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Plants, with their ability to produce a wide range of secondary metabolites, offer a distinct 

opportunity for the creation of medications. Molecular farming exploits the inherent inclination of 

plants by inserting targeted genes to generate recombinant proteins, antibodies, vaccines, and other 

medicinal substances. Extensive research has been conducted on the utilisation of several plants, 

Abstract: Molecular farming is a biotechnological method that 

involves using genetically modified plants to produce valuable 

medications. It has gained recognition as a revolutionary 

technique in the field. This novel approach utilizes the 

biosynthetic capacities of plants to generate intricate 

biomolecules, providing a scalable and cost-efficient substitute 

for conventional pharmaceutical manufacturing. This study 

article explores the several biotechnology methods used in 

molecular farming, focusing on the progress, difficulties, and 

future potential of this area. 
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including tobacco, maize, rice, and mosses. Each of these plants has unique benefits in terms of 

their ability to thrive in specific environmental circumstances, produce a large amount of biomass, 

and undergo post-translational alterations.  

Transgenic plants are a key biotechnology method used in molecular farming. This method 

involves the incorporation of foreign genes into the genetic material of the plant, allowing the plant 

to produce the necessary medicinal proteins. Agrobacterium-mediated transformation and biolistic 

particle administration are frequently employed techniques for gene insertion. Agrobacterium-

mediated transformation utilises the inherent capability of Agrobacterium tumefaciens to transfer 

DNA into plant cells, whereas biolistic particle delivery, sometimes referred to as the gene gun 

approach, includes the physical injection of DNA-coated particles into plant tissues.  

Transient expression systems offer a viable method for quickly producing medications without the 

requirement of stable genetic integration. This approach frequently utilises viral vectors or 

agroinfiltration techniques, enabling rapid and abundant protein expression. Transient systems 

offer significant benefits for the rapid production of vaccines in response to newly emerging 

diseases, where time is of utmost importance.  

Efficiently regulating gene expression is a crucial component of molecular farming. This involves 

choosing robust promoters, enhancers, and terminators to stimulate transcription at a high level, as 

well as optimising codons to improve translation efficiency in plant cells. In addition, directing 

recombinant proteins to certain organelles, such as the endoplasmic reticulum or chloroplasts, can 

enhance protein stability and increase protein accumulation.  

The complexity of plant tissues and the existence of plant-specific pollutants make downstream 

processing and purification of plant-derived medications difficult. The implementation of 

purification techniques, such as affinity chromatography and the utilisation of plant-specific tags, 

has resulted in enhanced production efficiency and purity of the end product. Furthermore, the 

inclusion of regulatory factors and the implementation of stringent manufacturing standards 

(GMP) are crucial in guaranteeing the safety and effectiveness of medications generated from 

plants.  

 

Molecular farming has extensive potential applications, including the generation of monoclonal 

antibodies, medicinal enzymes, and vaccine antigens. Significant achievements include the 

creation of ZMapp, a combination of monoclonal antibodies utilised in the treatment of Ebola 

virus, as well as the formulation of plant-derived vaccines for influenza and norovirus. These 

examples highlight the potential of molecular farming to tackle global health concerns.  

Although molecular farming holds great potential, it encounters various obstacles. The commercial 

viability of plant-derived medications is heavily influenced by three essential factors: public 

perception and acceptance of genetically modified organisms (GMOs), intellectual property 

difficulties, and the necessity for stringent regulatory frameworks. Furthermore, the potential of 
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molecular farming systems to be scaled up and the economic viability of production are still 

subjects of continuing investigation.  

To summarise, molecular farming is a groundbreaking method in the biotechnological 

manufacturing of medications. This technology utilises the innate capacities of plants to create a 

sustainable and adaptable system for manufacturing valuable medicinal chemicals. Ongoing 

progress in genetic engineering, optimisation of expression, and purification methods is anticipated 

to surpass existing constraints, therefore facilitating the mainstream acceptance of medications 

generated from plants. Molecular farming has the potential to greatly impact world healthcare by 

offering accessible and affordable cures for various ailments as the science advances. 

Keywords: Molecular Farming, Biotechnological Approaches, Plant-derived Pharmaceuticals, 

Recombinant Proteins, Genetic Engineering, Transgenic Plants, Agrobacterium-mediated 

Transformation, Transient Expression Systems, Downstream Processing, Vaccine Production. 

1. Introduction: 

Molecular farming is a growing subject that combines plant biotechnology and pharmaceutical 

manufacture (1). It has gained considerable attention because of its potential to transform the 

creation of valuable therapeutic chemicals. This novel strategy utilises genetically modified plants 

as bioreactors to manufacture medications, providing an alternative to conventional manufacturing 

methods that depend on microbial or mammalian cell cultures (2). The emergence of molecular 

farming signifies a significant change in the production of biopharmaceuticals, motivated by the 

requirement for scalable, cost-efficient, and environmentally friendly solutions to address the 

increasing worldwide need for medical treatments (3). 

  

The practice of using plants to produce therapeutic proteins originated in the early 1990s, when 

the first genetically modified tobacco and potato plants effectively generated recombinant proteins 

(4). Subsequently, the discipline has undergone rapid evolution, characterised by breakthroughs in 

genetic engineering techniques, expression systems, and downstream processing technologies. 

Plants provide various inherent benefits as production platforms, such as the capacity to carry out 

intricate post-translational alterations, minimal risk of contamination with human diseases, and the 

possibility of large-scale growing in open fields or controlled conditions.  

 

Choosing appropriate plant species is a crucial factor in molecular farming (5). Widely utilised 

plants comprise tobacco (Nicotiana tabacum), maize (Zea mays), rice (Oryza sativa), and mosses 

(Physcomitrella patens), each providing distinct advantages. Tobacco is preferred for its abundant 

biomass production and recognised methods of modification, while maize and rice are 

advantageous since they are widely consumed crops, making it easier to incorporate them into 

existing agricultural systems (6). In contrast, mosses offer a steady and manageable setting for 

protein production, exhibiting little variations in glycosylation as compared to human proteins (7).  
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In molecular farming, genetic engineering commonly entails the incorporation of specific genes 

that encode therapeutic proteins into the genetic makeup of plants (8). The permanent 

incorporation of the foreign gene can be accomplished by stable transformation methods, such as 

Agrobacterium-mediated transformation or biolistic particle delivery. Transient expression 

systems, which do not entail genome integration, have become popular because they can rapidly 

produce recombinant proteins at high quantities (9). These methods commonly employ viral 

vectors or agroinfiltration techniques to introduce the desired genes.  

 

Maximising the production and functioning of recombinant proteins requires the optimisation of 

gene expression (10). Strategies involve employing robust constitutive or tissue-specific 

promoters, optimising codons to facilitate translation, and targeting specific subcellular locations 

to optimise protein stability and accumulation. Moreover, the selection of promoters and enhancers 

is essential in promoting strong expression, whereas terminators guarantee effective termination 

of transcription and stability of the mRNA (11).  

 

Plant-derived pharmaceutical production involves the manufacturing of various medicinal 

proteins, such as monoclonal antibodies, vaccines, and enzymes (12). Prominent instances 

encompass ZMapp, a combination of monoclonal antibodies employed for the therapy of Ebola 

virus, as well as diverse plant-derived vaccines developed for ailments including influenza and 

norovirus. These success stories demonstrate the capacity of molecular farming to effectively 

tackle pressing health issues by providing timely and cost-efficient solutions (13).  

In spite of its optimistic prospects, molecular farming encounters certain obstacles that need to be 

resolved in order to attain economic feasibility (14). These factors encompass the way the general 

public views and the obstacles imposed by regulations on genetically modified organisms (GMOs), 

the intricacy of subsequent processing and purification, and the capacity to expand production 

systems. To acquire public trust and regulatory approval for plant-derived medications, it is crucial 

to adhere to good manufacturing standards (GMP) and build strong regulatory frameworks (15).  

This study paper seeks to present a thorough and detailed examination of the present condition of 

molecular farming, including an analysis of the biotechnological methods employed, the progress 

achieved, and the obstacles faced (16). Through an examination of the possible uses and future 

paths of this area, we aim to emphasise the profound influence of molecular farming on the 

manufacturing of pharmaceuticals and worldwide healthcare. Molecular farming, achieved 

through ongoing research and collaboration, offers the potential to provide cost-effective and 

easily obtainable therapeutic solutions to cater to the need of various global populations (17). 

2. Plant Systems Used in Molecular Farming: 

Molecular farming utilises plants as bioreactors to produce valuable drugs (18). The choice of 

plant systems is essential for maximising yield, scalability, and cost-efficiency. This section 

examines the many plant species that are frequently utilised in molecular farming, along with the 

criteria used to pick them, and the benefits and constraints associated with each system.  
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2.1 Criteria for Selecting Plant Species 

The selection of plant species for molecular farming is contingent upon various factors:  

- Biomass Yield: Plants with high biomass production are desirable since they can generate a 

greater quantity of raw material for pharmaceutical extraction.  

- Optimal Growing settings: Plants that may be readily cultivated under regulated settings or in 

open areas are beneficial (19).  

- Genetic Transformation Efficiency: It is desirable to work with species that can be genetically 

manipulated and can effectively express foreign genes in a stable manner (20).  

- Post-Translational Modifications: Plants that have the ability to carry out post-translational 

modifications similar to humans play a crucial role in ensuring the correct folding and functioning 

of recombinant proteins (21).  

- Regulatory Acceptance: Species that have a proven track record of being safe for use in 

agriculture and eating are more likely to receive permission from regulatory authorities (22).  

2.2 Plants that are frequently utilised  

Tobacco (Nicotiana tabacum): 

  Advantages: - 

- Exhibits high biomass output and demonstrates quick growth.  

- Established genetic transformation protocols. 

- Elevated levels of recombinant protein expression.  

Disadvantages: -  

- The presence of nicotine and other alkaloids can make the purifying process more complex (23).  

- Public perception challenges arise as a result of its affiliation with smoking.  

 

Maize (Zea mays):  

 Advantages:- 

- Well-developed agricultural practices and infrastructure.  

- The production of a large amount of biomass and the ability to increase production on a larger 

scale (24).  



Page 2354 of 31 
Dr.R.Roghini/ Afr.J.Bio.Sc. 6(9) (2024)                                                                              
 

-  Capacity to generate substantial volumes of medications derived from seeds. 

  

 Disadvantages: -  

- Lengthy maturation period in comparison to certain other plant species.  

- Regulatory issues pertaining to genetically modified (GM) crops.  

 

Rice (Oryza sativa): - 

 Advantages: -  

- Extensively grown essential crop with established agricultural systems.  

- Thoroughly researched genetic makeup and techniques for altering it (25).  

- Possibility of cultivating medications through seed-based manufacture for long-term stability.  

Limitations: -  

- Extended duration of growth cycle and possibility of contamination with food supplies. 

- Involves the use of complex procedures to eliminate starches during the later stages of processing.  

 

Mosses (Physcomitrella patens): - 

 Advantages: -  

- Mosses, specifically the species Physcomitrella patens, offer a straightforward and consistent 

genetic system that allows for efficient homologous recombination (26).  

- Capability to execute glycosylation processes that resemble those performed by humans.  

 Regulating growth conditions within bioreactors.  

 

 Limitations: -  

- Lower biomass productivity in comparison to higher plants.  

-  Production systems are not as well-developed and necessitate specialised facilities.  

 

2.3 Benefits and Constraints of Each Plant System  

Every plant system provides distinct advantages and encounters various obstacles. Tobacco is 

preferred due to its fast growth and high biomass production, which makes it well-suited for the 
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large-scale production of recombinant proteins (27). Nevertheless, the existence of poisonous 

alkaloids requires rigorous purification procedures. Maize and rice are beneficial because they are 

staple crops that may readily be incorporated into current agricultural systems. Their seed-based 

production processes provide enduring stability for pharmaceuticals, despite the considerable 

constraints posed by regulatory obstacles and the risk for contamination with food supplies.  

 

Mosses offer a hopeful alternative because to their capacity to carry out post-translational 

alterations similar to humans and possess stable genetic systems (28). Bioreactors provide exact 

manipulation of environmental parameters, hence ensuring consistent output during their growth. 

Nevertheless, the reduced biomass productivity and the requirement for specialised cultivating 

facilities may restrict their capacity to be scaled up.  

3. Genetic Engineering Techniques: 

Genetic engineering plays a crucial role in molecular farming by allowing the incorporation of 

genes that code for specific medicinal proteins into the genomes of plants (29). This section 

provides an overview of the main genetic engineering techniques employed in molecular farming, 

which encompass stable transformation approaches and transient expression systems.  

3.1 Methods for achieving stable transformations  

Stable transformation refers to the process of incorporating foreign genes into the genetic makeup 

of a plant, which enables the plant to pass on the production of modified proteins to future 

generations. Agrobacterium-mediated transformation and biolistic particle delivery are two 

commonly employed strategies for steady transformation.  

3.2 Agrobacterium-mediated transformation  

Agrobacterium-mediated transformation is a process where DNA is transferred from the soil 

bacterium Agrobacterium tumefaciens to plant cells, utilising the bacterium's natural capacity to 

transfer genes. This procedure encompasses multiple crucial stages:  

1. Gene Construct Preparation: The gene of interest is incorporated into a T-DNA section of a 

Ti plasmid, together with essential regulatory components including promoters and terminators 

(30). 

 2. Infection: The recombinant Ti plasmid is inserted into Agrobacterium tumefaciens, which is 

subsequently employed to invade plant tissues, usually leaf discs or callus cultures.  

3. Integration and Regeneration: The T-DNA, which contains the desired gene, is introduced 

into the genome of the plant. The cells that have undergone transformation are carefully chosen 

and then developed into complete plants by a process of regeneration (31).  
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Advantages: - 

Dicotyledonous plants (dicots) such as tobacco and potato exhibit high efficiency. - The technique 

is relatively easy and cost-effective.  

The transgene is integrated in a stable and heritable manner.  

Disadvantages : -  

Reduced efficacy in monocotyledonous plants (monocots) such as maize and rice.  Restricted to 

species that are vulnerable to Agrobacterium infection.  

The possibility of suppressing genes and the impact of gene positioning on the expression of 

transgenes. 

3.3 Biolistic particle delivery 

It is a method used to deliver particles into cells or tissues by using a high-pressure helium gas to 

propel the particles.  

Biolistic particle delivery, or the gene gun method, is a technique that involves the direct 

introduction of DNA into plant cells using high-speed microprojectiles. The procedure 

encompasses the subsequent stages:  

1. DNA- Coated particles are prepared by applying DNA that encodes the gene of interest onto 

tiny gold or tungsten particles (32).  

2. Particle Bombardment: The DNA-coated particles are propelled towards plant tissues using a 

gene gun, effectively piercing the cell walls and membranes. 

 3. Integration and Regeneration: The DNA becomes part of the plant's genetic material, and 

cells that have undergone transformation are carefully chosen and developed into complete plants 

(33). 

 Advantages: - 

- Applicable to a diverse array of plant species, encompassing both dicots and monocots. 

Overcomes the constraints associated with Agrobacterium susceptibility.  

- Enables the direct modification of chloroplast genomes, preventing the unintended spread of 

transgenes via pollen.  

Disadvantages: -  

- Reduced conversion efficiency in comparison to Agrobacterium-mediated techniques.  

There is a risk of tissue damage and the ability to regenerate is limited. 
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 - Non-specific incorporation of transgenes can result in inconsistent amounts of gene expression 

and the suppression of gene activity (34).  

 

3.4 Systems for the temporary production of proteins  

Transient expression systems provide a fast alternative to stable transformation, allowing for the 

temporary and efficient production of recombinant proteins at high levels, without the requirement 

of integrating into the genome. These systems are especially valuable for efficiently generating 

proteins, such as in response to newly emerging diseases. Popular methods for temporary gene 

expression include the use of viral vectors and agroinfiltration.  

3.5 Viral vectors  

Plant viral vectors are genetically modified to transport and express genes from other organisms 

within plant cells (35). These vectors have the ability to invade plant cells and reproduce, resulting 

in significant amounts of production of recombinant proteins. Tobacco mosaic virus (TMV) and 

Cowpea mosaic virus (CPMV) are commonly used as viral vectors.  

Advantages:- 

- Efficient and expedited manufacturing of recombinant proteins within a short timeframe.  

- Elevated levels of expression resulting from viral replication.  

- Appropriate for mass production in industrial facilities.  

Disadvantages:- 

- Expression is limited in time, often lasting only a few weeks.  

-There is a possibility of the rapid transmission of a virus and concerns regarding its impact on the 

environment (36).  

-Restricted to proteins that do not hinder viral replication.  

3.6 Agroinfiltration  

Agroinfiltration is a technique that utilises Agrobacterium tumefaciens to temporarily transfer 

genes into plant cells (37). This method comprises the subsequent stages:  

1. Culturing of Agrobacterium Strains: Agrobacterium strains containing the gene of interest 

are prepared.  

2. Infiltration: The Agrobacterium suspension is introduced into plant tissues, usually leaves, 

through the use of a syringe or vacuum infiltration. 
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3. Gene Expression: The newly added genes exhibit a temporary period of activity, resulting in 

the production of the modified protein (38).  

Advantages:- 

- Quick and efficient production of genetically engineered proteins at a high level.  

- Efficient and easily expandable procedure.  

- Relevant to a diverse array of plant species.  

Disadvantages:- 

- Expression is ephemeral, usually enduring for a few weeks.  

- Optimisation is necessary for each specific plant species and the protein being studied.  

- There is a possibility of variation in the amounts of gene expression in various organs.  

4. Optimization of Gene Expression 

Maximising gene expression is a crucial element of molecular farming, guaranteeing the 

production of recombinant proteins at elevated levels and with the intended functionality (39). This 

section examines the several approaches employed to augment gene expression in plants, with a 

specific emphasis on promoters, enhancers, and terminators, codon optimisation, and subcellular 

targeting of recombinant proteins (40). 

 4.1 Promoters:  

Promoters are particular DNA regions that initiate the process of transcription and are crucial in 

regulating the level and specificity of gene expression. The selection of a promoter is vital in order 

to attain elevated levels of expression for recombinant proteins in plants. Various types of 

promoters are utilised in molecular farming: 

Constitutive promoters are responsible for maintaining uninterrupted gene expression in all tissues 

and during all phases of plant development. The Cauliflower mosaic virus (CaMV) 35S promoter 

is often utilised as a constitutive promoter owing to its robust and extensive functionality (41). 

Tissue-specific promoters are responsible for regulating gene expression in particular tissues or 

organs, such as seeds, leaves, or roots. For instance, the seed-specific promoter derived from the 

phaseolin gene is employed to facilitate gene expression in seeds, hence promoting the stability 

and concentration of recombinant proteins in these tissues.  

Inducible promoters are gene regulatory sequences that become active in response to certain 

environmental or chemical signals, enabling precise control over gene expression. A specific 
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instance is the ethanol-inducible promoter, which can be triggered by the administration of ethanol, 

allowing for accurate regulation of gene expression in terms of timing.  

4.2 Enhancers:  

Enhancers are specific DNA regions that enhance the transcriptional activity of promoters. These 

entities have the ability to operate in a manner that is not dependent on their position and can be 

found either before, after, or within the gene that they control. Enhancers function by promoting 

the interaction between transcription factors and the formation of the transcriptional apparatus 

(42). Utilising potent enhancers, such as the enhancer sequences derived from the CaMV 35S 

promoter, can greatly raise the levels of gene expression.  

4.3 Terminators:  

Terminators are specific sequences that serve as signals to indicate the completion of transcription. 

They play a crucial role in ensuring the stability and correct processing of mRNA. The nopaline 

synthase (NOS) terminator is commonly employed in plant transformation designs due to its high 

efficacy in facilitating transcription termination and polyadenylation of the mRNA (43). These 

processes are vital for maintaining mRNA stability and facilitating translation.  

4.4 Codon optimization 

It is the process of modifying the genetic code sequence in order to enhance the expression of a 

gene in a particular organism.  

Codon optimisation entails altering the DNA sequence of the target gene to align with the host 

plant's preferred codon usage. Codon bias refers to the differing preferences of different organisms 

for specific codons that encode the same amino acid. Translation efficiency can be greatly 

enhanced by optimising codon use to match the quantity of tRNA in the host plant. This method 

encompasses the following:  

Substituting infrequently utilised codons in the host plant with more commonly employed 

codons.  

Preventing the formation of RNA secondary structures: Reducing sequences that have the potential 

to generate stable secondary structures in mRNA, which may impede the process of translation.  

Preserving Amino Acid Sequence: Ensuring the protein's sequence of amino acids remains 

unaltered despite variations in the DNA sequence (44).  

Codon optimisation can lead to increased protein expression, greater protein folding, and improved 

total output of recombinant proteins in plants.  
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4.5 Localization of Recombinant Proteins into Subcellular Compartments  

Subcellular targeting of recombinant proteins includes directing them to specific compartments 

inside the plant cell, thereby improving their stability, accumulation, and usefulness. Distinct 

compartments offer distinct conditions that can enhance the synthesis of specific proteins.  

Typical methods of targeting include:  

Endoplasmic Reticulum (ER) Targeting: The ER creates a favourable environment for correct 

folding and post-translational modifications, such as glycosylation (45). Proteins can be directed 

to the endoplasmic reticulum (ER) by including a signal peptide at the N-terminus. Retention 

signals such as KDEL or HDEL can guarantee that proteins stay within the endoplasmic reticulum 

(ER), so avoiding their breakdown and improving their stability.  

Chloroplast Targeting: Chloroplasts have the ability to collect substantial amounts of 

recombinant proteins as a result of their significant capacity for protein synthesis. Chloroplast 

targeting is accomplished by combining the gene of interest with a chloroplast transit peptide, 

which guides the protein to the chloroplast.  

Vacuole Targeting: The vacuole functions as a storage organelle, and directing proteins to the 

vacuole can shield them from degradation in the cytoplasm (46). This is achieved by including 

vacuolar sorting signals within the protein.  

Apoplast Targeting: The apoplast, also known as the extracellular space, can be utilised for the 

excretion of recombinant proteins. Proteins can be directed to the apoplast by including a signal 

peptide that guides secretion.  

5. Downstream Processing and Purification 

Downstream processing and purification are essential stages in molecular farming, with the goal 

of separating and purifying pharmaceuticals obtained from plants to meet the necessary 

requirements of purity, safety, and effectiveness (47). This section discusses the difficulties 

encountered in purifying medications generated from plants, as well as the latest advancements in 

purification methods. It also covers the precautions required to guarantee the safety and 

effectiveness of the final product.  

5.1 Difficulties in the purification of pharmaceuticals generated from plants  

Extracting medications from plant systems presents distinctive difficulties due to the intricate and 

varied nature of plant tissues. Some of the main difficulties are: 
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Plant tissues consist of many chemicals, including secondary metabolites, pigments, phenolics, 

and polysaccharides (48). These components can hinder the extraction and purification process of 

the desired recombinant protein.  

Protease Activity: 

Plants possess endogenous proteolytic enzymes that can break down recombinant proteins during 

the process of extraction and purification, resulting in decreased yield and compromising the 

integrity of the final product.  

Protein expression can exhibit variability between plant species, tissues, and even within various 

regions of the same plant, which makes it challenging to establish standardised purification 

techniques 

Scalability: 

The task of expanding purifying procedures from a laboratory setting to an industrial scale, while 

ensuring consistency and efficiency, is particularly difficult for proteins that are produced in 

limited quantities.  

Regulatory Compliance: 

To guarantee that plant-derived pharmaceuticals adhere to strict regulatory criteria regarding their 

purity, safety, and effectiveness, it is necessary to implement strong and validated purification 

procedures. 

5.2 Progress in Purification Methods  

Affinity Chromatography: It is a method that takes advantage of the precise binding affinity 

between a desired protein and a ligand that is fixed to a chromatography matrix (49). One way to 

purify His-tagged proteins is by utilising affinity resins that have nickel or cobalt. Affinity 

chromatography provides a high level of specificity and purity, making it well-suited for the initial 

capture and concentration of recombinant proteins.  

Protein A/G Chromatography: It is a regularly employed method for monoclonal antibodies 

purification. These proteins have a unique affinity for the Fc region of antibodies, which allows 

for their targeted extraction from plant extracts.  

Hydrophobic Interaction Chromatography (HIC): It is a technique that separates proteins by 

exploiting their hydrophobic properties. By adjusting the salt concentrations, it is possible to 

selectively remove recombinant proteins from the chromatography column, therefore efficiently 

eliminating hydrophilic contaminants.  
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Ion Exchange Chromatography (IEX): It is a technique that separates proteins by using their 

electrical charge. By manipulating the pH and ionic strength of the buffer solution, specific 

proteins can be specifically attached to and released from the ion exchange resin.  

Size Exclusion Chromatography (SEC): It is a technique that separates proteins by their 

molecular size. This method is very valuable for eliminating clusters and refining proteins to a 

state of uniformity, guaranteeing constant quality of the final product.  

Two-phase extraction: It is a technique that separates proteins by utilising aqueous two-phase 

systems, which consist of polymers like polyethylene glycol (PEG) and dextran (50). It has 

practical applications in the purification of huge quantities and can be integrated with other 

chromatographic methods to achieve higher levels of purity. 

 Utilising a membrane as the basis Methods: Ultrafiltration and microfiltration membranes are 

employed to concentrate and purify plant extracts. Recent advancements in membrane technology 

have enhanced the efficiency of these procedures, resulting in decreased processing time and 

increased yield.  

5.3 Ensuring the safety and effectiveness of products  

Validating and ensuring the safety and effectiveness of pharmaceuticals produced from plants 

requires the implementation of many levels of validation and quality control measures:  

Good Manufacturing Practices (GMP) refer to a set of guidelines that must be followed to 

guarantee that production processes are standardised, controlled, and recorded. This encompasses 

rigorous regulations on the sourcing of raw materials, the use of equipment, and the maintenance 

of the industrial environment.  

Purity and potency testing is conducted on purified medications to ensure their quality, strength, 

and stability. Quantification and verification of the target protein's identification are accomplished 

using analytical techniques such as high-performance liquid chromatography (HPLC), mass 

spectrometry, and enzyme-linked immunosorbent assay (ELISA) (51).  

Contaminant Elimination: It is vital to ensure the elimination of plant-specific pollutants, such as 

endotoxins, alkaloids, and secondary metabolites. This process entails the utilisation of 

sophisticated filtration, chromatography, and purifying techniques specifically devised to eradicate 

contaminants.  

Functional experiments are performed to validate the therapeutic effectiveness of the recombinant 

protein by assessing its bioactivity. This may involve doing in vitro binding experiments, 

performing cell-based activity assays, and carrying out in vivo efficacy investigations.  
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Regulatory approval is required for plant-derived medications, and this approval is granted by 

agencies like the U.S. Food and Drug Administration (FDA) and the European Medicines Agency 

(EMA) based on certain standards. This process entails thorough documentation, rigorous clinical 

studies, and meticulous safety evaluations.  

6. Applications of Molecular Farming 

Molecular farming provides a flexible and expandable system for manufacturing a diverse array 

of valuable medications, utilising the biological synthesis skills of plants (52). This section 

examines the main uses of molecular farming, which involve producing monoclonal antibodies, 

creating vaccines, synthesising therapeutic enzymes, and showcasing noteworthy examples like 

ZMapp for Ebola and plant-based influenza vaccines.  

6.1 Manufacturing Monoclonal Antibodies 

Monoclonal antibodies (mAbs) are precise therapeutic proteins that are employed to treat a range 

of ailments, such as cancer, autoimmune disorders, and infectious diseases. Molecular farming 

offers a cost-efficient and easily expandable option for manufacturing monoclonal antibodies 

(mAbs) in contrast to conventional mammalian cell cultures.  

Benefits:  

Cost-effectiveness: Plant systems provide the advantage of being able to be grown on a larger 

scale at a lower cost compared to mammalian cell cultures.  

Safety: Plants do not host human infections, hence minimising the danger of contamination.  

Scalability: The capacity to achieve a large biomass yield and expand production in open fields or 

greenhouses.  

Examples: 

ZMapp is a combination of three monoclonal antibodies that are created in Nicotiana benthamiana, 

a plant related to tobacco. It is utilised for the treatment of Ebola virus infection.  

ZMapp exhibited effectiveness in decreasing death among infected patients during the 2014 Ebola 

epidemic.  

Plant-based methods have been employed to generate monoclonal antibodies that specifically 

target the influenza virus, providing a fast reaction to newly developing strains.  

6.2 Vaccine development  
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Vaccinations play a vital role in limiting the spread of infectious illnesses, and molecular farming 

presents a viable method for generating vaccinations that are both safe and effective (53). Plant-

derived vaccines can be rapidly and efficiently manufactured, making them highly suitable for 

addressing pandemics and outbreaks.  

 

Benefits:  

Swift Manufacturing: Transient expression methods facilitate the expedited manufacture of 

vaccines, a crucial factor during outbreaks. 

Scalability: The ability to cultivate plants in huge quantities enables the efficient and extensive 

manufacture of vaccines.  

Safety: Decreased likelihood of exposure to human diseases and other detrimental substances.  

 

Illustrations: Plant-based influenza vaccines, such as those derived from Nicotiana benthamiana, 

have demonstrated effectiveness in clinical studies. These vaccines can be swiftly manufactured 

in response to emerging influenza viruses.   

6.3 Production of Medicinal Enzymes  

Therapeutic enzymes are employed for the treatment of many metabolic abnormalities and 

diseases. Molecular farming allows for the efficient and expandable manufacturing of these 

enzymes at a reasonable cost (54).  

Benefits:  

Cost Reduction: The utilisation of plants for enzyme manufacturing might substantially decrease 

production expenses in comparison to conventional approaches.  

Scalability: Scalibility  refers to the capacity to achieve high biomass yield and cultivate plants 

on a wide scale. 

 6.4 Illustrations:  

Glucocerebrosidase, an enzyme utilised for the treatment of Gaucher's illness, has been 

successfully grown in carrot cells using molecular farming techniques. Clinical testing have shown 

that it is both effective and safe.  

Alpha-galactosidase, an enzyme utilised for the management of Fabry disease, has been effectively 

synthesised in tobacco plants (55).  
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7. Regulatory and Public Perception Challenges 

Nanotechnology in medicine delivery encounters several regulatory and public perception 

obstacles during its development and deployment. These obstacles can have a substantial effect on 

the advancement and adoption of nanotechnology-based solutions.  

 

The regulatory framework for nanotechnology in drug delivery is intricate and continuously 

developing. The FDA (Food and Drug Administration) in the United States and the EMA 

(European Medicines Agency) in Europe are regulatory authorities that have a vital role in 

establishing criteria and rules for approving nanomedicines (56). These laws guarantee the safety, 

effectiveness, and quality of pharmaceuticals that are based on nanotechnology.  

 

1. Safety and Efficacy Evaluation:  

 

Regulatory authorities want extensive data regarding the safety and effectiveness of 

nanomedicines. This encompasses preclinical investigations, clinical trials, and post-market 

monitoring. Specialised testing techniques are required due to the distinctive characteristics of 

nanoparticles, including their size, surface area, and reactivity. 

  

2. Manufacturing Standards: 

 

The manufacturing of nanomedicines must strictly comply with rigorous Good Manufacturing 

Practices (GMP). This involves guaranteeing the uniformity and integrity of the nanomaterials 

employed. Regulatory bodies conduct inspections of manufacturing plants to verify adherence to 

these criteria.  

 

3. Labelling and transparency: 

 

It is crucial for clearly indicating the use of nanomaterials in medication formulations (57). This 

fosters the development of trust between healthcare personnel and patients.  

 

4. Standardisation of rules: 

 

It is necessary to standardise rules across various countries in order to promote global trade and 

cooperation in nanomedicine research. Discrepancies in regulatory mandates can impede the 

progress and marketability of pharmaceuticals based on nanotechnology. 

  

7.2 Perception and Acceptance of Genetically Modified Organisms (GMOs) by the Public  

 

The adoption and success of nanotechnology, particularly in drug delivery, can be greatly 

influenced by the way it is seen and accepted by the public. Public opinion can be influenced by 

concerns of safety, ethical consequences, and environmental effect.  
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1. Safety Concerns: Public apprehensions over the potential toxicity and enduring consequences 

of nanoparticles can impede acceptance. Ensuring clear and open communication of scientific 

evidence that proves the safety of nanomedicines is essential in resolving these concerns. 

  

2. Ethical Implications: The utilisation of nanotechnology in medicine raises ethical concerns 

that must be acknowledged, including matters of privacy, informed consent, and the possibility of 

misuse. Public engagement and conversation can facilitate the comprehension and alleviation of 

these challenges.  

 

3. Education and Awareness: Enhancing public knowledge and comprehension of the advantages 

and potential drawbacks of nanotechnology in pharmaceutical delivery might facilitate the process 

of acquiring approval and support. Education campaigns and outreach programmes are crucial in 

this context.  

 

4. Confidence in Regulatory Bodies: The confidence of the public in regulatory bodies and their 

capacity to guarantee the safety and effectiveness of nanomedicines is of utmost importance (58). 

Public confidence can be improved by implementing transparent and efficient regulatory 

mechanisms.  

 

7.3 Issues related to intellectual property and the process of commercialising intellectual 

property.  

 

The presence of intellectual property (IP) rights and the difficulties associated with 

commercialization pose substantial obstacles in the advancement and implementation of drug 

delivery systems based on nanotechnology.  

 

1. Patent Protection: Obtaining patents for discoveries based on nanotechnology is essential for 

safeguarding intellectual property. Nevertheless, the newness and intricacy of nanotechnology can 

pose difficulties when filing for patents. Explicit criteria and assistance for obtaining patents for 

nanoscale innovations are crucial.  

 

2. Licencing and Technology Transfer: Efficient licencing agreements and processes for 

technology transfer are essential for the successful transition of nanomedicines from the laboratory 

to the market (59). Cooperation among academic institutions, research organisations, and 

pharmaceutical businesses can expedite this process.  

 

3. Market Competition: The presence of competitors in the pharmaceutical sector can affect the 

process of bringing nanomedicines to the market. Forming strategic alliances and collaborations 

can assist in effectively navigating the competitive landscape and attaining success in the market. 

  

4. Cost and Accessibility: The exorbitant expenses associated with the development and 
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production of nanomedicines can restrict their availability to a wider population. It is essential to 

make significant efforts in order to decrease expenses and guarantee fair availability of these 

modern treatments, since this is vital for their general acceptance and use.  

 

To ensure the successful integration of nanotechnology in drug delivery, it is crucial to tackle the 

regulatory, public perception, and commercialization problems associated with it. The cooperation 

of scientists, regulatory organisations, industry stakeholders, and the public can facilitate the 

development of novel and efficient nanomedicines. 

 

8. Economic and Scalability Considerations: 

The economic feasibility and ability to expand of molecular agricultural systems are essential 

considerations in determining their future acceptance and achievement (60). These factors impact 

the feasibility and practicality of producing high-value medications produced from plants on a 

large scale, as compared to traditional techniques of pharmaceutical production.  

8.1 Economic efficiency of plant-based production  

Plant-based production techniques provide numerous cost benefits compared to conventional 

methods:  

 

1. Reduced Production Costs: Utilizing plants as biofactories for pharmaceuticals can offer a 

substantial cost advantage compared to conventional cell culture or microbial fermentation 

systems. Plants necessitate a reduced number of costly inputs, such as growing medium, fertilisers, 

and controlled environmental conditions.  

2. Decreased Capital Expenditure: The infrastructure necessary for plant-based production, such 

as greenhouses or open fields, is typically less expensive than the advanced bioreactors and 

facilities required for microbial or mammalian cell cultures.  

3. Scalability and Flexibility: Plants can be cultivated on a significant scale with relative 

simplicity, and the production capacity can be modified by expanding the cultivation area. This 

scalability offers significant benefits when it comes to addressing high demand or rapidly 

increasing production in response to pandemics or other pressing requirements. 

4. Reduced Operational Expenses: Plant-based systems often incur lower operational expenses, 

encompassing labour, energy, and maintenance (61). In addition, plants can be genetically 

modified to directly produce the desired product, reducing the need for subsequent processing and 

purifying stages.  

5. Sustainability: Plant-based systems exhibit greater sustainability and environmental 

friendliness, hence decreasing the carbon footprint linked to pharmaceutical manufacturing. This 
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sustainability can result in financial savings and be in line with the growing requirements of 

regulations and consumers for more environmentally friendly production practices. 

 8.2 The scalability of molecular farming systems.  

The commercial success of molecular farming heavily relies on scalability.  

1. Agricultural Expansion: The cultivation of plants on agricultural land enables a substantial 

increase in output capacity. Contemporary agricultural methods, such as precision farming, have 

the potential to maximise crop production and enhance efficiency.  

2. Greenhouse and Vertical Farming: Controlled environment agriculture, such as greenhouses 

and vertical farms, allows for continuous production throughout the year, regardless of weather 

conditions (62). These systems have the capability to be expanded vertically, which allows for 

optimal use of space and increased production productivity.  

3. Genetic stability and yield consistency: These are essential factors for achieving scalability in 

the production of pharmaceutical compounds. It is important to ensure that the desired compounds 

are consistently produced across successive generations of plants. Progress in plant breeding and 

genetic engineering can assist in accomplishing these objectives.  

4. Harvesting and processing: These are crucial for expanding plant-based output. It is imperative 

to employ efficient procedures in order to scale up production. Implementing mechanised 

harvesting and automated processing technologies can enhance operational efficiency and 

decrease labour expenses.  

5. Regulatory Compliance: Expanding molecular farming systems requires adhering to 

regulatory frameworks to guarantee compliance with safety, quality, and environmental norms. 

Efficient regulatory procedures can help smooth the shift from small-scale testing to large-scale 

manufacturing.  

 

8.3 Contrast with Conventional Methods of Pharmaceutical Production  

When contrasting plant-based molecular farming with conventional pharmaceutical production 

methods, certain crucial variables come into consideration: 

 1. Production Efficiency: Conventional techniques, such as microbial fermentation and 

mammalian cell cultures, provide optimal production efficiency and high yield of intricate 

compounds (63). Nevertheless, the utilisation of bioreactors, media, and controlled conditions 

necessitates substantial financial resources.  

2. Cost Implications: Although traditional methods can generate significant outputs, they 

frequently entail increased expenditures for raw materials, infrastructure, and operational costs. 
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Conversely, plant-based systems can achieve comparable yields while incurring far lower 

expenses.  

 

3. Rapid Time to Market: Conventional approaches may offer speedier development and 

production cycles as a result of well-established procedures and regulatory expertise. Plant-based 

systems may necessitate additional time for optimisation and expansion, while advancements in 

genetic engineering and agricultural techniques are diminishing these timeframes.  

4. Product Purity and Quality: Maintaining a high level of purity and quality in medicines is of 

utmost importance. Conventional techniques provide accurate management of production 

conditions, leading to constant product quality. Plant-based systems must confront issues 

associated with the variability in plant growth and the extraction of compounds.  

5. Regulatory Acceptance: Conventional pharmaceutical manufacturing techniques are firmly 

established and have clearly defined regulatory routes. Plant-based solutions are very recent and 

might encounter more rigorous examination and lengthier clearance processes as regulatory 

agencies adjust to these groundbreaking methods.  

6. Environmental Impact: Conventional technologies exhibit a greater environmental imprint as 

a result of energy-intensive procedures and the production of waste. Plant-based systems are 

characterised by their higher sustainability and their ability to provide a greener alternative with a 

reduced environmental footprint.  

9. Future Prospects and Innovations 

The potential of molecular farming is highly promising as ongoing advancements in technology 

and creativity propel the industry forward. These advancements possess the capacity to tackle 

worldwide health obstacles and open up opportunities for novel study avenues and cooperative 

endeavours.  

 

9.1 Advancements in Molecular Farming Technologies  

Multiple state-of-the-art technologies are ready to completely transform molecular farming:  

 

1. CRISPR and Gene Editing: CRISPR-Cas9 and other gene-editing techniques allow for 

accurate alterations to the genetic makeup of plants (64). This enables the precise incorporation or 

improvement of genes responsible for synthesising medicinal molecules, so enhancing both 

productivity and effectiveness.  

2. Synthetic biology: It is the field that focuses on the deliberate creation and assembly of novel 

biological components, mechanisms, and structures. Synthetic biology can be employed in 
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molecular farming to design efficient pathways for the synthesis of intricate molecules, thereby 

augmenting the capacity of plants to function as biofactories.  

3. Advanced plant breeding methods:  Such as marker-assisted selection and genomic selection, 

expedite the creation of plant varieties that have high productivity, resistance to diseases, and 

tolerance to stressful conditions. These developments enhance the overall efficiency and 

dependability of molecular agricultural systems.  

4.Metabolic engineering: It is a field that involves altering the metabolic pathways of plants in 

order to enhance the synthesis of specific chemicals. Through the optimisation of these pathways, 

scientists can improve the effectiveness and output of pharmaceutical manufacture in plants.  

 

5. Nanotechnology: It can be utilised in molecular farming to enhance the transportation and 

durability of synthesised chemicals. Nanocarriers have the capacity to safeguard delicate 

molecules, improve their availability in biological systems, and facilitate precise transportation to 

particular tissues or cells.  

Automation and precision agriculture are advanced technologies that can optimise the cultivation, 

harvesting, and processing of pharmaceutical plants. These technologies include robotic harvesting 

and precise agricultural techniques. These advancements enhance productivity, decrease labour 

expenses, and guarantee uniformity in product excellence.  

 

9.2 Potential for Tackling Global Health Issues  

Molecular farming offers the possibility to tackle numerous global health issues by offering 

economical and scalable methods for manufacturing crucial medications.  

1. Vaccine Production: Utilizing plant-based systems enables the quick and cost-effective 

production of vaccinations, hence increasing accessibility for low-income countries. This strategy 

is of utmost importance during pandemics, as it allows for the rapid manufacturing and 

dissemination of vaccinations.  

2. Therapeutic Proteins and Antibodies: Plants can be genetically modified to synthesise 

therapeutic proteins and monoclonal antibodies that are utilised in the medical treatment of various 

ailments, including cancer, autoimmune disorders, and infectious diseases. These biologics 

derived from plants can be manufactured at a lower cost and in greater quantities. 

 3. Molecular farming: It has the capability to generate nutraceuticals and functional foods that 

are fortified with vitamins, minerals, and bioactive substances. These items have the potential to 

mitigate malnutrition and enhance the general well-being of susceptible populations. 
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 4. Enhancing Global Supply Chain Resilience: Molecular farming can strengthen the resilience 

of global supply chains by dispersing pharmaceutical production and utilising local agricultural 

resources. This approach reduces reliance on centralised manufacturing facilities and helps 

mitigate the effects of supply chain disruptions.  

 

9.3 Prospects for Future Research and Opportunities for Collaboration  

In order to fully harness the potential of molecular farming, it is imperative to pursue various 

research avenues and foster joint endeavours.  

1. Enhancing Expression Systems Optimization: Research should prioritise the enhancement of 

plant expression systems to maximise the production, stability, and effectiveness of medicinal 

chemicals. This involves the creation of novel promoters, enhancers, and regulatory components.  

 

2. Enhancing Downstream Processing: Advancements in downstream processing methods, 

including purification and formulation, are essential for guaranteeing the purity and effectiveness 

of medications generated from plants. It is crucial to develop purifying processes that are both 

cost-effective and scalable.  

3. Resolving Regulatory Challenges: To ensure consistency and clarity in the regulation of plant-

based pharmaceuticals, it is imperative for scientists, regulatory agencies, and industry 

stakeholders to work together collaboratively (65). This involves establishing criteria for 

evaluating the safety, effectiveness, and quality of a product or service.  

4. Public Engagement and Education: It is crucial to actively include the public and provide 

them with information about the advantages and security of molecular farming in order to obtain 

acceptance and establish trust. Effective and transparent communication and outreach initiatives 

can help to clarify misunderstandings and garner backing.  

