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III 
 

ABSTRACT 
 

 
Organophosphate pesticides are widely used in agriculture to protect crops from pest damage; 

however, excessive use contaminates soil, water, and food products, posing serious environmental 

and health risks. Trichlorfon (TF), an organophosphate pesticide, strongly inhibits the enzyme 

acetylcholinesterase (AChE), disrupting the nervous system. Therefore, the development of a 

rapid and sensitive method for TF detection is highly important to food safety and environmental 

monitoring. In this study, we report the fabrication of an electrochemical biosensor based on AChE 

immobilized on a Ce-NiO@g-C3N4 nanocomposite-modified indium tin oxide (ITO) electrode for 

ultrasensitive detection of TF. The Ce-NiO@g-C3N4 nanocomposite provides excellent electrical 

conductivity, large surface area, enhanced electron transfer, and superior electrocatalytic activity, 

which facilitate efficient enzyme immobilization and improve sensing performance. 

Glutaraldehyde was used as a crosslinking agent to enhance enzyme stability and prevent leaching 

from the electrode surface. The fabricated AChE/Ce-NiO@g-C3N4/ITO biosensor exhibited high 

sensitivity (5.412 µA µM⁻¹ cm⁻²), excellent stability, good reproducibility, and strong anti-

interference capability for TF detection over a wide linear range, with a low detection limit of 0.1 

pM. Furthermore, the developed biosensor was successfully applied to the determination of 

trichlorfon residues in real agricultural samples, including apple, cucumber, and rice, 

demonstrating satisfactory recovery and practical applicability. The proposed biosensor offers a 

simple, rapid, cost-effective, and highly efficient platform for monitoring organophosphate 

pesticides in food and environmental samples. 
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                          Chapter – 1  

                                                                             INTRODUCTION 
 

 
1. Introduction to pesticides 

The word pesticide is derived from the Latin word pestis, meaning plague, and caedere, meaning kill. 

Pesticides refer to chemical or biological agents employed to protect crops and the environment by 

preventing, repelling, destroying, or controlling pests such as insects, rodents, fungi, and weeds. 

Pesticides serve as plant protection products because they protect from insects, rodents, nematodes 

or weeds. The Food and Agriculture Organization (FAO) has defined pesticide as: 

“Any substance or mixture of substances intended for preventing, destroying, or controlling any 

pest, including vectors of human or animal disease, unwanted species of plants or animals, 

causing harm during or otherwise interfering with the production, processing, storage, transport, 

or marketing of food, agricultural commodities, wood and wood products or animal feedstuffs, or 

substances that may be administered to animals for the control of insects, arachnids, or other pests 

in or on their bodies. The term includes substances intended for use as a plant growth regulator, 

defoliant, desiccant, or agent for thinning fruit or preventing the premature fall of fruit. Also used 

as substances applied to crops either before or after harvest to protect the commodity from 

deterioration during storage and transport” [1]. 

1.1 Categories of Pesticides 

  Pesticides can be classified in different ways according to: 
 

1. Their source 
 

2. Their target 
 

3. Their mode of action 
 

4. Their chemical structure 
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Fig. 1.1 Classification of pesticides 
 
 

 
1.1.1 Based on the sources 

 

• Natural Pesticides: Natural pesticides are derived from naturally available resources, including plant 

extracts and mineral compounds, and are used for effective pest management. Nicotine, rotenone, 

pyrethrum, and neem oil are examples of natural pesticides derived from plants. Boric acid, which 

is used to control pests like termites and cockroaches, is a mineral. Diatomaceous earth is a dry 

powdery material derived from the shells of marine organisms. It is used mainly to deter and kill 

crawling pests. 

• Synthetic Pesticides: Synthetic pesticides are man-made chemicals such as DDT, malathion, 

dieldrin, and carbofuran that are designed to kill or repel pests in agriculture and homes. The use 

of synthetic pesticides began in the 1930’s. The first known pesticide is arsenic, and the most 

popular one has been DDT (Dichloro Diphenyl Trichloroethane), which was introduced in 1934 

by a scientist, Paul Muller, during World War II. It was an effective tool for eradicating malaria. 

By 1950, pesticides were found to increase farm yields. 

SOURCE 
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Farmers globally today primarily rely on synthetic pesticides for pest control in their crops. As 

India is a tropical country, it suffers severe agricultural losses due to pests. This necessitates the use 

of pesticides to protect crops from attacks by several pests. Today, pesticides have become an evil 

necessity we cannot do without. Even though they are poisonous chemicals, they are a major 

saviour of humankind, as they help us meet the increasing demands of a growing population [1]. 

 

1.1.2 Based on the targets 
 

• Insecticides: Insecticides constitute a class of pesticides that are intended to prevent, control, or 

eradicate harmful insects. 

• Herbicides: Herbicides are used to kill desirable plants or weeds. 

• Fungicides: Fungicides are chemicals that are applied to prevent, manage, and eradicate fungal 

diseases that develop on fruits, vegetables, and cereal crops. 

• Rodenticides: Rodenticides are chemical compounds that are used against rodents such as rats and 

mice. 

• Nematicides: Nematicides are chemical pesticides that are used to kill plant-parasitic nematodes. 

Nematodes are parasitic worms that live in soil and feed on living material. 

 
1.1.3. Based on their action 

 
• Stomach poisons: Insecticides taken up by insects are called stomach poisons. E.g. BHC, DDT, 

lead arsenate.  

• Contact poisons: The insecticides that destroy the insects simply by body contact. E.g. BHC, 

aldrin, malathion. 

• Fumigants: The insecticides that act on the insect through the respiratory system. E.g. BHC, HCN, 

nicotine. 

• Systematic pesticides: The pesticides that are absorbed by the roots, stems and leaves of the plant. 

When insects feed on these areas of the plant, they are killed. 

 

1.1.4 Based on the chemical structure 
 

• Organochlorines: Organochlorine pesticides are chlorinated hydrocarbons. These are used in 

agriculture and mosquito control. Some important organochlorine pesticides include DDT and 

BHC.

7
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• Organophosphates: Organophosphates are esters of phosphoric acid, thiophosphoric acid and 
dithiophosphoric acid. These are used in agriculture, in gardens and lawns. Commonly used 
organophosphates include parathion, malathion, and diazinon. 

 
a. Carbamates: Carbamates are esters of carbamic acid (NH2COOH). Examples of carbamates include 

carbaryl and methiocarb. 

b. Quinones: Quinone pesticides are derivatives of benzoquinone. They act as fungicides. Examples are 

chloranil, dichlone, and dithianon.  

c. Anilides: Anilide pesticides are the acyl derivatives of aniline. These are herbicides in action, used to 

control weed growth in crops. The anilides include alachlor, butachlor, propanil, and acetochlor. 

 

 
 

 

 
Fig. 1.2 Classification of Insecticides 

 
             1.2 Benefits of Pesticides 
 

The primary objective of agriculture is to produce crops and livestock for human use. With the 

continuous growth of the world's population, ensuring an adequate food supply has become 

increasingly important. However, many insects, weeds, fungi, and other organisms also utilize 

these crops as a food source, leading to significant agricultural losses. For avoiding significant 

food losses, pesticides are often needed to address the problem. 
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Regardless of the negative, hazardous effects of pesticides, they have become a necessary evil in 

today’s world, and we cannot completely ban them. However, we can shift to safer and less toxic 

alternatives [1]. The benefits of pesticides are as follows: 

 

• Improving productivity: The adoption of pesticides has played a vital role in modern agriculture 

by improving crop production and reducing yield losses caused by weeds, insect pests, and plant 

diseases. Their use enables farmers to optimize the performance of complementary agricultural 

inputs, such as improved seed varieties, fertilizers, advanced irrigation methods, and other crop 

management practices. Consequently, pesticides have contributed substantially to enhanced 

productivity and more efficient utilization of agricultural land, thereby potentially increasing the 

harvestable produce. Farmers can increase profits and reduce labour costs.  

• Reducing waterborne and insect-transmitted diseases: Pesticides play an important role in 

protecting public health by controlling insects and rodents that act as carriers of infectious diseases. 

Reducing the populations of these disease vectors helps limit the spread of vector-borne illnesses. 

In many situations, insecticides remain one of the most effective and practical methods for 

managing insects responsible for transmitting diseases such as malaria and West Nile virus.  

• Conservation of the environment: Pesticides enable the use of pesticides enhances agricultural 

productivity by enabling greater crop production per unit area and improving the efficient use of 

farming resources. Higher yields help reduce pressure on land expansion, thereby limiting 

deforestation, conserving natural ecosystems, and preventing soil degradation. Furthermore, 

pesticides are essential for controlling invasive pests and noxious weeds that adversely affect crop 

production. 

•  In many developing countries, crop protection technologies have supported food security by 

increasing crop yields and encouraging the cultivation of diverse agricultural commodities, so 

much so that these countries now have the capacity to export their food.  

• Help in storage: After the crop has been cut and is put in storage, it can still be subjected to pest 

attacks. Bugs, rodents, and moulds can harm the storage. [1]. 

 

1.3 Adverse effects of pesticides 
 

Pesticides have been linked to a wide range of hazards, including health hazards and environmental 

hazards. In India, 65% of pesticide use is in the agricultural sector, and the rest is in the non-

agricultural sector. While pesticides have played an important role in increasing agricultural 

productivity and improving farmers' economic returns, their benefits are accompanied by 

significant environmental and health concerns. Continuous and excessive pesticide application can 

5
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result in the contamination of soil, water, and agricultural produce. Residual pesticides may enter 

the food chain and accumulate in living organisms, posing potential health risks to humans. 

Furthermore, these chemicals can unintentionally harm non-target plants, beneficial insects, 

aquatic organisms, birds, and other wildlife, thereby disrupting ecological balance and reducing 

biodiversity [1].  

• Health Hazard: Pesticides are recognized as an important source of chemical exposure that can 

adversely affect human health. The severity of these effects depends on factors such as the type of 

pesticide, duration of exposure, concentration, and route of entry into the body. Acute exposure is 

commonly associated with symptoms including headache, dizziness, nausea, vomiting, skin 

irritation, and eye irritation. Numerous epidemiological and toxicological investigations have 

suggested a relationship between long-term pesticide exposure and an increased prevalence of 

neurological disorders, particularly Parkinson's disease, as well as hematological malignancies 

such as lymphoma and leukemia. Respiratory illnesses, including asthma, have also been reported 

more frequently among individuals with regular pesticide exposure. Occupational exposure 

represents one of the primary routes through which individuals come into contact with pesticides. 

Workers engaged in pesticide manufacturing, formulation, packaging, transportation, mixing, 

loading, spraying, and agricultural application experience a greater likelihood of exposure than the 

general population. Organochlorine pesticides are particularly concerning because of their 

exceptional environmental persistence and lipophilic nature. These compounds degrade slowly 

and readily accumulate in fatty tissues of living organisms. Once released into the environment, 

they can be transported through air, soil, and water, contaminating terrestrial and aquatic 

ecosystems over large geographical areas [1].  

• Environmental Impact: The extensive application of pesticides has raised significant 

environmental concerns due to their widespread distribution beyond the intended target areas. 

After application, pesticide residues may contaminate soil, surface water, groundwater, and 

surrounding vegetation through processes such as runoff, leaching, spray drift, and volatilization. 

Although these chemicals are primarily designed to control agricultural pests and weeds, they can 

also adversely affect numerous non-target organisms, including beneficial insects, birds, aquatic 

animals, soil microorganisms, and native plant species. A considerable proportion of applied 

pesticides fails to reach the target pest. Instead, they disperse into the surrounding environment, 

where they may persist for varying periods depending on their chemical properties and 

environmental conditions. Many pesticides are resistant to degradation and can remain in soil, 

water, and the atmosphere long after their initial application [1].  

• Surface Water Contamination: The contamination of water resources by pesticides has emerged 

44

Page 26 of 94 - Integrity Submission Submission ID trn:oid:::1:3600729117

Page 26 of 94 - Integrity Submission Submission ID trn:oid:::1:3600729117



7 
 

as a significant environmental issue resulting from intensive agricultural practices. After 

application, these chemicals may be transported from cultivated fields into nearby rivers, lakes, 

ponds, and reservoirs through rainfall-induced runoff or irrigation. Pesticides may also enter water 

bodies via spray drift, leaching through the soil profile, seepage into groundwater, drainage 

systems, or accidental spills during handling and application. Their presence in aquatic 

environments can reduce water quality, threaten aquatic biodiversity, and create potential health 

hazards for humans relying on these water resources for drinking and domestic purposes [1]. 

• Groundwater Contamination: Groundwater is particularly vulnerable to pesticide pollution 

because many pesticide molecules can migrate downward through soil and reach underground 

aquifers. The extent of contamination depends on several factors, including soil characteristics, 

rainfall patterns, irrigation practices, and the persistence of the pesticide. Monitoring studies 

conducted in different agricultural regions have detected measurable concentrations of pesticide 

residues, including persistent organochlorine compounds, in groundwater used for drinking. Since 

groundwater moves slowly and natural purification processes are limited, contaminated aquifers 

often require many years or even decades for recovery, making groundwater pollution a serious 

environmental and public health concern [1]. 

• Soil Contamination: Long-term application of pesticides can substantially influence soil quality 

by altering its biological and chemical properties. Several pesticides are resistant to natural 

degradation, allowing them to accumulate within the soil environment over extended periods. 

Persistent residues can suppress beneficial microbial populations that play essential roles in 

nutrient cycling, decomposition of organic matter, and maintenance of soil fertility. A reduction 

in microbial diversity and activity ultimately weakens soil health, decreases agricultural 

sustainability, and limits the productive capacity of cultivated land [1]. 

• Effects on Plants: In addition to controlling weeds and pests, pesticides may unintentionally 

interfere with normal plant growth and development. Some pesticide compounds disrupt the 

symbiotic relationship between legumes and nitrogen-fixing bacteria, thereby reducing the 

availability of biologically fixed nitrogen required for healthy plant growth. Excessive pesticide 

exposure may also impair root development, reduce chlorophyll content, inhibit photosynthesis, 

and slow overall plant growth. Furthermore, pesticide-induced declines in pollinator populations, 

particularly bees and other beneficial insects, negatively influence pollination efficiency, resulting 

in reduced crop yield and lower reproductive success of flowering plants [1]. 

