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Abstract 

This thesis has undertaken a systematic and in-depth exploration into the synthesis, 

characterization, and electrochemical applications of hexagonal boron nitride 

nanosheets (hBNNS) and their nano-hybrid composites with the overarching goal of 

developing ultrasensitive biosensors for the detection of carcinoembryonic antigen 

(CEA), a critical biomarker associated with several malignancies. The investigation 

addressed both the fundamental material challenges associated with pristine hBNNS 

and the engineering of innovative hybrid architectures capable of overcoming these 

intrinsic limitations to deliver enhanced electrochemical biosensing performance. 

Hexagonal boron nitride nanosheets, due to their atomically thin morphology, large 

specific surface area, superior physicochemical stability, and dielectric properties, have 

attracted significant attention as a next-generation nanomaterial platform. Their layered 

structure provides smooth, chemically robust surfaces that are highly desirable for 

biomolecule immobilization and interface engineering. However, unlike conductive 

counterparts such as graphene, pristine hBNNS possess inherent chemical inertness and 

poor charge-transfer capability, severely restricting their direct applicability in 

electrochemical devices. This limitation forms the central bottleneck in translating the 

theoretical advantages of hBNNS into practical biosensing platforms. 

To address these fundamental shortcomings, the present work systematically designed 

and fabricated hBNNS-based nano-hybrid composites through strategic integration 

with conductive, catalytically active, and structurally complementary materials. The 

rationale was to leverage synergistic effects wherein the weaknesses of pristine hBNNS 

are counterbalanced by the strengths of co-integrated nanostructures. Three 

representative material classes were employed: (i) reduced graphene oxide (rGO), a 

two-dimensional conductor with excellent electron mobility; (ii) copper/copper oxide 

(Cu/CuXO), a three-dimensional hierarchical material providing abundant catalytic and 

redox-active sites; and (iii) titanium dioxide (TiO2), a one-dimensional nanostructure 

renowned for its high surface area, photocatalytic activity, and electrochemical 

stability. 

Each of these hybrid interfaces was engineered under optimized synthesis conditions to 

ensure controlled morphology, strong interfacial bonding, and homogeneous dispersion 

on the hBNNS surface. For instance, the incorporation of rGO introduced highly 

conductive networks that drastically improved electron transport and minimized 

interfacial resistance. The Cu/CuXO component, synthesized into nanoflower and 

composite morphologies, imparted abundant catalytic sites and enhanced redox 

reactivity, thereby increasing charge transfer kinetics at the electrode interface. 

Similarly, TiO2 nanostructures provided chemically stable scaffolds with enriched 

surface area that supported efficient immobilization of bio-recognition elements, while 

also acting as electron mediators. Collectively, these integrations transformed inert 

hBNNS into multifunctional hybrid architectures possessing conductivity, catalytic 

activity, and structural robustness. 

Comprehensive physicochemical characterizations confirmed the successful formation 

of these hybrid systems. X-ray diffraction (XRD), Raman spectroscopy, FTIR, and 

UV–Visible spectroscopy validated structural integrity, phase purity, and bonding 

interactions. Microscopy analyses, including SEM and TEM, revealed the unique 

morphologies, ranging from layered nanosheets and hierarchical nanoflowers to well-

distributed heterointerfaces, confirming the intended hybridization strategies. These 
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characterizations provided the structural and morphological foundation upon which 

electrochemical evaluations were subsequently built. 

Electrochemical studies offered clear evidence of the enhanced performance delivered 

by hBNNS nano-hybrids. Cyclic voltammetry (CV) and differential pulse voltammetry 

(DPV) confirmed that hybrid electrodes demonstrated significantly improved electron 

transfer rates, lower charge-transfer resistance, and amplified current responses in 

comparison to pristine hBNNS. Furthermore, the reproducibility, selectivity, and 

stability studies highlighted the reliability of the fabricated immunoelectrodes. For 

instance, incorporation of rGO ensured superior conductivity and sensitivity, Cu/CuXO 

contributed strong catalytic activity and favorable redox reactions, while TiO2 offered 

chemical stability that enhanced long-term electrode performance. These synergistic 

effects collectively established hBNNS hybrids as versatile and high-performance 

electrochemical platforms. 

The practical utility of these hybrid materials was demonstrated through their 

application in CEA biosensing. CEA is a clinically relevant biomarker whose sensitive 

detection is crucial for the early diagnosis and monitoring of cancers, including 

colorectal, pancreatic, and lung cancers. The fabricated immunoelectrodes exhibited 

ultrasensitive detection capability with low detection limits, wide linear ranges, and 

robust selectivity against common interferents. Blocking agents such as BSA ensured 

suppression of nonspecific binding, further improving selectivity. Real-sample analysis 

in spiked serum confirmed the applicability of the developed biosensors in clinically 

relevant conditions, thereby bridging the gap between laboratory synthesis and practical 

diagnostic implementation. 

Importantly, the insights gained in this work extend beyond the development of CEA 

biosensors. The systematic demonstration of hybridization strategies provides a 

generalized framework for tailoring the properties of otherwise inert materials like 

hBNNS to suit diverse electrochemical applications. The ability to tune conductivity, 

generate defect-mediated active sites, and enhance biomolecule immobilization 

through rational material engineering opens new opportunities in multiple domains, 

including enzymatic and non-enzymatic biosensing, energy storage, catalysis, and 

environmental monitoring. Thus, this thesis establishes hBNNS-based nano-hybrids not 

merely as specialized materials for CEA detection but as a broader materials platform 

with multifunctional utility. 

From a scientific perspective, this work makes three key contributions. First, it provides 

a comprehensive understanding of how intrinsic limitations of pristine hBNNS can be 

systematically overcome through strategic hybridization with conductive, catalytic, and 

stable nanostructures. Second, it validates the importance of defect generation, interface 

engineering, and synergistic interactions in dictating the electrochemical behavior of 

hybrid nanomaterials. Third, it demonstrates the successful translation of these 

materials into practical biosensing devices with clinical relevance, thereby bridging the 

gap between fundamental material science and biomedical application. 

Looking forward, the findings of this thesis pave the way for future investigations in 

several directions. One promising avenue is the integration of hBNNS hybrids with 

emerging materials such as MXenes, metal–organic frameworks (MOFs), and covalent 

organic frameworks (COFs), which could further enrich electrochemical performance. 

Another potential direction involves exploring flexible and wearable biosensor 

architectures utilizing hBNNS hybrids, thereby advancing toward real-time, point-of-
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care diagnostics. Additionally, coupling the developed biosensors with microfluidic 

platforms and smartphone-based readouts may provide cost-effective and accessible 

diagnostic technologies, particularly beneficial in resource-limited settings. 

In conclusion, this thesis has successfully established hBNNS nano-hybrid composites 

as a new class of multifunctional materials with exceptional promise for advanced 

biosensing applications. Through a combination of careful material design, detailed 

structural and electrochemical characterization, and practical demonstration in CEA 

biosensing, the work not only addressed the inherent limitations of pristine hBNNS but 

also advanced the broader field of hybrid nanomaterials in biomedical sensing.  
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Chapter 1 
Literature Insights into Emerging 2D Nanomaterials and the 

Fabrication Strategies of Nanohybrid Composites for High-

Performance Nano-Biosensing Technologies in Clinical Diagnostics 

and Healthcare 

This chapter commences by addressing the pressing global issue of cancer, emphasizing 

the prevalence of lung cancer and the critical need for innovative solutions for early 

detection, facilitated by convenient analytical tools such as biosensors. It proceeds to 

detail the fundamental aspects of nano-biosensors, elaborating on their key 

components—bio-recognition elements, nano-interface matrices as protein 

immobilization platforms, transducers and their classifications, as well as display 

mechanisms. Attention is given to the transformative impact of nanoscience and 

nanotechnology in engineering detection platforms that prioritize sensitivity, 

specificity, and operational stability. Furthermore, the chapter systematically provides 

a focused literature review that categorizes nanomaterials by dimensionality, with an 

in-depth focus on 2D nanomaterials due to their promising and unique attributes 

conducive to nano-biosensor development. Particularly, the chapter focuses on 

hexagonal Boron Nitride Nanosheets (hBNNS) as a promising nano-interface material, 

underscoring their versatile physicochemical properties and potential for advancing 

biosensor technology. This work addresses the potential difficulties and inherent 

challenges confronted in fabrication of stable, scalable, economical nano-interface 

matrix that limits robust electroanalytical performance for clinical applications. The 

motivation of this chapter is driven to effectively present the imperative rationale for 

development of nano-hybrid composites to augment the electroanalytical performance 

of hBNNS-based nano-biosensors for clinical applications. 
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1.1 Global Surge in Cancer Statistics and Associated Healthcare 

Challenges 

Cancer has emerged as a leading cause of death worldwide, posing a significant 

obstacle to increasing life expectancy in every nation. Its growing prominence is partly 

attributed to declining mortality rates from stroke and coronary heart disease, indicating 

substantially high cancer incidences and deaths thereby making it a dominant health 

threat. The global burden of cancer continues to rise rapidly, driven by aging 

populations, population growth, and shifts in the prevalence of major risk factors, many 

of which are tied to socioeconomic development. As a result, cancer now accounts for 

nearly one in six deaths globally (16.8%) and almost one in four deaths from 

noncommunicable diseases (22.8%). Alarmingly, it contributes to three in ten 

premature deaths from Non-Communicable Disease (NCDs - 30.3% among those aged 

30–69 years) and ranks among the top three causes of death in 177 of 183 countries. 

Beyond its health impact, cancer imposes enormous social and economic costs, varying 

across regions, cancer types, and genders. The most recent GLOBOCAN 2022 

estimates from the International Agency for Research on Cancer (IARC) highlights the 

scale of the global cancer burden and its far-reaching implications for public health and 

society [1]. 

 
Figure 1.1: Cancer incidences in both sexes based on different Cancer sites 

Lung cancer remains the most frequently diagnosed cancer across the globe in the year 

2022, accounting for 12.4% of all reported cases. It is followed in prevalence by breast 

cancer in women (11.6%), colorectal cancer (9.6%), prostate cancer (7.3%), and 

stomach cancer (4.9%) (Fig. 1.1). Importantly, lung cancer is also the foremost 

contributor to cancer-related mortality, responsible for 18.7% of total deaths, 

underscoring its highly aggressive and lethal nature. Colorectal cancer ranks second in 

mortality (9.3%), followed by liver cancer (7.8%), breast cancer in women (6.9%), and 

stomach cancer (6.8%) (Fig. 1.2). The cancer burden, however, varies distinctly 

between genders. Among women, breast cancer is the most frequently diagnosed 
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malignancy and the primary cause of cancer deaths, reflecting both high incidence and 

significant mortality. Gender-specific statistics highlight critical differences: breast 

cancer is the most common and deadliest cancer in women, followed closely by lung 

and colorectal cancers [1]. In men, however, lung cancer is both the most diagnosed 

and the leading cause of cancer death, with prostate and colorectal cancers ranking high 

in incidence and liver and colorectal cancers emerging as key contributors to mortality. 

In men, lung cancer is the most prevalent and fatal cancer, with prostate and colorectal 

cancer contributing most to new cases, while liver and colorectal cancers are the 

primary causes of cancer deaths after lung cancer, highlighting the growing global 

impact of lifestyle and environmental risk factors impacting male cancer mortality. 

These statistics highlight the prominence of lung cancer and the distinct gender-specific 

patterns in cancer incidence and mortality, which demand tailored approaches for 

prevention, screening, and treatment. 

 
Figure 1.2: Cancer mortality in both sexes based in different Cancer sites 

With cancer emerging as the global health burden with leading cause of premature 

mortality in 134 of 183 countries, WHO estimates predict a sharp increase in global 

cases—from 18.1 million in 2018 to 29.4 million by 2040[2]. Lung cancer dominates 

the burden, representing the most common malignancy worldwide, with non-small cell 

lung cancer (NSCLC) comprising 80–85% of cases in both men and women [3]. While 

countries with higher human development indices demonstrate better prevention of 

premature lung cancer deaths, the global challenge demands stronger strategies. Central 

to these strategies is the advancement of analytical technologies designed for fast, 

comprehensive, and practical detection of malignant cell growth, ensuring timely 

intervention and improved survival outcomes [3]. 

Non-small cell lung cancer (NSCLC) is the predominant histological subtype of lung 

cancer, representing approximately 85% of total cases [4]. It is characterized by a 

biologically complex and heterogeneous profile, with major risk factors including 

smoking, pulmonary fibrosis, chronic obstructive pulmonary disease, prolonged 
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exposure to air pollutants, metal and mineral dust, and radioactive gases [4]. Recent 

findings further suggest that NSCLC patients are highly vulnerable to severe 

complications from SARS-CoV-2 infection [5]. Clinically, patients often present with 

vague symptoms such as persistent cough, chest pain, shortness of breath, unintentional 

weight loss, and loss of appetite, which are commonly misdiagnosed as pulmonary 

tuberculosis during early disease stages. This misdiagnosis leads to delayed detection, 

allowing the cancer to remain unnoticed until it progresses into advanced and often 

incurable stages. Conventional diagnostic approaches—such as X-rays, computed 

tomography (CT), magnetic resonance imaging (MRI), and positron emission 

tomography (PET)—although routinely employed , are costly, time-intensive, and 

inadequate in identifying sub-micrometer tumors [6]. As a result, delayed diagnosis 

accelerates tumor spread to secondary organs, complicating treatment and contributing 

significantly to the high fatality rates associated with NSCLC. 

Monitoring tumor-associated proteins offers a promising solution to overcome the 

limitations of conventional diagnostic approaches, as it provides a simplified, reliable, 

and cost-effective method for early cancer detection. Such biomarker-based strategies 

reduce dependency on complex and expensive imaging tools while ensuring time-

efficient outcomes, thereby making diagnostics more accessible and patient-friendly 

[7]. Biomarkers are measurable biological molecules present in blood, body fluids, and 

tissues that serve as critical indicators of both normal physiological functions and 

abnormal pathological conditions [8]. They play a central role in understanding disease 

onset, progression, and treatment outcomes. In the context of cancer, biomarkers 

provide essential insights into how the body responds to therapeutic interventions, 

thereby assisting clinicians in tailoring treatment strategies and monitoring patient 

recovery. These biomarkers can take various molecular forms, including RNA, proteins 

such as antibodies, hormones, and oncogenes, as well as DNA alterations involving 

amplification, mutation, and translocation. Each of these categories offers valuable 

information about the molecular mechanisms underlying cancer and other diseases. For 

instance, protein biomarkers can help identify immune responses or hormonal 

imbalances, while genetic biomarkers can reveal mutations driving tumor growth and 

metastasis. 

