimated using the Debye-Scherrer equation, and the
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results are shown in Table 1 [39, 40].

D ¼ 0:9 λ
βCos θ

ð2Þ

Where λ is the wavelength (λ) of Cu kα radiation
(0.1514 nm), θ is the angular position of the peak, and β is
the FWHM in radians of the more intense diffraction peak.
The increase in MoO3 concentration from 1βMF to 20βMF
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 MoO3 and Fe2O3 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 MoO3, which represents a nano-flakes-like material.
Figure 2b–f shows gradual changes in morphology from

flakes to the nanocomposites sample, and it gives an esti-
mated size of ranges below 30 nm. The addition of β-CD to
the MoO3/Fe2O3 shows the dispersion of MoO3 particles on
the surface of Fe2O3. Similarly, the presence of β-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 15βMF that
indicates a spherical shape with a uniform crystallite size
range of 20 ± 2 nm. 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 Fe2O3. 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 MoO3

and 0.26 nm for the (305) planes of Fe2O3 [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 15βMF material. The peaks between
0–1 keV are associated with oxygen and carbon that exist in
β-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 MoO3 and Fe2O3 and their various percen-
tages of molar concentrations of MoO3 and its Fe2O3

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 (α), which is calcu-
lated by using the Kubelka–Munk equation [43].

FðR1Þ ¼ K

S
¼ ð1� R1Þn

2R1

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

subsequently, R1 ¼ Rsample

Rstandard
was the diffused reflectance

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

½FðRÞ:hv�n ¼ Aðhv� ðEgÞeffÞ

Table 1 The various physicochemical properties of β-CD coated
MoO3 doped Fe2O3 material

Entry Sample 2 Theta (°) Crystallite size (nm)

1 MoO3 27.3 39.44

2 Fe2O3 24.8 32.98

3 1βMF 23.5 11.35

4 5βMF 23.5 11.78

5 10βMF 23.5 14.93

6 15βMF 23.5 17.33

7 20βMF 23.5 15.72

Fig. 1 XRD of a Pure MoO3, b Pure Fe2O3, c 1βMF, d 5βMF,
e 10βMF, f 15βMF, g 20βMF
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Here, A is a constant dependent through the transition
(direct and indirect) possibility. (Eg)eff 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 (hν), and the x-axis, [F(R) hν]1/2,

as well as a straight line on the y-intercept (Eg)eff, which is
well-known as effectively optical band gap energy [47].

Figure 4b shows the plot [F(R) hν]1/2 versus (hν) for a
5βMF sample having a band gap energy of 1.80 eV. The
analysis of the effective optical band gap is shown in
Fig. 4c [48]. The MoO3 percentage level ratio increased in
nanocomposites, which showed that the optical band gap

Fig. 2 FE-SEM images of
a Pure MoO3, b 1βMF, c 5βMF,
d 10βMF, e 15βMF, f 20βMF
nanocomposite

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

α ¼ α0 exp
ðE � Eg

EU

� �

Where α0 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].

EU ¼ ΔEg � ΔE0
g

Where ΔEg was the energy gap between conduction band
and valence band an also ΔE′

g was the energy gap between

valence band tail and conduction band tail [52, 53].

lnðαÞ ¼ lnðα0Þ exp ðE� Eg

EU

� �

Now, Urbach energy (EU) was investigated by fitting a
graph plotted ln(α) vs Photon energy (E= hν), 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].

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 MoO3 shows a broad peak around
860 cm−1. Four strong vibrational peaks were detected at
543, 814, 860, and 990 cm−1, which are assigned to the
oxygen linking of three atoms in the stretching modes.
These stretching modes assign oxygen to the Mo-O-Mo

Fig. 4 a UV-DRS Absorption spectra of catalyst, b Optical band gap energy 5βMF, c Optical band gap energy and Urbach energy plots of [F(R)
hν]1/2versus (hν) for all series of catalyst
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units, and the Mo=O stretching mode associates with
orthorhombic MoO3 [56, 57].

The spectrum of Fig. 5b Fe2O3 shows sharp peaks at 430,
453, 473, 592, 621, 661, 1020, 1034, 1100, and 1642 cm−1.
The absorption peaks at 500–700 cm−1 correspond to the
characteristic vibration of the Fe-O bonds of magnetite
nanoparticles [58]. The peaks at 950–1100 cm−1 indicate
Fe-O-Fe stretching vibration, and the adsorbed water has a
peak at 1642 cm−1. Also Fig. 5c–g βMF shows absorption
peaks at 430, 591, 620, 659, 807, and 1099 cm−1 for
stretching and bending vibration modes for M-O-M, M-M,
and M-O bonds. A peak of 1631 cm−1 informs the bending
vibrations of H-O-H bonds [59].

3.6 RAMAN analysis

The spectra of pure MoO3 in Fig. 6a exhibit strong absorption
bands at 818 cm−1 (Ag, B1g) and weak absorption bands at
993 cm−1 (Ag, B1g) due to Mo-O-Mo symmetric stretching
and Mo=O terminal asymmetric stretching, respectively [60].
Similarly, the spectra of nanocomposites bands shown at 781,
785, and 787 cm−1 were associated with the ν3 (MoO4)

2−

asymmetric stretching vibrations for Fig. 6d–g. The Infrared
band at 968, 970, 971, and 972 cm−1 was given to the ν1
(MoO4)

2− symmetric stretching vibrations. The ferrimo-
lybdite Raman spectrum in the 100–500 cm−1 spectral range
is exhibited in Fig. 6c. 466 cm−1 was given to the doubly
degenerate ν2 (δ) (MoO4)

2− bending vibrations. These bands
are mostly related to the ν3 Fe-(O) stretching vibrations in the
Fe-(O)6 octahedra. The Raman band at 347, 349, and 351 cm−1

was assigned to ν4 (δ) triply degenerate (MoO4)
2− bending

vibrations. It was observed that the Raman spectra of the
studied ferrimolybdate sample demonstrate that structurally

distinct (MoO4)
2− units are represented in the crystal

structure of ferrimolybdate [61, 62].
Due to stretching vibrations, MoO3 composite shows

new bands at 781–787 and 968–972 cm−1, 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 Fe2(MoO4)3 [63, 64].

3.7 BET analysis

Brunauer-Emmette-Teller N2 adsorption desorption isotherm
of 5βMF 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 5βMF catalyst is
1.947 m2g−1 and the average pore volume is 0.0226 cm3 g−1.
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 15βMF 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

Fig. 6 Raman spectrum of (a) MoO3, (b) Fe2O3, (c) 1βMF, (d) 5βMF,
(e) 10βMF, (f) 15βMF, (g) 20βMF

Fig. 5 FT-IR spectrum of (a) MoO3, (b) Fe2O3, (c) 1βMF, (d) 5βMF,
(e) 10βMF, (f) 15βMF, (g) 20βMF
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shown in Fig. 8a. High resolution spectra of Fe 2p show two
main peaks at around 711.4 eV and 725.3 eV, which are
assigned to the binding energies of Fe 2p3/2 and Fe 2p1/2.
The Fe 2p peak was deconvoluted to four peaks (Fig. 8b) at
724.70 eV for Fe2+ 2p1/2, 711.15 eV for Fe2+ 2p3/2,
727.13 eV for Fe3+ 2p1/2, and 713.38 eV for Fe3+ 2p3/2. 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 15βMF
clearly displayed two distinct peaks at around 235.6 eV (Mo
3d3/2) and 232.5 eV (Mo 3d5/2), signifying well-defined
spin-orbit components. This observation suggests that the
Mo element predominantly exists in the chemical state of
Mo6+ on the composite [67]. These values are in accor-
dance with the MoO3 binding energy. The result further
proved the presence of MoO3 in the βMF catalyst [68, 69].
High resolution O 1 s spectra (Fig. 8d) showed peaks at
530.3 eV, 531.6 eV, and 532.8 eV assigned to the lattice
oxygen (Fe-O), lattice hydroxyl groups (Fe-OH), and per-
oxide groups (−O2

2−) [70]. The most intense peaks at
711.4 eV (Fe 2p3/2), 232.5 eV (Mo 3d5/2), and 530.5 eV (O
1s) confirm the presence of Fe2(MoO4)3 in nanocomposite
[71]. High resolution C 1s spectra (Fig. 8e) showed three
peaks derived from C-C/C=C in graphite carbon
(284.6 eV), C-O (285.6 eV), and C=O (288.8 eV) [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 H2O2 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 H2O2, reaction was

not proceeds. The 5βMF material shows 91.62% photo-
degradation of MB in 1 h, while the pure Fe2O3 and pure
MoO3 showed 77.10% and 38.21%, respectively. Similarly,
1βMF (84.09%), 10βMF (79.25%), 15βMF (59.44%) and
20βMF (46.64%) showed gradual decreases in degradation
efficiency, respectively mentioned in Fig. 10. It is mainly
due to the more active sites provided by β-CD gives higher
degradation efficiency of nanocomposites.

3.10 Impact of concentration of H2O2 on
photodegradation

To on reaction the effect of the H2O2 was studied. The
reaction was performed by varying amounts of H2O2

concentrations (5 mM, 10 mM, and 15 mM). By increasing
the amount of H2O2 from 5 mM 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 H2O2 indicates that it is directly dependent on the
concentration of hydroxyl radicals produced by the H2O2.
When the concentration of H2O2 increases, the rate of
photodegradation of dye is also increased up to a certain
limit, but when the concentration of H2O2 passes this limit,
it acts as a scavenger, which decreases the rate of photo-
degradation of dye [74, 75]. It was concluded that
increased H2O2 concentration decreases the rate of
photodegradation due to the scavenger effect of H2O2.

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

Fig. 7 BET images of a N2 adsorption-desorption isotherm, b (BJH plot) pore size distribution of 5βMF catalyst

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



increasing amount of 5βMF 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].

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 20mg/L by keeping
reaction parameters the same at room temperature on the
degradation reaction. It was found that the 10, 15, and 20mg/
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

Fig. 8 XPS of a full scan
spectrum of 15βMF catalyst,
b Fe 2p, c Mo3d, d O 1s, e C 1s
spectrums
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reaction. It is due to the occupation of active sites of the βMF
catalyst, which reduces the generation of photons from the
βMF 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

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 HCl (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.