• Effects on Animals: The widespread use of pesticides poses considerable risks to both domestic 

and wild animal populations. Exposure may occur through contaminated food, water, soil, or direct 

contact with treated vegetation. Because many pesticides persist in the environment, toxic residues 
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can accumulate within animal tissues and become increasingly concentrated at higher trophic 

levels through biomagnification. Such exposure may lead to behavioural changes, reproductive 

disorders, developmental abnormalities, immune suppression, and increased mortality in wildlife. 

Pesticide contamination can also reduce the abundance of insects and other organisms that serve 

as important food sources, thereby disturbing ecological food webs. In humans, health outcomes 

depend on the toxicity of the pesticide and the degree of exposure. Reported effects include skin 

and eye irritation, respiratory disorders, neurological impairment, endocrine disruption, 

reproductive toxicity, congenital abnormalities, genetic damage, various forms of cancer, and, 

under severe exposure conditions, coma or death [1]. 

•  

1.4 Sustainable and Eco-Friendly Alternatives to Chemical Pesticides 
 

The primary purpose of pesticide application is to minimize crop losses caused by insects, weeds, 

plant pathogens, and other harmful organisms, thereby enhancing agricultural yield and ensuring 

food quality. In addition to their role in crop protection, pesticides are important in public health 

programs for controlling vectors that spread infectious diseases, including malaria and dengue. 

Their use is not limited to agricultural systems; various classes of pesticides, such as insecticides, 

herbicides, fungicides, and rodenticides, are also applied in non-agricultural settings. These 

include parks, recreational grounds, sports facilities, lawns, and other urban landscapes, where 

they help manage unwanted vegetation, insects, fungi, and rodents to maintain environmental 

hygiene, aesthetics, and public safety [1]. 

Numerous dermatological, gastrointestinal, reproductive, respiratory and carcinogenic effects have been 

associated with pesticides. Pesticide residues have been found in everyday foods, beverages, water, and 

animal feeds. Pesticides have been detected in human breast milk, which can have health effects in children 

[1]. 

The adverse effects of pesticides on wildlife and aquatic life are alarming. It is evident that the use of 

chemical pesticides also poses the risk of severe environmental pollution. In this situation, there is an urgent 

need for a new approach to pesticide use. 

 

Need for cleaner, safer agricultural Practices: Current agricultural practices include extensive 

use of pesticides, which are known to cause adverse health effects in humans and wildlife. These 

chemicals also degrade the natural environment. Therefore, an urgent approach is needed for a 

drastic reduction in the use of agrochemicals. Agrochemicals should be applied only when and 

where necessary. The factors like the yield, the nature of soil, crop, wind damage, flooding, etc., 

must be taken into consideration before applying the pesticides. The use of innovative 

technological systems, such as geographical information systems, various sensors, and global 

5
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positioning systems, can help reduce pesticide use [1]. 

 

Suitable Agricultural Practices: Suitable agricultural practices can produce healthy crops and 

prevent the buildup of pests, diseases, and weeds. As a result, the need for pesticides is reduced. 

The following practices should be employed: 

 The use of organic matter for plant nutrition and soil fertility reduces pest, disease, and weed 

attacks. 

 Crop rotation prevents the carry-over of pests, pathogens and weeds. 

  The cultivation of two or more crops in the same field can suppress the movement and 

establishment of pests and pathogens while creating a favorable environment for beneficial insects 

that naturally regulate pest populations. 

 Suitable irrigation management reduces the proliferation of pests and weeds.  

 Sowing or planting at the appropriate time reduces pest pressure. 

 

Resistant Crops: Growing crops suited to local conditions and selecting appropriate crop varieties 

are very important for preventing pest growth. The genetically engineered crops are more resistant. 

So, the use of resistant varieties, together with crop rotation, can greatly reduce pest populations 

in the fields [1]. 

 

Bio-control: In bio-control, various pathogens (bacteria, fungi, viruses), insect predators, 

pheromones, and insect traps are employed to keep pest populations low. The most commonly 

used bio-control methods are: 

 

• Release of pest predators in the fields, such as Trichogramma, ladybirds. 

•  Application of biological control agents, including beneficial microorganisms such as 

Bacillus thuringiensis, Beauveria spp., Trichoderma spp., and entomopathogenic 

nematodes, can effectively suppress pest populations by infecting or inhibiting target 

organisms.  

•  The use of pheromone-based technologies provides an environmentally friendly approach 

to pest management by interfering with insect communication and mating behavior, 

thereby reducing successful reproduction and limiting population growth. 

 

Natural Pesticides: Various plant extracts and other natural materials are used to repel pests. Most 

commonly used natural pesticides are: 

4 4
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• The neem seed extract reduces the proliferation of insect pests. 

•  Pyrethrum, the extract of Chrysanthemum species, promotes beneficial insects. 

• Copper is widely used to control fungal diseases. 

• Sulphur, soap and paraffinic oil preparations are used to control mites, aphids and other 

pests. 

 

Organic agriculture: Organic agriculture is an environmentally sustainable production system 

that aims to preserve soil fertility, ecological balance, and human well-being by avoiding the use 

of synthetic agrochemicals. Rather than relying on chemical pesticides, it integrates ecological 

principles and preventive management practices to minimize pest and disease incidence. 

Techniques such as crop diversification, crop rotation, intercropping, incorporation of organic 

fertilizers, cultivation of pest-resistant cultivars, and the use of biological control organisms are 

widely adopted to maintain healthy crop production. In situations where pest intervention is 

necessary, only naturally derived or organically approved plant protection products are permitted, 

ensuring minimal impact on the environment and non-target organisms [1]. 

Adoption of Safer Pesticides: Reducing the environmental and health risks associated with 

pesticide use can also be achieved by encouraging the adoption of pesticides with lower toxicity 

and improved environmental compatibility. Replacing highly hazardous compounds with safer 

alternatives decreases the likelihood of adverse effects on farmers, consumers, beneficial 

organisms, and wildlife. In addition, the selection of pesticides that degrade more rapidly and 

exhibit lower persistence in the environment helps reduce contamination of soil and water 

resources while maintaining satisfactory pest control. The use of such safer formulations 

represents an important component of integrated and sustainable pest management strategies [1].  

 
1.5 Biosensors 

 
“A biosensor is an analytical device designed to recognize biological events and translate them into 

measurable electrical signals [2]. It works by integrating a biological recognition component with 

a signal-converting transducer and is widely used in fields such as medical diagnosis and 

environmental analysis” [2]. These instruments are widely used to detect and quantify biologically 

significant substances. Even when the sensor does not directly interface with a living biological 

system, it can still detect biologically meaningful parameters [3]. This device uses a biorecognition 

element, such as an enzyme, antibody, or nucleic acid, to specifically bind with the analyte of 

interest, enabling its detection and quantification [4]. This biological interaction produces a 

response that is converted into an electrical signal by a transducer. Depending on their intended use, 

4
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biosensors can be categorized into various types, including immunosensors, resonant mirror 

sensors, chemical canaries, biocomputers, glucometers, and biochips [5]. Broadly, a biosensor is 

defined as an analytical system integrating a biological recognition element with a signal transducer to 

produce qualitative or semi-quantitative results. In essence, biosensors monitor variations in 

biological activity and convert these changes into electrical outputs, enabling their use in diverse 

fields such as healthcare diagnostics, environmental analysis, and industrial applications [6].  

Compared with many conventional diagnostic tools, biosensors offer superior selectivity and 

sensitivity [7]. They are widely used in environmental pollution monitoring, agriculture, and the 

food industry. Important characteristics of biosensors include good stability, affordability, and 

high sensitivity. 

 

Biosensors 
 

Biological Recognition Transducer Detection Mode 
 

 
Fig. 1.3 Classification of Biosensors 
 

1.5.1 Components of biosensors 
 

Biosensors are analytical devices composed of multiple interconnected components, each playing 

an important role in detecting and measuring biological or chemical substances. The proper 

functioning of these elements ensures high accuracy, sensitivity, and reliability [9]. The major 

components of a biosensor are explained below in an original and simplified manner [10]. 

The components of a biosensor are as follows: 
 

1. Analyte 

The analyte is the substance being detected or measured by the biosensor. It can be a chemical compound, 

biological molecule, or microorganism present in a sample [11]. Common examples include glucose, 

enzymes, pollutants, toxins, or disease markers. Detection begins when the analyte comes into contact with 

the sensing system [12]. 

2. Biological recognition element 

This component is responsible for identifying the analyte with high specificity. It is typically made 

of biological materials such as enzymes, antibodies, DNA, RNA, microorganisms, or living cells. 

The recognition element selectively interacts with the target analyte and elicits a biological 

47
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response [13]. 

3. Transducer 

The transducer transforms the biological interaction into a measurable signal. This signal may be electrical, 

optical, thermal, or mechanical in nature [14]. Depending on the type of biosensor, transducers can be 

electrochemical, optical, piezoelectric, or thermal. This conversion allows the biological event to be 

quantified [15].   

4. Signal Processing Unit 

The signal generated by the transducer is often weak and requires enhancement. The signal processing unit 

amplifies, filters, and converts the signal into a usable format. It ensures that the output data is accurate and 

easy to interpret [16]. 

5. Output and Display System 

This component presents the processed signal in a readable form, such as numerical values, graphs, or visual 

indicators [17]. It enables users to clearly and quickly assess the presence or concentration of the analyte 

[18]. 

6. Support Structure and Immobilization System 

The support structure holds the biological element securely in place while maintaining its activity 

and stability. It also protects the biosensor's internal components from environmental factors, 

thereby improving its durability and performance [19]. 

Together, these components enable biosensors to provide rapid, accurate, and reliable detection, 

which has led to their extensive use in healthcare, environmental analysis, and food safety monitoring and 

industrial applications [20,21]. 

 
1.5.2 Characteristics of a biosensor 

 
Biosensors are characterized by several performance-related features that determine how 

effectively they can detect and measure target substances in practical applications. A clear 

understanding of these characteristics is important for evaluating their usefulness in academic 

research, healthcare, industry, and environmental studies [22]. The main characteristics of 

biosensors are described below: 

 

1. Sensitivity 
 
Sensitivity describes the capability of a biosensor to recognize very small quantities of an analyte. 

Sensors with high sensitivity can detect slight variations in concentration, which is essential for 

early disease identification, trace chemical analysis, and monitoring low-level biological 

processes. Sensitivity is influenced by the nature of the biological sensing element and the 

efficiency of signal conversion [23]. 
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2. Selectivity (Specificity) 

Selectivity refers to the ability of a biosensor to respond only to the target analyte while ignoring 

other substances present in the sample. This property depends mainly on the biological recognition 

element, which is designed to interact specifically with the analyte. High selectivity helps reduce 

interference and improve measurement reliability [24]. 

 

3. Accuracy 

Accuracy indicates how closely the results from a biosensor match the true analyte concentration 

[28]. Accurate sensors are essential in clinical diagnostics and quality control, where incorrect 

readings can lead to serious consequences [29]. 

 

4. Response Time 

Response time is the time a biosensor takes to produce a stable output after contact with the analyte 

[30,31]. A short response time enables rapid detection and real-time monitoring, which are 

particularly useful in emergency medical care and continuous environmental assessment [32]. 

 

5. Reproducibility 
 
Reproducibility is the ability of a biosensor to deliver consistent results when the same measurement 

is repeated under identical conditions. Good reproducibility reflects reliable sensor construction and 

stable biological activity [33]. 

 

6. Stability 
 
Stability refers to a biosensor's ability to maintain consistent performance over long periods of use or 

storage. A stable biosensor continues to function effectively despite changes in temperature and pH, 

and withstands repeated measurements, making it suitable for long-term applications [34,35]. 

 

 

7. Measurement Range 
 

The measurement range defines the analyte concentrations over which the biosensor can provide 

reliable results. A broader range increases the biosensor's flexibility, allowing it to be used in 

diverse analytical situations [36]. 
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8. Detection Limit 
 
The detection limit represents the lowest amount of analyte that the biosensor can reliably identify 

[37]. A lower detection limit indicates higher performance, which is important in applications such 

as toxin detection and early disease screening [38]. 

9. Cost efficiency 
 
Cost efficiency refers to the expenses associated with the biosensor's production, operation, and 

maintenance. Economical biosensors support large-scale manufacturing and make advanced 

detection technology more accessible [39]. 

10. Portability and User Convenience 
 
Portability refers to the ease with which a biosensor can be carried and used outside laboratory 

environments [25,27]. Lightweight design, simple operation, and minimal power requirements 

make biosensors suitable for point-of-care testing and fieldwork [36]. 

11. Biocompatibility 
 

Biocompatibility refers to the capability of a biosensor to operate effectively without causing 

harmful effects when it comes into contact with biological systems. This feature is particularly 

important for wearable or implantable sensors used in continuous health monitoring [33,35]. 

12. Reliability and Durability 
 

Reliability ensures that the biosensor produces dependable results over repeated use, while 

durability reflects its resistance to environmental and mechanical stress. These qualities are 

essential for practical and long-term deployment [34,32,40]. 

 

1.5.3 Working of a Biosensor 

 
A biosensor is a device that detects biological or chemical substances and converts the resulting 

biological interaction into a measurable electrical signal. The operation of a biosensor involves a 

sequence of interconnected steps, from recognition of the target analyte to display of the final 

measurement [41]. Each step is crucial for achieving accuracy, sensitivity, and reliability in 

detection. The working mechanism can be described in the following detailed stages: 

 
1. Biological Recognition and Signal Transduction 

 
The heart of a biosensor lies in its biological recognition element. This component, which can be 

an enzyme, antibody, nucleic acid, or even whole cells, is specifically designed to interact with the 

24
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target analyte. When the analyte contacts the recognition element, a biochemical reaction occurs. 

For example, in a glucose biosensor, glucose reacts with the enzyme glucose oxidase, generating 

hydrogen peroxide as a byproduct [42]. 