The importance of biomarkers lies in their wide-ranging applications across 

diagnostics, prognosis, and personalized medicine [9]. In diagnostics, they enable early 

and accurate detection of diseases, often before clinical symptoms appear, improving 

chances of successful intervention. Prognostically, biomarkers provide information 

about disease aggressiveness and likely outcomes, helping clinicians determine the 

intensity of treatment required. In therapeutic monitoring, biomarkers track treatment 

efficacy in real time, allowing adjustments to therapies and minimizing unnecessary 

side effects. Furthermore, in the era of precision medicine, biomarkers are 

indispensable for stratifying patients, guiding targeted therapies, and predicting 

responses to immunotherapy and chemotherapy. Thus, biomarkers are not just passive 

indicators of health or disease; they are active tools that bridge molecular biology and 

clinical decision-making. Their growing importance in research and clinical practice 

underscores their potential to transform healthcare by enabling earlier detection, more 

accurate diagnoses, effective treatment monitoring, and ultimately improved patient 

survival and quality of life. With the rapid advancement of proteomics, the 
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identification and validation of specific serum tumor biomarkers have become a 

cornerstone in oncology research. These biomarkers enable the clear differentiation 

between healthy and malignant states, allowing for the early detection of cancer and, 

consequently, improved survival outcomes. Among various oncofetal biomarkers, 

carcinoembryonic antigen (CEA) has gained particular attention due to its consistent 

overexpression in approximately 70% of non-small cell lung cancer (NSCLC) cases 

[10]. CEA is a glycoprotein with a molecular mass of around 200 kDa and is normally 

found in the blood at very low concentrations [11]. Clinically, a threshold concentration 

of 5 ng/mL is widely accepted as the cutoff, above which CEA levels indicate a 

pathological state. This makes CEA not only an important diagnostic biomarker but 

also a valuable tool for monitoring tumor progression, evaluating treatment response, 

and predicting recurrence, thereby playing a crucial role in reducing lung cancer-related 

mortality. 

1.2 Pivotal Role of Nano-Biosensors in Bridging Gaps in 

Conventional Diagnostic Approaches and Early Disease Detection 

 
Figure 1.3: Schematic depicting various applications of Nano-biosensor 

Nano-biosensing has emerged as a transformative alternative to conventional 

diagnostic methods, offering nanotechnology-driven tools for the early detection of 

cancer, one of the most fatal and widespread diseases globally. A nano-biosensor is an 

advanced analytical device that integrates engineered nanostructures with a bio-

sensitive layer, enabling the detection and transduction of subtle biochemical signals 

generated during bio-recognition events [12]. The exponential growth of nano-

biosensing research is driven by the global need for diagnostic technologies that 

combine sensitivity, selectivity, robustness, stability, and cost-effectiveness with the 
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added advantage of being biocompatible. In this regard, two-dimensional (2D) 

nanomaterials, particularly nanosheets, have emerged as highly effective candidates for 

constructing nano-bio interfaces [13]. Their ultrathin structures, expansive lateral 

surfaces, tunable morphologies, and nanoscale features create a superior sensing 

matrix. These materials provide immense sensitivity to detect trace-level analytes, 

abundant active sites for biomolecule immobilization, and interconnected porous 

channels that facilitate rapid electron transfer, thereby boosting detection efficiency. 

Additionally, their interlayer mechanical strength ensures stability, while their scalable 

synthesis methods make them practical for widespread clinical adoption. Altogether, 

the integration of 2D nanostructures into nano-biosensors not only enhances detection 

kinetics but also positions these devices as vital tools for revolutionizing cancer 

oncofetal biomarker detection, bridging the gap between advanced nanotechnology and 

clinical healthcare diagnostics [14, 15]. 

The last two decades have witnessed a remarkable surge in the development of 

biosensors, propelling them to the forefront of modern diagnostic and analytical 

technologies. Biosensors are widely recognized as powerful tools due to their ability to 

integrate biological recognition components with advanced physicochemical 

transducers, resulting in devices that can deliver highly sensitive, specific, and real-

time analytical information [16] Their applications extend beyond healthcare into 

agriculture, food safety, and environmental protection, underscoring their universal 

importance (Fig. 1.3). The International Union of Pure and Applied Chemistry 

(IUPAC) defines a biosensor as an integrated receptor–transducer device that provides 

quantitative or semi-quantitative information through biological recognition of a target 

analyte. In practice, this means that when an analyte interacts with the biological 

element of the device, the response is converted into a measurable signal, typically 

electrical or optical, by the transducer. Biosensors offer distinct advantages over 

conventional detection methods. Traditional approaches are often expensive, laborious, 

and time-consuming, requiring specialized facilities. In contrast, biosensors provide 

immediate, accurate, and cost-effective detection with enhanced selectivity and 

specificity [17]. Their reusability, portability, and robustness make them ideal for field-

based applications and Point-of-Care (POC) testing, where rapid decision-making is 

critical. The applications of biosensors are wide-ranging and extend far beyond their 

medical origins. In human healthcare, they play a crucial role in early disease diagnosis, 

therapeutic monitoring, and personalized medicine. In agriculture, biosensors are 

applied to detect pathogens, monitor soil quality, and ensure sustainable farming 

practices. Within food security, they safeguard against contamination and spoilage, 

while in homeland security they serve as rapid-response tools for detecting biological 

or chemical threats. Environmental applications include monitoring pollutants, toxins, 

and water quality, whereas industrial uses span bioprocess monitoring and quality 

control. These diverse applications underscore the transformative impact of biosensors, 

making them essential analytical tools that continue to redefine diagnostics, monitoring, 

and safety across multiple sectors. In essence, biosensors provide a robust, user-

friendly, and scalable platform that bridges molecular recognition with real-time 

analysis. Their evolution reflects advancements in nanotechnology and bioengineering 

and demonstrates their indispensable role in shaping the future of diagnostics, where 

speed, accuracy, and accessibility are important. 
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Figure 1.4: Evolution of Sensing Technology 

Biosensor technology traces its origins back to the pioneering work of Clark and Lyons 

in the 1960s, when they designed an oxygen electrode capable of measuring blood 

oxygen levels during open-heart surgery, as illustrated in Fig. 1.4 [27]. This innovation 

demonstrated the groundbreaking ability of biosensors to detect and interpret biological 

signals, marking the beginning of a transformative field. Since then, biosensors have 

advanced considerably, and modern designs now include wearable and implantable 

systems that allow continuous health monitoring and real-time disease detection [28]. 

A biosensor is a highly integrated analytical device that fundamentally comprises four 

major components working in synergy to deliver precise detection and interpretation of 

biological signals, as shown in Fig. 1.5 [18]. 

1. Biorecognition Element- It serves as the selective interface responsible for 

specifically identifying and binding the target analyte. This recognition element may 

consist of enzymes, antibodies, nucleic acids, aptamers, or whole cells, depending on 

the application, and its role is crucial in ensuring high selectivity and sensitivity toward 

the biological signal of interest. 

2. Nano-interface- It bridges the gap between the biological recognition system and 

the transducer. This layer, often composed of engineered nanomaterials such as 

nanoparticles, nanowires, nanosheets, and nanoflowers, significantly enhances the 

performance of biosensors by amplifying the interaction signal, increasing surface area 

for biomolecule immobilization, and ensuring faster electron or ion transfer. The nano-

interface is vital for improving sensitivity, stability, and biocompatibility, making it a 

key component in modern Nano-biosensing technology. 

3. Transducer- It plays the key role of converting the biological recognition event 

into a measurable physicochemical signal. Depending on the biosensor type, this signal 

may be electrical, optical, thermal, or piezoelectric in nature. The efficiency and 

accuracy of the transducer determine the reliability of the biosensor, as it effectively 

translate the biological interaction into a quantifiable output without distortion. 
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4. Signal processor or display unit- It amplifies, filters, processes, and interprets 

the converted signal, presenting the results in a user-friendly, human-readable format. 

This component ensures that the complex biological interactions occurring at the 

recognition level are translated into clear, readable information, whether displayed on 

a digital screen, transmitted wirelessly to a monitoring device, or integrated into 

healthcare systems for clinical decision-making. 

Figure 1.5: Components of Nano-biosensor 

Together, these four integrated components make biosensors versatile and powerful 

tools in diagnostics, environmental monitoring, agriculture, food safety, and industrial 

bioprocessing. The synergy of precise biorecognition, nanoscale enhancement, efficient 

signal transduction, and accessible data presentation allows biosensors to provide real-

time, sensitive, selective, and user-friendly analytical solutions, firmly establishing 

them as indispensable devices in point-of-care diagnostics and healthcare.The 

classification of sensors is primarily based on the unique characteristics and functional 

mechanisms of their recognition elements, which serve as the critical component for 

detecting analytes (Fig. 1.6). Recognition elements govern the selectivity of the sensor, 

ensuring that it responds only to the target of interest while minimizing interference 

from other substances. Accordingly, sensors are categorized into two distinct types 

[19]. 

Bio-Catalytic Sensors: It is a fundamental class of biosensors in which biocatalysts 

such as enzymes, tissues, oligonucleotides, or whole cells are immobilized at the active 

sensing sites to act as recognition elements. These biocatalysts accelerate the rate of 

biochemical reactions with high specificity toward the target analyte, yet remain 

unaltered by the reaction itself. Importantly, they enhance the kinetics of the detection 

process without altering the equilibrium constant, ensuring both efficiency and stability. 

Due to their inherent catalytic properties, bio-catalytic sensors can be designed with 

relatively simple instrumentation and straightforward electrode configurations, making 

them cost-effective and practical. Historically, the concept was pioneered in 1962 by 

Clark and Lyons, who developed the first bio-catalytic sensor for glucose detection 

using the enzyme glucose oxidase. The working mechanism of these sensors is well-

explained by the Michaelis-Menten kinetic model of enzyme-catalyzed reactions, 

represented as Eq. [1.1]: 

E + S 
     𝑲𝟏& 𝑲−𝟏      
↔          ES 

      𝑲𝟐    
→     E+ P    [1.1] 
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Here, E refers to the enzyme, S denotes the substrate, ES represents the enzyme-

substrate complex, and P is the final product. The rate constants K₁, K₋₁, and K₂ define 

the dynamics of complex formation and breakdown. This model serves as the 

foundation for bio-catalytic sensor design, guiding their use in clinical diagnostics, 

biotechnology, food quality control, and metabolic monitoring. By combining 

simplicity with high specificity, bio-catalytic sensors continue to play a pivotal role in 

the advancement of biosensing technologies. 

 
Figure 1.6: Different types of Biosensors based on Biorecognition Element 

Bio-Affinity Sensors: Bio-affinity sensors represent a vital class of biosensing devices 

specifically designed for applications that demand an exceptionally selective response 

to distinguish between healthy and diseased states. These sensors rely on the principle 

of molecular recognition, in which biomolecules such as nucleic acids (DNA, RNA), 

receptor proteins, antibodies, or even biomimetic materials act as bio-affinity 

compounds. These molecules exhibit precise binding interactions with target analytes, 

enabling accurate identification and discrimination even at very low concentrations. To 

ensure stability and functionality, the bio-affinity molecules are immobilized onto the 

sensing matrix through chemisorption mechanisms. Chemisorption provides covalent 

binding of the biomolecules to the sensor surface, creating durable active sites. These 

active sites serve as highly specific recognition zones that allow only the desired analyte 

to interact, minimizing cross-reactivity and false signals. Following analyte recognition 

and binding, the induced biochemical response is seamlessly transmitted to a 

transducer, which converts it into a measurable signal. Depending on the design of the 

biosensor, this conversion can occur through various transduction mechanisms such as 

electrochemical detection (measuring current, potential, or impedance), optical systems 

(fluorescence, surface plasmon resonance, absorbance), piezoelectric approaches 

(measuring mass changes), spectroscopic techniques, or calorimetric detection 

(measuring heat changes). Each of these transduction methods enhances the precision 

and sensitivity of the device. The integration of selective recognition with advanced 

signal conversion enables bio-affinity sensors to provide rapid, robust, and reliable 

measurements. As a result, they have emerged as powerful diagnostic tools for early 

disease detection, monitoring therapeutic responses, ensuring food and water safety, 

and advancing research in biotechnology and molecular medicine. Their high 
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specificity and adaptability underscore their transformative role in the future of 

biosensor technology. 

1.3 Nanotechnology-Driven Engineering of Nano-Interfaces: A Key 

to Nano-Biosensors Architecture 

Over time, technological progress has ushered in a revolutionary transformation in 

science and engineering, with nanoscience and nanotechnology standing at the core of 

this advancement [20]. To fully understand their impact, it is essential to distinguish 

them. Nanoscience is primarily concerned with studying atoms and molecules at the 

nanoscale, investigating their arrangements, interactions, and intrinsic properties. 

Nanotechnology, on the other hand, translates this scientific understanding into practice 

by manipulating matter at the atomic and molecular level to design and fabricate new 

nanomaterials with tailored functionalities. This distinction highlights how nanoscience 

provides the fundamental knowledge, while nanotechnology transforms it into tangible 

innovations. 

 

Figure 1.7: Classification of Nanomaterials Based on distinct Geometric 

Dimensions and potential functional behaviour in nanoscale systems. 

As a multidisciplinary domain, nanotechnology draws from physics, chemistry, 

biology, materials science, and diverse engineering fields to achieve precision 

manipulation of matter at the nanoscale. Its ability to control parameters such as size, 

geometry, and surface chemistry has enabled the development of materials with unique 

properties—superior strength, catalytic efficiency, enhanced electronic conductivity, 

advanced optical responses, and remarkable biomedical compatibility. This nanoscale 

precision has been particularly critical in the fabrication of nano-interfaces for nano-

biosensors. Nano-biointerfaces form the vital communication bridge between the 
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biological recognition elements (such as enzymes, antibodies, or nucleic acids) and the 

transducer [21]. By optimizing surface morphology, increasing surface-to-volume 

ratios, and providing tunable chemical functionalities, nanotechnology ensures that bio-

analytes can be captured more efficiently and selectively. The engineered nano-

interfaces not only enhance sensitivity and selectivity but also reduce detection limits 

to trace levels, thereby making biosensors far more reliable and effective. The 

importance of nanotechnology in nano-biosensor development extends beyond basic 

performance improvements. It enables integration of multiple detection platforms on a 

single chip, supports miniaturization for point-of-care diagnostics, and allows real-time 

monitoring of biological processes with unprecedented precision. Consequently, 

nanotechnology is not only advancing the general frontiers of science and technology 

but also establishing itself as the cornerstone of modern biosensor engineering. Its role 

in shaping nano-interfaces directly defines the sensitivity, reliability, and future 

capabilities of nano-biosensors, positioning it as the driving force of innovation in 

healthcare, environmental monitoring, food safety, and personalized medicine. 

 
Figure 1.8: Properties of Two-Dimensional Nanomaterials 

Nanomaterials, or low-dimensional materials, are uniquely defined by the confinement 

of charge carriers within nanoscale limits (1–100 nm), where their geometric 

dimensions approach the de Broglie wavelength. Unlike their bulk counterparts, 

nanostructured materials exhibit size- and shape-dependent properties governed by the 

quantum confinement effect. As electrons and holes are restricted to discrete energy 
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levels near the exciton Bohr radius, they transition from continuous to quantized density 

states, leading to tuneable optical, electrical, and chemical behaviours. This principle 

forms the foundation for categorizing nanomaterials into four distinct classes (Fig. 1.7): 

0D (Quantum dots, Nanoparticles), 1D (Nanowires, Nanotubes), 2D (Nanosheets, 

Nanoplates), and 3D (Nanoflowers, Hierarchical frameworks), each offering unique 

physicochemical attributes [22].  