Fig. 9 Typical visible spectrums of photodegradation of MB dye,
reaction condition : λmax= 660 nm, catalyst - 5βMF, catalyst amount
−15 mg, concentration of H2O2 −10 mM, pH -6, concentration of
methylene blue dye - 10 mgL−1, temperature – room temperature

Fig. 10 Effect of various catalyst on photodegradation of MB dye
Reaction condition: λmax= 660 nm; catalyst – (a) pure Fe2O3, (b) pure
MoO3, (c) 1βMF, (d) 5βMF, (e) 10βMF, (f) 15βMF, (g) 20βMF, catalyst
amount −15mg, concentration of H2O2 −10mM, pH -6, concentration
of methylene blue dye - 10mgL−1, temperature – room temperature

Fig. 11 Impact of concentration of H2O2 on photodegradation of MB,
Reaction condition: λmax= 660 nm, catalyst - 5βMF, catalyst amount
−15 mg, concentration of H2O2 −10 mM, pH -6, concentration of
methylene blue dye - 10 mgL−1, temperature – room temperature

Fig. 12 Impact of catalyst amount on photodegradation of MB,
Reaction condition: λmax= 660 nm, catalyst - 5βMF, concentration of
H2O2 −10 mM, pH -6, concentration of methylene blue dye -
10 mgL−1, temperature – room temperature
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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
1βMF to 20βMF. Further increases in doping of MoO3 from 5
to 20%; values were decreasing consistently. It indicates that
5βMF catalytic material shows maximum activity, which is full
supportive evidence as shown in Fig. 10.

3.14 Photodegradation process on the β-CD Coated
MoO3-Fe2O3 Catalyst

Figure 15 show the photocatalytic process in presence
prepared nanocomposites (β-CD Coated MoO3-Fe2O3) 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 (e− - h+) pair after the transition of
electrons transporting from the valence band to the con-
duction band [80]. The Fe2+ reacts with H2O2 to produces
·OH radicals and Fe3+ 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 � Fe3O4OX þ hνGreaterPhoton ! e�ðCBÞ þ hþðVBÞ

H2O2 þ Fe2þ ! Fe3þ þ �OHþ HO� ! Radical Formation

Fe3þ þ e� ! Fe2þ ! Reduction Reaction

Fig. 13 Impact of concentration of MB dye solution on photo-
degradation, Reaction condition: λmax= 660 nm), catalyst - 5βMF,
catalyst amount −15 mg, concentration of H2O2 −10 mM, pH -6,
temperature – room temperature

Fig. 14 Impact of pH on photodegradation of MB, Reaction condition:
λmax= 660 nm, catalyst - 5βMF, catalyst amount −15 mg, concentra-
tion of H2O2 −10 mM, concentration of methylene blue dye -
10 mgL−1, temperature – room temperature

Table 2 Turnover number and turnover frequency of various β-CD
Coated MoO3-Fe2O3 material

Entry Sample TON TOF (min−1)

1 MoO3 5.7314 0.0955

2 Fe2O3 12.830 0.2138

3 1βMF 13.300 0.2216

4 5βMF 14.4953 0.2415

5 10βMF 12.5329 0.2088

6 15βMF 9.4028 0.1567

7 20βMF 7.3782 0.1229

Bold: maximum activity catalytic material (5βMF).

Fig. 15 Photocatalytic process behind the reaction mechanism of
prepared nanocomposites (β-CD Coated MoO3-Fe2O3) catalyst
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O2 þ e� ! O��
2 ! ReductionReaction

hþVB þ H2O=HO
� ! Hþ þ �OH ! Oxidation Reaction

�OH=O��
2 þMB ! Degradation Productþ H2Oþ CO2

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 120min. The MoO3/TiO2

shows a 99% degradation result within only 20min, but the
amount of catalyst required is about 600mg. Similarly, ZnO
shows excellent results up to 100% within 70min, 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-Fe2O3 nanocomposites with the
coating of β-Cyclodextrin. The XRD and Raman spectra
confirm the change in the tetragonal phase of Fe2O3 to the
orthorhombic phase (Fe2(MoO4)3) after the addition of MoO3

via the sol-gel method. Furthermore, the crystalline size varies

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 β-Cyclodextrin, which gives more active sites and fast
charge carrier separation. The reaction shows a better effi-
ciency of 5βMF for the degradation of MB dye. This material
gives 91.62% degradation MB within a short reaction time as
compared to the Fe2O3 and MoO3. The synthesized catalytic
material shows maximum degradation efficiency within short
time, under acidic medium using H2O2. 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.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10971-024-06357-1.
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Table 3 Comparison of photodegradation of methylene blue with other catalyst

Photocatalyst Light source Concentration (ppm) Solution (ml) Catalyst amount
(mg)

Time
(Min.)

Degradation
(%)
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ZnO/Au/rGO Sunlight 10 10 5 120 95 [82]

Fe3O4@C@Ru Visible Light 10−4M 30 10 140 92.70 [83]

NiO/α-MoO3 Simulated Solar Light 10 100 10 120 96.5 [84]

MoO3/TiO2 UV-visible Light 20 25 600 20 99 [85]

Fe3O4-MWCNT Visible Light
pH= 11 Temp 50 °C

10 100 40 60 98.49 [86]

α-Fe2O3 Sunlight/U.V. Light
pH= 12

10 70 50 90 96 [87]

γ Fe2O3/ Fe3O4/ SiO2 U. V. Light 50 200 100 120 87.5 [88]

γ Fe2O3/ Fe3O4/ SiO2 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]

CoXZn1-X Fe2O4 Visible Light 10 100 5 60 77 [91]

Bi2MoO6/ZIF-8 Visible Light 20 80 20 100 66.88 [92]

GO/Fe3O4/BiOI Visible Light 3.19 100 100 170 91.4 [93]

rGO/Fe3O4 U. V. Light 12.5 20 2 60 74 [94]

β-CD Coated MoO3-Fe2O3 Sunlight 10 50 15 60 91.62 Present Work

Bold: maximum activity catalytic material (5βMF).
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Abstract
The highly crystalline mesoporous series of various percentages such as 1, 3 and 5% of  CeO2-doped  MoO3 nanocomposite 
were synthesized successfully by using ultrasonic wave-assisted sol–gel synthesis procedure and calcined at 873 K for 3 h. 
The synthesized  CeO2-MoO3 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%  CeO2-MoO3 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  H2O2 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 

technique for researchers to boot pollutants from water 
and air via the possible oxidation of organic pollutants into 
non-toxic  CO2 and  H2O (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  MoO3 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  5S2 and  5p6 
shells (López-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  MoO3 and  CeO2 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  MoO3 
are AR grade Ammonium molybdate tetrahydrate 
 (NH3)4MoO7.4H2O (99.3%) as well as dopant material AR 
grade cerous chloride heptahydrate  CeCl2.7H2O (98.5%) 
was obtained from Loba chemie pvt. Ltd., surfactant AR 
grade cetyltrimethyl ammonium bromide  (C19H42BrN), 
Rhodamine-B  (C28H31ClN2O3), hydrogen peroxide  (H2O2) 
was obtained from Research Lab fine industries and used 
as it is. Similarly, the solvents ammonia solution  (NH4OH) 
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  CeO2‑doped  MoO3 nanocomposite

The ultrasonic wave-assisted sol–gel method was used for syn-
thesis of  MoO3 nanocomposite with varying percentages of 
 CeO2 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  NH4OH 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  MoO3 and  CeO2. The schematics of detailed 
procedure are as follows…
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Schematic Representation of the nanocomposite forma-
tion process.

Photo‑Fenton activity experiment

The Fenton activities of the prepared catalysts  (CeO2,  MoO3, 
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  H2O2 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  (H2O2: 

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.

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 =
[(

A0 − At

)

∕A0

]

× 100% where, A0: 
absorbance at time ‘zero’, At: 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 Kα (λ = 0.15418 nm) radiations at 
40 kV and 15 mA. For all the sample nanocomposite X-ray 
diffraction measured in the 2θ 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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XRD study gives the phase symmetry and crystallinity of the 
calcined nanocomposite material which is shown in Fig. 1.

The peaks shown at 2(θ)° = 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  MoO3 
(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  CeO2, 
at 2(θ)° = 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  CeO2 (JCPDS 32–0196) (Sørensen 1976).

Similarly, the Fig. 1c–e shows diffraction peaks for 1CM, 
3CM and 5CM, respectively. Addition of  CeO2 in  MoO3 
causes only slight shifting of 2θ diffraction peaks and no 
separate peaks were observed for  CeO2 in nanocomposite. 
The average crystal size (D) of the synthesized nanocompos-
ite material can be calculated by Debye–Scherrer equation 
(B. Cullity 1978):

D = kλ/(β cos θ).

Where, λ = wavelength (0.154 nm), β = FWHM (Full 
Width at Half Maximum of more intense peak), K = 0.89 and 
θ = diffraction angle. The observed crystallite size for  CeO2, 
 MoO3 and  CeO2-doped  MoO3 is in the range of 45–52 nm 
which is shown in Table (S2).

Raman spectroscopy analysis

Figure 2 represents the Raman spectra of  MoO3,  CeO2 and 
5CM nanocomposite material characterized by using Invia 
Raman microscope (Renishaw make). According to group 
theory, the optical vibrational modes of  MoO3 with  D2h sym-
metry were predicted as follows. Γ =  8Ag +  8B1g +  4B2g +  
4B3g +  4Au +  3B1u +  7B2u +  7B3u. Raman active modes are 
 Ag,  B1g,  B2g and  B3g while  Au is an inactive mode. The  B1u, 
 B2u and  B3u are only infrared-active. The Raman modes of 
 Ag,  B1g,  B2g,  B3g and  Au shows peaks at 83, 95, 115, 126 
and 151  cm−1. δO1 = M = O1 wagging shows  B3g mode at 
286  cm−1. Raman mode for  CeO2 shows peak at 463.21  cm−1 
which gives the symmetric bending vibration of the O atoms 
around each cation of  CeO2 with  F2g symmetry (Gogoi and 
Sarma 2017), (Y. Lee et al. 2011)  CeO2-doped  MoO3 nano-
composite has little shifted to 468  cm−1.