This biochemical event creates a biological signal, often in the form of a chemical change (e.g., 

proton release, electron transfer, or a change in concentration of a reaction product). The transducer 

then converts this biochemical signal into an electrical form, such as a change in voltage, current, 

or impedance, which can be measured [43]. The choice of transducer (electrochemical, optical, 

piezoelectric, or thermal) depends on the reaction type and the desired sensitivity [44]. 

 

2. Signal Generation 
 

The interaction between the target analyte and the biological recognition element is converted by 

the transducer into an electrical signal, the magnitude of which is directly related to the analyte 

concentration. For instance, in amperometric biosensors, the chemical reaction produces a current 

[45]. In potentiometric biosensors, a voltage change occurs. If the output is a current, it may need 

to be converted to a voltage using a current-to- voltage converter based on an operational amplifier 

(Op-Amp). This ensures compatibility with subsequent electronic processing [46]. 

 
3. Characteristics of the Initial Signal 

 

The raw electrical signal produced by the transducer is often very small and can be easily masked 

by noise. Noise may originate from environmental electromagnetic interference, thermal 

fluctuations in the components, or intrinsic variations in the sensor materials. 

Without further processing, this low-level signal would be unreliable for accurate measurement. 

[47] 

 
4. Signal Amplification 

 

To make the signal usable, it is amplified using electronic circuits, often incorporating Op- Amps. 

Amplification increases the signal strength while preserving its proportionality to the analyte 

concentration [48]. This step is essential because it enables the sensor to detect very low analyte 

concentrations that would otherwise be lost in the noise. 

 
5. Signal Filtering 

 

Even after amplification, high-frequency noise or unwanted fluctuations may still interfere with 

the measurement. To eliminate this, the signal passes through a filter, commonly a low- pass RC 
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(resistor-capacitor) filter. This filter allows low-frequency signals (which correspond to the actual 

analyte concentration) to pass while removing high-frequency noise, producing a smooth and clear 

signal suitable for processing [49]. 

6. Signal Processing and Conditioning 
 

The filtered signal is then sent to a signal processing or conditioning unit. Here, the signal may be 

further amplified, linearized, or corrected for temperature or environmental variations [50]. At this 

stage, the signal remains in analogue form, meaning it continuously varies in proportion to the 

analyte concentration. The conditioned analogue signal provides a direct representation of the 

biochemical interaction [51]. 

 
7. Conversion to Digital Signal 

 

For easier display, data storage, and analysis, the analogue signal is usually converted into a digital 

format. This is performed by an analogue-to-digital converter (ADC) within a microcontroller or 

processor. The digital signal allows the biosensor to interface with computers, data loggers, or 

display devices, enabling further computational analysis, remote monitoring, or integration into 

automated systems [52]. 

 
8. Output Display 

 
The final processed signal is presented to the user in an interpretable format, such as a numeric 

value on a digital screen, a graphical chart, or even a visual alarm if thresholds are exceeded. The 

output directly correlates to the concentration of the target analyte, providing actionable 

information for decision-making. For example, in medical applications, a glucose biosensor will 

display blood glucose levels in mg/dL, allowing immediate clinical evaluation [53]. 

 

Summary of the Process 
            In essence, the working of a biosensor involves: 

Recognition: The analyte interacts with the biological element. 

Transduction: The biological response is converted into an electrical signal. 

Amplification & Filtering: The weak signal is strengthened, and noise is removed. 

Processing: The signal is conditioned, possibly converted to digital form. 

Output: The measurement is displayed or recorded for interpretation 

 
1.5.4 Types of biosensors  
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Biosensors can be classified according to several criteria, such as the type of biological recognition 
element, the method of signal transduction, or their application. Each classification highlights the 
unique way the biosensor operates and interacts with the analyte. 

 

 

 

 

 
Fig. 1.4 Components of biosensor 

 
1.5.4.1 Based on the Biological Recognition Element 
 
The biological element is responsible for interacting with the analyte. Different recognition 

elements define the specificity and selectivity of the biosensor: 
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 Enzymatic biosensors: 

 
Use enzymes as the biological sensing element. The enzyme reacts specifically with the analyte, 

producing a product that can be measured. Example: Glucose biosensors using glucose oxidase. 

 Immunosensors: 

Employ antibodies or antigens to detect specific molecules. They are highly selective and widely 

used in medical diagnostics, including the detection of pathogens and biomarkers. 

 DNA biosensors (Genosensors): 

Use nucleic acids (DNA or RNA) to detect complementary sequences. These are used in genetic 

testing, disease detection, and forensic analysis. 

 Cell-based biosensors: 

Use whole living cells to detect analytes by measuring cell responses, such as metabolic changes 

or toxicity. 

 Microbial biosensors: 

Utilize microorganisms to detect environmental pollutants or toxins. Changes in microbial activity 

are converted into measurable signals. 

 

1.5.4.2 Based on the Type of Transducer 

 
The biochemical interaction is translated by the transducer into a detectable output signal. 

Biosensors can be classified by the physical signal they generate: 

 Electrochemical biosensors: 

The sensing mechanism relies on monitoring changes in electrical signals, including current, 

potential, or impedance, that arise from the biochemical reaction. Examples include amperometric, 

potentiometric, and conductometric biosensors. 

 Optical biosensors: 

Detect changes in light properties, such as absorption, fluorescence, luminescence, or refractive 

index. Example: Surface plasmon resonance (SPR) sensors are used for detecting biomolecular 

interactions. 

 Piezoelectric biosensors: 

Detect changes in mass or mechanical vibrations on a crystal surface caused by analyte binding. 

Example: Quartz crystal microbalance (QCM) sensors. 

 Thermal or calorimetric biosensors: 

Measure changes in heat produced or consumed during a biochemical reaction. 

72
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1.5.4.3 Based on the detection mode or signal output 

 
Biosensors can also be classified by how the output is measured and presented: 
 

 Amperometric biosensors: 
 
Measure the current produced by redox reactions between the analyte and the enzyme. 
 

 Potentiometric biosensors: 

Measure the change in potential (voltage) caused by the biochemical reaction at an electrode. 
 

 Conductometric biosensors: 
 

Detect changes in the Electrical conduction capability of the medium as the analyte reacts with a 

biological element. 

 Optoelectrode-based biosensors: 
 

 Use optical fibres to detect changes in light caused by the biochemical reaction. 
 
1.5.5 Applications of Biosensors 

 
Biosensors are analytical devices that convert biological reactions into measurable signals, making 

them highly useful across various domains. Their high specificity, sensitivity, and rapid 

response allow them to detect biological, chemical, and environmental changes in real- time [54]. 

Below is a detailed overview of their major applications: 

 

1. Medical and Clinical Applications 

 
Biosensors have revolutionized healthcare by enabling rapid diagnostics, continuous monitoring, 
and point-of-care testing. Glucose biosensors that use the enzyme glucose oxidase are widely 
used by diabetic patients. These devices measure blood sugar levels quickly, accurately, and with 
minimal sample volume, helping in effective disease management. Biosensors can detect specific 
proteins, hormones, or enzymes that serve as biomarkers for diseases such as cancer, 
cardiovascular disorders, liver dysfunction, and infectious diseases [55]. For example, troponin 
sensors help detect heart attacks early. Portable biosensors allow healthcare professionals to 
perform rapid tests in clinics, homes, or remote areas without relying on centralized laboratory 
facilities. Therapeutic drug monitoring is made easier with biosensors that measure drug 
concentrations in blood, ensuring proper dosing and reducing side effects. Immunosensors and 
DNA biosensors are used for rapid detection of pathogens such as HIV, influenza virus, and 
COVID-19, providing early and reliable diagnosis [56]. 
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2. Environmental Monitoring 
 

Biosensors play a critical role in environmental science by detecting pollutants and toxic 

substances. Biosensors can detect heavy metals (lead, mercury, cadmium), pesticides, nitrates, and 

microbial contaminants in drinking water, rivers, and wastewater. Microbial biosensors or enzyme-

based sensors are commonly used for this purpose. Biosensors help monitor harmful gases such as 

carbon monoxide, nitrogen oxides, sulfur dioxide, or volatile organic compounds (VOCs). Optical 

and electrochemical biosensors are often used to detect these airborne pollutants. Soil biosensors 

detect toxic chemicals, pesticides, and nutrient levels to optimize agricultural practices

 and prevent environmental contamination. Biosensors can assess the toxicity of environmental 

samples by monitoring biological responses in microorganisms or cells exposed to pollutants [57]. 

 

3. Food and Agriculture Applications 
 

In food safety and agriculture, biosensors ensure product quality and monitor contaminants: 

they identify harmful bacteria such as Salmonella, E. coli, and Listeria in food and beverages, 

preventing foodborne illnesses [58,59]. Electrochemical and enzymatic biosensors detect 

residual pesticides on fruits, vegetables, and grains. This helps maintain safety standards and 

regulatory compliance. Biosensors can measure the sugar, protein, or fat content of food 

products and assess freshness or spoilage by detecting metabolic by-products, such as ethanol 

or amines. In agriculture, biosensors measure soil nutrients, pH, and plant stress markers, 

enabling precision farming and improved crop yield [60]. 

 

4. Industrial and Biotechnological Applications 
 

Biosensors are essential for industrial process monitoring and quality control. Enzyme and 

microbial biosensors monitor substrate consumption, metabolite production, and oxygen levels 

during fermentation across industries such as brewing, dairy, and pharmaceuticals. Biosensors help 

maintain optimal conditions in bioreactors by continuously monitoring key parameters, improving 

yield and reducing waste [61]. Biosensors monitor effluents for toxins and pollutants before 

discharge into the environment, ensuring compliance with environmental regulations. Biosensors 

track the activity of microorganisms used to degrade environmental pollutants, providing real-time 

feedback on remediation efficiency [62]. 
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5. Forensic and Security Applications 
 

Biosensors are increasingly used in law enforcement and security due to their rapid, specific detection 

capabilities: they can identify trace amounts of explosives, chemical warfare agents, or toxic substances at 

checkpoints or in contaminated areas. DNA biosensors or immunosensors can detect biological 

evidence, such as blood or tissue markers, helping forensic investigations. Biosensors rapidly 

detect harmful pathogens or biohazards in public spaces or food/water supplies, providing critical 

early warning [63]. 

6. Research and Development Applications 

In laboratories, biosensors are invaluable tools for studying biological systems: Biosensors 

monitor molecular interactions in real time, helping identify potential drug candidates and evaluate 

their effects. DNA or RNA biosensors detect specific genetic sequences, aiding in the study of 

genetic disorders, mutations, and pathogen detection. Biosensors allow continuous monitoring of 

enzyme activity, substrate consumption, or metabolite production, providing real-time insights 

into cellular processes. Optical biosensors, such as surface plasmon resonance (SPR) sensors, are 

used to study bio-molecular interactions that are critical to drug development and molecular 

biology research [64]. 

1.6 2D-based nanomaterial 
 
Two-dimensional (2D) nanomaterials are a unique category of nanostructures distinguished by 

their extremely small thickness, typically ranging from a single atomic layer to a few nanometers, 

while possessing comparatively large lateral dimensions. Their crystal structure consists of 

strongly bonded atoms within each layer, whereas the individual layers are held together by weak 

van der Waals interactions, making them suitable for exfoliation into ultrathin sheets. These 

materials are commonly obtained from layered precursor compounds through mechanical, 

chemical, or liquid-phase exfoliation methods, as well as by bottom-up synthesis techniques. 

Although the ideal form of a 2D nanomaterial is a monolayer, practical synthesis generally yields 

nanosheets containing fewer than ten atomic layers. Owing to their remarkable electrical, optical, 

thermal, and mechanical characteristics, 2D nanomaterials have emerged as promising materials 

for numerous technological applications. Representative examples include graphene, hexagonal 

boron nitride (hBN), and transition metal dichalcogenides (TMDCs, MX₂), which are extensively 

utilized in electronic and optoelectronic devices, chemical and biological sensors, catalysts, energy 

storage systems, photovoltaic cells, lithium-ion batteries, and high-performance composite 

materials. [65]. 

 

1.6.1 Properties of 2D- nanomaterial 

45
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1.  High surface area 

High surface area is a characteristic of all types of 2D nano-materials. Graphene possess one of 

the highest specific surface areas of 2630 m2/g [66]. The performance of nanomaterials in various 

applications is largely influenced by their interfacial and surface properties. Among these, 2D 

nanomaterials possess an exceptionally large specific surface area, which facilitates efficient 

loading and controlled release of therapeutic agents. Consequently, they have attracted 

considerable interest as potential materials for next-generation drug delivery platforms. [67]. 

Ultrathin 2D nanomaterials differ from their bulk counterparts, as they help control device 

performance by providing an atomically thin interface [68]. 

 
2. High intrinsic mobility 

 
The high charge-carrier mobility of 2D nanomaterials is another fascinating feature that makes 

them extremely valuable for solar and other applications. The 2D nanomaterials, such as black 

phosphorus, 2D perovskite active layers, TMDs, and highly admired graphene, have shown high 

carrier mobility. Graphene possesses an exceptionally high carrier mobility of 200,000 cm2 V-1 s-
1. Similarly, the few-layered black phosphorus field-effect carrier mobility for electrons was 

measured at about 1000 cm2V-1s-1; for holes, it was about 286 cm2V−1s−1 [69]. The 2D BN 

was used to develop a nanocomposite paper containing nanofibrillated cellulose, which exhibited 

a high thermal conductivity of 145.7 W/m · K. The thermal conductivity of the randomly 

distributed nanosheets in 2D BN composites was comparable to that of aluminium alloys [70]. In 

general, two-dimensionality plays a critical role in the transport of fast electrons and ions [71]. The 

thermal and electrical properties of the desired nanocomposites can be tuned by appropriately 

doping the 2D nanomaterials [72]. 