Low-dimensional materials are systematically classified into four categories: 0D, 1D, 

2D, and 3D, depending on the degrees of freedom available for electron movement. 

The importance of these low-dimensional materials becomes particularly evident in the 

field of nano-biosensing, where sensitivity, selectivity, and rapid response are critical. 

Each nano-dimension contributes differently to biosensing innovation: 0D offers sharp 

optical features, 1D delivers efficient electron transport, and 3D provides large 

scaffolds for biomolecule anchoring. However, among the four categories of low-

dimensional materials, 2D nanomaterials distinguish themselves as the most promising 

for advanced nano-biosensing applications. Their atomically thin layers maximize the 

lateral surface exposure, creating abundant active sites for biomolecule immobilization, 

while their superior electrical conductivity ensures rapid and precise signal 

transduction. Moreover, their tuneable chemical functionalities make them highly 

adaptable to various recognition elements, including enzymes, antibodies, and nucleic 

acids. Furthermore, 2D nanomaterials exhibit highly sensitive modulation of electronic 

properties upon molecular adsorption, enabling real-time, label-free detection of 

biomolecules at ultra-low concentrations (Fig. 1.8). They also provide superior 

integration capabilities with microfluidic platforms, flexible electronics, and wearable 

devices, making them highly adaptable for point-of-care diagnostics [23]. 

1.4 Hexagonal Boron Nitride: A Key Inorganic Layered Material 

Driving Advancements in High-Performance Nano-Biosensors 

The advent of graphene in 2004 revolutionized materials science, particularly in 

nanotechnology and sensing applications, prompting the exploration of structurally 

similar two-dimensional systems owing to their low-dimensional structures which 

endowed peculiar properties, distinctly superior to those of their bulk or higher-

dimensional counterparts. In the realm of two-dimensional nanomaterials, Group III-

Nitride nanostructures have emerged as a promising layered inorganic material owing 

to their superior physical and chemical attributes, which lend themselves to 

multidisciplinary applications spanning electronics, optoelectronics, and energy 

technologies. The nanoscale architecture of these materials imparts distinct advantages, 

including continuous crystalline domains, exceptional crystal quality, and strong inter-

atomic forces, all of which enable outstanding thermal stability even under extreme 

conditions. Such properties distinguish them as highly favorable candidates for next-

generation devices. Within this family, nearly all compounds such as GaN, InN, and 

AlN, are well recognized for their semiconducting behavior, forming the backbone of 

many modern electronic innovations. Boron nitride (BN), however, represents a unique 

anomaly, unlike its semiconducting counterparts in group III-Nitride family by 

demonstrating insulating characteristics, which historically limited its perceived utility 

in electronics and consequently overshadowed its importance in research [24]. Ferrari 

and collaborators presented a compelling statistical survey comparing global research 
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outputs on BN against graphene, covering the period from 2000 to 2020 [25]. Their 

findings clearly illustrated a disparity, with graphene receiving far greater focus. 

Nonetheless, boron nitride is gradually gaining recognition for its indispensable role as 

a complementary material in nano-device fabrication, particularly as a dielectric, 

protective, and structural component, thereby redefining its place within the broader 

Group III-Nitride family (Fig. 1.9). 

 
Figure 1.9: Properties of Group III-Nitride Family 

Hexagonal boron nitride (hBN), widely referred as “White Graphene,” has gained 

remarkable attention, despite being an electrical insulator [26]. Interestingly, hBN 

possesses unique physical, chemical and electrochemical characteristics, including 

ultra-flat surface, remarkable thermal and chemical stability, sustainable redox activity, 

and excellent structural robustness [24]. Over the years, hBN has emerged as a material 

of choice for applications ranging from advanced optoelectronic devices to 

electrochemical sensor platforms. The material consists of alternating boron and 

nitrogen atoms covalently bonded in a hexagonal lattice, which endows it with 

structural stability and a wide electronic band gap of approximately 5.1–5.9 eV. 
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Nanostructure engineering is a powerful tool that aids tuning of electronic bandgap of 

hBN from insulating to semiconducting by tailoring the surface chemistry through 

strategies such as doping, substitution, functionalization, and hybridization. 

Furthermore, hBN plays a critical role as an interface material for other 2D 

semiconductors, including graphene, MoS₂, and black phosphorus, where it enhances 

carrier mobility by minimizing Coulomb scattering and simultaneously protects the 

active layers from contamination, oxidation, and thermal or electrical degradation. 

Owing to its vast technological promise, single- and few-layer hBN nanosheets have 

been extensively synthesized and investigated, demonstrating exceptional potential in 

advanced applications including deep-ultraviolet (DUV) photonics, dielectric 

tunneling, high-power electronics,⁷ electronic packaging, fuel cell technology, and 

biomedicine [27].  Nevertheless, intact or pristine h-BN alone is insufficient for sensor 

functionality because effective signal generation demands adequate conductivity within 

active sensing layers. Therefore, the advancement of this material hinges on well-

regulated fabrication processes coupled with controlled functionalization of its surface 

and edges, enabling tailored conductivity and chemical reactivity [28]. These 

modifications expand hBN’s potential beyond its insulating nature, opening pathways 

for its incorporation into next-generation sensing devices and multifunctional 

nanotechnology platforms. 

 

Figure 1.10: Challenges in Synthesizing of 2D hexagonal Boron Nitride (hBN) 

The integration of two-dimensional hBN nanosheets into electrochemical sensors has 

recently emerged as a promising development in nanomaterials research. Their 

inherently large surface-to-volume ratio, reactive edge states, biocompatibility, and 

catalytic capability position them as versatile candidates for high-performance sensing 

applications. A key advantage of h-BN is its adaptability; when combined with other 

nanomaterials, particularly noble or transition metal nanoparticles. It can deliver 

enhanced sensing responses by providing synergistic pathways for charge transfer and 

analyte recognition. To further optimize their electrochemical functionality, post-

synthetic treatments are applied, with three major strategies dominating: edge and 

surface functionalization, nanoparticle deposition on the basal planes, and defect 

engineering within the crystal lattice. Each of these modifications enables precise 

control of hBN’s electronic and surface properties. For instance, introducing hydroxyl 

groups to nanosheet edges significantly narrows the band gap to around 3.5 eV, while 

other functionalization techniques such as amination, fluorination, or oxygen and 

carbon doping have been successfully utilized to adjust conductivity and catalytic 

behaviour. These modifications, whether incorporated during synthesis or achieved 

through targeted surface engineering, provide chemically active sites on the otherwise 

inert h-BN framework. As a result, functionalized h-BN nanosheets can interact with 

analytes selectively and with improved efficiency, making them an increasingly 

valuable component in the design of advanced electrochemical sensing devices. 

Challenges in 
Doping and 
Surface 

Functionalization

Limited 
Tunability of 
Wide Bandgap 

affects electron 
transfer kinetics

Aggregation 
Issues in 

Nanosheets 
Assembly

Exfoliation 
Challenges to 
Synthesize 
Ultrathin 
Nanosheet



Page | 15 

 

In the development of high-performance nano-biosensors, the choice of interface 

material plays a decisive role in determining sensitivity, selectivity, and long-term 

operational stability. Hexagonal boron nitride (hBN) has emerged as a promising 

material in the design of next-generation nano-biosensing platforms due to its 

exceptional structural integrity, wide bandgap, strong dielectric behaviour, atomically 

smooth surface, and chemical inertness, which together provide long-term stability and 

biocompatibility under diverse operating environments. However, this very chemical 

inertness that makes hBN stable also presents one of its most significant challenges, its 

inability to support the covalent immobilization of biomolecules. Covalent 

immobilization is a cornerstone in biosensor engineering, as it enables the creation of 

highly specific binding sites, facilitates efficient electron transfer pathways between the 

target analyte and sensing surface, and ensures reproducibility and selectivity in 

detection. Without such functional binding, pristine hBN surfaces suffer from poor 

interfacial charge-transfer kinetics, reduced sensitivity, and limited practical 

applicability in ultrasensitive detection tasks. To address this limitation, advanced 

modification techniques such as surface oxidation, heteroatom doping, plasma 

treatment, and hybrid integration with other nanomaterials are increasingly employed. 

These strategies introduce chemically active sites or functional groups onto the hBN 

lattice, enabling stable covalent binding of biomolecules and significantly improving 

sensor performance. Consequently, while pristine hBN’s inert nature may restrict its 

direct use, targeted engineering of its surface chemistry transforms it into a highly 

versatile and powerful platform for high-performance nano-biosensing technologies 

(Fig. 1.10). 

1.5 Strategic Role of Nano-Hybrid Composites in Improving 

hBNNS Electrochemical Efficiency 

 
Figure 1.11: Advantages of Nano-Hybrid Composite (NHC) 

The field of nano-engineering has witnessed remarkable progress in the development 

of bio-analytical platforms, primarily through innovative approaches such as defect 

induction, chemical functionalization, modulation of nanoscale structural and 

morphological features, and the construction of hybrid composites [13]. These 

engineering strategies are designed to tune the intrinsic physicochemical properties of 

nanomaterials, enabling improved signal transduction, heightened sensitivity, and 

enhanced analytical precision. However, despite their potential, each of these 

techniques presents inherent limitations that constrain their applicability in real-world 

conditions. Defect engineering, while capable of introducing highly active surface 

states, often results in instability and unpredictable degradation over time. Structural 

and morphological modulation, though effective at tailoring surface area and catalytic 

Flexibility 
in Design

Enhanced 
Chemical 

Stability and 
Corrosion 
Resistance

Improved 
Electroche

mical 
Sensitivity

Facilitating 
Biomolecule 
Immobiliza

tion

Enhanced 
Surface 
Area and 
Active 
Sites

Addressing 
Intrinsic 
Insulating 
Nature of 
hBNNS



Page | 16 

 

activity, involves complex synthesis routes that are difficult to reproduce consistently. 

Furthermore, issues such as compromised chemical resistance, reduced biological 

compatibility, and limited durability in ambient environments pose additional barriers 

to large-scale deployment of such nanostructures in biosensing applications. 

Nano-hybrid composites have emerged as transformative materials in the advancement 

of electrochemical devices due to their ability to synergistically merge the 

complementary properties of their constituent phases (Fig. 1.11). By integrating 

organic, inorganic, or metallic nanostructures into hybrid matrices, these composites 

effectively overcome limitations posed by individual materials such as poor stability, 

limited active surface area, or sluggish charge-transfer kinetics. The formation of 

biphasic host–guest systems provide a unique framework where structural stability, 

conductivity, and reactivity can be simultaneously optimized. Defect engineering, 

surface functionalization, and morphological tailoring within nano-hybrid composites 

significantly increase the density of electroactive sites and facilitate rapid electron and 

ion transport across the electrode–electrolyte interface. This results in enhanced 

sensitivity, selectivity, and durability in electrochemical biosensing applications. 

Furthermore, the chemical tunability of hybrid systems ensures improved biomolecule 

immobilization, minimizes fouling, and promotes biocompatibility, all of which are 

crucial for long-term reliability in real-world biosensing environments. Consequently, 

nano-hybrid composites act not only as performance enhancers but also as enabling 

platforms for the development of next-generation electrochemical biosensors with 

ultrasensitive and stable detection capabilities. 

Material science represents a vast and multidisciplinary domain that encompasses an 

extraordinary diversity of materials, each defined by its internal structure and chemical 

architecture. The term chemical architecture refers to the unique arrangement and 

composition of atoms that collectively give rise to the physical identity of a material. 

These constituent atoms, by virtue of their distinct electronic configurations and 

bonding characteristics, impart unique physical, chemical, mechanical, and functional 

properties that set one material apart from another. 

 
Figure 1.12: Different types of Nanomaterials based on Chemical 

Architecture 

In view of chemical architecture, materials can be broadly classified into two principal 

categories: Layered Materials and Non-Layered Materials (Fig. 1.12) [29]. This 

classification is based on the spatial arrangement of atoms and the way they interact 

with each other within the crystal lattice. Layered materials exhibit strong in-plane 

bonding within individual layers but weak van der Waals interactions between layers, 

allowing them to be exfoliated into thin sheets with nanoscale thickness. Such materials 

often display anisotropic behaviour, high surface area, and tuneable electronic 

properties, making them particularly significant in emerging technologies like energy 
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storage, catalysis, and biosensing. Distinct layered materials, including graphene, 

hexagonal boron nitride (hBN), transition metal dichalcogenides (TMDs), and other 2D 

architectures, have gained prominence due to their tuneable band structures, high 

surface-to-volume ratios, and potential for miniaturized device fabrication. Their 

layered nature facilitates exfoliation into nanosheets. In contrast, non-layered materials 

possess uniform bonding throughout the lattice, resulting in isotropic physical and 

chemical characteristics. Non-layered material includes bulk crystalline metals, metal 

oxides, metal nitrides, ceramics, and polymers. These materials often demonstrate 

robustness, high mechanical strength, and structural stability, lending themselves to 

diverse industrial and technological applications. 

In the present work, a systematic and comprehensive investigation is undertaken to 

elucidate the pivotal role of both layered and non-layered materials in advancing the 

electrochemical performance of hexagonal boron nitride nanosheets (hBNNS) through 

the strategic formation of nano-hybrid composites. Hexagonal boron nitride, despite its 

outstanding properties such as chemical inertness, high thermal conductivity, wide 

bandgap, and mechanical robustness, is intrinsically limited in its electrochemical 

activity due to the lack of readily available active sites on its pristine surface. This 

limitation hampers efficient charge transfer and restricts its direct applicability in 

electrochemical sensing and energy-related domains. To overcome these inherent 

shortcomings, the integration of layered and non-layered nanomaterials into hybrid 

composites provides a rational design strategy, enabling the tailoring of interfacial 

properties, surface reactivity, and synergistic functionalities. 

Layered materials, such as reduced graphene oxide, bring unique advantages by 

offering high surface area, tunable band structures, and facile electron transport 

pathways. When combined with hBNNS, these layered materials contribute to 

enhanced charge carrier dynamics, improved adsorption of analytes, and a modulation 

of the electronic environment at the interface. Their two-dimensional nature ensures 

intimate contact with hBN nanosheets, thereby amplifying conductivity and promoting 

faster redox reactions. On the other hand, non-layered materials, including metal 

oxides, are equally indispensable in this hybridization approach. These materials are 

renowned for their abundant catalytic sites, structural stability, and superior 

electrochemical activity. Their incorporation introduces abundant electroactive centers, 

reduces electron-transfer resistance, and augments sensitivity, thereby addressing the 

limitations of pristine hBN. 