Fig. 1  XRD analysis of a 
 MoO3, b  CeO2, c 1CM, d 3CM 
and e 5CM
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Fig. 2  Raman analysis of a 
 MoO3, b  CeO2 and c 5CM

Fig. 3  FT-IR analysis of a 
 MoO3, b  CeO2, c 1CM, d 3CM 
and e 5CM
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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−1 wavenumber which is shown in 
Fig. 3. Peaks observed at 549, 813, 862, 990  cm−1 which 
indicates Mo–O vibration, Mo–O bending, Mo–O–Mo 
stretching and Mo = O stretching vibrations respectively for 
 MoO3 nanomaterial shown in Fig. 3a (Tariq et al. 2020), 
(Zhao et al. 2010). While due to increases in per cent dop-
ing of  CeO2 causes gradual decrease in intensity of peak at 

862  cm−1 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  MoO3 sheets whereas spherical-shaped mor-
phology for  CeO2, respectively (NAVGIRE et al. 2011), 

Fig. 4  FE-SEM images of a  MoO3, b  CeO2 and c 1CM, d 3CM and e 5CM nanocomposite material
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Fig. 5  EDAX mapping of  CeO2-MoO3 nanocomposite material

Fig. 6  HR-TEM Images of  CeO2-MoO3 nanocomposite material
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(Suresh, Ponnuswamy, and Mariappan 2014). The addition 
of  CeO2 on  MoO3 results a change in crystallite size and the 
deposition of Ce on the surface of  MoO3 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  CeO2-MoO3 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  CeO2-MoO3 nanocompos-
ite and it clearly shows that incorporation of ceria onto the 
 MoO3 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 
 N2 adsorption–desorption isotherm and observed specific 
surface area for 5CM nanocomposite material was 2.1201 

 m2g−1 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  CeO2-MoO3 nanocom-
posite were analysed on Thermoscientific NEXA Surface 
analyser instrument and it shows Mo 3d, Ce 3d and 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  3d3/2 and 886 and 882.1 eV belong to Ce  3d5/2 of 
 Ce3+ ions (Li et al. 2009). Thus,  Ce3+ ions were homoge-
neously incorporated in the  MoO3 lattice. XPS spectrum 
for Mo  3d3/2 and Mo  3d5/2 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  Mo6+ 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 
 Mo6+ 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  MoO3, 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 

Fig. 7  BET Plot of a  N2 adsorption–desorption isotherm and b Pore size distribution of 5CM composites
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spectrophotometer. The band gap energy was calculated with 
the help of the plot of (F(R)hυ)1/2(eV(cm−1))1/2 versus Energy 
(hυ) and it shows band gap energy of 3.05 eV for  MoO3 which is 
shown in Figure S1a and Figure S1b shows, interestingly reduce 
in band gap energy to 2.47 eV for 5CM nanocomposite material 
which promising its photocatalytic applications in visible region 
(Makuła, 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  CeO2,  MoO3, 1CM, 3CM 
and 5CM with 25 mg catalyst with 40 ml/1 ppm Rh-B dye 
solution and 10 mM/ 2 ml  H2O2 for 120 min. And absorb-
ance was recorded for all above-mentioned nanocomposite 
catalyst for every 15 min and % degradation was calculated 

which is shown in Fig. 9. From that figure 45.32%, 41.87%, 
83.03%, 94.68% and 95.36% degradation is observed for 
 MoO3,  CeO2, 1CM, 3CM and 5CM, respectively in 120 min. 
It concludes that maximum photo-Fenton degradation of 
Rh-B dye is observed for 5CM 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 5CM 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 

Fig. 8  XPS Spectra of  CeO2-MoO3 nanocomposite material, a Overlay, b Ce 3d, c Mo 3d, d O 1 s
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Fig. 9  Effects of differ-
ent photo-Fenton catalyst 
for degradation of Rh-B at 
λmax = 550 nm (Reaction condi-
tions:  [H2O2] = 10 mM, [Rh-
B] = 1 ppm, [Catalyst] = 25 mg, 
pH = 7 at room temperature)

Fig. 10  Effects of 5CM 
catalyst concentration (15 mg, 
25 mg and 35 mg) for photo-
Fenton degradation of Rh-B 
at λmax = 550 nm (Reaction 
conditions:  [H2O2] = 10 mM, 
[Rh-B] = 1 ppm, pH = 7 at room 
temperature)
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Fig. 11  Effects of  H2O2 doses 
for degradation of Rh-B at 
λmax = 550 nm (Reaction condi-
tions: [Rh-B] = 1 ppm, [Cata-
lyst: 5CM] = 25 mg, pH = 7 at 
room temperature)

Fig. 12  Effects of pH for 
degradation of Rh-B at 
λmax = 550 nm (Reaction 
conditions:  [H2O2] = 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 H2O2

Concentration of  H2O2 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  H2O2 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 
 H2O2 concentration for 5CM 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, 

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 5CM; 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 5CM catalyst for 
degradation of Rh-B at 
λmax = 550 nm (Reaction 
conditions:  [H2O2] = 10 mM, 
[Rh-B] = 1 ppm, [Catalyst: 
5CM] = 25 mg, pH = 7 at room 
temperature)

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

Bold indicates 5CM nanocomposite shows superior catalytic perfor-
mance as well as shows higher TOF and TON

Sr. No. Catalyst Active sites (moles) TON TOF(min−1)

1 MoO3 1.7407 X  10−4 20.08 0.17
2 CeO2 1.4525 X  10−4 26.05 0.22
3 1CM 1.7339 ×  10−4 39.98 0.33
4 3CM 1.7283 ×  10−4 40.11 0.34
5 5CM 1.7226 X 10−4 46.22 0.38
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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).

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  MoO3, 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, 5CM nanocomposite 
is also shows higher turnover frequency, i.e. 0.38 and 46.22 
turnover number which attributing its superior catalytic 
performance.

Plausible mechanism of photo‑Fenton reaction

The photo-Fenton degradation activity for Rh-B dye 
were performed with visible light, i.e. in direct sunlight 
(λ > 400 nm), 10 mM  H2O2 and simultaneous incorporation 
of 5CM catalyst. Continuous generation of OH radicals takes 
place by reacting  H2O2 with catalyst surface and in this step 
Ce (III) 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 
 CO2 and  H2O which were analysed by decrease in inten-
sity of absorbance peak at λmax = 550 nm in 120 min was 
observed.

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.

ln
(

C∕C0

)

= −kt where, ‘k’ is rate constant  (min−1).
‘C’ are concentration of Rh-B dye at time ‘t’
‘C0’ 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 λmax = 550 nm (Reaction 
conditions:  [H2O2] = 10 mM, 
[Rh-B] = 1 ppm, [Catalyst: 
5CM] = 25 mg, pH = 7 at room 
temperature)

Fig. 15  Effects of scavengers 
(isopropyl alcohol, EDTA and 
l-Ascorbic acid) on degrada-
tion of Rh-B at λmax = 550 nm 
(Reaction conditions: 
 [H2O2] = 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 ×  10−2  min−1. 
The correlation coefficient  (R2) indicates that the experimen-
tal data could be a fitted linearly and adequately.

Scavenger study

To study the mechanism of  CeO2 doped  MoO3 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  (Na2-EDTA) and Isopropyl alcohol (IPA) are 
used for quenching the  O2−, 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  O2− 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 5CM 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), (Kuźniarska-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 5CM 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  CeO2-MoO3 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 
 CeO2-MoO3 were performed with variation study on amount 
of catalyst,  H2O2 concentration, pH range were investigated. 
TOF and TON and scavenger study were performed. Finally 

it concludes that 5CM 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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A B S T R A C T

Globalization and industrialization have significantly exacerbated air pollution, particularly through the increase
of volatile organic compounds (VOCs), posing severe health risks and environmental challenges. The need for
effective VOC detection at room temperature has become critical. In this study, a novel β-Cyclodextrin coated
MoO3-ZrO2 nanocomposite was synthesized via a cost-effective simple sol-gel method, aiming to enhance gas
sensing properties. Comprehensive characterization techniques confirmed the formation of a mesoporous Zr
(MoO4)2 structure with smooth surface morphology in the β-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 % β-CD
coated MoO3-ZrO2 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 10βMZ 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.

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

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 SnO2,
MoO3, ZnO, ZrO2, and TiO2. 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 (ZrO2), a
commonly used substance in ceramic materials, photocatalysts, cata-
lysts, and p-type semiconductors [4,5]. Moreover, ZrO2 finds application
in the field of medicine owing to its anti-cancer, anti-microbial, and
antioxidant characteristics [6]. Zirconium oxide (ZrO2) 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, ZrO2 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 ZrO2 material, it is necessary to dope or
coat it with an alternate material.

Molybdenum trioxide (MoO3) 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, MoO3 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.

An oligosaccharide polymer with seven glucopyranose units is called
β-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 β-Cyclodex-
trin MOF [19]. Al. Palaniappan et al. synthesized β-CD functionalized
mesoporous silica film for ethanol and benzene detection. They reveal
that the mesoporous structure, stability, and chemical bonding of β-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/ZrO2 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 SnO2/α-Fe2O3 heterostructure, achieving 18.7 ppm
acetone reactivity at 300 ◦C and faster recovery than pristine SnO2 [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

Fig. 1. XRD pattern of (a) Pristine ZrO2, (b) Pristine MoO3, (c) 1βMZ, (d) 2βMZ,
(e) 5βMZ, and (f) 10βMZ.

Fig. 2. Raman spectrum of (a) Pristine ZrO2, (b) Pristine MoO3, (c) 1βMZ, (d)
2βMZ, (e) 5βMZ, and (f) 10βMZ.
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need a highly porous nanocomposite material with a more active gas-
detecting surface [25]. We made a composite of pristine MoO3 and
ZrO2 to overcome their limits. To improve gas sensing capability and
surface quality, we added β-Cyclodextrin to the composite. ZrO2’s sta-
bility enhances MoO3’s electrical characteristics, improving gas sensing.
Mesoporous Zr(MoO4)2 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)2 because it can overcome
the constraints of ZrO2 and MoO3. However, no research has reported
using MoO3-doped ZrO2 to detect VOCs at room temperature. Building
on these findings, this study aims to develop a novel β-Cyclodextrin--
coated MoO3-ZrO2 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 β-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 ZrO2 nano-
composite, capable of detecting volatile organic compounds (VOCs) at
room temperature. We created β-Cyclodextrin-coated MoO3-ZrO2
nanocomposite with molybdenum concentrations of 1, 2, 5, and 10 %.
We synthesized the composite material using the inexpensive sol-gel

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(MoO4)2, coupled with the
catalytic activity of MoO3 and the stabilizing effect of ZrO2, 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
(ZrOCl2⋅8H2O), ammonium heptamolybdate tetrahydrate
(NH4)6Mo7O24⋅4H2O, and β-Cyclodextrin (β-Cd: C42H70O35) were pur-
chased from LOBA Chemicals. Cetyl Trimethyl Ammonium Bromide
(C19H42N.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 β-Cyclodextrin coated MoO3-ZrO2
nanocomposites

Pristine and β-Cyclodextrin coated MoO3-ZrO2 nanocomposites were
synthesized using the cost-effective Sol-Gel method. A series of β
Cyclodextrin coated MoO3-ZrO2 nanocomposites with 1, 2, 5, and 10 %
MoO3 were synthesized and named as 1βMZ, 2βMZ, 5βMZ, and 10βMZ,
respectively. For the synthesis of 1βMZ, 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, β-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, β-Cyclodextrin in the nanocomposite material
carbonized and transformed into porous carbon.

Using the same procedure, nanocomposites with 2, 5, and 10 %
MoO3 namely (2βMZ), (5βMZ), and (10βMZ) were synthesized with the
appropriate amounts of precursors. Pristine MoO3 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 Kα radiation (λ = 0.154 nm). Fourier Transform Infrared
spectroscopy (FTIR, PerkinElmer Spectrum 2) was investigated in the
range 4000 to 450 cm− 1. 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).