5. Interdisciplinary Collaboration: Collaboration among many fields such as plant science, 

biotechnology, pharmacology, and engineering can foster innovation in molecular farming. 

Interdisciplinary research teams have the ability to tackle intricate difficulties and create 

comprehensive solutions.  

6. International collaborations: Creating worldwide alliances and networks can enable the 

exchange of knowledge, transfer of technology, and development of capabilities. Cooperative 

endeavours can facilitate the expansion of molecular farming projects and guarantee fair and equal 

availability of plant-based medications on a global scale. 

 10. Conclusion 
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The investigation of molecular farming as an innovative method for manufacturing valuable 

medications derived from plants has brought attention to notable progress and prospects in the 

sector. This conclusion consolidates the main discoveries, examines the consequences for the 

pharmaceutical sector, and outlines a perspective for the future of molecular farming.  

 

10.1 Key findings summary  

 

1. Molecular farming provides a financially efficient and easily expandable option as compared to 

conventional techniques of pharmaceutical production. The use of plant-based systems is highly 

tempting due to their lower manufacturing costs, reduced capital expenditure, and scalability.  

 

2. The effective execution of molecular farming necessitates traversing intricate regulatory 

frameworks and addressing concerns regarding public perception. It is essential to prioritise safety, 

effectiveness, and openness in order to obtain regulatory approval and earn public acceptability.  

 

3. Technological advancements, including CRISPR, synthetic biology, enhanced plant breeding, 

metabolic engineering, nanotechnology, and automation, are propelling the development of 

molecular farming. These advancements improve the effectiveness, productivity, and excellence 

of medications generated from plants.  

 

4. Molecular farming has substantial potential to tackle global health issues such as vaccine 

manufacturing, production of therapeutic proteins and antibodies, development of nutraceuticals, 

and creation of remedies for rare diseases. The capacity to generate cost-effective and expandable 

pharmaceuticals has the potential to enhance the availability of vital medications.  

 

5. Ongoing research and interdisciplinary collaboration are crucial for maximising the efficiency 

of expression systems, enhancing downstream processing, tackling regulatory obstacles, and 

actively involving the public. Global collaborations can enhance the exchange of knowledge and 

transfer of technologies.  

 

 

10.2 Implications for the Pharmaceutical Industry  

 

1. Cost Reduction: Utilising plant-based production methods can result in substantial savings in 

the pharmaceutical manufacturing process due to its cost-effectiveness. This has the potential to 

enhance the affordability and availability of pharmaceuticals, particularly in economically 

disadvantaged areas.  

 

2. Production Flexibility: The ability to scale up and adapt quickly in molecular farming enables 

rapid changes in production capacity. During health emergencies, the ability to quickly produce 

vaccinations and treatments can be highly advantageous.  
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3. Sustainability: Plant-based production techniques provide a more sustainable and ecologically 

conscious alternative to conventional approaches. Minimising the environmental impact of 

pharmaceutical manufacture is in line with the growing requirements from both regulators and 

consumers for eco-friendly production methods.  

 

4. Innovation and Competition: Molecular farming is a groundbreaking innovation that is 

causing significant changes in the pharmaceutical business. Businesses who allocate resources to 

and embrace this technology have the potential to gain a competitive advantage by providing 

innovative medications produced from plants.  

 

5. Regulatory Adaptation: The pharmaceutical industry must collaborate closely with regulatory 

organisations to establish and standardise protocols for the authorization of plant-derived 

medications. Cooperative endeavours can optimise the regulatory procedure and expedite market 

access.  

 

10.3 Future Prospects of Molecular Farming  

 

The future of molecular farming is promising, with various crucial factors influencing its 

advancement:  

 

1. Incorporation of Cutting-Edge Technologies:  The ongoing incorporation of cutting-edge 

technologies, including as gene editing, synthetic biology, and automation, will improve the 

efficiency and capabilities of molecular farming systems.  

 

2. Global Collaboration: International cooperation and alliances will be essential for expanding 

molecular farming projects and guaranteeing fair availability of medications generated from 

plants. Sharing knowledge and transferring technology helps expedite advancement and tackle 

worldwide health inequalities.  

 

3. Public Engagement and Education: Establishing public confidence and approval by means of 

open and informative communication is crucial. Interacting with communities and stakeholders 

helps cultivate a conducive atmosphere for the acceptance and implementation of molecular 

farming.  

 

4. Regulatory Frameworks:  Establishing unambiguous, uniform, and synchronised regulatory 

frameworks will be crucial for the commercialization of plant-derived medications. Regulatory 

organisations should collaborate with industry and researchers to develop rules that guarantee both 

safety and effectiveness, while also promoting innovation.  

 

Implementing sustainable techniques in molecular farming will help create a more 
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environmentally friendly pharmaceutical sector. This encompasses the enhancement of resource 

utilisation, the reduction of waste, and the minimization of the ecological consequences of 

manufacturing procedures. 

  

To summarise, molecular farming is a revolutionary method for manufacturing pharmaceuticals, 

providing cost-effective, scalable, and environmentally friendly options for creating valuable 

medications derived from plants. The progress in technology, capacity to tackle worldwide health 

issues, and cooperative endeavours are propelling the field ahead. Through ongoing innovation 

and strategic collaborations, molecular farming has the capacity to transform the pharmaceutical 

sector and enhance global health results. 
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Abstract: In recent years, the interest in plant-based functional foods with various biological activities, especially 
antioxidant properties, has grown exponentially due to their potential health benefits. Antioxidants play a crucial role in 
neutralizing harmful free radicals, which are reactive molecules that can cause cellular damage and contribute to various 
chronic diseases. Natural antioxidants are abundant in food and medicinal plants. These natural antioxidants, 
particularly polyphenols and carotenoids, have a variety of biological benefits, including anti-inflammatory, anti-aging, 
anti-atherosclerosis, and anticancer properties (Xu et al ., 2017). Fruits and vegetables are excellent sources of 
antioxidants because they contain a variety of antioxidant components.  Fruits and vegetables have varying levels of 
antioxidant activity.  Each fruit and vegetable contains a distinct type of antioxidant, and this might vary from species to 
species as well as climate to climate (Ravimannan et al ., 2017). The paper discusses the underlying principles of 
oxidative stress and the mechanisms by which antioxidants counteract its effects (Fang et al ., 2002). It delves into the 
various classes of antioxidants found in plant-based foods, such as polyphenols, carotenoids, flavonoids, vitamins (e.g., 
vitamin C and E), and trace minerals (e.g., selenium and zinc), explaining their diverse roles in protecting cells from 
oxidative damage (Peng et al., 2014). In this chapter we emphasize the vital role of plant-based functional foods as a 
source of natural antioxidants, contributing to the promotion of human health and well-being. Incorporating a diverse 
array of antioxidant-rich plant foods into the daily diet is crucial for supporting overall health and preventing chronic 
diseases.  

 

Keywords: Plant-based functional foods, oxidative stress, polyphenols, carotenoids, flavonoids, vitamins, 
chronic diseases. 
 
ANTIOXIDANT ACTIVITY : UNDERSTANDING THE ROLE IN HUMAN HEALTH 
 
Antioxidants are molecules that neutralize harmful free radicals in the body. They play a crucial role in 
preventing oxidative damage to cells and tissues. Antioxidants help maintain cellular health and reduce the 
risk of chronic diseases such as cardiovascular disorders, cancer, and neurodegenerative  conditions.  There 
are two types of antioxidants: natural enzymatic antioxidants and non-enzymatic antioxidants. Superoxide 
dismutase and catalases are natural enzymatic antioxidants found mostly in peroxisomes. Natural and 
manufactured antioxidants include vitamin E, vitamin C, BHT, BHA, carotenoids, glutathione and derivatives, 
phenolic compounds, flavonoids, and alkaloids (Ravimannan et al ., 2017). 
Reactive oxygen species (ROS) and reactive nitrogen species (RNS), such as superoxide, hydroxyl, and nitric 
oxide radicals, can damage DNA and cause lipid and protein oxidation in biological systems (Li et al., 2015). 
Normally, the antioxidant system in the human body can scavenge free radicals, thereby maintaining the 
balance between oxidation and anti-oxidation. Nonetheless, cigarette smoking, alcohol, radiation, or 
environmental contaminants cause the formation of excessive ROS and RNS, which upset the equilibrium of 
oxidation and anti-oxidation and result in several chronic and degenerative disorders (Wang et al., 2016).  
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THE IMPACT OF ANTIOXIDANTS ON HUMAN HEALTH                                         
 
Antioxidants scavenge and neutralize free radicals, reducing their harmful effects on cells and tissues. They 
protect against oxidative damage and inflammation, promoting overall  health and well-being.  Consuming a 
diet rich in antioxidant-containing foods may reduce the risk of chronic diseases and support longevity. 
 
INTRODUCTION TO PLANT-BASED FUNCTIONAL FOODS AND THEIR HEALTH BENEFITS: 
 
Functional foods have gained significant attention for their potential to promote human health beyond basic 
nutrition. Among them, plant-based functional foods stand out due to their diverse biological activities and rich 
content of bioactive compounds. These foods go beyond meeting essential nutrient requirements and offer 
additional health benefits, making them valuable components of a balanced diet. One of the key areas of 
interest in plant-based functional foods is their antioxidant potential. Antioxidants protect cells from oxidative 
damage, which can lead to chronic diseases such as cardiovascular disorders, cancer, and neurodegenerative 
conditions. This chapter delves into the various biological activities exhibited by plant-based functional foods, 
with a primary focus on their antioxidant properties, to better understand their significance for human health. 
 

Plant-Based Functional Foods Biological Activities 

Berries (e.g., blueberries, strawberries, 
cranberries) 

High in antioxidants, including flavonoids and 
anthocyanins, protecting against oxidative stress and 
chronic diseases.       

Nuts and Seeds (e.g., almonds,   walnuts, 
chia seeds)             

Rich in vitamin E and other polyphenols, supporting heart  
health and reducing inflammation. 

Leafy Greens (e.g., spinach, kale, Swiss 
chard)                

Abundant in lutein and other carotenoids, beneficial for 
eye  health and antioxidant defense.    

Spices and Herbs (e.g.,turmeric, cinnamon, 
rosemary)     

Contain various phytochemicals, offering antioxidant and 
anti-inflammatory properties.      

Whole Grains (e.g., quinoa, brown rice, oats)         Provide vitamins (e.g., vitamin E), minerals, and fiber, 
supporting overall health.         

Legumes (e.g., lentils , chickpeas, kidney 
beans)          

Rich in flavonoids and  polyphenols, contributing to  
antioxidant and anti-diabetic  effects.                          

Cruciferous Vegetables (e.g.,  broccoli, 
cauliflower, Brussels sprouts)                

Contain sulfur compounds that  enhance detoxification 
processes  and provide antioxidant support.   

Herbs and Teas (e.g., green tea, mint, basil)                Offer potent antioxidant activity and potential protective 
effects  against chronic diseases.       

Table no.1 : Plant-Based Functional Foods and Their Biological Activities 
 

This table presents a selection of plant-based functional foods along with their respective biological activities. 
These foods are rich in various bioactive compounds such as antioxidants, polyphenols, carotenoids, and 
phytochemicals, which contribute to their beneficial effects on human health. The table highlights the specific 
biological activities of each functional food, including antioxidant properties, anti-inflammatory effects, support 
for heart health, eye health, and detoxification processes. Incorporating these plant-based foods into the diet 
can promote overall well-being and may help protect against oxidative stress and chronic diseases. 
 
PLANT-BASED FUNCTIONAL FOOD PHYTOCHEMICAL COMPOSITION 
 
Plant-based functional foods are high in phytochemicals, which are physiologically active molecules that 
provide a variety of health advantages. These bioactive chemicals contribute to the numerous biological 
activities of these foods, particularly their antioxidant activity, making them crucial components of a balanced 
diet. 
 
BIOACTIVE COMPOUNDS IN PLANT FOODS: AN OVERVIEW 
 
Phytochemicals are naturally occurring plant molecules that contribute to the brilliant colors, flavors, and 
fragrances of fruits, vegetables, nuts, seeds, and whole grains. These chemicals have gotten a lot of interest 
because of their potential health-promoting characteristics that go beyond simple nutrition. 
 
Flavonoids, Phenolic Acids, and Anthocyanins are all polyphenols. Polyphenols are a type of 
phytochemical that is abundant in plant-based functional meals. They are divided into subclasses, which 
include flavonoids, phenolic acids, and anthocyanins (Pandey et al.,2009). 
Flavonoids are one of the most investigated types of polyphenols, and they are found in a variety of plant diets. 
Quercetin (found in apples and onions), catechins (found in green tea), and anthocyanins (responsible for the 
red, purple, and blue colors in berries) are all examples of flavonoids. Flavonoids are powerful antioxidants 
that have been linked to a variety of health advantages, including cardiovascular protection, anti-inflammatory 
actions, and cancer prevention (Grosso et al., 2017). 
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Phenolic Acids: Another major subclass of polyphenols present in plant diets are phenolic acids. Ferulic acid 
(found in whole grains), caffeic acid (found in coffee), and chlorogenic acid (found in fruits and vegetables) are 
a few examples. These chemicals contain antioxidant action and have been demonstrated to benefit heart 
health, reduce inflammation, and regulate blood sugar levels  (Suliman et al., 2016 ; Clifford et al.,2000) 
 
Anthocyanins: Anthocyanins are flavonoids that give many fruits and vegetables their red, purple, and blue 
colors, such as berries, grapes, and red cabbage. Anthocyanins, in addition to creating brilliant colors, have 
strong antioxidant qualities and have been linked to enhanced cardiovascular health, cognitive function, and 
anti-cancer effects (He et al., 2010 ; Classidy et al., 2013). 
 
BETA-CAROTENE, LYCOPENE, AND LUTEIN ARE CAROTENOIDS. 
 
Carotenoids are another type of phytochemical present in plant-based functional meals that are responsible 
for the vibrant colors found in various fruits and vegetables. They are further classified into two types: carotenes 
(which include beta-carotene) and xanthophylls (which include lycopene and lutein).  
 
Beta-carotene : Beta-carotene is a provitamin A carotenoid found in orange and yellow fruits and vegetables 
like carrots, sweet potatoes, and mangoes. It can be turned into vitamin A in the body, which is necessary for 
vision, immunological function, and skin health. Beta-carotene is also a powerful antioxidant that protects cells 
from oxidative damage (Krinsky et al.,2005 ; Pal et al., 2018). 
 
Lycopene :  It is a red carotenoid that can be found in tomatoes, watermelon, and pink grapefruit. It is well-
known for its antioxidant action and has been associated with a lower risk of some malignancies, including 
prostate cancer. The capacity of lycopene to neutralize free radicals contributes to its possible health 
advantages (Rao et al.,2007 ; Yang et al 2001).  
 
Lutein :  It is a xanthophyll that is found in leafy greens such as spinach, kale, and collard greens, as well as 
egg yolks. It is critical for eye health, especially in the prevention of age-related macular degeneration. Lutein 
also has antioxidant capabilities, which help to protect the eyes from oxidative stress (Hammond et al., 2012 ; 
Ma et al., 2012). 
 
VITAMIN C, VITAMIN E, AND OTHER NUTRIENTS: 
 
Vitamins are necessary substances that play important roles in a variety of physiological processes. Plant-
based functional foods are high in vitamins, particularly vitamin C and vitamin E, which act as antioxidants. 
 
Vitamin C (Ascorbic Acid): Vitamin C is a water-soluble vitamin that may be found in a variety of fruits and 
vegetables, including oranges, strawberries, and bell peppers. It is a potent antioxidant that aids in the 
protection of cells from oxidative damage. Furthermore, vitamin C promotes immunological function, collagen 
formation, and iron absorption (Carr et al., 2017 ; Michels et al., 2013). 
 
Tocopherols and tocotrienols (Vitamin E): Vitamin E is a fat-soluble vitamin found in nuts, seeds, vegetable 
oils, and leafy greens. It protects cell membranes from oxidative damage by acting as a lipid-soluble antioxidant 
(Azzi et al., 2006 ; Traber et al., 2011). 
Other phytochemicals found in plant-based functional foods include terpenoids, phytosterols, and sulfur 
compounds, all of which contribute to their distinct health-promoting qualities. 
Incorporating a varied range of plant-based functional foods into the diet ensures a high intake of these 
beneficial bioactive substances, which supports general health and lowers the risk of chronic diseases. 
 
PLANT-BASED FUNCTIONAL FOODS: HEALTH IMPLICATIONS AND RECOMMENDATIONS 
 
Plant-Based Diets for Health: Dietary Guidelines: 
 
The relevance of plant-based diets in improving general health and well-being is emphasized in this chapter. 
It describes how eating more plant-based functional meals can deliver a variety of critical elements such as 
vitamins, minerals, fiber, and phytochemicals. The chapter emphasizes the possible health benefits of eating 
fewer processed and animal-based foods while eating more fruits, vegetables, whole grains, nuts, and seeds. 
It also investigates the advantages of plant-based diets in the prevention of chronic diseases such as 
cardiovascular disease, diabetes, and certain malignancies, as well as weight control and digestive health 
(Melina et al., 2016 ; Satija et al., 2017). 
Including Antioxidant-Rich Foods in Your Daily Diet: 
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The emphasis in this part is on comprehending the importance of antioxidants in preserving cellular health and 
preventing oxidative damage. The chapter goes through a variety of plant-based functional foods that are high 
in antioxidants such vitamin C, vitamin E, flavonoids, carotenoids, and polyphenols. It includes simple recipes, 
meal planning suggestions, and innovative methods to add diversity to the diet, as well as practical 
recommendations and tactics for incorporating these antioxidant-rich foods into everyday meals. Furthermore, 
the chapter addresses the advantages of eating a variety of colored fruits and vegetables to acquire a broad 
spectrum of antioxidants for best health benefits (Pandey et al., 2009 ; Grosso et al., 2017 ; He et al., 2010). 
 
Optimal Antioxidant Benefits from Plant-Based Functional Foods:  
 
This chapter looks into the concept of balance in getting optimal antioxidant benefits from plant-based 
functional foods. It investigates the interaction of antioxidants and other nutrients in whole foods, emphasizing 
the need of eating a well-balanced diet to maximize their efficiency. The chapter also discusses lifestyle 
aspects such as physical activity, stress management, and proper sleep, which help to promote general health 
in addition to antioxidant-rich foods. It highlights the importance of moderation and mindfulness in food and 
lifestyle decisions for long-term health advantages (Traber et al., 2011 ; Lopresti et al., 2019 ; Grandner et al., 
2014). 
 
Bioactive Compounds in Plant Foods Have Synergistic Effects :  
 
Plant-based meals are high in bioactive substances such as antioxidants, polyphenols, carotenoids, and 
vitamins, all of which contribute to their health-promoting characteristics. The possible synergistic effects of 
these bioactive chemicals when ingested together is one of their most intriguing aspects. The combined action 
of numerous components that results in a higher effect than the sum of individual effects is referred to as 
synergy.  
 
The Impact of Plant Food Diversity on Antioxidant Potential: 
 
Plant dietary diversity is critical for increasing the intake of numerous bioactive chemicals. Different fruits, 
vegetables, nuts, and grains have unique antioxidant and phytochemical combinations. Consuming a variety 
of these foods exposes you to a wide range of bioactive chemicals, resulting in a more robust antioxidant 
defense system. According to research, diets rich in plant diversity are connected with a lower risk of chronic 
diseases such as cardiovascular disease and certain malignancies, owing to the cumulative effect of bioactive 
substances acting together. 
 
Dietary Patterns and Health Implications: 
 
Combining various plant-based meals in dietary patterns can enhance the synergistic effects of bioactive 
substances. The Mediterranean diet, for example, which emphasizes fruits, vegetables, nuts, whole grains, 
and olive oil, is known for its antioxidant-rich profile and has been linked to a lower risk of heart disease and 
better longevity. Similarly, the traditional Japanese diet, which includes a range of vegetables, fish, and green 
tea, contains a balanced mix of bioactive components that promote overall health and longevity. 
 
CONCLUSION 
 
In conclusion, the chapter highlights the significance of plant-based functional foods with diverse biological 
activities, particularly their antioxidant properties, for human health. Antioxidants play a vital role in neutralizing 
harmful free radicals and protecting cells from oxidative damage, which is associated with various chronic 
diseases. The consumption of plant-based foods rich in antioxidants, such as polyphenols, carotenoids, 
flavonoids, and vitamins, has been linked to numerous health benefits, making them essential components of 
a balanced and nutritious diet.The chapter discusses the synergistic effects of bioactive compounds found in 
plant foods, emphasizing how different antioxidants work together to enhance their overall effectiveness in 
neutralizing free radicals. The interactions among these bioactive substances contribute to their collective 
health-promoting properties, providing additional support for the value of incorporating a diverse array of plant-
based functional foods into the daily diet. 
Furthermore, the chapter emphasizes the importance of plant food diversity in enhancing antioxidant potential. 
Each fruit and vegetable contains a unique combination of antioxidants, making it essential to consume a wide 
range of plant-based foods to obtain a comprehensive spectrum of bioactive compounds. Research indicates 
that diets rich in plant diversity are associated with a reduced risk of chronic diseases, underscoring the 
importance of incorporating a variety of antioxidant-rich foods in daily meals. 
The review compiles the latest scientific evidence supporting the health benefits of consuming plant-based 
functional foods with high antioxidant capacity. These benefits encompass reduced risks of cardiovascular 
diseases, certain cancers, neurodegenerative disorders, and improved immune function, among others. It 
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reinforces the importance of promoting plant-based diets to support overall health and prevent chronic 
diseases. 
In summary, the chapter underscores the vital role of plant-based functional foods as natural sources of 
antioxidants, contributing significantly to the promotion of human health and well-being. Incorporating a diverse 
array of antioxidant-rich plant foods into the daily diet is crucial for supporting overall health and preventing 
chronic diseases. By embracing plant-based functional foods with their myriad of bioactive compounds, 
individuals can harness the power of antioxidants to bolster their cellular health and enhance their quality of 
life. 
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Introduction
Edible flowers possess a rich history of consumption and documentation worldwide, 

spanning ancient civilizations like Greece, Rome, medieval Europe and Asian countries such 
as China and Japan [1,2]. Over time, globalization and heightened consumer awareness have 
rekindled interest in edible flowers due to their potential to enhance human well-being and 
health. Research has spotlighted their bioactive compounds, including natural pigments, 
essential oils and antioxidants, elucidating their health-promoting effects and folk medicinal 
uses. The common phytochemicals in edible flowers are depicted in (Table 1). In response to 
consumer preferences for natural, functional and healthy food products, edible flowers have 
gained considerable attraction in the market which led to the evaluation of several species such 
as chrysanthemum, hibiscus, lavender, marigold and rose for their potential benefits [13,14]. 
Approximately 180 flower species have been identified as suitable for human consumption, 
edible flowers offer more than just aesthetic enhancement; they present a safe and nutritious 
option. These blossoms play a crucial role as functional ingredients in food along with their 
aroma and have potential health advantages when included in range of dishes and beverages 
like teas, wines, fruit juices etc. [15,2]. Beyond culinary appeal, their extensive historical use 
in traditional medicine underscores their medicinal properties.
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Abstract
The floriculture industry in developing countries has grown significantly due to improved production 
methods and rising demand for unique, resilient flowers. Biotechnological methods like micropropagation 
and genetic modification are crucial for enhancing ornamental plants, including traits such as floral 
morphology, color, fragrance, stress resistance, and post-harvest longevity. This review emphasizes 
the importance of biotechnology in creating commercially desirable varieties and understanding the 
chemical composition of edible flowers. Edible flowers, with historical significance and health benefits, 
are gaining renewed interest. Advances in biotechnological methods like mutation breeding, molecular 
markers, genetic engineering and genome editing offer promise in meeting global demand for nutritious 
food options through enhanced edible flowers, highlighting the need for ongoing research and innovation.

Keywords: Edible flowers, Advance biotechnological tools, Nutritional composition, Genetic engineering, 
Floriculture industry
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Table 1: Common phytochemicals in edible flowers.

Edible Flowers Phytochemicals Reference

Marigold, Rose, Calendula, Chrysanthemum Carotenoids (Lutein, β-carotene, Flavoxanthin, lycopene, 
zeaxanthin, etc)

Varzakas and Kiokias [3]; Wan et al. [4]; 
Pavelkova et al. [5]

Rose, Hibiscus, Calendula, Chrysanthemum Anthocyanins (Cyanidin 3,5-diglucoside, pelargonidin 
3,5-diglucoside, peonidin 3-O-glucoside, etc)

Grajeda-Iglesias et al. [6]; Wan et al. [7]; 
Kumari et al. [8] 

Rose, Calendula, Marigold, Lavender, 
Hibiscus, Daylily, Chrysanthemum

Flavonoids   (Quercetin, myricetin 3,5-di-O-glucoside, 
kaempferol 3,7-di-O-rhamnoside, etc)

Cendrowski et al. [9]; Cao et al. [10]; Wan 
et al. [4]

Rose, Lavender, Chrysanthemum, Calendula, 
Daylily, Marigold

Phenolic acid (Gallic, Caffeic, Caftaric, Chlorogenic, 
Chicoric, Coumaric, Sinapic and Ferulic, etc) Ryu et al. [11]; Krzymińska et al. [12]

Figure 1: Biotechnological approaches for improvement of edible flowers.

As a niche market, edible flowers cater to a diverse range of 
consumers seeking natural and bioactive components in their 
diet, further highlighting their significance in contemporary food 
culture. In the present scenario, there is a global demand for novel 
traits in ornamental plant products, including improved anatomical 
attributes, floral colors, pigments, stress tolerance, disease 

resistance and enhanced secondary metabolites with health 
benefits and medicinal values [16,17]. Research and advancements 
in biotechnology Figure 1 have paved the way to enhance edible 
flowers, ensuring their safety and augmenting their valuable traits 
for diverse purposes, including industrial applications, promising a 
future for these blossoms.

Biotechnological Approaches Employed for 
Improving Specific Traits in Edible Flower Crops
Mutation breeding

Mutation breeding has been a fundamental approach in 
developing new plant varieties, especially in ornamental plants. 
Traditional breeding methods, although reliable, are laborious and 
time-consuming compared to mutation breeding. This technique 
involves the use of UV radiation, ionizing radiation and chemical 
mutagens like EMS and Sodium Azide to induce mutations. It has 
significantly enhanced breeding efficiency. Mutation breeding 
revolutionized ornamental plant breeding, accelerating the 
development of novel traits, particularly flower colors. This 
method is pivotal in satisfying the floriculture industry’s demands 
for unique attributes. Various techniques, including gamma 
radiation optimization and chemical mutagen selection, have 
yielded promising results in plants like carnations, dianthus, 
chrysanthemums, roses and more. These methods have shown 

potential in creating new cultivars and enhancing characteristics 
like flower color and plant architecture. Research institutions 
have actively registered number of new mutant lines of dianthus, 
chrysanthemums, roses, marigold, Jasmine, tuberose, aster, gladiolus 
and many more, ensuring the continuous innovation of ornamental 
plant varieties [18-29] DFR Annual Report, 2022-23). Mutation 
breeding methods are pivotal for the growth and innovation of the 
ornamental plant industry, enabling the creation of desirable traits 
to meet local and export market demands.

Molecular markers for genetic diversity and MAS 
breeding

Molecular markers have emerged as valuable tools for 
genetic improvement in ornamental plants, offering insights 
into genetic diversity and aiding in various applications such as 
Marker-Assisted Selection (MAS). Various molecular techniques 
like SSR, ISSR and SNP have been effectively utilized to assess 
genetic diversity, determine parentage and identify specific traits. 
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These markers have been employed in genetic studies of different 
ornamental species, revealing unique alleles and providing essential 
information for plant breeding program [30]. For example, SSR 
markers have been used to distinguish different rose varieties and 
evaluate genetic diversity in chrysanthemums [31,32] Additionally, 
GWAS studies have linked specific genes to traits like flower type 
and shape in chrysanthemums [33]. Agarwal et al. [34] identified 
the polymorphic nature of SCoT markers and established genetic 
diversity among different Rosa germplasms. Rosa hybrida’s genetic 
fidelity was affirmed with RAPD and ISSR markers [35] and SSR 
markers differentiated between cultivated and wild rose species 
[36,37] constructed the first individual maps of rose populations, 
linking them with 824 SNPs and 13 SSR bridge markers. In 
carnations, molecular markers unveiled the genetic basis of 
resistance to Fusarium oxysporum, with a sequence-specific PCR-
based SCAR marker developed [38]. SSR markers differentiated 
carnation varieties [39], while RAPD markers assessed genetic 
fidelity of in vitro regenerated plants [40]. Marigold research 
employed molecular markers for investigating male sterility [41] 
and assessing genetic diversity in genotypes. In Lilium species, ISSR 
and AFLP markers confirmed genetic stability and variations in 
regenerants and progeny [42,43]. ICAR-DFR is working on unique 
fingerprints for marigold, rose and chrysanthemum, employing 
SRAP, ISSR, and SCoT markers, with a specific focus on variety-
specific markers in chrysanthemums (Unpublished data).

Advanced techniques in plant tissue culture for 
propagation

The floriculture industry, driven by the demand for high-quality 
ornamental plants and flowers, consistently seeks new varieties 
with improved traits, including plant architecture, vase life, 

keeping quality, color, and disease resistance [16,17]. Ornamental 
horticulture encompasses a wide range of plants used in various 
applications, such as home gardening, landscaping and cut flower 
production, contributing significantly to the industry [44,45]. Tissue 
culture technology has brought about a revolution in the floriculture 
sector, particularly through large-scale propagation using in vitro 
cloning. Tissue culture has proven invaluable in generating genetic 
variability, enhancing plant health and expanding germplasms 
available to breeders. This technology has successfully incorporated 
specific traits through gene transfer, resulting in new genetic 
variations within breeding lines [36]. Various in vitro techniques, 
such as protoplast culture, organ culture and meristem culture, have 
been employed to produce haploid lines and Somaclonal variation 
in Table 1, offering advantages over traditional methods in terms of 
time and mass multiplication [17]. In addition to mass production, 
tissue culture has enabled pathogen elimination from planting 
materials and the production of uniform, disease-free plantlets for 
large-scale cultivation. These techniques have also facilitated the 
rapid multiplication of chimeric-mutant plants obtained through 
mutagenesis [16]. In vitro techniques have significantly reduced 
the time required for developing new varieties and have facilitated 
the rapid dissemination of planting materials over large areas [46]. 
(Table 2) has summarized the tissue culture techniques employed 
for edible flower species. ICAR-DFR has developed efficient 
regeneration protocols for indigenous chrysanthemum varieties, 
which are particularly valuable for multiplying chimeric flowers 
induced by physical mutagens. The institute has also established 
regeneration and direct organogenesis protocols for marigold 
varieties, allowing for the development of transgenic and genome-
edited plants (Unpublished data).

Table 2: Summary of tissue culture techniques employed for edible flower species.

Species/Cultivars Explant Response References

Organogenesis

Chrysanthemum spp. Shoot tips, Nodal explants and leaf Multiple shoot, root and plant 
formation Jahan et al. 2021

Gerbera jamesonii Shoot tips, floral buds, leaf, petioles 
and petals

Multiple shoot root and plant 
formation

Winarto B & Prama Yufdy M 2017; 
Akter et al. 2012

Hemerocallis fulva Stem tissue Callus and shoot formation Matand et al. 2020

Hibiscus rosa sinensis Nodal explants with axillary bud Multiple shoot root and plant 
formation Metwally et al. 2016

Jasminum sambac Young leaves, stems and petioles Callus and shoot formation Farzinebrahimi et al. 2014

Dianthus caryophyllus Axillary buds Multiple shoot root and plant 
formation Ahmadian et al. 2017

Nelumbo nucifera Immature cotyledon and embryo 
and meristem and embryos

Callus induction and Multiple shoo, 
root and plant formation Deng et al. 2020 and Yu et al. 2015

Rhododendron arboretum Nodal explants Multiple shoot root and plant 
formation Mao et al. 2018

Rosa spp. Axillary buds Multiple shoot root and plant 
formation Attia et al. 2012 and Baig et al. 2011

Tagetes erecta and Tagetes patula Nodal segments, shoot tip Multiple shoot root and plant 
formation

Kumar et al. 2018, Majumder et al. 
2014

Soma clonal variation

Chrysanthemum spp.
Adventitious shoots from 

two explant types, leaves and 
internodes

Eeckhau et al. 2020 and Zalewska et al. 2011
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Gerbera Capitulum Bhatia et al. (2009)

Carnation Leaf base explants Esmaiel et al. (2012)

Somatic embryogenesis

Rosa spp. Nodal stem segment Li et al. 2002 and Kim et al. 2003

Haploid development

Chrysanthemum spp. Anther, Ovule Khandakar et al. 2014 and Wang et al. 2014 and Gao et al. 2010

Carnation Anther Nontaswatsri et al. 2007

Lily Anther Arzate-Fernandez et al. 1997

Marigold Anther Kurimella et al. 2021

Gerbera Ovule Cappadocia et al. 1988

Genetic engineering and genome editing for edible 
flower crops

Genetic manipulation techniques have emerged as powerful 
tools to overcome limitations of traditional breeding methods in 
the ornamental plant industry. Genetic engineering allows the 
introduction of desired genes into ornamental plants, providing the 
ability to modify traits such as color, fragrance, disease resistance 
and flower architecture. Agrobacterium-mediated plant genetic 

transformation is a widely used method for gene transfer due to its 
simplicity and adaptability (Table 3). Through genetic engineering, 
it is possible to enhance the quality and traits of ornamental plants 
for both aesthetic and practical purposes. This approach offers a 
promising way to develop new cultivars with novel flower colors, 
improved post-harvest longevity and other desired characteristics, 
contributing to the advancement of the ornamental plant industry 
described below.

Table 3: Agrobacterium-mediated stable gene transformation in edible flower plants.

Species Exogenous Explant Methods
Gene A. 

tumefaciens 
strain

Transformation 
Efficiency

Phenotype of 
Transgenic Plant Ref

Rosa hybrida GFP Leaf Somatic 
embryogenesis GV3101 5~6%

Green 
fluorescence 

observed

Liu et al. 
2021

Rosa chinensis GUS Somatic 
embryos

Somatic 
embryogenesis+Shoot 

regeneration
EHA105 ND GUS positive Vergne et al. 

2010

Tagetes erecta GFP Flower Floral dipping EHA105 ND
Green 

fluorescence 
observed

Cheng et al., 
2019

Tagetes erecta GUS Leaf Shoot regeneration LBA4404 ND
GUS positive 
in leaves of 

transgenic plants

Narushima et 
al., 2017

Chrysanthemum
Artemisinin 
biosynthesis 

genes
Leaf Shoot regeneration CBE21 0.17~0.33% Artemisinin 

production
Firsov et al., 

2020

Chrysanthemum RsMYB1 Leaf Shoot regeneration GV3101 1%
Improved 

resistance to 
herbicides

Naing et al., 
2016

Chrysanthemum cry1Ab Leaf Shoot regeneration LBA4404 ND Improved insect 
resistance

Shinoyama et 
al., 2002

Lilium 0- GUS Meristematic 
nodular calli Shoot regeneration EHA101 11.10% Stable expression 

of GUS gene
Abbasi et al., 

2020

Lilium GUS Filament-
derived calli Shoot regeneration EHA101 ND GUS positive Hoshi et al., 

2004

Gerbera hybrida GMYB10 Leaf Shoot regeneration C58C1 ND
Activation of 
Anthocyanin 
Biosynthesis

Elomaa et al., 
2003

Flower colour: Plant flower colors depend on anthocyanins, 
water-soluble pigments that bring vibrant hues to fruits, flowers 
and leaves. These pigments, derived from six anthocyanidins, 
are pivotal in genetic and molecular research [47]. Anthocyanin 
creation involves a series of enzymatic reactions within the 
flavonoid biosynthetic pathway, encompassing phenylalanine, 

phenylpropanoid, flavonoid and anthocyanin metabolism. In the 
realm of genetic manipulation for flower color, Petunia hybrida 
with its well-studied genetics and transformability, stands out as a 
valuable model for engineering flower color [48]. Chrysanthemum, 
known for its diverse flower colors, has been genetically engineered 
to intensify cyanidin content for vibrant red petals. 
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However, achieving blue flower color through the introduction 
of a pansy F3′5′H gene remains a persistent challenge [49]. Moon 
carnations and roses have been successfully engineered to display 
violet and blue flower colors, respectively. Introduction of petunia 
genes F3′5′H and DFR into white carnation mutants resulted in 
violet hues through co-pigmentation. Similarly, roses were modified 
to produce delphinidin-based anthocyanins, leading to blue and 
magenta flower colors via specific gene introduction [50]. Transient 
transformation experiments in Lilium plants have demonstrated 
the alteration of flower color through the overexpression of key 
genes for instance, overexpressing the Phalaenopsis F3’5’H (Ph 
F3’5’H) gene shifted the color from pink to pale purple, with further 
deepening of the purple color achieved by co-expressing PhF3’5’H 
and Hyacinth DFR (HyDFR) genes [51]. Genome editing has 
emerged as a potent tool for modifying flower color across various 
plant species. Understanding anthocyanin biosynthesis and related 
genes offers exciting possibilities for creating unique flower colors, 
greatly impacting the ornamental plants industry with visually 
captivating varieties.

Floral scent: Floral scent plays a vital role in attracting 
pollinators, protecting plants from herbivores and pathogens 
and facilitating reproductive processes. The scent is a complex 
mixture of compounds, including fatty acid derivatives, benzenoids, 
phenylpropanoids and terpenoids. Understanding the intricate 
role of floral scent in plant biology offers opportunities to improve 
crop yields and enhance the visual and olfactory appeal of flowers 
[52,53]. Genetic engineering offers a solution to impart fragrance 
to modern cut-flowers, addressing the decline of natural scent 
due to selective breeding for other traits. A breakthrough involved 
isolating the S-Linalool Synthase (LIS) gene from Clarkia breweri, 
a sweet-scented California plant. By introducing the LIS gene 
into carnations, linalool production was successfully enhanced, 
showcasing the potential of genetic manipulation to enhance 
floral scents [54]. Transcription Factors (TFs) are key players in 
fragrance biosynthesis, regulating various pathways that lead to the 
production of volatile compounds. They control processes like the 
shikimate pathway, regulated by TF ODORNT1 (ODO1), specifically 
expressed in petunia petals. While some pathways are well 
understood, the regulation of terpenoid pathways remains unclear. 
The successful introduction of the PAP1 transcription factor from 
Arabidopsis into rose flowers resulted in heightened production 
of specific scent compounds, emphasizing the potential of genetic 
engineering to enhance floral fragrances and revolutionize the 
floral industry [55].

Biotic and abiotic stress resistance: Plants are susceptible to 
a wide range of environmental stresses viz., abiotic (e.g., radiation, 
salinity, drought) and biotic (e.g., pathogens, herbivores) that 
impair growth and productivity [17]. These stresses trigger diverse 
plant responses, altering gene expression, metabolic processes 
and physiological attributes. Research on stress tolerance in 
edible flower crops has made progress in understanding and 
improving their responses, exemplified by transgenic carnations 
with enhanced resistance to Fusarium wilt disease and caffeine-
producing chrysanthemum plants exhibiting resistance to fungal 

attacks [56,57]. The abundance, organization and expression 
patterns of LlWRKY genes were studied in Lilium, indicating their 
potential role in both abiotic and biotic stress tolerance [58]. Genetic 
transformation methods, like Agrobacterium-mediated transfer 
of specific genes, have been instrumental in conferring resistance 
against viruses and pests, enhancing crop resilience. Additionally, 
the role of critical transcription factors such as ZIP, WRKY and NAC 
in stress response pathways has been demonstrated, paving the way 
for targeted approaches to enhance stress tolerance in ornamental 
plants [59,60]. Overall, employing biotechnological strategies holds 
promise in mitigating environmental stress effects and improving 
the productivity and stress resilience of ornamental plants.

Keeping quality and post-harvest quality management: 
Ornamental plants are integral to the horticulture industry and 
preserving their quality and freshness is commercially important. 
Ethylene and bacterial infections accelerate flower wilting, 
necessitating resistance. Genetic engineering offers a cost-effective 
solution by reducing ethylene-induced senescence [61]. Targeting 
ethylene-related genes enhances vase life and quality in flowers. 
Successful genetic modifications, as seen in carnations, illuminate 
this potential [62]. Additionally, optimizing tissue-specific ethylene 
insensitivity, demonstrated in transgenic petunias, is crucial for 
commercial viability. In roses, various genes and transcription 
factors have been implicated in the ethylene response, providing 
opportunities to manipulate floral senescence and extend flower life. 
In conclusion, genetic engineering focused on ethylene pathways 
holds promise for enhancing the shelf life of ornamental plants, 
ensuring better quality and commercial value. Understanding 
regulatory mechanisms and gene expression patterns in ethylene 
response pathways is pivotal for developing enduring ornamental 
plants.

Enhancement of industrially important pigments, essential 
oils and secondary metabolites: Highlighting the nutraceutical 
potential of edible flowers, underscoring their richness in 
nutrients, phytochemicals and the subsequent health benefits, 
these flowers demonstrate a broad range of medicinal attributes, 
including anti-diabetic, anti-cancer, anti-anxiety, anti-inflammatory, 
antimicrobial, diuretic and immunomodulatory effects [63,64]. 
Also, flower essential oils are highly valued for their aromatic 
appeal and pharmacological properties enriched with active 
constituents. These oils possess antimicrobial, antioxidant and 
anti-pest properties, crucial for food preservation, cosmetics and 
medicine [65,66]. Biotechnological advancements show potential 
in optimizing essential oil yield and composition, exemplified by 
studies focusing on lavender as a key example [67-69].

Omics approaches: Crop improvement endeavors aim to 
develop climate-smart crops with heightened stress tolerance, 
improved nutritional value and superior agronomic traits. The 
integration of “omics” technologies-genomics, transcriptomics, 
proteomics and metabolomics-has been pivotal in identifying 
pivotal genes, proteins and metabolic pathways governing desired 
traits, facilitating marker-assisted breeding in major crops. 
Additionally, harnessing natural variation in crop wild relatives and 
underutilized species is crucial.
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Conclusion
Edible flowers are highly valued for their functional properties, 

adding appeal and nutritional benefits to food products. With 
growing consumer demand for natural and healthy food options, 
there’s a significant opportunity to use biotechnological tools 
to enhance the quality and yield of edible flowers to meet global 
demands. Progress has been notable in enhancing key traits through 
mutation breeding and tissue culture techniques. Despite genome 
sequencing progress, the application of genome editing in edible 
ornamentals is still evolving. There’s a need to extend transgenic, 
genome editing and omics technologies to enhance the nutritional 
and bioactive properties of valuable edible flowers.
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Abstract Chrysanthemum blossoms are renowned 
for their aesthetic appeal and have gained recogni-
tion as potential contributors to nutraceuticals, cos-
meceuticals, and pharmaceuticals, benefitting human 
health. This study assessed 22 Indian Chrysanthe-
mum cultivars for phytochemicals and antioxidants. 
This study also presents the first quantitative deter-
mination of total saponin content in Chrysanthemum 
morifolium. The phytochemical profiles categorized 
the cultivars into three groups by hierarchical clus-
ter analysis. The correlations among biochemical 
compounds was established by statistical correlation 
analysis which underscored the importance of antho-
cyanins and phenolic compounds in antioxidative 
attributes of cultivars. Also, variation in carotenoid 

content unveiled astaxanthin, zeaxanthin, mutat-
ochrome, canthaxanthin, neoxanthin, violaxanthin, 
and auroxanthin as potential biomarkers in differen-
tiating cultivars. The cultivars viz., Bidhan Protima, 
Mauve Sarah, Silk Brocate, Diamond Jubilee, and 
Mahatma Gandhi displayed remarkable levels of phe-
nolic compounds, tannins, saponins, and carotenoids, 
emphasizing their superior antioxidant capacity. The 
variety in the phytochemical composition includ-
ing phenolic content (0.0008–0.0231  mg/g), flavo-
noid content (10–555 mg/g CE), anthocyanin content 
(0.3–65.4  mg/L), saponin content (5.5–15%), tannin 
content (4.13–66.5  mg/g TAE), carotenoid content 
(0.02027–0.07214  mg/g), alkaloid content (220–
680 mg/ml) and antioxidant potential of the C. mori-
folium cultivars studied featured their potential as 
sources of bioactive compounds for various applica-
tions. The research elucidates the rich phytochemical 
diversity in Indian Chrysanthemum cultivars, estab-
lishing them as priceless assets for pharmaceutical 
and nutraceutical industries with potential advantages 
for human health.