The synergy achieved by coupling layered and non-layered materials with hBNNS lies 

in the creation of unique physicochemical environments at the nano-interface. Host–

guest interactions, defect engineering, and interfacial charge redistribution facilitate a 

cooperative mechanism where the dielectric stability of hBN is retained, while the 

electrochemical performance is substantially enhanced by its hybrid partners. Such 

nano-hybrid composites not only ensure improved charge-transfer kinetics but also 

provide superior durability, reproducibility, and selectivity under electrochemical 

conditions. This integration effectively transforms hBNNS from an electrically 

insulating material into a multifunctional platform for advanced electrochemical 

applications. 
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The present study, therefore, highlights the transformative potential of nano-hybrid 

composites in redefining the functionality of hBNNS. By systematically combining 

layered and non-layered materials, this work establishes a robust framework for 

engineering hybrid interfaces that harness the complementary strengths of diverse 

material classes. The findings are expected to accelerate the development of next-

generation electrochemical devices, including nano-biosensors, supercapacitors, and 

energy conversion systems, where high sensitivity, stability, and selectivity are of 

paramount importance. Ultimately, this comprehensive study positions hBNNS-based 

nano-hybrid composites as a powerful and versatile platform in the rapidly advancing 

field of nanotechnology-driven electrochemistry. 
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Chapter 2 
Systematic Overview of Advanced Material and Electrochemical 

Characterization Techniques and Synthesis Methodologies 

The literature in Chapter 2 reviews potential synthesis strategies for development of 

various nano-dimensional morphology of inorganic as well as organic layered 

nanomaterials, broadly classified as bottom-up and top-down techniques. Considering 

the requirement for highly scalable, facile, cost-effective, and high-quality production 

of two-dimensional hexagonal boron nitride nanosheets (hBNNS) at relatively low-

temperature, this chapter discusses in-depth significance and application of 

hydrothermal technique in yielding 2D nanomaterials with controlled morphologies 

and fabricating nano-hybrid composites. Furthermore, this chapter explores promising 

synthesis techniques including polyol method, chemical exfoliation, and sol-gel 

synthesis capable of tailoring nanostructure morphologies. The successful synthesis of 

2D nanomaterials and their nano-hybrid composites, as well as the fabrication of 

immunoelectrode, is validated through various characterization techniques, including 

X-ray diffraction (XRD), Raman spectroscopy, scanning electron microscopy (SEM), 

thermogravimetric analysis (TGA), Fourier-transform infrared spectroscopy (FTIR), 

transmission electron microscopy (TEM), atomic force microscopy (AFM), energy-

dispersive X-ray analysis (EDAX), UV-Visible spectroscopy, and biocompatibility 

testing. The importance of these advanced characterization techniques is briefly 

discussed, as they ensure the structural, morphological, chemical, and spectroscopic 

integrity of the materials, optimizing their functionality for biosensor applications. 

Furthermore, literature focusing on electrochemical analysis techniques, including 

cyclic voltammetry (CV), differential pulse voltammetry (DPV), and electrochemical 

impedance spectroscopy (EIS), is reviewed to evaluate the practical impact of the 

developed innovative nano-biosensors. This discussion emphasizes their significance 

in addressing the critical need for effective healthcare diagnostics. This chapter give in-

sight of various methodologies for preparation of sensing electrodes and the detailed 

elaboration on stepwise fabrication of nano-interface matrix onto indium tin oxide 

electrodes utilising electrophoretic deposition technique. Furthermore, it provides a 

detailed description of the stepwise fabrication of the nano-interface matrix and 

immunoelectrode, highlighting the significance of each step in achieving a robust and 

optimized biosensor platform for clinical applications. 
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2.1 Introduction 
The synthesis and processing methodologies exert a profound influence on the 

structure, crystallinity, and intrinsic properties of two-dimensional hexagonal boron 

nitride (2D-hBN) nanosheets, which in turn directly determine their functional 

performance in device applications [1]. Achieving nanosheets with well-defined 

crystallographic order, controlled thickness, and minimal structural defects remains a 

formidable challenge, particularly when tailoring materials for application-specific 

requirements. The pursuit of high-quality 2D-hBN demands precise optimization of 

processing parameters such as reaction conditions, exfoliation strategies, and post-

treatment techniques, each of which governs not only the lateral size and morphology 

but also the degree of disorder and functional group incorporation [2]. Consequently, 

researchers have introduced a diverse range of synthesis approaches, including 

mechanical exfoliation, liquid-phase exfoliation, chemical vapor deposition (CVD), 

and hydrothermal methods each offering distinct advantages and limitations in 

balancing scalability, yield, and structural integrity. These strategies are especially 

targeted toward producing both monolayer and few-layer hBN nanosheets with uniform 

size distribution, large lateral dimensions, and enhanced structural homogeneity. Such 

progress is critical for unlocking the full technological potential of 2D-hBN in areas 

spanning nanoelectronics, photonics, catalysis, and biomedical engineering, where the 

interplay between structural perfection and functional behaviour dictates overall device 

efficiency and stability. 

2.1.1 Synthesis Methodologies from Engineering Inorganic Layered Materials to 

Nano-Hybrid Composites 

Two principal strategies have been established for large-scale synthesis of BNNS: 

bottom-up and top-down approaches [3]. The bottom-up approach involves building 

BNNS atom-by-atom or molecule-by-molecule using techniques such as chemical 

vapor deposition (CVD) [4]and segregation methods [5]. While this pathway enables 

the formation of high-quality, single-layer BNNS with precise structural control, it 

requires extreme temperature and pressure, rendering it impractical for mass 

production. Conversely, the top-down approach focuses on breaking down bulk h-BN 

crystals into thinner nanosheets by means of exfoliation, employing mechanical 

cleavage [6] or ultrasonic sonication [7]. This methodology, which mirrors the 

techniques successfully applied to graphene, allows for scalable production of BNNS. 

However, unlike graphene, where C–C covalent bonding permits easier delamination, 

h-BN’s partially ionic B–N bonds and strong interlayer “lip-lip” interactions complicate 

layer separation, presenting a fundamental obstacle in top-down exfoliation (Fig. 2.1). 

2.1.1.1  Bottom-Up Synthesis Approach: 

The bottom-up strategy for nanomaterial development focuses on constructing 

nanoscale structures directly from atomic or molecular precursors [8]. Instead of 

breaking down larger bulk materials, this approach capitalizes on natural self-assembly 

processes driven by short-range interactions such as van der Waals forces, dipole–

dipole interactions, ionic bonding, and hydrogen bonding. These forces encourage 

atoms and molecules to organize themselves into stable, well-defined nanoparticles. 

Compared to top-down techniques, bottom-up synthesis provides a higher degree of 

precision and control, allowing scientists to design nanomaterials with uniform sizes, 

controlled shapes, and consistent surface properties. An additional benefit is its capacity 
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to produce nanoparticles with highly tuneable characteristics simply by adjusting 

synthesis conditions like pH, temperature, precursor concentration, and surfactant type. 

Furthermore, the bottom-up strategy enables precise control over particle properties by 

fine-tuning the synthesis parameters, such as reaction temperature, solvent 

environment, concentration of precursors, and reaction time. This makes it especially 

attractive not only for laboratory-scale research but also for industrial production, 

where scalability, cost-effectiveness, and reproducibility are essential. The adaptability 

of this approach has led to its wide use in the fabrication of nanostructured metals, 

oxides, semiconductors, and hybrid materials. Ultimately, bottom-up synthesis 

provides a pathway to engineer highly functional nanomaterials with desirable physical, 

chemical, and electronic characteristics that would be difficult to achieve through 

conventional bulk methods. 

 
Figure 2.1: Schematic representation of Botton-up and Top-Down Synthesis 

Approach of Nanomaterials. 

2.1.1.2  Top-Down Synthesis Approach: 

The top-down strategy for nanomaterial synthesis is based on breaking down larger 

bulk materials into smaller fragments until nanoscale structures are obtained [8]. This 

method primarily employs physical and mechanical techniques such as mechanical 

milling, lithographic patterning, chemical etching, and sputtering. Most significant 

advantage of top-down approach is the ability to produce nanostructured materials in 

large quantities, making it highly suitable for industrial applications where scalability 

is essential. In addition, top-down methods often require relatively straightforward 

processing steps and do not depend heavily on complex chemical environments or 

expensive precursors, which makes them more practical and cost-effective for bulk 
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fabrication. Another advantage is their compatibility with existing microfabrication and 

industrial technologies, allowing the integration of nanostructures into larger systems 

such as semiconductor devices, thin films, and coatings. Furthermore, these techniques 

are particularly beneficial for fabricating nanostructured bulk materials, composites, 

and patterned surfaces where precise control at the atomic or molecular level is not 

strictly required. 

Hydrothermal Synthesis Technique for Synthesis of Nanomaterials: 

The hydrothermal method has emerged as a highly effective and versatile route for the 

synthesis of nanomaterials, particularly because it combines low reaction temperatures 

with high autogenous pressures [9]. This controlled environment provided by 

hydrothermal autoclave promotes the formation of unique and well-defined 

nanostructures that are often difficult to achieve by conventional techniques (Fig. 2.2). 

Under supercritical hydrothermal conditions, substances that are otherwise sparingly 

soluble in water become highly reactive and can participate in chemical transformations 

at relatively high concentrations [10]. This phenomenon not only enhances the overall 

reaction kinetics but also contributes to achieving higher yields compared to traditional 

solid-state reactions conducted at elevated temperatures. Moreover, the hydrothermal 

method provides an energy-efficient alternative, as it reduces the need for extreme 

thermal input while still enabling complex crystal growth and tailored morphology. 

Despite these advantages, the detailed reaction pathways remain difficult to fully 

elucidate due to the closed, “dark-room” nature of the system, where direct observation 

of intermediates is challenging. Nonetheless, its ability to regulate particle size, control 

morphology, and enhance crystallinity has made the hydrothermal method a 

cornerstone in nanomaterial synthesis, widely applied in areas such as photocatalysis, 

energy storage, and biomedical engineering. 

 
Figure 2.2: A Hydrothermal Autoclave Assembly  

Under hydrothermal conditions, reactants that are usually insoluble under normal 

environments can dissolve effectively by forming complexes in the presence of 

mineralizers or solvents. This dissolution process facilitates chemical transport 

reactions, which is why hydrothermal synthesis is often regarded as a specific case of 

chemical transport phenomena. The unique physical properties of solvents under 

hydrothermal conditions—such as their exceptional solvation ability, high 

compressibility, and enhanced capacity for mass transport—make it possible to carry 

out a variety of chemical transformations that are otherwise difficult to achieve. These 

reactions include the synthesis of entirely new phases or the stabilization of otherwise 
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metastable complexes that could not be obtained by conventional high-temperature 

methods. Furthermore, the method enables controlled crystal growth of various 

inorganic compounds, producing crystals with defined orientation and structural 

quality. It also serves as a powerful technique for the preparation of finely divided 

materials and micro-crystallites, where particle size, uniformity, and morphology can 

be tuned to meet the demands of applications in catalysis, sensors, or energy storage. 

Beyond material synthesis, hydrothermal processes play a vital role in the extraction of 

metals through ore leaching, offering a pathway for selective separation and recovery 

of valuable elements. Additionally, these conditions support processes such as 

decomposition, alteration, corrosion, and surface etching, which are significant in both 

geological systems and material science research. Together, these capabilities highlight 

the versatility of hydrothermal methods, allowing scientists to design materials with 

enhanced structural and functional properties. 

Electrophoretic Deposition for Electrode Preparation 

 
Figure 2.3: Schematic depicting Electrophoretic Deposition Setup 

Electrophoretic deposition (EPD) is an advanced fabrication process that has become 

an important method in the production of ceramics and functional coatings [11]. It 

offers several unique advantages, such as rapid film formation, low-cost apparatus, 

adaptability to substrates of different shapes, and the elimination of additional steps like 

binder removal, since the films generally contain minimal organic materials. This 

makes EPD more convenient and cost-effective compared to traditional shaping 

techniques. Its versatility lies in the fact that only minor changes in electrode design are 

required to coat surfaces of different geometries, making it suitable for both simple and 

complex shapes. A major benefit of this method is its controllability; the thickness, 

density, and microstructure of the deposited layer can be precisely managed by altering 

deposition time, applied voltage, or suspension concentration. In practice, EPD works 

by dispersing charged ceramic or composite particles in a liquid suspension, which then 

move toward and deposit onto a conductive substrate with the opposite charge under 

the influence of an applied DC electric field (Fig. 2.3). This results in coatings with 

uniform thickness and good adhesion, which are particularly useful in applications such 

as protective barriers, fuel cells, and biomedical implants. While the term 
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“electrodeposition” is sometimes used ambiguously, it usually refers to electroplating, 

a process that involves the electrochemical reduction of ions in solution. In contrast, 

EPD is based on the physical movement of colloidal particles, giving it a broader range 

of applications in modern materials science. The ability to create dense, uniform, and 

even multi-component layers makes EPD a powerful and adaptable tool in advanced 

ceramic processing and beyond. 

2.2 Material Characterization Techniques: 
2.2.1 X-ray Diffraction Spectroscopy (XRD): 

Human vision is capable of observing the macroscopic world through scattering of 

visible light (λVisible light ~ 6000 Å), yet it lacks the resolving power to reveal the atomic 

arrangement within solids. While X-rays exhibiting angstrom-scale wavelength (0.5-

2.5 Å) produces high energy electromagnetic waves residing between gamma and 

ultraviolet rays that demonstrates high penetrating power [12]. These high-energy X-

rays penetrates and traverse through atomic-scale structures and yield a unique 

diffraction pattern from constructive interference of scattered X-rays on interacting 

with the internal three-dimensional arrangement of atoms. X-ray diffraction (XRD) 

technique became an indispensable tool for crystallographic analysis after historical 

foundation laid by Max von Laue in 1912, following Roentgen’s initial discovery of X-

rays in 1895. Max von Laue postulated that X-rays were electromagnetic waves with 

angstrom-scale wavelengths comparable to the interatomic distances in periodic crystal 

lattice that act as natural 3D diffraction gratings. This critical finding marked a vital 

transformation in material science discipline, making XRD a principle investigative 

tool for determining crystal structure, crystallinity, lattice parameters, interplanar 

spacing, lattice strain, crystal defects, dislocation density, and phase composition. 

 

Figure 2.4: Diagrammatic representation of X-ray Diffractometer (Left) and 

Fundamental transitions depicting generation of X-rays (Right) 

Working: Generation of X-rays is accomplished using sealed tubes, rotating anodes, 

or synchrotron sources. In laboratory instruments, sealed tubes and rotating anodes 



Page | 27  

 

operate on the same principle. A tungsten filament is heated in a vacuum, releasing 

electrons through thermionic emission. These electrons are then accelerated by a strong 

potential difference and directed onto a solid target, typically composed of a metal such 

as copper, molybdenum, or chromium. When the high-energy electrons strike the target, 

two distinct processes generate X-rays. Two mechanisms produce these X-rays: 

1. Bremsstrahlung radiation – or “braking radiation.” The high energy electrons 

are decelerated by the strong electric fields of the atomic nuclei in the target. In the 

process, electrons lost their kinetic energy which is emitted as photons with a wide and 

continuous range of wavelengths. This gives rise to a broad background spectrum. 