Fig. 3. FT-IR spectrum of (a) Pristine ZrO2, (b) Pristine MoO3, (c) 1βMZ, (d)
2βMZ, (e) 5βMZ, and (f) 10βMZ.
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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].

v =
c×M× V × 10− 6

22.4 × ρ . (1)

Where v is the volume of the liquid (mL), c is the concentration of the
target gas (ppm), ρ is the density of liquid (g/cm3), M is the molecular
weight of injected liquid (g mol-1), and V is the volume of the glass bottle
(mL).

v = c× V × 10− 6. (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 Rg

Ra
or Ra

Rg
for

reducing and oxidizing gases, where Ra is the resistance of the sensor in
the air atmosphere and Rg 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 ZrO2, depicted in Fig. 1
(a) appear at 2θ (◦) 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 MoO3, with sharp and intense peaks at 2θ (◦) 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, 5βMZ,
and 10βMZ the XRD pattern are shown in Fig. 1(e and F). The peaks at 2θ
(◦) 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)2 material [28]. The
gradual increase in intensity of the peak at 23.2 (◦) is attributed to the
increasing MoO3 concentration from 1βMZ to 10βMZ. Additionally, a
decrease in the intensity of the MoO3 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:

Fig. 4. FE-SEM images of (a) Pristine MoO3, (b) Pristine ZrO2, and (c) 10βMZ; (d and e) cross-section of sensing film of 10βMZ nanocomposite material.
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Fig. 5. (a-b) TEM image and (c-d) HRTEM image of 10βMZ nanocomposite.
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D =
0.9 λ

β Cos θ
. (3)

Where, λ is the wavelength of Cu Kα radiation (0.1514 nm), θ in-
dicates the angular position of the peak, and β 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
MoO3 and ZrO2 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 ZrO2. The
intense peak at 147 cm− 1 corresponds to the symmetric stretching vi-
bration mode of Zr-O bonds in the tetragonal phase of ZrO2. Additional
peaks at 268 and 316 cm− 1 are attributed to the Zr-O-Zr bending vi-
bration or the asymmetric stretching mode of oxygen atoms. The peak at
460 cm− 1 corresponds to the symmetric stretching mode of the Zr-O-Zr
bonds, while peaks at 601 and 645 cm− 1 are associated with the bending
mode of the O-Zr-O bond present on ZrO2 [32].

In Fig. 2(b), the Raman spectrum of pristine MoO3 is shown, with
prominent peaks at 197, 244, and 283 cm− 1, corresponding to the
symmetric stretching mode of Mo-O-Mo bonds in the orthorhombic
MoO3 lattice. The peaks at 335, 378, and 425 cm− 1 are mainly due to the

bending vibrations of Mo-O bonds or may relate to the stretching mode
of terminal Mo=O bonds. The band at 665 cm− 1 corresponds to the
symmetric stretching mode of the Mo-O bond, while peaks at 817 and
994 cm− 1 illustrate the stretching vibration of Mo-O-Mo and Mo=O
bonds, respectively [33,34].

The Raman spectra of β-CD coated MoO3-ZrO2 nanocomposite indi-
cate the presence of hexagonal phases. Fig. 2(c-F) shows the vibrational
modes within the crystal lattice for 1βMZ, 2βMZ, 5βMZ, and 10βMZ
nanocomposites. A low-frequency band is observed, resulting from the
lattice vibrational and translational modes of the hexagonal structure.
The peak at 319 cm− 1 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− 1 correspond to the symmetric
ν(O-Mo-O), antisymmetric ν(O-Mo-O) and ν(Mo=O) vibrational modes,
respectively. The decrease in intensity of the corresponding peaks of
pristine MoO3 and ZrO2 in the composite material further confirms the
formation of hexagonal Zr(MoO4)2 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 ZrO2 spectrum features peaks at 761 and 606
cm− 1, corresponding to Zr-O stretching vibration and a peak at 559
cm− 1, suggesting the O-Zr-O bending vibration, characteristic of the
ZrO2 [39-41]. The FT-IR spectrum of pristine MoO3 shows a peak at 980
cm− 1, representing the terminal Mo=O and a peak at 809 cm− 1, asso-
ciated with antisymmetric O-Mo-O or Mo-O-Mo stretching vibrations.

For the β-CD coated MoO3-ZrO2 nanocomposite, a significant new
absorption band emerges in the range of 500 to 810 cm− 1, likely cor-
responding to the M-O-M or O-M-O bonding. The peak at 809 cm− 1

indicates the M = O bonding mode. These results suggests the successful
formation of Zr(MoO4)2 [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 MoO3 has a 2-D nanosheet structure with a
width ranging from 2 to 5 µm and a length of 10–20 µm. Fig. 4(b) dis-
plays the pristine ZrO2, which exhibits agglomerated nanoparticle-like
morphology. Fig. 4(c) reveals the uniform and smooth surface
morphology of 10βMZ nanocomposite.

Fig. 4(d and e) illustrate the cross-sectional view of the sensing film
made from the 10βMZ nanocomposite. The film’s thickness ranges be-
tween 4 and 6 μm, 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 10βMZ nanocomposite, revealing the presence of hexagonal crystal
structure of Zr(MoO4)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)2
phase, respectively, along with d-spacing of 0.35 for the (120) lattice
plane of residual MoO3 in nanocomposite. Additionally, due to the high
temperature calcination of the nanocomposite, β-CD was carbonized
into porous carbon [19]. These findings are consistent the XRD analysis
of 10βMZ nanocomposite material.

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

The UV–Vis diffuse reflectance spectrum offers critical insights into

Fig. 6. UV-DRS reflectance spectra of (a) Pristine ZrO2, (b) 1βMZ, (c) 2βMZ, (d)
5βMZ, and (e) 10βMZ.
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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 ZrO2, 1βMZ, 2βMZ,
5βMZ, and 10βMZ 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 (α) was determined using the
Kubelka-Munk method [45]. This absorption coefficient ‘α’ was then
modified by multiplying it by the incident beam light intensity. The
effective band gap of the ZrO2 and MoO3-ZrO2 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 ZrO2
and nanocomposites samples, with detailed values shown in Table S2

Fig. 7. XPS of (a) full scan spectrum of 10βMZ, (b) Mo 3d, (c) Zr 3d, (d) O 1 s, and (e) C 1 s spectrums.

Fig. 8. BET Surface area plot, N2 adsorption-desorption isotherms of (a) Pristine ZrO2, (b) Pristine MoO3, (c) 10βMZ, BJH plot of pore size distribution (d) Pristine
ZrO2, (e) Pristine MoO3, and (f) 10βMZ.
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[46]. The pristine ZrO2 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(MoO4)2 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 10βMZ 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 3d5/2 and Mo 3d3/2 of Mo6+in MoO3 [48].

Similarly, the Zr 3d spectrum shown in Fig. 7(c) display character-
istic peaks at 184.7 and 182.3 eV for Zr 3d3/2 and Zr 3d5/2, respectively,
which are consistent with the Zr4+ 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
O2− 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–O, and C = O bonds in
graphite-like carbon atoms [51,52]. The detection of Mo 3d, Zr 3d, C 1 s,
and O 1 s elements in the XPS survey confirms the formation of Zr
(MoO4)2 nanocomposite, along with the attachment of carbon atoms.

6.8. Brunauer-Emmett-Teller (BET)Analysis

The Brunauer-Emmett-Teller (BET) analysis of the Pristine ZrO2,
Pristine MoO3 and 10βMZ 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

Fig. 9. Room temperature sensing response of the pristine ZrO2, pristine MoO3,
and series of nanocomposite sensors towards different target gases at concen-
trations of 100 ppm.

Fig. 10. Response and recovery curve of a 10 βMZ sensor towards 100 ppm
acetone at room temperature.

Fig. 11. Relationship between working temperature and the response of a
10βMZ sensor to 100 ppm acetone.

Fig. 12. Response of a 10βMZ sensor to various concentrations of acetone
(25–200 ppm) at room temperature.
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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 MoO3 on ZrO2 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 β-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

(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 MoO3, pristine ZrO2 and a
series of βMZ 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 10βMZ nano-
composite demonstrated the highest gas sensing response (1.97) to-
wards acetone vapors, outperforming other tested gases. In comparison,
pristine ZrO2 and pristine MoO3 exhibited lower responses of 1.34 and
1.41, respectively, highlighting the superior sensing activity of the
10βMZ nanocomposite. Several factors contribute to the enhanced per-
formance of the 10βMZ nanocomposite. Firstly, high specific surface
area (343.26 m2/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 10βMZ 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 Ra of the sensor also increases, leading to a higher
response. The 10βMZ 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 10βMZ
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 10βMZ 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

Fig. 13. Room temperature (30 ◦C) response of a 10βMZ sensor to various
relative humidity (%) at 100 ppm acetone.

Fig. 14. Response of repetitiveness of a 10βMZ sensor at 100 ppm of acetone at
room temperature.
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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 10βMZ 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 10βMZ nanocomposite exhibits excellent
reusability and stability as a gas sensor material (Fig. 15).

13. Gas sensing mechanism

When MoO3-ZrO2 nanocomposites are exposed to air, they absorb O2
from the atmosphere. The absorbed oxygen species (O−

2 orO− ) undergo
chemisorption, drawing electrons (e− ) from the conduction band of
MoO3-ZrO2. Upon exposure to acetone vapors, the acetone molecules
adsorb onto the surface of the MoO3-ZrO2. The α-H of acetone, which is
slightly acidic, interacts with the oxygen atom ‘O’ in MoO3-ZrO2,
forming an intermediate enolate species through the elimination of α-H
from the acetone molecule (M-O—-H–CH2COCH3). This interaction
leads to the formation of O–H bonds on the MoO3-ZrO2 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-ZrO2 film involves the utilization of
electrons from the conduction band, thereby increasing the resistance of

the film upon acetone adsorption. During the desorption process, the
O–H bond on the MoO3-ZrO2 dissociates, restoring the H to the acetone
species, which leads to a decrease in film resistance as acetone is
removed [61,62].

The β-CD coated MoO3-ZrO2 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 β-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 ZrO2 nano-
composites exhibits high catalytic activity due to the formation of
Brønsted 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 β-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.

β-CD coated MoO3-ZrO2 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

Fig. 15. Proposed acetone gas sensing mechanism of a β-Cd coated MoO3-ZrO2 nanocomposites sensor.

A. Nagare et al. Surfaces and Interfaces 53 (2024) 105068 

10 



(PZ4G0) 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.
Co3O4 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@SnO2–Co3O4–HNBs (2 %)

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. Co3O4 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 Co3O4 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 β-CD coated MoO₃-ZrO₂ 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 MoO3,
pristine ZrO2, and a series of β-CD coated MoO3-ZrO2 nanocomposites
using a cost-effective sol-gel method for gas sensing applications,
particularly at room temperature (30 ◦C). The incorporation of
β-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 β-Cd coated
MoO3-ZrO2 nanocomposites exhibited superior performance compared
to pristine MoO3 and ZrO2. The 10βMZ 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 10βMZ 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
10βMZ 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 10βMZ 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

Fig. 16. FT-IR spectrum of (a) MoO3-ZrO2 nanocomposites before acetone
vapor passes; (b) MoO3-ZrO2 nanocomposites after immediate acetone vapor
passes; and (c) MoO3-ZrO2 nanocomposites after 10 min of acetone
vapor passing.