Keywords Chrysanthemum · Antioxidant acitivity · 
Phenols · Carotenoids · Alkaloids · Tannins
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Abbreviations 
Biological and chemical 
CE  Catechin equivalent
DE  Dry extract
DPPH  2,2-Diphenylpicrylhydra-

zyl
FRAP  Ferric reducing ability of 

plasma
GAE  Gallic acid equivalent
MY  Malvidin-3-glucoside
TFC  Total flavonoid content
TPC  Total phenol content
Trolox 
 6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic 
acid
Statistical 
HCA  Hierarchical cluster 

analysis
PCA  Principal component 

analysis
PLS-DA  Partial least squares-dis-

criminant analysis
VIP  Variable importance in 

projection

Introduction

Chrysanthemum, a member of the Asteraceae fam-
ily, boasts a vast array of cultivars worldwide, with C. 
morifolium Ramat being the most significant, encom-
passing over 2300 varieties, including more than 800 
originating from India (Kalia 2015). This flowering 
plant is extensively cultivated for diverse purposes, 
such as cut and loose flowers, pot culture, exhibi-
tions, and landscaping, and it ranks among the top 
ten globally traded cut flowers (Darras 2021). Beyond 
its aesthetic appeal, Chrysanthemum is a repository 
of potential health benefits within its delicate petals 
(Coyago-Cruz et  al. 2023). Chrysanthemum flower 
extract has garnered attention due to its rich composi-
tion of bioactive compounds, encompassing antioxi-
dants, flavonoids, phenolic compounds, and beta-car-
otene. Primary carotenoids found in Chrysanthemum 
flowers include lutein, zeaxanthin, β-cryptoxanthin, 
13-cis-β-carotene, α-carotene, trans-β-carotene, 
and 9-cis-β-carotene (Park et  al. 2015), conferring a 

multitude of health advantages and positioning Chry-
santhemum flower extract as a subject of interest in 
natural health remedies. Foremost, the antioxidant 
properties of the extract are noteworthy, with flavo-
noids and phenolic compounds combating harmful 
free radicals, thereby reducing oxidative stress and 
the risk of chronic diseases (Tian et al. 2019). Nota-
bly, a study by Cao et  al. (2020) identified catechin 
as the predominant phenolic compound in Chrysan-
themum flowers, featuring its antioxidative potential. 
The extract particularly in the form of tea, is known 
to have calming effect. Extracts from Chrysanthemum 
flowers may provide a number of health advantages, 
including antioxidative and anti-inflammatory prop-
erties, stress relief, and vision enhancement (Wang 
et al. 2018). Similarly, Chrysanthemum flower extract 
is associated with digestive health, potentially allevi-
ating indigestion symptoms and possessing mild diu-
retic properties that support a healthy urinary system. 
In terms of cardiovascular health, the extract exhibits 
potential in regulating blood pressure, making it rel-
evant for individuals managing hypertension (Shahra-
jabian et al. 2019).

Chrysanthemum morifolium stands out for its liver-
calming and eye-brightening properties, addressed 
in traditional medicine for its effectiveness in dispel-
ling liver fire. Renowned for detoxification, it holds a 
prominent place in both culinary and herbal practices, 
exemplifying the dual role of nourishment and thera-
peutic application (Long et al. 2022).

Chrysanthemum flowers offer a wealth of bioac-
tive compounds, including phenolic acids, flavonoids, 
and lignans found in C. morifolium Ramat (Han et al. 
2019). In C. morifolium, flavonoids like luteolin-
7-glucoside and quercitrin are prevalent, along with 
volatile compounds such as β-humulene and ledene 
oxide-(I). Chrysanthemum exhibits diverse pharma-
cological properties, including anti-inflammatory, 
antibacterial, anticancer, and antioxidant effects, 
owing to its rich array of flavonoids, amino acids, ses-
quiterpenoids, vitamins, and chlorogenic acids (Duh 
et al. 1999; Lin and Harnly 2010; Chinese Pharmaco-
poeia Commission 2015; Cui et al. 2018; Yuan et al. 
2020). Other reported health benefits of Chrysanthe-
mum flowers include their antipyretic, sedative, and 
antiarthritic properties (Lal et al. 2020). These flow-
ers have been integral to traditional Chinese medicine 



Genet Resour Crop Evol 

1 3
Vol.: (0123456789)

for millennia, particularly Juhua. Its traditional uses 
include alleviating respiratory infections, eye ail-
ments, headaches, hypertension, and sore throat. It is 
one of the commonly cited medicinal flowers in the 
Chinese pharmacopeia that has been traditionally rec-
ognized for its dietary and healthcare benefits. Origi-
nating in China, Juhua has been consumed for more 
than 3000  years, with flower tea being especially 
popular in traditional Chinese medicine (TCM) and 
healthcare practices (Yuan et al. 2020; Sharma et al. 
2023). Overall, plant-derived products like Chrysan-
themum are perceived to have fewer adverse effects 
compared to synthetic medications.

Flowers as human food are underrated despite 
recent use for flavour and visual appeal. Various 
investigations have explored the diverse uses of flow-
ers in food, nutraceutical products and herbal medi-
cines. Gulkand, a value-added food product derived 
from rose petals, is celebrated for its laxative prop-
erties and its effectiveness in soothing sore throats 
and enlarged tonsils (Hegde et  al. 2022). Likewise, 
Alim-un-Nisa et  al. (2018) created candies enriched 
with lutein from Tagetes erecta extract, indicating 
the potential for flowers to be used in innovative food 
products. Bahuguna et  al. (2018) reported that fresh 
red Hibiscus rosa-sinensis flowers are a rich source 
of nutrients like vitamin C and β-carotene and formu-
lated a fresh red Hawaiian from hibiscus and evalu-
ated for its nutraceutical properties. Chrysanthemum 
morifolium flowers have found extensive use in food, 
herbal tea, and medicine owing to their delightful 
taste and fragrance, appealing colours, and medicinal 
properties (Sharma et al. 2023).

Given the medicinal significance of C. morifolium 
flower extract, this study aims to compare the qualita-
tive and quantitative content of phenolics, anthocya-
nins, flavonoids, tannins, carotenoids, alkaloids, and 
saponins, alongside their antioxidative properties, uti-
lizing spectrophotometric methods across twenty-two 
distinct Indian Chrysanthemum cultivars. Addition-
ally, it seeks to identify potential biomarkers through 
variable importance in projection (VIP) plots from 
Partial Least Squares Discriminant Analysis (PLS-
DA) for cultivar differentiation. Establishing statisti-
cal correlations among biochemical compounds in 
various Chrysanthemum cultivars, further provides 
understanding for the further improvement of Chry-
santhemum cultivars.

Materials and methods

Collection of flowers and extracts preparation

The flowers of 22 Indian Chrysanthemum cultivars 
(Table  1) were collected from the research field of 
ICAR-Directorate of Floricultural Research in Pune 
during the November–December flowering period. 
The petals were shade dried for 3–4  days at room 
temperature (20–25℃). These petals were pulver-
ized to a fine powder of particle size 75–80 µm using 
a disc pulveriser. This petal powder was used for the 
estimation of different phytochemical compounds.

Quantitative phytochemical assays

Estimation of total phenolic content

Total phenolic contents were determined using the 
Folin–Ciocalteu method following Al-Duais et  al. 
(2009) with slight modifications. A 0.5 g dried flower 
sample was extracted with 20 mL of 80% methanol. 
Subsequently, an aliquot of 1  mL from the extract 
was taken in a test tube, and 2.9 mL of 1 N Folin and 
Ciocalteau’s phenol reagent was added, followed by 
0.5 mL of distilled water and each tube was shaken. 
In each tube 2 mL of a 20% sodium carbonate solu-
tion was added before being incubated for 90 min at 
room temperature in the dark. The absorbance was 
measured at a wavelength of 760 nm. The total phe-
nolic contents were expressed as milligrams of gallic 
acid equivalent (GAE) per gram.

Estimation of total flavonoid content

The aluminum trichloride method outlined by 
Zhishen et  al. (1999) was used to determine the fla-
vonoid content. A 1000 μL aliquot of the extract was 
mixed with 150  μL of a 5% NaNO2 solution. This 
mixture was allowed to stand for 6 min, after which 
150 μL aluminium trichloride (10%) was added and 
left to incubate for 5  min, followed by addition of 
1000  μL of 1  N NaOH, and the final solution vol-
ume was adjusted to 1500  μL with distilled water. 
The absorbance was measured in spectrum mode at 
510 nm after 15 min incubation. The total flavonoid 
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Table 1  Details of Chrysanthemum cultivars, parentage and flower colour used in this study

UK unknown; OPS OP selection; OBC 52 open selection of BCC 52; MBJ mutant of bidhan jayanti; LC local collection; STW selec-
tion from cv. terry white

Sr. no Name Parent-
age

Color Flower Sr. no Name Parentage Color Flower

1 Autumn joy 
(Ajoy)

UK Pink 12 Diamond Jubilee UK Yellow 
orange

2 Bidhan Agnidev UK Red 13 HYDC 42 LC Pink

3 Bidhan Agnisikha OSB 52 Red 14 HYDC 56 STW White

4 Bidhan Gold MBJ Yellow 15 Koka Kinjan UK Yellow

5 Bidhan Lalima OPS Red 16 Mahatma Gandhi UK Pink

6 Bidhan Monami OPS Red 17 Mauve Sarah UK Pink

7 Bidhan Protima OPS Red 18 Mini Jessie UK Orange

8 Bidhan Purna OSB 52 Yellow 19 PAU B-43 UK Pink

9 Bidhan Rajat OSB 52 White 20 Punjab Anuradha UK Yellow

10 Bidhan Sabita UK Orange 21 Silk Brocade UK Pink

11 Big Violet UK Purple 22 Vasantika UK Yellow
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contents were expressed as milligrams of catechin 
equivalent (CE) per gram of extract.

Estimation of total carotenoid content

The total carotenoid content was determined using 
the method outlined by Kamalambigeswari and 
Rebecca (2016). The concentrations of specific carot-
enoids were determined by utilizing the λmax values 
from Britton’s (1995) compilation, employing the fol-
lowing formula:

where A-absorbance, Y-volume (ml),  A1% 
(cm) = Absorption coefficient for a carotenoid 
(absorbance at a specified wavelength in a 1% solu-
tion within a spectrophotometer cuvette with a 1 cm 
light path) which exhibits significant variability when 
different solvents are used.

Estimation of total anthocyanin content

Total anthocyanin contents were determined using a 
modified spectrophotometric differential pH method 
(Rapisarda et  al. 2008; Scalzo et  al. 2008). Sample 
(0.1  ml) was mixed with pH 1.0 (24  ml 0.2  N KCl 
and 76 ml 0.2 N HCl) and pH 4.5 (40 ml 1 M sodium 
acetate, 24 ml 1 N HCl, 36 ml water) buffers. After 
homogenization, the supernant was collected follow-
ing two centrifugation cycles, 5000  g for 10  min at 
4 °C. Absorbance at 500 nm and 700 nm was meas-
ured with a spectrophotometer in spectrum mode. 
Total anthocyanin contents (C) were determined 
using the equation:

here 463.39 is the molecular mass of malvidin-3-glu-
coside; ε is its molar extinction coefficient at 520 nm 
in the pH 1.0 solution which is 28000; DF is the 

Concentration of carotenoids (μg) =

[

A × Y(ml) × 106
]

[

A1%(cm) × 100
]

Concentration of carotenoids (μg∕g)

=

[

Concentration of carotenoids(μg)
]

[

Weight of sample (g)
]

C(mg MY∕L)

=

[(

Abs520 − Abs700
)

pH 1.0 −
(

Abs520 − Abs700
)

pH 4.5
]

× 463.39 × DF × 1000
� × L

dilution factor, and L is the path length of the cuvette. 
Results were expressed as milligrams of malvidin-
3-glucoside (MY) equivalents per litre (mg MY/L) of 
flower extract.

Estimation of total tanwnin content

The total tannin contents were determined using a 
modified Folin–Denis method (Polshettiwar et  al. 
2007). A 0.5 g sample of dried flowers was extracted 
in 3.5 ml of distilled water. Subsequently, 0.5 ml of 
Folin–Denis reagent and 0.5  ml of a 35%  Na2CO3 
solution were added. The volume was adjusted to 
4  ml with distilled water, and the absorbance was 
measured at 700 nm after 30 min of incubation. The 
total tannin content was reported as milligrams of 
tannic acid equivalent per gram of the extract.

Estimation of total alkaloid content

Alkaloid quantification followed the modified titri-
metric method of Debnath et al. (2015). Three grams 
of powdered flower material were mixed with 20 ml 
of n-butanol, stirred into a slurry, and left overnight 
at room temperature. After centrifugation (6000 rpm, 
15  min), the supernatant volume was adjusted to 
50  ml with n-butanol. For the assay, 10  ml of the 
supernatant mixed with 10  ml of 0.1  N HCl, was 
shaken vigorously for 2–3  min, forming two layers: 
the lower one containing neutralized alkaloids and the 
upper layer with n-butanol. The lower layer (10 ml) 
was collected, added with 2–3 drops of methyl 
red, and titrated with 0.1  N NaOH until the colour 
changed from red to pale yellow. This process was 
repeated three times, using 10 ml of fresh supernatant 
each time. The total alkaloid contents were calculated 
as milligram weight per volume of extract (mg/mL), 
with the equivalence of 1 ml of 0.1 N HCl ≡ 0.0162 g 
of alkaloid.

Estimation of total saponin content

To prepare the sample for estimation, 20  g of flo-
ret powder were mixed with 200 ml of 20% ethanol 
and heated at 55 °C with continuous stirring for 4 h. 
After filtration, the residue was re-extracted using 
another 200  ml of 20% aqueous ethanol. The com-
bined extracts were concentrated to 40 ml at 90  °C. 
The concentrated solution was then subjected to 
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f. Total Saponin Content
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g. Total Alkaloid Content
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h. Antioxidant Activity: DPPH Assay
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i. Antioxidant Activity : FRAP Assay

Phytochemical es�ma�on of 22 Indian Chrysanthemum cul�vars
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liquid–liquid extraction with 20  ml of diethyl ether, 
followed by two purification cycles. After adding 
60 ml of n-butanol to the aqueous phase, two washes 
were performed using 10 ml of 5% aqueous sodium 
chloride. The remaining solution was heat-dried until 
a constant weight was achieved, and the saponin con-
tent percentage was calculated following the method 
by Obadoni and Ochuko (2002)

Anti-oxidant assays

DPPH assay: comparable scavenging methods Flo-
ret extracts were assessed for DPPH radical scav-
enging ability using an adapted method from Brand-
Williams et al. (1995). DPPH solution (0.07 mg/mL) 
was mixed with varying concentrations of methanolic 
extracts (2.5–100.0  µg/mL) and a control solution 
containing methanol and DPPH (Abs control) was 
prepared. After vigorous mixing, incubation at room 
temperature for 60 min in the dark, and measurement 
of absorbance at 517  nm. The percentage of DPPH 
radical scavenging was calculated using the formula:

Plotting percentage inhibition against sample con-
centration in µg/mL, we determined the  IC50, repre-
senting the concentration reducing DPPH absorbance 
by 50%.

FRAP assay: comparable reducing methods The 
FRAP assay quantifies the conversion of ferric iron 
 (Fe3+) to ferrous iron  (Fe2+) in the presence of anti-
oxidants using a previously described method (Suarez 
et  al. 2010). Fresh FRAP reagent was prepared by 
combining 5.0 mL of TPTZ (10 mM in 40 mM HCl), 
5.0  mL of  FeCl3 (20  mM), and 50  mL of sodium 
acetate buffer (300  mM, pH 3.6). The FRAP assay 
was conducted at 30  °C in a water bath. To initiate 
the assay, 3 mL of the FRAP reagent was thoroughly 
mixed with 0.1  mL of each sample. The reaction 

%Inhibition =
Abs(control)−Abs(test)

Abs(control)

× 100

mixture was allowed to incubate at 30 °C for 30 min. 
Absorbance was then measured at 593 nm. The results 
were expressed as milligrams of ferrous equivalent per 
gram of dry floret powder (mg/g).

Statistical analysis

Statistical analysis was carried out employing Meta-
boAnalyst 5.0 software to investigate associations 
among diverse phytochemicals in distinct cultivars 
and their interrelationships within the dataset. Addi-
tionally, a dendrogram was constructed using the 
Euclidean distance matrix and Ward’s minimum 
variance method to cluster the 22 Chrysanthemum 
cultivars based on observed dissimilarities in their 
quantitative phytochemical assays. To assess trait 
variability, Principal Component Analysis (PCA) was 
applied to evaluate the contributions of individual 
traits to the overall variation among genotypes. To 
ensure data comparability, auto scaling techniques, 
as outlined by Seisonen et al. (2016), were applied to 
mitigate unit-related differences for each quantified 
compound. PCA was executed using the quantified 
content of selected biochemical compounds as vari-
ables. In the quest to identify marker compounds, VIP 
plots of metabolites were employed within the frame-
work of PLS-DA.

Results and discussion

Phytochemical and antioxidant potential evaluation

Environmental factors and cultivation practices can 
significantly influence secondary plant components. 
To mitigate these influences on phytochemical con-
tent, we sourced flowers from 22 Chrysanthemum 
cultivars grown on the same farm and harvested dur-
ing the same season.

Total phenol and flavonoid contents

The phenolic content exhibited a considerable range, 
spanning from 0.83  µg/g GAE–23.08  µg/g GAE 
among the 22 Chrysanthemum cultivars (Fig.  1a). 
Among these cultivars, Diamond Jubilee displayed 
the highest total phenol content (TPC), followed 
by Silk Brocade and PAU B-43, while Bidhan Sab-
ita had the lowest TPC. On the other hand, the total 

Fig. 1  Phytochemical content of 22 Chrysanthemum cultivars: 
a Total phenolic content, b Total flavonoid content, c Carote-
noids content, d Total tannin content, e Total anthocyanin con-
tent, f Total saponin content, g Total alkaloid content, h Per-
cent inhibiting capabilities of floret extracts of Chrysanthemum 
cultivars by DPPH assays, i  Fe3+ reducing abilities of floret 
extracts of Chrysanthemum cultivars by FRAP assays

◂
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flavonoid content (TFC) among the same 22 Chry-
santhemum cultivars ranged from 10 to 555 mg/g CE 
(Fig. 1b). The highest TFC was recorded in HYDC-
42 (555 ± 1.1  mg/g CE), followed by Bidhan Pro-
tima (380 ± 1.1  mg/g CE). This content obtained is 
greater than that found in Chrysanthemum indicum 
flower where total concentration of the detected fla-
vonoids was 137.29 ± 1.13  mg/g (Wu et  al. 2010). 
Yet, the lowest TFC was observed in Bidhan Sabita 
(10 ± 1.1 mg/g CE) (Table 2). A correlation analysis 
revealed a robust relationship between phenol and fla-
vonoid content (r = 0.38, n = 22).

In our study, Diamond Jubilee 
(0.0231 ± 0.0003  mg/g) characterized by its 
deep yellow colour, exhibited the highest phe-
nolic content, followed by Silk Brocade (pink) 
(0.0227 ± 0.0025  mg/g) and PAUB43 (pale purple) 
(0.0219 ± 0.0003  mg/g). These findings align with 
research on total flavonoids and phenolic acids in 
flowers with purple or pink petals and/or petaloid 
discs. Conversely, red or white-petaled flowers typi-
cally displayed lower levels of flavonoids and phe-
nolic acids (Ryu et al. 2019). The role of flavonoids 
in influencing flower colours has been extensively 

Table 2  Phytochemical estimations of 22 Indian Chrysanthemum cultivars

Values are given in mean ± standard deviation

Cultivar Phenolic content 
(mg/g)

Flavonoid 
content (mg/g 
CE)

Antho-
cyanin content 
(mg/L)

Saponin 
content (%)

Tannin content 
(mg/g TAE)

Carotenoid 
content(mg/g)

Antioxidant 
activity FRAP 
(mg/g)

Alkaloid 
content (mg/
mL)

Silk Boro-
cate

0.0227 ± 0.0025 220 ± 24.2 5.3 ± 0.538 14.5 ± 1.89 54 ± 9.18 0.06133 ± 0.01 46.86 ± 7.029 320 ± 48

Mahatma 
Gandhi

0.0154 ± 0.0003 315 ± 1.1 31.1 ± 2.42 13.5 ± 1.82 66.5 ± 0.702 0.06718 ± 0.0078 37.1 ± 3 380 ± 37.5

Dimond 
Jubilee

0.0231 ± 0.0003 80 ± 1.1 34.3 ± 2.42 14.5 ± 1.82 60 ± 0.702 0.04582 ± 0.0078 35.9 ± 3 450 ± 37.5

Khoka 
Kingar

0.0064 ± 0.0003 35 ± 1.1 20.2 ± 2.42 13.5 ± 1.82 40.75 ± 0.702 0.05137 ± 0.0078 27.8 ± 3 420 ± 37.5

Big Violet 0.0096 ± 0.0003 275 ± 1.1 7.4 ± 2.42 14 ± 1.82 34.5 ± 0.702 0.02027 ± 0.0078 26 ± 3 480 ± 37.5
Mini Jessie 0.0084 ± 0.0003 40 ± 1.1 0.3 ± 0.22 5.5 ± 1.82 33.25 ± 0.702 0.03265 ± 0.0078 39 ± 3 420 ± 37.5
Punjab Anu-

radha
0.0063 ± 0.0003 40 ± 1.1 39.5 ± 2.42 8.5 ± 1.82 21.25 ± 0.702 0.04179 ± 0.0078 41 ± 3 520 ± 37.5

Bidhan 
Purna

0.0103 ± 0.0003 170 ± 1.1 4 ± 2.42 12.5 ± 1.82 52.75 ± 0.702 0.06553 ± 0.0078 32 ± 3 420 ± 37.5

Bidhan 
Agnidev

0.0034 ± 0.0003 250 ± 1.1 16.2 ± 2.42 13 ± 1.82 28 ± 0.702 0.07214 ± 0.0078 27 ± 3 560 ± 37.5

Bidhan 
Monami

0.0103 ± 0.0003 250 ± 1.1 5.3 ± 2.42 13 ± 1.82 45.75 ± 0.702 0.06255 ± 0.0078 36 ± 3 550 ± 37.5

Bidhan Rajat 0.004 ± 0.0003 305 ± 1.1 24.2 ± 2.42 12.5 ± 1.82 32.75 ± 0.702 0.03933 ± 0.0078 37 ± 3 390 ± 37.5
Bidhan 

Sabita
0.0008 ± 0.0003 10 ± 1.1 19 ± 2.42 15 ± 1.82 21.5 ± 0.702 0.02865 ± 0.0078 25 ± 3 640 ± 37.5

Bidhan 
Agnishi-
kha

0.0068 ± 0.0003 70 ± 1.1 18 ± 2.42 12 ± 1.82 39.25 ± 0.702 0.03744 ± 0.0078 43 ± 3 560 ± 37.5

Vasantika 0.0106 ± 0.0003 210 ± 1.1 2 ± 0.22 8 ± 1.82 42.75 ± 0.702 0.02506 ± 0.0078 23 ± 3 670 ± 37.5
HYDC56 0.0157 ± 0.0060 165 ± 98.47 1.3 ± 3.24 14.5 ± 7.80 36.25 ± 30.66 0.04736 ± 0.0403 33 ± 19.40 550 ± 254.01
HYDC42 0.0038 ± 0.0003 555 ± 1.1 10.3 ± 2.42 14 ± 1.82 34.25 ± 0.702 0.0372 ± 0.0078 37 ± 3 390 ± 37.5
PAUB43 0.0219 ± 0.0003 220 ± 1.1 37.9 ± 2.42 10.5 ± 1.82 4.13 ± 0.702 0.03695 ± 0.0078 25 ± 3 320 ± 37.5
Bidhan 

Protima
0.0152 ± 0.0003 380 ± 1.1 58.7 ± 2.42 13.5 ± 1.82 37.75 ± 0.702 0.02782 ± 0.0078 65 ± 3 440 ± 37.5

Autumn joy 
(Ajoy)

0.0024 ± 0.0003 140 ± 1.1 22 ± 2.42 14 ± 1.82 27.5 ± 4.675 0.04356 ± 0.0078 20 ± 3 250 ± 37.5

Mauve Sarah 0.013 ± 0.0003 265 ± 1.1 65.4 ± 2.42 12 ± 1.82 47.25 ± 0.702 0.03761 ± 0.0078 50 ± 3 220 ± 37.5
Bidhan Gold 0.0045 ± 0.0003 225 ± 1.1 15.1 ± 2.42 14 ± 1.82 24 ± 0.702 0.05534 ± 0.0078 27 ± 3 680 ± 37.5
Bidhan 

Lalima
0.0107 ± 0.0003 310 ± 1.1 22.5 ± 2.42 13.5 ± 1.82 41.75 ± 0.702 0.0495 ± 0.0078 31 ± 3 650 ± 37.5
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investigated across plant species. It is noteworthy 
that flavonoid glycosides play a role in the forma-
tion of purple pigments and protection against radia-
tion damage (Winkel-Shirley 2002). Furthermore, 
the biosynthetic pathway of phenolic compounds is 
intertwined with anthocyanins, as demonstrated by 
the accumulation of anthocyanins in a purple sweet 
potato cell line that produces caffeoylquinic acids 
(Haslam 1998). Several investigations support the 
idea that darker-coloured fruits or flowers often pos-
sess higher antioxidant capacities due to elevated 
levels of phenolic compounds (Kumari et  al. 2022). 
Previous research by Sugawara and Igarashi (2009) 
demonstrated significant variations in flavonoid com-
ponents among four C. morifolium cultivars, empha-
sizing the impact of cultivar selection. Similarly, Ma 
and Wako (2017) reported distinct disparities in phe-
nolic content among popular Chrysanthemum culti-
vars in Japan. Other investigations have explored the 
complex relationship between flower colour and sec-
ondary metabolites and pigment composition (Suzuki 
et al. 2007; Jia et al. 2008; Tanaka et al. 2008).

Total carotenoid contents

The study of 22 Chrysanthemum cultivars identified 
11 distinct carotenoids (Fig. 1c), including β-carotene, 
α-carotene, lycopene, antheraxanthin, astaxanthin, 
auroxanthin, canthaxanthin, violaxanthin, mutat-
ochrome, neoxanthin, and zeaxanthin. Among these, 
Mahatma Gandhi, Bidhan Agnidev, and Bidhan 
Purna cultivars exhibited the highest α-carotene and 
β-carotene levels, while Mini Jessie and Big Violet 
had the lowest concentrations of these carotenoids. 
Notably, Bidhan Agnidev showed the highest con-
tent of all other carotenoids. Additionally, Mahatma 
Gandhi had the highest antheraxanthin content, while 
Mini Jessie had the lowest levels of α-carotene, lyco-
pene, violaxanthin, neoxanthin, and zeaxanthin. Big 
Violet displayed relatively low amounts of β-carotene 
and antheraxanthin, and Mauve Sarah had the lowest 
mutatochrome content. These carotenoid variations 
result from complex interactions with other natural 
pigments in the petals and are influenced by factors 
such as petal colour, cultivar, and species.

Carotenoids are a group of organic compounds 
composed of C40 isoprenoid units, potentially con-
taining epoxy, hydroxy, and keto functional groups. 
They impart yellow, red, or orange colours to flowers. 

The carotenoid composition in flower petals is spe-
cies-specific, unlike the relatively consistent carot-
enoid profiles in the green tissues of most plants. 
Non-green tissues exhibit varying qualitative carot-
enoid compositions, with xanthophyll accumulation 
in many plants contributing to yellow hues in their 
flowers. For example, a study on yellow petal Chry-
santhemum found lutein, β-carotene, and violaxanthin 
initially present, with lutein becoming the dominant 
carotenoid over time (Kishimoto et al. 2006).

A heatmap revealed that Bidhan Agnidev, 
Mahatma Gandhi, PAU-D-11, Bidhan Gold, Bidhan 
Lalima, Bidhan Manomi, Bidhan Purna, and Silk 
Brocate cultivars exhibited the highest presence of 
all 11 identified carotenoids, forming a distinct clus-
ter (Fig. 2). In contrast, Big Violet, Mini Jessie, Bid-
han Sabita, and Vasantika had lower carotenoid con-
tent and were grouped separately. Notably, Bidhan 
Agnidev showed the highest presence of all carote-
noids, while Vasantika had the lowest total carotenoid 
content.

Furthermore, carotenoids including astaxanthin, 
zeaxanthin, mutatochrome, canthaxanthin, neox-
anthin, violaxanthin, and auroxanthin (Fig.  3) were 
identified as potential biomarkers for distinguishing 
between Chrysanthemum cultivars, based on VIP 
scores exceeding 1 in the PLS-DA. Numerous phy-
tochemicals, among them carotenoids, have been 
explored as potential remedies for various diseases. It 
has been reported that the intake of carotenoids (lyco-
pene, beta-carotene, α-carotene) can reduce the risk 
of developing many chronic diseases like age-related 
cataracts, cardiovascular disease or cancer (Mayne 
1996; Tapiero et  al. 2004; Metibemu and Ogungbe 
2022).

Total anthocyanin content

In our investigation, we observed that the Mauve 
Sarah cultivar (65.4 ± 2.42 mg/L) exhibited the high-
est anthocyanin content (Fig. 1e), followed by Bidhan 
Protima (58.7 ± 2.42  mg/L) and Punjab Anuradha 
(39.5 ± 2.42  mg/L), whereas Mini Jessie displayed 
the lowest anthocyanin levels of 0.3 ± 0.22  mg/L 
(Table 2). Furthermore, our findings indicate a close 
correlation between anthocyanin content and the anti-
oxidant potential of the cultivars, as evidenced by the 
Pearson’s r values presented in Table 4. These results 
align with numerous prior investigations, which have 
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Fig. 2  Heatmap for 11 carotenoids identified in 22 Chrysanthemum cultivars

Fig. 3  VIP scores obtained 
through Partial Least 
Squares Discriminant 
Analysis (PLS-DA) for the 
carotenoids obtained in 22 
Chrysanthemum cultivars
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consistently demonstrated that edible flowers are 
replete with diverse bioactive constituents, promi-
nently including flavonoids, particularly anthocya-
nins, as well as polyphenols and other compounds 
(Pires et al. 2018). In a study of Chrysanthemum cul-
tivars (Dendranthema grandiflorum Ramat.) flower, 
the anthocyanin content was studied from low level 
variety Yes Nuri 0.46 ± 0.28  mg/gm DW to high 
level variety Magic 18.00 ± 0.84  mg/gm DW (Park 
et al. 2015). Anthocyanins exhibit potent antioxidant 
activity by scavenging free radicals, activating anti-
oxidant enzymes, and chelating metal ions. Their 
diverse health benefits include anticancer, antimicro-
bial, anti-inflammatory, and anti-neurodegenerative 
properties, aiding in the prevention of diseases such 
as cancer, Alzheimer’s, and cardiovascular diseases, 
as well as managing conditions like diabetes (Yazhen 
et al. 2019; Thornthwaite et al. 2020). They are also 
utilized in various health products like sunscreens, 
creams, mouthwashes, and shampoos, offering anti-
wrinkle and moisturizing effects, and are commonly 
used as food additives in products like lactic acid milk 
and cakes (Yazhen et al. 2019; Mahesh et al. 2019).

Total tannin content

Among the 22 cultivars, the cultivar Mahatma Gan-
dhi (66.5 ± 0.702  mg/g TAE) has displayed the 
highest tannin content, followed by Diamond Jubi-
lee cultivar (60 ± 0.702  mg/g) and Silk Borocate 
(54 ± 9.18 mg/g) (Fig. 1d). In contrast, PAU B-43 had 
the lowest tannin content of 4.13 ± 0.702 mg/g TAE 
(Table  2). When a similar study of qualitative and 
quantitative analysis of phytochemicals in extracts 
of Centella asiatica L. was conducted (Ranjan and 
Kumar 2020), it was found that ethanol extract of 
flowers had the highest concentration of total tannins 
(12.25  mg/g), followed by petroleum ether, acetone, 
and benzene extracts (11.55, 10.35, and 10.35  mg/g 
respectively). Methanol and distilled water extracts 
contained relatively lower amounts of total tan-
nins (9.25  mg/g and 9.45  mg/g respectively). Tan-
nins are widely distributed in plants as protectant 
against grazing animals. They are also said to work 
as an antiseptic and are used to treat numerous ill-
nesses. They are typically concentrated in delicate 
plant parts, such young leaves and flowers, and their 
concentrations differ between plant species, parts, 
and environmental factors (Huang et al. 2018). Plants 

like Hibiscus rosa-sinensis and Limonium delica-
tulum showed higher tannin content in aqueous and 
methanolic extracts of stems and leaves during the 
flowering stage (Medini et al. 2014). Similar findings 
were made with extracts from the golden flamboy-
ant plant’s leaves and flowers (Muthukumaran et  al. 
2016). Tannins, analysed on a molecular level, were 
found to exhibit diverse medicinal effects including 
scavenging of superoxide anions, antitumor prop-
erties, and anti-plasmin activity. Additionally, they 
demonstrated fundamental actions such as binding to 
proteins and exhibiting antioxidant properties (Okuda 
and Ito 2011).

Total alkaloid content

In the analysis of 22 dried Chrysanthemum floret 
samples, the highest alkaloid content was identified 
in Bidhan Gold (680 ± 37.5  mg/mL), closely fol-
lowed by Vasantika and Bidhan Lalima (Fig.  1g). 
The lowest total alkaloid content was observed in the 
Mauve Sarah cultivar (220 ± 37.5 mg/mL) (Table 2). 
The potential of Chrysanthemum as a source of bio-
logically active compounds, including insecticidal 
pyrethroids and their derivatives from C. cinerariae-
folium, has been extensively examined for insect con-
trol. Additionally, perennial Chrysanthemum flower 
extracts have been found to be abundant in alkaloids 
(Husain and Kumar 2015). Galanthamine, a bioactive 
alkaloid, was identified in 97 out of 100 ornamental 
cultivars of Narcissus, predominantly in leaves or 
bulbs. Among these cultivars, Narcissus hispanicus 
leaves exhibited the highest content at 0.46% of dry 
weight, while the ‘Yellow Wings’ Sanguinine cultivar 
bulbs contained 0.14% (Torras-Claveria et al. 2013). 
In our investigation, several cultivars demonstrated 
superior alkaloid content compared to others, with 
Bidhan Gold, Vasantika, and Bidhan Lalima exhibit-
ing alkaloid content up to 0.6 g. In a study examin-
ing alkaloids in the fresh aerial parts of Chrysanthe-
mum trifurcatum, it was noted that the presence of 
alkaloids in the extract may contribute to its analge-
sic activity (Salem et al. 2019). Alkaloids have been 
recognized for their anti-inflammatory, analgesic, and 
antioxidant properties (Mutiah et  al. 2021). In the 
present investigation, significant amounts of alkaloids 
were obtained in extract of Bidhan Gold, Vasantika, 
and Bidhan Lalima flowers. Further research into 
efficient alkaloid extraction from these flowers could 
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potentially offer a cost-effective and consistent source 
of this secondary metabolite for the pharmaceutical 
industry.

Total saponin content

In the case of the 22 Chrysanthemum cultivars 
under investigation, the saponin content exhibited a 
range from 0.6 to 1.5% (Fig.  1f). Among these cul-
tivars, Silk Brocade (14.5 ± 1.89%), Diamond Jubi-
lee (14.5 ± 1.82%), Bidhan Sabita (19 ± 2.42%), 
and HYDC 56 (14.5 ± 7.80%) displayed the high-
est saponin percentages, while the Mini Jessie cul-
tivar (5.5 ± 1.82%) had the lowest saponin content 
(Table  2). To the best of our knowledge, this study 
represents the first quantitative determination of total 
saponin content in C. morifolium. Saponins, which 
are surface-active chemicals, find extensive appli-
cations in the food, cosmetics, and pharmaceutical 
industries and also play significant roles in plant ecol-
ogy (Guçlu-Ustunda and Mazza 2007). As suggested 
by Qi et al. (2011), saponins are key components of 
traditional folk medicines, such as the ginsenosides 
produced by Panax species. Although saponins con-
stitute one of the largest families of plant natural 
compounds, there is limited understanding of their 
biological mechanisms. They are typically believed to 
play significant roles in protecting plants from patho-
gens, pests, and herbivores due to their antimicro-
bial, antifungal, anti-parasitic, insecticidal, and anti-
feedant properties (Augustin et  al. 2011; Morrissey 
and Osbourn 1999; Osbourn et al. 2011; Sparg et al. 
2004).

Anti-oxidant assays

In this study, we comprehensively evaluated the anti-
oxidant activity of Chrysanthemum florets using two 
distinct methods: DPPH and FRAP assays.

DPPH assay

We assessed DPPH radical scavenging activity and 
 IC50 values for 22 Chrysanthemum flower extracts, as 
detailed in Table  3 and Fig.  1h. The extracts exhib-
ited varying inhibitory potential, ranging from 28% 
(observed in HYDC 42 and Bidhan Sabita) to 98% 
(PAU B43). Notably, the cultivar Diamond Jubi-
lee, with the highest phenolic content, displayed 

the second-highest DPPH radical scavenging activ-
ity (96%). This can be attributed to the presence 
of hydroxyl groups in phenolics, known for their 
antioxidant properties. Conversely, cultivars like 
Bidhan Sabita and HYDC 42, with lower total phe-
nolic content, exhibited reduced DPPH radical scav-
enging activity (28.18%). These results align with 
prior research, demonstrating a positive correlation 
between phenolic content and antioxidant activity 
(Kumari et al. 2022).

The cultivars, Bidhan Agnidev (3.4  µg/g GAE) 
and Bidhan Rajat (4.0  µg/g GAE), despite of lower 
phenolic content, still demonstrated significant radi-
cal scavenging abilities of 92% and 94%, respectively. 
This suggests the presence of other bioactive com-
pounds in these cultivars, extending beyond pheno-
lics, consistent with findings in phytochemical and 
antioxidant research of Bird of Paradise and other 
ornamental plants (Bungihan and Matias 2013).

Table 3  % Inhibition of DPPH radical and  IC50 value of Chry-
santhemum floret extracts

Sr. no Samples Inhibition% IC50 value 
(µg/mL)

1 Silk Brocade 84.82 28.2
2 Mahatma Gandhi 81.18 25.61
3 Diamond Jubilee 95.83 20.36
4 Koka Kinjan 88.73 44.93
5 Big Violet 92.45 21.93
6 Mini Jessie 88.36 48.13
7 Punjab Anuradha 91.07 27.24
8 Bidhan Purna 90.81 28.31
9 Bidhan Agnidev 91.78 47.87
10 Bidhan Monami 94.35 25.21
11 Bidhan Rajat 94.38 29.37
12 Bidhan Sabita 28.16 79.7
13 Bidhan Agnishikha 29.8 84.57
14 Vasantika 95.98 37.68
15 HYDC 56 98.4 28.67
16 HYDC 42 28.05 76.05
17 Pau B-43 98.55 31.87
18 Bidhan Protima 93.64 29.61
19 Autumn joy (Ajoy) 86.46 35.87
20 Mauve Sarah 95.8 29.03
21 Bidhan Gold 97.84 38.34
22 Bidhan Lalima 97.4 15.03
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We further assessed antioxidant properties 
using  IC50 concentrations, representing the extract 
amount required to scavenge 50% of the DPPH 
radical. The results, summarized in Table  3, 
showed that Bidhan Lalima had the lowest  IC50 
value (15.03 µg/mL), followed by Diamond Jubilee 
(20.36 µg/mL) and Big Violet (21.93 µg/mL), indi-
cating their high antioxidant potential. Conversely, 
Bidhan Agnishika, with the highest  IC50 value of 
84.57  µg/mL, represented the lowest antioxidant 
potential.

FRAP assay

The FRAP assay revealed that Bidhan Protima 
exhibited the highest reducing power at 65  mg/g 
ferrous equivalent (Table 2), followed by Silk Bro-
cade at 46.86  mg/g and Mauve Sarah at 50  mg/g. 
The cultivar Autumn joy (Ajoy) displayed the low-
est reducing power, registering only 20  mg/g fer-
rous equivalent (Fig.  1i). These findings are con-
sistent with research indicating that red-coloured 
rose cultivars typically have elevated phenolic con-
tent and increased antioxidant activities (Kumari 
et  al. 2022). Bidhan Protima, with the highest 
reducing power, also ranked second in total fla-
vonoid content (380  mg/gm CE). Silk Brocade 
exhibited the third-highest reducing capacity and 
ranked second in total phenolic compound con-
tent (22.72 µg/gm GAE). In an earlier investigation 
comparing the antioxidant capacities of extracts 
from 30 different flowers of C. morifolium, an anti-
oxidant capacity of 168.39 ± 0.64 μmol Trolox/gm 
DW was reported (Chen et al. 2018). Subsequently, 

recent research has revealed substantial antioxidant 
effects in vitro and in vivo through the use of aque-
ous extracts from C. morifolium flowers (Wang 
et al. 2016).

Statistical analysis

Correlation between phytochemicals

The Pearson’s correlation coefficients presented in 
Table 4 unveil robust associations among the phyto-
chemical contents. A significant correlation exists 
between antioxidants and anthocyanins (r = 0.44), 
as well as between antioxidants and both phenols 
(r = 0.40) and tannins (r = 0.43) based on the Pear-
son’s correlation coefficient. Furthermore, flavonoid 
content demonstrated a moderate relationship with 
the presence of saponins (r = 0.27) and antioxidant 
activity (r = 0.27). Whilst tannin content exhibited 
close correlations with phenols (r = 0.45), saponins 
(r = 0.40), and antioxidants (r = 0.43). Remarkably, a 
strong relationship was observed between saponins 
and carotenoids content, with a Pearson’s correlation 
coefficient of 0.58.

Cluster analysis

Based on the Euclidean distance similarity index, a 
dendrogram was constructed, revealing an initial divi-
sion of cultivars into two major clusters (Fig. 4). The 
first major cluster comprised cultivars Silk Brocade, 
Mauve Sarah, Bidhan Protima, Diamond Jubilee, 
and Mahatma Gandhi, which exhibited the highest 
levels of all biochemical compounds, including anti-
oxidants, assessed in this study. The second major 

Table 4  Linear correlation coefficients (r) between different phytochemicals in flowers of Chrysanthemum cultivars obtained by 
Pearson’s analysis

Anthocyanin Flavonoids Phenols Antioxidants Alkaloids Tannins Carotenoids Saponins

Anthocyanin 1 0.099621 0.21677 0.44062  − 0.36834  − 0.09726  − 0.1633 0
Flavonoids 0.099621 1 0.10923 0.27565  − 0.08489 0.16941 0.098597 0.27772
Phenols 0.21677 0.10923 1 0.40238  − 0.17235 0.45721 0.20175 0.15899
Antioxidants 0.44062 0.27565 0.40238 1 0 0.4367 0.19206 0.26019
Alkaloids  − 0.36834  − 0.08489  − 0.17235 0 1 0.077179 0.25386 0.29952
Tannins  − 0.09726 0.16941 0.45721 0.4367 0.077179 1 0.49668 0.40205
Carotenoids  − 0.1633 0.098597 0.20175 0.19206 0.25386 0.49668 1 0.58365
Saponins 0 0.27772 0.15899 0.26019 0.29952 0.40205 0.58365 1
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cluster included the remaining cultivars, further sub-
divided into five sub-clusters. In this cluster, culti-
vars such as Bidhan Lalima, Bidhan Agnidev, Bidhan 
Gold, HYDC-56, Bidhan Monami, and Bidhan Purna 
shared similar characteristics, producing a moder-
ate range of biochemical compounds, with a notable 
emphasis on carotenoid production. Bidhan Agnishi-
kha, Punjab Anuradha, Mini Jessie, and Vasantika 
formed another sub-cluster, demonstrating the pres-
ence of most studied phytochemicals at lower levels, 
along with moderate contents of antioxidants. Culti-
vars PAU-B-43, Big Violet, Bidhan Rajat, and HYDC 
42 represented a sub-cluster with lower content of 
most phytochemicals, except for saponins and flavo-
noids. Finally, the last sub-cluster consisted of Bidhan 
Sabita, Autumn joy (Ajoy), and Khoka Kingar, which 
exhibited a moderate range of saponin content and 
lower levels of other biochemical compounds.