2. Characteristic radiation – When the incident electrons have sufficient energy, they 

can eject tightly bound electrons from the inner atomic shells of the target atoms. This 

creates a vacancy, and electrons from higher-energy shells fall into the lower-energy 

states to restore stability. The difference in binding energies between the shells is 

released as X-ray photons with discrete energies specific to the element. These 

emissions are referred to as characteristic radiation, with the strongest and most 

commonly used being the Kα line. The exact photon energy depends on the target 

material, since each element has a unique electronic structure. 

 
Figure 2.5: Schematic description of Bragg’s Law. 

The resulting radiation is a superposition of the continuous Bremsstrahlung spectrum 

and sharp characteristic peaks (Fig. 2.4). For X-ray diffraction (XRD), only the most 

intense characteristic line is Kα radiation, typically used for crystallographic 

investigations. Unwanted radiation, including Bremsstrahlung and Kβ lines, is removed 
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with filters or monochromators. To isolate this radiation, filters or monochromators are 

employed. Filtering relies on the nonlinear absorption properties of certain materials, 

which exhibit absorption edges at specific wavelengths. By choosing an appropriate 

filter, the unwanted continuous spectrum and the weaker Kβ line can be strongly 

absorbed, while most of the desired Kα radiation is transmitted. Each target material 

has a corresponding filter that optimally suppresses the undesired components. 

Principle: When X-ray photons interact with matter, several scattering and absorption 

processes occur. Among these, elastic (coherent) scattering, also known as Rayleigh 

scattering, is of primary importance. In this interaction, photons interact with electrons 

bound to atomic nuclei without any loss of energy, preserving their phase relationship 

with the incident wave. As a result, all atoms in the irradiated volume scatter X-rays in 

various directions. In crystalline materials, the ordered periodic structure gives rise to 

constructive and destructive interferences, producing characteristic diffraction patterns. 

The scattering occurs in all directions, but in crystalline materials the periodic lattice 

ensures that constructive and destructive interferences emerge, forming distinctive 

diffraction phenomena, as illustrated in Fig. 2.5. 

The fundamental concept behind X-ray diffraction (XRD) is the interaction of X-rays 

with these periodic atomic planes. X-ray diffraction (XRD) exploits this principle by 

analyzing the diffraction of X-rays by periodic atomic planes and detecting the resulting 

signals as a function of angle or energy. W.L. Bragg (1913) provided the geometrical 

explanation of these constructive interferences, which is formalized in Bragg’s law Eq. 

[2.1]:  

Bragg’s law: 2d×Sinθ = nλ.    [2.1] 

 Bragg’s law relates the order of diffraction (n), the incident wavelength (λ), the lattice 

spacing (dₕₖₗ), and the diffraction angle (θ). In polycrystalline materials with fine, 

randomly oriented grains, every lattice plane capable of satisfying Bragg’s law 

contributes to diffraction. This produces diffraction cones that, when captured by a 

planar detector, manifest as Debye rings (or diffraction rings) 

2.2.2 Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray 

Analysis (EDAX): 

Scanning Electron Microscope (SEM) are advanced imaging instruments that provide 

nanoscale visualization with exceptional magnification, resolution, and depth of field, 

surpassing the inherent limitations of conventional optical microscopes [13]. Electron 

microscopy was pioneered in Germany in 1931 by Max Knoll and Ernst Ruska, 

marking a breakthrough that overcame the ~200 nm resolution limit of optical 

microscopes. Early contributions from M. Knoll and Manfred von Ardenne further 

propelled progress in this domain. JEOL later revolutionized accessibility to the 

technology by releasing its first commercial SEM in 1966, a move that positioned the 

company as the largest global manufacturer of SEMs.  

Unlike compound or simple microscopes that rely on visible light and are constrained 

by its wavelength, SEMs utilize electrons to generate high-clarity images of surface 

structures. While optical microscopes enable observation of samples in natural colour, 

their magnification and depth of field remain restricted. In contrast, SEMs not only 

deliver superior topographical detail but also integrate spectroscopic capabilities for 
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precise chemical analysis. This dual functionality makes SEM an indispensable 

research tool, capable of revealing intricate micro- and nanostructures where even a 

single greyscale image may suffice to achieve critical investigative objectives.  

Energy-dispersive X-ray spectroscopy (EDS/EDX) is a powerful analytical tool for 

elemental analysis and chemical characterization of materials. The technique operates 

on the principle that each element possesses a distinct atomic structure, producing 

unique X-ray emission peaks as described by Moseley’s law. By directing an electron 

or X-ray beam onto the specimen, inner-shell electrons can be ejected, creating 

vacancies that are filled by outer-shell electrons. This transition releases characteristic 

X-rays whose energies are directly related to the atomic structure of the element. 

Measurement of these emitted X-rays by an energy-dispersive detector enables precise 

determination of the elemental composition of the sample. 

 
Figure 2.6: Schematic illustration of working of Scanning Electron 

Microscopy (SEM) and Energy-dispersive X-ray Spectroscopy (EDAX). 

Working Principle: The working principle of the Scanning Electron Microscope 

(SEM) is based on the interaction between high-energy electrons and the specimen 

surface, producing signals including secondary electrons, backscattered electrons, and 

diffracted backscattered electrons, each offering unique analytical insights (Fig. 2.6). 

Secondary electrons, emitted from atoms located just a few nanometers below the 

surface, are particularly effective in rendering high-resolution images of morphology, 

edge sharpness, particle distribution, and surface irregularities. Backscattered electrons, 

which are elastically reflected primary electrons, carry information linked to the atomic 

number of constituent elements, thereby creating compositional contrast and facilitating 

material phase identification. Diffracted backscattered electrons form the foundation of 
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electron backscatter diffraction (EBSD), which provides quantitative crystallographic 

information such as grain orientation, texture, and strain distribution. Complementary 

signals such as X-rays, generated by inelastic scattering, enable elemental mapping 

through energy-dispersive X-ray spectroscopy (EDS), while photon emissions can 

reveal optical characteristics of luminescent materials. Collectively, these signal 

outputs allow SEM to serve as a multi-dimensional analytical platform, capable of 

simultaneously assessing structural, compositional, and crystallographic features of 

materials. This makes SEM particularly powerful in optimizing nanostructure 

synthesis, validating thin-film deposition, investigating catalytic surfaces, and probing 

biological interfaces. By integrating morphological imaging with elemental and 

crystallographic analysis, SEM ensures a comprehensive characterization framework 

that is indispensable for both fundamental research and industrial applications. 

Energy-dispersive X-ray spectroscopy (EDS/EDX) is widely employed for identifying 

and quantifying elements within a material based on their characteristic X-ray 

emissions. When a focused electron or X-ray beam strikes the specimen, it displaces 

electrons from inner atomic shells, creating vacancies that are filled by higher-energy 

electrons. The resulting energy difference is released as X-ray photons, each with a 

signature energy unique to the element. By detecting and analyzing these emissions, 

EDS provides accurate elemental profiling and chemical characterization across diverse 

materials. 

Electron Microscopy Applications: Scanning Electron Microscope (SEM) is an 

indispensable analytical tool for morphological characterization, offering high-

resolution, three-dimensional visualization of material surfaces at micro- and 

nanoscales. By directing a finely focused electron beam onto the specimen and 

detecting the emitted secondary electrons, SEM enables precise examination of critical 

surface attributes such as particle size, shape, surface roughness, exfoliation level, layer 

stacking, and degree of agglomeration. This powerful imaging capability allows direct 

correlation between synthesis parameters such as temperature, reaction time, and 

chemical environment and the resulting morphological evolution of the material. In the 

context of nanomaterials, SEM is particularly effective in revealing nanosheet 

exfoliation, nanoparticle dispersion, film homogeneity, and interfacial continuity, 

factors that directly govern performance in advanced applications including sensors, 

catalytic platforms, energy devices, and protective coatings. Moreover, SEM serves as 

a complementary technique to crystallographic tools like XRD and atomic-scale probes 

like TEM, by providing real-space morphological evidence essential for validating 

structural hypotheses and optimizing fabrication strategies. Its ability to ensure 

reproducibility and structural consistency makes SEM an essential component in the 

comprehensive evaluation and engineering of functional nanostructures. 

Scanning Electron Microscopy (SEM) has extensive applicability across diverse fields. 

In material science, it is indispensable for surface characterization of metals, polymers, 

ceramics, and composites, fracture analysis to identify failure mechanisms, and 

evaluation of coatings and thin films. In the semiconductor industry, SEM ensures 

microchip integrity through integrated circuit inspection and supports failure analysis 

by detecting nanoscale defects. In biology and medicine, it provides high-resolution 

imaging of cells, tissues, viruses, and surface features of biological samples, 

supplementing histological studies with greater detail than light microscopy. In 
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nanotechnology, SEM is vital for characterizing nanomaterials such as nanoparticles 

and carbon nanotubes, as well as for monitoring the fabrication of nanoscale structures. 

2.2.3 Transmission Electron Microscopy (TEM): 

Transmission Electron Microscopy (TEM) plays a pivotal tool in nanoscale 

morphological studies owing to its ability to deliver high-resolution atomic-level 

imaging of a material’s internal architecture [14]. In contrast to Scanning Electron 

Microscopy (SEM), which focuses primarily on surface topography, TEM directs an 

electron beam through an ultrathin specimen, unveiling structural details such as lattice 

arrangements, crystallinity, and internal defects. This makes TEM particularly 

indispensable for characterizing nanomaterials like hexagonal boron nitride (h-BN) 

nanosheets, where features such as layer thickness, stacking order, edge morphology, 

and imperfections govern their physical and chemical performance. Beyond 

morphology, TEM also provides selected area electron diffraction (SAED) data, which 

reveals crystallographic orientation and phase composition, adding a powerful 

dimension to structural analysis. By correlating these findings with synthesis 

parameters, TEM enables researchers to understand how preparation methods shape 

nanoscale features and, in turn, refine processing strategies for applications in 

electronics, catalysis, nanocomposites, and biomedical devices. Its unmatched 

resolution and ability to probe internal features position TEM as an indispensable 

cornerstone in advanced material characterization. 

 
Figure 2.7: Diagram representing working of Transmission Electron 

Microscopy (TEM) 

In the early 1920s, Louis de Broglie revolutionized scientific thought by proposing that 

particles such as electrons could exhibit wave-like behaviour. This groundbreaking idea 
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was confirmed through experiments with electron beams, which revealed their ability 

to generate wave motion. The concept of electron wave-particle duality opened new 

possibilities for imaging at resolutions far beyond the limits of visible light. To 

manipulate and direct these electron waves effectively, scientists employed magnetic 

fields as a means of focusing them, similar to how glass lenses bend light in optical 

microscopes. Building on this principle, Ernst Ruska, together with Max Knoll, 

successfully designed the first working electron microscope in 1931. Only two years 

later, Ruska advanced his work further by collaborating with the Siemens company, 

leading to the development of the first transmission electron microscope (TEM) in 

1933. This instrument marked a technological milestone and transformed material 

science, biology, and physics by enabling the visualization of structures at the 

nanometer scale, far surpassing what was achievable with traditional light microscopy. 

Working Principle: A Transmission Electron Microscope (TEM) differs 

fundamentally from a light microscope by employing electrons instead of photons, 

enabling it to visualize structures far beyond the diffraction limit of visible light (Fig. 

2.7). The electron beam used in TEM has a wavelength of approximately 0.005 nm, 

which is drastically shorter than the wavelength of light, thereby offering resolution up 

to a thousand times greater than optical microscopes. When the accelerated electron 

beam strikes an ultrathin specimen, some electrons penetrate with little interaction 

while others are scattered by atomic nuclei and electron clouds. This variation in 

scattering intensity generates contrast, with denser or heavier atomic regions appearing 

darker in the final image. Electromagnetic lenses then focus the transmitted electrons 

to produce magnified images that can reach atomic resolution. Because of this, TEM is 

a vital tool for examining ultrastructural details of biological entities such as viruses 

and organelles, as well as material systems like nanoparticles, thin films, and crystalline 

lattices. Its ability to provide high-resolution insights into morphology, composition, 

and defects makes it essential in fields ranging from nanotechnology to biomedical 

research. 

Applications: Transmission Electron Microscopy (TEM) is a transformative technique 

that enables atomic- and nanoscale imaging of internal structures, offering unmatched 

resolution for diverse fields. In materials science, it reveals defects, grain boundaries, 

and crystal structures critical for optimizing metals, ceramics, and polymers. In 

nanotechnology, TEM characterizes nanoparticles, nanotubes, and thin films with 

precision, supporting the development of nano-sensors, drug delivery systems, and 

electronic devices. Its role in biology and medicine is equally pivotal, as it unveils 

cellular ultrastructure and viral morphology, advancing disease research and 

therapeutic design. The semiconductor industry depends on TEM for atomic-scale 

inspection of microchips and transistors, ensuring reliability in next-generation 

electronics. Furthermore, TEM is instrumental in environmental science, where it 

characterizes pollutants and nanomaterials in air, water, and soil, guiding effective 

remediation strategies. 

2.2.4 UV-Visible Spectroscopy: 

UV-Visible spectroscopy provides a direct and precise method to investigate electronic 

transitions in advanced materials, particularly semiconductors and nanostructured 

systems [15]. The technique measures wavelength-dependent absorption, which 
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corresponds to the excitation of electrons between energy states, enabling accurate 

determination of the optical bandgap. Since the bandgap governs a material’s 

interaction with light and its electronic response, this information is central to 

optimizing functionality in optoelectronic applications. In nanostructures, the method 

reveals critical effects of quantum confinement, morphology, and defect states on 

energy levels, offering a clear picture of how nanoscale dimensions dictate optical 

properties. Its non-invasive nature, high sensitivity, and flexibility across diverse 

sample types make it an invaluable characterization tool. From photovoltaic cells to 

LEDs, photodetectors, and biosensors, UV-Visible spectroscopy provides the essential 

data required to engineer materials with enhanced efficiency, reliability, and 

performance. 

UV-visible spectroscopy plays an essential role by providing insights into their 

electronic and optical properties through light absorption analysis. The method involves 

passing ultraviolet and visible light (200–800 nm) through a dispersed sample and 

recording how much light is absorbed at each wavelength. This generates absorption 

spectra that reveal electronic transitions within the material, including the energy 

required for electrons to move from the ground state to excited states. One of the most 

critical outcomes of this analysis is the determination of the optical bandgap, a 

parameter that governs how efficiently the material can interact with and respond to 

light. Since the bandgap strongly influences electrical conductivity and optical 

response, it directly determines the suitability of h-BN nanosheets for applications in 

optoelectronic systems such as photodetectors, lasers, and next-generation display 

technologies. 