Table 1
Comparison of acetone gas sensing performance with other sensing materials.

Gas sensor Acetone
Concentration (ppm)

Response Operating Temperature
( ◦C)

Response Time
(s)

Recovery
Time
(s)

Reference

β-Cd coated MoO3-ZrO2 nanocomposite 100 1.97 RT 30 39 This work
ZnO nanofibers

(PZ4G0)
200 2.30 400 31 144 [64]

ZnO-RGO nanofibers
(PZ4G7)

200 4.00 200 36 167 [64]

Co3O4 nanoparticles 100 8.61 200 43 92 [65]
N-C@SnO2–Co3O4–HNBs (2 %) 50 14.00 160 – – [66]
Cu-MOF400 40 2.60 250 – – [67]
Co3O4 Nanowire array 100 1.60 250 206 >190 [68]
Cu doped ZnO 10 3.50 RT ~400 ~100 [69]
Au loaded Co3O4 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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ABSTRACT

The present work demonstrated simple, cost-effective, and efficient synthetic

approach for producing two-dimensional (2D) nanosheets (NSs) of oxygen-de-

ficient monoclinic c-tungsten oxide (c-WO3), which exhibit desirable properties

used for super capacitor application. The hydrothermal method was employed

at a temperature of 120 �C for 12 h to synthesize c-WO3. Structural and optical

properties of the c-WO3 NSs were analyzed by using various techniques such as

X-ray diffraction, Raman spectroscopy, diffused reflectance spectroscopy, and

photoluminescence analysis. Morphological characterization was performed

using field emission-scanning electron microscopy and high-resolution trans-

mission electron microscopy. Furthermore, the electrochemical properties of the

c-WO3 NSs were evaluated for supercapacitor applications. The as-synthesized

c-WO3 NSs electrode exhibited a remarkable specific capacitance of 386 F g-1 at

a low current density of 5 mA cm-2. Also, the c-WO3 NSs electrode displayed

excellent stability, emphasizing its potential for energy storage device applica-

tions (ESDA).
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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 (WO3) 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 WO3 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. WO3 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 WO3 nanostructures. Yin et al. [17] presented

the NSs of anchored WO3. 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 WO3

doped with MnO2 for super capacitor. The quality of

nanophase WO3 also been improved by compositing

with post transition metals [19].

In the context, the 2D c 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

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 WO3 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 WO3

NSs.

In this work, we report the synthesis of stable, cost-

effective, and oxygen deficient 2D-c- WO3 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 c- WO3 demonstrated excellent

electrochemical performance with the specific

capacitance of 386 F g-1 at a constant current density

of 5 mA cm-2.

2 Experimental section

2.1 Synthesis of c-Tungsten oxide
nanosheet (c-WO3 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(C2H3O2)2
and sodium tungstate (Na2WO4) (2 mmol) were dis-

solved in 50 ml 0.1 M nitric acid (HNO3) 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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(PbWO4) 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

S4800) 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 c-WO3 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 WO3 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-1 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.

3 Results and discussion

Figure 1a–d illustrates the XRD, Raman, DRS, and PL

study of c-WO3-x NSs, respectively. The peak posi-

tions in Fig. 1a correspond to the monoclinic struc-

ture of WO3 (c-WO3) with lattice parameters,

a = 0.7301, b = 0.7539, and c = 0.7688 nm (JCPDS

Card No 01-083-0950). The monoclinic structure of

WO3 is referred to as the gamma phase of tungsten

oxide (c-WO3). 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 WO3 reported by Boruah et al.,

[26] corresponds to c-WO3 NSs. In addition, the

shape of the peak located at 34.19� is not the same as

bulk WO3. This could indicate the oxygen deficiency

in WO3 NSs [15]. The Raman peaks observed at 720

and 813.5 cm-1 in Fig. 1b correspond to the stretch-

ing vibrations [t (O-W-O)] and the peak at

280.5 cm-1 belongs to the bending vibrations [d (O-

W-O)] of the c-WO3 NSs [27–29]. Unlike in the bulk

WO3, 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):

a:hvð Þ1=c¼ Bðhv� EgÞ ð1Þ

where, a is the absorption coefficient, h is the Planck

constant, m is the photon’s frequency, Eg is the band

gap energy and B is a constant. The c 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 WO3 (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 O2- 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 c-
WO3 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

WO3) 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
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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,

PbAC2 þNa2WO4 �!D PbWO4 þ 2NaAC

PbWO4 þ 2Hþ ! PbWO3H2O ! WO3 þH2O

FE-SEM images of the c-WO3 NSs with different

magnifications are displayed in Fig. 2a and b. From

Fig. 2a, the morphology of the as-synthesized c-WO3

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

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 c-WO3 NSs could be very effective for

supercapacitor applications.

The TEM images of c-WO3 NSs are given in Fig. 2c

and d show the growth of a thin layer of uniform c-
WO3 NSs. Figure 2c show c-WO3 NSs with irregular

morphology. By analyzing the TEM images (Fig. 2c),

Fig. 1 a XRD, b Raman spectra, c Diffused reflectance spectra (DRS), and d Photoluminescence (PL) of c-WO3 NSs
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it is estimated that c-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 WO3 (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

W4f spectrum with spin–orbit doublet 7/2–5/2 for

the ‘W’ valance state is demonstrated in Fig. 3b. In

Fig. 3c, the deconvoluted O1s spectra of the c-WO3-

NSs are displayed. The peak located at 529.6

and 530 eV corresponds to the stoichiometric O2
-

ions, while the slightly shifted peak located at

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 c-WO3 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 c-WO3 thin films with various

scan rates from 5 to 100 mV s-1 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 c-
WO3 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-1 for 5, 10, 20, 50, 80, and

100 mV s-1, respectively. The Cs values of the c-WO3

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

Fig. 2 a–b FESEM images of

c-WO3 NSs c TEM images of

c-WO3 NSs d high resolution

image and SAED pattern

(inset) of c-WO3 NSs

synthesized by hydrothermal

method
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of the ions transfer from the electrode/electrolyte

interface. Numerous researchers are currently

engaged in the study of WO3 nanomaterial for its

potential use in electrochemical applications [30]. Sun

et al. [31] synthesized the hexagonal nanorod-like

WO3 electrodes for negative electrode material by

hydrothermal method for the supercapacitors appli-

cation, and they reported a higher specific capaci-

tance of 415.3 F g-1 at 0.5 A g-1. Mineo et al. [32]

reports the WO3 electrode material using hydrother-

mal method. Also they reported the value specific

capacitance of 325 F g-1 at fixed scan rate 2 mV s-1

with hexagonal nanostructures. Also, they reported

the effect of, structural morphology and electrical

properties of WO3 electrodes. Similarly, the

supercapacitor properties of the as-synthesized

nanoplates like the nanostructure of c-WO3 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 c-WO3 thin films at different current

densities from 5 to 10 mA cm-2 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 c-WO3 thin films

and electrolytes. The calculated values of the Cs of

the as-synthesized nanoplates like c-WO3 thin films

Fig. 3 a XPS survey scan spectrum b W4f XPS spectrum, and c O1s XPS spectrum of c-WO3 NSs
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using standard relations. The calculated Cs values

were 383, 261, 201, 173, 179, and 130 F g-1 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 WO3 electrode

composite with CNT using solution growth method.

They mentioned the value of the specific capacitance

of 60 F g-1 at 1 A g-1, 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 c-WO3 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 (Rs) and charge-transfer resistance (Rct) of

Fig. 4 a CV curves of WO3 electrodes at various scan rates, b specific capacitance with scan rates, c GCD curves of WO3 electrodes at

different current densities, and d specific capacitance with different current density
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c-WO3 thin film fitted data with the Z-SimpWin

software. The fitted data provided the values of the

Rs and Rct are 9.1 and 1.19 X, respectively. The cal-

culated values of the charge-transfer resistance indi-

cate the as-synthesized nanoplates like c-WO3

electrode provided higher conductivity for the

enhanced electrochemical properties [34, 35].

4 Conclusions

In conclusion, high-quality c-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 c-WO3 NSs have a monoclinic structure

with the (002) plane as the preferred orientation. The

as-synthesized c-WO3 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 c-WO3 NSs, the peaks

at 720 and 813.5 cm-1 corresponds to the stretching

vibrations [t (O-W-O)] and 280.5 cm-1 belong to the

bending vibrations [d (O-W-O)]. Furthermore, c-WO3

NSs were tested for electrochemical properties for

supercapacitor application. The as-synthesized c-
WO3 NSs electrode shows a high specific capacitance

of 451 F g-1 at a scan rate of 5 mV s-1. In addition,

the c-WO3 nanosheet electrode displayed excellent

stability, emphasizing its potential for energy storage

applications. It opens up a new avenue to produce a

new phase of WO3 that will be extremely useful for

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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आधवुनक ततं्रज्ञान ि मराठी भािा 
 

डॉ. िंरेश सपंत शळेके 

सिंाय्यक प्राध्यापक ि मराठी विभागप्रमुख, 

मराठी विभाग ि संशोधन कें द्र, 

न्यू आट्सा, कॉमसा अुँण्ड सायन्स कॉलेज, पारनेर, 

ता. पारनेर, वज. अिंमदनगर. ४१४३०२ 

भ्रमिध्िनी -९७६७१७६६५१ 

ई - मेल -- hareshelke@gmail.com, hareshelkecas@gmail.com 
 

 प्रास्ताविक : - 

 आज आपि पािंतो माविंती तंत्रज्ञानाच्या के्षत्रात अवतशय िेगाने प्रसार आवि प्रचार िंोताना ददसतो 

आिं.े या सिा पाश्वाभूमीिर इ - संिाद कौशल्यांच्या माध्यमातूनिंी आपि मराठी भािेतून चांगल्या प्रकारे 

इतरांबरोबर संिाद साधत आिंोत. माविंती तंत्रज्ञानाचे यगु सुरू झाल्यापासून मराठी भािा आवि साविंत्यतिंी 

बदलाचे िारे िाह लागले आिंते. मिंाराष्ट्र शासनाच्या अखत्यारीतील मिंाराष्ट्र राज्य साविंत्य संस्कृती मंडळ, 

राज्य मराठी विकास संस्था, जागवतक मराठी साविंत्य संस्था, मराठी भािा आवि साविंत्याचे जतन संिधान 

करीत आिंते जागवतकीकरि आवि निजागवतकीकरिाला सामोरे जाताना आपल्यासारख्या मराठी भािकांना 

साविंत्याविियी आस्था असिाऱया, लेखन िाचनाची आिड असिाऱया सिाांना माविंती तंत्रज्ञान स्िीकारि े

अपररिंाया ठरलेले ददसून येते. त्यामुळे इ - संिाद कौशल्यांचा आता आपल्याला यशस्िी िापर करिे काळाची 

गरज आिं.े  

           इ-संिाद कौशल्यांचा उपयोग करताना आपल्याला सुरुिातीला त्या माध्यमांची व्यिवस्थत ओळख 

करून घ्यािी लागते इ- संिाद कौशल्यांचा उपयोग व्यिवस्थत करता आला तर आपि मराठी भािेचे संिधान 

खूप चांगल्या प्रकारे करू शकू. आता संगिक िंा या नव्या शतकातील सिाांच्याच प्रगतीचा मागा बनलेला आिं.े 

आता विज्ञान, तंत्रज्ञान, संगिक प्रिालीचे वशक्षि, प्रवशक्षि मराठी मातृभािेत उपलब्ध िंोऊ लागले आिं.े इ- 

संिाद कौशल्यामुळे मराठी ज्ञानभािा वशक्षिाचे माध्यम म्िंिून उपयोजन िंोताना असे वििय रंजक आवि 

सोपे, विद्याथगीयवभमखु झाले आिंते. मराठी विज्ञान साविंत्यािर लक्ष कें दद्रत करण्यािर भर ददला जात आिंे. 