Principal component analysis

To assess the data generated from all conducted 
assays in this study, Principal Component Analy-
sis (PCA) was employed, with data being normal-
ized through auto-scaling. The application of PCA 
resulted in the generation of two visual representa-
tions: scores and loading plots. Variables that cluster 
together denoted strong positive correlations among 
them. The scores plot (Fig.  5a) provided a visual 
representation of the distinctions among accessions, 
with each test being plotted on a graph where the first 

two principal components constituted the axes. PC1 
explained 32.5% of the total variance, while PC2 elu-
cidated 22.8%, summing up to 55.3%. Further analy-
sis utilizing a bi-plot (Fig. 5b) unveiled the presence 
of tannin, saponin, carotenoid, and alkaloid in the 
fourth quadrant. On the other hand, flavonoid, phenol, 
antioxidant, and anthocyanin were located in the posi-
tive first quadrant.

The Variable Importance in Projection (VIP) 
score, obtained through Partial Least Squares Discri-
minant Analysis (PLS-DA), identified phenols, sapo-
nins, and alkaloids as biomarkers crucial for distin-
guishing among Chrysanthemum cultivars (Fig. 6).

Conclusion

In this study, we conducted a thorough analysis of 
phytochemical composition across flowers of 22 
Indian Chrysanthemum cultivars, covering flavonoids, 
phenolic acids, anthocyanins, carotenoids, saponins, 
and tannins. Notably, significant variations in phyto-
chemical composition were observed among the cul-
tivars. Our investigation revealed a strong correlation 
between antioxidant activity, phenol, and anthocya-
nins content, showing their substantial contributions 
to antioxidant properties. The cultivars HYDC-42, 
Bidhan Rajat, and Bidhan Protima exhibited notewor-
thy flavonoid content, while extracts from Mahatma 
Gandhi, Silk Brocade, and Mauve Sarah displayed 
highest antioxidant properties. Vasantika, Bidhan 

Fig. 4  Chemo metric analysis of Chrysanthemum cultivars: Hierarchical cluster analysis (HCA)–clustering and heatmap obtained on 
cluster analysis of Chrysanthemum cultivars based on their phytochemical content studied
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Gold, and Bidhan Lalima showcased high alkaloid 
production, and Bidhan Protima, Mauve Sarah, Dia-
mond Jubilee, and Punjab Anuradha demonstrated 
significant anthocyanin production. These findings 
suggest the potential of these Chrysanthemum culti-
vars as dietary supplements for combating oxidative 
damage caused by free radicals. Furthermore, our 
results imply that these distinctive biochemical com-
pounds can serve as valuable markers for classifying 
and identifying Chrysanthemum cultivars for future 
breeding programmes. Additionally, our findings 
highlight the suitability of Chrysanthemum cultivars 
with substantial content of specific bioactive phyto-
chemicals for applications in functional foods, phar-
maceuticals, and horticulture.
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Abstract: 

The aim of these study is to analyze the factors influencing the adoption of e-Learning products in 

higher education in Indian market. Despite the increasing research on e-learning, there is lack of 

systematic literature analysis. Therefore, this study conducted systematic literature review to 

identify the various factors that affect the adoption of e-learng products in India. 

A Systematic Approach followed and 15 relevant articles published between 2010 and 2022 were 

selected for analysis. The finding of the selected studies indicate that various factors significantly 

influence the adoption the adoption of e-learning products in higher education in Indian Market. 

These Factors include individual, social and organizational aspects as well as demographics, ease 

of use and perceived usefulness of e-learning product. 

The study also identified limitation in existing literature and proposed future research direction for 

e-learning product in higher education. These drawbacks and future research directions can be 

served as a guidance for enhancement in e-learning products in higher education. 

Overall, this study contributes for  understanding the factors influencing adoption of e-learng 

products in India and provides insights for researchers and practitioners in this field. 

Introduction: 

E-learning denotes the use of digital or electronic media for learning and teaching purposes. A 

popularity of e-learning has been increasing steadily, with a growing number of providers and 

users. The of internet has increades all over globe and improved access to technology have fuelled 

the development of e-learning platforms.The pandemic situation of Covid-19 has further 

accelerated the embracing of online education, as lockdown measures necessitated the shift to e-

learning as the primary mode of instruction. While the threat of COVID-19 has diminished, online 

education continues to attract new audiences (Lockee, 2021). 

In India, the e-learning industry is expanding its market presence and targeting a broader audience 

for its courses. The demand for e-learning has increased significantly, leading many online 

learning platforms, like BYJU'S to offer free access to their services. Even before the pandemic, 

there was already substantial growth in the adoption of educational technology. E-learning plays 

crucial role in the academic development of any nation. 

Existing literature indicates that various factors including individual, social and organizational 

aspects, as well as demographics, organizational impact, the perceived usefulness, social infuences 

and ease of use of course influenced the adoption of e-learning in. 

However, the significance of issues related to adoption of e-learning in India has not been fully 

acknowledged. Previous studies have not explicitly focused on determining the influencing factors 

that impact the adoption of e-learning products in Indian higher education market or explored a 

perceptions of e-learning adoption in India. 
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Objective: 

1. To examine and understand different factors influencing the adoption of e-learning 

products in higher education. 

2. To examine and understand the user perception in selecting e-learning products. 

Literature Review 

The literature review provides a summary of previous research conducted on particular topic.It 

involves examining published books,journals ,articles and other relevant sources related to a 

specific topic.The literature review provide background for further research. 

Zhang et al. (2010) investigated perception and attitude of peoples towards adopting e-learning  in 

China. The  researchers utilized Rogers innovation adoption theory and analyzed 33 factors of 

perceived innovative attributes using the analytic hierarchy process (AHP). A questionaire was 

administrated 160 undergraduate students in China to examine the relationship between perceived 

innovative features and the intention of adopting e-learning in China. 

Punnoose (2012) explored the factors influencing students intention and determinants that  

different factors to use e-learning.The study considered variables such as personal characteristic, 

beliefs, attitudes, behavioral intention and actual behavior, utilizing the Technology Acceptance 

Model (TAM). The questionnaire-based data collection involved 249 masters degree students in 

Thailand, and the findings indicated that students with prior e-learning experience showed stronger 

intention to use e-learning in the future. 

King and Boyatt (2015) conducted a study at the University of Warwick to examine the factors 

influencing the adoption of e-learning in organizations for professional development and 

continuing education. The study identified organisational infrastructure, staff attitudes,skills and 

perceived student expectations as influential factors. Effective implementation required an 

institutional strategy that provided necessary and sufficient  resources and guidance for e-learning. 

Koloseni and Mandari (n.d.) highlighted the importance of developing e-learning policies in higher 

learning institutions that consentrate on improving   effort expectancy that focus on improving 

effort expectancy, awareness of the benefits of e-learning systems, encouraging social pressure, 

and promoting behavioral intention among students. The study also identified the role of personal 

traits and learners&#39;perceptions using the Technology Readiness Index (TRI) and Unified 

Theory of Acceptance and Use of Technology (UTAUT). Data were collected through 

questionnaires distributed via Google Forms, emails, and social media platforms, resulting in 275 

responses. 

Elango et al. (n.d.) identified the quality dimensions of e-learning and analyzed the strengths and 

weaknesses of the e-learning system. The study collected data through questionnaires administered 

to 112 undergraduate students of online programs from the United Arab Emirates (UAE) and 

Oman. Course relevance, delivery effectiveness, instructor support, web usage, and course 

compliance were crucial for imparting qualitative education through e-learning. 

Chahal and Rani (2022) investigated the factors influencing students& behavioral intentions and 

actual usage of e-learning, exploring the mediation effects among hidden constructs. The study 

employed the Technology Acceptance Model (TAM) and tested an explanatory structural model. 

Personal innovativeness, self-efficacy, and social factors were found to play essential roles in 

adopting e-learning among higher education students. The study collected data through a 

quantitative questionnaire-based online survey with a sample size 570. 
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Duggal (2022) explored various factors affecting the acceptance of e-learning, including 

performance expectancy, effort expectancy, social influence, facilitating conditions, and more. 

The study collected data through surveys administered via email, social networking websites, 

university forums, and in-person interactions, with a sample size of 331 Indian students selected 

using random sampling. Infrastructure dependability, course design and content effectiveness, and 

students&#39; computer competency were the top three factors influencing e-learning acceptance 

in India. 

 

Ansong et al. (2017) investigated the determinants of e-learning adoption at the University of 

Ghana, identifying factors such as IT infrastructure, perceived ease of use, expected benefits, 

competitive pressure, organizational compatibility, educational partners, course content, and e-

learning curriculum. The survey-based research involved e-learning stakeholders at the University 

of Ghana, and the Technology Acceptance Model (TAM), for instance, is one such framework 

used in studies on the adoption of technology such as e-learning. PEOU to determine an 

individual’s intention to use a system with the intent to use. 

 

According to Tarhini et al. (2017), adopting e-learning systems in the United Kingdom (UK) is 

influenced by performance expectancy, habit, social influence, hedonic motivation, effort 

expectancy, self-efficacy, and trust. The Unified Theory of Acceptance and Use of Technology 

(UTAUT2) incorporates two additional factors, trust, and self-efficacy, to the existing factors of 

UTAUT2, including performance expectancy, effort expectancy, hedonic motivation, habit, social 

influence, price value, and facilitating conditions. The researchers collected data from students at 

two universities in England through a cross-sectional questionnaire survey conducted between 

January and March 2015. The influencing factors were identified as performance expectancy, 

social influence, habit, hedonic motivation, self-efficacy, effort expectancy, and trust. 

 

In Cheriyans study (2018), the critical factors for the success of e-learning in India, as identified 

by students pursuing various higher educational courses, were technological support, e-learning 

resources, e-learning support and training, characteristics of students, andcharacteristics of 

instructors. The information was collected through a questionnaire using a convenience sampling 

technique from undergraduate, postgraduate, and doctoral students at CHRIST (Deemed to be 

University), Bangalore, India. Factors such as the interaction of the course, accessibility to e-

learning resources on and off-campus, adequacy of learning materials, communication with 

instructors, registration ease, design and layout of information, accessibility, and adequacy of 

online tests/quizzes, and the ability to return to uncompleted tasks were considered as e-learning 

resources. 

 

Daniels et al. (2019) identified various factors influencing e-learning, including instructional 

design, course opening, assessment of learning, interaction, and community, instructional 

resources for teaching and learning, learner support, technology design, course evaluation, course 

closing, and instructional design cycle. These factors were considered relevant for teaching and 

learning in the new age. The researchers proposed Debattistas standards for developing and 

implementing e-learning environments: instructional design, course opening,assessment of 

learning, interaction and community, instructional resources, learner support,technology design, 

course evaluation, course closing, and instructional design cycle. 
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Bhongade and Sarode (2018) discussed the role of e-learning in higher education in India, 

including concepts and aspects, trends and issues, scopes, types of e-learning, challenges, industry 

market, the impact of MOOCs, benefits, advantages, and the future of e-learning.The authors 

emphasized that poor quality procurement practices act as a barrier to the growth and adoption of 

e-learning in India while highlighting the positive impact of e-learning on educational 

development and increasing the percentage of the literate population in India. 

 

Vanitha and Alathur (2021) identified factors influencing the adoption of e-learning, 

including system quality, information quality, service quality, collaborative quality, computer 

skill, internet, self-efficacy, learner attitude, learner behavior, learner confidence, and prior 

knowledge. The researchers collected data through online and offline questionnaires, with 704 

responses from graduate and undergraduate students in higher education institutions in India. 

 

Jabeen and Sadique (2020) highlighted the rapid growth of the global e-learning market and its 

impact on educational institutions and organizations&#39; training methods. They emphasized the 

importance of e-learning in the United Arab Emirates and its potential to change the learning 

process. Based on the Technology Acceptance Model (TAM) and incorporating five external 

variables, the researchers found that subjective norms directly influenced the intention to use e-

learning. In contrast, internet experience, system interactivity, self-efficacy, and technical support 

indirectly influenced the intention through the perception of ease of use and usefulness. The 

information for this study was collected through questionnaires, with 30 responses from graduate 

and undergraduate students in higher education institutions in India. 

 

A literature review highlights various factors influencing the adoption and success of e- 

learning in different contexts. Factors such as performance expectancy, habit, social influence, 

hedonic motivation, effort expectancy, self-efficacy, trust, technological support, e-learning 

resources, characteristics of students and instructors, instructional design, interaction and 

community, learner support, system quality, information quality, service quality,computer skill, 

internet, learner attitude, learner behavior, learner confidence, prior knowledge, and more have 

been identified as essential considerations in e-learning adoption.The studies reviewed 

encompassed regions, including the United Kingdom, India, and the United Arab Emirates, and 

involved diverse student populations. Data collection methods ranged from questionnaire surveys 

to online and offline questionnaires with varying sample sizes. 

 

It is evident that an e-learningh play a very crucial role in an educational development and has the 

potential to transform traditional learning and teaching methods. However, challenges such as 

poor quality procurement practices, limited applicability of existing models in educational 

settings, and the need for adequate technical support and resources remain revalent. 

Overall, the findings from the literature review provides valuable insight factors influencing e-

learning adoption and also emphasize the importance of considering various aspects such as user 

expectations, support systems, instructional design, learner characteristics, and the quality of 

resources and services. These insights can guide educational institutions, policymakers, and 

stakeholders in developing effective e-learning strategies and ensuring the success of e-learning 

initiatives in diverse educational contexts. 
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Data Analysis: 

To gain insights into e-learning preferences among Chinese undergraduates and better understand 

the factors influencing e-learning adoption ,in higher educationZhang et al.(2010) employed an 

innovation adoption perspective. The researchers used the theory of Rogers, which encompasses 

5 aspects of innovation adoption,to develop a heirchical structure model for examining the key 

influence factors of e-learning adoption intention in China using Analytic Hierarchy Process 

(AHP). The evaluation index layer consisted of 33 influence factors related to the general objective 

of e-learning adoption. Among these factors, Pricing was found to have the most significant 

influence, followed by Education quality, while the available advantages perceived had the most 

negligible influence. 

 

In another study by Punnoose (2012), it was found that inter relation between Perceived enjoyment 

and agreeableness was positive but not statistically significant. Individual differences  in behaviour 

were moderated through beliefs. They were not affected by the finding by Devaraj et al. (2008) 

that there might be an affirmative relation between intention and openness to use technology. 

Among 5 personality traits studied, extraversion, conscientiousness and neuroticism demonstrated 

significant predictive power.Conscientiousness had a positive and native effect as a personality 

trait. When considering eLearning intention,  conscientiousness and extraversion were the only 

personality variables influencing the original technology acceptance model(TAM ) variables. 

Perceived Enjoyment did not exhibit a significant relationship with Behavioral Intention to engage 

in eLearning. The primary determinants of eLearning usage were extrinsic motivational factors 

such as Perceived Usefulness and Subjective Norms. Compared to females, males exhibited a 

greater enjoyment of eLearning, lower neuroticism, higher openness, better computer skills, and 

stronger intentions to use 

eLearning in the future. 

 

King and Boyatt (2015) emphasized the importance of organizational culture and infrastructure 

for supporting the adoption of e-learning in higher education. They recommended that 

organizations provide staff support,directionand guidance during an implementation of e-learning, 

along with sufficient time and resources. An introduction of an institutional e-learning strategy for 

students as well as staff  and demonstration of leadership  commitment were also suggested. 

Consistently available and reliable resources should be aligned with the e-learning strategy. 

Additionally, pedagogical support plays a crucial role in effectively implementing e-learning. 

Face-to-face support should be complemented by online guidance and facilitated communities of 

practice that encourage colleagues to share their experiences and utilization of e-learning. 

Personal traits, such as optimism, insecurity, and discomfort with technology, were identified as 

influential factors shaping individual perceptions towards adopting e-learning systems,according 

to Koloseni and Mandari (n.d.). They argue that considering personal traits can provide a new 

perspective in the design of e-learning policies. Policy and decision-makers should critically 

evaluate unique traits while developing policies that effectively cater to the needs of individuals. 

For each construct influenced by personal traits, a respective policy should consider the specific 

personal trait that has an influence.The opinions of e-learners from Oman and the United Arab 

Emirates (UAE) regarding the quality of e-learning programs offered by two different online 

universities varied across administrative issues, instruction materials, instructor support, Viper 

sessions, grading, and assessment, as highlighted in a study by Elango et al. (n.d.). The study also 
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identified differences in opinions among respondents based on their demographic profiles, 

particularly about crucial factors. Students expressed the usefulness of e-books, e-journals, and 

platforms like BlackBoard/WebCT/KEWL. Still, they found that graphics and animations 

included in course materials did not enhance their learning experience. Viper sessions were not 

considered beneficial, and students suggested that chapter contents should be more informative 

and exciting. 

 

Elango et al. (n.d.) conducted a study based on the Technology Acceptance Model (TAM) and 

introduced three external variables to create a comprehensive technology acceptance model. The 

model demonstrated how perceived usefulness and perceived ease of use could be influenced by 

personal innovativeness, self-efficacy, and social factors, which in turn affect attitudes, behavioral 

intentions, and actual usage of e-learning among higher education students. 

 

In a study by Duggal (2022), the acceptance of e-learning in India was influenced by factors such 

as the effectiveness of instructors or lecturers, students collaboration interests, students 

competency with computers, accessibility of resources, the effectiveness of course design and 

content, infrastructure dependability, and provider support received. The study adopted a model 

based on the Unified Theory of Acceptance and Use of Technology (UTAUT) and encompassed 

seven factors comprising 44 variables derived from previous research. Notably,students 

collaboration interests and instructors effectiveness significantly impacted the acceptance of e-

learning among Indian students. 

 

Ansong et al. (2017) identified several determinants of e-learning adoption at the University of 

Ghana, including IT infrastructure, perceived ease of use (PEOU), expected 

benefits,organizational compatibility, competitive pressure, educational partners, the content of 

thecourse, and e-learning curriculum. 

 

Tarhini et al. (2017) identified several influencing factors for adopting e-learning systems in the 

United Kingdom (UK), including performance expectancy, habit, social influence,hedonic 

motivation, effort expectancy, self-efficacy, and trust. 

Cheriyan (2018) highlighted five critical factors for the success of e-learning among students 

pursuing various higher educational courses, ranging from undergraduate to doctoral programs. 

These factors included technological support, e-learning resources, e-learning support and 

training, characteristics of students, and characteristics of instructors. 

Daniels et al. (2019) introduced ten specific standards, such as instructional design, course 

opening, assessment of learning, interaction, and community, instructional resources, learner 

support, technology design, course evaluation, course closing, and instructional design cycle, 

which were considered highly relevant by students for the development and implementation of e-

learning. 

 

Bhongade and Sarode (2018) emphasized the importance of governments, business 

companies, and professional associations focusing on the applications and effective 

implementation of e-learning. They noted that poor-quality procurement practices hinder the 

growth and adoption of e-learning. They recommended improved evaluation practices to enhance 
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learners knowledge, performance outcomes, learning outcomes, and business and policy impact, 

particularly in underdeveloped and developing countries. 

 

Vanitha and Alathur (2021) identified several factors that influence the adoption of e- 

learning, including system quality, information quality, service quality, collaborative quality, 

computer skills, internet access, self-efficacy, learner attitude, learner behavior, learner 

confidence, and prior knowledge. 

 

Jabeen and Sadique (2020) found that subjective norms directly influence the intention to use e-

learning. Meanwhile, variables like internet experience, system interactivity, self-efficacy,and 

technical support indirectly affect the intention through the opinion of ease of use and usefulness. 

Perceived ease of use and perceived usefulness mediate the relationship between these variables 

and the intention to use e-learning. 

 

The analysis of various e-learning adoption and preferences studies reveals several key findings. 

Factors influencing e-learning adoption vary across different contexts and demographics. The 

quality of e-learning programs, including administrative issues, instruction materials, instructor 

support, and assessment methods, significantly impacts students perceptions and preferences. 

 

The Technology Acceptance Model (TAM) provides a valuable framework for understanding the 

acceptance and usage of e-learning among higher education students. External variables such as 

personal innovativeness, self-efficacy, and social factors play a critical role in shaping perceived 

usefulness and perceived ease of use, which, in turn, influence attitudes, behavioral intentions, and 

actual usage of e-learning. 

 

Factors that contribute to the successful adoption of e-learning include technological support, 

availability of resources, effective design and content of courses, learner characteristics, and 

instructor qualities. Collaboration interests, instructor effectiveness, and infrastructure 

dependability are particularly important factors in contexts such as India and the University of 

Ghana. 

 

Furthermore, the significance of subjective norms, system quality, information quality, service 

quality, collaborative quality, computer skills, internet access, and learner characteristics, 

including attitude, behavior, confidence, and prior knowledge, cannot be overlooked in the 

adoption and acceptance of e-learning.To promote e-learning adoption and effectiveness, 

organizations and institutions should focus on developing robust IT infrastructure, providing 

adequate support and training, ensuring quality instructional design, fostering collaboration and 

interaction, and addressing learners specific needs and preferences. Policymakers should also 

prioritize evaluating and improving e-learning initiatives to enhance educational outcomes, 

literacy rates, and economic development, particularly in underdeveloped and developing 

countries. Overall, the findings underscore the multidimensional nature of e-learning adoption and 

highlight the importance of considering various technological and human factors to create 

engaging and effective e-learning environments. 
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Conclusion: 

The study investigated the factors that impact adopting e-learning products in higher education. 

Specifically, a research aimed to determine the factors influencing students adoption and usage of 

e-learning. Through a thorough literature review, the current study sheds light on the factors that 

affect the behavioral intention to use e-learning in higher education. 

Many studies in this field have utilized the Technology acceptance model as a framework, which 

examines the acceptance of various technologies, including e-learning. Initially proposed by Davis 

in 1989, TAM has been extensively acknowledged as one of the most effective models for 

understanding technology acceptance. It identifies two primary factors influencing 

individuals&#39; intention to adopt new technology: perceived ease of use and usefulness. The 

findings of the study suggest that specific perceived innovative attributes, such as cost, quality, 

agility, schedule control, certification of degree, personal demands, etc., significantly influence 

people&#39;s adoption of e-learning. Other factors that emerged from the research include system 

quality, information quality, service quality, collaborative duality, computer skills, internet access 

and self-efficacy. 

It is value noting that most of the literature reviewed in the e-learning field tends to focus primarily 

on a single stakeholder perspective i.e students. In the future, research should consider the 

perspectives of all stakeholders involved. Additionally, there should be a greater emphasis on 

exploring the motives behind new institutions adopting e-learning and how it can be effectively 

used for student development. The research should also consider internal and external factors that 

may influence the adoption and implementation of e-learning in higher education in India. 
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A B S T R A C T   

In this work, MoS2 thin films were grown on a Si substrate using RF sputtering, and subsequently subjected to 
nitrogen ion irradiation with varying ion fluence. The Raman spectroscopy observed the oxygen doping into 
MoS2 lattice and induced shift in E2g and A1g vibration modes, along with a decrease in the interdefect distance 
(LD) after ion irradiation. The evolution of oxygen into MoS2 sample after ion irradiation was confirmed by XPS. 
The incorporation of oxygen in the MoS2 is due to the bond breaking of the surface layers of the material due to 
ion irradiation, which creates dangling bonds. These bonds in the MoS2 are more reactive with the oxygen and 
lead to the formation of MoOx species on the surface of the material. The Field Emission Scanning Electron 
Microscopy (FESEM) provides the morphological study of post-irradiation samples. As ion fluence increases, the 
optical bandgap decreases from 1.46 eV to 1.33 eV. Using current-voltage (I–V) characteristics, the electrical 
properties of the irradiated films were characterized, along with photodetector measurements. This combined 
analysis provided a comprehensive understanding of the film’s electrical behaviour, shedding light on their post- 
irradiation performance. Our results demonstrate that due to oxygen doped into MoS2/Si thin film significantly 
affects the barrier height, ideality factor, and carrier concentration in I–V characteristics. Taking silicon-based 
and n-type MoS2 heterojunction photodetectors, its photoresponsivity can reach ~14.7 mA/W at 7.19 × 1016 

ion-cm− 2 ion fluence. Our findings provide insights into the tunability of the electrical properties of MoS2/Si thin 
films through ion irradiation, which has implications for the development of novel electronic and optoelectronic 
devices based on MoS2/Si thin film.   

1. Introduction 

The transition metal dichalcogenide (TMD) materials have gained 
significant attention in recent years due to their electrical properties 
showing potential applications in electronic and optoelectronic devices 
[1–3]. Molybdenum disulphide (MoS2) is a naturally occurring mineral 
belonging to the class of TMDs [4]. It has a layered structure and is 
composed of a sandwich of molybdenum atoms between two layers of 
sulfur atoms [5]. The intralayer strong covalent bond for each layer and 
the weak interlayer vans der Waals forces make MoS2 a highly 

anisotropic material, with distinct properties in different directions [6, 
7]. MoS2 is particularly used as a Photodetector application due to its 
high mobility, tunable bandgap, and ability to form atomically thin 
layers. 

The photodetectors based on one or two-dimensional nanoscale 
semiconductors are especially promising due to significant interest in 
various sensing, imaging, and other optoelectronic applications. There 
are various nanoscale semiconductor materials have been used in 
photodetector applications. For example, Im et al. synthesized large- 
area MoS2-MoOx heterojunction thin film structures on SiO2/Si 
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substrates for high response photodetectors. They show the MoS2-MoOx 
heterojunction thin film exhibited significantly higher photo-
responsivity (Rph) and specific detectivity (D*) under light illumination 
over a wide range of wavelengths between 405 nm and 638 nm as 
compared to MoOx thin films [8]. Li et al. are demonstrated the pho-
toresponsivity of MoS2 was improve by using doping method of gold 
chloride hydrate. The responsivity and specific detectivity were 
increased to 99.9 A/W and 9.4 × 1012 Jones under low VDS (0.1 V) and 
VGS (0 V), which are 14.6 times and 4.8 times higher than those of a 
pristine photodetector, respectively [9]. Wu et al. are showing the 
enhance the photoresponsivity due to the introduction of electronic 
states in the band gap of MoS2 through oxygen substitution by plasma 
treatment. The photoresponsivity and detectivity are largely boosted to 
1.8 A/W and 2.64 × 109 Jones, respectively [10]. However, by altering 
the MoS2 properties via the introduction of defects used for a photode-
tector application [11]. The physical and electrical properties of mate-
rials can also be modified using a common ion irradiation technique [11, 
12]. When a material is bombarded with ions, it undergoes a range of 
physical and chemical changes, including the creation of defects, dam-
age to the crystal structure, and changes in electronic properties 
[11–14]. In the case of MoS2, ion irradiation can lead to changes in its 
electrical properties, including changes in its conductivity, mobility, and 
carrier concentration. 

One of the research articles by Ma et al. demonstrates the tailoring of 
optical properties of tungsten disulfide (WS2) by creating the S- va-
cancies post Ar+ ion irradiation [15]. S-vacancies are seen to increase 
with Ar+ ion Fluence, which results in linear increase of WS2 absorption 
[15]. In another work, Kim et al. have tuned the Seebeck coefficient and 
electrical conductivity of Molybdenum diselenide (MoSe2) using helium 
ion irradiation [16]. A high irradiation Fluence of 1 × 1013 and 1 × 1015 

cm− 2 with energy 1.8 MeV has been used by Mackova et al. to change 
the surface, enhance structural and electrical properties of MoS2 [17]. In 
literature analysis suggests the defects and impurities in any material 
changes its physical as well as optical properties through ion irradiation. 
Therefore, ion irradiation can increase the conductivity of TMD mate-
rials and their photoresponsivity. Having comprehensive literature 
survey, it motivated us to carry out the ion beam irradiation on MoS2 as 
irradiation can fine tune the properties by creating the defect in TMD 
materials. Further, ion beam irradiation has an added advantage over 
chemical methods as it is impurity free. 

In the present research article, we have synthesized MoS2 thin films 
using RF magnetron sputtering method and investigated the effect of 
low-energy (30 keV) nitrogen ion irradiation on these films. The changes 
in structural, optical, and electrical properties confirmed through 
various characterization techniques like Raman spectroscopy, Field 
emission scanning electron microscopy, Monte Carlo simulations (SRIM 
2008), ultraviolet–visible spectroscopy, X-ray photo spectroscopy and 
current-voltage (I–V) measurements are studied for as-prepared and 
irradiated MoS2 samples. The I–V results prominently show that due to 
ion irradiation sulfur vacant site are created and this site further occu-
pied by oxygen present in atmosphere. In the present case doping of 
oxygen shifts the A1g peak toward a lower wave number with respect to 
the pristine sample in Raman spectra suggesting a n-type doping in the 
sample. Which further affects the electrical properties and photo-
responsivity of MoS2/Si thin films. The findings of this study are ex-
pected to contribute to the advancement of MoS2-based photodetection 
devices by providing valuable insights into the role of ion irradiation 
and oxygen doping in the MoS2 nanosheets. Overall, the following study 
highlights the importance of controlling the defect density in these 
materials for their practical applications in electronic and optoelectronic 
devices and demonstrate the effects of ion irradiation in increasing the 
photoresponsivity of MoS2/Si thin films. 

2. Experimental procedure 

2.1. Deposition of MoS2/Si thin films 

The MoS2 thin film was deposited on p- Si substrate by RF sputtering 
method. A 3-inch MoS2 target (99.99 %, Vin Korola, USA) was used to 
deposit MoS2 films. Initially, the p-type Si substrate is cleaned using 
standard procedures, including ultrasonic cleaning in solvents and 
subsequent rinsing with deionized water. To remove any native oxide 
layer, the substrate may undergo a chemical etching step using a suitable 
etchant, such as a dilute hydrofluoric acid (HF) solution. The target is 
loaded into the sputtering chamber, and the chamber was evacuated by 
employing a rotary and turbomolecular pump. A radio frequency (RF) 
power supply is used to create a plasma within the sputtering chamber. 
A suitable inert gas, such as argon (Ar), is introduced into the chamber to 
create a sputtering atmosphere. Further by applying RF power supply Ar 
ions accelerates towards the MoS2 target, causing the ejection of MoS2 
particles from the target surface through physical sputtering. Before the 
deposition of MoS2 film, the MoS2 target was pre-sputtered for 10 min to 
clean the surface of the target. These ejected MoS2 particles travel to-
wards the p-type Si substrate and deposit onto its surface. The details of 
Film Nucleation and Growth: 

The MoS2 particles that reach the Si substrate surface undergo 
nucleation and subsequent growth. The nucleation process involves the 
adsorption and diffusion of the MoS2 particles on the Si surface. Once 
nucleation sites are formed, the MoS2 particles continue to deposit and 
grow on these sites, forming a continuous MoS2 film. The targeted 
thickness of MoS2 was ~200 nm [18,19] and the achieved thickness was 
~236 nm. The calibration of thickness was achieved by calculated its 
deposition rate. 

Deposition rate=
Thickness of f ilm (nm)

time of deposition (min)

This deposition rate gives us the idea about time of deposition. The 
deposition rate of 6.6 nm/min of MoS2 form a 200 nm layer on the Si 
substrate for the deposition time of 30 min. 

The growth process is influenced by various sputtering conditions 
are listed in Table 1. 

The deposited MoS2 films were then annealed at 400 ◦C for 60 min. 
Next, the naturally cooled films were used for characterization. Further, 
deposited MoS2 on a p-type silicon thin film is irradiated by Nitrogen 
ions having the energy 30 keV and the at fluence varying from 1.19 ×
1016 ion-cm− 2 to 7.19 × 1016 ion-cm− 2. To make top contacts, a square 
frame of Aluminium (Al) was coated on the Si layer via an electron-beam 
evaporator. The current-voltage characteristics of the Al/MoS2/p-Si thin 
film was measured under the illumination of a solar simulator with the 
incident intensity of 100 W/m2 using a Keithley 2450 source meter. 

2.2. Material characterization 

The phase of deposited films was confirmed by Raman spectroscopy 
(Renishaw InVia Raman microscopy). The surface morphology and Film 
thickness were investigated using Nova NanoSEM 450 FE-SEM. The 
optical absorbance measurements were performed using 
UV–Visible–NIR spectrophotometer (JASCO, V-670). The elemental 

Table 1 
The RF-sputtering system’s parameters used for MoS2 thin 
film deposition.  

Process parameters Value 

Working pressure 5 Pa 
Substrate to target distance 7 cm 
Deposition time 30 min 
Substrate temperature 200 ◦C 
RF Power 120 W  
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composition of prepared films was examined with energy dispersive 
spectrometer (Oxford instruments, 51-ADD0058). Thermo Scientific’s 
K-Alpha+, UK equipment, which has a resolution of 0.1 eV, was used for 
the XPS spectra measurement. The electrical measurement of MoS2 films 
were carried out using Keithley 2450 source meter. The Class ABA Solar 
Simulator ORIEL Sol 2 A 94022 A was used for white light illumination 
with a power density of 12 mW cm− 2. 

2.3. Ion irradiation of MoS2 thin films 

The deposited MoS2/Si thin films were irradiated on low energy ion 
beam facility (10 keV–100 keV) available at Department of Physics 
(DoP), Savitribai Phule Pune University (SPPU), Pune, India. The irra-
diation was carried out with Nitrogen ion beam having 30 keV energy at 
fluence varying from 1.19 × 1016 ion-cm− 2 to 7.19 × 1016 ion-cm− 2. 
After irradiation, the square silver (Ag) contact was made on the MoS2/ 
Si layer via an electron-beam evaporator as top contact for electrical 
measurements and another set with same irradiation fluence was uti-
lised for other characterisation purpose. The Keithley 2450 source meter 
with the incident light intensity of 100 W-m− 2 is used to study the 
current-voltage (dark/light) characteristics of the MoS2/Si thin film. 

3. Results and discussion 

The MoS2/Si thin films synthesized by RF sputtering method are 
characterized using several techniques to assess their structural, optical, 
morphological and electrical properties. 

3.1. Raman spectroscopy studies 

The structural analysis of synthesized MoS2/Si thin films is carried 
out using Raman spectroscopy which is a non-destructive and powerful 
tool [20]. In this technique, a laser is made incident on the sample and 
the structural information is obtained by analysing the scattered laser 
which contains the information of vibrational modes present in the 
material [21]. The Raman spectra of as-prepared and N+ ion irradiated 
MoS2/Si thin film is shown in Fig. 1 (a). MoS2 is a two-dimensional 
material with a layered structure, and its Raman spectrum is domi-
nated by two main peaks viz. E2g and A1g peaks around 381.13 cm− 1 and 

405.88 cm− 1 respectively. The E2g mode is a characteristic peak of the 
TMDs family arising from out-of-plane vibration of the S atoms present 
in the MoS2 layers, while the in-plane vibrations of Mo atoms result in 
A1g mode, and is usually used as a reference peaks [22]. 

As fluence is increased from 1.19 × 1016 ion-cm− 2 to 7.19 × 1016 

ions-cm− 2, the Raman peaks are shifted to a lower wave number i.e. red 
shifted as shown in Fig. 1 (b). The shift of the E2g peak with respective 
pristine sample is observed to be ~1.71 cm− 1, ~3.04 cm− 1, ~3.59 cm− 1 

and ~7.35 cm− 1 for irradiation Fluence of 1.19 × 1016 ion-cm− 2, 2.35 ×
1016 ions-cm− 2, 4.76 × 1016 ion-cm− 2 and 7.19 × 1016 ion-cm− 2 

respectively. Similarly, for A1g mode a shift of ~0.84 cm− 1, ~1.16 cm− 1, 
~2.71 cm− 1 and ~3.59 cm− 1 is observed for 1.19 × 1016 ion-cm− 2, 2.35 
× 1016 ion-cm− 2, 4.76 × 1016 ion-cm− 2 and 7.19 × 1016 ions-cm− 2 of 
ion irradiation respectively. 

The shifting of Raman peaks is due to a decrease in the bond strength 
between the atoms, causing a decrease in the vibrational frequency17, 

[23]. The weakening of van der Waals forces and stretching of bond 
lengths result in shift of E2g and A1g modes to a lower wavenumber in 
Raman spectra [23]. The reason for shift in vibrational frequency in the 
present case can be attributed to ion matter interaction. When energetic 
N+ ions collide with the MoS2/Si film, they transfer momentum to the 
target atoms, leading to atomic displacements and the creation of va-
cancies. The energetic ions can displace sulfur atoms from their lattice 
positions, resulting in the formation of sulfur (S) vacancies. The details 
of this vacancy formation using SRIM simulation is explained in the next 
section. 

Beside E2g and A1g modes of few layer of MoS2, a series of new Raman 
vibration modes appear as fluence increase from 1.19 × 1016 ion-cm− 2 

to 7.19 × 1016 ion-cm− 2. The new peaks appear at ~218 cm− 1, ~284 
cm− 1, ~331 cm− 1, ~635 cm− 1, ~789 cm− 1, ~830 cm− 1, ~876 cm− 1 

and ~910 cm− 1 correspond to the vibrational modes of Mo − O bonds 
[24], confirming the oxygen doping in MoS2 thin films. The peak 284 
cm− 1, 218 cm− 1, 830 cm− 1 and 331 cm− 1 corresponds to the formation 
of α-MoO3 in the presence of O2 [25]. The Raman peaks appearing at 
~635 cm− 1, ~789 cm− 1, ~876 cm− 1 and ~910 cm− 1 have not yet been 
verified, but they may be representing the intermediate oxidation states 
of MoOx, where 2 < x < 3 as reported by L Kumari et al. [26]. 

The reason for such Mo–O and MoOx formation can be understood on 
the following basis. The vacancy sites created by dislocation of sulfur 

Fig. 1. (a) Raman spectra of pristine and N+ ion irradiated MoS2/Si sample of (b) Variation in E2g and A1g mode of pristine with increasing N+ ion irradiated Fluence 
in MoS2/Si sample. 
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atoms due to energetic N+ ions gets occupied by oxygen present in the 
ambient environment, and results in O-doped MoS2/Si due to irradiation 
[27]. The penetration depth (ion range) of 30 keV N+ ion in MoS2 is ~57 
nm (Calculated by SRIM 2008 Software) suggests that sulfur vacancies 
are created on the MoS2 surface layers of the sample and further get 
occupied by oxygen atoms. Thus, assigned Raman peak representing 
vibrational modes of Mo − O bonds are due to the oxygen doping in 
MoS2 lattice, and intensity of these peaks increases with the N+ ion 
fluence. Apart from introduction of new modes, the oxygen doping also 
induce shift of characteristic E2g and A1g vibration modes along with 
decreasing the interdefect distance (LD) as evident from Fig. 2. 

The interdefect distance (LD) is calculated using ion fluence (σ) on 
the surface of irradiated MoS2/Si thin films as follows [28], 

σ =
it
Ae

(1)  

where i and t are the ion current and exposure time to the ion beam of 
the sample respectively. While A is the area of incident ion beam and e is 
the elementary charge. These ion fluence correspond to an average inter- 
defect distance (LD) calculated as [28], 

LD =
1̅
̅̅
σ

√ (2) 

By varying t, it is possible to control defect density between 1.19 ×
1016 ion-cm− 2 and 7.19 × 1016 ion-cm− 2. The LD decreases from 9.2 nm 
to 3.7 nm with fluence increased from 1.19 × 1016 ion-cm− 2 to 7.19 ×
1016 ion-cm− 2 and it is shown in Fig. 2 (a). Both E2g and A1g modes of 
MoS2 are very sensitive to the change in incident ion beam fluence. We 
observe, maximum E2g and A1g peak shifts of 6.35 cm− 1 of 3.59 cm− 1 

respectively for 7.19 × 1016 ion-cm− 2 ion Fluence, as compared to the 
pristine sample, as depicted in Fig. 2 (b). 

A p/n-type doping would cause a blue shift/red shift of the A1g peak 
for MoS2/Si due to the change in electron-phonon interactions [29]. 
Long Qi et al. have experimentally observed n-doping effect originating 
from oxygen adsorption at the surface defect sites of MoS2 [30]. They 
showed oxygen doping resulting in increased current in I–V character-
istics. In our case, we also measured the current voltage characteristics, 
to confirm whether the effect of oxygen doping is helping in increasing 
the current. Indeed, it was observed a substantial increase in the current, 
details of which are discussed in later section. The oxygen occupying the 
sulfur vacancy sites may further enhance the local density of 
defect-induced energy levels, and reduce the energy required for elec-
tron excitation to the conduction band, both these phenomena could 
lead to enhanced photodetector characteristics of MoS2/Si thin films 
[30]. In the present case doping of oxygen shifts the A1g peak toward a 
lower wave number by ~3.59 cm− 1 with respect to the pristine sample 

(Fig. 1 (b)), suggesting a n-type doping in the sample [31,32] is partially 
confirmed. 

3.2. Field emission scanning electron microscopy (FESEM) 

Due to defects induced in MoS2 nanosheets after ion irradiation, the 
surface morphology varies. It is examined by using Field emission 
scanning electron microscopy (FESEM) technique at high magnification. 
In the case of MoS2/Si synthesized by the RF sputtering method, FESEM 
can be used to characterize the surface features of as-prepared and ion 
irradiated MoS2/Si thin films. Fig. 3 show the FESEM images of pristine 
(a) Pristine MoS2/Si sample (b) for N+ fluence of 1.19 × 1016 ion-cm− 2 

(c) 2.35 × 1016 ion-cm− 2 (d) 4.76 × 1016 ion-cm− 2 (e) 7.19 × 1016 ion- 
cm− 2 (f) Cross-Section image of MoS2/Si thin film. Fig. 3 (a) shows the 
nanosheet of few layer MoS2 sample. As fluence of N+ ion is increased up 
to 7.19 × 1016 ion-cm− 2, due to the creation of sulfur vacancies and 
further introduction of oxygen on the surface of MoS2 nanosheet 
agglomeration is seen to increase. The thickness of MoS2 thin film is 
~236 nm measured by using a cross-section image of FESEM as shown in 
Fig. 3 (d). Since SRIM calculations, it can be concluded that the out of 
236 nm MoS2 film, the nitrogen ion irradiation creates defects up to a 
depth of 54 nm. 

3.3. Ions range and energy losses in materials 

The defect/sulfur vacancy creation mechanism in the MoS2 thin films 
due to the incident nitrogen (N+) ion can be understood through monte 
carlo based simulation Stopping and Range of Ions in Matter (SRIM 
2008) package. SRIM 2008 calculates energy losses in materials, defects, 
sputtering yield etc. [33]. 