 

3. Flexibility 

The flexibility of 2D nanomaterials is one of their key, highly desired characteristics and is extremely 

useful for designing flexible electronics and sensors. For example, traditional semiconductor- and 

metal-based strain sensors are fragile and rigid, making them difficult to integrate into wearable 

electronics. Due to high flexibility, 2D nanomaterials are an excellent choice for developing 

flexible sensors [73] and other electronic devices [74]. Several 2D nanomaterials have been applied 

or shown tremendous potential for creating flexible devices, including MXenes, borophenes, and 

TMDs [75]. 
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4. Intercalation/host–guest relation 

The layered 2D nanomaterials are an excellent choice for the intercalation of various species, 

ranging from ions to atoms and atoms to molecules. Intercalation is a phenomenon in which the 

host or foreign species reversibly intercalates into the crystal gaps [76]. The 2D layered MnO2 has 

shown impressive intercalation/deintercalation of various metal ions, including K+, Na+, Li+, and 

Mg2+ [77]. Cation diffusion can be controlled by adjusting the interlayer distance. Similarly, 

MXene has also demonstrated strong intercalation capacity for Na+ and K+ ions for energy storage 

applications [78]. Thus, this intercalation feature can be extensively exploited in the energy, 

environmental, catalyst, and medicinal sectors. 

 

5. Semiconductor and band gap tunability 
 

The 2D nanomaterials possess a range of unique properties. As discussed, some properties apply 

to all 2D nanomaterials, while others are specific to individual families or certain 2D 

nanomaterials, making them suitable for specific applications. For instance, graphene is a highly 

rated 2D nanomaterial due to its lack of a band gap; however, its semi-metallic nature limits its use 

in digital electronics. Several 2D nanomaterials have been reported to exhibit tunable band 

gaps [79] and exceptional semiconducting properties [80]. 2D semiconducting nanomaterials with 

high carrier mobility and a large band gap have received significant attention for digital devices. 

Most reported 2D nanomaterials exhibit a band gap of 1–2.4 eV [81]. As the band gap increased, 

the carrier mobility of the materials decreased [110]. TMD materials have an electronic band gap 

that increases as the sheet thickness decreases [82]. The bulk TMDs are indirect-band-gap 

materials that, amazingly, turn into direct-band-gap materials as their thickness is reduced to an 

ultrathin sheet. 2D semiconducting nanomaterials are preferred over 3D bulk semiconductors due 

to their smooth, atomically thin layers, high carrier mobility, and significant stability, whereas 3D 

bulk semiconductors degrade rapidly during operation [83]. 

 

6. Unique optical properties 

2D nanomaterials exhibit remarkable optical properties, driving intensive research in this field. 

Unconventional optical properties are observed when ultrathin 2D nanomaterials are approached 

to single or a few atomic layers. The unique optical properties may include plasmonic effects, light 

sensitivity, emission, and absorption [84]. Atomic-level ultrathin sheets can be transparent in the 

visible region. Graphene, the famous 2D nanomaterial, has shown excellent optical transparency of 

97.7 %. The colloidal suspensions of the MXenes are also transparent. The Ti3C2Tz thin films 

demonstrated 97% optical transparency [85], almost equal to that of graphene. The sensitivity of 

1
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2D nanomaterials to the external environment and their optical properties have drawn significant 

interest in the development of optical sensors [86]. Furthermore, the X-ray attenuation and optical 

properties of the 2D nanomaterials can be effective for the radiotherapy or the phototherapy of 

cancer [87]. 2D nanomaterials are also being explored for bioimaging [88]. The 2D nanomaterial 

family is continually expanding, and these properties have not yet been fully explored. 

 
7. High mechanical stability 

 
2D nanomaterials exhibit excellent mechanical strength and can withstand stress to an exceptional 

degree. 2D nanomaterials have been reported to exhibit high Young's moduli. For most of the 2D 

nanomaterials, Young’s modulus appeared between 150 and 400 GPa [89]. Ti3C2 MXene 

Young's modulus is measured at about 333 ± 30 GPa, one of the highest in solution-processable 

2D nanomaterials. It is interesting to note that Young's modulus, theoretically determined using 

molecular dynamics simulations for Ti3C2, is about 502 GPa [90]. The surface termination group 

may play a critical role in deciding the mechanical stability of the 2D nanomaterials. For instance, 

the elastic stiffness of the -F and –OH group terminated is lower compared to -O terminated 

MXenes [91]. Overall, 2D nanomaterials are an excellent choice for improving the mechanical 

properties of composites as nanofillers and for constructing advanced machines with high 

mechanical stability[92,93]. 

 

1.6.2 Applications 

 

In addition to graphene, a wide range of two-dimensional (2D) nanomaterials has demonstrated 

remarkable potential in numerous scientific and industrial applications owing to their distinctive 

electrical, optical, mechanical, and physicochemical properties. Some of the major applications 

are summarized below: 

 Field-effect transistors and sensors: Semiconducting 2D materials, including transition metal 

dichalcogenides (TMDCs) and black phosphorus, have emerged as promising channel materials 

for field-effect transistors (FETs). Their moderate bandgap and excellent carrier mobility enable 

efficient charge transport, making them well suited for high-performance electronic devices and 

highly sensitive sensing platforms [94]. 

 Photodetection: Owing to their tunable bandgap in the visible and near-infrared spectral regions, 

along with efficient charge transport characteristics, TMDCs and black phosphorus have been 

widely explored for photodetector applications. These materials exhibit rapid photo-response and 

enhanced light absorption, making them attractive for advanced optoelectronic devices. [95]. 
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 Electrode material for energy storage: Two-dimensional nanomaterials have gained 

considerable attention as electrode materials for rechargeable batteries because of their large 

specific surface area, superior electrical conductivity, and ability to accommodate a high 

concentration of ions. Although graphene has been extensively employed for this purpose, 

metallic-phase (1T) molybdenum disulfide (MoS₂) has recently emerged as an effective 

alternative, offering improved power and energy storage capabilities [96]. 

 Topologic insulators: Certain 2D materials possess unique electronic structures that enable 

electrical conduction along their edges while maintaining insulating behavior within the bulk. 

Materials belonging to the Xene family, as well as tungsten ditelluride (WTe₂), are being actively 

investigated for topological electronic applications. Notably, WTe₂ can undergo reversible 

transitions between topological insulating and superconducting states under an applied electric 

field [97]. 

 Valleytronics: Valleytronics is an emerging branch of semiconductor technology that exploits the 

valley degree of freedom of charge carriers for information processing. Transition metal 

dichalcogenides exhibit strong valley polarization, making them promising candidates for next-

generation valleytronic devices with potential applications in low-power electronics and quantum 

technologies [98]. 

 Antibacterial material: Beyond graphene, several 2D nanomaterials have demonstrated effective 

antimicrobial activity. Their ultrathin morphology, high surface reactivity, and favorable 

biocompatibility contribute to efficient bacterial inactivation, making them suitable for biomedical 

coatings and antimicrobial surfaces. [99]. 

 Drug delivery: The exceptionally high surface area and tunable surface chemistry of 2D 

nanomaterials enable efficient loading of therapeutic agents and controlled drug release. These 

characteristics have stimulated extensive research into their application as nanocarriers for 

targeted and sustained drug delivery. [100]. 

 Biomedical engineering: Two-dimensional nanomaterials are increasingly incorporated into polymeric 

nanocomposites and hydrogel systems to improve their mechanical strength, stability, and functional performance. 

Their integration has broadened their use in tissue engineering, regenerative medicine, and other biomedical 

applications. [101]. 

 Biosensing and gene sequencing: Due to their atomic-scale thickness, excellent electrical 

conductivity, and high sensitivity to surface interactions, 2D nanomaterials have become attractive 

materials for biosensors and nucleic acid sequencing technologies. Their unique structural 

characteristics facilitate rapid and accurate detection of biological molecules [102]. 
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Chapter – 2  

Literature Review 

 

 
2.1 Overview of Organophosphate Pesticides 

 
Organophosphate (OP) pesticides are synthetic chemicals widely used in agriculture to control 

pests on crops such as fruits and vegetables, as well as in public health efforts, such as mosquito 

control [1]. Organophosphate (OP) pesticides, introduced in the mid-20th century as less persistent 

substitutes for organochlorines like DDT, are synthetic phosphorus-based insecticides that 

dominate global agriculture and public health pest control. They function by phosphorylating 

acetylcholinesterase (AChE), thereby disrupting acetylcholine hydrolysis in the insect nervous 

system, triggering overstimulation, paralysis, and death [2,3]. Chemically, OPs feature a central 

phosphoryl (P=O) group bonded to thiols, alcohols, or alkyl groups, influencing their solubility, 

stability, and toxicity; prominent examples include chlorpyrifos, malathion, parathion, and 

diazinon, applied extensively on crops like grains, fruits, vegetables, and cotton, as well as for 

mosquito eradication in malaria-endemic regions [4]. While effective for boosting yields and 

vector control, their use raises serious health concerns: acute exposure via skin, inhalation, or 

ingestion provokes cholinergic crises with SLUDGE symptoms (salivation, lacrimation, urination, 

defecation, gastrointestinal upset, emesis), while chronic low-dose contact correlates with 

neurodevelopmental impairments and endocrine interference in humans [5, 6, 7]. 

Organophosphate pesticides possess this characteristic structure: 

 
 
 
 
 
 
 
 
 
                                     Fig. 2.1 Chemical Structure of an Organophosphate Compound 

 
Environmentally, OPs leach into soil, groundwater, and waterways through runoff, bioaccumulate 

in non-target organisms such as bees, birds, and fish, and cause biodiversity loss despite relatively 

rapid hydrolysis or microbial breakdown [8,9]. Therefore, this underscores the urgent need for 

 

Page 53 of 94 - Integrity Submission Submission ID trn:oid:::1:3600729117

Page 53 of 94 - Integrity Submission Submission ID trn:oid:::1:3600729117



34 
 

rapid, accurate, and dependable detection of trace OP levels to safeguard public health and safety, 

with active research continuing in this field [10]. 

Organophosphate (OP) pesticides in humans provoke four distinct neurotoxic syndromes via 

cholinesterase inhibition, oxidative damage, and disruption of neuropathy target esterase (NTE), 

each with unique timelines, symptoms, and pathological bases [11]. 

 

Acute Cholinergic Syndrome 

This provides an immediate response, with onset within minutes to hours of substantial exposure, 

such as dermal, inhalation, or ingestion. Stems from acetylcholinesterase (AChE) phosphorylation, 

causing acetylcholine overload at muscarinic and nicotinic synapses. Muscarinic effects include 

miosis, hypersalivation, sweating, bronchorrhea, bradycardia, hypotension, nausea, vomiting, 

diarrhoea, and urinary incontinence (such as diarrhoea, urination, bronchorrhea, emesis, 

lacrimation, salivation). Nicotinic signs feature muscle fasciculations, tremors, weakness, 

tachycardia, hypertension, and paralysis; central effects add confusion, seizures, coma, and 

respiratory arrest from diaphragmatic failure, with mortality up to 10-20% untreated [12,13,14, 15]. 

Intermediate Syndrome (IMS) 
 

Intermediate Syndrome (IMS) emerges 1-4 days post-acute phase resolution (typically 24-96 

hours). IMS affects (~40-60%) of severe cases, independent of cholinergic signs, due to prolonged 

AChE inhibition at neuromuscular junctions, causing postsynaptic dysfunction and muscle 

necrosis [16,17]. Key features include neck muscle weakness and respiratory failure from 

intercostal or diaphragm paralysis, often requiring ventilation for 4-21 days and recovery spans 

weeks with physiotherapy [18]. IMS mainly strikes people who had a severe initial poisoning from 

heavy AChE blockage, causing ongoing high acetylcholine levels at muscle- nerve connections, 

but it doesn't hit everyone who gets exposed [19]. 

 

Organophosphate Induced Delayed Polyneuropathy (OPIDP) 

This nerve damage starts 5 days to 3 weeks after exposure (worst around 2-3 weeks), caused by 

over 70% blockage of NTE enzyme plus "aging" (chemical breakdown), which triggers axon 

breakdown from messed-up calcium levels and protein shredding in spinal cord motor cells and 

peripheral nerves [20,14]. Signs start with tingling in hands/feet, burning foot pain, leg cramps, 

then weak or floppy leg paralysis, loss of reflexes, unsteadiness, foot drop, and arm issues, it 

lingers 3-12 months with partial recovery, hitting men more and linked to fat- soluble OPs like tri-

orthocresyl phosphate [21]. Signs of OPIDP include upper motor neuron signals, a high-stepping 
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walk with both feet dragging, and in worst cases, full-body paralysis with dropped feet and wrists 

[11,22]. While peripheral nerve recovery can improve significantly over time, severe cases may 

leave lasting spastic unsteadiness due to the degree of upper motor neuron damage [23]. 

Chronic organophosphate-induced neuropsychiatric disorder (COPIND) 

COPIND shows up weeks or months after a serious poisoning episode or from ongoing low- dose 

contact, stemming from lasting brain dysfunction due to excess cholinergic activity, low dopamine 

levels, leaky blood-brain barrier, and brain swelling [24]. Key signs are ongoing worry, sadness, 

mental breakdowns, mood swings, forgetfulness, confusion, seeing things, sleep issues, and mild 

thinking problems spotted through brain tests; it's tied to cell damage from stress, enzyme 

overdrive, and messed-up growth signals, often lasting variably with limited fix [25,26]. 

Detecting organophosphate (OP) pesticides is essential because of their widespread agricultural 

use, which often contaminates food, water, soil, and air, posing risks to human health, including 

acute poisoning and chronic neurotoxicity [27]. 

 

Detecting OP pesticides: Farmers spray organophosphate (OP) pesticides widely on fruits, 

veggies, grains, and cotton to kill bugs, but leftovers spread into food, drinking water, rivers, soil, 

and even air through spray drift or runoff, risking serious harm to humans like instant poisoning, 

nerve damage, kids' brain growth issues, cancer links, and deaths—plus wiping out bees, fish, 

birds, and other wildlife via food chain buildup [28, 29]. 

 

Health protection: Catching tiny traces (like parts per billion) helps to stop food poisoning 

outbreaks and allows doctors to treat exposed areas early with antidotes like atropine to protect 

guards, farm workers, and kids from daily low doses, which causing delay learning or Parkinson 

's-like symptoms and also helps to track residues in blood or urine for lawsuits or bans [30,31,32]. 