मराठी भािेत अनेक निनिीन विियांची ओळख आपल्याला या इ - संिादांच्या माध्यमातून िंोताना ददसत 

आिं.े त्यामुळेच मराठी साविंत्य संस्कृतीचे संिधान मोठ्या प्रमािात िंोण्यास मदत िंोताना ददसत आिं.े 
 

उदद्दष्टय े: - 

1. अद्ययाित माविंतीसाठी, ज्ञानप्रािीसाठी संगिकावधवष्ठत माविंती तंत्रज्ञानाची उत्तम प्रकारे ओळख 

िंोण्यास मदत िंोईल. 

2. मराठी ज्ञानभािा वशक्षिाचे माध्यम म्िंिून उपयोजन िंोताना असे वििय रंजक आवि सोपे, 

विद्याथगीयवभमुख झाले आिंते. 

3. निे तंत्रज्ञान िापरण्याच्या प्रिाली मराठीतून विकवसत िंोण्यास मदत झाल्यामुळे ज्ञानााजनासाठी 

त्याची खूप चांगली मदत िंोिार आिं.े 

4. इंटरनेट आवि सोशल मीवडयाच्या िाढत्या प्रभािामुळे ि इ - संिाद कौशल्यांच्या माध्यमातून िाचन 

संस्कृती िाढण्यास मदत िंोताना ददसत आिं.े  
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5. इ- संिाद कौशल्यांच्या नव्या माध्यमांमुळे लेखन संस्कृती विकवसत िंोण्यास मोठ्या प्रमािात मदत 

िंोत आिं.े 

6. इंटरनेटच्या माध्यमातून मराठी प्रकाशक, जागवतक पुस्तक प्रदशान, विश्व मराठी साविंत्य संमेलन, 

जागवतक मराठी पररिद, विविध ग्रंथजत्रा यांमधून इंटरनेटद्वारा आपल्या पुस्तकांची माविंती ि विक्री 

करत आिंते. 

7. अनेक प्रकारचे िाचक इ- कौशल्यांच्या ( इंटरनेट, टॅब, लॅपटॉप ) च्या माध्यमातून निनिीन पुस्तके 

िाचत आिंते.  

8. अगदी गाि तालुका पातळीिर देखील िंी िाचनालये सुरू करून िाचनाची संधी उपलब्ध उपलब्ध 

करून देण्यात येत आिं.े 

9. आधुवनक तंत्रज्ञान युगातील मराठीचे अवस्तत्ि आवि भवितव्य उज्ज्िल असलेले ददसून येत आिं.े 
 

आता आपि सविस्तरपि ेइ - सिंाद कौशल्याचंी ओळख करून घऊे  

१.िबेसाईट : 

     आज इंटरनेटच्या युगात आपि सिाजि कोित्यािंी माविंतीसाठी इंटरनेटिर अिलंबून आिंोत. आज सिा 

प्रकारची माविंती इंटरनेटच्या माध्यमातून आपल्यासमोर उपलब्ध आिंे. िंी माविंती पािंण्यासाठी आपल्याला 

िेबसाईटला भेट द्यािी लागते. िेबसाईट म्िंिजे असे एक स्थान आिं;े जेथे िेब पेजेसमध्ये बरीच माविंती 

संग्रविंत केलेली असते आवि िेबसाईटिर ठेिली जाते. िबेसाईटची व्याख्या करायचीच म्िंटले तर अशी करता 

येईल की, िेबसाईट िं े एक मध्यितगीय स्थान आिं;े वजथे माविंती बऱयाच िेबपृष्ठांमध्ये संग्रविंत केली जाते. 

कोितािंी िापरकताा त्या िेबसाईटच्या िेब पेजेसिर कनेक्ट िंोऊ शकतो आवि ती माविंती पाह शकतो. 

जगभरातील कोित्यािंी प्रकारची माविंती आपल्याला वमळिायची असेल तर िबेसाईट िंा सिोत्तम पयााय 

आिं.े आज प्रत्येक घरी मोबाईलिर इंटरनेट उपलब्ध असल्यामुळे कोिीिंी जगातील कोित्यािंी िेबसाईटला 

भेट देऊ शकतो आवि त्या वडिाइसिर िेबसाईट उघडू शकतो. 
 

२. ई-मले : 

       इलेक्रॉवनक मेल ककिा ई-मेल िं ेइलेक्रॉवनक माध्यमांच्या सािंाय्याने संदेश पाठिण्याचे तंत्रज्ञान आिंे. 

सध्याच्या बहुतांश ई-मेल यंत्रिा इंटरनेटचा िापर करतात. इलेक्रॉवनक मेल ज्याला आपि रोजच्या िापरात 

ई-मेल या नािाने ओळखतो. ती एका प्रकारची वडवजटल संदेशाची देिाि - घेिाि आिं.े ई-मेलने एका व्यक्तीने 

संगिकािर टंकवलवखत करून पाठिलेला मजकूर अगदी थोड्याच िेळात दसुऱया एका ककिा अनेक िाचकांपयांत 

पोिंोचतो. जर कोिाला एस.एम.एस करायचा असेल तर आपि तो फोन नंबर माध्यमातून पाठितो 

त्याचप्रमािे जर आपल्याला ई -मेल सेंड करायचा असेल तर ई-मेल ऍडे्रस आिश्यक आिं.े ई-मेल संदेशाचे दोन 

भाग असतात पविंला भाग असतो िंडेर म्िंिजे ठळकपिे वलविंलेले संदेशाचे नाि, पाठििार याचा ई -मेलचा 

पत्ता तसेच ज्याला संदेश पाठिला आिं े त्याच्यािंी ई-मलेचा पत्ता िं ेसगळे असते. दसुरा भाग म्िंिजे मेसेज 

बॉडी यामध्ये संदेश वलविंलेला असतो. 

३. ब्लॉग : 

        ब्लॉग िंा एखाद्या व्यक्तीने आंतरजालिर वलविंलेली स्फुटे ( िोटे िोटे लेख ) यांना ददलेली संज्ञा आिं.े 

इंग्रजी शब्द ब्लॉग िंा िबे (आंतरजाल ) आवि ब्लॉग (नोंद ) या दोन शब्दांपासून तयार केला गेला आिं.े ब्लॉग 

िं े एक प्रकारे संकेतस्थळ ककिा संकेतस्थळाचा भाग आिं.े स्ितःचे विचार, एखाद्या कायाक्रमाची माविंती, 
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रेखावचत्रे ि वचत्रदफती िगैरे गोष्टी इंटरनेटच्या आधारे सिाांपयांत पोिंोचिता येतात ब्लॉग बहुदा एका व्यक्तीने 

तयार केलेला असतो. ब्लॉगिरील नोंदी बहुतेक िेळा उलया कालक्रमानुसार टाकलेले असतात. ब्लॉगची 

काळजी घेिे म्िंिजे त्यातील नोंदीमध्ये सातत्यपूिा सुधारिा करिे िंोय. निीन नोंदी न झाल्यास अनेक ब्लॉग 

कालबाह्य िंोतात. ब्लॉगचा शोध 23 ऑगस्ट 1999 रोजी ्यारा लॅब्स या व्यक्तीने लािला.  

ब्लॉगच ेप्रकार  

1. ियैवक्तक ब्लॉग :  

एखादी व्यक्ती स्ितःच्या ब्लॉगिर वतच्या आिडीनुसार जेव्िंा मजकूर प्रवसद्ध करते तेव्िंा तो िैयवक्तक 

ब्लॉग असतो. िंा ब्लॉग कसा असािा ककिा त्याची आकिाकता कशी असािी िंी पूिाता त्याच्यािर अिलबंून 

असते. िैयवक्तक ब्लॉगिर आपल्याला सातत्याने ककिा गरजेनुसार लेखन करता येते.  

2. सिंयोगी ब्लॉग : 

  जेव्िंा एकापेक्षा अवधक ब्लॉगसा िेब ब्लॉगमध्ये पोस्ट वलविंतात तेव्िंा त्याला सिंयोगी ब्लॉग असे 

म्िंितात. यामध्ये अनेक विियांचे एकत्रीकरि िाचायला वमळते. 

3. मायक्रो ब्लॉहगग : 

  वडवजटल सामग्रीचे लिंान लिंान तुकडे पोस्ट करण्यासाठी मायक्रोब्लॉहगगचा उपयोग िंोतो. लिंान 

पोस्ट िाचिे ककिा टाकिे कािंी िेळा फार गरजेचे असते. उदािंरिाथा मीरटग, वनिडिूक प्रचार, पुस्तकांचा 

संदभा इत्यादी. 

4. ससं्थात्मक ब्लॉग : 

खाजगी ककिा सरकारी संस्थात्मक कामासाठी याचा िापर केला जातो. आपल्या कमाचाऱयांना अद्याित 

माविंती पोिंोचिण्यासाठी या ब्लॉगचे मिंत्त्ि आिं.े 
 

४. ई. बकु्स (पसु्तक ) : 

  ई - पुस्तक म्िंिजे एखाद्या पुस्तकाचे केलेले वडवजटल ककिा इलेक्रॉवनक रूपांतर असते. पुस्तकाची 

पाने पीडीएफ ककिा वचत्ररूपात न ठेिता ती िेगिेगळ्या प्रकारच्या टंकात साठिलेली असतात. जेिेकरून 

िाचकाजिळ असिाऱया कोित्यािंी प्रकारच्या साधनांमध्ये, माध्यमांमध्ये तो मजकूर सिंजपिे उघडू शकतो 

आवि िाचकाला िाचन करता येऊ शकते. आपल्या जिळील असलेल्या मोबाईल, संगिक जर आंतरजालला 

जोडलेले असेल तर िं ेपुस्तक आपल्याला डाऊनलोडिंी करता येते आवि मग आपि सिंज पुस्तकाचे िाचन करू 

शकतो. 
 