The interaction of ion results in defect formation, surface deforma-
tion or creation of latent tracks in the target depending on the nature and 
energy of the incident ion, and other process parameters [34]. The ions 
with energy in the keV range suffer predominant energy loss via creation 
of point defects in the target sample. The interaction of ions with matter 
is generally explained using either of the two models, namely Coulomb 
explosion and thermal spike model [34]. Coulomb explosion model 
explains the relaxation of energy possessed by the ion via radial impulses 
of atoms in the ion trajectory, and is responsible for outward spread of 
+ve ions away from the ion path [35]. Hence, radially expandable stress 
and strain are observed around the ion path. While the thermal spike 
model suggests the relaxation of incident ion happens by supplying 
excess energy to the electrons of target atoms within a short time span of 
10− 16 s, leading to a temperature rise locally. This local thermalization is 
followed by heat transfer from electron to lattice between 10− 14 s to 
10− 12 s [34,35]. In the present situation, such dense electronic 

Fig. 2. (a) Variation of inter defect distance (LD) with respective of Fluence, (b) position of E2g and A1g as a function of LD.  
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excitation and efficient electron-phonon coupling may have created 
defects in the neighbourhood of ion trajectory. 

Fig. 4 (a) shows the penetration depth of N+ ions along the Y-axis 
refers to how deeply these ions can travel into a MoS2 material in the Y- 
direction before their energy is lost. Calculation reveals nitrogen ion 
range in MoS2 is ~57 nm. Fig. 5 shows the SRIM 2008 calculation for 
bombarding 30 keV N+ (a) recoil energy and (b) collision event as a 
function of target depth. As shown in Fig. 5 (a) the excess energy of 
incident nitrogen ions is absorbed by the Mo and S atoms. It is also clear 
that most of the energy is absorbed by the S atoms, therefore we observe 
the maximum displacement of sulfur atoms and further creation of sulfur 
vacancy, as evident from Fig. 5 (b). We can thus infer that, in MoS2, upon 
30 keV nitrogen ion irradiation, mostly sulfur vacancies are created. 

3.4. UV–Visible spectroscopy analysis ion fluence 

Because of oxygen occupying the sulfur vacancies, the absorption 
spectra of a pristine and irradiated sample will change, which can be 
obtained from UV–visible spectroscopy. Fig. 6 (a) shows the variation in 
absorption spectra with increase in ion irradiation Fluence of MoS2 thin 
film. It is seen that N+ irradiation leads to a blue shift in the absorption 
spectra. 

Fig. 6 (b) (inset) and (c) show the Tauc plot and bandgap energy (Eg) 
variation respectively of pristine and ion irradiated MoS2 thin films. At 
high fluence, the defects induced by N+ irradiation become more pro-
nounced and have a significant impact on the bandgap of the material it 
may be due to several mechanisms [36]. One such mechanism is the 
substitution of oxygen into sulfur vacancy of MoS2 leads to the decrease 
in band gap with increasing fluence of ion irradiation [37]. Oxygen 
atoms have a higher electronegativity compared to sulfur atoms in 

Fig. 3. Field emission scanning electron microscopy (FESEM) of (a) Pristine MoS2/Si sample (b) for N+ fluence of 1.19 × 1016 ion-cm− 2 (c) 2.35 × 1016 ion-cm− 2 (d) 
4.76 × 1016 ion-cm− 2 (e) 7.19 × 1016 ion-cm− 2 (f) Cross-Section image of MoS2/Si thin film. 

Fig. 4. (a) the penetration depth of N+ ion along the Y-Axis. (b) Ion range (R) of nitrogen ion.  
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MoS2. When oxygen is doped into the lattice, the covalent bonding of 
Mo–S is distinctively weakened and it can withdraw electrons from the 
neighbouring sulfur atoms, resulting in a charge transfer [37]. This 
charge transfer can modify the electronic structure of the material, 
including the position of the valence and conduction bands [37]. The 
redistribution of electronic states can lead to a reduction in the bandgap 
energy. Fig. 6 (c) shows the decrease in bandgap from ~1.46 eV for 

pristine sample to ~1.33 eV for 7.19 × 1016 ion-cm− 2 fluence. 

3.5. X-ray photoelectron spectroscopy (XPS) 

The confirmation of oxygen occupied by sulfur is further evaluated 
using X-ray photoelectron spectroscopy (XPS). The wide survey spec-
trum recorded for the MoS2 thin films include peaks corresponding to 

Fig. 5. (a) Amount of energy absorbed by Mo and S atom of nitrogen ion. (b) Sulfur (S) vacancy created by nitrogen ion.  

Fig. 6. (a) Absorption spectra, (b) Tauc plot and (c) bandgap energy (Eg) with variation of ion irradiation with respective of pristine MoS2 sample.  
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O:1s, C:1s, Mo:3 d, O:2s, Mo:3p and S:2p states and are shown in Fig. 7 
(a). It can be observed from the XPS spectra that the MoS2 characteristic 
peaks, i.e. Mo:3 d and S:2p show shift in the binding energy along with 
decreases in the intensity of various peaks as irradiation fluence in-
creases. The peak observed at 161.06 eV and 162.13 eV corresponding 
to S:2p3/2 and S:2p1/2 states respectively, confirm the sulphide forma-
tion in the pristine and ion irradiated samples. These results are analo-
gous with the result obtained Lakshminarayana et al. [38]. The S:2p 
peak intensity decreases due to the structural damage and defects 
created as the ion irradiation increases [38]. When energetic ions 
interact with a material like MoS2, they transfer their energy to the 
atoms in the material, which causes atomic displacements, bond 
breaking, sputtering, and creation of defects. This decreases the number 
of S atoms in the material and, therefore, the intensity of the S:2p and 
Mo:3 d peak decreases with increase in the irradiation fluence. 

Fig. 7 (a) shows the full survey scan XPS graph for pristine and MoS2 
irradiated samples at different ion fluences. Ion irradiation can cause 
bond breaking of the surface layers of the material, which creates 
dangling bonds, and these bonds of MoS2 are more reactive with oxygen 
and lead to the formation of MoOx species on the surface of the MoS2 
material [17]. It is also possible that, after irradiation when the vacuum 
is break, sample gets exposed to atomic oxygen and reacts with the 
dangling bonds present at the surface of the MoS2. These species may 
have a different chemical environment compared to the Mo atoms in the 
MoS2 crystal lattice, leading to a change in the peak intensity. The XPS 
spectrum also shows the presence of the O:1s peak in the pristine and 
irradiated samples. The O:1s peak intensity is very low for pristine 
sample and it increases with increasing fluence, as shows in Fig. 7 (b). 
Also, the peak position of O:1s is slightly shifts toward the higher 
binding energy (B. E) of 531.55 eV in case of 7.19 × 1016 ion-cm− 2 

fluence, indicating the formation of MoOx [39]. 
Figs. 8 and 9 shows the XPS spectra of S:2p and Mo:3 d deconvoluted 

peaks respectively for MoS2 pristine and irradiated samples. The B.E 
shift in the XPS spectra is related to the core level electrons, and has been 
considered as an indicator for identifying the type of doping in MoS2 [9, 
40,41]. The binding energy shifts of S:2p peaks (S:2p1/2 and S:2p3/2) and 
Mo:3 d peaks (Mo:3d3/2 and Mo:3d5/2) with the irradiation fluence of 
MoS2/Si are shown in Figs. 8 (f) and 9 (f) respectively. Compared with 
the pristine MoS2/Si, all peak positions of the irradiated MoS2/Si shift to 
the high binding energy side. The comparative upshifts of binding en-
ergy values of Mo:3 d and S:2p is 0.42 and 0.61 eV, respectively. This 
result confirms the rising of Fermi level toward the conduction band in 
irradiated MoS2/Si. 

Overall from Raman analysis, SRIM calculations, SEM and XPS data 

it confirms predominantly sulfur vacancies are induced due to nitrogen 
ion irradiation and these defects, especially present on the surface of 
MoS2 are occupied by oxygen. The literature reveals that, oxygen oc-
cupancies in MoS2 leads to n-type doping and enhances the conductivity 
of the MoS2 [9,30]. To validate and perform the application of irradiated 
MoS2/Si thin films, we did dark and light I–V measurement. 

3.6. Electrical characterization 

3.6.1. I–V characteristics in light and dark 
The MoS2/Si thin films irradiated with nitrogen ions at different 

fluence introduces defects and vacancies in the crystal lattice of the 
material; these defects act as charge carrier traps and increase the 
conductivity of the material [42–45]. The number of charge carrier traps 
increase with the irradiation Fluence causing noticeable increase in the 
current, as shown in Fig. 10 (a) and (b). The I–V characteristics of ideal 
diode with a barrier height can be calculated as follows [46–48], 

I = Io exp
( qv

ηkT

)[
1 − exp

(− qv
kT

)]
(3)  

Io =AA∗T2 exp
(qφb

kt

)
(4)  

where Io, q and v are the saturation current, electron charge and applied 
voltage across the junction respectively. While k, T, A∗ and A are the 
Boltzmann’s constant, absolute temperature in Kelvin, Richardson 
constant and diode area of the contact respectively. The Schottky barrier 
height at zero bias (φb) and ideality factor (η) can be represented as [46]. 

φ b =
kT
q

ln
(

AA∗ T2

Io

)

(5)  

η= q
kT

(
dv

dln(I)

)

(6) 

The barrier heights and ideality factors of current measured in dark 
and light are calculated from equations (5) and (6) respectively, are 
depicted graphically in Fig. 11 (a) and (b) respectively. In the case of a 
MoS2/Si heterojunction, the barrier height is also influenced by the band 
alignment between the MoS2 and the Si substrate [49–51]. When ions 
are irradiated on the MoS2/Si thin film, it induces defects and impurities 
that alter the interface properties [50,52]. 

Qi et al. reported the chemisorption of oxygen on the surface, and 
that induce n-doping effect altering the electronic properties of MoS2 
[30]. They show that sulfur vacancy sites occupied by oxygen on the 

Fig. 7. (a) XPS wide survey spectrum for pristine and irradiated MoS2 samples. (b) O:1s peak with variation of fluence.  
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surface of MoS2, lowers the conduction band edge with respect to the 
Fermi level and leaves the valence band edge unaltered [53]. Therefore, 
it is to be noted that the point defects in MoS2 induce high density of 
states near the conduction band edge [54], which can be filled by 
electrons donated by external impurities. These induced states due to the 
oxygen at sulfur vacancies reduces the energy required for electron 
excitation to the conduction band, and result in reduced barrier height 
for irradiated MoS2/Si thin film. In our case the value of barrier height is 
seen to decreases from 0.38 to 0.35 eV in light and for dark is varied 
from ~0.38 to ~0.37 as the ion fluence increases, the graph is shown 
Fig. 11 (a). 

Unlike barrier height, the ideality factor is a parameter that describes 
the deviation of I–V characteristics of a MoS2/Si diode from the ideal 
behaviour [55]. The ideality factor values for pristine and ion irradiated 
devices for dark and light are determined by using equation (6). As 
fluence increase from 1.19 × 1016 ion-cm− 2 to 7.19 × 1016 ion-cm− 2 the 
ideality factor decreases from ~2.8 to 2.08 for light and ~1.94 to ~1.14 
in dark I–V characteristics. When ions are irradiated on the MoS2/Si thin 
film, they increase the charge carrier concentration at the interface, 
reducing the ideality factor [55,56]. These effects can have important 
implications for the performance of MoS2/Si-based electronic devices, 
and they need to be carefully controlled and characterized in order to 

Fig. 8. XPS Spectra of S:2p for (a) pristine, (b) 1.19 × 1016 ion-cm− 2, (c) 2.35 × 1016 ion-cm− 2, (d) 4.76 × 1016 ion-cm− 2 and (e) 7.19 × 1016 ion-cm− 2 irradiated 
MoS2 samples 
(f): Shifting of S:2p peak with variations of fluence. 
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Fig. 9. XPS Spectra of Mo:3d for (a) pristine, (b) 1.19 × 1016 ion-cm− 2, (c) 2.35 × 1016 ion-cm− 2, (d) 4.76 × 1016 ion-cm− 2 and (e) 7.19 × 1016 ion-cm− 2 irradiated 
MoS2 samples. 
(f): Shifting of Mo:3 d peak with variations of fluence. 

P.T. Kolhe et al.                                                                                                                                                                                                                                 



Optical Materials 152 (2024) 115435

10

optimize device performance. Therefore, as we increase the ion fluence, 
the barrier height and ideality factor decrease, resulting in increasing 
current in comparison to the pristine sample. 

Fig. 12 shows the series resistance (Rs) variation of pristine and ion- 
irradiated MoS2/Si thin films. It shows that the resistance decreases 
systematically from 400 Ω, 312 Ω, 294 Ω, 265 Ω and 212 Ω for pristine, 
1.19 × 1016 ion-cm− 2, 2.35 × 1016 ion-cm− 2, 4.76 × 1016 ion-cm− 2 and 
7.19 × 1016 ion-cm− 2 respectively. This indicates that oxygen occu-
pancy at the sulfur vacancies indeed acts as dopant sites. Fig. 13 shows 
the photo response current with variation of ion fluence, along with rise 
and decay fitting of pristine and ion irradiated MoS2/Si samples. Oxygen 
introduced into sulfur vacancy sites provides additional electrons into 
the MoS2 lattice, increasing the concentration of free charge carriers 
(electrons) in the material. This higher carrier density enhances the 
conductivity of the material, leading to increased photo response current 
(see Fig. 14). 

The Raman spectroscopy and XPS results show shift of A1g peak to 
the lower wavenumber, and Mo:3 d and S:2p peaks shift to higher 
binding energy, respectively indicate the n-type doping of oxygen into 
MoS2/Si thin film. When light shines on the ion irradiated MoS2/Si, 
photons are absorbed, exciting electrons from the valence band to the 
conduction band. The doped oxygen atoms can act as electron traps, 
facilitating the transfer of these excited electrons to the conduction band 
and enhancing the overall photo response of MoS2/Si thin film device. 
Further, by using photo-response current we measured the 

Fig. 10. I–V Characteristics of MoS2/Si in a) Light b) Dark for pristine and irradiated samples.  

Fig. 11. Variation of (a) barrier height and (b) ideality factor with ion fluence.  

Fig. 12. Series resistance (Rs) variation with ion fluence of irradiated MoS2/Si 
thin films. 
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photoresponsivity, photosensitivity, photodetectivity, rise and decay 
time for different nitrogen ion fluence in MoS2/Si. The photo-
responsivity is calculated as [57,58], 

Rλ =
ΔI

PλXA
(7)  

where, Pλ = 12 mW/cm2 is the incident light intensity, ΔI = Iphoto − Idark 

is the change in photocurrent, and A is the active area of thin film. The 
formula for the Photosensitivity (ξ) calculation is expressed as [59,60]. 

ξ=
Iphoto − Idark

Idark
(8) 

The photodetectivity (D∗) of a device is defined as signal to noise 

ratio and is measured in Jones. Photodetectivity is a figure of merit of 
the photodetector and calculated using following formula [61], 

D∗ =
Rλ

( 2 × e × JDark )
1
2

(9)  

where, e is electron charge, JDark is dark current density. 
When light is absorbed by the doped material, electron-hole pairs are 

generated. The introduced oxygen atoms help to efficiently separate 
these charge carriers, preventing their recombination. This improved 
charge separation and increasing the photoresponsivity, photosensi-
tivity and photodetectivity of the material. The values of Photo-
responsivity, photosensitivity, photodetectivity, rise and decay time has 

Fig. 13. (a) Photo response current variation with ion fluence; and rise and decay fitting of (b) pristine (c) 1.19 × 1016 ion-cm− 2, (d) 2.35 × 1016 ion-cm− 2, (e) 4.76 
× 1016 ion-cm− 2, (f) 7.19 × 1016 ion-cm− 2. 
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been consolidated in Table 2. As the defect density increases due to ion 
irradiation, the photo Photoresponsivity, photosensitivity, and photo-
detectivity increase from 7.5 mA/W to 41.3 mA/W, 151.6 to 2478.9, and 
2.4 × 10 10 Jones to 23.1 × 10 10 Jones, respectively, as compared to a 
pristine sample. We also calculate the Rise time (τRise) and decay time 
(τDecay) from Fig. 13. For pristine MoS2 rise time is 90 ms and as 
increasing the fluence it decreases up to 23 ms. Similarly, for decay time 
decreases from 27 ms to 18 ms as compared to pristine sample. 

4. Conclusion 

The RF sputtering method is an effective way to synthesize MoS2 thin 
films on the p-type silicon substrate. These films are subsequently irra-
diated by nitrogen ions at varying fluence. As the fluence increased from 
1.19 × 1016 ion-cm− 2 to 7.19 × 1016 ion-cm− 2, the average inter-defect 
distance (LD) decreased from 9.2 nm to 3.7 nm. As fluence increased 
Raman peaks shifted towards a lower wave number. The shifting of 
Raman peaks of E2g and A1g represent the decrease in bond strength 
between the atoms, causing a decrease in the vibrational frequency. 
Further, the surface composition of pristine and ion-irradiated MoS2 thin 
films studied using XPS show shift in the binding energy and decrease in 
the intensity of S:2p and Mo:3d peaks, denoting formation of MoOx after 
ion irradiation. Furthermore, as increasing nitrogen fluence facilitates 
formation of sulfur vacancies on the surface of MoS2 nanosheet and 
these vacant sites are occupied by oxygen atoms, forming the MoOx 
bonds are corroborated in Raman and XPS results. The bandgap de-
creases from ~1.46 eV to ~1.33 eV with irradiation of samples due to 
the introduced oxygen at sulfur vacancy sites. The oxygen doped into 

MoS2/Si thin film is responsible for the increased current, decrease in 
barrier height and ideality factor, with the increase in fluence of irra-
diation. Further, with variation of ion fluence, photoresponsivity, 
photosensitivity, and photodetectivity increase from 7.5 mA/W to 14.7 
mA/W, 151.6 to 2478.9, and 2.4 × 1010 Jones to 23.1 × 1010 Jones, 
respectively. To summarize, all the obtained results are in corroboration 
and strongly indicate that the presence of defects significantly impacts 
the electrical properties of the material. Consequently, depending on the 
distinct electrical properties brought about by ion irradiation, the MoS2 
thin films have the potential to serve various optoelectronic 
applications. 
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Abstract
The tunability of the transition metal dichalcogenide properties has gained attention from
numerous researchers due to their wide application in various fields including quantum
technology. In the present work, WS2 has been deposited on fluorine doped tin oxide substrate
and its properties have been studied systematically. These samples were irradiated using gamma
radiation for various doses, and the effect on structural, morphological, optical and electrical
properties has been reported. The crystallinity of the material is observed to be decreased, and
the results are well supported by x-ray diffraction, Raman spectroscopy techniques. The increase
in grain boundaries has been supported by the agglomeration observed in the scanning electron
microscopy micrographs. The XPS results of WS2 after gamma irradiation show evolution of
oxygen, carbon, C=O, W–O and SO4

−2 peaks, confirming the addition of impurities and
formation of point defect. The gamma irradiation creates point defects, and their density
increases considerably with increasing gamma dosage. These defects crucially altered the
structural, optical and electrical properties of the material. The reduction in the optical band gap
with increased gamma irradiation is evident from the absorption spectra and respective Tauc
plots. The I–V graphs show a 1000-fold increase in the saturation current after 100 kGy gamma
irradiation dose. This work has explored the gamma irradiation effect on the WS2 and suggests
substantial modification in the material and enhancement in electrical properties.

Keywords: WS2 thin film, high dose gamma irradiation, enhanced electronic property, Raman
spectra, XPS

Introduction

The transition metal dichalcogenides (TMDCs) have gained
interest from researchers due to the size dependent and tun-
able properties. The most interesting and focused TMDCs are
MoS2 and WS2. These materials show variation in properties
when moving from bulk to nanosheets or a few layered
structures. The two-dimensional transition metal dichalco-
genides (2D-TMDs) show possible application in the fields
where graphene is used, due to the similarity in the properties.

There have been many studies reported on TMDCs showing
the transformation in indirect band gap nature in bulk form to
a direct band gap in mono- or few-layered structure. The
changes in optical properties have explored their application
in optoelectronics [1]. The TMDCs are layered materials
consisting of a transition metal atom like molybdenum,
tungsten, or titanium sandwiched between two chalcogen
atoms (like sulfur, selenium or tellurium) and have a hex-
agonal lattice structure [2]. These materials exhibit unique
mechanical, optical and electronic properties. The tunable
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band gap and high carrier mobility have opened applications
for 2D-TMDCs in optoelectronics, catalysis and photovoltaics
[3]. Molybdenum disulfide (MoS2) shows a direct band gap
nature and has shown promising electronic and optical
properties, making it the most explored TMDC. It has found
its potential in photovoltaic, energy storage, catalysis, field-
effect transistors (FETs) and sensors [4–8].

Another TMDC of interest is tungsten disulfide (WS2),
which also has a hexagonal structure with tungsten atoms
sandwiched between two sulfur atoms. WS2 has an indirect
band gap when in bulk, and this can be tuned easily by
breaking down the material in to a few layers or monolayer
[9]. WS2 changed to a direct band gap with reduction in
number of layers, which plays a key role in modification of
the property. This property makes it a promising material for
the application in FETs, optoelectronics and photovoltaics
[10–12]. The WS2 has been synthesized using vacuum and
non-vacuum techniques like hydrothermal or solvothermal
synthesis, chemical vapor deposition (CVD) and solid-state
reaction [13–16]. The hydrothermal or solvothermal method
allows synthesis of WS2 with specific structural morphology
and property by varying the reactant concentration and reac-
tion parameters. The CVD method allows controlled growth
of WS2 films possessing the desirable number of layers with a
controlled thickness along with large area synthesis.

The present study related to the interaction of radiation
with synthesized materials has shown altered optical and
electrical properties and opens up many possible applications.
The gamma irradiation of a sample results in creation of point
defects which are reflected from the changes recorded in the
structural, morphological, optical and electrical properties
[17]. The incident gamma radiation ionizes the materials
atoms/molecules and create vacancy/interstitial defects. The
effect of gamma irradiation depends on the dose of radiation,
and atomic masses of the material’s constituents. The mate-
rials which show a reasonable change in their properties are
often chosen for application as radiation detectors, while
those with negligible effects are used in space applications
[18]. WS2 consists of a heavy element W but also has a lighter
S, which makes it responsive toward gamma irradiation. The
literature suggests WS2 to be a promising candidate for
gamma detection, as relevant changes are observed in its
properties after irradiation [19].

In one of the studies carried out on single layer WS2,
Aggarwal et al have grown monolayer WS2 using CVD and
further irradiated the samples with gamma radiation. The
irradiation triggers sulfur vacancy and induces p-type doping
as seen from the shifts in Raman and x-ray photoelectron
spectroscopy (XPS) peak positions [20]. In another work,
Felix et al reported gamma irradiated WS2 samples grown
using scalable van der Waals epitaxial method. They share
similar observations about gamma irradiation leading to the
formation of defects resulting in p-type doping in the samples
[21]. In addition to the electrical property alteration, they also
demonstrated a change in the nature of the sample from
diamagnetic to ferromagnetic behavior post high dose gamma
irradiation. In a similar study, Sarmah et al have published
work showing the change in the magnetic properties of

nanoscale WS2 and suggested the optoelectronic and spin-
tronic applications of the sample [22].

Most of the works available in the literature are related to
monolayer or bulk WS2 and the effect of doping or low
energy irradiation. The systematic and comprehensive study
of the structural, morphological, optical and electronic prop-
erties of WS2 thin films, as well as the effect of high gamma
irradiation, has not been explored explicitly in the literature
yet. In this work, the effects of 60Co gamma radiation dose on
the properties of few-layered WS2 are examined and dis-
cussed. Raman and XPS results demonstrate that the radiation
generates defects, and their density increases with the radia-
tion dose. In general, irradiation increases the conductivity in
WS2 samples and this has been validated through I–V
measurement.

Experimental details

The SRL grade bulk WS2 in powder (99% pure) was dis-
solved in dimethyl formamide (DMF) 99% alfa acer as an
exfoliation medium. The exfoliation process was used to
improve the surface energy of WS2 powder sample [23]. A
150 ml Borosil glass bottle sealed with parafilm tape was used
to exfoliate WS2 samples. The sample was sonicated
(Microclean 102, Oscar Ultrasonic of 80W) for 24 h while
keeping the bottle sealed. Further, this exfoliated product was
centrifuged at 3000 rpm for 15 min and the supernatants were
separated. The separated supernatants were then dried using
hot air oven for 10 h at 60 °C.

Sample preparation and gamma irradiation

The powder sample obtained after exfoliation of bulk WS2
was used for thin film deposition using electrophoretic
deposition (EPD) technique [24]. Firstly, fluorine doped tin
oxide (FTO) coated glass of dimensions 20 mm × 10 mm was
cleaned by immersing in a mixture of acetone and ethanol,
and ultrasonicated for 10 min. The exfoliated WS2 powder
was then added to a 200 ml glass beaker containing 150 ml
isopropyl alcohol (IPA) and stirred for 1 h. Magnesium nitrate
was added to this solution and the beaker was fitted with two
electrodes (FTO and platinum) for EPD of the WS2 thin film.
FTO substrate and platinum electrode were positioned in
parallel to each other with a separation of 5 mm. A constant
voltage of 50 V DC applied between the two electrodes for
5 min, resulting in deposition of WS2 film on FTO substrate.
The deposited film was washed thoroughly with distilled
water and dried in vacuum oven for 12 h at 80 °C. This
sample is referred to as ‘as-deposited’. The sample prep-
aration process is visually illustrated in figure 1(a). Some of
these films were used for Co-60 gamma irradiation and fur-
ther characterized using various techniques in order to explore
the effect of radiation on the sample.

The WS2 films were sealed in a glass bottle and sub-
jected to irradiation using 60Co gamma source available at
Department of Chemistry, Savitribai Phule Pune University.
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The films were irradiated at varying doses ranging from 1 to
100 kGy, with a dose rate of 1.2 kGy hr−1. The time duration
of irradiation was varied to obtained samples with different
doses as 0 kGy (pristine), 1 kGy, 25 kGy, 50 kGy, 75 kGy and
100 kGy. The as deposited and irradiated samples were used
for comparative analysis.

Material characterizations

Various characterization techniques were used to system-
atically study the as-deposited WS2 and the gamma irradiated
films. The structure of the thin films and the effect of
irradiation on the peak positions and crystallite size was
investigated using x-ray Diffractometer (BRUKER D8
ADVANCE) with Cu Kα (λ = 1.5418Å) source. Raman
spectroscope (RenishawInVia Raman microscope) having
excitation wavelength of 532 nm and scanning in the range of
100–800 cm−1 was used to confirm and support the XRD

structural studies. The elements present in the samples and the
change in chemical composition were studied using XPS
(Thermo Scientific, K-Alpha+, U.K.). The surface morph-
ology and elemental composition (EDAX) studies were car-
ried out using scanning electron microscopy (JEOL JSM-
6360-LA) technique. The optical properties were also studied
by obtaining the absorption spectra of WS2 thin films in the
wavelength range of 200–800 nm using UV Visible-NIR
spectrophotometer (JASCO, V-670). The current–voltage
(I–V ) characteristic curve for the device was performed using
a Xe-based light source solar simulator with simulated 1 Sun
AM 1.5 G illumination and Keithley 2450 source meter.

Results and discussion

The XRD pattern of the pristine and gamma irradiated WS2
films is shown in figure 2(a). The diffraction angle (2θ)
associated with each plane depicted over the pristine sample

Figure 1. (a) Schematic of steps followed for WS2 film deposition on FTO substrate and (b) photograph of to a grind contact on WS2 made
for I–V measurement.

Figure 2. (a) XRD pattern of WS2 films before and after gamma irradiation at various doses, (b) the shift in dominant (002) plane, and (c)
variation of strain with increasing gamma dose.
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XRD pattern. The diffraction peaks at 14.32°, 28.86°, 32.74°,
33.55°, 39.51°, 43.87°, 49.64°, 58.38°, 59.77°, 60.49°,
62.54°, 66.45°, 68.65°, 69.85° and 75.90° are identified as the
respective crystallographic planes for (002), (004), (100),
(101), (103), (006), (105), (110), (008), (112), (107), (114),
(200), (116) and (201), as evident from JCPDS file no.
(08–0237) [25]. The absence of any extra peak in the XRD
spectra indicates the formation of pure hexagonal structure
bearing P63/mmc space group (group no. 194). Notably, the
peak located at 14.32° has the highest intensity making
(prominent peak) signifying the most preferred orientation
along the (002) plane.

It is observed from figure 2(b) that as the gamma irradiation
dose increases, there is significant intensity reduction along with
a shift in (002) peak toward the lower 2θ value. The shift in the
prominent peak suggests introduction of defect in WS2 caused by
gamma irradiation. More over the reduction in the peak intensity
suggests a decrease in the crystallinity of the samples. This
reduction in crystallinity is attributed to the displacement of the
lattice atoms induced by gamma radiation which leads to the
formation of disordered crystals and facilitates the creation of
sulfur vacancy defects [26]. Figure 2(c) shows lattice strain as a
function of gamma dose. It is clearly seen that up to a gamma
dose of 50 kGy there is no significant change in lattice strain
however drastic change is observed above 50 kGy.

The average crystallite size calculated from XRD spectra
using Scherer’s formula and the out-of-plane strains for dif-
ferent samples calculated using Williamson–Hall (W–H)
method [27] are summarized in table 1. The crystallite size
decreases from 546 to 439 nm for pristine to 100 kGy gamma
irradiated samples respectively, and the strain increases
indicating either creation of defects or due to possible
agglomeration of the particles [28]. Also, results agree with
the reduction in peak intensity observed in XRD pattern.

The structural properties of WS2 are generally discussed
using Raman spectroscopy which provides a detailed and
precise understating of the formed structure and the defects in
the materials. To support the change in structural properties and
creation of sulfur vacancies due to gamma irradiation, Raman
spectra has been studied. The Raman spectra of pristine WS2
sample in figure 3(a) show the peaks at ∼ 175.6, 236, 295.34,

348.55, 420, 517, 583.26, and 701 cm−1 corresponding to
LA(M), A1g(M)- LA(M), 2LA(M)- E2g(M), E2g, A1g, 3LA
(M), A1g(M)+ LA(M) and 4LA(M)modes respectively. These
peaks and their positions agree with the earlier reports available
in the literature [29]. The E2g mode involves an in-plane
vibration of the W atoms with respect to the S atoms, while the
A1g mode arises from the vibrations of S atoms in out-of-plane
direction [21, 30]. Since the difference between A1g and E2g
modes is about 70 cm−1, it indicates that the WS2 samples are
only a few layers.

Figure 3(b) illustrates the Raman peak shift observed in
the spectra of gamma irradiation WS2 thin films. It shows that
with increasing gamma dose from 1 to 100 kGy, both the E2g

and A1g modes are shifted to lower wavenumber i.e. red
shifted. The A1g mode is attributed to the out-of-plane
vibration of sulfur atoms with respect to tungsten atom.
Considering WS2 molecule as a simple harmonic oscillator so
that its vibrational frequency is,

w = ( )k

m
. 1

e

The shift of vibrational frequency (w) may be observed due to
the change in force constant (k) and/or effective mass (me),
caused by radiation induced sulfur vacancies [20, 31, 32]. The
creation of sulfur vacancy (VS) by gamma irradiation reduces k,

Table 1. Variation of observed (002) peak position, FWHM, and
calculated out-of-plane strain, average crystallite size from XRD
spectra with gamma irradiation.

Gamma
irradiated
sample

Peak posi-
tion of
(002)

plane (2θ)

FWHM
of (002)
plane

Out-of-
plane
strain
(ε%)

Average
crystallite

size
(D) (nm)

Pristine 14.31 0.151 — 547
1 kGy 14.30 0.156 0.036 527
25 kGy 14.28 0.158 0.049 521
50 kGy 14.26 0.160 0.059 516
75 kGy 14.23 0.179 0.16 461
100 kGy 14.18 0.187 0.20 440

Figure 3. (a) Raman spectra of Pristine WS2 sample showing characteristic peaks, and (b) the shift of major in-plane and out-of-plane peaks
with variation in gamma dosage.
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resulting in the red shift of the characteristic peaks. It is
claimed that, sulfur vacancies converts WS2 system to W–S
system. In these two atomic systems the effective mass
enhances resulting in decreased vibrational frequency, which
shifts the Raman peak towards right i.e. blue shift. In our case,
we observe red shift which could be due to the following
reason: with increase in gamma irradiation the sulfur vacancies
are increasing and at the same time these sulfur vacancies are
occupied by the oxygen (as the gamma irradiation is carried out
in ambient condition). As a result, one of the sulfur in WS2
having atomic mass number 32 is replaced by oxygen having
atomic mass number 16, which results in the reduction of force
constant and effective mass, in turn reducing vibrational fre-
quency. The increasing radiation dose continues to removal of
more sulfur atoms and simultaneously occupied by oxygen
atoms, further enhancing the peak shift [20]. Hence, the sulfur
vacancies can be seen to be dominant in our material and are
the reason for red shift of Raman peaks.

The noticeable shifting of E2g and A1g mode in response
to variation of gamma dose is shown in figure 4(a). Moreover,
the intensity of both the A1g and E2g modes is found to
increase with the irradiation dose. The increase in radiation
dose reduces crystallinity of the samples concurrently
increasing full width at half maxima (FWHM) of these peaks,

as shown in figure 4(b). It is observed that, with increase in
gamma dose the FWHM for E2g mode of vibration increases
from 11.22 to 12.54 for 0 kGy–100 kGy respectively. Simi-
larly, for A1g mode, the FWHM increases from 4.16 to 5.2 for
0 kGy to 100 kGy respectively.

The variation of FWHM is mainly due to the presence of
tensile strain and is calculated using the equation (2) [31]

e
w w

gw
=

- ( )
2

. 20

0

where w0 and w are the frequencies before and after irradia-
tion respectively, and g is the Gruneisen parameter. The
values g =( )E 0.922g and g =( )A 2.171g for WS2 is taken
from the literature [33]. This parameter describes the effect on
its vibrational properties due to the change in volume of
crystal lattice. Figure 5(a) shows the increase in peak intensity
ratio /( ) ( )I IA E1g 2g with the increase in gamma irradiation
dose. Also, the maximum tensile strains of 0.55% and 0.22%
were deduced for the in-plane (E2g) and out-of-plane (A1g)
modes respectively for 100 kGy dose and it is shown in
figure 5(b). It is also observed that the value of in-plane strain
is higher as compared to the out-of-plane strain. As our WS2
samples are few layered, the van der Waal interactions
are considerable and causing the gradual stiffening of

Figure 4. (a) Comparative shifting of E2g and A1g modes, and (b) variation in FWHM with increasing gamma dose from pristine to 100 kGy
sample.

Figure 5. (a) Peak intensity ratio, and (b) in-plane and out-of-plane strain as a function of different gamma dose.
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out-of-plane resulting in lesser effect of gamma irradiation
than that on the in-plane vibration [20, 31, 32]. Therefore, the
structural characterization results obtained from XRD and
Raman spectroscopy suggest evolution of sulfur vacancy,
oxygen occupancy and reduction in crystallinity of the sam-
ples with increasing gamma irradiation. To confirm our
speculation that gamma irradiation results in evolution of
sulfur vacancy and subsequent occupied by oxygen, XPS
analysis was carried out.

The XPS is an effective technique to investigate surface
chemical states, elemental composition, electronic and oxi-
dation states of the elements present in the sample. The full
survey scan in figure 6 shows the reduction of W and S
elements, with a gradual increase in C and O in the gamma
irradiated samples. The intensity of peaks corresponding to W
and S at 32.13 eV and 34.39 eV, and at 161.62 eV and
162.80 eV, respectively, is observed to decrease by more than
50% in the 100 kGy irradiated sample compared to that of the
pristine [20, 34]. While the peaks at 285 eV, 289 eV and
530 eV attributed to C, C=O and O respectively are observed
to get intense with increasing gamma irradiation [35].

The region near the characteristic peaks position of S and
W in WS2 has been magnified and represented in figures 7
and 8 respectively. The peaks were fitted for both W and S
lines using XPS PEAK 41 software. The 2p3/2 and 2p1/2
states of S2− are positioned at 161.62 eV and 162.80 eV
respectively (figure 7(a)) [20, 34]. The XPS spectra of the
pristine sample shows the 4f7/2, 4f5/2 and 5p3/2 states of W

4+

corresponds to peaks at 32.13 eV, 34.29 eV and 37.58 eV
respectively (figure 8(a)) [20, 34]. After irradiation, the states
4f7/2, 4f5/2 and 5p3/2 seem to be localized at 32.61 eV,
34.67 eV and 37.95 eV, respectively [34]. The energetic
photons create sulfur vacancies and the oxygen from atmos-
phere occupies these sites. In the deconvolution figures 8(c)–
(g), the peak emergence at 35.65 eV corresponds to the W6+

state, suggesting the W–O bond formation [20, 36]. Further,
this peak intensity is increasing with an increase in gamma
dose, this confirms our claim that indeed after irradiation
sulfur vacancies are increasing and these vacancies are

subsequently occupied by oxygen atoms. After irradiation the
sulfur state 2p3/2 corresponding to 162.20 eV and the
162.80 eV peaks have merged, as seen from figures 7(c)–(g).
After 1 kGy dosage an additional peak emerges at 168.9 eV
and is consistent with S2− peak position which corresponds to
the presence of sulfate species SO4

−2 [21, 22].
The results show 0.4 eV shift towards higher binding

energy for both W and S, shown in figures 7 (a) and 8(a).
From figure 8, we observe at a radiation dose of 100 kGy, the
4f7/2 and 4f5/2 peak intensities decrease by approximately
70% with respect to their corresponding pristine WS2 peak
intensities. This peak intensity decreases with an increase in
gamma radiation dose is due to a several factors. One pos-
sibility is the damage caused to the sample surface by the
gamma radiation, and leading to the changes in its chemical
composition or structure [21]. This may result in a decreased
number of available photoelectrons, which results to a
decrease in XPS peak intensity. As a result of gamma irra-
diation effect, numerous S sites became de-atomized, result-
ing in unsaturated bonds in the lattice. The interaction of
gamma radiation with WS2 causes the breaking of sulfur
atoms from the material, which then initiate oxygen present in
the air to either react with unsaturated W bond to form W–O
or to sulfur to form sulfur dioxide (SO2). This SO2 gas can
then react with more oxygen in the air to form additional
oxygen molecules, resulting in an overall increase in oxygen
content and would form a stable SO4

−2 in the system [20]. The
oxygen has high electron affinity and the surface charge
transfer in the film will create O−2 leading to stable sulfate
formation. Hence, sulfur changes its oxidation state from 2−
to 6+, and as this change requires high energy, it occurs at
higher gamma irradiation dose.

Overall the XPS analysis suggest the formation of W–O
bonds along with SO4

2−. This supports our claim done XRD
as well as Raman, where in we said the increase in strain and
decrease in crystallinity is due to oxygen occupying the sulfur
sites. The XPS results additionally show the strong peak of
SO4

2− formation also and we believe this could be the addi-
tional reason for the reduction in crystallinity of the WS2
films with irradiation.

The SEM images in figure 9 show the surface morph-
ology of the WS2 pristine and gamma irradiated samples. The
SEM micrograph of the pristine WS2 sample in figure 9(a)
shows formation of uniformly distributed microstructure with
a magnification of 1000 times, and the inset image is of the
same sample with 6000 times magnification. The surface
morphology and grain size have been significantly altered by
the incident gamma radiation, as can be seen from the
figures 9(b)–(f). The morphology of the pristine sample looks
like uniform separated thin flakes, while with the increasing
gamma dose from 1 to 100 kGy, these uniform flakes gets
reduced and agglomerate. Figure 9(f) shows that, for max-
imum γ-irradiation dose of 100 kGy the grain size has
increased drastically due to agglomeration and has resulted in
smoothening of the surface [37]. The agglomeration might be
one of the reasons to reduce the crystallinity as it was
observed in XRD. The thickness of the pristine and 100 kGy
gamma irradiated sample is found to be 15.76 μm and

Figure 6. Full survey scan of pristine and gamma irradiated WS2.
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15.70 μm respectively using cross-section image of SEM, as
shown in figures 9(g) and (h). Therefore, the thickness of the
samples seems to be unaltered post irradiation.

The energy-dispersive x-ray spectroscopy (EDS) was also
implemented along with SEM using the same instrument for
generating the surface elemental composition if the WS2 samples.
Figures 10(a)–(c) consists of elemental composition for pristine,
50 kGy and 100 kGy gamma irradiated samples respectively.
These EDS graphs and inset elemental mapping images show the
systematic decrease in W and S composition and increase in O

with increase in the irradiation dose. The colored micrographs
representing the elemental mapping shown in the figure 10 inset
show increasing O concentration. In the inset S, W and O are
depicted by green, blue and red color, respectively. The decrease
in the W and S concentrations has reduced in such a way that the
stoichiometry of the material is maintained, which is also seen
from other structural characterization techniques. The obtained
elemental compositions have been summarized in the table 2,
confirming the increase in oxygen percentage with increasing the
gamma dose and are in good agreement with the XPS results.

Figure 7. Shift in XPS peaks of S, (a) comparative pristine and gamma irradiated, (b) pristine, (c) 1 kGy (d) 25 kGy, (e) 50 kGy (f) 75 kGy
and (g) 100 kGy gamma irradiated and deconvoluted spectra.
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The systematic increase in O concentration in the gamma
irradiated samples is seen from the EDS profile. The slight
decrease in the sulfur concentration than the ideal stoichio-
metry of WS2, with increased gamma dosage suggests the
removal of sulfur atoms from irradiated surface [20, 21].

The observed changes in WS2 due to gamma irradiation
inferred reduced crystallinity and strain due to sulfur vacancy

and subsequent formation of W–O and SO4
2− along with

agglomeration. All these effects may change the optical
property. So, in order to see the effect of gamma irradiation
on optical properties of WS2, we have studied absorption
spectra. The TMDCs are observed to exhibit indirect band
gap semiconducting behavior [38]. Figure 11(a) shows the
absorbance spectra of pristine and gamma-irradiated WS2 thin

Figure 8. Shift in XPS peaks of W with increased gamma irradiation dosage.
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films deposited on FTO substrate. The absorption is enhanced
post gamma irradiation due to the formation of sulfur
vacancies and introduction of oxygen at these sites [38]. The
reduction in band gap after gamma irradiation is evident from
figure 11(b). The extrapolation of linear part of nh versus
a n( )h

1
2 gives the energy difference between the valence and

conduction band of the material and suggests that the
material is exhibiting indirect band gap nature [39–41]. This
graph (figure 11(b)) is termed as Tauc plot, and shows sys-
tematic decrease in the band from 1.64 to 1.57 eV for pristine
and 100 kGy gamma irradiated samples respectively. The
gamma irradiation reduces crystallinity and structural homo-
geneity of the material, leading to introduction of localized
energy states between valence and conduction bands and
eventually resulting in band gap reduction [42]. Also, the
change in band gap may be due to the change in particle size
and increased agglomeration with gamma irradiation dose,
consistent with the SEM observations.

To further confirm whether the sulfur vacancies are really
occupied by oxygen, the electrical studies are performed on
pristine and irradiated samples. Few researchers have claimed
that oxygen in WS2 acts as p-type doping and increase the
conductivity of WS2 [43, 44]. Hence, the I versus V char-
acteristics of the samples was carried out to study the elec-
trical properties. The gamma irradiation produces defects in
the material which increases the grain size and produces more
free electrons [45]. The increased grain size leads to lesser

Figure 9. SEM images of (a) pristine, (b) 1 kGy, (c) 25 kGy, (d) 50 kGy, (e) 75 kGy and (f) 100 kGy gamma irradiated samples respectively,
with two magnifications, and cross-section images of (g) pristine and (h) 100 kGy gamma irradiated samples respectively.

Table 2. Elemental composition of pristine, 50 kGy and 100 kGy
gamma irradiated samples.