 

Environmental safeguard: Monitors farm runoff polluting lakes and oceans, killing aquatic life 

and depleting oxygen, creating "dead zones"; checks for thinning bird eggshells or bee colony 

crashes; measures soil buildup harming earthworms or crops long-term; and helps restore habitats 

by spotting hotspots for cleanup [31,1]. 

 

Export importance: Meets strict global rules (EPA, EU MRLs, WHO guidelines) to avoid export 

rejections costing billions, guides safer farming switches to biopesticides, enables real-time alerts 

in suicide epidemics or accidents common in Asia or Africa, fuels research for nanosensors or AI 

detectors, ultimately saves lives, cuts healthcare costs, and protects biodiversity [32,30]. 
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2.2 Literature Review 

Nanomaterials have become powerful tools for biological sensing due to their size-dependent 

physicochemical properties and their ability to be surface-modified for specific functions. The 

efficient interaction between target biomolecules and nanomaterials is largely attributed to the 

small size of nanostructures, typically 1–100 nm, which enables selective binding. These features 

facilitate enhanced adsorption and recognition of biomolecules such as proteins, DNA, and small 

metabolites [33]. A wide spectrum of nanomaterials, including metallic nanoparticles (such as gold 

and silver), carbon- based structures (such as graphene and carbon nanotubes), magnetic 

nanoparticles (Fe3O4), and semiconductor quantum dots, has been extensively explored for 

biosensor development. Therefore, the analytical performance of the developed electrode was 

evaluated against that reported in earlier studies [34,35] 

 

Table 2.1 Recent developments in the analytical efficiency of electrochemical biosensors for 

trichlorfon detection 

S.No. Fabricated Electrode  Detection Method Linear Range LODs Ref. 

1. AChE/g-C₃N₄@MoS₂ DPV 5–100 nM 2.1 nM [36] 

2. AChE/Ag@CuO/ITO DPV 5- 35 nM 1.59 nM [37] 

3. AgNPs–MWCNT 
modified electrode 

Electrochemiluminescen
ce (ECL) 

5.0ௗ×ௗ10−8–
5.0ௗ×ௗ10−11 mol 
L−1 

3.9ௗ×ௗ10−12 
mol L−1 

[38] 

4. MIP/sol–gel/GCE DPV 10−8 –
10−6 g mL−1 

2.8 × 10−9 g
 mL−1 

[39] 

5. Carbon dot (CD)-
based nanozyme 
hydrogel 

Colorimetric 0.2- 50 nM 0.16 nM [40] 

2

50
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6. CuS/MnS/MWCNTs  DPV 1.0–10 and 10–
100ௗnM 

0.37ௗnM [41] 

7. Fe3O4@MWNT-
COOH/CS 
 

DPV 1.0 × 10−5 to to 
1.0 × 10−11 M 

 8.94 × 
10−12 M 

[42] 

 
 
2.3 Characteristics of the material 
 

Developing innovative materials is essential for fabricating high-performance biosensors. 

Nanostructures featuring extensive surface areas, strong electrical conductivity, and good 

biocompatibility are considered highly suitable for biosensor fabrication [43]. Attaching enzymes 

to these nanostructures enhances biosensor sensitivity, durability, and operational efficiency. 

Consequently, diverse nanostructures have been integrated onto electrodes to develop enzymatic 

biosensors, offering an innovative approach to amplify biosensor signals [10]. Among them, two-

dimensional (2D) layered nanostructures have significant potential to improve biosensors thanks 

to their outstanding physicochemical properties, including excellent biocompatibility, large 

specific surface areas, and optimal charge-transport properties. GCN (g-C3N4) aligns well here, as 

its layered 2D structure supports enzyme loading while providing nitrogen-rich sites for improved 

electron mediation in the detection of organophosphate pesticides [44]. 

 

2.3.1 Graphitic Carbon Nitride (g-C3N4) 

 

Graphitic carbon nitride (g-C₃N₄) is a robust, metal-free 2D semiconductor that finds broad utility 

owing to its 2.7 eV bandgap for visible-light harvesting, exceptional thermal endurance beyond 

600°C, and nitrogen-abundant layers that foster catalytic sites [45]. 

In photocatalysis, it excels at breaking down contaminants like rhodamine B or tetracycline 

through superoxide and hydroxyl radical pathways, often reaching full mineralization within 90 

minutes under ambient sunlight, while P- or S-doped variants accelerate H₂ generation from water 

splitting at rates exceeding 4000 μmol h⁻¹ g⁻¹ with minimal overpotentials [46]. Energy applications 

leverage g-C₃N₄'s pseudocapacitive properties, as in g-C₃N₄/MnO₂ or Co₃O₄ composites [47]. For 

biosensors, ultra-thin g-C₃N₄ nanosheets promote enzyme conjugation via π-π or electrostatic 

forces, yielding platforms for acetylcholinesterase-based OPP sensing (LOD 0.005 μM in tap water) 

or glucose oxidase assays spanning 0.1–20 mM with 48 μA mM⁻¹ cm⁻² sensitivity and 25 reuses at 

85% efficiency. Biomedically, its low cytotoxicity (<5% cell death at 200 μg mL⁻¹) supports 

fluorescence bioimaging (emission ~550 nm) and targeted delivery of doxorubicin, where 
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protonation enhances cellular uptake by 3-fold; disulfide grafting further imparts biodegradability 

for scaffolds in wound healing [48,49]. Environmentally, it selectively adsorbs and detects Hg²⁺ 

or Cr(VI) down to 0.5 ppb amid interferents, alongside non-enzymatic H₂O₂ reduction at nanozyme 

rates rivalling those of HRP. These multifaceted roles underscore g-C₃N₄'s promise in sustainable 

technologies. Graphitic carbon nitride (g-C₃N₄ or GCN) powers multiple high-impact applications 

through its layered structure, visible-light response, and nitrogen-rich sites [50]. 

For cleaning water, GCN breaks down dyes like rhodamine B by over 90% in just 80 minutes, 

removes antibiotics such as tetracycline in under an hour, and handles chemicals like phenols. 

Adding small tweaks, such as phosphorus or sulfur doping, can make it 4-6 times faster by helping 

electrons move more efficiently and reducing wasted energy [51]. 

In making clean fuels, GCN splits water to produce hydrogen gas at high rates—over 4500 μmol 

per hour per gram—especially when paired with catalysts such as platinum or MoS₂. It also 

converts CO₂ into useful products such as methanol or carbon monoxide, using its nitrogen sites 

to bind and convert CO₂ [52,53]. 

    Fig. 2.1 Illustration of applications of g-C3N4
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   2.3.2 Applications of g-C3N4 
 
 

1. Biosensor 
 

Graphitic carbon nitride (g-C₃N₄) has gained significant attention as a transducer material for 

biosensors because of its semiconductor behaviour, biocompatibility, and rich surface chemistry. 

In g-C₃N₄-based biosensors, the material acts as a scaffold that immobilizes biological recognition 

elements (enzymes, antibodies, DNA, aptamers, etc.) while simultaneously serving as an 

electroactive or photoactive interface that converts the biochemical binding event into a 

measurable electrical or optical signal [54,55]. 

The heptazine-based layered structure of g-C₃N₄ provides a planar, π-rich surface that allows 

strong non-covalent interactions with biomolecules and metal nanoparticles, which can be 

exploited to design label-free or nanoparticle-enhanced biosensors [56]. 

These design strategies allow g-C₃N₄-based biosensors to achieve high sensitivity, low detection 

limits, good selectivity, and stability in complex matrices such as blood, urine, or environmental 

water samples [57]. 

 

2. Photocatalysis 

In photocatalytic applications, g-C₃N₄ absorbs visible light and generates electron–hole pairs; its 

moderately negative conduction band and positive valence band enable redox reactions for water 

splitting, CO₂ reduction, and the degradation of organic pollutants [58]. Photogenerated electrons 

reduce H⁺ to H₂ or O₂ to reactive oxygen species, while holes oxidize water or organic 

contaminants, but efficiency is limited by charge-carrier recombination, which is mitigated by 

nano structuring, doping (e.g., S, P), or coupling with oxides such as TiO₂ or ZnO [59]. 

 

3. Energy Storage 

For energy-storage devices such as Li-ion, Li–S, Na-ion, and K-ion batteries as well as 

supercapacitors, g-C₃N₄ acts as an organic host or separator that chemically stabilizes active 

species and improves ion diffusion. Its layered framework and nitrogen-rich sites enhance surface 

redox activity, facilitate charge transfer, and buffer volume changes in anodes, thereby improving 

capacity retention and rate capability, especially when combined with graphene or other carbon 

materials [60]. 
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4. Biomedicine 

In biomedicine, g-C₃N₄ nanosheets serve as biocompatible platforms for photodynamic therapy, 

bioimaging, and drug delivery. Under visible light, they generate reactive oxygen species that can 

selectively kill cancer cells, while their intrinsic fluorescence and tunable surface enable labelling 

and in vitro/in vivo imaging. Functionalization with targeting ligands or polymers further improves 

tumor-specific delivery and reduces off-target toxicity [61]. 

 

5. Environmental Sensing 

For environmental sensing, g-C₃N₄ provides a sensitive transducer for detecting gases (e.g., SO₂, 

SO₃), heavy metals, and organic pollutants owing to its high surface area and favorable adsorption–

electron-transfer properties [62]. In chemiresistive or electrochemical sensors, analyte adsorption 

alters the charge-carrier density or interfacial resistance of g-C₃N₄, producing a measurable change 

in current, impedance, or photocurrent that can be correlated to concentration [63, 64]. 

 

2.3.3 Ce-doped NiO 

Ce-doped NiO (cerium-doped nickel oxide) nanoparticles are an important class of p-type 

semiconductor nanomaterials that have attracted considerable attention due to their tunable 

structural, optical, and electrochemical properties. Nickel oxide (NiO) itself possesses a stable 

rock-salt cubic structure and is widely used in catalysis, sensing, and energy-related applications; 

however, its relatively wide band gap and limited electrical conductivity restrict its performance 

[65,66]. To overcome these limitations, doping with rare-earth ions such as cerium (Ce³⁺/Ce⁴⁺) has 

been extensively explored. When Ce ions are incorporated into the NiO lattice, they partially 

substitute Ni²⁺ sites, leading to lattice distortion because of the larger ionic radius of Ce compared to 

Ni. This substitution generates structural defects such as oxygen vacancies and nickel vacancies, 

which play a crucial role in modifying the physicochemical behavior of the material [67]. 

At the nanoscale, Ce doping strongly influences the morphology and growth behavior of NiO 

nanoparticles [68]. During synthesis processes such as sol–gel, hydrothermal, or co-precipitation 

methods, Ce ions act as growth inhibitors, reducing particle agglomeration and leading to smaller, 

more uniform nanoparticles with enhanced surface roughness and porosity. This increase in surface 

area provides more active sites, which is particularly beneficial for surface-dependent processes 

such as catalysis and electrochemical sensing [69,70]. From an electronic perspective, Ce doping 

introduces localized energy states within the band structure of NiO, which leads to a reduction in 

the optical band gap compared to pure NiO. This band gap narrowing is associated with defect 

levels created by oxygen vacancies as well as hybridization between Ni 3d and Ce 4f orbitals. As 
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a result, Ce-doped NiO exhibits improved visible-light absorption and enhanced charge carrier 

mobility [71]. 

In electrochemical biosensors, the material enhances electron-transfer kinetics at the electrode–

electrolyte interface, resulting in higher sensitivity and lower detection limits [72]. The synergistic 

interaction between the Ni²⁺/Ni³⁺ and Ce³⁺/Ce⁴⁺ redox couples facilitate rapid charge mediation, while 

oxygen vacancies facilitate strong adsorption of target analytes, such as pesticides, heavy metal ions, 

and biomolecules [73]. The superior performance of Ce-doped NiO nanoparticles arises from a 

combination of structural distortion, defect engineering, band-gap modulation, and dual redox 

activity, making them highly promising for advanced environmental sensing, biosensing, and 

catalytic applications [74,75]. 

 
2.3.4 Applications of Ce-doped NiO 

 
1. Electrochemical Biosensors 

 
Ce-doped NiO nanoparticles are extensively applied in electrochemical biosensing systems 

because of their superior electron transfer properties and chemically active surface [76]. The 

Ce³⁺/Ce⁴⁺ redox couple plays a significant role in facilitating electron mediation during 

electrochemical processes, thereby enhancing sensor sensitivity and reducing response time. In 

addition, Ce-induced oxygen vacancies provide numerous active adsorption sites for various 

analytes, including pesticides, glucose, and heavy metal ions [77]. The combined effect of 

improved charge transport and increased surface reactivity results in highly efficient detection of 

trace levels of substances, making Ce-doped NiO particularly valuable for environmental and 

biomedical sensing applications [78]. 

 

2. Gas Sensing Applications 

Ce-doped NiO nanoparticles are widely recognized as efficient gas sensing materials due to their 

improved conductivity and enhanced surface reactivity. Interaction of target gases such as NO₂, 

NH₃, CO, and H₂S with the sensor surface results in measurable changes in resistance driven by 

electron-exchange mechanisms. The incorporation of cerium increases the concentration of 

oxygen vacancies, significantly enhancing gas adsorption capacity and strengthening surface 

interactions. Furthermore, the reversible Ce³⁺/Ce⁴⁺ redox system supports rapid charge transfer 

and improves signal stability, resulting in faster response and recovery behavior suitable for 

environmental and industrial gas detection [66,71]. 

 

3. Photocatalytic Degradation of Pollutants 
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In photocatalytic systems, Ce-doped NiO nanoparticles exhibit improved performance in 

degrading organic contaminants, including dyes, pharmaceutical residues, and industrial effluents 

[74]. Cerium incorporation narrows the band gap of NiO, enabling better utilization of visible light 

and promoting the generation of electron–hole pairs. Moreover, Ce ions act as charge trapping 

centres through their redox cycling, thereby minimizing recombination losses. The generated 

charge carriers participate in surface reactions to form reactive oxygen species, including hydroxyl 

radicals (•OH) and superoxide radicals (O₂•⁻), which effectively decompose complex pollutants 

into environmentally safe products [72]. 