Beyond bandgap determination, UV-visible spectroscopy provides quantitative data on 

absorbance using the Beer-Lambert law (A = εcl), where absorbance is directly linked 

to concentration, molar absorptivity, and path length. This enables accurate calculation 

of the absorption coefficient, which reflects the degree of light attenuation in the 

sample. The technique can also shed light on the effects of synthesis methods, 

exfoliation processes, and morphological variations such as sheet thickness, layer 

stacking, and structural defects on the optical properties. Moreover, UV-visible 

spectroscopy is widely valued for being non-invasive, requiring minimal sample 

preparation, and offering high sensitivity, making it especially effective for analyzing 

delicate nanomaterials. Its non-destructive nature, rapid analysis capability, and high 

sensitivity make it ideal for repeated testing and optimization of nanomaterials without 

altering their intrinsic properties. Consequently, UV-visible spectroscopy remains a 

cornerstone in both fundamental research and practical optimization of nanomaterials 

for emerging technologies in electronics, photonics, and energy applications. 

UV-visible spectroscopy (UV-Visible) is an analytical method that measures how 

molecules absorb light in the ultraviolet and visible range (200–800 nm). Originating 

in the early 20th century, it was developed as scientists explored how light interacts 

with matter. By recording absorption at specific wavelengths, the technique reveals 

information about molecular structure, concentration, and electronic transitions. Its 

applications expanded rapidly in the mid-20th century, particularly in chemistry, where 

it was used for compound identification, reaction monitoring, and quantitative analysis. 

With advancements in instrumentation—such as improved detectors, monochromators, 
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and light sources. UV-Visible spectroscopy has become an indispensable tool across 

pharmaceuticals, environmental monitoring, biochemistry, and clinical diagnostics. 

 
Figure 2.8: Stepwise illustration of working of UV-Visible Spectrometer. 

Working and Principle: UV-visible spectroscopy operates on the principle that 

molecules absorb light within the ultraviolet or visible range (200–800 nm) at 

characteristic wavelengths corresponding to electronic transitions (Fig. 2.8). When 

light passes through a sample, certain wavelengths are absorbed as electrons are excited 

from lower to higher energy states, and the extent of absorption is directly proportional 

to the concentration of the absorbing species. Molecules with conjugated double bonds, 

aromatic rings, or metal-ligand complexes show distinctive absorption bands that 

reflect their electronic structure. A UV-Visible spectrophotometer typically consists of 

a light source (commonly a deuterium lamp for UV and a tungsten lamp for visible 

light), a monochromator to select the desired wavelength, a cuvette to hold the sample, 

and a detector to measure transmitted light intensity. The decrease in intensity after 

passing through the sample is expressed as absorbance, which is mathematically related 

to concentration through Beer’s Law (A = εcl), where ε is molar absorptivity, c is 

concentration, and l is the path length. This technique provides accurate quantitative 

analysis and is extensively applied in chemistry, biology, environmental monitoring, 

and pharmaceutical sciences for molecular identification and measurement. 

Applications: UV-visible spectroscopy is a fundamental analytical tool used to 

quantify substances that absorb ultraviolet or visible light, making it essential for 

monitoring reaction kinetics and proposing mechanisms. In clinical chemistry, it is 

widely applied to study enzyme activity by tracking reaction rates, often serving as a 

diagnostic aid for organ damage when enzymes leak into the bloodstream. The 

pharmaceutical industry relies on it for dissolution testing to evaluate drug release 

profiles, ensuring consistency in formulation and manufacturing. In biochemistry and 

genetics, it enables precise measurement of DNA, proteins, and enzyme activity, as 

well as the study of DNA denaturation. Industrially, it is integral to quality control in 

the production of dyes, inks, and paints, while in environmental and agricultural 

sciences, it provides critical insights into water quality by detecting organic compounds 

and heavy metals. 
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2.2.5 Raman Spectroscopy: 

Raman spectroscopy is a versatile, non-destructive analytical method that has become 

indispensable for exploring the molecular structure, composition, and dynamics of 

materials across numerous scientific and industrial domains [16]. The technique is 

based on the Raman effect, where incident light undergoes inelastic scattering, 

transferring energy to or from molecular vibrations, rotations, or other low-frequency 

modes. This process produces a Raman spectrum, a unique molecular fingerprint that 

enables direct identification of compounds and characterization of their structural 

features. Unlike techniques requiring significant sample preparation or destructive 

testing, Raman spectroscopy allows rapid, accurate analysis of solids, liquids, and gases 

with minimal preparation. 

In chemistry, it provides vital information on bond vibrations, chemical environments, 

and reaction mechanisms, making it an excellent tool for monitoring chemical 

processes in real time. In materials science, it is extensively applied to investigate 

carbon-based systems such as graphene, graphite, and carbon nanotubes. Raman 

spectra can reveal layer thickness, defect density, crystallinity, and electronic 

interactions in these materials, knowledge that is essential for advancing electronic, 

optical, and energy storage technologies. For instance, the ability to distinguish between 

monolayer and multilayer graphene through characteristic Raman peaks is critical for 

applications in flexible electronics and nanodevices. 

 
Figure 2.9: Diagram illustrating working of Raman Spectroscopy 

The pharmaceutical industry also benefits greatly from Raman spectroscopy. It is 

routinely used for drug quality control, ensuring the correct identity and concentration 

of active pharmaceutical ingredients. Its ability to differentiate polymorphs distinct 

crystalline forms of the same compound—is especially significant, as polymorphism 

can alter drug solubility, stability, and therapeutic effectiveness. Raman mapping and 

imaging further allow visualization of drug distribution in tablets, supporting both 

formulation development and regulatory compliance. Beyond pharmaceuticals, Raman 

spectroscopy is increasingly applied in biology for studying proteins, lipids, and nucleic 
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acids, enabling label-free investigation of complex biological samples. Its expanding 

role across disciplines reflects its precision, versatility, and growing importance as a 

cornerstone of modern analytical science. 

Working and Principle: In Raman spectroscopy, a non-ionizing laser serves as the 

excitation source, initiating interactions between photons and the molecules of the 

sample (Fig. 2.9). Photons may traverse the material unaltered, be absorbed if their 

energy matches molecular excitation levels, or scatter when they disturb the electron 

cloud. Absorption often results in fluorescence as the molecule releases energy upon 

returning to the ground state. Scattering phenomena dominate the process, with two 

main types observed in the visible and near-infrared ranges: Rayleigh and Raman 

scattering. Rayleigh scattering, the more common outcome, is elastic because there is 

no net energy transfer between the photon and the molecule. Raman scattering, 

however, is inelastic, as the photon either loses or gains energy while altering the 

molecule’s vibrational state. Though inherently weak—occurring in only one out of 

every million to hundred million scattering events—Raman scattering delivers highly 

specific vibrational signatures, making it invaluable for molecular identification and 

structural analysis. 

Applications: Raman spectroscopy is a highly versatile, non-destructive technique that 

provides molecular-level insights across a wide range of scientific, industrial, and 

cultural fields. In materials science, it is essential for investigating nanomaterials such 

as graphene, carbon nanotubes, and quantum dots, revealing structural defects and 

electronic properties. It also plays a critical role in analyzing polymers, composites, and 

thin films, ensuring structural integrity and performance in advanced applications, 

particularly in semiconductor manufacturing. In pharmaceuticals, Raman spectroscopy 

ensures drug quality through compound identification, quantification, and polymorph 

analysis, while also enabling real-time monitoring during production. 

In environmental studies, Raman is widely employed to detect pollutants, pesticides, 

and heavy metals, as well as to analyze water quality for contaminants and pathogens. 

Biomedical applications include early disease diagnosis, tissue and cell imaging, and 

cancer detection through identification of molecular signatures. Forensic science relies 

on Raman for rapid, non-destructive identification of explosives, narcotics, and trace 

evidence. In cultural heritage, it aids in the authentication and preservation of artifacts 

by characterizing pigments, dyes, and degradation patterns. The food and agriculture 

sectors use Raman to detect adulterants, verify authenticity, assess pesticide residues, 

and monitor soil health. 

The petrochemical and chemical industries apply Raman spectroscopy in oil and gas 

analysis, reaction monitoring, and process optimization. In nanotechnology, it is 

indispensable for nanoparticle characterization and, with surface-enhanced Raman 

spectroscopy (SERS), for detecting ultralow concentrations in biosensing and 

environmental monitoring. Finally, in catalysis and reaction engineering, Raman offers 

real-time monitoring of reaction pathways, catalyst stability, and molecular changes, 

guiding the development of efficient industrial processes. Its broad adaptability and 

sensitivity make Raman spectroscopy an essential tool for advancing research, 

technology, and conservation efforts worldwide. 
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2.2.6 Fourier Transform Infrared (FT-IR) Spectroscopy:  

Fourier Transform Infrared (FTIR) spectroscopy is the versatile qualitative 

characterization technique that translate molecular vibrations into structural insights 

[17]. Historically, IR spectroscopy relied on dispersive instruments that separated light 

into individual frequencies using prisms or diffraction gratings. While effective, these 

instruments were relatively slow and less sensitive. FTIR revolutionized the process by 

replacing these dispersive components with an interferometer and Fourier transform 

algorithms, enabling rapid acquisition of high-resolution spectra. FTIR offers several 

advantages which included non-destructive measurements that requires no external 

calibration, and delivers higher sensitivity by averaging multiple scans to reduce noise. 

Additionally, it has high optical throughput, mechanical simplicity with only one 

moving mirror, and the capability of collecting data in seconds, making it far superior 

to earlier methods. Owing to these strengths, FTIR has become indispensable in diverse 

fields, including polymer analysis, pharmaceutical research, environmental monitoring, 

forensic science, and nanomaterials characterization. Its ability to analyze solids, 

liquids, thin films, and even gases broadens its application range. Modern software 

integration further enhances FTIR, allowing automated data processing, spectral 

libraries, and real-time quantitative measurements. Interpreting FTIR spectra involves 

identifying characteristic shapes and absorption bands, then correlating them with 

group frequency data, structural details, and supporting chemical or physical 

information about the sample. 

 
Figure 2.10: Schematic working of Fourier Transform Infrared Spectroscopy 

(FT-IR) 

Working Principle: The working principle of Fourier Transform Infrared (FTIR) 

spectroscopy is centered on the Michelson interferometer (Fig. 2.10). This device is 

made up of a beam splitter, a fixed mirror, and a movable mirror. When infrared 
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radiation enters the system, the beam splitter divides the light into two paths—one 

directed toward the stationary mirror and the other toward the moving mirror. After 

reflection, the beams are recombined at the beam splitter. Because the moving mirror 

shifts back and forth, the optical path length changes continuously, which introduces a 

varying phase difference between the two beams. Their recombination produces an 

interference pattern, recorded as an interferogram. The horizontal axis of this 

interferogram corresponds to the optical path difference, while the vertical axis 

represents the recorded intensity of the light. To extract meaningful spectral 

information, the interferogram is mathematically converted using a Fourier transform, 

which produces the infrared absorption spectrum of the sample, displaying all 

frequencies simultaneously with high precision. 

Applications: FTIR spectroscopy is an essential technique for analyzing the structure 

and composition of materials across a wide range of fields. In industrial applications, it 

is commonly used for quality control, where shifts in absorption band profiles signal 

compositional changes or contamination. Its versatility extends to monitoring and 

processing polymers, photoresists, and polyimides. In the biomedical domain, FTIR 

enables precise identification and quantification of biomolecules including proteins, 

lipids, and nucleic acids, and it contributes significantly to disease diagnostics. The 

method is also highly effective in the evaluation of biodiesel stability and the study of 

antioxidant interactions. In failure analysis, FTIR identifies material breakdown 

processes such as oxidation and incomplete curing of monomers. Its scope includes 

advanced applications like high-resolution spectral studies, trace analysis in raw 

materials and final products, ultrafast reaction monitoring, and combined analysis with 

chromatographic or thermogravimetric techniques. Furthermore, FTIR is invaluable in 

kinetic studies, reaction pathway analysis, and compound identification through 

spectral fingerprinting. By recognizing specific absorption bands, it also facilitates 

functional group identification in unknown compounds, making it useful for 

characterizing a wide variety of chemical classes including ketones, aldehydes, and 

carboxylic acids. 

2.2.7 Atomic Force Microscopy (AFM): 

The Atomic Force Microscope (AFM) is a high-resolution scanning probe microscope 

designed to measure a wide range of surface properties, including height variations, 

magnetic interactions, and frictional forces, with precision at the nanometer scale [18]. 

Unlike conventional optical microscopes, which are constrained by the diffraction limit 

of light, AFM achieves atomic or near-atomic resolution by directly interacting with 

the sample surface. Its operation relies on a sharp probe mounted on a cantilever that 

physically touches or hovers near the surface, detecting forces between the probe tip 

and the sample. During scanning, the probe is rastered systematically across the sample, 

and localized data is collected to construct highly detailed three-dimensional images of 

surface topography and properties. The incorporation of piezoelectric elements into 

AFM systems is essential for its precision. These elements, when electrically 

stimulated, deform in controlled increments, allowing the probe to move with 

extraordinary accuracy. This precision enables the AFM to analyze materials ranging 

from hard crystals and semiconductors to delicate biomolecules like DNA and proteins, 

without significantly altering or damaging the sample. This adaptability has made AFM 

a cornerstone in fields such as nanotechnology, semiconductor research, materials 
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science, and biomedical engineering. Historically, the AFM was conceived in 1982 by 

Gerd Binnig, working at IBM, shortly after the invention of the Scanning Tunnelling 

Microscope (STM) in 1980 by Binnig and Heinrich Rohrer. While the STM could only 

analyze conductive materials, the AFM extended the technique to insulating surfaces, 

vastly broadening its applicability. The first experimental application of AFM took 

place in 1986, demonstrating its promise for nanoscale analysis. Just three years later, 

in 1989, the AFM entered commercial markets, rapidly gaining global adoption. Over 

time, AFM has been refined into multiple imaging modes—such as tapping, non-

contact, and force modulation—each tailored to specific types of samples and 

measurements. Today, AFM is not only a tool for imaging but also for manipulating 

and modifying materials at the nanoscale, making it an indispensable technique in both 

fundamental research and advanced technological development. 

 
Figure 2.11: Diagrammatic depiction of working of Atomic Force Microscope 

(AFM) 

Working Principle: The Atomic Force Microscope (AFM) operates on the principle 

of detecting intermolecular forces at the nanoscale, allowing scientists to visualize 

atoms and surface structures with remarkable precision (Fig. 2.11). Its core working 

mechanism relies on three interconnected principles: surface sensing, signal detection, 

and image construction. In the surface sensing stage, a cantilever—designed as a beam 

or plate fixed at one end—plays the central role. At its tip, a sharp probe approaches 

the sample’s surface, where intermolecular forces act upon it. Attractive forces 

dominate when the tip is close, but as it moves into direct contact, repulsive forces push 

the cantilever away. This dynamic interaction enables precise measurement of surface 

variations. The detection system translates these movements into measurable data. A 
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laser beam is directed onto the back of the cantilever, and its reflection shifts with each 

cantilever deflection. A position-sensitive photodiode (PSPD), built on silicon PIN 

diode technology, tracks these changes with high accuracy, converting them into 

electrical signals. Imaging arises from scanning the cantilever across the specimen in a 

raster pattern. As the tip follows the nanoscale highs and lows of the surface, the 

resulting beam deflections are processed through a feedback loop. This system 

maintains the cantilever tip at a constant height, ensuring precision in mapping. The 

final output is a high-resolution three-dimensional image of the surface topography. 