Gamma dose Element Atomic %

Pristine W 21.85
S 43.56
O 34.59

50 kGy W 14.06
S 26.03
O 59.91

100 kGy W 7.22
S 12.95
O 79.83
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grain boundary scattering of charge carriers, leading to
increased current. The figures 12(a)–(c) shows the I–V
response of the pristine, 50 kGy and 100 kGy irradiated
samples respectively. The gamma irradiation induces 10-fold
current in the 50 kGy irradiated sample to ∼ 25 μA than that
of the pristine (∼ 3.1 μA), as evident from figure 12. Further
increasing the gamma dose from 50 to 100 kGy current is
100-fold increased to a value of ∼ 3.2 mA. Hence, the current

has increased to almost 1000 times from pristine to 100 kGy
gamma irradiated sample.

The contribution to this massive current gain may also
be from the induced defects like sulfur vacancy which may
act as electron donor, and creating localized energy states
within band gap for enhancing carrier mobility. As the lit-
erature suggests, the enhancement in photo-current is
observed due to incorporation of oxygen in the vacant sulfur

Figure 10. Graphical representation of elemental composition using EDS for (a) pristine, (b) 50 kGy and (c) 100 kGy gamma irradiated
samples, along with the color mapping (inset) (green color—S, blue color—W, red color—O).

Figure 11. (a) Absorption spectra and (b) Tauc plot variation of WS2 thin films with increasing gamma irradiation dose.

Figure 12. I–V characteristics of (a) pristine, (b) 50 kGy irradiated and (c) 100 kGy irradiated sample of WS2 thin films.
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sites [46, 47]. But, we observe no significant change in the
photo response. Hence, we can conclude that the observed
increase in the current is due to the increased grain size
reducing the recombination at grain boundary, and sulfur
vacancy created by gamma irradiation. To summarize,
gamma irradiation has created sulfur vacancies and agglom-
eration of the material resulting in increased grain size and
effectively altering the optical and electrical properties. The
gamma irradiation carried out in air atmosphere has also led
to adsorption of oxygen and sulfate SO4

−2, as observed from
XPS peaks. A significant change of 1000 fold in conductivity
is observed in 100 kGy irradiated sample as compared to
pristine. However, photoconductivity remains almost the
same to its counterpart.

Conclusions

The exfoliated WS2 powder has been deposited on FTO using
EPD method and further used for gamma irradiation study.
The XRD peaks show formation of pure hexagonal structure
of WS2, and a shift in the peaks with increasing gamma
irradiation dose from 1 to 100 kGy resulting in decreased
crystallinity and introduction of defects. The decrease in the
crystallite size has also been calculated. The red shift of
characteristic A1g and E2g modes is evident from the Raman
spectra, supporting the reduced crystallinity observed in the
XRD results. The pristine WS2 sample purity is confirmed
from the XPS peak position, along with surface oxidation and
defect introduction with gamma irradiation. The XPS results
have made the picture clearer by confirming the formation of
impurities and defects in the irradiated samples, which were
not seen in the XRD or Raman results due to dominance of
characteristic peaks of WS2. The SEM micrographs show
agglomeration of the material as the gamma radiation dose
increases. The EDS results show that stoichiometric
percentage of W and S in the samples has been almost
maintained even after increased gamma irradiation suggesting
that most of the sulfur which has been dislocated from its site
is still present in the material. The respective increase in the
oxygen is due to the oxidization and sulfate formation, as
evident from XPS results. The XPS survey scan of WS2 has
been discussed for the first time along with every minute
observation and has been explained to the best of our
knowledge. The optical band gap decreases from 1.64 to
1.57 eV for pristine and 100 kGy irradiated samples respec-
tively due to the irradiation effect. All these results are in
corroboration and show tunability with controlling gamma
dosage of the sample. Finally, the I–V characteristic graphs
show 10-fold and 100-fold saturation current increase for
50 kGy and 100 kGy irradiated samples respectively, in
comparison to the pristine. The sulfur vacancies and increase
in the grain size due to the incident gamma radiation leads to
massive increase in the current.

This work evidently describes the effect of high dose
gamma radiation on the WS2, and further suggests application
in optoelectronics. This work has led the founding stone
for researchers in the field to further explore TMD and

composites, and tune their properties using irradiation for
further application in various fields.
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A B S T R A C T   

The present work reports swift heavy ion (SHI) induced thermoluminescence (TL) dosimetric properties and 
density functional theory (DFT) studies of Eu doped MgB4O7 phosphor. Comparative investigations of structural, 
and luminescent properties of MgB4O7:Eu phosphor upon irradiation by 100 MeV Ag7+ and Ni7+ ion beams at the 
varied fluence range from 1 × 1010 ion/cm2 to 5 × 1012 ion/cm2 are presented systematically. Eu doped MgB4O7 
phosphor is prepared by facile hydrothermal method. X-ray diffraction pattern of the material reveals its 
orthorhombic structure with crystallite size of ~30 nm. Fourier transform infrared spectroscopy (FTIR) studies 
demonstrate loss of crystallinity of material after the SHI irradiations. Correlation of stopping powers and pro-
jectile range calculations is performed using SRIM software. The investigated photoluminescence properties 
show emission bands located in the orange-red region with prominent peaks centered at ~593 nm and ~625 nm 
corresponding to 5D0→7F1 and 5D0→7F2 transitions of Eu3+ion. The influence of ion beam fluence on the pho-
toluminescence properties has been explored. Variation in the intensity of the PL peaks without any shift in the 
peak positions is observed at different ion fluence. The TL glow curve of phosphor exhibits two major dosimetric 
peaks (a) at 185 ◦C and 275 ◦C and (b) at 172 ◦C and 273 ◦C upon Ag7+ and Ni7+ ion beam irradiation 
respectively. The phosphor shows fairly good linear dose response in the range of 1 × 1010 ion/cm2 to 5 × 1012 

ion/cm2. Fading measurements reveal 10% and 12% fading for the irradiation of Ag7+ and Ni7+ ions respectively 
in two months. Trapping parameter calculations of SHI irradiated phosphors are carried out via various TL glow 
curve analysis methods such as, peak shape method, whole glow peak method, and glow curve deconvolution 
method. Efficient thermoluminescence properties of MgB4O7:Eu make it a potential phosphor material and 
promise to provide avenue into swift heavy ion dosimetry applications. DFT computational studies performed to 
obtain the electronic structure of Eu doped MgB4O7 phosphor support the experimental results of crystal 
structure, symmetry and electronic structure studies.   

1. Introduction 

Thermoluminescence (TL) is emission of visible light emitted from 
phosphor materials (either semiconductors or insulators) that were 

previously “charged” via absorption of ionizing radiation. In TL process, 
due to high energy radiations electron-hole pairs get separated and the 
electrons get trapped into trapping centres after the irradiation. The 
electrons get released from traps due to thermal energy, and recombine 
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only after that. Thermoluminescence is the most commonly used tech-
nique for the measurement of ionizing radiation in dating of archaeo-
logical samples, for defect determination in solids and in environmental, 
personal, medical, and accidental dosimetry. In radiation dosimetry, 
various ionizing radiations can be measured such as X-rays, γ-rays, 
β-rays which contain high energy photons and the swift heavy ions (SHI) 
consisting of dense ionizing radiation with very highly energetic heavy 
charged particles [1]. 

Ion beam therapy using swift heavy ions is gaining huge importance 
worldwide due to its improved dose distribution properties as compared 
to the photon beams (i.e. X-ray, γ-rays, β-rays) and hence it allows dose 
escalation inside the tumour sparing common tissues. In 1946, Robert 
Wilson proposed for the first time use of heavy ion beams in radio-
therapy [2]. Swift heavy ion (SHI) irradiation technique is also 
immensely useful in the study of material modifications [3], solar energy 
converters [4], optical [5], electric [6], and structural [7] properties of 
solid-state materials due to their high energy interaction with the tar-
geted particles. Also, SHI beam irradiation on various materials is vitally 
used in defect studies and polymers modification [8–10]. Investigation 
of photoluminescence and thermoluminescence properties of different 
SHI irradiated phosphors are also explored specifically in therapeutic 
and dosimetric applications [11–14]. Some of the studies include Ni7+, 
Ag9+ and Au8+ ion irradiated Y2O3:Tb for space dosimetry [15], Ag15+

ion irradiated CaS:Bi3+ [16], Ni8+ ion irradiated Y2O3:Tb3+ for ion beam 
dosimetry [17], etc. In ion beam irradiation process, the effects of ion 
beam on structural and optical properties of the phosphor material 
depend on many factors such as fluence of ions, ion beam energy, and 
the species of ions used for irradiation. High energy beam of energetic 
ions (greater than several MeV) penetrates through the material and 
loses its kinetic energy via two independent processes, viz. Nuclear and 
electronic energy losses. Nuclear energy loss involves elastic collisions 
with nuclei which dominates around 1 MeV/amu energy and electronic 
energy loss involves inelastic collisions with atomic electrons having 
energy ~1 MeV/amu or more [2]. MgB4O7 is a very sensitive phosphor 
material with versatile properties such as chemical and thermal stability 
(melting point is more than 1000 ◦C), wide band gap, greater sensitivity 
as compared to standard TLD-100 [18], and good study are potential to 
generate huge number of trapping and colour centres [19]. Therefore, 
MgB4O7 phosphor doped with a variety of impurities has been studied 
for TL dosimetric applications by using gamma and beta irradiations 
[19–22] such as MgB4O7:Ag [23], MgB4O7:Dy, Na [24], MgB4O7:Tb 
[25], MgB4O7:Gd, Li [26] etc. TL dosimetric properties of swift heavy 
ion irradiated nano crystalline MgB4O7:Dy phosphor material have been 
studied by Numan Salah et al. [27], in which 3 MeV proton, 50 MeV 
Li3+, and 120 MeV Ag9+ ion beams are used to measure TL dose 
response. In the present study, we demonstrate the irradiation effect of 
100 MeV Ag7+ and Ni7+ ions on Eu doped MgB4O7. MgB4O7 phosphor 
possesses low effective atomic number (Z effective) which is around 8.3 
and the band gap of phosphor material is around 5.5 eV. In the present 
work, we have studied the SHI induced thermoluminescence effect on 
MgB4O7:Eu phosphor using 100 MeV Ag7+ and Ni7+ ions. The SHI 
induced modifications in structural, surface, and optical properties of 1 
mol % Eu doped MgB4O7 phosphor are investigated via XRD, FTIR, PL, 
and TL respectively after irradiation of Ag7+ and Ni7+ ions at varying 
fluence. TL glow curve spectra show two glow curve peaks which line-
arly increased in the range from 1 × 1010 ion/cm2 to 5 × 1012 ion/cm2. 
Fading measurements of the MgB4O7:Eu phosphor are carried out for a 
period of two months. In order to find out the trapping parameters of the 
SHI irradiated TL glow curves, peak shape method and whole glow peak 
method are used and further glow curve deconvolution is performed 
methodically. The systematic TL studies and trapping parameter anal-
ysis of Eu doped MgB4O7 phosphor is hardly ever investigated. DFT 
calculations for pure and Eu-doped MgB4O7 crystal are performed with 
the Vienna ab initio Simulation Package (VASP) based on spin polarized 
density functional theory. 

2. Experimental procedure and characterization techniques 

2.1. Synthesis method 

MgB4O7:Eu phosphor is synthesized via hydrothermal method fol-
lowed by additional heating treatment for formation of MgB4O7 struc-
ture. All the chemicals used in the synthesis process are analytical 
reagents (A. R. Grade) and are used as-received without any further 
purification. Magnesium Oxide (MgO) and Boric Acid (H3BO3) are 
purchased from Sigma Aldrich. For Eu3+ (1 mol %) as a dopant, Euro-
pium Oxide (Eu2O3) (Sigma Aldrich 99.99 % pure) is used. In a typical 
procedure, an appropriate amount of MgO, H3BO3, and Eu2O3 is sepa-
rately taken into 35 ml double distilled water and is stirred for several 
hours. Then, all the solutions are mixed and stirred again for an hour. 
After this process, the above solution is transferred to 100 ml Teflon 
lined stainless steel autoclave and is heated up to 180 ◦C for 12 h. It is 
then allowed to cool naturally up to room temperature. Afterwards, the 
product obtained from autoclave is filtered and washed several times 
with double distilled water and is dried at 100 ◦C for 5 h. The whitish 
powder thus obtained from this reaction is further annealed at 760 ◦C for 
2 h. 

MgO+ 4H3BO3 + Eu2O3(1 mol%) ̅̅̅̅̅̅̅̅̅→
Hydrothermal

180oC for 12 hr
MgB4O7 : Eu 

After the final synthesis of MgB4O7:Eu (1 mol %) phosphor powder, 
pellets of the as-prepared sample are prepared for SHI irradiation. All 
the pellets are prepared by using hydraulic press, wherein the diameter 
and thickness of all the pellets are kept constant - 10 mm diameter and 
0.6 mm thickness by taking 50 mg weight. The prepared pellets are 
annealed at 350 ◦C for 3 h to eliminate contamination that might have 
been caused by dies used throughout pellet preparation. This annealing 
process also removes the unintentional radiation absorbed by the 
phosphor. These pellets are then used for SHI irradiation. 

2.2. Swift heavy ion irradiation 

The SHI irradiation process is performed by using 15 UD Pelletron 
facility available at Inter University Accelerator Centre (IUAC), New 
Delhi, India. The MgB4O7:Eu pellets are irradiated using two swift heavy 
ions (i) 100 MeV Ag7+ ions and (ii) 100 MeV Ni7+ ions at fluences in the 
range of 1 × 1010 to 5 × 1012 ion/cm2. The pellets are mounted on a 
rectangular ladder (sample holder). The target ladder shown in Fig. 1, is 

Fig. 1. Schematic diagram of ladder on which pellet samples are pasted for ion 
beam irradiation. 
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inserted into the irradiation chamber with a vacuum pressure main-
tained at 10− 6 Torr throughout the ion irradiation. The ladder could be 
moved in up and down directions and it can be also rotated on each of 
the surfaces A, B, C, and D as per our requirement so as to bring the 
samples into the path of ion beam. We have pasted the pellets on all four 
surfaces of the ladder using double sided tape and moved it in-situ 
during the irradiation process. The beam can scan the samples in hori-
zontal (X-Y-axis) direction in almost 1£1 cm of sample area with the 
help of electro-magnetic scanner throughout irradiation. Before the 
irradiation, we can fix the focus of the beam using the quartz as shown in 
ladder diagram. The number of incident ion per cm2 are calculated by 
using the formula: 

Fluence=
(
6.25 × 109

)
× Current × Time (T)

Sample area  

where. 
Fluence is in ion/cm2, Sample area is in cm2, and Current is in pnA. 
The Ag7+ and Ni7+ ion beam parameters are incorporated in Table 1. 
We have used Stopping and Range of Ions in Matter (SRIM) software 

to find out the projectile ranges, nuclear stopping power, and electronic 
stopping power of the 100 MeV Ag7+ and Ni7+ ions for MgB4O7:Eu 
phosphor. Variations of the energy losses have been plotted for beam 
energies from 1 KeV to 1000 GeV of the (a) Ag7+ ion and (b) Ni7+ ion as 
shown in Fig. 2. The projectile range (Rp), nuclear stopping power (Sn), 
and electronic stopping power (Se) parameters which are found out from 
the calculations are incorporated in Table 2. Generally, formation of 
vacancies and defects in the material is caused due to Sn, while the 
strong ionization of the targeted atoms is caused due to Se. In the present 
case, total nuclear energy loss is negligible in the material while elec-
tronic energy loss is mostly accountable for the generation of the va-
cancies and interstitial defects in the material [28]. 

2.3. Characterization techniques 

X-ray diffraction measurements of MgB4O7:Eu phosphor are carried 
out on Bruker AXSD8 Advance X-ray diffractometer. FTIR is recorded 
using ASCO FT/IR 6100 for functional investigation. Photoluminescence 
spectra are taken on the HORIBA FL-1057. All TL measurements are 
done on Nucleonix make TLD reader: Model number 1009I. After 
effective irradiation of SHI, the TL measurements of all the pellets are 
done with the irradiated surface of pellets kept on the side of photo-
multiplier tube in the TL reader. The heating rate of the TL glow curve is 
kept at 5 ◦C/s throughout the experiment. 

3. Computational Details 

The electronic structure calculations for pure and Eu-doped MgB4O7 
are performed with the Vienna ab initio Simulation Package (VASP) 
based on spin polarized density functional theory (DFT) [29]. The pro-
jector augmented wave (PAW) method is used to describe the interac-
tion between ions and valence electrons [30]. Generalized gradient 
approximation (GGA) is used with the parametrization of Perdew, Burke 
and Ernzerhof (PBE) [31] to describe the exchange-correlation energy 
functional. Plane-wave cut off for the basic functions is set to 500 eV. 
Atomic relaxations are performed using a conjugate gradient algorithm 
without imposing any symmetry restrictions. Electronic self-consistency 
is achieved with an energy convergence of 10− 7 eV. The forces on in-
dividual atoms are reduced to less than 10− 3 eV/Å. For structural opti-
mization, Brillouin zones of pure MgB4O7 and MgB4O7:Eu are sampled 

using 5 × 5 × 5 and 3 × 3 × 3 mesh of k-points respectively using tet-
rahedron scheme. To locate correctly 4f electronic states for Eu in 
MgB4O7:Eu, we implement density functional-correlated band theory 
calculations (DFT + U). In our calculations, we use Dudarev’s approach 
[32] to implement GGA + U, where the on-site Coulomb interaction and 
exchange are considered through an effective parameter Ueff = U – J 
where U is the Coulomb interaction and J represents Hund’s coupling. 
We have used U = 7.0 eV and J = 0.75 eV for Eu-4f states which 
reproduce correct experimental observations as shown earlier [33], 
however for completeness we have also compared the results of U = 7.0 
eV with those of U = 3.0 eV and without inclusion of U in MgB4O7:Eu. 

4. Results and discussion 

4.1. X -ray diffraction studies 

The composition, crystallinity and phase purity of the as-prepared 
MgB4O7:Eu phosphor materials are examined by X-ray diffraction 
pattern (XRD). The XRD peaks are identified and indexed according to 
the JCPDS Card No. 31–0787. The XRD spectrum of pristine (un-irra-
diated) MgB4O7:Eu phosphor shown in Fig. 3, matches well with the 
JCPDS data. The XRD pattern is recorded in the range from 15◦ to 65◦. 
The ‘hkl’ peak positions of 2θ values 19.9◦, 22.3◦, 26.8◦, 28.4◦, 30.6◦, 
33.3◦, 35.2◦, 36.1◦, 40.5◦, 42◦, 45.6◦, 48.2◦, 50◦, 51◦, and 53.1◦ corre-
spond to (121), (002), (221), (230), (231), (240), (241), (151), (242), 
(400), (421), (243), (440), (214), and (172) planes respectively. The 
XRD pattern reveals an orthorhombic structure of Eu doped MgB4O7 and 
the calculated lattice parameters of unit cell from peak position and hkl 
planes are a = 8.60 Å, b = 13.79 Å, and c = 7.97 Å. No extra peak is 
observed in the XRD patterns due to dopant incorporation, revealing 
that the Eu dopant has been effectively doped into the host lattice 
without any phase transformation. The average crystallite size of the 
phosphor has been calculated using Scherer’s equation and it is deter-
mined to be around ~30 nm. 

Fig. 3 shows a comparison of XRD spectra of un-irradiated samples 
and 100 MeV Ag7+ and Ni7+ ion irradiated MgB4O7:Eu phosphor sam-
ples for the ion fluences from 1 × 1010 ion/cm2 to 5 × 1012 ion/cm2. It is 
observed that no new peaks appeared in the XRD pattern due to the 
irradiation with varied fluences indicating that the phase of the phos-
phor material remained unchanged. However, the XRD pattern reveals 
that with an increase in the ion fluence the XRD peaks shift slightly 
towards lower angles. The peak shift is up to 1◦ and 0.5◦ for Ag7+ and 
Ni7+ ion irradiation respectively as shown in Fig. 3 (a and b) at the 
maximum fluence of beam. This might be ascribed to the production of 
internal stresses and lattice distortions in the material. 

4.2. Fourier transform infrared spectroscopy 

Fig. 4 shows FTIR spectra of 100 MeV Ag7+ and Ni7+ ion irradiated 
MgB4O7:Eu phosphor. Both the spectra show comparative study of 
different fluences from 1 × 1010 ion/cm2 to 5 × 1012 ion/cm2. All 
spectra are recorded in the wavenumber range from 4000 to 400 cm− 1 at 
room temperature. It can be observed from the spectra that the vibra-
tional bands occur at 520 to 526 cm− 1, 717 cm− 1, 772 cm− 1, 965 to 975 
cm− 1, and 1083 cm− 1 in all the irradiated and unirradiated samples, 
enlarged images of which are indicated besides Fig. 4 (a) and (b) by an 
arrow. The absorption bands appearing in the range 3700 to 3250 cm− 1 

and 1600 to 1650 cm− 1 can be ascribed to hydroxyl group (-OH) due to 
the interatomic vibrations. The band at 2344 cm− 1 in the spectra may be 
due to the C––O bond [34]. The absorption bands centered at 772 cm− 1, 

Table 1 
SHI parameters used throughout the experiment.  

Ion Energy (MeV) Charge state Current (pnA) Temperature (K) Fluences range (ion/cm2) 

Ag7þ and Ni7þ 100 7+ 1 300 1 × 1010 to 5 × 1012  
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717 cm− 1, 975 cm− 1 and 717 cm− 1, 772 cm− 1, 966 cm− 1 can be 
attributed to the BO4 stretching vibrations which vary after irradiation 
with Ag7+ and Ni7+ ions respectively [35]. It can be noted that the in-
tensities of these bands have gradually increased with increase in ion 
beam fluence. Also, the IR bands observed at 526 cm− 1 and 522 cm− 1 

can be assigned to bending vibration band of B–O that varied upon 
irradiation with Ag7+ and Ni7+ ions respectively [36]. 

4.3. Photoluminescence spectroscopy 

Fig. 5 (a) shows the excitation spectra recorded at λem = 625 nm of 
pristine MgB4O7: 1 % Eu3+ phosphor. The excitation spectrum com-
prises of excitation band at 280 nm that can be attributed to the O2− → 
Eu3+ charge transfer state [37]. Fig. 5 (b and c) show emission spectra of 
pristine and SHI Ag7+ and Ni7+ irradiated MgB4O7: 1 % Eu3+ phosphor 
samples monitored at λex = 280 nm, at different ion fluences. The 
emission spectra consist of emission bands ranging from 520 to 720 nm, 
associated with the transitions from the excited 5D0,1 level to 7FJ (J = 1, 
2) levels of Eu3+ activators. The two major emission peaks are centered 
at ~593 nm corresponding to 5D0→7F1 transition and at ~625 nm 
corresponding 5D0→7F2 transition of Eu3+ ion, which are well charac-
terized by orange-red and red colours respectively [38,39]. Apart from 
these prominent peaks, we also observe a weak emission peak centered 
at ~554 nm that can be assigned to 5D1 → 7F2 transitions of Eu3+ ions 
[40]. The emission spectrum shows that the 5D0 → 7F2 transition is 
relatively more intense than the 5D0 →7F1 transition. The 5D0 →7F1 
transition is of magnetic dipole (MD) nature and is not sensitive to the 
crystal field around Eu3+ ion in matrix and local site symmetry around 
Eu3+ ion, while 5D0→7F2 is the electric dipole (ED) transition which is 
very sensitive to the crystal field [41]. According to Judd-Ofelt theory, 
the magnetic dipole transition is permitted when the europium ion oc-
cupies a site with an inversion centre. The 5D0→7F2 electric dipole 
transition is parity forbidden and is allowed when the europium ion 
occupies a site without an inversion centre [42,43]. The intensity of 
these transitions is strongly affected by local site symmetry around the 
Eu3+ ions. It is well demonstrated that the relative intensity ratio of 
5D0→7F2 (ED) to 5D0→7F1 (MD) transitions (asymmetry ratio) conveys 
the nature of the chemical surroundings of the luminescent centres and 
the local symmetry of Eu3+ ions [44]. In present case, the 5D0→7F2 
electric dipole transition dominates indicating that most of Eu3+ ions 

occupy a non-centrosymmetric site without inversion symmetry and is 
therefore attributed to the larger degree of disorder and lower local 
symmetry. 

Fig. 5 (b) and (c) depict the effect of different ion fluences on the PL 
properties of MgB4O7: 1 % Eu3+ phosphor. It is found that after ion 
irradiation, the emission peak positions remain unchanged however the 
intensities vary. The general trend of all the curves indicates that the 
emission intensity of MgB4O7: 1 % Eu3+ phosphor is initially enhanced 
upon SHI irradiation as compared to the pristine phosphor at the ion 
fluence from 1 x 1010 up to 1 x 1011 ion/cm2 and then decreased with 
further increase in fluence at 1 x 1012 and 5 x 1012 ion/cm2. The plot of 
emission intensity variation as a function of ion beam fluence is shown 
in Fig. 5 (d). The variation of the PL intensity with ion fluence might be a 
result of sensitivity of PL intensity to the damage created by swift heavy 
ions (SHI). The initial increase in PL intensity with increase in SHI flu-
ence might be due to an increase in the concentration of defects or 
colour/luminescent centres caused by ion irradiations which renders 
increase in the rate of radiative transitions [45,46]. However, further 
increase in ion beam fluence may cause annihilation due to concentra-
tion quenching caused by interaction between defects themselves. The 
increase in SHI fluence beyond a certain limit may give rise to the 
generation of new/increased number of defect centres which leads to 
enhanced non-radiative recombination and thus luminescence quench-
ing [46,47]. Ion beam irradiation may also lead to loss of crystallinity. 
These factors result in decreased PL emission intensity upon further rise 
in ion beam fluence. 

The CIE parameters i.e. the chromaticity coordinates for the pristine 
and SHI irradiated MgB4O7: 1 % Eu3+ phosphor are determined by using 
the colour calculator software and are plotted on the CIE-1931 chro-
maticity diagram. Thus, the colour of MgB4O7: 1 % Eu3+ phosphor is 
represented by CIE chromaticity diagram as shown in Fig. 6. The CIE 
diagram shows that the co-ordinates are located in the red region. The 
values of CIE parameters for the pristine and different ion irradiated 
phosphors are summarized in Table 3. No significant variation is 
observed in the colour coordinate values subsequent to ion irradiation, 
which suggests that the emission colour of the phosphors is stable 
against ion irradiation [48]. The red emission for pristine and SHI 
induced MgB4O7: 1 % Eu3+ phosphor indicates its practical application 
in LED’s and display devices. 

Fig. 2. SRIM graphs of nuclear and electronic energy losses of the (a) Ag7+ and (b) Ni7+ ion beams on MgB4O7 phosphor.  

Table 2 
Projectile range and stopping power parameters found from the SRIM software.  

Ion Projectile range (Rp) Nuclear stopping power (Sn) Electronic stopping power (Se) 

100 MeV Ag7+ 325.53 μm 0.254 MeV/(mg/cm2) 55.51 MeV/(mg/cm2) 
100 MeV Ni7+ 433.34 μm 0.0577 MeV/(mg/cm2) 33.98 MeV/(mg/cm2)  
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4.4. Thermoluminescence dosimetric properties of MgB4O7: Eu phosphor 

4.4.1. Thermoluminescence glow curve 
In TL process, the defects which are already formed in the phosphor 

material due to doping of Eu3+, are filled up by the electrons in the 
colour centres after the SHI irradiation. Due to the high energy 

irradiation, the electron-hole pair concentrations increase that lead to 
lattice distortion. After providing thermal heating to the phosphor ma-
terial, maximum number of electron traps become unstable and undergo 
recombination thereby emitting the stored energy in the form of TL 
emission. Fig. 7 (a) and (b) show a characteristic TL glow curve of 
MgB4O7:Eu (1%) phosphor which has been irradiated with 100 MeV 

Fig. 3. XRD spectra of (a) Ag7+ and (b) Ni7+ ion irradiated MgB4O7:Eu phosphor in the range of fluences 1 × 1010 ion/cm2 to 5 × 1012 ion/cm.2.  
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Ag7+ and Ni7+ ion beam at various fluences in the range from 1 × 1010 

ion/cm2 to 5 × 1012 ion/cm2. Two major glow curve peaks are observed 
(a) at 185 ◦C and 275 ◦C and (b) at 172 ◦C and 273 ◦C, upon irradiation 
by Ag7+ and Ni7+ ion beams respectively, which clearly point out the 
formation of two main trapping levels in the phosphor material. The TL 
intensity of the glow curve increases as the dose of ion beam increases 
without modification in the shape and position of the glow curve. 

The TL glow curve response of MgB4O7:Eu phosphor which is irra-
diated at 100 MeV Ag7+ and Ni7+ ions has been plotted in Fig. 8. The 
figure shows that the TL intensity increases linearly from 1 × 1010 to 1 ×
1012 ion/cm2 but increases sub-linearly beyond 1 × 1012 ion/cm2 up to 
5 × 1012 ion/cm2 in both the ion irradiation. This behaviour can be 
understood knowing that the TL signals are proportional to the number 
of ion beam fluences or ion beam tracks according to the Horowitz’s TIM 
model [16,49,50]. During the low dose of ion beam fluence, recombi-
nation of many luminescent centres occurs completely inside the tracks. 
Also, the removal of electrons from the tracks is prevented by the non-
radiative competitive centres in the intermediate region. During the 
high fluences of dose the luminescent intensity gets enhanced as the 
distance between the neighbouring traps reduces and the electrons 
removed from the tracks can spread into the neighbouring tracks. 

4.4.2. Fading 
Fading is one of the important factors in dosimetry, wherein the stored 

dose within the phosphor gradually decreases in certain time interval, and 
that has to be measured in the fading process. In the present study, fading 
measurements have been carried out over a period of two months for the 

samples of MgB4O7:Eu phosphor with span of 5 days after the irradiation. 
The irradiated samples are stored in dark at room temperature in light 
sealed packets. For the fading study we have used samples irradiated at 
100 MeV Ag7+ and Ni7+ ions with fluences 5 × 1012 ion/cm2 at which the 
most intense glow peak is observed. Fig. 9 (a) and (b) show the fading 
curves of the Ag7+ and Ni7+ beam irradiated MgB4O7:Eu phosphor 
respectively. Over an interval of two months post ion irradiation by Ag7+

and Ni7+ ions, 10 % and 12 % fading respectively is observed. 

4.5. Trapping parameters analysis 

4.5.1. Peak shape method: Chen’s formulae 
The shape and geometrical properties of the TL glow curve play a 

very crucial role in the calculation of activation energy (E) of trapping 
levels within phosphor material [51–54]. By measuring some of the 
points on TL glow curve, we get the exact dimensions of the glow curve 
as shown in Fig. 10. Chen’s empirical formulae are applied to the glow 
curves resulting from irradiation with 100 MeV Ag7+ and Ni7+ with 
fluence of 5 × 1012 ion/cm2. 

E∝=C ∝

(
kT2

m

∝

)

− b∝(2kTm) (1)  

where α = τ, δ, and ω, 
with τ = Tm - T1, δ = T2 - Tm, ω = T2 - T1  

cτ = 1.51 + 3.0 (μg - 0.42), bτ = 1.58 + 4.2 (μg - 0.42)                                

Fig. 4. FTIR spectra of (a) Ag7+ and (b) Ni7+ ion irradiated MgB4O7:Eu phosphor in the range of fluences 1 × 1010 ion/cm2 to 5 × 1012 ion/cm2.  
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Fig. 5. (A) Excitation spectrum of pristine MgB4O7:Eu phosphor with inset showing the various transitions, (b) and (c) emission spectra of pristine and SHI Ag7+ and 
Ni7+ ion irradiated MgB4O7: 1 % Eu3+ phosphor for different fluences and (d) the plot of emission intensity variation as a function of ion beam fluence for Ag7+ and 
Ni7+ ions. 

Fig. 6. CIE chromaticity diagram of 100 MeV Ag7+ and Ni7+ ion irradiated MgB4O7:Eu (1%) phosphor.  
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cδ = 0.976 + 7.3 (μg - 0.42), bδ = 0                                                          

cω = 2.52 + 10.2 (μg - 0.42), bω = 1                                                        

The order of kinetics is calculated via form factor μg, 

μg =
δ
ω (2)  

where μg is a symmetry factor, and for general order kinetics it lies be-
tween 0.42 and 0.52. All the calculations of activation energy and order 
of kinetics are made via general order kinetics [52,55] and are 
mentioned in Table 4. 

4.5.2. Whole glow peak method 
Whole glow peak method is used to evaluate the energy parameters 

of isolated TL glow peaks. Two TL glow peaks are observed upon irra-
diation with 100 MeV Ag7+ and Ni7+ ions at fluence 5 × 1012 ion/cm2. 
The area ‘n’ under each glow peak and its order of kinetics (b) is asso-
ciated with each other as per equation (3) 

ln
(

TLexp

nb

)

= ln
(

s1

β

)

−

(
E
kT

)

(3)  

where s1 (cm3(b− 1) s− 1) is effective frequency factor. 
Fig. 11 depicts various plots of (TLexp/nb) against 1/(kT) corre-

sponding to b = 1, 1.2, 1.5, 1.8, and 2. Fig. 11 (a) Peak 1 and (b) peak 2 
correspond to 100 MeV Ag7+ irradiated TL glow peaks, and Fig. 11 (c) 
Peak 1 and (d) peak 2 correspond to 100 MeV Ni7+ irradiated TL glow 
peaks at fluence of 5 × 1012 ion/cm2. The regression square fitting for 
the best values of ‘b’ can be selected through the plot [51,52]. Also, the 
best slope and intercept values are used for the determination of acti-
vation energy (E) and frequency factor (b) respectively, 

s= βe(intercept) (4)  

where. 
‘s’ is frequency factor, and ‘β’ is heating rate (i.e. 5 ◦C s− 1). 
All information gathered from the whole peak method is incorpo-

rated in Table 4. 

4.5.3. Glow curve deconvolution 
Glow curve deconvolution (GCD) is a method to characterize whole 

TL glow curve into individual glow peaks by accurate fitting and to 
evaluate their kinetic parameters. The kinetic parameters are associated 

Table 3 
Colour co-ordinates and values of CIE parameters of 100 MeV Ag7+ and Ni7+ ion irradiated MgB4O7:Eu (1%) phosphor.   

Ag7+ Ni7+

MgB4O7: 1 % Eu3þ phosphor x 
co-ordinates 

y 
co-ordinates 

x 
co-ordinates 

y 
co-ordinates 

Pristine 0.5651 0.4152 0.5677 0.4271 
1 x 1010 ion/cm2 0.5755 0.4195 0.5677 0.4171 
1 x 1011 ion/cm2 0.5761 0.4015 0.5767 0.4065 
1 x 1012 ion/cm2 0.5755 0.4149 0.5708 0.4272 
5 x 1012 ion/cm2 0.5750 0.4315 0.5673 0.4402  

Fig. 7. TL Glow curves of MgB4O7:Eu phosphor exposed to 100 MeV (a) Ag7+ ion and (b) Ni7+ ion from 1 × 1010 ion/cm2 to 5 × 1012 ion/cm2.  

Fig. 8. Linear TL dose response of MgB4O7: Eu phosphor from 1 × 1010 ion/ 
cm2 to 5 × 1012 ion/cm2 of 100 MeV Ag7+ and Ni7+ ion. 
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with the electron traps [56]. After the irradiation with 100 MeV Ag7+

and Ni7+ ion on MgB4O7: Eu phosphor, two main TL glow peaks are 
observed which are deconvoluted by Kitis equation of general order 
kinetics (5) as follows,  

where I(T) represents TL intensity at temperature T(K), 
Tm is the temperature corresponding to maximum peak intensity 

(Im), 
k is Boltzmann’s constant (8.6 × 10− 5 eV/K), 
and E is activation energy (eV). 
The general order of kinetics expression not only satisfies the first 

order (b = 1) and second order (b = 2) kinetics but, it also fulfils the 
conditions of all other probable values of order of kinetics which come in 
between 1 and 2 [57,58]. Activation energy (E) is the energy required to 
recombine the electrons from trapping centres. Frequency factor (s− 1) is 
nothing but the vibration frequency of the particles which depends on 
the temperature. 

The equation of general order kinetics to find frequency factor [59] is 
as follows: 

S=
βE

kT2
m

(

1 + (b − 1) 2kTm
E

) exp
(

−
E

kTm

)

(6)  

where β is heating rate i.e. 5 ◦C/s. 
Fig. 12 (a) and (b) represent a glow curve deconvolution of MgB4O7: 

Eu phosphor irradiated by 100 MeV Ag7+ and Ni7+ ions respectively at 
the fluence of 5 × 1012 ion/cm2. All the measured kinetic parameters 
such as activation energy, frequency factor, and order of kinetics are 
mentioned in Table 5. The figure of merit (FOM) reveals the best fitting 
between experimental and theoretical values and it is determined to be 
only 2 % and 2.5 % for both glow curve fittings. Fig. 12 (a) represents 

Fig. 9. Fading curves of the MgB4O7: Eu phosphor irradiated with 100 MeV (a) Ag7+ and (b) Ni7+ ion at fluence 5 × 1012 ion/cm2 over a period of two months.  

Fig. 10. The TL glow curve showing the parameters of peak shape method.  

Table 4 
Glow curve trapping parameters of MgB4O7: Eu phosphor using whole peak method.   

Peak shape method Whole glow peak method 

Ion Peak Order of Kinetics (b) Frequency Factor (s− 1) Trap Depth Energy (eV) Order of Kinetics (b) Trap Depth Energy (eV) 
Ag7+ Peak 1 1.5 7.70 × 1010 1.13 ± 0.005 1.2 1.058 ± 0.004 

Peak 2 1.8 1.58 × 1012 1.65 ± 0.007 1.8 1.654 ± 0.007 
Ni7+ Peak 1 1.5 1.11 × 1012 1.19 ± 0.02 1.5 1.190 ± 0.02 

Peak 2 1.8 1.84 × 1011 1.55 ± 0.01 1.8 1.550 ± 0.01  

I(T)= Imb

(

b
b− 1

)

exp
[(

E
kT

)(
T − Tm

Tm

)]{

(b − 1)
T2

T2
m

(

1 −
2kT

E

)

exp
[(

E
kT

)(
T − Tm

Tm

)]

+ 1 + (b − 1)
2kTm

E

}− b
b− 1

(5)   
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100 MeV Ag7+ irradiated glow curve possessing 5 trapping levels with 
activation energies of around 1 eV, 1.27 eV, 1.55 eV, 1.59 eV and 1.66 
eV. Fig. 12 (b) represents 100 MeV Ni7+ irradiated glow curve having 5 
trapping levels with activation energies around 1.04 eV, 1.14 eV, 1.4 eV, 
1.49 eV, and 1.85 eV. 

4.6. Crystal structure and electronic properties from density functional 
theory 

The optimized crystal structure of pure MgB4O7 containing 96 atoms 
(8 Mg, 32 B and 56 O) is shown in Fig. 13 (a). The structure optimizes in 

Fig. 11. Plot of ln(Tm
2 /β) vs 1/kTm to evaluate the energy parameters of TL glow curve of 100 MeV Ag7+ (a) peak 1 and (b) peak 2 and 100 MeV Ni7+ (c) peak 1 and 

(d) peak 2 of MgB4O7: Eu phosphor at fluence of 5 × 1012 ion/cm2. 

Fig. 12. The GCD curve of MgB4O7: Eu phosphor irradiated at 100 MeV (a) Ag7+ ions and (b) Ni7+ ions with fluence of 5 × 1012 ion/cm2.  

K.H. Gavhane et al.                                                                                                                                                                                                                            



Optical Materials 150 (2024) 115205

11

orthorhombic phase with space group no. 61 (Pbca). The optimized 
lattice parameters are a = 8.12 Å, b = 13.89 Å and c = 8.73 Å. 

In order to investigate the effect of doping with low concentration of 
Eu in MgB4O7, we have employed 2 × 2 × 1 supercell of MgB4O7 and 
have checked possible doping of Eu atom separately at Mg and B sites. 
The doping of Eu atom at Mg site in the 2 × 2 × 1 supercell is shown in 
Fig. 13 (b). The supercell contains 31 Mg atoms, 128 B atoms, 224 O 

atoms and 1 Eu atom, giving 3.125 % of Eu doping at Mg site in the 
system, whereas doping Eu at B site. 

(not shown) leads to 32 Mg atoms, 127 B atoms, 224 O atoms and 1 
Eu atom leading to 0.78 % of Eu doping at B site. We have fully relaxed 
both the structures (Eu at Mg site and B site) using DFT calculations 
without considering Hubbard U parameter. Our results yield lattice 
parameters a = 8.13 Å, b = 13.92 Å and c = 8.74 Å for Eu doped at Mg 
site. The lattice parameters of MgB4O7 are enhanced slightly after Eu 
doping at Mg site, indicating slight expansion in the lattice due to larger 
ionic radius of Eu atom, which is consistent with the previous calcula-
tions of Eu doping in other crystals [60]. Interestingly, after doping Eu at 
B site, the lattice parameters tend to shrink (a = 8.11 Å, b = 13.87 Å, c =
8.72 Å) than that of MgB4O7:Eu with Eu doped at Mg site as well as pure 
MgB4O7. In both the doped structures, the Eu atom occupies a site with 
no inversion symmetry. Our computationally optimized structures, their 
lattice parameters and symmetry generally match with our experimental 
results. 

The relative stability of the two structures (a) Eu doped at B site in 
MgB4O7 and (b) Eu doped at Mg site in MgB4O7 is determined by 
computing cohesive energies and formation energies for both the cases. 
The cohesive energy per atom for Eu substituted at B/Mg site in the 
supercell Mg32B128O224 is calculated as 

EB
coh =

ETotal −
(
32 EMg + 127 EB + 224 EO + EEu

)

384
and

EMg
coh =

ETotal −
(
31 EMg + 128 EB + 224 EO + EEu

)

384  

where ETotal is the total energy of the substituted system and EX is the 
energy of atom X. The formation energy for Eu substituted at B/Mg site 
in Mg32B128O224 is calculated as 

EB
form =E{Mg32B127O224Eu) −

(
E{Mg32B128O224} − EB +EEu

)

and 

EMg
form =E{Mg31B128O224Eu) −

(
E{Mg32B128O224} − EMg +EEu

)

Our cohesive energy calculations for (a) Eu doped at B site in MgB4O7 
and (b) Eu doped at Mg site in MgB4O7 give EB

coh = − 6.80 eV/atom and 
EMg

coh = − 6.82 eV/atom indicating that Eu marginally favors Mg site for 
the substitution than B site. The formation energy for cases (a) and (b) 
are 25.74 eV and 19.53 eV respectively, indicating again that case (b) is 
more favored, i.e., Eu atom prefers to replace Mg atom than B atom in 
agreement with our experimental results. Experimental results predict 
existence of Eu3+ ion in the doped system and therefore it is expected 
that Eu may substitute B in MgB4O7 but our results indicate the contrary. 

The electronic band structure and corresponding site projected 
density of states for pristine MgB4O7 are shown in Fig. 14. Our electronic 
structure calculations show that pure MgB4O7 is a large band gap (5.81 
eV) insulator. The valence bands are mostly from O-2p states and span 
entire valence band region. The O-2p states hybridize majorly with B-2p 
with minor contribution from Mg-3 (sp) states. The conduction bands 
are relatively widely dispersed and are contributed by B-2p and Mg-3s 

Table 5 
Glow curve trapping parameters of MgB4O7: Eu phosphor using Kitis equation.  