 

4. Energy Storage Devices (Supercapacitors and Batteries) 

Ce-doped NiO nanoparticles are promising electrode materials for energy storage applications due 

to their enhanced electrochemical activity. The material exhibits pseudocapacitive behavior driven 

by reversible redox transitions between Ni²⁺/Ni³⁺ and Ce³⁺/Ce⁴⁺ states, which significantly contributes to 

charge storage capability [72]. Additionally, improved electrical conductivity along with a higher 

number of electroactive sites enables efficient ion diffusion and rapid electron transport during 

charge–discharge cycles. These characteristics result in higher capacitance, improved rate 

performance, and better long-term cycling stability, making them suitable for advanced energy 

storage technologies [74,77]. 

 

5. Electrocatalysis 

Ce-doped NiO nanoparticles exhibit strong electrocatalytic properties owing to their defect- rich 

structure and modified electronic configuration. Oxygen vacancies, along with mixed valence 

states of cerium and nickel, provide abundant active centres that enhance electrochemical reaction 

kinetics [76]. These features make the material effective for key catalytic reactions such as the 

oxygen evolution reaction (OER) and the hydrogen evolution reaction (HER). The Ce³⁺/Ce⁴⁺ redox 

pair further improves electron-transfer efficiency during catalytic processes, thereby lowering the 

activation energy and enhancing overall catalytic activity [75]. 

 

6. Environmental Monitoring and Remediation 

Ce-doped NiO nanoparticles are widely employed in environmental monitoring and remediation 

due to their strong affinity toward pollutants and high surface reactivity. In sensing applications, 

even very low concentrations of contaminants can be detected through significant changes in 

electrical signals caused by surface charge interactions. In remediation processes, these 

nanoparticles contribute to the breakdown and removal of toxic organic and inorganic substances 
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from environmental matrices. This dual functionality makes them highly effective for sustainable 

water and air purification technologies [68,78]. 

 

7. Optoelectronic Applications 

In optoelectronic devices, Ce-doped NiO nanoparticles are utilized because of their tunable 

electronic structure and enhanced light absorption properties [77]. The introduction of cerium 

creates defect energy levels within the band gap, thereby improving optical absorption and altering 

electronic transition behaviour. This facilitates better generation and transport of charge carriers. 

Moreover, enhanced separation of photoinduced electron–hole pairs lead to improved device 

efficiency and stability, making these materials suitable for photodetectors, photoelectrochemical 

systems, and other light-driven electronic applications [78,74]. 
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Chapter – 3  

Materials and Methods 

 
3.1 Introduction 
 
This unit introduces the materials Ce-doped NiO and graphitic carbon nitride, produces their 

nanoparticles, and characterizes them using different techniques, including electrochemical 

techniques and morphological studies, for the fabrication of biosensors for the analysis of 

organophosphate pesticides. This unit also discusses the parameters, methodologies, and protocols 

associated with the development and performance efficiency of biosensors. 

  
3.2 Material 
 

The description of each material used is given as follows: 

3.2.1 Chemicals 
 

Nickel nitrate hexahydrate [ Ni(NO3)2.6H2O], Cerium nitrate hexahydrate [Ce(NO3)3.6H2O], 

Ascorbic acid (AA; 99%), Glucose (C6H12O6; ≥ 99.5%), Uric acid (UA; ≥ 99%) and Sodium 

chloride (NaCl), Potassium chloride (KCl), Zinc sulphate (Zn2SO4), Acetylcholinesterase (AChE), 

Acetylthiocholine chloride (ATCl), Trichlorfon (TF) and Glutaraldehyde solution were taken from 

Sigma-Aldrich. Acetone, ethanol, and hydrochloric acid (HCl) were used as solvents, and for real-

sample analysis, we used rice, apple, and cucumber. All reagents used in the synthesis process 

were of analytical grade and used without any auxiliary purification. 

 
3.2.2 Solutions and Buffer 
 

 Phosphate buffer saline (PBS;0.1 M) having pH 7, 

 5mM [Fe (CN)6]3-/4- used in PBS solution as redox initiator. 

 
3.3 Characterization Techniques 
 
With the help of a three-phase electrode system, characterization of synthesized nanoparticles of 

the material to determine its structural properties is done using various techniques such as X-ray 

diffraction (XRD), and Fourier transform infrared spectroscopy (FTIR). For morphological and 
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elemental characterization technique used is Scanning Electron Microscopy (SEM). 

Electrochemical analysis was performed through cyclic voltammetry (CV) and differential pulse 

voltammetry (DPV). 

 

3.3.1 X-Ray Diffraction (XRD) 
 
X-ray diffraction (XRD) is a highly effective, non-destructive analytical technique widely used to 

investigate crystalline materials. It yields detailed insights into crystal structure, phase 

identification, preferred orientation (texture), and structural parametres such as crystallite size, 

degree of crystallinity, lattice distortion, and structural defects [1]. The diffraction pattern results 

from the constructive interference of monochromatic X-rays reflected from regularly spaced lattice 

planes at specific diffraction angles. The intensity of the diffraction peaks is governed by the 

arrangement of atoms in the crystal lattice. As a result, an XRD pattern serves as a unique signature 

of the material’s periodic atomic structure [2]. 

A more effective introduction to the application of X-ray diffraction in determining crystal 

structures can be presented through a simplified model. Typically, the explanation starts with a 

diagram illustrating an ordered arrangement of scattering points positioned along parallel planes 

separated by a distance d, shown in (Fig. 3.1). The interaction of X-ray beams with these planes is 

then examined, where the rays are reflected in a manner similar to mirror reflection. 

Constructive interference takes place when the difference in path length between X-rays reflected 

from adjacent crystal planes is equal to an integral multiple (n) of the X-ray wavelength. This 

condition directly results in Bragg’s law: 

𝑛𝜆 = 2𝑑sin 𝜃 

Where λ corresponds to the wavelength of generated X-rays, 𝜃 denotes the angle formed between 

the surface of the reflecting crystalline lattice and the incident ray [3]. 

XRD provides precise information about crystal structure, phase identification, and lattice 

parameters. The method requires minimal sample preparation and can deliver rapid results with 

high accuracy and reproducibility. Additionally, it can analyze a wide range of materials, including 

powders, thin films, and bulk solids [4]. 

 

17

25

32

53

Page 72 of 94 - Integrity Submission Submission ID trn:oid:::1:3600729117

Page 72 of 94 - Integrity Submission Submission ID trn:oid:::1:3600729117



53 
 

 

 
Fig. 3.1 Schematic diagram of X-Ray diffractometer 

  
 

3.3.2 Fourier Transform Infrared Spectroscopy (FTIR) 
 

IR spectroscopy is widely employed to analyze molecular vibrational modes, with each functional 

group exhibiting distinct absorption bands within the infrared region, which are associated with 

their fundamental vibrational motions [5]. For a nonlinear molecule containing N atoms, the total 

number of possible vibrational modes is given by 3N − 6, representing the independent ways in 

which the atoms can move. For a molecular vibration to be IR active, it must be accompanied by 

a variation in the molecule's dipole moment. Consequently, symmetric vibrations are generally not 

observed in IR spectra, especially in molecules that possess a centre of symmetry, where such 

vibrations remain inactive [6]. On the other hand, asymmetric vibrations are typically IR active and 

can be detected. This broad sensitivity enables IR spectroscopy to analyse a wide variety of 

chemical groups within a single sample, including substances like amino acids and water, which 

are often difficult to study using other techniques. Strong infrared absorption is usually associated 

with polar bonds that have a permanent dipole moment. Within the mid-infrared region (4000–

1000 cm⁻¹), the spectra are primarily characterized by two types of molecular vibrations, namely 

stretching vibrations (ν) and bending vibrations, which involve changes in bond length, and 

bending vibrations, which involve variations in bond angles [7]. Bending vibrations can occur 

either in the plane (δ) or out of the plane (π) of the molecule. Stretching vibrations are commonly 

described with the help of harmonic oscillator model, in which a chemical bond is treated as a 

system of two masses connected by a spring. In this model, the bond strength is represented by the 

force constant (k), while the masses (m₁ and m₂) correspond to the atoms or groups forming the 

bond. The vibration frequency(v) depends on both the bond strength and the masses of the atoms 

3
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involved is determined using 

 

ν = (1/ 2πc) 

 

Fourier Transform Infrared (FTIR) spectroscopy is an advanced analytical method used to identify 

chemical compounds and study molecular structures by measuring their infrared absorption spectra 

[8]. Unlike conventional infrared spectroscopy, FTIR simultaneously collects all infrared 

wavelengths, resulting in faster data acquisition and improved signal quality. The technique 

operates by transmitting a broad range of infrared radiation through a sample and recording the 

frequencies absorbed by the material, which correspond to specific molecular vibrations of 

chemical bonds [9]. The resulting absorption patterns generate a characteristic spectral fingerprint 

that enables the identification of specific functional groups within a sample and analyzes the 

material composition. All this was done using Michelson interferometer as shown in (Fig. 3.2). 

FTIR requires little to no sample preparation and can be used for the analysis of solids, liquids, 

and gases, making it a versatile tool in fields such as chemistry, material science, pharmaceuticals, 

and environmental analysis [10]. 

 

                     Fig. 3.2 Schematic diagram of the Michelson interferometer   

 

 

 

k(m1 + m2)/ m1m2 
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 3.3.3 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is a versatile analytical technique widely used to examine the 

microstructural morphology and chemical composition of materials [11]. SEM technique operates by 

directing a beam of high energy electrons onto the sample surface, where electron–matter interactions 

generate various detectable signals that are converted into detailed images [12]. Understanding the 

basic principles of light optics is essential for grasping the fundamentals of electron microscopy. SEM 

is extensively utilized in diverse disciplines, including materials science, biological research, and 

nanotechnology because it provides clear insight into microstructural characteristics that are not visible 

with conventional optical microscopes [13]. 

The resolution limit refers to the smallest distance at which two separate features can still be 

distinguished as individual entities. According to Ernst Abbe, the resolving power of an imaging system 

is directly influenced by the wavelength of the illuminating radiation [14]. When the resolution 

surpasses this limit at a given wavelength, the enlarged image becomes indistinct. 

Due to diffraction and interference effects, light originating from a point source cannot be focused into 

an exact point; instead, it appears spread out [15]. 

Resolution in an ideal optical system can be expressed mathematically using Abbe’s equation: 

                                                                    𝑑 =
଴.଺ଵଶఒ

௡ୱ୧  ఈ
 

Here:  

 d represents the resolving power (minimum distinguishable distance) 

  λ represents the wavelength of the radiation used for imaging 

 n represents the refractive index of the medium separating the specimen and the objective 

lens, measured relative to free space 

 α denotes the half of the angular aperture of the cone of light entering the objective lens 

(measured in radians) 

The quantity n sin α is known as the numerical aperture (NA), a parameter that describes the 

light-gathering capability of an optical system. [16]. 

 

One of the most significant feature of SEM is its capability to produce high-resolution surface 

images with excellent depth-of-field control, giving the sample surface a three-dimensional 

appearance. It also enables detailed surface analysis and can be combined with techniques such as 

elemental analysis to determine chemical composition. Additionally, SEM can examine a wide 

range of materials with minimal sample preparation, enhancing its versatibility and effectiveness 

in scientific research and industrial applications [17]. 
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Fig. 3.3 Schematic diagram of scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) 

 

3.4 Electrochemical Techniques 

Electrochemical methods rely on electrochemical principles to investigate chemical reactions, the 

concentrations of substances, and their physicochemical properties [18]. These approaches have 

certain advantages over surface-modification techniques because they exploit the interaction 

between electric current and chemical species at the electrode-electrolyte interface. Such methods 

typically involve at least three components: electrodes, an electrolyte solution, and an external 

electrical circuit [19]. In this work, a three-electrode setup comprising a reference electrode 

(Ag/AgCl), a platinum counter electrode, and a working electrode—is connected to a potentiostat 

(an Autolab (Ecochemie, Netherlands) Galvanostat/Potentiostat) [20]. The instrument regulates 

the potential applied to the working electrode and records the corresponding current response, from 

which a plot of current versus time is generated. A schematic of the potentiostat configuration is 

illustrated in (Fig. 3.4). Common electrochemical techniques employed includes Differential Pulse 

Voltammetry (DPV), Cyclic Voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS), 

and Chronoamperometry [21]. 
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Fig. 3.4 Schematic diagram of the potentiostat 

 

3.4.1 Differential pulse voltammetry (DPV) 

Differential pulse voltammetry (DPV) is an electroanalytical technique known for its high 

sensitivity used to detect and quantify low-concentration redox-active species by minimizing 

background capacitive (charging) currents [22]. In DPV, a potential scan is carried out as a 

staircase or linear ramp, with small, constant-amplitude potential pulses (typically 10–100 mV) 

superimposed at regular intervals on each step. In each pulse cycle, the current is sampled at two 

points—just prior to the application of the pulse and at its termination. The difference in current 

obtained from the two measurements is represented as a function of the applied potential, yielding 

a peak-shaped voltammogram [23, 24]. This differential measurement suppresses the 

contribution of non-faradaic charging current, thereby greatly improving the signal-to-noise ratio 

and facilitating the detection of analytes at extremely low concentrations, often in the nanomolar 

range [21]. 

The peak height in a DPV voltammogram is generally proportional to the concentration of the 

electroactive species, enabling the construction of calibration curves for quantitative analysis, 

while the peak potential provides information about the effective half-wave potential and redox 

behaviour of the system [22]. Reversible processes typically give symmetric, well-defined peaks, 

whereas irreversible or adsorption-controlled reactions may produce broader or asymmetric 

features. 
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DPV also offers good resolution among multiple redox couples because differential measurement 

reduces background capacitive current and emphasizes faradaic contributions that change rapidly 

with potential [23]. This allows discrimination of closely spaced oxidation or reduction events that 

might overlap in conventional linear-sweep or cyclic voltammetry. Further control parameters such 

as pulse amplitude, pulse width, step size, and scan rate can be optimized to balance sensitivity, 

resolution, and analysis time [25, 26]. Due to these advantages, DPV is widely used in trace 

analysis of heavy metals, pharmaceuticals, and environmental pollutants, as well as in biosensing 

platforms, modified-electrode characterization, and the study of electrocatalytic mechanisms on 

nanomaterials and functionalized surfaces [23]. 