५. ऑवडओ बकु्स (बोलती पसु्तके ) : 

  आजच्या धकाधकीच्या जगात आपल्यासारख्या खाऊन वपऊन सुखी असिाऱया मािसांना सिाात जास्त 

चिचि जर कुठल्या गोष्टीची भासत असेल तर ती म्िंिजे फािला िेळ. िेळेअभािी आपि अशा अनेक 

मिंत्त्िाच्या गोष्टींना मुकतो. ज्यांची मजा एकेकाळी आपि खूप लुटली. अनेकांसाठी यातली एक गोष्ट असते 

पुस्तक िाचन रोजचं ितामानपत्र िाचायला िेळ नसतो तर पुस्तक कसं िाचिार पि ज्या नव्या युगाने िंा प्रश्न 

वनमााि केला त्यानंच त्याचे उत्तर ददलं ते आिं ेअथाात बोलती पुस्तक. आता तुम्िंाला पुस्तकाची मजा लुटायला 

एका जागी बसायची गरज नािंी रस्त्याने चालताना, बसमध्ये बसल्याबसल्या, स्ियंपाक करताना ककिा रात्री 

झोपी जाताना तुम्िंी िंी पुस्तकं ऐकू शकता.  
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६. ई - पपेर (ऑनलाईन न्यजू पेपर ) : 

आज दैनंददन जीिनात आपल्याला दररोजचे ितामानपत्र िाचल्यावशिाय स्िस्थता लाभत नािंी कारि 

ितामानपत्र िंा खूप लोकांच्या आयुष्याचा भागच बनलेला असतो. त्यामुळे ितामानपत्र आज ऑनलाईन पद्धतीने 

िाचिाऱया व्यक्तींची संख्या िंजारो पटीने िाढलेली आिं.े आज जिळजिळ सिा ितामानपत्र आपल्याला 

ऑनलाइन पद्धतीने उपलब्ध असलेली ददसून येतात. मागील कािंी ििाात आपि पाविंले तर िृत्तपत्र के्षत्रातिंी 

नव्याने िेगाने बदल िंोत आिंते. ितामानपत्राचा िाचक िंा िेगिेगळ्या थरातील असतो त्यामुळे ितामानपत्र 

िाचिाऱयाचे प्रमाि जास्त असते आज ई - पेपरमध्ये जिळजिळ सिाच पेपर आपि इंटरनेटिर जाऊन िाचू 

शकतो त्यातील जो भाग अवतशय मिंत्त्िाचा आिं ेतो संग्रिंी करून करू शकतो. 
 

७. य-ुयबु :  

फेसबुक, वट्िटर, व्िंाट्सअप बरोबरच जगात सिाावधक िापरले जािारे माध्यम म्िंिून युयुबकडे 

पाविंले जाते. आता आपि युयुब विियी सविस्तर माविंती जािून घेऊ वव्िंवडओ म्िंटल्यािर युयुब चे 

समीकरि आता पके्क झाले आिं.े युयुबचा शोध 14 फेिुिारी 2005 रोजी लागला तसेच 23 एवप्रल 2005 

रोजी युयुबिर पविंला वव्िंवडओ टाकला गेला. नुकतीच 23 एवप्रल 2020 ला youtube ला पंधरा ििे पूिा 

झाली ददिसेंददिस youtube चे मिंत्त्ि अवधकच िाढताना ददसत आिं.े आपल्यापैकी प्रत्येक जि युयुबिर 

रोज कमीत कमी एखादा तरी वव्िंवडओ पािंत असतो. अनेक अभ्यासाचे वव्िंवडओ, पे्ररिादायी भाििे, 

मुलाखती, आपल्या आिडत्या विियािरील माविंती, ज्ञान तसेच वसनेमांचे रेलसा वसनेमा ि गािी बघण्यासाठी 

आपि यूयूबचा िापर करतो एखादी पाककृती िंिी असेल तर गुगल सचा बरोबर youtube िरिंी सचा करतो 

पुस्तकांचे परीक्षि, एखादे गवित कसे सोडिायचे या प्रश्नांची उत्तरे सुद्धा आपल्याला युयुबिर वमळतात. 

आपि पोस्ट केलेले वव्िंवडओ शेअर करता येतात त्यािर प्रवतदक्रयािंी देता येते. याचाच अथा youtube फक्त 

वव्िंवडओ पोस्ट करायची जागा नािंी तर सदस्य एकमेकांशी संपका  करू शकतात. युयुब असे एक उत्तम 

सामावजक माध्यम आिं.े एक अब्जाहन जास्त अवधक सदस्य असलेल्या या youtube चा िापर ददिसातून 

दकत्येक तास वव्िंवडओ पािंण्यासाठी िंोतो िं ेआपल्या सिाांना पररवचत आिं.े युयुबची सदस्य संख्या, जगभरात 

पाविंले जािारे वव्िंवडओ यांची संख्या खूप जास्त आिं.े अनेक युयुब चॅनेलच्या आर्तथक प्रािीमध्ये दरििगीय िाढ 

िंोत असते असे ददसून येते. युयुबिर आपल्या वव्िंवडओला कसा प्रवतसाद वमळतो िं ेचटकन कळते.युयुब एक 

सोशल मीवडया म्िंिून िापरता येते., सचा इंवजन म्िंिून त्याचा िापर करता येतो., आपल्या यूयूब चॅनलिर 

आपल्याला संपका  शेअररग, खरेदी विक्री या संबंधी माविंती देता येते. फेसबुक वट्िटर असा सिा सोशल मीवडया 

आपल्याला आपल्या यूयूब चॅनलला जोडता येतो. 
 

८. फेसबकु : 

िंी एक लोकवप्रय सोशल नेटिर्ककग संकेतस्थळ आिं.े सिासामान्यत: तेरा ििााहन मोठ्या कोिालािंी 

फेसबुकिर सदस्य म्िंिून नोंदिी करता येते. सदस्यांना ओळखीच्या ि फेसबुक सदस्य असलेल्या इतर 

व्यक्तींच्या खात्याशी वमत्र, मैत्रीि म्िंिून जोडिी करता येते. आपल्या वमत्रमंडळींना संदेश, फोटो पाठिता 

येतात. सिा वमत्र मंडळींना ददसेल कळेल अशा पद्धतीने आपले मत मांडता येते. अशा अनेक सुविधा, सोयी, 
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फेसबुकिर उपलब्ध आिंते. माका  झुकरबगा ने फेसबुकची वनर्तमती 2000 साली केली. फेसबुकिर प्रिेश करताच 

पविंले पान उघडते त्याला मुखपृष्ठ म्िंितात. या पानािर सदस्यांच्या वमत्रमंडळींनी प्रकावशत केलेल्या पोस्ट ि 

फोटो ददसतात. या पोस्ट ि फोटोिर सदस्य आपली मते मांडू शकतात. फेसबुकिरील दसुऱया पेजला प्रोफाइल 

पेज म्िंितात प्रोफाइल पेज चार भागात विभागलेले असते.  

१.माविंती पानािर सदस्यांची माविंती ददसते.  

२. सदस्यांचे फोटो अल्बम या पानािर ददसतात. 

३.सदस्यांच्या फेसबुकिरील वमत्र मंडळींची सूची फ्रें ड्स या पानािर ददसते. 

४. सदस्यांच्या वमत्रांनी सदस्यांकरता वलविंलेल्या पोस्ट िॉल या पानािर ददसते. 
 

९.व्िंाट्सअप : 

व्िंाट्सअपची वनर्तमती 2009 मध्य े िायन ऍक्टन ि जॅन कोम यांनी केली. व्िंाट्सअपला सध्याच्या 

काळातील जगातील सिाात लोकवप्रय संदेशप्रिाली म्िंिून ओळखले जाते. आपल्या स्माटाफोनद्वारे आपि 

इंटरनेट िापरून दसुऱया व्िंाट्सअप िापरकत्यााला त्िररत संदेश पाठिता ि िाचता येतो. संदेशासोबत वचत्रे, 

गािी, वव्िंवडओ ि इतर प्रकारच्या फाईल्स देखील एकमेकांसोबत शेअर करता येतात. व्िंाट्सअप प्रिाली 

आयफोन, अुँड्रॉइड, हिडोज फोन इ. सिा आघाडीच्या स्माटाफोनिर उपलब्ध असून स्टेंबर 2015 मध्ये जगभर 

whatsapp चे 90 कोटी िापर करते झालेले आिंते. माका  झुकेरबगा िं ेसध्या व्िंाट्सअप या कंपनीचे मालक 

आिंते. 
  

१०.टेवलग्राम : 

टेवलग्राम िं े 2013 साली वनकलाई ि पिेलदरुि या दोन भािांनी एकत्र येऊन तयार केले आिं.े 

टेवलग्राम िं ेमेसेहजग ॲप आिं ेटेवलग्रामद्वारे व्िंाट्सअप सारखेच वमत्रमंडळी बरोबर आपि बातचीत करू शकतो 

तसेच telegram चे फीचसा व्िंाट्सअप पेक्षा अवधक चांगले ि सुरवक्षत आिंते टेवलग्राम ॲप िं ेअुँड्रॉइड हिडोज 

फोन, आय.ओ.एस, हिडोज मॅक ,ओ.एस आवि हलकसाठी उपलब्ध आिं.े एवप्रल 2020 पयांत टेवलग्राममध्य े

400 दशलक्ष प्रवतमविंना सदक्रय िापर करिारे लोक आिंते. टेवलग्राम अुँपमध्ये आपि निीन ग्रुप, सुरवक्षत 

संदेश, निीन चॅनल, सेि मेसेज, कॉल इत्यादी सुविधा उपलब्ध आिंते. 
 