Sample Name Ion beam (100 MeV) Peak Temperature (Tm) Order of Kinetics (b) Trap Depth (eV) Frequency Factor (s− 1) FOM (%) 

MgB4O7:Eu Ag 7þ P1 175 1.15 1 ± 0.05 2.76 × 1012 2.1 % 
P2 188 1.25 1.27 ± 0.01 1.42 × 1015 

P3 265 1.08 1.55 ± 0.01 5.54 × 1015 

P4 284 1.46 1.59 ± 0.02 3.90 × 1015 

P5 303 1.99 1.66 ± 0.03 6.30 × 1015 

Ni 7þ P1 161 1.35 1.04 ± 0.02 2.05 × 1013 2.5 % 
P2 175 1.16 1.14 ± 0.01 1.18 × 1014 

P3 265 1.9 1.4 ± 0.02 1.96 × 1014 

P4 273.5 1.65 1.49 ± 0.01 8.54 × 1014 

P5 295 1.51 1.85 ± 0.02 4.61 × 1016  

Fig. 13. (color online) The optimized crystal structure of (a) pure MgB4O7 and 
(b) Eu doped at Mg site in MgB4O7 2 × 2 × 1 supercell. The corners of all 
polyhedra are oxygen atoms and are shown by red spheres. The atoms in green 
polyhedra are B sites, whereas the orange polyhedra enclose Mg atoms. In 
MgB4O7:Eu, the purple polyhedron encloses Eu atom. 
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Fig. 14. (color online) Electronic band structure and site projected density of states (DOS) for pure MgB4O7. DOS for majority and minority spins are shown 
separately in the left and right panels respectively. 

Fig. 15. (color online) Electronic band structure and site projected density of states (DOS) for (a) Eu doped at B site in MgB4O7 without Hubbard U, (b) Eu doped at 
Mg site in MgB4O7 without U, (c) Eu doped at Mg site in MgB4O7 with Ueff = 2.25 eV and (d) Eu doped at Mg site in MgB4O7 with Ueff = 6.25 eV. The band structure 
shows bands for both the spins while the left and right panels depict DOS for majority and minority spins respectively. 
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states with minor O-2p orbital character. The optical response for pure 
MgB4O7 is mainly from O-2p states of the valence band to B-2p states or 
Mg-3s states of the conduction band. After Eu doping in MgB4O7, the 
location of the electronic states is significantly affected. In addition, the 
Eu site shows on-site exchange splitting due to the half-filled 4f shell 
with high magnetic moment of 6.98 μB. The 4f shell induces small spin 
polarization on its own s, p and d electronic states. The induced spin 
polarization on the neighbouring sites due to Eu-4f states is negligible 
due to highly localized nature of 4f wavefunctions. The exact location of 
the electronic states of all atoms including Eu-4f are sensitive to the 
choice of Hubbard U parameter. In order to optimize the computational 
time for tuning the Hubbard U parameter for Eu-4f states in MgB4O7:Eu 
(Eu substituted at Mg site), we have considered previously tuned U 
parameter by Kuneš et al. for Eu-4f states, i.e., Ueff = 6.25 eV. Two 
additional calculations – one without U and other with Ueff = 2.25 eV 
[33] are carried out to understand the general trend of the location of 
electronic states in the band structure. 

We discuss the electronic structure of MgB4O7:Eu for four different 
cases, (a) Eu doped at B site without inclusion of U (Fig. 15 (a)), (b) Eu 
doped at Mg site without inclusion of U (Fig. 15 (b)), (c) Eu doped at Mg 
site with Ueff = 2.25 eV (Fig. 15 (c)) and (d) Eu doped at Mg site with 
Ueff = 6.25 eV (Fig. 15 (d)). 

For the case (a), occupied Eu 4f states for majority spin appear at 
valence band maximum and due to their highly localized nature, bands 
are flat. The majority 4f states span 0–1 eV spectrum below the Fermi 
energy and are immediately followed by O-2p states down in the valence 
band region. These majority spin 4f states act as donor states, since they 

give additional electrons to the system. These states also act as trapping 
sites for excited electrons from the valence bands. Defect levels due to Eu 
4f minority spin states appear in the region 3.5–4.5 eV above the Fermi 
level. The conduction bands, around 4.6 eV above the Fermi energy are 
mainly from B-2p states hybridized with Mg-3 (sp) states. For Eu at B 
site, without considering Hubbard U effect, the optical response is due to 
transition between Eu-4f (↑) to Eu-4f (↓) corresponding to wavelength in 
the region 275–365 nm. 

For the case (b), where Eu is doped at Mg site and Hubbard U 
parameter is not considered, we find occupied O-2p states are distinctly 
separated by approximately 5 eV below the Eu-4f majority states which 
appear at the Fermi energy. This separation can be assigned to the 
charge transfer from O-2p states to Eu-4f states corresponding to 
wavelength of 250 nm approximately. This number corroborates well 
with our experimental result of photoluminescence excitation spectrum. 
The B-2p states in the conduction band are observed at 0.43 eV above the 
Fermi energy, whereas the peak in DOS of unoccupied Eu 4f (↓) states is 
located at approximately 4.5 eV above the Fermi energy. For the pho-
toluminescence considered between Eu-4f (↑) - Eu-4f (↓), the calculated 
emission wavelength spans a region 250–300 nm. 

For case (c) where, Eu is doped at Mg site and the effective Hubbard 
parameter is considered as Ueff = 2.25 eV, the occupied O-2p states are 
observed at 4.5 eV below the Fermi energy and they are relatively closer 
to the Fermi energy in comparison to those in case (b). The majority Eu- 
4f states continue to stay at Fermi energy as in case (b) whereas unoc-
cupied, minority spin Eu-4f are located approximately at 6.7 eV above 
the Fermi energy (not shown in the figure). In this case, the optical 

Fig. 15. (continued). 
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response of the photoluminescence can occur with the wavelengths 275 
nm and 185 nm, for O-2p → Eu-4f (↑) and Eu-4f (↑) → Eu-4f (↓) states 
respectively. The former agrees well with the experimental photo-
luminescence result. 

For case (d), where we considered Ueff = 6.25 eV for Eu-4f states, 
with Eu doped at Mg site, we observe that all valence and conduction 
band states are shifted by around 2.5 eV towards higher binding energy 
with respect to the pure MgB4O7 structure, which is consistent with the 
earlier reports of doping of Eu atoms in phosphor systems [61,62]. In 
addition, the majority spin 4f states appear in the band gap region of the 
host whereas the minority spin 4f states are located approximately 
10–11 eV above the Fermi energy (not shown in the figure). Since the 
valence band maximum is dominated by O-2p, the luminescence char-
acteristics and optical response is due to transition between O-2p → 
Eu-4f (↑) states. Our calculated energy separation between O-2p and 
Eu-4f (↑) states is 2.58 eV, which corresponds to wavelength of 480 nm. 
This corresponds to charge transfer state seen in photoluminescence 
excitation spectra but the value does not agree with our experimental 
result. 

Electronic structure calculations based on density functional theory 
provide single particle states which can provide an estimate for the 
transitions observed in experiments. Our calculations for estimating the 
optical response in all the cases (a)-(d) discussed above show that the 
charge transfer state from O-2p states to Eu-4f (↑) states is observed only 
when Eu is doped at Mg site. Depending on the value of the Hubbard U 
parameter, the state ranges from 250 nm to 480 nm in comparison with 
our experimental value of 280 nm, the closest being 275 nm for Ueff =

2.25 eV. The shortest Eu-4f (↑) - Eu-4f (↓), separation observed is ~3.5 
eV for Eu doped at B site corresponding to 365 nm of optical transition. 
For Eu doped at Mg site, which is energetically more favorable, the 
transition Eu-4f (↑) - Eu-4f (↓) has range 250–300 nm when Hubbard U is 
not considered and 160–225 nm when Ueff = 2.25 eV. However, the 
limitations of DFT as a mean field theory, predicting the single particle 
like states need to be noted. 

5. Conclusions 

In summary, MgB4O7:Eu phosphor system has been successfully 
synthesized via hydrothermal route and its SHI induced TL dosimetric 
properties are studied systematically. The structural studies of SHI 
irradiated MgB4O7:Eu (1 mol %) reveal that although the phosphor 
material loses its crystallinity, the crystal structure of the phosphor re-
mains unchanged. SRIM calculations represent the projectile ranges and 
nuclear and electronic energy losses of 100 MeV Ag7+ and Ni7+ ion 
beams which are responsible for the ionization and luminescence per-
formance of material. Photoluminescence studies show emission bands 
in the orange-red region with prominent peaks at ~593 nm and ~625 
nm attributed to the 5D0→7F1 (MD) and 5D0→7F2 (ED) transitions of 
Eu3+ion. The relative intensity ratio of EDT and MDT provide infor-
mation about the local site symmetry of europium ions in the matrix. 
The correlation between the ion beam fluence and photoluminescence 
properties is briefly discussed. A variation in PL intensity is observed 
upon ion beam irradiation and different fluence owing to modification 
of defect/luminescent centres. TL glow curves of the 100 MeV Ag7+ and 
Ni7+ ion irradiated beams show two prominent glow peaks. The TL peak 
intensity varies without any modification in its shape and position in the 
range of 1 × 1010 to 5 × 1012 ion/cm2, which may be a result of 
modification of luminescent centres at various fluences of ion beams. 
Fading in the phosphor is only 10 % for Ag7+ ion irradiation and 12 % 
for Ni7+ ion irradiation over a period of two months for both the 
dominant peaks. Kinetic parameters which are responsible for the TL 
glow curve are calculated via peak shape method, whole glow peak 
method, and glow curve deconvolution method using Kitis equations. 
DFT computational studies are performed to know the electronic 
structure of Eu doped MgB4O7 phosphor. The optimized structural pa-
rameters and structure symmetry matches well with the experimental 

crystal structure obtained from XRD studies and photoluminescence 
studies respectively. Electronic structure studies and energetics reveal 
substitution of Eu at the Mg site in agreement with the experimental 
results. Overall, owing to the promising photoluminescence and ther-
moluminescence properties, Eu doped MgB4O7 phosphor may exhibit 
potential applications in the field of lighting applications and swift 
heavy ion dosimetry. 

CRediT authorship contribution statement 

Kishor H. Gavhane: Writing – original draft, Visualization, Meth-
odology, Investigation, Data curation, Conceptualization. M.S. Bha-
dane: Software, Formal analysis. Preeti P. Kulkarni: Visualization, 
Software, Formal analysis. Vikas Kashid: Software, Investigation, 
Formal analysis. V.S. Ghemud: Resources, Formal analysis. K. Hare-
esh: Resources. K. Asokan: Resources. Anjali Kshirsagar: Writing – 
review & editing, Supervision, Formal analysis. V.N. Bhoraskar: Re-
sources. S.D. Dhole: Writing – review & editing, Supervision, Resources, 
Project administration, Funding acquisition. S.S. Dahiwale: Writing – 
review & editing, Supervision, Resources, Project administration, Data 
curation. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

PPK acknowledges Financial support from the Department of Science 
and Technology, DST-Women Scientist A (File No: DST/WOS-A/CS- 
175/2021). MSB is grateful to the Principal and management of the 
Rayat Shikshan Sanstha’s Dada Patil Mahavidyalaya, Karjat, for the 
encouragement and motivation towards research. VK and AK acknowl-
edge Savitribai Phule Pune University for SPPU Post-Doctoral fellowship 
and Emeritus Professorship respectively. We also acknowledge Gov-
ernment of India for the use of Param Brahma Supercomputing facility 
under the National Supercomputing Mission. Authors are thankful to 
various funding agencies for providing the financial support to purchase 
the following characterization techniques: SEM (DST-FIST-SR/FST/PS II 
– 003/2000), XRD (UGC-CNQS-1-11/2001(NS/PE)). 

References 

[1] S.P. Lochab, N. Salah, P.D. Sahare, R.S. Chauhan, R. Ranjan, Thermoluminescence 
of Ba0.97Ca0.03SO4:Eu irradiated with 48 MeV 7Li ion beam, Nucl. Instruments 
Methods Phys. Res. Sect. B Beam Interact. with Mater. Atoms. 254 (2007) 231–235, 
https://doi.org/10.1016/j.nimb.2006.11.062. 

[2] S.C. Prashantha, B.N. Lakshminarasappa, F. Singh, 100 MeV Si 8 ion induced 
luminescence and thermoluminescence of nanocrystalline Mg 2SiO 4:Eu 3, 
J. Lumin. 132 (2012) 3093–3097, https://doi.org/10.1016/j.jlumin.2012.03.030. 

[3] V.A. Skuratov, S.J. Zinkle, A.E. Efimov, K. Havancsak, Swift heavy ion-induced 
modification of Al2O3 and MgO surfaces, Nucl. Instruments Methods Phys. Res. 
Sect. B Beam Interact. with Mater. Atoms. 203 (2003) 136–140, https://doi.org/ 
10.1016/S0168-583X(02)02197-3. 

[4] A. Ganguly, S.S. Nath, M. Choudhury, Enhanced efficiency in swift heavy ion 
irradiated CdS quantum dots sensitized solar cell, IEEE Photon. Technol. Lett. 30 
(2018) 1735–1738, https://doi.org/10.1109/LPT.2018.2868517. 

[5] T. Phukan, D. Kanjilal, T.D. Goswami, H.L. Das, Study of optical properties of swift 
heavy ion irradiated PADC polymer, Radiat. Meas. 36 (2003) 611–614, https://doi. 
org/10.1016/S1350-4487(03)00210-5. 

[6] R. Kumaravel, K. Ramamurthi, I. Sulania, K. Asokan, D. Kanjilal, D.K. Avasti, P. 
K. Kulria, Effect of swift heavy ion irradiation on structural, optical and electrical 
properties of spray deposited CdO thin films, Radiat. Phys. Chem. 80 (2011) 
435–439, https://doi.org/10.1016/j.radphyschem.2010.09.013. 

K.H. Gavhane et al.                                                                                                                                                                                                                            

https://doi.org/10.1016/j.nimb.2006.11.062
https://doi.org/10.1016/j.jlumin.2012.03.030
https://doi.org/10.1016/S0168-583X(02)02197-3
https://doi.org/10.1016/S0168-583X(02)02197-3
https://doi.org/10.1109/LPT.2018.2868517
https://doi.org/10.1016/S1350-4487(03)00210-5
https://doi.org/10.1016/S1350-4487(03)00210-5
https://doi.org/10.1016/j.radphyschem.2010.09.013


Optical Materials 150 (2024) 115205

15

[7] L.L. Araujo, R. Giulian, D.J. Sprouster, C.S. Schnohr, D.J. Llewellyn, 
B. Johannessen, A.P. Byrne, M.C. Ridgway, Structural properties of embedded Ge 
nanoparticles modified by swift heavy-ion irradiation, Phys. Rev. B Condens. 
Matter 85 (2012) 1–11, https://doi.org/10.1103/PhysRevB.85.235417. 

[8] M. Backman, M. Toulemonde, O.H. Pakarinen, N. Juslin, F. Djurabekova, 
K. Nordlund, A. Debelle, W.J. Weber, Molecular dynamics simulations of swift 
heavy ion induced defect recovery in SiC, Comput. Mater. Sci. 67 (2013) 261–265, 
https://doi.org/10.1016/j.commatsci.2012.09.010. 

[9] P. Marie, M. Levalois, E. Paumier, Swift-heavy-ion induced damage in germanium: 
an evaluation of defect introduction rates, J. Appl. Phys. 79 (1996) 7555–7562, 
https://doi.org/10.1063/1.362411. 

[10] E. Balanzat, N. Betz, S. Bouffard, Swift heavy ion modification of polymers, Nucl. 
Instrum. Methods Phys. Res. B. 105 (1995) 46–54, https://doi.org/10.1016/0168- 
583X(95)00521-8. 

[11] F.S.S. Satyanarayana Reddy, K.R. Nagabhushana, Mechanism of 
thermoluminescence in high energy carbon ion irradiated Tb3+ doped Al2O3 
phosphor for carbon ion beam dosimetry, Mater. Res. Express 4 (2017) 095023, 
https://doi.org/10.1088/2053-1591/aa8928. 

[12] G. Kasuya, H. Tsuji, Carbon Ion Radiotherapy, 2016, https://doi.org/10.1016/ 
b978-1-4160-5897-7.00072-x. 

[13] N. Salah, Nanocrystalline materials for the dosimetry of heavy charged particles: a 
review, Radiat. Phys. Chem. 80 (2011) 1–10, https://doi.org/10.1016/j. 
radphyschem.2010.08.003. 

[14] S. Som, S. Dutta, V. Kumar, V. Kumar, H.C. Swart, S.K. Sharma, Swift heavy ion 
irradiation induced modification in structural, optical and luminescence properties 
of Y2O3:Tb3+ nanophosphor, J. Lumin. 146 (2014) 162–173, https://doi.org/ 
10.1016/j.jlumin.2013.09.058. 

[15] S. Som, S. Dutta, M. Chowdhury, V. Kumar, V. Kumar, H.C. Swart, S.K. Sharma, 
A comparative investigation on ion impact parameters and TL response of Y2O3: 
Tb3+ nanophosphor exposed to swift heavy ions for space dosimetry, J. Alloys 
Compd. 589 (2014) 5–18, https://doi.org/10.1016/j.jallcom.2013.11.182. 

[16] V. Kumar, H.C. Swart, O.M. Ntwaeaborwa, R. Kumar, S.P. Lochab, V. Mishra, 
N. Singh, Thermoluminescence response of CaS:Bi3+ nanophosphor exposed to 
200 MeV Ag+15 ion beam, Opt. Mater. 32 (2009) 164–168, https://doi.org/ 
10.1016/j.optmat.2009.06.018. 

[17] N.J. Shivaramu, B.N. Lakshminarasappa, F. Singh, E. Coetsee, H.C. Swart, 
Photoluminescence, thermoluminescence and defect centres in Y2O3 and Y2O3: 
Tb3+ under 100 MeV swift Ni8+ ion beam irradiation, Mater. Res. Bull. 102 
(2018) 62–69, https://doi.org/10.1016/j.materresbull.2018.02.009. 

[18] L. Freire de Souza, L.V.E. Caldas, D.O. Junot, A.M.B. Silva, D.N. Souza, Thermal 
and structural properties of magnesium tetraborate produced by solid state 
synthesis and precipitation for use in thermoluminescent dosimetry, Radiat. Phys. 
Chem. 164 (2019) 108382, https://doi.org/10.1016/j.radphyschem.2019.108382. 

[19] T.M. Oliveira, A.F. Lima, M.G. Brik, S.O. Souza, M.V. Lalic, Electronic structure and 
optical properties of magnesium tetraborate: an ab initio study, Comput. Mater. 
Sci. 124 (2016) 1–7, https://doi.org/10.1016/j.commatsci.2016.07.007. 

[20] L.F. Souza, R.M. Vidal, S.O. Souza, D.N. Souza, Thermoluminescent dosimetric 
comparison for two different MgB4O7: Dy production routes, Radiat. Phys. Chem. 
104 (2014) 100–103, https://doi.org/10.1016/j.radphyschem.2014.04.036. 

[21] N. Nur, D. Evis, E. Bahçeci, T. Depci, R.G. Yildirim, V.E. Kafadar, 
Thermoluminescence properties of strontium doped magnesium tetraborate, Appl. 
Radiat. Isot. 146 (2019) 5–9, https://doi.org/10.1016/j.apradiso.2019.01.006. 

[22] L.F. Souza, A.M.B. Silva, P.L. Antonio, L.V.E. Caldas, S.O. Souza, F. d’Errico, D. 
N. Souza, Dosimetric properties of MgB4O7:Dy,Li and MgB4O7:Ce,Li for optically 
stimulated luminescence applications, Radiat, Meas 106 (2017) 196–199, https:// 
doi.org/10.1016/j.radmeas.2017.02.009. 

[23] B. Palan, A.O. Chauhan, N.S. Sawala, N.S. Bajaj, S.K. Omanwar, 
Thermoluminescence and optically stimulated luminescence properties of 
MgB4O7: Ag phosphor, Int. J. Lumin. Appl. 4 (2015) 408–410. https://www.resea 
rchgate.net/profile/Niraj_Sawala/publication/288567448_Thermoluminescence 
_and_Optically_Stimulated_Luminescence_Properties_of_MgB4O7_Ag_Phosphor/li 
nks/5682139808ae1975838f9c18.pdf. 

[24] C. Furetta, G. Kitis, P.S. Weng, T.C. Chu, Thermoluminescence characteristics of 
MgB4O7 : Dy,Na, nucl, Instruments Methods Phys. Res. Sect. A Accel. 
Spectrometers, Detect. Assoc. Equip. 420 (1999) 441–445, https://doi.org/ 
10.1016/S0168-9002(98)01198-X. 

[25] Y.S. Kawashima, C.F. Gugliotti, M. Yee, S.H. Tatumi, J.C.R. Mittani, 
Thermoluminescence features of MgB4O7: Tb phosphor, Radiat. Phys. Chem. 95 
(2014) 91–93, https://doi.org/10.1016/j.radphyschem.2012.12.033. 

[26] O. Annalakshmi, M.T. Jose, U. Madhusoodanan, B. Venkatraman, G. Amarendra, 
Synthesis and thermoluminescence characterization of MgB4O 7:Gd,Li, Radiat, 
Meas 59 (2013) 15–22, https://doi.org/10.1016/j.radmeas.2013.10.001. 

[27] N. Salah, S. Habib, S.S. Babkair, S.P. Lochab, V. Chopra, TL response of 
nanocrystalline MgB4O7 : Dy irradiated by 3 MeV proton beam , 50 MeV Li 3 þ and 
120 MeV Ag 9 þ ion beams, Radiat. Phys. Chem. J. 86 (2013) 52–58, https://doi. 
org/10.1016/j.radphyschem.2013.01.034. 

[28] S. Dutta, S.K. Sharma, S.P. Lochab, CaMoO4:Dy phosphor as effective detector for 
swift heavy ions - depth profile and traps characterization, J. Lumin. 170 (2016) 
42–49, https://doi.org/10.1016/j.jlumin.2015.10.026. 

[29] G. Kresse, J. Furthmiiller, Efficiency of ab-initio total energy calculations for metals 
and semiconductors using a plane-wave basis set av, Comput. Mater. Sci. 6 (1996) 
15–50. 
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A B S T R A C T   

The quaternary semiconductor Cu2FeSnS4 (CFTS) has attracted attention of the research community due to its 
optical and electrical properties, earth abundance and non-toxicity. CFTS powder has been successfully syn-
thesized using solvothermal technique. X-ray diffraction peaks and Raman spectra confirm structural formation 
of the compound, and XPS studies determine the oxidation states of Cu, Fe, Sn and S to be +1, +2, +4 and − 2 
respectively. The scanning electron microscopy images show nanosheet array-like morphology and the stoichi-
ometry ratio of 2:1:1:4 for Cu, Fe, Sn and S respectively is obtained from EDS measurements. Direct band gap of 
1.52 eV has been estimated using the Tauc plot. The experimental findings have been supported computationally 
using density functional theory (DFT) based calculations performed within quantum espresso (QE) software. The 
stannite phase is observed to be the ground state and is in accordance with the experimental observation. The 
total density of states (DOS) and projected DOS show the contribution of each elemental species in valence and 
conduction bands. A direct band gap of 1.51 eV obtained from HSE06 hybrid functional is in good agreement 
with the Tauc plot result. Further, the cation defect formation calculations show that Cu vacancy is most likely to 
be formed among the cations. The computationally obtained absorption spectra confirms the application of CFTS 
as absorber layer in a solar cell. The electrical study of the p-CFTS and n-CdS junction is carried out using J-V 
response. The calculated ideality factor, series resistance and power conversion efficiency show promising 
application in photovoltaic industry. The present work fills the existing gap in the published literature of a 
systematic experimental and computational study of CFTS semiconductor, which has application in varied fields.   

1. Introduction 

The energy requirement of mankind is increasing day by day and 
fossil fuels alone cannot fulfill the requirement. Solar energy is consid-
ered to be the most promising supplementary source of energy due to its 
availability and various modes of its utilization. Solar photovoltaic (PV) 
technology harnesses solar energy with highest efficiency and is still 
under development. With the improvising technology and materials 
used, various generations of solar cell have been classified. At present, 
third and fourth generations of solar cells are being explored rigorously. 
The solar cells having highest efficiency based on silicon (Si), copper 
indium gallium selenide (CIGS) and cadmium telluride (CdTe) are either 

expensive or contain toxic materials or have materials with limited re-
serves. Hence, the research community is exploring eco-friendly mate-
rials with abundant reserves that can be synthesized easily and 
economically. 

The quaternary semiconductor copper zinc tin sulfide (CZTS) having 
chemical formula Cu2ZnSnS4 is one such semiconductor with promising 
electric and optical properties for solar cell applications. After a decade 
of research, the efficiency of the CZTS solar cell could not match with the 
well-established competitors and therefore there exists a lot of scope to 
explore similar materials. One such quaternary semiconductor 
Cu2FeSnS4 (CFTS) is proving to be an alternative with similar optical 
absorption, band gap, electrical conductivity and structural stability. 
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CFTS can be synthesized using various physical and chemical techniques 
like microwave synthesis, solvothermal route, sputtering, electrodepo-
sition etc. Although CFTS has been explored experimentally, very less 
computational literature is available till date. The synthesis of CFTS thin 
films using RF magnetron sputtering has been discussed by Meng et al. 
[1]. The sputtered thin films have been annealed and then used for 
characterization. The thin films are found to be stoichiometric with 
stannite phase geometry and having a band gap of 1.1 eV. Trajic et al. 
have analyzed the vibrational properties of mechanochemically syn-
thesized stannite Cu2FeSnS4 nanocrystals. They noticed the peaks cor-
responding to binary phases of FeS and SnS which disappeared when the 
milling time was longer than 90 min [2]. Cu2FT(S0.8Se0.2)4 material was 
synthesized by melt quench technique and subsequently thin films were 
deposited using thermal evaporation method by Tripathi et al. [3]. 
Compositional, structural, morphological and optical properties are 
characterized using XRD, SEM, EDS, Raman spectroscopy, FTIR and 
UV–Vis–NIR spectroscopy and the material has been shown to have 
potential to be used as an absorber layer in solar cell with optimal band 
gap of 1.49 eV and a high absorption coefficient (>104 cm− 1). In another 
work, Cao et al. have discussed the use of polyvinylpyrrolidone (PVP) in 
growth of CFTS nanospheres using solvothermal method [4]. The 
nanospheres have size distribution between 0.4 μm and 0.6 μm with a 
band gap value of 1.33 eV. The photo-response study of these nano-
spheres suggested potential application in solar cells. The illumination 
current value has increased considerably post annealing the p-n junc-
tion. Ghosh et al. [5] have used spin coating route for deposition of 
Cu2-II-Sn-S4 (II = Fe, Co and Ni) thin films on ITO substrate and have 
studied their properties using Raman spectroscopy and electrochemical 
impedance spectroscopy. These authors have also carried out compu-
tational studies of electronic structure using WIEN2K software. The 
computationally obtained structural, stoichiometric and optical prop-
erties are in corroboration with those found experimentally, suggesting 
possible application in photoelectric devices. Recently Varku et al. have 
carried out numerical modeling of various loss mechanisms which 
degrade the performance of CFTS solar cell [6]. It is observed that 
radiative recombination dominates in the bulk of the CFTS layer. 

The solvothermal synthesis method has upper hand due to its easy 
synthesis process and control over parameters for varying the 
morphology of the product. Nanowires, nanorods, nanosheets and 
nanospheres can be obtained by changing the solvent- solute concen-
trations, capping agent, synthesis time and temperature. We have 
therefore used solvothermal method for synthesizing CFTS powder. The 
structural, morphological and optical properties confirm the formation 
of CFTS nanosheet-like array with no secondary phases. In addition to 
the experiments, we have computationally explored CFTS using density 
functional theory based open-source software. 

2. Methodology 

2.1. Experimental details 

The chemicals, viz. copper (II) chloride dihydrate (CuCl2⋅2H2O), iron 
(III) chloride hexahydrate (FeCl3⋅6H2O), tin (II) chloride dihydrate 
(SnCl2⋅2H2O) and thiourea (SC (NH2)2) are used as Cu, Fe, Sn and S 
sources respectively. Polyvinylpyrrolidone (PVP) and ethylene glycol 
(EG) are used as capping agent and solvent respectively. CFTS nano 
particles have been synthesized using a simple solvothermal process. 
The precursors 1 mmol CuCl2⋅2H2O, 0.5 mmol FeCl3⋅6H2O, 0.5 mmol 
SnCl2⋅2H2O and 2 mmol thiourea (SC(NH2)2) are mixed in stoichio-
metric proportion of 2:1:1:4 respectively, along with 0.2 gm PVP and 60 
ml EG in a beaker. This mixture is magnetically stirred for 2 h to obtain a 
clear solution which is then transferred to a Teflon-lined stainless-steel 
autoclave. The autoclave is kept in a hot air oven for 24 h with the 
mixture temperature maintained at 180 

◦

C, and then the product is 
naturally cooled to room temperature. The final black product is cleaned 
several times by repeating the cycle of dispersing in ethanol, 

centrifugation at 3000 rpm for 15 min and discarding the ethanol. 
Finally, the CFTS powder is obtained by dissolving the centrifuged 
product in ethanol, followed by drying at 60 ◦C for 5 h in a hot air oven. 

The crystal structure of synthesized CFTS powder is analyzed by X- 
ray diffraction (XRD) (Bruker D8 Advance) using Cu-Kα (λ = 1.54 Å) 
radiation and Raman spectroscopy (RenishawInVia Raman microscope). 
A laser source having excitation wavelength of 532 nm is used for 
Raman analysis. UV–Vis–NIR spectrophotometer (JASCO, V-670) is used 
for recording the optical spectra. The morphology and chemical 
composition of CFTS nanoparticles is studied using scanning electron 
microscopy (SEM) and energy dispersive spectrometer (EDS) (JEOL 
JSM-6360-LA) techniques respectively. The chemical composition of the 
synthesized nanoparticles is examined with the help of X-ray photo-
electron spectroscopy (XPS) (Thermo Scientific, K-Alpha+). The current 
density–voltage (J-V) characteristic curves for the device are obtained 
using a Xe-based light source solar simulator with simulated 1 Sun AM 
1.5 G illumination and Keithley 2450 source meter. 

2.2. Computational details 

The computational work is carried out based on density functional 
theory (DFT) [7,8] as implemented in Quantum Espresso (QE) [9,10] 
package, using the projector augmented wave (PAW) method [11] with 
plane wave basis set with an energy cut-off of 70 Ry for expansion. The 
lattice parameters of CFTS unit cell consisting of 16 atoms is varied to 
get the optimized cell by minimization of the total energy of the system. 
The structure has been relaxed to fulfill the energy convergence criteria 
of 10− 5 Ry for electronic self-consistency and force convergence of 10− 3 

Ry/Å for ionic relaxation with the k-mesh of 6 × 6 × 3 for reciprocal 
space integration. Perdew-Burke-Ernzerhof (PBE) [12] generalized 
gradient approximation (GGA) for the exchange-correlation energy 
functional has been employed during optimization while to compare the 
theoretical band gap with experimental results, we have used 
Heyd-Scuseria-Ernzerhof (HSE06) [13] hybrid functional after optimi-
zation. We have then adopted a ladder approach: use of DFT to optimize 
the structure and get the electron energy values, subsequent single shot 
GW calculation for better estimate of band gap followed by solution of 
Bethe-Salpeter equation (BSE) to get the absorption spectrum [14,15]. 

Experimentally the vacancy defects are more dominant than other 
point defects; moreover, the vacancy concentration is very small. 
Therefore, the vacancy formation energy calculations are performed on 
a 2 × 2 × 1 super cell consisting of four unit cells (16 Cu, 8 Fe, 8 Sn and 
32 S atoms) with 70 Ry energy cut-off for plane wave expansion and 3 ×
3 × 3 k-mesh for reciprocal space integration. The super cell is not 
relaxed after the removal of an atom in order to mimic the experimental 
vacancy defect, where the parent structure remains unaltered. 

3. Results and discussion 

3.1. Structural analysis 

3.1.1. XRD, Raman and XPS analysis 
The XRD pattern in Fig. 1 shows the peaks appearing at 2θ = 28.49, 

32.84, 36.98, 40.93, 47.50 and 55.95 corresponding to (112), (200), 
(202), (114), (220) and (312) planes of tetragonal stannite phase 
respectively. These values match well with the JCPDS file 44-1476. The 
impurities like FeS, Cu2SnS4, Cu2FeS4 and CTS are absent in the sample 
as no peaks of these compounds are observed in the XRD pattern. The 
estimated average crystallite size of synthesized CFTS is around 20 nm, 
calculated using the Scherrer formula. The lattice parameters ‘a’ and ‘c’ 
are calculated to be 5.43 Å and 10.77 Å respectively, which give the 
distortion coefficient (ε = c/2a) as 0.99. The lattice parameter values 
agree with the JCPDS file 44-1476 data viz. a = 5.45 Å and c = 10.73 Å 
with the ε = 0.98. The calculated lattice parameters are within an error 
of < 0.5% of the standard values, a slight deviation in the calculated 
lattice parameters and those in the JCPDS file may be due to the 
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difference in the synthesis method. 
The Raman spectrum in Fig. 2 is used to confirm the phase and the 

symmetry of the crystal structure, and the strength of chemical bonds in 
synthesized CFTS sample. The Raman spectrum from 150 cm− 1–500 
cm− 1 shows the strongest peak positioned at 318 cm− 1 and an additional 
shoulder peak at 285 cm− 1. The most intense peak seen at 318 cm− 1 is 
attributed to the characteristic A1 mode representing symmetric vibra-
tions of sulfur atoms in CFTS [16,17]. The pure anion-mode of the sulfur 
atoms around the copper cation is represented by the shoulder peak at 
285 cm− 1. The peaks at 190, 269, 298, 307 and 473 cm− 1 as reported in 
existing literature corresponding to secondary phases SnS, Cu2-xS, 
Cu2SnS3, SnS2 and CuFeS2 respectively, along with some other peaks of 
similar impurities are absent in our sample [18]. The presence of char-
acteristic peaks along with absence of secondary/impurity peaks in-
dicates good crystallinity and pure phase of synthesized CFTS powder. 
These results are supportive to the XRD findings. 

The XPS full scan spectrum shown in Fig. 3 is analyzed and is used to 
study the elemental composition and respective oxidation states of the 
constituent elements in the as-synthesized CFTS powder. Figs. 4 (a) – (d) 
show the XPS survey spectrum depicting the peaks associated with four 

constituent elements (Cu, Fe, Sn, and S) of CFTS. The XPS PEAK 41 
software is used for the fitting of XPS spectrum of the constituent ele-
ments of CFTS sample. The two symmetric and narrow peaks at 932.14 
eV and 951.87 eV in XPS spectrum of Cu:2p correspond to 2p3/2 and 2p1/ 

2 respectively. The separation between the peaks is calculated to be 
19.73 eV and is attributed to the Cu+ state configuration [19]. The Fe 
peaks located at 711.52 eV and 725.90 eV correspond to 2p3/2 and 2p1/2 
respectively, along with the center peak at 715.5 eV arising due to 
Sn:2p3/2 [20,21]. 

The Sn:3d spectrum shows peaks Sn:3d5/2 and Sn:3d3/2 at 486.57 eV 
and 495.09 eV respectively. The separation between these two peaks is 
found to be 8.52 eV, indicating the presence of Sn4+ state in the com-
pound [22–24]. The spectrum of S:2p displays two peaks at 161.47 eV 
(2p3/2) and 162.49 eV (2p1/2) with the difference in binding energy of 
1.02 eV [22]. This observation is consistent with S2− state in the CFTS 
compound [19]. From the peak positions and the binding energy values 
calculated from the spectrum in Fig. 3, we can confirm the standard 
oxidation states of the elements Cu, Fe, Sn, and S to be +1, +2, +4 and −
2 respectively [19,22–24]. 

3.1.2. Geometry optimization 
The quaternary semiconductors are generally found to exhibit 

tetragonal structure with either kesterite or stannite phases, depending 
on the lattice sites occupied by the atoms. For the present study, we have 
simulated and optimized both kesterite and stannite phases of tetragonal 
CFTS, and the stannite phase is found to have total energy lower by 48 
meV, suggesting it to be more stable. The ground state crystal structure 
of stannite phase CFTS is depicted in Fig. 5. The unit cell consists of four 
copper (Cu), two iron (Fe), two tin (Sn) and eight sulfur (S) atoms placed 
at 4d, 2a, 2b and 8i Wyckoff positions respectively. The structure shows 
I4-2m symmetry of space group 121, in accordance with our experi-
mental results. The tetragonal structure has lattice parameters a = 5.57 
Å and c = 11.08 Å with the distortion coefficient having a value of 0.99, 
which is in good agreement with our experimental results with a devi-
ation of 2–3% in lattice parameters. 

3.2. Surface morphology analysis 

The microscopic characterization of CFTS powder is done using 
scanning electron microscopy (SEM). The SEM images of CFTS powder 
with different magnifications are shown in Fig. 6. The SEM images show 

Fig. 1. XRD pattern of synthesized CFTS powder.  

Fig. 2. Raman spectrum of CFTS powder showing absence of impurities.  

Fig. 3. XPS full scan spectrum of CFTS showing major peaks.  
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that PVP has played a key role as a surface ligand, which has resulted in 
the nucleation and growth of the final CFTS nanosheet array. The sur-
face morphology of CFTS powder shows the formation of nanosheet-like 
arrays grown radially. Each bundle of nanosheet consists of several rods 

and further magnification shows the formation of flakes. These flakes 
are 1–2 μm in length and about 500 nm in diameter with a thickness of 
about 50 nm. The uniform morphology of the nanosheet array may be 
arising due to the absorbance of PVP on the faces of surface atoms, 
which restricts the growth in that direction. 

3.3. Elemental composition analysis 

The stoichiometric composition of the synthesized CFTS powder has 
been analyzed using EDS spectra (Fig. 7(a)) and color mapping images 
are shown in Fig. 7(b). The inset table clearly shows the composition of 
the sample according to the weight and atomic percentage. The atomic 
percentages of Cu, Fe, Sn and S are 25.52, 12.40, 13.23 and 48.84 
respectively. The recorded atomic ratios of Cu:Fe:Sn:S agree well with 
the theoretical value of 2:1:1:4. This indicates that the synthesized CFTS 
powder has the required stoichiometry. 

3.4. Optical response analysis 

3.4.1. UV–Vis–NIR spectra 
The optical properties of the synthesized CFTS powder are studied 

using the absorption spectra recorded in the wavelength range of 
200–1400 nm. Fig. 8 (a) shows the response of CFTS recorded for the 
ultraviolet (UV), visible and near infrared (NIR) radiation. It is observed 
that the CFTS nanosheet array exhibits a wide absorption in the UV and 
visible region with the absorption tails extending into longer wavelength 
regions. 

Electronic structure calculations using HSE06 show that the valence 
band maximum (VBM) and conduction band minimum (CBM) occur at Γ 
point indicating that CFTS is a direct band gap semiconductor. The Tauc 
plot shown in Fig. 8 (b) is used to estimate the optical band gap of the 
CFTS nanosheet array. CFTS is known to have a direct band gap from 
existing literature. Our computational studies also support this conjec-
ture. Hence a graph is plotted for (αhν)2 versus hν, where α, h and ν are 
the absorption coefficient, Planck’s constant and the frequency of the 

Fig. 4. XPS spectra of CFTS sample showing (a) Cu:2p, (b) Fe:2p, (c) Sn:3d and (d) S:2p states.  

Fig. 5. Crystal structure showing atomic arrangement of tetragonal CFTS.  
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absorbed radiation, respectively. The straight-line nature of the plot in 
Fig. 8 (b) indicates that the material has a direct band gap. The band gap 
value of 1.52 eV is found by extrapolating the straight line to intersect 
the x-axis, which is in good agreement with the literature value [19,25] 
and our theoretical value 1.51eV as discussed in the following section. 

3.4.2. Absorption spectrum 
The absorption spectrum of CFTS, shown in Fig. 9, is obtained 

computationally using the ladder approach including the excitonic ef-
fects. It is well-known that the solar spectrum has maximum intensity in 
the visible and near-infrared region of electromagnetic spectrum. The 
highest intensity peaks of CFTS absorption spectrum are observed at 1.5 
eV, 1.8 eV and 2.5 eV, corresponding to the maximum absorption of 
respective radiations. The absorption intensity reduces beyond 5.5 eV. 
This suggests that the radiations within the visible region of solar 
spectrum are completely absorbed by CFTS, which makes it an ideal 

material as absorber in solar cell. 

3.4.3. Density of states 
The total density of states (DOS) plot of CFTS is shown in Fig. 10. The 

Fermi level has been shifted to zero for plotting purpose. In case of a 
semiconductor, the placement of valence and conduction bands plays a 
key role in deciding the optical behavior of the material. The energy 
states on the left of zero are occupied levels with the valence band 
maximum around − 0.8 eV, while those on the right of zero are unoc-
cupied levels with the conduction band minimum at 0.71 eV. The sep-
aration between the valence band maximum and conduction band 
minimum depicts the band gap of CFTS, which is found to be 1.51 eV in 
very good agreement with our experimental results. In order to under-
stand the contribution of each atomic species to the bands of interest i.e. 
valence and conduction bands, the site projected density of states are 
analyzed. 

Fig. 6. SEM images of CFTS powder showing uniform surface morphology for various magnifications of (a) 5 μm, (b) 1 μm and (c) 0.5 μm.  

Fig. 7. (a) EDS spectra showing elemental composition of CFTS powder and (b) Color mapping of elements.  

Fig. 8. (a) Absorption spectra of CFTS powder and (b) Tauc plot showing the band gap of the synthesized sample.  
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The band gap is deduced from DOS, but the site projected DOS 
(PDOS) plot is an important tool to understand the contribution of every 
atom to the total DOS. It is observed from the computation that each 
atom of a species (Cu, Fe, Sn or S) has equal contribution irrespective of 
its position in the unit cell. Fig. 11 shows the contribution of each atomic 
species viz. Cu, Fe, Sn and S, in the total DOS. It is clearly seen that the 
valence band of CFTS primarily arises from S-p states with good 
contribution from Fe-d states and lesser contribution from Cu-d states 
near the valence band maximum while Fe-d states primarily contribute 
near the conduction band minimum with lesser contributions from S-p 
and Sn-s states. 

3.5. Defect formation 

Experimentally synthesized structures are known to have some de-
fects with variation in the concentration and type of defect. In case of 
quaternary semiconductors containing Cu, the Cu vacancy is seen to be 
prominent and forms secondary phases with other elements. In order to 
understand and support these general observations, we have studied the 
vacancy formation energies of cations. For the defect study we have used 
supercell approach, as the defect concentration is very less in experi-
ments. The supercell is constructed using 4 unit cells and one atom of 
each species is removed from the structure at a time. The structure so 
obtained is not relaxed, as experimentally the defect site does not alter 
the parent crystal structure. The energy of vacancy formation (Ei

v) for 

Fig. 9. Computed absorption spectrum of CFTS.  

Fig. 10. Density of states plot of CFTS with Fermi level shifted to zero.  

Fig. 11. PDOS plots showing contribution from each atomic species to the total 
DOS. Note that the scale on the y-axis is different for each plot. 
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species i is calculated using the following formula: 

Ei
v =Ev

tot − Etot − niμi (1)  

where Ev
tot is the total energy of the super cell with vacancy, Etot is the 

total energy of the super cell without vacancy,ni is number of atoms 
removed (for our case ni = 1) and μi is the chemical potential of the 
species i. 

The values of vacancy formation energies for all cations in CFTS have 
been listed in Table 1. It is observed that ECu

v has the least value i.e. Cu 
vacancy is most likely to form. Conversely, Sn vacancy is the least 
probable vacancy with highest formation energy of 1.336 eV. 

3.6. Current density-voltage response study 

The synthesized CFTS powder is used in the form of thin film for the 
J-V study. Initially CdS is synthesized using chemical bath deposition 
(CBD) method and is deposited on FTO coated soda lime glass. This film 
is annealed, and CFTS is then deposited as a thin layer using electro-
phoretic deposition (EPD) method. The Ag contact is made on CFTS, 
which acts as the positive terminal, and the FTO is used as the negative 
terminal. The actual CFTS-CdS cell and the block diagram of CFTS/CdS 
cell are shown in Fig. 12 (a) and (b) respectively. The J-V characteristics 
of the cell is studied using Xe-based light source solar simulator with 
simulated 1 Sun under AM 1.5 G illumination and Keithley 2450 source 
meter. 