 

3.4.2 Cyclic Voltammetry (CV) 

Cyclic voltammetry (CV) is an electrochemical method employed to study the redox behaviour 

and reaction mechanisms of chemical species in solution or at an electrode surface [22]. In a typical 

cyclic voltammetry (CV) experiment, the working electrode potential is swept linearly with time 

between two predefined limits using a triangular waveform, while the resulting current is 

continuously measured and plotted against the applied potential to obtain a cyclic voltammogram 

[23]. This technique is typically performed using a three-electrode setup comprising of a working 

electrode, a reference electrode, and a counter electrode, with the potential controlled by a 

potentiostat [24]. Analysis of peak positions, peak separation, and peak currents allows 

determination of parameters such as formal redox potentials, reversibility of electron-transfer 

processes, number of electrons involved, diffusion coefficients, and surface coverage of 

electroactive species [22]. Because of its simplicity, sensitivity, and ability to provide rapid 

qualitative and semi-quantitative information. 

In cyclic voltammetry (CV) voltammograms, peak currents and peak-to-peak separation provide 

key information about the electrochemical behaviour of the species being studied [27]. The anodic 

peak current (𝑖𝑝𝑎) and cathodic peak current (𝑖𝑝𝑐) are proportional to the concentration of the 

electroactive species and the scan rate, with reversible systems following the Randles-Ševčík 

relationship such that 𝑖𝑝∝ 𝜈, where 𝜈 is the scan rate [28]. By plotting the peak current against 

the square root of scan rate, one is able to distinguish between diffusion-controlled and 

adsorption-controlled processes and estimate diffusion coefficients. The Randles-Ševčík equation: 

 

𝑖𝑝 = (2.69 × 105) 𝑛3/2𝐴𝐷1/2𝐶𝜈1/2 

 

where 𝑛 represents the number of electrons involved in the redox process, 𝐴 denotes the electrode’s 
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surface area, 𝐷 is the diffusion coefficient, 𝐶 is the bulk analyte concentration, and 𝜈 represents 

the scan rate [29,30]. 

This allows a clear, quantitative interpretation of the electroactive species' behaviour at the 

electrode–electrolyte interface and strengthens the mechanistic discussion [27]. CV is widely used 

in electrode characterization, catalysis, corrosion studies, sensor development, and the 

investigation of organic, inorganic, and polymeric electroactive materials [23]. 

 

3.4.3 Electrochemical impedance spectroscopy (EIS) 

Electrochemical Impedance Spectroscopy (EIS) is a powerful frequency-domain method that 

examines the electrical response of an electrode–electrolyte interface by applying a low-amplitude 

sinusoidal potential across the wide frequency spectrum [31, 32]. The measured current or voltage 

response is analyzed in terms of impedance, which is expressed as a complex quantity consisting 

of a real (resistive) and an imaginary (capacitive or inductive) component [22]. EIS provides 

detailed information on interfacial processes, including charge-transfer resistance, double-layer 

capacitance, diffusion-controlled mass transport, and the presence of surface films or coatings, 

often represented as equivalent electrical circuits composed of resistors, capacitors, and other 

elements [33, 32]. 

Because EIS is performed under nearly non-perturbing conditions, it is particularly useful for 

studying corrosion mechanisms, battery electrode interfaces, fuel cells, supercapacitors, and 

biosensor platforms without significantly altering the system [34]. The resulting data are 

commonly visualized as Nyquist or Bode plots, from which key parameters such as polarization 

resistance, film resistance, and diffusion time constants can be extracted by fitting the spectra to 

appropriate models. In thesis work, EIS is frequently combined with techniques like cyclic 

voltammetry or chronoamperometry to correlate electrochemical behavior with interfacial 

structure and to monitor changes in electrode properties over time or under different experimental 

conditions [35, 32, 33]. 

In electrochemical studies, Electrochemical Impedance Spectroscopy (EIS) is an important non-

destructive technique used to investigate both interfacial and bulk properties of electrochemical 

systems [34]. By applying a small-amplitude sinusoidal potential or current perturbation over a 

broad frequency range and measuring the complex impedance response, EIS allows separation of 

different contributions such as solution resistance, charge-transfer resistance, double-layer 

capacitance, and diffusion-controlled transport [35]. These processes are usually represented by an 

equivalent-circuit model, which is fitted to the experimental data (often displayed as Nyquist or 

Bode plots) to extract quantitative parameters like polarization resistance, film resistance, and 
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diffusion time constants [32]. 

In this thesis, the EIS method is employed to determine the charge-transfer resistance (𝑅𝑐𝑡) from 

the measured EIS spectra. Equations (1) and (2) are then used to evaluate the exchange current 

density per unit geometric area (𝑖0) and the apparent electron-transfer rate constant (𝐾app) for 

different electrodes.   

𝑖଴ =
𝑛𝑅𝑇

𝑅௖௧𝐹
(i) 

 

𝐾app =
𝑅𝑇

𝑛ଶ𝐹ଶ𝐴𝑅௖௧𝐶
(ii) 

 

Here, 𝐶 represents the analyte concentration, 𝐹 is Faraday’s constant, 𝐴 represents the electrode’s 

geometrical surface area, 𝑛 is the number of electrons participating in the redox process, 𝑇 

represents the absolute temperature, and 𝑅 is the universal gas constant [35, 34].                           
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Chapter – 4  

Nickel-Cerium oxide decorated graphitic carbon nitride based 
electrochemical biosensor for organophosphate pesticide 
detection 

 
 

4.1 Introduction 
 
This chapter describes the development of a highly efficient acetylcholinesterase (AChE)-based 

electrochemical biosensor for detecting trichlorfon, incorporating a nanohybrid composed of 

graphitic carbon nitride (g-C₃N₄) and cerium-doped nickel oxide (Ce–NiO). The sensing 

mechanism relies on the inhibitory effect of trichlorfon, an organophosphate pesticide, on AChE 

activity, resulting in detectable changes in the electrochemical signal. The g-C₃N₄@Ce–NiO 

nanocomposite exhibits a pronounced synergistic effect due to the complementary characteristics 

of its constituents. Graphitic carbon nitride provides a high surface area, remarkable chemical 

stability, and numerous active sites for interaction, while cerium-doped nickel oxide offers 

enhanced electrical conductivity, superior redox activity, and improved catalytic performance due 

to the presence of Ce³⁺/Ce⁴⁺ redox couples. This synergistic combination markedly enhances the 

electroactive surface area, promotes faster electron transfer, and enhances the overall 

electrocatalytic behavior of the sensing platform. Moreover, the nanohybrid provides a 

biocompatible environment that supports the effective immobilization and stability of the AChE 

enzyme. 

The biosensor was fabricated by modifying the electrode surface with the synthesized g- 

C₃N₄@Ce–NiO nanocomposite, followed by enzyme immobilization to create a sensitive bio- 

interface. Electrochemical characterization of the sensor was carried out using cyclic voltammetry 

(CV) and differential pulse voltammetry (DPV) to assess its performance. The resulting biosensor 

demonstrated excellent analytical characteristics, including high sensitivity (0.51 µA nM⁻¹), a low 

limit of detection (2.1 nM), and a wide linear range of detection. It also exhibited strong selectivity 

toward trichlorfon in the presence of potential interfering species, along with good reproducibility 

and long-term stability. 

Furthermore, the biosensor’s real sample applicability was confirmed through successful detection 

of trichlorfon in three real samples. The obtained results showed satisfactory recovery rates and 

minimal interference from matrix components, indicating the reliability and robustness of the 

proposed sensing approach. 
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4.2 Experimental Section 
 

4.2.1 Synthesis of g-C3N4 nanosheets 
 

Graphitic carbon nitride (g-C₃N₄) nanosheets were prepared using a thermal condensation 

approach. In this procedure, 10 g of melamine was added to a covered crucible and subjected to 

calcination in the muffle furnace at 550 °C for 4 hours. During this process, melamine underwent 

polymerization and condensation to form g-C₃N₄. The obtained yellowish product was thoroughly 

washed with distilled water and ethanol to eliminate residual impurities, followed by drying in a 

vacuum oven to yield the purified nanosheets. 

4.2.3 Synthesis of Ce-NiO Nanoparticles 
 

Cerium-doped nickel oxide (Ce–NiO) nanoparticles were synthesized using a co-precipitation 

method. Equimolar aqueous solutions (0.1 M) of nickel nitrate hexahydrate and cerium nitrate 

hexahydrate were prepared and mixed in 50 mL of deionized water under continuous stirring for 

30 minutes. To keep the pH at 10, 2 M NaOH was added gradually, resulting in the precipitation 

of the reaction product. The reaction mixture was stirred for an additional 3 h to ensure completion 

of the reaction. The resulting precipitate was collected and repeatedly washed with distilled water 

and ethanol to eliminate impurities. Subsequently, it was dried overnight in a vacuum oven at 60 

°C and calcined at 400 °C for 3 h to obtain the final Ce–NiO nanoparticles. 

 
4.2.3 Preparation of Ce-NiO@g-C3N4 Nanocomposite 
 

The Ce–NiO@g-C₃N₄ nanocomposite was synthesized via a modified co-precipitation approach. 

Initially, 1.235 g of nickel nitrate hexahydrate was mixed in 10 mL of deionized water and stirred 

for 10 minutes to obtain a homogeneous solution. In a separate container, 0.3256 g of cerium 

nitrate hexahydrate was dissolved in 10 mL of deoionized water under similar stirring conditions. 

The cerium precursor solution was gradually introduced into the nickel solution under continuous 

stirring. After the addition of 30 mL distilled water, the mixture was stirred for a further 30 min. 

A sodium hydroxide solution, prepared by dissolving 2 g NaOH in 50 mL distilled water, was then 

added dropwise while monitoring the pH until it reached 10–11, leading to precipitate formation. 

The resulting mixture was stirred for an additional 3 h to ensure complete precipitation. 

 
Afterwards, 250 mg of previously synthesized g-C₃N₄, dispersed in 50 mL of deionized water, was 

gradually incorporated into the reaction system under constant stirring. The resulting product was 

collected by filtration and thoroughly washed using a 1:1 mixture of distilled water and ethanol to 

eliminate the residual impurities. The resulting product was vacuum-dried overnight at 60 °C, 
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followed by calcination at 400 °C for 3 h in a muffle furnace to produce the Ce–NiO@g-C₃N₄ 

nanocomposite. 

4.2.4 Electrophoretic Deposition of Ce-NiO@g-C3N4 nanocomposite 
 

The prepared Ce–NiO@g-C₃N₄ composite was immobilized onto a pre-cleaned, hydrolyzed 

indium tin oxide (ITO) glass substrate (1.4 × 0.7 cm) through an electrophoretic deposition (EPD) 

process using a two-electrode setup. In this configuration, ITO functioned as the working electrode, 

whereas a platinum wire was utilized as the counter electrode, separated by approximately 1 cm. 

For the deposition, 0.9 mg of the nanocomposite was first dispersed in 15 mL of deionized water 

and subjected to ultrasonication to ensure a uniform and stable suspension. The deposition was then 

carried out by applying a constant DC voltage of 10 V for 8 seconds, resulting in a thin, uniform 

nanohybrid film on the ITO surface. 

 
4.2.5 Fabrication of Ce-NiO@g-C3N4 Nanohybrid- Based Biosensor 

 
For biosensor fabrication, the Ce-NiO@g-C₃N₄/ITO modified electrode was first treated with 10 

μL of 0.1% glutaraldehyde and maintained at room temperature for 60 minutes to enable cross- 

linking. Subsequently, 20 μL of acetylcholinesterase (AChE) solution (0.08 mg mL⁻¹, prepared in 

phosphate buffer solution at pH 7) was applied onto the electrode surface and allowed to incubate 

at 4 °C for 12 hours to ensure effective enzyme immobilization. Prior to electrochemical 

measurements, the electrode was rinsed with 50 μL of PBS to remove any loosely bound or 

unbound enzyme molecules. Figure 1 depicts the schematic diagram of the biosensor fabrication 

process. 

4.3 Results and Discussion 
 

4.3.1 Structural Characterization 

 
Fig. 4.2 (A) represents the XRD patterns of g-C3N4, Ce-NiO and Ce-NiO@g-C3N4 

nanocomposite in order to evaluate the crystalline characterstics of the synthesized materials. The 

diffraction peaks appearing at 2θ values of 37.1°, 43.3°, 62.7°, 75.3°, and 79.2° correspond to the 

(111), (200), (220), (311), and (222) planes, respectively (curve b) confirming the face-centered 

cubic structure of NiO. Upon cerium incorporation, the peak positions show slight shifts toward 

lower angles along with broadening, indicating lattice modification and defect generation due to 

successful doping. The presence of cerium oxide is indicated by low-intensity peaks appearing 

near 2θ values of 28.6°, 33.0°, 47.4°, and 56.3°, corresponding to its characteristic crystallographic 

planes. Characteristic peaks of g-C₃N₄ appear at 12.7° and 27.8°, associated with the (100) and 
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(002) planes (curve a). In the composite, the presence of diffraction features from both g-C₃N₄ 

and Ce–NiO confirms the formation of a heterostructure. In the composite, the presence of 

diffraction features from both g-C₃N₄ and Ce–NiO, as represented by curve c, confirms the 

formation of a heterostructure. The reduced intensity of some peaks may result from overlap 

between NiO and g-C₃N₄ diffraction planes. 

Fig. 4.2(B) displays the FT-IR spectra of g-C3N4, Ce-NiO, and Ce-NiO@g-C3N4. In the spectrum 

of g-C3N4, the broad absorption band extending from 1000 cm-1 to 4000 cm-1 is characteristic of a 

graphitic framework, representing important vibrational modes including C=C stretching, C–H 

stretching, and O–H stretching. Specifically, the bands located at 1624.2 cm-1 and 3149.6 cm-1 are 

attributed to sp2 hybridized carbon and hydroxyl group, respectively. For the CN/CeO2 

nanocomposites, the characteristic vibrational features of both g-C3N4 and CeO2 remained 

observable. However, the absorption band corresponding to CeO₂ appears with reduced intensity 

in the nanocomposite, which may be due to its comparatively low content within the 

nanocomposite matrix. [18] Collectively, these FTIR features indicate the successful synthesis and 

effective structural integration of the Ce-doped NiO–g-C₃N₄ composite. 