Applications: Atomic Force Microscopy (AFM) has established itself as a versatile 

tool in natural sciences, with applications including solid-state physics, semiconductor 

research, molecular engineering, polymer chemistry, surface chemistry, molecular 

biology, cell biology, medicine, and physics. One of its most valuable uses is in 

identifying and analyzing atoms from a wide range of materials, allowing scientists to 

investigate their structural and functional properties at the nanoscale. By evaluating the 

force interactions between atoms, AFM provides insight into atomic bonding strength, 

surface energy, and intermolecular interactions that govern material behaviour. This 

makes it particularly useful in studying how physical properties of atoms and molecules 

change under varying environmental or mechanical conditions. 

In biology, AFM has been applied extensively to understand the architecture and 

dynamics of protein complexes and assemblies, such as microtubules, actin filaments, 

and other cytoskeletal structures. It allows researchers to investigate not only their 

structural integrity but also their mechanical properties, such as flexibility, stiffness, 

and resistance to force. In medical research, AFM contributes significantly to cancer 

diagnostics by enabling the differentiation between cancerous and healthy cells based 

on their surface morphology, elasticity, and cell wall rigidity. Moreover, it provides a 

means to evaluate neighbouring cells, their shapes, and the mechanical properties of 

their membranes, which is critical for understanding processes such as cell adhesion, 

migration, and tissue development. This broad applicability demonstrates AFM’s 

importance in bridging fundamental research with real-world applications in materials 

science, biology, and medicine. 

2.2.8 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) is an essential tool in thermal characterization, 

where the change in a sample’s weight is measured relative to temperature or elapsed 

time [19]. This technique helps determine key properties of materials, such as their 

purity levels, chemical composition, degradation mechanisms, decomposition 

temperature thresholds, and absorbed moisture. It is particularly effective in studying 

the thermal behaviour of pharmaceuticals, polymers, elastomers, thermoset plastics, 

ceramics, and mineral-based materials. TGA techniques are generally divided into three 

major types. Static or isothermal thermogravimetry involves maintaining a constant 

temperature and recording mass variations over time. Quasistatic thermogravimetry 

measures changes in sample weight as the material is progressively heated until a 

constant mass is achieved. Dynamic thermogravimetry, which is most frequently 

employed in research and industry, records mass changes under continuous heating or 

cooling at a specified rate, most commonly in a linear progression. This dynamic 

method allows for detailed investigation of thermal stability and material transitions. 



Page | 41  

 

 
Figure 2.12: Working of Thermogravimetric Analysis (TGA) 

Working Principle: The working principle of thermogravimetric analysis (TGA) is 

based on monitoring the weight changes of a material as it undergoes thermal transitions 

under controlled heating conditions (Fig. 2.12). A sample of known initial mass is 

subjected to a steadily increasing temperature, and its weight is continuously measured 

as a function of either time or temperature. The results are commonly represented in 

two forms: the thermogravimetric (TG) curve, which directly displays weight change 

versus temperature or time, and the derivative thermogravimetric (DTG) curve, which 

plots the rate of weight loss, serving as a pyrolysis profile. Each substance exhibits a 

distinctive TG pattern due to the sequential physical transitions and chemical reactions 

occurring at specific temperature intervals. The observed mass variations arise from 

processes such as evaporation, decomposition, oxidation, or bond rearrangements at 

elevated temperatures. TGA typically operates up to around 1200 °C, either in inert 

atmospheres like nitrogen or argon or in reactive atmospheres such as air or oxygen. 

The kinetics of these thermally induced processes are strongly influenced by the 

molecular structure of the material, making TGA a precise tool for understanding 

thermal stability and composition 

Applications: Thermogravimetric analysis (TGA) finds wide application across 

multiple scientific and industrial fields due to its ability to measure weight changes 

under controlled thermal conditions. It is extensively used for the thermal 

characterization of polymers, providing insights into their decomposition behaviour and 

stability. In metallurgy, TGA helps determine the composition of alloys and complex 

mixtures. It is also an essential tool in assessing the purity and thermal stability of both 

primary and secondary reference standards. Beyond these, the technique is applied to 

evaluate the moisture content of organic and inorganic materials, industrial feedstocks, 

pharmaceuticals, and food products. TGA further aids in identifying the optimum 

drying temperatures and in validating the accuracy of gravimetric methods. 

Additionally, it plays a role in corrosion research, where mass variations reflect material 

degradation under high-temperature conditions. Importantly, TGA is also utilized for 

studying the kinetics of isothermal reactions, offering valuable information about 

reaction mechanisms and rates under constant temperature. 
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2.2.9 Cytotoxicity Test: 

Cytotoxicity assays are laboratory-based methods developed to measure the extent to 

which a chemical, drug, or environmental substance can harm living cells. The concept 

combines the study of cells (“cyto”) with the study of harmful effects (“toxicity”), 

effectively describing substances that act as poisons to cells [20]. These assays involve 

controlled exposure of cells to the substance of interest, followed by detailed 

observation of changes in cell viability, growth, or function. Within pharmaceutical 

research, cytotoxicity assays are indispensable tools, particularly in cancer drug 

discovery, where they help identify agents that selectively destroy malignant cells while 

sparing normal tissues. They are equally important in toxicological testing, as they 

provide a reliable way to evaluate the safety of consumer products such as cosmetics, 

food ingredients, and industrial materials without resorting exclusively to animal 

models. In environmental studies, cytotoxicity assays are used to investigate the 

biological effects of pollutants, including industrial effluents, agricultural chemicals, 

and heavy metals. The insights gained from such studies not only help quantify 

ecological risks but also guide the establishment of policies and standards that protect 

both the environment and public health. 

Working Principle: The working principle of cytotoxicity testing revolves around 

evaluating how cells respond to exposure from a particular chemical, drug, or 

environmental factor. One fundamental method involves examining cell membrane 

integrity. Healthy cells maintain intact membranes, but when they die, especially 

through necrosis, the membrane ruptures, releasing cellular contents into the 

surrounding environment. The Lactate Dehydrogenase (LDH) release assay is 

commonly used here, where detection of LDH in the culture medium serves as a 

measurable indicator of cell damage. Another widely applied strategy measures 

metabolic activity, which is a hallmark of living, functional cells. Tests such as the 

MTT and WST assays rely on dyes that are metabolized only by active cells into a 

colored product; the intensity of the color directly correlates with the number of viable 

cells present. Additionally, cytotoxicity can be assessed through the detection of 

apoptosis, a regulated and programmed form of cell death distinct from necrosis. 

Assays targeting apoptosis often identify biochemical events such as caspase activation 

or externalization of phosphatidylserine on the cell membrane. By differentiating 

between necrosis and apoptosis, cytotoxicity tests provide detailed insights into the 

mechanisms of cell death, supporting their use in pharmaceutical, toxicological, and 

biomedical studies. 

Applications: Cytotoxicity testing plays a vital role in ensuring the safety and 

effectiveness of products across multiple sectors. In the pharmaceutical field, it serves 

as a key step in screening drug candidates, helping to identify compounds that 

selectively eliminate diseased cells while sparing healthy tissues. This process not only 

enhances therapeutic precision but also streamlines drug discovery by eliminating 

unsuitable candidates early. In the case of medical devices, cytotoxicity testing is a 

regulatory requirement for materials that will come into direct contact with the human 

body, including implants, dental applications, and contact lenses. Such testing 

safeguards patients by confirming that these devices do not leach harmful or toxic 

substances. Similarly, in the cosmetics and chemical industries, cytotoxicity assays are 

applied to evaluate the safety of ingredients in products such as creams, serums, and 
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skin-care formulations. These in vitro techniques provide a reliable and ethical 

alternative to traditional animal testing, ensuring consumer safety while supporting 

modern regulatory and ethical standards. 

2.3 Electrochemical Characterization Techniques: 
Electrochemical characterization are the most powerful and versatile methods for 

evaluating materials, particularly in the fields of energy storage, catalysis, and sensing. 

Its importance lies in its ability to probe fundamental processes such as charge transfer, 

electron movement, ionic transport through electrolytes, and mass transport at the 

electrode–electrolyte interface [21]. These processes directly influence the performance 

and durability of devices such as batteries, supercapacitors, electrochemical sensors, 

and fuel cells. To carry out such studies, an electrochemical workstation, also known 

as an electrochemical analyzer, is employed, as depicted in Fig. 2.13. This sophisticated 

unit integrates a variety of techniques, including cyclic voltammetry (CV), 

chronoamperometry (CA), differential pulse voltammetry (DPV), chronopotentiometry 

(CP), galvanostatic charge–discharge (GCD), and electrochemical impedance 

spectroscopy (EIS). Each method provides unique insights: for instance, CV is often 

used to understand redox mechanisms, GCD helps in determining energy and power 

densities in storage devices, and EIS reveals charge transfer resistance and ion diffusion 

pathways. 

 
Figure 2.13: Electrochemical Autolab Setup 

Electrochemical signals namely potential, current, and charge, form the foundation of 

these analytical methods. By carefully measuring these signals under controlled 

conditions, researchers can extract valuable information about an analyte’s 

concentration, its chemical reactivity, and the kinetics of the reactions it undergoes. In 

addition, electrochemical characterization directly contributes to advancing analytical 

chemistry, a field dedicated to both qualitative and quantitative determination of matter. 

The integration of electrochemical techniques into analytical chemistry provides high 

sensitivity and selectivity, allowing researchers not only to study the composition of 

materials but also to explore their functional behaviors in real-world applications. As a 

result, electrochemical characterization continues to be indispensable in both 

fundamental research and applied sciences, offering detailed insights that shape the 

development of new technologies for sustainable energy, environmental monitoring, 

and biomedical diagnostics. 
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2.3.1 Cyclic Voltammetry (CV): 

Cyclic Voltammetry (CV) is one of the most fundamental and widely applied 

electrochemical techniques for studying material behaviour. In this method, a potential 

is applied to the system in a cyclic manner, sweeping from positive to negative and then 

back again, while simultaneously recording the corresponding current response [22]. 

The output, known as a cyclic voltammogram, reveals distinct oxidation and reduction 

peaks, which provide key insights into the redox properties of the material. These peaks 

allow researchers to identify the potential at which a substance undergoes oxidation or 

reduction, while also highlighting capacitive characteristics of the electrode. The 

experiment operates by applying a ramp signal, where the forward scan is driven by a 

positive ramp (with a positive slope), followed by a negative ramp in the reverse 

direction, producing a mirror image of the voltammogram in the second half-cycle. As 

the system seeks equilibrium through redox processes, it follows a closed cyclic pattern. 

Analysis of CV curve to determine whether the reactions are reversible, irreversible, or 

quasi-reversible. The scan rate, which measures how fast the potential is swept (in volts 

per second), strongly influences the shape and characteristics of the voltammogram. 

Adjusting the scan rate, which can range from fractions of a millivolt per second to 

several hundred volts per second, helps uncover important details about the 

electrochemical kinetics of the electrode. For instance, if the faradaic current increases 

with higher scan rates, it indicates enhanced rate capability and superior 

pseudocapacitive behaviour of the material. At higher scan rates, the number of redox 

events also increases, due to the availability of electroactive species at the working 

electrode’s surface. 

The scan rate in cyclic voltammetry significantly influences both the sensitivity of 

detection and the reliability of data interpretation. At high scan rates, redox peaks are 

prominent due to limited time for secondary chemical reactions to occur. However, at 

slower scan rates, the extended time window allows intermediates produced during 

reduction or oxidation to react further. If these products lack electroactivity, they fail to 

contribute to the current signal, resulting in missing or diminished peaks in the 

voltammogram. This phenomenon makes accurate interpretation of the electrochemical 

process more challenging. 

The Randles–Ševčík equation provides a mathematical framework for calculating peak 

current Eq. [2.2]: 

𝑰𝒑 =  (𝟐. 𝟔𝟗 × 𝟏𝟎𝟓) 𝒏𝟑 𝟐⁄ 𝑨 𝑪 𝑫𝟏 𝟐⁄ √𝝂    [2.2] 

Electrochemical investigations of the as-fabricated electrode is carried by the Randles–

Sevcik equation, where Ip represents the peak current (anodic/cathodic), n the number 

of electrons exchanged, A the electroactive surface area, C the redox species 

concentration, D the diffusion coefficient, and ν the scan rate. Together, these 

parameters link the measurable current response to the inherent electrochemical 

properties of the system, enabling both qualitative and quantitative assessments. Cyclic 

voltammetry is also highly valuable for studying kinetic and mechanistic aspects of 

reactions. It allows calculation of the electron transfer coefficient, rate constant, and 

identification of the rate-limiting step in the electrochemical process. The spacing 

between the anodic and cathodic peak potentials reveals diffusion effects and electron 

transfer kinetics. Additionally, the ratio of the anodic to cathodic peak currents provides 
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information about the reversibility of the system: a ratio of 1 indicates a fully reversible 

process, a ratio deviating from 1 indicates quasi-reversibility, and the absence of one 

peak altogether signals an irreversible reaction where the product does not revert to its 

original state. Importantly, CV experiments are generally carried out in an unstirred 

solution. Stirring disrupts the diffusion-controlled process, leading to the replacement 

of sharp peak currents with steady limiting currents. This fundamental principle is 

crucial for maintaining the integrity of CV data, particularly when investigating 

electrode materials, catalytic reactions, and redox-active molecules. 

2.3.2 Differential Pulse Voltammetry (DPV):  

Differential Pulse Voltammetry (DPV) is an advanced electroanalytical method where 

current is measured twice during each potential cycle, which consists of two pulses 

[23]. The difference between these two current measurements is plotted against the 

applied potential, producing a voltammogram that typically displays a peak-shaped 

response. This approach effectively minimizes capacitive or background currents, 

making the technique highly reliable for chemical analysis. One of the major 

advantages of DPV is its exceptional sensitivity, as the dual sampling method allows 

detection of analytes even at trace levels. Owing to its low detection and quantification 

limits, DPV is widely recognized as both a sensitive and selective technique. While 

DPV is primarily applied for precise quantitative analysis, cyclic voltammetry (CV), in 

comparison, is more suitable for qualitative studies, such as investigating redox 

mechanisms and reaction pathways. 

2.3.1 Electrochemical Impedance Spectroscopy (EIS): 

Electrochemical impedance spectroscopy (EIS) is a powerful diagnostic technique used 

to determine the impedance characteristics of an electrochemical cell [24]. The method 

involves applying a small-amplitude sinusoidal alternating current (AC) voltage to the 

electrode system under study. The resulting current response is measured in terms of 

both amplitude and phase angle relative to the applied signal. Using the relationship 

defined by Ohm’s law, the impedance is then calculated. Since impedance is frequency-

dependent, a complete impedance spectrum is generated by scanning across a broad 

frequency range. 