The J-V response of the p-type CFTS and n-type CdS cell is studied in 
dark and light conditions at room temperature. The J-V response in 
Fig. 13 (a) shows the difference in the current for dark and light con-
ditions. It is clearly observed that the junction response increases when 
the light is incident on the sample. The source region is used for finding 
out the JSC, VOC, FF and PCE of cell. The magnified fourth quadrant 
shown in Fig. 13 (b) gives the JSC, VOC, Jm and Vm as 3.25 mA/cm2, 780 
mV, 2.73 mA/cm2 and 400 mV respectively. Using these values, FF is 
calculated to be 0.43 using the following equation: 

FF =
Vm × Jm

VOC × JSC
(2) 

The efficiency for this device is calculated using the following 
equation: 

η=VOC × JSC × FF
Pin

× 100 % (3) 

The calculated efficiency is 1.09%, using the input power of the 
source as 100 mW/cm2. 

The series resistance of 102 Ω is also calculated by taking the slope in 
Fig. 13 (b), near Voc. Further ideality factor (n) of the p-n junction is 
calculated from the ln (J) vs. V graph (Fig. 14) using the following 
formula: 

n=
q

mkBT
(4)  

where q is the charge on electron, m is the slope of ln (J) vs. V graph, kB is 
the Boltzmann’s constant and T is the temperature at which the study is 
carried out. 

The ideality factor value of 1 denotes the ideal diode. The ideality 
factor of 1.54 is calculated for the light condition. This shows that when 
light is incident on the CFTS-CdS junction, its current increases and 
diode nature improves. 

4. Conclusions 

CFTS powder has been successfully synthesized using the simple 
solvothermal method. The XRD result matches with the standard stan-
nite phase of tetragonal structure of CFTS powder, with no impurity 
peaks. The Raman peaks have confirmed the presence of only charac-
teristic peaks of CFTS along with the absence of secondary phases. The 
XPS peaks are in agreement with the literature values confirming the 
oxidation states of the constituent elements. The XRD data has been used 
as starting point for the computational study using DFT. The ground 
state of the bulk-CFTS is found to be a stannite structure with distortion 
coefficient close to the experimental value. PVP has played a key role in 
nucleation and in forming the nanosheet array-like morphology of CFTS, 
observed using SEM images. The elemental composition ratio of the 
synthesized CFTS powder in the EDS result confirms stoichiometry of the 
compound to be close to the ideal value of 2:1:1:4 (Cu:Fe:Sn:S). 

The optical spectrum recorded for the sample has been processed for 
the Tauc plot. The Tauc plot shows the direct band gap nature of the 
synthesized powder with an optical band gap of 1.52eV. The computa-
tionally obtained absorption spectrum also confirms the application of 
CFTS as absorber layer in a solar cell. The DOS plot and band structure 
agree with the experimental results showing a direct band gap of 1.51eV 
for the bulk CFTS structure at center of the Brillouin zone namely the Γ 
point. The site projected DOS plots resolve the valence and conduction 
bands to clarify the contribution of each atomic species to the optical 
properties. Finally, an attempt has been made to study the vacancy type 
point defect in CFTS using a supercell approach. This result shows that 
the Cu vacancy is the most probable with least formation energy. The J-V 
curve shows a crucial increase in current after illumination along with 
reduction in resistance and an ideality factor of 1.54, confirming the 
possible application as a solar cell. The series resistance and efficiency of 
the device is found to be 102 Ω and 1.09% respectively. 

To summarize, the quaternary semiconductor CFTS has been studied 
experimentally and computationally. The CFTS nanosheet array may be 
used as the absorber material of a solar cell due to its direct band gap 
nature. Further characterization of electrical properties for optimization 
of J-V response needs to be carried out. 
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Abstract: 

In the past few decades, interest in nano-biotechnology has grown significantly. In nano-bio technology, how 

biological species plays role in the field of nanotechnology is studied and how these are useful for further 

applications. Nanomaterials are superior to bulk materials in terms of their chemical, optical, physical, electrical, 

and photovoltaic properties. Metal oxide nanomaterials are easily produced adhering to green chemistry principles. 

Both, top-down and bottom-up approach are being reported to prepare nanomaterials. The desired morphology and 

controlled synthesis are still challenging. The majority of bio-species contain phytochemicals that are helpful in 

reducing the size of metal oxide nanoparticles. 

The green synthesis method is a promising, environmentally compatible, and beneficial at economical level as well. 

In the present context, a present review emphasized on the photoanode materials like TiO2 prepared using the green 

synthesis process, as well as applications for batteries and dye sensitized solar cell (DSSC). These biosynthesized 

TiO2 has potential applications in the field of energy. 

 

Keywords: green synthesis, TiO2, DSSC, battery 

 

1. Introduction : 

Since last few decades, interest in the developing field of nanotechnology has soared. Nano word refers to the 

minuscule, that is one billionth of a metre size. Such nanomaterials have numerous uses in the fields of medical, 

cosmetics, energy, biological fields such as anti-bacterial, anti-cancer, anti-microbial applications etc. [1-4]. The 

several chemical approaches are reported in the literature for the synthesis of different kinds of materials like metal, 

semiconductors, organic materials, oxides, inorganic materials etc. [5],[6].  

 In last few decades, scientists are fascinated by TiO2 due to its versatile scientific properties in the field of 

renewable energy.  TiO2 nanoparticles (NP) have various biomedical [7] as well as energy applications in 

photocatalysis, photodegradation of hazardous materials, [8] gas sensors, lithium ion batteries, [9-11] dye sensitized 

solar cell,[12-14]   photoelectrochemical properties, water splitting for hydrogen generation [15-17].  

The most distinctive metal oxide TiO2, is hydrophobic by nature, thermally stable, corrosion-resistant, and 

has good oxidation property. Further, TiO2 is an environmentally benign material since it is nonflammable and 
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nontoxic. Its crystalline nature is mainly observed in three phases anatase, rutile and brookite having higher energy 

band gap as 3.2eV, 3.0eV and 2.96eV respectively.  Among these rutile is most stable state and others are 

metastable state. However, when anatase TiO2 is heated above 500C, the phase changes to rutile one [18], [19].  

Researchers are engaged various chemical methods as sol-gel, anodization, chemical bath deposition, hydrothermal 

etc. for synthesis of TiO2 to acquire one dimensional nanostructures [20-23]. Often most of these chemical 

approaches are costly and do not follow the basic principles of green chemistry. During chemical synthesis, most of 

the times there is possibility of absorption of some hazardous compounds that may have negative effects in 

medicinal applications. Further, these techniques are time-consuming, damaging to the environment, and have an 

adverse impact on business, economy and economic growth [24-27]. 

The best solution to address all of these problems is to adopt green synthesis, which uses harmless, nonhazardous 

chemicals at low temperatures and low pressure. This paper explores green TiO2 production and examines how it 

can be used for various energy applications, such as battery and DSSC. Fig 1 depicts brief overview of green 

synthesis method. 

  

 

Fig 1: Brief overview of green synthesis of TiO2 using parts of plant. 

 

2. Green synthesis of TiO2: 

As per the principles of green chemistry, biological components are used in one of the green synthesis 

approach. During chemical synthesis there is a possibility of production of agglomerated and unstable particles [24]. 

This cost-effective and ecofriendly synthesis approach leads to synthesize stable and small sized less agglomerated 

nanoparticles of metals and metal oxides. Plant extracts made from leaf, fruit, flower, seeds and root components are 
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the most beneficial in the context of the green synthesis technique. [28], [29] addition microorganisms, bacteria, 

yeast, algae are also used. These extracts contain amino acids, alkaloids, flavones, aldehydes, enzymes, ketones, 

proteins, phenolics, polysaccharides, terpenoids, tannins, saponins, hydroxyl group, carbohydrates and vitamins. 

Terpenoids and proteins are examples of phytochemicals, which are a crucial component of plant extract. These 

phytochemicals initiate the process by activating the precursors. Additionally, the presence of alkanoids, organic 

functional groups, and phenolics in plant extract reduces nanoparticle agglomeration and serves as a reducing agent 

[18], [30], [31]. 

 Yanjing Li generated 3D tripyramid titanium dioxide TiO2 architectures using aloe extracts and a 

hydrothermal process. Firstly amorphous TiO2 of rod-like morphology was prepared using aloe extracts and then it 

is further reacted in Teflon lined reactor with deionized water at 180C for 3h to generate 3D tripyramid anatase TiO2 

architectures [32]. The advanced hydrothermal approach was used by Sundrarajan to synthesize TiO2 nanoparticles 

from leaf extract of Morinda citrifolia. The (110) lattice plane of tetragonal rutile TiO2 phase is showing higher 

intensity peak of XRD at 27.3°. The existence of TiO2 nanoparticles and a little amount of anthraquinone and 

phenolic compounds in the leaf extract were confirmed by the FTIR results. UV–Vis DRS absorption spectroscopy 

of nanoparticles, depicted a strong band at 423 nm clearly shows that nanoparticles were formed. By virtue of the 

stabilizing (capping) agent leaf extract, SEM images with EDX spectra clearly indicate the size of the nanoparticles, 

which range from 15 to 19 nm in good quasi-spherical form [33]. 

During the synthesis of TiO2, the effect of pH was investigated, and it was changed using Matricaria 

chamomilla flower extract.  In addition to pH change, flower extract worked as stabilizing and capping agent for 

TiO2 nanoparticles. XRD confirmed anatase tetragonal phase of TiO2. Further UV absorption spectra for 

biosynthesized TiO2 synthesized at pH 10 revealed an energy gap of 3.03 eV. FESEM pictures depicted cauliflower 

morphology formed due to linking of 10-20 nm sized small particles enhancing its surface energy and minimizing 

agglomeration [34].  

The natural biomolecule pectin, which is present in the extract as excess water drawn from soaked Bengal 

gram beans, has a significant role during synthesis of TiO2 nanoparticles. The most of primary cell walls contains 

pectin which functions as a bulky complexing reagent. The bulky complex prevents agglomeration and aids in the 

formation of a homogeneous particle size distribution. After calcination, it results in TiO2 nanoparticles having 

higher surface area  [35]. Annona squamosal fruit peel extract was used to prepare rutile TiO2 nanoparticles.  These 

biosynthesized TiO2 particles revealed spherical morphology having size ~23nm as per TEM characterizations [36]. 

In the review paper of Balasooriya, honey is described as a good reducing and stabilising agent that 

enhances reaction rate and reduces particle agglomeration [37]. Further, at a lower temperature 37 C, an 

environmental isolate of Bacillus mycoides played key role in transformation of titanium hydroxide to titanium 

dioxide. The obtained TiO2 particles had anatase polymorphic structure and spherical morphology of size~ 40-60nm. 

The solar cell properties of Quantum dots-sensitized solar cells made with biosynthesized tio2 particles were similar 

to those of chemically synthesized TiO2 [38]. 

Nanoparticles of TiO2 were produced by sol-gel method and Bixa orellana seed extract acting as a capping 

agent during the synthesis. This Mesoporous TiO2 structure was subjected to BET analysis, which revealed 
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increased pore size and high surface areas. Using HRTEM, the size of green synthesized TiO2 was determined to be 

13 nm while, XRD pattern affirmed the brookite and anatase phases of the material [39]. In 2016, Ekar et al. 

reported mixed phase anatase and rutile of TiO2 Nanorods (NRs), prepared using the extract of Phellinus linteus 

mushroom.  These TiO2 nanorods have surface area 114.16 g/cm2 and 3.7nm pore diameter[40] . 

Wu et al., reported the method of synthesis, which adheres to the green approach, deals with hydrothermal 

reaction without the use of a challenging Teflon-lined autoclave, or a highly alkaline solution, or a longer reaction 

period. In this procedure, Inorganic Ti resources were effectively dissolved by the hydrogen peroxide at room 

temperature and the resultant titanium peroxide solution was simply boiled to produce TiO2 nanosheets of anatase 

phase. As per TEM and HRTEM analysis, edge lengths of 20–50 nm and a 5 nm thickness were noted for petal like 

TiO2 nanosheets [41]. 

 

3. Characterization techniques : 

Physical characterization techniques include the use of XRD to determine particle size, FESEM to examine 

morphology, and UV spectroscopy to determine energy band gap. The reduced agglomeration and increased surface 

area result in good crystallinity, small particle size, and improved electrochemical performance. Electrochemical 

performances were assessed through the use of cyclic voltammetry, electrochemical impedance measurements, and 

galvanostatic charge-discharge tests in an ECC-Air test cell [34]. 

 

4. Applications of green synthesized TiO2: 

4.1 Battery application 

Recent applications appeal for more power and energy density, which TiO2 with its high lithium storage 

capacity and electronic conductivity can provide. Furthermore, TiO2 is nontoxic and can be easily synthesized 

having various morphologies in 0D, 1D, 2D and 3D. Bulk TiO2 has a theoretical capacity of 335 mA hg-1, whereas 

lithium titanate spinel has a capacity of 175 mA hg-1. TiO2 was used as an anode material for lithium batteries 

because its anatase crystal structure is more stable, resulting in better electrochemical performance. Taking into 

these considerations TiO2 is suitable as anode materials of lithium batteries [42]. 

The nano-sized TiO2, free from aggregation increases the surface area, the electrode/electrolyte contact 

area, shortens the path lengths for both Li-ion and electron transport lowering the specific current density, which 

contributes significantly in improving the performance and cycling stability of the cell. This is extremely beneficial 

in terms of increasing the electrical conductivity and diffusion coefficient of Li ions in the structure[35] .  

Yeast and glucose as a bio-templates were used to produce a novel macroporous anatase TiO2 having pore 

size 2.5-3 nm with mesopores of size 4-51 nm by sol-gel technique. Due to the easy intercalation/de-intercalation of 

Li ions, the material served as an electrode material for Li-ion batteries with good capacity retention. Carbon was 

coated on TiO2 by chemical vapor deposition method in order to improve electrode performance and cycling 

stability of electrode. After 80 discharge–charge cycles, the cycling capacity increased upto  318 mA h g-1 at 0.1 C.  

Accordingly, Chang etal confirmed TiO2 with a carbon coating exhibited higher cycle stability and rate efficiency 

[43]. 
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The green method of biosynthesizing TiO2 nanoparticles with Matricaria chamomilla flower extract was 

utilized to test/check them as air cathodes for lithium-air batteries. 

TiO2 synthesized using flower extract of Matricaria chamomilla was used for battery application. The air electrode 

was prepared using this Bio synthesized TiO2 on nickel foam showed a full discharge capacity of 2000 mAh g-1 and 

a specific capacity of 500 mAh g-1 after 30 stable cycles. Further, no Li2CO3 or other side reaction products were 

seen due to the presence of a carbon-free cathode [34]. 

The electrochemical performance of TiO2 nanoparticles prepared using dry Bengal gram beans (C. 

arietinum L.) extract, as anode in a Li-ion battery was evaluated in half-cell configuration (Li/Bio synthesized TiO2) 

between 1 and 3 V at current density 33 mA g-1. The electrochemical performance within these limits exhibited high 

reversible capacity  164 mAh g-1 and 98% capacity retention after 60 cycles [35]. In addition, carbon is incorporated 

in this biosynthesized TiO2 to check its electrochemical properties. For 60 cycles, TiO2 electrochemical cell 

exhibited 208 mAh g-1 discharge capacity and 100 % columbic efficiency. However, the percentage increase in 

discharge capacity for TiO2/C is 5.6% as compared to results obtained for TiO2 over 60 cycles [44]. TiO2 

synthesized using the sol-gel method and a sodium alginate biopolymer as a template agent was used to fabricate 

electrode for battery application showed high specific capacity of approximately 275mAh g-1 and remarkable 

cycling stability, with more than 85% of the capacity remaining after 100 cycles [45]. For TiO2 nanopetals obtained 

by Wu etal, at the current density of 20 mA g-1, the initial Li insertion and extraction capacities are 382 mAh g-1  and 

326 mAh g-1 respectively.  Also, there is one pair of potential plateaus at 1.7 and 1.9V in the process of Li insertion 

and extraction. At the current density of 400 mA g-1, TiO2 retains 93% of its initial charge capacity after 50 cycles. 

Good cycle stability was observed with TiO2 nanopetal structure as anode material for battery application [41]. 

4.2 DSSC application of TiO2: 

The DSSC characteristics of TiO2 produced from green and titanium precursors are shown in Table I. 

Sr. 

No 

Green 

Precursor 

Synthesis 

route 

Morphology 

Size in nm 

Phase Dye  Jsc 

mA/cm2 

Voc 

mV 

FF 

 

Efficie

ncy  

% 

Ref  

1 Bixa 

orellana 

seed extract 

Sol-gel Spherical 

~13nm 

Mixed 

brookite + 

anatase 

N719 9.0 506 65 2.97 [39] 

2 extract of 

Phellinus 

linteus 

mushroom 

Green 

chemical 

synthesis 

Nanorod nanocrystal

line anatase 

and rutile 

N719 8.18 690 67 3.80 [40] 

3 grapes, 

extracts 

Green 

Synthesis 

nanorods like 

TiO2 

nanostructures 

anatase N719 9.95  663  65    4.33  [46] 
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4 pineapple Green 

Synthesis 

nanorods like 

TiO2 

nanostructures 

anatase N719 9.67 653 65 4.11 [46] 

5 orange Green 

Synthesis 

nanorods like 

TiO2 

nanostructures 

anatase N719 9 649 66 3.89 [46] 

6 Citrus 

limon juice 

extract 

Sol-gel Mesoporous 

15nm 

anatase N719 9.10 776 65 4.55  [47] 

7 Averrhoa 

bilimbi 

Fruit 

extract 

Green 

Synthesis 

aggregated 

nanoparticleof 

irregular shape 

anatase N3 11.6  845  53  5.2 [48] 

8  microwave 

assisted 

sol-gel 

synthesis  

 Crystalline 

mesoporous 

nanoparticle 

anatase N719 1.28 693 76.

7 

6.58 [49] 

 

The Sun is the primary energy source in our solar system, and it is also the most abundant, pollution free, 

cleanest of all renewable energy sources. Direct electricity production from sunlight is possible with solar cells, also 

known as photovoltaic cells. There are numerous varieties of solar cells that have been developed, including silicon-

based, polymer based, thin-film-based, DSSC, quantum dot sensitized solar cells and perovskite solar cells. Due to 

its affordable, non-toxic, and easy fabrication processes, the DSSC is seen to be the most favourable of these [50]. 

A DSSC is a sandwiched cell of photoanode of light harvesting molecules (TiO2) decorated with dye molecules on 

surface, a Pt counter electrode and redox I/I3 electrolyte. Titanium dioxide having wide band gap, semi-transparent, 

porous, efficient electron acceptor, having novel microstructure and effective diffusion coefficient are used as 

photoanode material. Desorption technique was used to measure the amount of dye loading by TiO2, and the results 

showed substantially higher dye loading for TiO2 nanoparticles generated from Bixa orellana seed extract (G-TNP). 

DSSC characteristics of these N719 sensitised TiO2 nanoparticles showed 188% rise in Photovoltaic conversion 

efficiency [39]. Ekar et al. produced TiO2 nanorod having anatase and rutile phase to generate maximum efficiency 

3.8 % using N719 dye [40].  

Without having a negative effect on the environment, citrus limon juice extract was essential in improving 

DSSC performance. TiO2 prepared using citrus limon extract, lowered the size of TiO2, increased its surface area, 

and improved its dye loading capacity. Thus N719 dye-sensitized solar cell fabricated using these TiO2 

nanoparticles, demonstrated an efficiency of 4.55% [47]. Senthamarai etal reported green synthesis of one 

dimensional TiO2 nanorods using grapes, pineapple and orange fruit extract. Among these, photoanode of TiO2 
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nanorod prepared using grape extract and sensitised with N719 dye for DSSC characteristics exhibited 4.33% solar 

conversion efficiency [46]. 

Abisharani et al. employed an eco-friendly, green synthesis method to successfully produce TiO2 

nanoparticles from Averrhoa bilimbi extract. N3 sensitized Photoanode was developed utilising these TiO2 

nanoparticles to test DSSC characteristics with PEG polymer electrolyte and 5.2% photoconversion efficiency was 

generated [48]. Microwave aided sol gel synthesis using a 600W power source produced mesoporous anatase TiO2 

particles. DSSC characteristics were noted for photoanode of TiO2 nanoparticles sensitized with N719 dye 

exhibiting light  conversion efficiency 6.6% under one sun illumination [49]. 

 

5. Conclusion : 

As per the guidelines of green chemistry principles, different green sources used during synthesis, such as plant 

extract, bacteria, seeds, flowers, and algae, exhibiting substantial differences in their morphologies, surface areas, 

porosities, and other characteristics.  

In case of green synthesis major cost will be of metal salts, here the cost of reducing/capping agent is minimized. 

Use of plant extract or kitchen waste during synthesis is cost effective and environment friendly. This fact highlights 

the environmental benefits of "green" synthesis over conventional techniques of nanoparticle generation. With a few 

constraints, the production of metallic nanoparticles using biospecies has a great potential and several advantages 

over conventional approaches. 

Plant extracts used during green synthesis act as a good capping/reducing agent minimizing surface area as well as 

agglomeration of TiO2 nanoparticles. For rechargeable batteries to operate with high capacity, TiO2 must have a 

highly porous structure of good surface area which can be attained easily using green synthesis.Through a green 

technique, pure anatase TiO2 could be produced at low cost and without any significant environmental problems, 

having significant applications in DSSC and batteries. 
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FIELD OF THE INVENTION 

[001] The invention, in general, relates to the technology field of hybrid 

porous materials, and methods. More particularly, the present invention 

relates to a Metal-Organic Frameworks (MOFs) for Selective Capture and 

Release of Gaseous Pollutants. 5 

BACKGROUND OF THE INVENTION 

[002] The following description provides the information that may be useful 

in understanding the present invention. It is not an admission that any of the 

information provided herein is prior art or relevant to the presently claimed 

invention, or that any publication specifically or implicitly referenced is prior 10 

art. 

[003] In the face of escalating environmental concerns, the quest for 

innovative solutions to address air quality issues has led to the development 

of Metal-Organic Frameworks (MOFs) as a promising avenue for the 

selective capture and release of gaseous pollutants. Conventional methods 15 

for managing air pollution often encounter challenges in achieving high 

selectivity and efficiency, necessitating the exploration of advanced materials 

and technologies. 

[004] As the understanding of MOFs and their applications continues to 

evolve, their potential in mitigating air pollution and contributing to 20 

sustainable environmental practices becomes increasingly evident. Metal-

Organic Frameworks (MOFs) represent a class of materials at the forefront 

of addressing the critical challenge of gaseous pollutant removal from the air.  
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[005] Accordingly, on the basis of aforesaid facts, there remains a need in 

the prior art to provide a Metal-Organic Frameworks (MOFs) for Selective 

Capture and Release of Gaseous Pollutants, therefore, it would be useful 

and desirable to have a system, method, and process to meet the above-

mentioned needs. 5 

SUMMARY OF THE PRESENT INVENTION 

[006] In view of the foregoing disadvantages inherent in the known types of 

conventional methods and techniques, are now present in the prior art, the 

present invention provides a Metal-Organic Frameworks (MOFs) for 

Selective Capture and Release of Gaseous Pollutants, which has all the 10 

advantages of the prior art and none of the disadvantages. 

[007] To MOFs, characterized by their crystalline structures formed through 

the precise coordination of metal nodes with organic ligands, present a 

unique class of materials with tuneable properties. The synergy between 

metal nodes, including zinc, copper, iron, and aluminium, and carefully 15 

chosen organic ligands imparts MOFs with exceptional affinity and specificity 

for particular gaseous pollutants. These pollutants encompass a spectrum 

ranging from sulphur dioxide and nitrogen oxides to carbon dioxide, 

methane, and volatile organic compounds. 

[008] The synthesis of MOFs involves intricate processes, with metal nodes 20 

and organic ligands being selected based on their coordination chemistry. 

Under controlled synthesis conditions, these components amalgamate to 

form a crystalline structure with distinct binding sites tailored for targeted 
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gaseous pollutants. To further enhance MOF performance, post-synthetic 

modifications can be employed, augmenting selectivity and affinity. 

[009] Deploying MOFs in a capture and release system involves integrating 

them into an adsorption chamber for selective pollutant capture and a 

desorption chamber for controlled release back into the environment. This 5 

structured approach ensures that MOFs, equipped with regeneration 

capabilities in a dedicated module, can be reused across multiple capture-

release cycles. The intersection of materials science, environmental 

engineering, and chemical synthesis in the realm of MOFs holds promise for 

a cleaner, healthier future. 10 

[010] In this respect, before explaining at least one object of the invention in 

detail, it is to be understood that the invention is not limited in its application 

to the details of set of rules and to the arrangements of the various models 

set forth in the following description or illustrated in the drawings. The 

invention is capable of other objects and of being practiced and carried out in 15 

various ways, according to the need of that industry. Also, it is to be 

understood that the phraseology and terminology employed herein are for 

the purpose of description and should not be regarded as limiting. 

[011] These together with other objects of the invention, along with the 

various features of novelty which characterize the invention, are pointed out 20 

with particularity in the disclosure. For a better understanding of the 

invention, its operating advantages and the specific objects attained by its 

uses, reference should be made to the accompanying drawings and 
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descriptive matter in which there are illustrated preferred embodiments of the 

invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[012] The invention will be better understood and objects other than those 

set forth above will become apparent when consideration is given to the 5 

following detailed description thereof. Such description makes reference to 

the annexed drawings wherein: 

[013] FIG. 1, demonstrates a Metal-Organic Frameworks (MOFs) for 

Selective Capture and Release of Gaseous Pollutants, in accordance with 

an embodiment of the present invention. 10 

[014] FIG. 2, illustrates a Metal-Organic Frameworks (MOFs) for Selective 

Capture and Release of Gaseous Pollutants, in accordance with an 

embodiment of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[015] While the present invention is described herein by way of example 15 

using embodiments and illustrative drawings, those skilled in the art will 

recognize that the invention is not limited to the embodiments of drawing or 

drawings described and are not intended to represent the scale of the 

various components. Further, some components that may form a part of the 

invention may not be illustrated in certain figures, for ease of illustration, and 20 

such omissions do not limit the embodiments outlined in any way. It should 

be understood that the drawings and detailed description thereto are not 

intended to limit the invention to the particular form disclosed, but on the 

contrary, the invention is to cover all modifications, equivalents, and 
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alternatives falling within the scope of the present invention as defined by the 

appended claims. As used throughout this description, the word "may" is 

used in a permissive sense (i.e. meaning having the potential to), rather than 

the mandatory sense, (i.e. meaning must). Further, the words "a" or "an" 

mean "at least one” and the word “plurality” means “one or more” unless 5 

otherwise mentioned. Furthermore, the terminology and phraseology used 

herein is solely used for descriptive purposes and should not be construed 

as limiting in scope. Language such as "including," "comprising," "having," 

"containing," or "involving," and variations thereof, is intended to be broad 

and encompass the subject matter listed thereafter, equivalents, and 10 

additional subject matter not recited, and is not intended to exclude other 

additives, components, integers or steps. Likewise, the term "comprising" is 

considered synonymous with the terms "including" or "containing" for 

applicable legal purposes. Any discussion of documents, acts, materials, 

devices, articles and the like is included in the specification solely for the 15 

purpose of providing a context for the present invention. It is not suggested 

or represented that any or all of these matters form part of the prior art base 

or are common general knowledge in the field relevant to the present 

invention. 

[016] In this disclosure, whenever a composition or an element or a group of 20 

elements is preceded with the transitional phrase “comprising”, it is 

understood that we also contemplate the same composition, element or 

group of elements with transitional phrases “consisting of”, “consisting”, 

“selected from the group of consisting of, “including”, or “is” preceding the 

recitation of the composition, element or group of elements and vice versa. 25 
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[017] The present invention is described hereinafter by various embodiments 

with reference to the accompanying drawings, wherein reference numerals 

used in the accompanying drawing correspond to the like elements 

throughout the description. This invention may, however, be embodied in 

many different forms and should not be construed as limited to the 5 

embodiment set forth herein. Rather, the embodiment is provided so that this 

disclosure will be thorough and complete and will fully convey the scope of 

the invention to those skilled in the art. In the following detailed description, 

numeric values and ranges are provided for various aspects of the 

implementations described. These values and ranges are to be treated as 10 

examples only and are not intended to limit the scope of the claims. In 

addition, a number of materials are identified as suitable for various facets of 

the implementations. These materials are to be treated as exemplary and 

are not intended to limit the scope of the invention. 

[018] In accordance with an embodiment for the present invention, with their 15 

intricate crystalline structures, MOFs offer a versatile and tuneable platform 

for the selective capture and release of specific airborne contaminants, 

presenting a promising solution to advance air quality management. At the 

core of MOFs lies their unique composition as a crystalline lattice formed by 

the coordinated linkage of metal nodes with organic ligands.  20 

[019] The present invention pertains to a Metal-Organic Frameworks (MOFs) 

for Selective Capture and Release of Gaseous Pollutants as disclosed in 

figure.1, the present invention comprising of a crystalline structure formed by 

the coordination of metal nodes with organic ligands, wherein said MOF 
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exhibits high affinity and selectivity towards specific gaseous pollutants. The 

metal nodes are selected from the group consisting of zinc, copper, iron, and 

aluminium, and the organic ligands are selected to impart selectivity for 

gaseous pollutants such as sulphur dioxide, nitrogen oxides, carbon dioxide, 

methane, or volatile organic compounds. A method for the synthesis of 5 

Metal-Organic Frameworks (MOFs) for the selective capture of gaseous 

pollutants, comprising the steps of selecting metal nodes and organic ligands 

based on their coordination chemistry, and subjecting them to controlled 

synthesis conditions to form a crystalline MOF structure with specific binding 

sites for targeted gaseous pollutants. The method further comprising the 10 

step of post-synthetic modification to enhance the selectivity and affinity of 

the MOF towards specific gaseous pollutants. 

[020] In accordance with an embodiment for the present invention, the 

selection of these metal nodes, which may include zinc, copper, iron, and 

aluminium, along with tailored organic ligands, is crucial in determining the 15 

MOF's chemical affinity and selectivity. This deliberate design allows 

researchers to customize MOFs for capturing various gaseous pollutants 

prevalent in the atmosphere. The synthesis of MOFs is a meticulous process 

involving the strategic selection of metal nodes and organic ligands based on 

their coordination properties. Under controlled synthesis conditions, these 20 

components undergo precise reactions to form a structured MOF with 

predetermined binding sites.  

[021] In accordance with an embodiment for the present invention, the 

resulting crystalline framework is engineered to exhibit high affinity for 
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specific pollutants, ensuring an effective and targeted capture mechanism. 

To further optimize MOF performance, post-synthetic modifications may be 

employed. These modifications introduce additional functionalities or 

enhance existing ones, aiming to improve selectivity, adsorption capacity, 

and overall pollutant capture efficiency. This iterative approach in MOF 5 

development allows researchers to fine-tune their properties to meet the 

demands of diverse pollutant removal applications. 

[022] In accordance with an embodiment for the present invention, 

Deploying MOFs in a capture and release system involves integrating them 

into an adsorption chamber for selective pollutant capture and a desorption 10 

chamber for controlled release. This dynamic system enables MOFs to 

efficiently capture pollutants in one phase and release them in another under 

controlled conditions. The incorporation of a regeneration module ensures 

the MOF can be revitalized, making it ready for subsequent capture-release 

cycles. Environmental Impact and Sustainability as MOFs offer a promising 15 

avenue for sustainable environmental practices by providing a reusable and 

regenerable solution for air quality management.  

[023] Furthermore, this wearable technology represents Their ability to 

capture pollutants selectively and efficiently, coupled with the potential for 

multiple use cycles, aligns with the principles of green chemistry and 20 

contributes to the reduction of environmental impact. The applications of 

MOFs for selective capture and release extend to various industries, 

including environmental remediation, industrial processes, and even indoor 

air quality management. As research in this field advances, MOFs may 
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emerge as pivotal components in combating air pollution and contributing to 

a cleaner, healthier global environment. 

[024] It is to be understood that the above description is intended to be 

illustrative, and not restrictive. For example, the above-discussed 

embodiments may be used in combination with each other. Many other 5 

embodiments will be apparent to those of skill in the art upon reviewing the 

above description. 

[025] The benefits and advantages which may be provided by the present 

invention have been described above with regard to specific embodiments. 

These benefits and advantages, and any elements or limitations that may 10 

cause them to occur or to become more pronounced are not to be construed 

as critical, required, or essential features of any or all of the embodiments. 

[026] While the present invention has been described with reference to 

particular embodiments, it should be understood that the embodiments are 

illustrative and that the scope of the invention is not limited to these 15 

embodiments. Many variations, modifications, additions and improvements 

to the embodiments described above are possible. It is contemplated that 

these variations, modifications, additions and improvements fall within the 

scope of the invention.  
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We Claim: 

1. A Metal-Organic Framework (MOF) designed for the selective capture of 

gaseous pollutants, comprising: 

a crystalline structure formed by the coordination of metal nodes with 

organic ligands, 5 

wherein said MOF exhibits high affinity and selectivity towards specific 

gaseous pollutants. 

 

2. The MOF as claimed in claim 1, wherein the metal nodes are selected from 

the group consisting of zinc, copper, iron, and aluminum, and the organic 10 

ligands are selected to impart selectivity for gaseous pollutants such as sulfur 

dioxide, nitrogen oxides, carbon dioxide, methane, or volatile organic 

compounds. 

 

2. A method for the synthesis of Metal-Organic Frameworks (MOFs) for the 15 

selective capture of gaseous pollutants, comprising the steps of: 

a. selecting metal nodes and organic ligands based on their 

coordination chemistry; and  

b. subjecting them to controlled synthesis conditions to form a 

crystalline MOF structure with specific binding sites for targeted 20 

gaseous pollutants. 

 

4. The method as claimed in claim 3, further comprising the step of post-

synthetic modification to enhance the selectivity and affinity of the MOF 

towards specific gaseous pollutants. 25 
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5. A system for the capture and release of gaseous pollutants using Metal-

Organic Frameworks (MOFs), comprising: 

a. an adsorption chamber, wherein the MOF is deployed to selectively 

capture gaseous pollutants, and 5 

b. a desorption chamber, wherein controlled conditions are applied to 

release captured pollutants from the MOF back into the environment. 

 

6. The system as claimed in claim 5, further comprising a regeneration 

module wherein the MOF is subjected to conditions facilitating the removal of 10 

captured pollutants, rendering the MOF reusable for subsequent capture-

release cycles. 

 

7. A method for the selective release of captured gaseous pollutants from 

Metal-Organic Frameworks (MOFs), comprising the step of: 15 

a. subjecting the MOF to controlled conditions such as temperature, 

pressure, or gas composition; 

b. allowing the desorption of captured pollutants and enabling the MOF 

for reuse in subsequent capture cycles. 

 20 

8. The method as claimed in claim 7, wherein the controlled conditions for the 

release of gaseous pollutants are optimized to ensure minimal energy 

consumption and environmental impact during the desorption process. 
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9. A Metal-Organic Framework (MOF)-based filter or absorbent material for 

the removal of gaseous pollutants from air or gas streams, wherein said filter 

or absorbent material incorporates MOFs with tailored selectivity for specific 

pollutants, providing an efficient and sustainable solution for air purification. 

 5 

10. The MOF-based filter or absorbent material as claimed in claim 9, wherein 

the filter or absorbent material is integrated into ventilation systems, industrial 

processes, or gas purification systems to enhance pollutant removal efficiency 

and reduce environmental emissions. 

 10 

Dated this 12th day of November 2023 

Signature:  

Applicant(s) 

Dr. Ganji Saidulu et. al. 

 15 
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ABSTRACT 

METAL-ORGANIC FRAMEWORKS (MOFS) FOR SELECTIVE CAPTURE 

AND RELEASE OF GASEOUS POLLUTANTS 

[027] The invention presents a Metal-Organic Frameworks (MOFs) for 

Selective Capture and Release of Gaseous Pollutants. The present invention 5 

comprising of a structured arrangement resulting from the coordination of 

metal nodes with organic ligands, wherein the Metal-Organic Framework 

(MOF) demonstrates notable affinity and specificity for distinct gaseous 

pollutants. The metal nodes, encompassing zinc, copper, iron, and 

aluminium, synergize with organic ligands selected to confer specificity for 10 

gaseous pollutants like sulphur dioxide, nitrogen oxides, carbon dioxide, 

methane, or volatile organic compounds. A technique for producing Metal-

Organic Frameworks (MOFs) geared toward selectively trapping gaseous 

pollutants, involving the steps of selecting metal nodes and organic ligands 

based on their coordination chemistry, and subjecting them to controlled 15 

synthesis conditions, resulting in the formation of a crystalline MOF structure 

hosting specific binding sites for targeted gaseous pollutants. The post-

synthetic modification to heighten the MOF's selectivity and affinity for 

particular gaseous pollutants. A regeneration module where the MOF 

undergoes conditions conducive to pollutant removal, ensuring its reusability 20 

for subsequent capture-release cycles. 

Accompanied Drawing [FIG. 1-2] 

Dated this 12th day of November 2023 
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Abstract 

 

Quinone and corresponding compounds available in literature shows remarkable bioactivity against various 
microbes which include bacteria, fungi and the most prominently viruses. The bioactivity of any biomolecule 
is rest on on various parameters like compound itself, target system, surrounding excreta. This paper has 
enlightened on bioactivity of quinone based polymers and structural effects how they emphasize, work 
effectivity against microbes. During the experimental condition different prepared polyquiones and their 
derivatives are used to check the bioactivity against various pathogenic cultures of bacteria, viruses and 
fungi. For the few targeted pathogenic cultures extremely, good results are obtained which also justifies the 

QSAR of the molecule. 

 

Keywords 

Quinone, quinonic derivatives, bioactivity, structural effect, pathogenic activity 

 

Introduction 

Quinones are the class of compounds which responds against wide range of pathogens. Along with quinones 
amines are also showing bioactivities against special range of pathogens. [ 5] The polymers prepared with 
the help of these compounds were tested for bioactivity against various reaction conditions. [8] For the 
checking of bioactivity different methods are available like disk diffusion method, microdilution technique, 
borth method and agar method [10]. Among all listed methods for the experiment Agar dilution and 
microdilution method is used. For the checking of bioactivity during the experimental condition we have 
used three different types of fungi namely Asperillus flavus, Candida albicans [2] and Aspergillus niger and 
three bacteria which include two-gram positive bacteria and one-gram negative bacteria. The gram-positive 
bacteria include staphylococcus aureus and Bacillus subtilis. The gram negative strain of Escherichia coli .    
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Experimental 

 

During the experimental condition synthesized desire compounds were subjected for testing of invitro 
antimicrobial activity. As per described in introduction, the antifungal activity was evaluated against three 
fungi stains A. flavus [NCIM-539], C.albicans  [NICM-3471] and A. niger [NICM-1196]. The two gram 
positive bacterial strains of S.aureus[NICM-2901], B.subtilus [ NICM-2063] and gram negative bacteria e. 
coil [ NICM-2256]. For studying antimicrobial properties of compounds, Minimum Inhibitory Concentration 
(MIC, µg/mL), Minimum Bacterial Concentration (MBC) and Minimum Fungicidal Concentration (MFC) 
were studied by modified microdilution technique. For Fungal strains agar dilution technique, on Potato 
Dextrose Agar (PDA) Medium were used for MIC determination. The MBC and MFC of compounds were 
determined by serial sub cultivation after inoculated for 72 h with tested compounds dissolved in saline 
containing 5% DMSO. The lowest concentration with no visible growth was defined as MBC/MFC 
indicating 99.5% killing of the original inoculums. [ 6] All the experiments performed in triplicates and mean 
reading is taken as final reading. 5% DMSO was used as a negative control along with Fluconazole and 
Miconazole as the standard antifungal drugs and Ciprofloxacin as the standard antibacterial drugs For 
bacterial strains MIC determination were done by a serial of microdilution technique using 96-well microtiter 
plate reader. Compounds are prepared in saline (0.8% NaCl) solution containing 5% Dimethyl sulfoxide 
(DMSO) for dissolution. All microbial strains were incubated with different concentration of each compound 
in 96-well microtiter plate for 20 h at 37 oC on Rotary shaker (160 rpm). After incubation the lowest 
concentration value without growth were defined as MICs. 

The compounds used for the analysis has structure like  

 

 

Table 1: Details about compound substituents 

 

Compound R1 R2 R3 R4 
1 H H H H 
2 Cl H H H 
3 Cl Cl H H 
4 H H Cl H 
5 H H Cl Cl 

 

The polyquinone prepared with the help of quninone and phenylene diamine along with mono chloro, 
dichloro derivatives are used to check the bioactivity. All above polymeric species vary with polar group 
substituents therefor they show variation in bioactivity as their mode of interaction varies. Polarity of the 
compounds influences more for binding of compounds with pathogens and therefore various results are 
observed. 
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Observations 

Table 2: Observations for antipathogenic activity 

 

Compounds 

MIC valuesa (µg/ml) 

C. Albicans A. Flavus A. Niger E. coli  B. subtilis  S. aureus 

1 65 80 80 65 48 85 

2 29 32 35 28 27 29 

3 39 25 26 27 26 25 

4 80 60 40 52 38 58 

5 36 31 40 41 36 39 

Ciprofloxacin - - - 26 26 25 

Fluconazole 36 23 23 - - - 

Miconazole 13.5 13.5 13.5 - - - 

All the values are taken as average of three readings. 
 

Graph 

Graph1: Bioac�vity observed for polyquinones 
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Table 3 : Individual graphs for interaction of various compounds against pathogens 

 

 

 
 

 

 
 

 

 

During the experimental conditional it has been observed that all the polymeric compounds are bioactive in 
nature but vary or interact differently to show minimum inhibitory concentration [MIC], minimum bacterial 
concentration [MBC], minimum fungal concentration [MFC]. All the compounds differ with results due to 
the variation in structures, substitution effect, polarity of compound, interaction of compound with media 
and binding with pathogen. QSAR plays important roll. [7]. Along with this nature of pathogen, size of 
pathogen and its activity all together impacted on MIC values [ 3]. The concentration of pathogen has impact 
on MIC value [ 4] Base polymeric compound is less polar in nature and shows least bioactivity as compared 
to all reaming treated polyquinonic compounds whereas compounds 2 and 3 has showed highest bioactivity 
and both are chloro-substituted compounds. As compared compound 2, compound 3 has shown more 
pathogenic activity with minimum MIC as it the dichloro-derivative and more polar as compared to 
compound 1 and 2. Again among compound 4 and 5, dichloro-derivative has shown more bio activity as 
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compared to monochloro-derivative. The second polymer shows highest bioactivity against C. Albicans 
whereas Fourth polymer shows least bioactivity as compared to fluconazole. For A. Flavus polyquione three 
shows good inhibitory activity followed by second and fifth polymers has showed comparable bioactivity 
and for A. Flavus first polymer has showed least inhibitory activity. For the fungi A. Niger strain compound 
three is most effective followed by surprisingly polymer four and five has shown same interaction. In case 
of gram negative Bacterial E.coil , it has been observed compound three shows comparable bioactivity with 
Ciprofloxacin but remaining all compounds were less effective. For remaining two-gram positive bacteria 
B. subtilis and B. subtilis compound three has showed comparable inhibitory activity. S. Aureus has showed 
least pathogenic activity as compared to standard antibiotic.  

 

Conclusion 

After performing experiment and testing bioactivities for synthesized polymeric compounds it has been 
observed that all polymeric compounds show bioactivities and vary with MIC due to structural effects along 
with this  polarity influences the pathogenic activity. Among all developed compounds Compound three has 
showed satisfactory bioactivity as compared to all remain compounds. 
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