 

Fig. 4.2 (A) XRD and (B) FTIR of (a) g-C3N4, (b) Ce-NiO and (c) Ce-NiO@g-C3N4 

Page 86 of 94 - Integrity Submission Submission ID trn:oid:::1:3600729117

Page 86 of 94 - Integrity Submission Submission ID trn:oid:::1:3600729117



67 
 

4.3.2 Morphological Studies 
 
The surface morphology of g-C₃N₄, Ce-NiO and Ce-NiO@g-C₃N₄ nanocomposite is analyzed 

using FE-SEM. As shown in Fig. 4.3(A), g-C₃N₄ shows a typical lamellar, sheet-like structure 

consisting of thin, irregularly stacked nanosheets. In Fig. 4.3 (B), the Ce-doped NiO nanoparticles 

exhibit a spherical, sponge-like morphology with slight agglomeration and non-uniform particle 

size. The particles have a rough, porous surface with visible gaps. In Fig.4.3 (C), the Ce-NiO@g-

C₃N₄ nanocomposite shows a structure where spherical Ce-NiO nanoparticles are uniformly 

anchored on thin, sheet-like g-C₃N₄ layers. 

 
The EDX spectrum of the Ce-NiO@g-C₃N₄ nanocomposite confirms its elemental composition 

and successful synthesis. The presence of C and N corresponds to the g-C₃N₄ matrix, while Ni and 

O peaks indicate the formation of NiO nanoparticles, as shown in Fig. 4.3 (D). The appearance of 

Ce signals confirms successful cerium doping. Moreover, the absence of impurity peaks suggests 

high purity and effective integration of all components within the nanocomposite. 

 

 

 
 

 

 

 

 

 

 

 

 

 

Fig. 4.3 SEM images of (A) g-C3N4; (B) Ce-NiO; (C) Ce-NiO@g-C3N4; and (D) EDAX of Ce- 

NiO@g-C3N4 
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4.3.3 Electrochemical Characterization 

 
The electrochemical performance of the fabricated electrodes was systematically evaluated using 

electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV). The electron transfer 

resistance (Rct) of all fabricated electrodes was evaluated using EIS in 0.2 M PBS consisting of 5 

mM [Fe(CN)₆]³⁻/⁴⁻ at an applied potential of 0.01 V over a frequency range of 0.01–10⁵ Hz. From 

the Nyquist plot, a linear region at low frequencies was observed, representing the diffusion-

controlled electron transfer process, while a semicircular region at high frequencies corresponds 

to the charge transfer process. The charge transfer resistance (Rct) values for the modified 

electrodes were determined as 270 Ω for ITO (curve a), 214 Ω for g- C3N4/ITO (curve b), 169Ω 

for Ce-NiO/ITO (curve c), 149 Ω for Ce-NiO@g-C3N4/ITO (curve d) and 176Ω for AChE/Ce- 

NiO@g-C3N4/ITO (curve e), respectively. The calculated exchange current density (i ) values 

were found to be 11.999 × 10−5 and 17.234 × 10−5 A cm⁻², while the apparent electron transfer rate 

constants (Kapp) were 5.076× 10−4 and 7.290× 10−4 cm s⁻¹ for g-C₃N₄/ITO and Ce-NiO@g- 

C3N4/ITO, respectively, by using equations 4.1 and 4.2. 

            

 i0 = nRT/ RctF           4.1 

             

Kapp =RT/n2F2ARctC          4.2 

 

Here, R, T, n, F, C, and A represent the gas constant, temperature, number of electrons, Faraday 

constant, concentration of [Fe(CN)₆]³⁻/⁴⁻, and the electrode surface area, respectively. CV 

measurements were carried out  at a scan rate of 50 mV/s for ITO, g-C3N4/ITO, Ce-NiO/ITO, 

Ce-NiO@g-C3N4 /ITO, and AChE/ Ce-NiO@g- C3N4/ITO as shown in Fig.4.4 (B). The Ce-

NiO@g- C3N4 /ITO electrode (curve d) exhibited the highest peak current of 0.52 mA due to its 

large surface area and superior electrical conductivity as compared to g-C₃N₄/ITO (curve b) and 

Ce- NiO /ITO (curve c), which showed the current of 0.29 mA and 0.47 mA, respectively. On the 

other hand, the AChE-modified electrode (AChE/ Ce-NiO@g-C3N4/ITO) demonstrated reduced 

current response of 0.34 mA (curve e) due to the insulating nature of the enzyme, which restricts 

electron transfer. 

 

The scan rate was 10- 300 mV/s for Ce-NiO@g-C3N4/ITO (Fig. 4.4(C)). As the scan rate 

increased, the anodic peak potentials shifted toward more positive values, while the cathodic peak 

potentials shifted toward more negative values. Additionally, a linear relationship was observed 
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between Epa and Epc and the logarithm of the scan rate (log ν) for Ce-NiO@g-C3N4/ITO (Fig. 

4.4(D)), as described by the following equations. 

  

Epa [Ce-NiO@g−C3N4 ∕ITO] = 0.0808 (V) log (v) + 0.2024(V); R2 = 0.9797  4.3 

 

Epc [Ce-NiO@g−C3N4 ∕ITO] = − 0.1026(V) log (v) + 0.2797(V); R2 = 0.9796   4.4   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.4 (A) EIS study plot; (B) Cyclic voltammogram for different developed electrodes (a) ITO; 

(b) g-C3N4/ITO; (c) Ce-NiO/ITO; (d) Ce-NiO@g-C3N4/ITO and (e) AChE/Ce-NiO@g- 

C3N4/ITO; (C) Different scan rate of Ce-NiO@g-C3N4/ITO electrode (10-300 mV/sec); (D) Graph 

of current v/s square root of scan rate of Ce-NiO@g-C3N4/ITO; (E) Graph for potential v/s log 

(scan rate) of Ce-NiO@g-C3N4/ITO 

 

The slopes obtained from the above equations were used to determine the electron transfer 

coefficient (α) and the electron transfer rate constant (Ks) for Ce-NiO@g-C3N4/ITO. The value of 

α was calculated to be 0.9236, and the corresponding Ks value was found to be 0.0969 s⁻¹. 

Furthermore, the anodic and cathodic peak currents (Ipa and Ipc) exhibited a linear relationship 
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with the square root of the scan rate (ν¹ᐟ²) for Ce-NiO@g-C3N4 /ITO (Fig. 4.4 (E)), as represented 

by the following equations. 

Ipa [Ce-NiO@g−C3N4 ∕ITO] = 48.978μA (mV∕s)1∕2 ×v1∕2 mVs1∕2+166.99μA; R2 = 0.9890 4.5  

Ipc [Ce-NiO@g−C3N4 ∕ITO] = −33.489μA (mV∕s)1∕2 ×v1∕2 mVs1∕2−163.72 μA; R2=0.9912 4.6  

 
Using the Randles–Sevcik equation (Ip=2.69×105 n3/2ACD1/2ν1/2), the effective surface area and 

diffusion coefficient were calculated to be 0.32 cm2 and 12.828 × 10−6 cm² s⁻¹, respectively. Here, n 

denotes the number of electrons, C is the concentration of [Fe(CN)₆]³⁻/⁴⁻ (mol cm⁻³), and ν 

represents the scan rate (V s⁻¹). 

 
4.3.4 Optimization Studies 

 
The performance of the developed biosensor was optimized by tuning key parameters such as 

electrolyte pH, AChE concentration, and the pesticide inhibition period using DPV. The enzyme 

concentration was initially optimized within the range of 0. 02–0.10 mg/mL in the presence of 2 

mM ATCl, where the maximum current response was observed at 0.08 mg/mL (Fig. 4.5 (A)), 

indicating the optimal catalytic activity of AChE toward ATCl hydrolysis. 

The effect of pH (6–8) on sensor response showed that the highest current was obtained at pH 7 

(Fig. 4.5 B), which was selected for subsequent studies. 

Fig. 4.5 Optimization studies of (A) AChE concentration, (B) Impact of pH of electrolyte, (C) 

Incubation time 

Furthermore, as illustrated in Fig. 4.5 (C), the incubation time study showed that the current starts 

decreasing with increase in time and stabilized around 8 minutes by varying the duration from 2 

to 14 min, indicating optimal interaction between TF and AChE. Overall, these optimized 
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conditions ensured enhanced sensitivity and reliable performance of the biosensor.

 
4.3.5 Electrochemical Biosensing Study 
 
The electrochemical biosensing response of the fabricated AChE/Ce-NiO@g-C₃N₄/ITO electrode 

was investigated as a function of TF concentration (0.1 pM to 1 μM) in 0.2 M PBS (pH 7) 

containing 5 mM [Fe(CN)₆]³⁻/⁴⁻ using the differential pulse voltammetry (DPV) technique. As 

shown in Fig. 4.6(A), the anodic peak current decreases steadily with increase in TF concentration. 

This decline in peak current is attributed to TF's inhibitory effect on AChE activity. Fig. 4.6 (B) 

presents the calibration curve, demonstrating a linear relationship between the peak current (I) and 

TF concentration, which follows the equation given below: 

 

              I=0.171 μA∕nM+3.379μA×CTF; R2=0.9796. 
 

 

The sensitivity of the proposed biosensor was calculated from the slope of the linear calibration 

plot (slope/effective surface area) and was found to be 0.51 μA (nM)-1 cm-2. The limit of detection 

(LOD) was determined to be 0.16 pM using the 3σ/S equation, where σ represents the standard 

deviation, and S denotes the sensitivity of the bioelectrode. 

 

 

Fig. 4.6 (A) DPV response study of AChE/Ce-NiO@g-C₃N₄/ITO developed electrode at different 

concentrations of TF (0.1 pM to 1 μM); (B) Linearity plot for current v/s TF concentration; (C) 

Study of selectivity of AChE/Ce-NiO@g-C₃N₄/ITO electrode 
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4.3.6 Interference Study and Real Sample Analysis 
 
The selectivity performance of the AChE/Ce-NiO@g-C₃N₄/ITO biosensor was evaluated using a 

few interfering species, such as glucose, ascorbic acid, uric acid, K⁺, and SO₄²⁻. A mixture containing 

1 pM interferents and 0.01 pM TF was tested. Fig. 4.6 (C) shows no apparent change in current 

response when the biosensor produced was exposed to interfering analytes, confirming its high 

selectivity for trichlorfon detection. The practical applicability of the biosensor was further 

assessed using spiked real samples (cucumber, apple, and rice) at concentrations of 0.1, 1, 10 and 

100 pM. The obtained recovery values ranged from 95% to 104.5%, indicating good accuracy and 

reliability for TF detection in real samples. 

Table 4.1 Detection of TF in three real samples using AChE/Ce-NiO@g-C₃N₄/ITO electrode 
 

 
Samples Added amount 

 
(pm) 

Found amount 

 
(pm) 

Recovery (%) RSD (%) 

Cucumber 

0.1 0.98 98.3 1.14 

1 0.95 95.96 2.90 

10 9.59 95.93 2.93 

100 96.69 96.69 2.37 

Apple 

0.1 0.09 96.06 2.83 

1 0.95 95.2 3.47 

10 9.75 97.52 1.77 

100 97.5 97.5 1.79 
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Rice 

0.1 0.10 100.8 0.58 

1 1.00 100.8 0.59 

10 10.17 101.7 1.20 

100 104.46 104.46 3.08 

 
4.3.7 Reproducibility, Stability and Repeatability Studies 

 
The reproducibility and long term stability of the AChE/Ce-NiO@g-C₃N₄/ITO biosensor toward 

ATCl were evaluated to assess its performance. Reproducibility was tested using four 

independently fabricated electrodes in the presence of 1 pM TF (Fig. 4.7 (A)). The obtained RSD 

value of 3.96% indicates excellent reproducibility. For stability analysis, the electrode was stored 

at 4 °C under dry conditions, and its DPV response was measured every 8 days (Fig. 4.7 B). No 

significant decrease in current was observed within the first 10 days, and 94% of the original 

response was retained after 30 days, demonstrating excellent stability. 

 

Fig. 4.7 (A) Reproducibility study of TF using different electrodes; (B) Stability study of the 

fabricated electrode (AChE/Ce–NiO@g-C₃N₄/ITO) over a period of 40 days; and (C) 

Repeatability study with the same electrode 

The repeatability of the AChE/Ce–NiO@g-C₃N₄/ITO biosensor was evaluated through ten 

successive measurements under identical conditions (Fig. 4.7 C). The consistent peak current 

responses with an RSD of 0.35% (n = 10) indicate excellent operational stability and reliable 

performance.
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Chapter – 5  

Conclusion 
 

 
In summary, a novel AChE/Ce-NiO@g-C3N4-based electrochemical biosensor was successfully 

developed for the sensitive and selective detection of the organophosphate pesticide trichlorfon 

(TF). The synergistic combination of Ce-NiO and g-C3N4 provided enhanced electron transfer, 

larger active surface area, superior biocompatibility, enabling efficient enzyme immobilization and 

improved sensing performance. After optimizing key experimental parameters such as the pH of 

PBS, the amount of enzyme AChE, and ATCl, and the incubation time, the fabricated biosensor 

exhibited high sensitivity (5.412 µA µM⁻¹ cm⁻²), a wide linear detection range (from 0.1 pM - 1 

µM), a low detection limit of 0.1 pM, excellent reproducibility (RSD=3.06%, n=4), long-term 

stability, and strong anti-interference capability. Furthermore, the biosensor demonstrated 

satisfactory performance in analyzing real agricultural samples, including cucumber, apple, and 

rice, with excellent recovery values and low relative standard deviations. The outstanding 

analytical performance of the proposed sensor underscores the potential of the Ce-NiO@g-C3N4 

nanocomposite as an advanced sensing material for pesticide monitoring. Owing to its simplicity, 

rapid response, cost-effectiveness, and reliability, the developed biosensor represents a promising 

platform for applications in food safety assessment, environmental monitoring, and agricultural 

quality control. 
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