११. वट्िटर : 

वट्िटर या सोशल नेटिका  साईटमध्ये खूप ताकद आिं.े आपि वट्िटरिरून जगभरातील वमवलयन 

लोकांना कनेक्ट करू शकतो. याचा मुख्य फायदा म्िंिजे जगभरात जे कािंी घडते ते अगदी कािंी सेकंदात 

वट्िटच्या माध्यमातून येते.  वट्िटर जर आपि िापरले तर न्यूज चॅनेल, टीव्िंी शो, वसरीयल कािंी पािंण्याची, 

ककबहुना त्याची गरज भासत नािंी. सिा माविंती आपल्याला वट्िटरिर उपलब्ध असलेली ददसून येते. वट्िटर 

म्िंिजे वट्िट पोस्ट करिे िंोय. वट्िटर िं े संिादाचे उत्तम साधन आिं े ते िास्तिािर आधाररत असून कािंी 

क्षिात आपल्यापयांत योग्य ती माविंती पोिंोचते. वट्िटर िं े जगातील असा ्लॅटफॉमा आिं े की वजथे आपि 

सिाांशी बोल ूशकतो. िंिे असलेल ेप्रश्न विचारू शकतो. त्यांचे उत्तर सिंज आवि जलदपिे वमळू शकिारे रठकाि 

म्िंिजे वट्िटर िंोय. वट्िटर िापर कते वट्िट्स करतात िेककग न्यूज पोस्ट करतात. तर बरेच जि माविंतीपर 

वट्िट करतात. तर कािंीजि सेवलविटींशी संिाद साधतात. इत्यादी सुविधा वट्िटरिरती उपलब्ध असलेल्या 

ददसून येतात. 
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१२. गगुल मीट : 

गुगल मीट िं ेवव्िंवडओ कॉन्फरन्स सेिा देण्याचे मिंत्त्िपूिा काया करते. गुगल मीटमध्ये एका िेळी तब्बल 

100 जि सिंभागी िंोऊ शकतात. गुगलने सध्याच्या काळात िाढत चाललेली वव्िंवडओ कॉन्फरहन्सग सेिांची 

मागिी लक्षात घेऊन त्यांची गुगल मीट िंी सेिा आता सिाांसाठी मोफत उपलब्ध करून ददली आिं.े गुगल मीट 

सेिा िापरण्यासाठी तुम्िंी meet.Google.com िर जाऊ शकता ककिा त्यांचे अुँड्रॉइड ि ios िापरू शकता, 

गुगल मीट िापरण्यासाठी गुगल अकाउंट असिे गरजेचे आिं.े 
 

१३. गगुल क्लासरूम:  

गुगल क्लासरूमचा प्रारंभ 6 मे 2014 रोजी झालेला आिं.े गुगल क्लासरूम िं े शैक्षविक माविंतीचे 

आदान प्रदान करण्यासाठी बनिलेले ददसून येते. गगुल क्लासरूम िंी एक िेब सेिा आिं.े गगुल क्लास रूमचा 

प्राथवमक उद्देश िंा वशक्षक आवि विद्यार्थयाांमध्ये वशकिण्याची प्रदक्रया अवधक सुलभ कशी करता येईल यासाठी 

आिं.े ऑनलाइन वशक्षि व्यिस्थापन िृहद्धगत करण्याच्या िंतूेने गुगल क्लासरूमची वनर्तमती करण्यात आली. या 

टूलच्या माध्यमातून वशक्षक आवि विद्याथगीय, अभ्यास घटकासंदभाात सिंजपिे ऑनलाईन संिाद साधू शकतात. 

सध्याच्या काळात अनेक शाळा मिंाविद्यालयांनी त्यांचे ऑनलाइन क्लास सुरू केले आिंेत. यासाठी प्रामुख्याने 

िापरला जािारा पयााय म्िंिजे गूगल क्लासरूम. शैक्षविक सुविधांनी युक्त अशी गुगलची गुगल क्लासरूम सेिा 

आिं.े गुगलने कािंी ददिसांपूिगीय या गोष्टीचा आिखी चांगल्या प्रकारे िापर करता यायला िंिा यासाठी यामध्य े

नव्या सोयींच्या समािेश केला आिं.े त्यामुळे विद्याथगीय आवि वशक्षक दोघांनािंी गुगल क्लास रूम िापरण्यास 

अवधक सोयीचे झालेली ददसून येते. 

  काय आिंे गुगल क्लासरूम : गुगल क्लासरूम म्िंिजे िगााचीच ई - प्रवतकृती. गुगल क्लासरूम िंे 

वशक्षिाकरता िापरले जािारे निीन माध्यम आिं.े गुगल क्लासरूमच्या साह्याने वशक्षक एका िेळी कमाल 

250 विद्यार्थयाांसाठी ऑनलाईन तावसका घेऊ शकतात. यामध्ये गृिंपाठ, िगापाठ मूल्यांकन देखील ऑनलाईन 

केले जाते. विद्यार्थयाांना घरी देण्यात आलेला अभ्यास ऑनलाइन पद्धतीने तपासण्याची सुविधा यामध्ये देण्यात 

आली आिं.े गुगल क्लासरूम मध्ये मराठीसिं दिंा भािांचा सपोटा जोडण्यात आलेला आिं े सध्या एकूि 54 

भािांना गुगल माफा त या सेिेमध्ये जोडण्यात आलेले आिं.े यामुळे वशक्षकांना विद्यार्थयाांना मराठीतून सुद्धा 

सिंज वशकिता आवि समजािता देखील येते. 

गगुल क्लासरूमच ेफायदे : 

गुगल क्लासरूम या ॲपचा उपयोग अध्यापन करिाऱया वशक्षकांबरोबरच अध्ययन करिाऱया 

विद्यार्थयाांनािंी मोठ्या प्रमािात िंोत आिं.े गुगल क्लासरूम या ॲव्लकेशनच्या माध्यमातून वशक्षक 

अभ्यासक्रमाचे वनयोजन करू शकतात. विद्यार्थयाांच्या सिा ऍवक्टवव्िंटींचेिंी वनयोजन करू शकतात. विद्याथगीय 

प्रत्यक्ष िगाात नसले तरी घरी राहन या ॲव्लकेशनच्या माध्यमातून वशक्षि घेऊ शकतात. या ॲव्लकेशनच्या 

माध्यमातून गुगलने िंी सिाात चांगली सोय उपलब्ध करून ददलेली आिं.े गुगल क्लासरूमचा िापर करून 

आपि आधुवनक पद्धतीने वशक्षि द्यायला सुरुिात केली आिं.े त्यामुळे वशक्षि आवि वशक्षक आवि विद्याथगीय 

यांच्या चांगल्या पद्धतीने संिाद घडून येताना ददसत आिं.े गुगल क्लासरूमचे मुख्यतः चार फायदे ददसून येतात. 

नोट्स उपलब्ध करून देिे, प्रोजेक्ट संदभाात माविंती देिे, वव्िंवडओ उपलब्ध करून देिे आवि नोट्स उपलब्ध 

करून देण्यामध्ये मिंत्त्िाची भूवमका बजाििे. 
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१४. वसस्को िबेके्स : 

वसस्को िेबेक्स िं े अॅप कॉन्फरहन्सग आवि वव्िंवडओ कॉन्फरहन्सगसाठी तयार करण्यात आले आिं.े 

त्याची वनर्तमती 1995 मध्ये िबेक्स म्िंिून केली गेली िंोती. िं े अॅप अुँड्रॉइड आवि ios िं े ऑपरेरटग 

वसवस्टमसाठी उपलब्ध आिं.े 
 

१५. स्काईप : 

स्काईप िं ेसॉफ्टिेअर इंटरनेटचा उपयोग करून व्िंॉइस ि वव्िंवडओ कॉल करण्यासाठी िापरले जाते. 

त्याद्वारे त्िररत संदेश फाईल पाठििे आवि वव्िंवडओ कॉन्फरहन्सग करता येते. स्काईपद्वारे अगोदरचे संदेश 

संपादन करता येतात. स्काईप िं ेहिडोज, मॅक, ओएस, एक्स, वलनक्स यािर िापरता येते. 

 

१६. हलक्डइन : 

हलक्डइन एक िेब पोटाल असून िाविज्य के्षत्र, उद्योग धंद्यामधील व्यािसावयक भेटीसाठी ते प्रामुख्याने 

ओळखले जाते. या संकेतस्थळाचा शोध 28 वडसेंबर 2002 लागला आवि 5 मे 2003 रोजी ते सिाांसाठी 

उपलब्ध झाले. फेसबुकिर ज्याप्रमािे वमत्रांची यादी असते तशीच यादी हलक्डइन येथे देखील असते. पि 

त्याला कनेक्शन असे म्िंितात इतर सोशल नेटिर्ककग साईडप्रमािे यात देखील वव्िंवडओ शेअररग, फोटो 

शेअररग, म्युवझक शेअररग, लॉडा ब्लॉहगग, मायक्रो ब्लॉहगग अशा सुविधा उपलब्ध आिंते.        

        मात्र फक्त व्यािसावयक जनसंपका  तसेच भेटी गाठींसाठी िापर केली जािारी हलक्डइन िंी एक मात्र 

िेबसाईट आिं.े व्यािसावयक जगात हलक्डइन या िेबसाईटिर माविंती अद्याित असि ेमिंत्त्िाचे आिं.े 
 

१७. वपन टेरेस्ट : 

वपन टेरेस्ट िं े सॉफ्टिेअर करताना कल्पना जतन करिे, टेरेस्ट ि शोध सक्षम करण्यासाठी वडझाईन 

केलेले आिं.े िेबसाईटिरील लिंान प्रमािात इमेजेस आवि वव्िंवडओ वपनबोडािर असतात.  
 

१८. मोबाईल फोन : 

मोबाईल फोन म्िंिजेच भ्रमिध्िनी िं ेएक इलेक्रॉवनक उपकरि असून याचा दरूसंचारासाठी उपयोग 

केला जातो. याला इंग्रजीमध्ये मोबाईल फोन ककिा सेल फोन असे म्िंितात. भ्रमिध्िनीच्या सिंाय्याने 

संभाििाची ि माविंतीची देिाि-घेिाि करता येते. आधुवनक काळातील मोबाईल फोन िं े संभाििाखेरीज 

मिंाजाल न्यािंाळिे, लेखी लघु संदेशाची देिाि -घेिाि, गािी ऐकि,े िायावचत्र काढिे, रेवडओ ऐकिे, 

जीपीएस िापरिे, पैसे देिे, पैसे काढिे इत्यादी कामाकरता िापरले जाते. नोदकया, मोटोरोला, अॅ्पल,  

सॅमसंग या मोबाईल फोन उत्पादक कंपन्यांपैकी सिाात मोठ्या कंपन्या आिंते. दरूसंचार विियक सेिांसाठी 

मोबाईल फोनमध्ये वसमकाडा िापरिे आिश्यक आिं.े भ्रमिध्िनीमुळे मािसे जोडली गेली आिंते. मोबाईलमुळे 

सिा जग जिळ आले  
 

१९. इंस्टाग्राम : 

  इंस्टाग्राम िं े ऑनलाइन वचत्र शेअर करण्याचे अॅप आिं.े िं े अॅप अुँड्रॉइड आयफोन, नोदकया या 

ऑपरेरटग वसस्टीम िर चालते. अशाप्रकारे आपल्याला िंी संिाद कौशल्यांमध्ये मराठी भािेचा अवधकावधक 

िापर करताना एकूि विद्यार्थयाांचा िंोिारा सिाांगीि विकास िंा कौशल्यावधष्टीत विकासाच्या मागााने कसा 

जािार आिं.े याची एक तोंड ओळख िंोण्यास मदत िंोते. आजच्या काळात भािेला तंत्रज्ञानाची जोडून घेिे 
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अपररिंाया आिं ेआवि जर आपि भािेला तंत्रज्ञानाशी जोडून घेऊ शकलो तर उद्याचा काळ िंा ज्ञानरचनािादी 

आवि राष्ट्रीय शैक्षविक धोरिात सांवगतल्याप्रमािे कौशल्याला अवधक मिंत्त्ि असिारा आिं े आवि म्िंिून 

आजच्या मराठी भािा वशकिाऱया विद्यार्थयाांमध्ये आपल्याला अवधकावधक कौशल्यावधवष्ठत रोजगाराच्या संधी 

वनमााि करायच्या असतील तर आपल्याला भािेला तंत्रज्ञानाशी जोडून घेिे काळाची वनतांत गरज आिं.े 
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