EIS experiments are typically performed under controlled parameters, such as carefully 

selected AC voltage perturbation (expressed in millivolts, rms), frequency domain, and 

data acquisition rates, usually at room temperature. Electrochemical behaviour at the 

electrode–electrolyte interface, as well as redox activity, is frequently represented 

through an equivalent electrical circuit composed of resistors, capacitors, and inductors. 

This model allows a clear evaluation of the contributions from each component of the 

electrochemical system. In the widely used Randles equivalent circuit, the essential 

elements include the solution resistance (Rs), the double-layer capacitance (Cdl) at the 

electrode surface, the charge-transfer resistance (Rct), and the Warburg element (Zw), 

which accounts for diffusion effects at the interface. Since an ideal capacitor is rarely 

observed experimentally, a constant phase element (CPE) is often incorporated to 

capture the non-ideal capacitive behaviour caused by surface heterogeneity, roughness, 

or porosity of the electrode. Nyquist plots obtained from experimental data provide the 

primary reference for identifying and fitting these circuit elements, with the equivalent 

circuit constructed based on the specific shape of the curve. The appearance of the 
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Nyquist plot strongly depends on the electrode material and its electrochemical 

environment; for instance, it may show a single semicircle, multiple semicircles, or 

combinations such as half-semicircles, each corresponding to distinct electrochemical 

processes within the electrode or electrolyte. 

In electrochemical impedance spectroscopy, the impedance response can be separated 

into two components: the real part (Zreal) and the imaginary part (Zimag). When these 

values are plotted with Zreal on the X-axis and Zimag on the Y-axis, the resulting graph 

is known as a Nyquist plot. Each point on this plot corresponds to the impedance 

measured at a particular frequency. Importantly, Zimag values are negative, which is 

why the curve is typically represented below the X-axis. In this representation, the right 

side of the X-axis corresponds to lower frequencies, while higher frequencies shift 

toward the left side of the plot. The impedance can also be visualized as a vector of 

magnitude ∣Z∣, with the angle it makes with the X-axis defined as the phase angle, 

offering insights into resistive and capacitive contributions to the system. Alternatively, 

the Bode plot offers another way of presenting impedance results and is often preferred 

in engineering analysis. This approach separates the data into two distinct logarithmic 

plots: one showing the magnitude of impedance against frequency and the other 

illustrating the phase angle as a function of frequency. Together, these plots allow a 

comprehensive evaluation of frequency-dependent properties, making the Bode 

representation particularly useful for studying dynamic electrochemical processes. 

Impedance phenomena can be classified into Faradaic and non-Faradaic responses. 

Faradaic impedance originates from charge transfer across the electrode surface during 

redox reactions, and the resulting Faradaic current provides a basis for quantitative 

analysis of electroactive species. On the other hand, non-Faradaic impedance arises 

without electron transfer, being governed instead by the charging and discharging of 

the double-layer capacitance at the electrode–electrolyte interface. Distinguishing 

between these two responses is crucial for understanding whether a system’s behaviour 

is controlled by chemical reaction kinetics or purely capacitive processes. 
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Chapter 3 
Strategic Tailoring of Hydrothermal Parameters to Optimize Two-

Dimensional Architecture of Hexagonal Boron Nitride (h-BN) for 

Improved Electrochemical Performance 

This chapter focuses on addressing and overcoming the crucial challenges in achieving 

scalable exfoliation of few-layered hexagonal boron nitride nanosheets (hBNNS) 

attributable to the partial ionic nature together with intrinsic van der Waals bonding. 

Conventional exfoliation techniques established for fabricating hBNNS from bulk hBN 

are often time-consuming, labour-intensive, and operationally complex that poses 

potential obstacle for large-scale production. These strenuous synthesis techniques fail 

to harness optimum 2D architecture of hexagonal boron nitride (hBN, also known as 

white graphene) as promising inorganic layered matrix material for electroanalytical 

applications. Herein, Hydrothermal approach, leveraging the Lewis acid–base 

coordination chemistry was employed by synergistically adjusting the temperature-time 

variables to achieve an optimized two-dimensional morphology of hBN nanosheets. To 

assess structural integrity, vibrational dynamics, optical transitions, surface topography, 

and chemical bond interactions, a detailed investigation was conducted into using an 

array of techniques, including X-ray diffraction (XRD), Raman spectroscopy, UV-

Visible spectroscopy, scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), atomic force microscopy (AFM), and Fourier-transform infrared 

spectroscopy (FT-IR) respectively. To conduct electrochemical investigations, uniform 

hBNNS/ITO electrodes synthesized distinctly were fabricated using cost-effective and 

reproducible electrophoretic deposition (EPD) technique. Electrochemical 

characteristics were thoroughly analyzed by cyclic voltammetry (CV), differential 

pulse voltammetry (DPV), and electrochemical impedance spectroscopic performance. 

The cyclic voltammogram of effectively optimized h-BNNS demonstrated a 69.96% 

improvement in the redox peak current and a 71.04% increase in the electroactive 

surface area compared to bulk h-BN. The substantially optimized h-BNNS also 

exhibited reduced charge transfer resistance, and improved Warburg admittance, 

holding great promise for electroanalytical applications. 

The research findings detailed in this chapter have been published in a scientific journal: 

“Enhanced Electrochemical Performance of Hydrothermally Exfoliated 

Hexagonal Boron Nitride Nanosheets for Applications in Electrochemistry” 

Journal of The Electrochemical Society, 2021 (168) 056512 
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3.1 Introduction: 
Low-dimensional materials, widely known as Nanomaterials, are characterized by 

spatial confinement of charge carriers within limits of de Broglie wavelength 

(geometric dimensions: 1-100 nm), which distinguishes them from their bulk 

counterpart materials [1]. Nanostructured materials have been revolutionizing a 

plethora of disciplines and emerging technologies on account of their tuneable size-

dependent attributes. Tailored physicochemical properties in low-dimensional 

materials emanate from the fundamental physics concept of nanoscale quantum 

confinement of charge carriers in discrete energy levels that approach the exciton Bohr 

radius, thereby transitioning to a quantized density of states from continuous states in 

their bulk counterpart [2]. The spatial architecture of nanostructured materials is 

fundamentally governed by the confinement of their geometric dimensions, which 

exhibits a remarkable influence on their electronic structure, functional behaviour, and 

physicochemical properties. This principle forms the basis for their primary 

classification into four distinct categories: zero-dimensional (0D), one-dimensional 

(1D), two-dimensional (2D), and three-dimensional (3D) nanomaterials, each 

characterized by the extent of electron mobility permitted within the nanoscale 

framework [3]. 

Ultrathin 2D nanomaterials have emerged as an indispensable class of materials, and 

their unmatched potential is now established in condensed matter physics, materials 

science, and electrochemistry applications [4]. They serve as prime base matrices for 

electrode systems that demand high electron mobility, surface reactivity, layer-

dependent properties, exceptional surface-to-volume ratios, and outstanding electrical 

conductivity, and design versatility. In contrast to the alternative counterparts of 2D 

nanomaterials, 2D materials offer a synergistic combination of high surface area, 

tuneable surface chemistry, lateral charge transport, and structural continuity, 

facilitating efficient biomolecule immobilization, while maintaining favourable 

electronic properties unlike 0D, 1D, and 3D systems that exhibits limited surface 

accessibility, lack planar continuity, complex functionalization, diffusion limitations 

and aggregation issues [5]. The transformative discovery of graphene stimulated an 

extensive interest of researchers and the scientific community towards the exploration 

of a wide and versatile class of 2D nanomaterials. The emerging and expansive 

diversity of 2D nanostructured systems spanning transition metals, transition metal 

oxides, transition metal dichalcogenides, group III-V compounds, mono elemental 

semiconductors, layered double hydroxides (LDHs), MXenes, 2D polymers, metal-

organic frameworks (MOFs), covalent-organic frameworks (COFs), and perovskites, 

each class characterized by unique, unprecedented properties, that drives technological 

advancements to transform the future of research and innovation [5]. 

A fascinating discovery of graphene has compelled potential growth in its isostructural 

inorganic counterpart, hexagonal boron nitride (h-BN), extensively acquainted as 

“white graphene” [6]. Hexagonal boron nitride is a light-weight semiconductor that 

exhibits a peculiar wide bandgap of ~ 6 eV in contrast to materials of the group III-

Nitride family. Alternate placement of boron (B) and nitrogen (N) atoms, substituting 

carbon (C) atoms in a honeycomb-like network, consisting of in-plane sp2-bonded 

trigonal geometry demonstrating covalent graphite-like sheets with out-of-plane 

relatively weak van der Waals interaction stimulated by partially ionic bonding between 
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B- and N- atoms [7]. Their astounding chemical and thermal stability, enduring 

temperature up to ~ 1100°C, establishes them as a durable and coherent protective 

scaffold with enduring catalytic performance [8]. Exceptional mechanical 

reinforcement exhibited by hBN ensures structural integrity, preventing nanoparticle 

agglomeration, deformation, or collapse under mechanical or thermal stress while 

maintaining uniform dispersion, enabling optimal performance [9, 10]. Intrinsic low 

dielectric constant of hexagonal boron nitride reduces capacitive coupling and lower 

dielectric polarization, which directly translates to minimal energy dissipation during 

signal transmission, leading to improved signal-to-noise ratio (SNR), leading to better 

sensitivity, reliability, and reproducibility of the detection system [11]. The robust 

barrier properties of hexagonal boron nitride nanosheets (hBNNS) due to its dense 

atomic packing, chemical inertness, and hydrophobic nature serve as a critical 

protective impermeable layer under ambient, high-humidity, or chemically reactive 

conditions. Moreover, the low toxicity profile of hBN enables its high suitability for 

biomedical applications that offer a large surface area and functionable edges, allowing 

for the efficient loading and targeted delivery of therapeutic agents into specific cells, 

enhancing treatment specificity while minimizing off-target effects [12]. Under 

ambient oxidative environments, h-BN does not form stable oxides or fluorides due to 

the lack of reactive intermediates in them, reflecting its superior chemical inertness, 

which enhances its thermal and oxidative stability. 

However, the synthesis of ultrathin 2D hexagonal boron nitride nanosheets (hBNNS) 

is intrinsically constrained by strong interlayer van der Waals forces, reinforced by the 

partial ionic character of B–N bonds, which makes exfoliation more challenging than 

in graphene, resulting in low yield and poor thickness control [13]. Due to its intrinsic 

structural integrity, which depicts shorter interlayer spacing and stronger electrostatic 

interactions between partially ionic B–N bonds, the intercalation of foreign atoms, ions, 

or molecules into the layered structure of hBN is significantly hindered. While well-

established synthesis strategies have been extensively explored for graphene 

production, the synthesis of hexagonal boron nitride nanosheets (h-BNNSs) remains in 

its early stages of development [14]. Nevertheless, h-BNNSs are now gaining traction, 

with current research focusing on both conventional top-down exfoliation and bottom-

up growth mechanisms [15]. 

3.1.1 Bottom-Up Approach for Synthesis of Two-Dimensional (2D) Hexagonal 

Boron Nitride Nanosheets (h-BNNS) 

Bottom-up approaches for synthesizing 2D h-BNNS directly entail the controlled 

chemical reaction of boron- and nitrogen-rich molecular precursors, such as melamine 

(C₃H₆N₆), urea (CH₄N₂O), diboron trioxide (B₂O₃), boric acid (H₃BO₃), and ammonia 

gas (NH₃) [16]. This route enables in situ formation, nucleation and controlled growth 

of h-BN at the atomic level through techniques like chemical vapor deposition (CVD), 

often allowing better control over crystallinity, thickness, morphology, and lateral size 

of the nanosheets. Compared to top-down exfoliation methods, bottom-up strategies 

offer greater control over thickness, crystallinity, lateral dimensions, and defect density 

of the resulting 2D sheets. However, these processes can be more complex, requiring 

specialized equipment and careful optimization of reaction parameters, making them 

less scalable compared to top-down methods.  
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Wet chemical synthesis incorporates a diverse solution-phase strategy for fabricating 

2D h-BN nanosheets, including solvent evaporation and template-assisted processes 

[17]. Typical procedure comprises the reaction between boric acid (H₃BO₃) and urea 

(CH₄N₂O), which serve as boron- and nitrogen-rich precursors, respectively, at a molar 

mixture of 1:24 ratio. to ensure homogeneous dispersion and enhanced molecular 

interaction, it was first subjected to ultrasonication followed by drying and thermal 

treatment at 950 °C under a nitrogen (N₂) atmosphere for 5 hours. This high-

temperature pyrolysis initiates a series of decomposition and recombination reactions, 

ultimately fabricating 2D h-BN nanosheets. This sequence of reactions supports the 

bottom-up growth of 2D h-BN nanosheets through a gas–solid phase reaction route, 

where intermediate gases (B₂O₃ and NH₃) participate in the in-situ formation of BN 

layers. This approach not only enables the scalable synthesis of ultrathin h-BN but also 

provides control over phase purity, crystal orientation, and morphology. However, 

despite its advantages, this method exhibited several limitations, such as limited control 

over lateral size and thickness, high-temperature requirement, residual impurities, low 

crystallinity, and inconsistent reproducibility. 

Pulsed laser deposition (PLD) employs high-energy laser beam often in the ultraviolet 

or infrared range for rapid, localized heating that generates a stoichiometrically accurate 

plasma plume from the target material, thereby addressing several limitations 

commonly associated with the conventional PVD method, including the inability to 

preserve complex stoichiometry in thin films due to the differential vapor pressures of 

constituent elements. In CO₂ laser PLD (λ ≈ 10,600 nm), Sajjad et al. deposited 2D h-

BN nanosheets on a Si (100) wafer, cleaned and heated to 400°C, placed 3 cm from a 

pyrolytic h-BN target in a high vacuum chamber. Laser ablation generated a B⁺ and N⁻ 

plasma, forming nanosheets via surface bonding [18]. However, the method suffers 

from scalability constraints, high vacuum requirements, substrate heating, non-uniform 

films, and particulate-induced defects. 

High-temperature solid-state reactions between boron- and nitrogen-rich precursors 

produce 2D hexagonal boron nitride (h-BN) sheets through chemical interactions 

without a liquid medium. At elevated temperatures, solid precursors transform into 

gaseous states, generating sufficient vapor pressure for efficient reactions that yield 

high-purity 2D h-BN nanosheets. However, high temperatures and flowing gases can 

introduce structural defects, which create mid-band states near HOMO or LUMO 

edges, enhancing electron transitions, electrochemical reactions, and sensing 

performance. Solid-state reaction carried out by Shen et al. to synthesize 2D hexagonal 

boron nitride (h-BN) exhibited one-step calcination using melamine borate 

(C3H6N6·xH3BO3) as a single precursor. Melamine borate was prepared by dissolving 

4 g of melamine (C3H6N6) in 85 °C water, adding 1 g of boric acid (H3BO3), stirring 

for 1 hour, then filtering and drying the solution [19]. The precursor was heated to 900 

°C for 4 hours in a reducing atmosphere, yielding defect-rich 2D h-BN nanosheets. 

Besides production of high-purity and crystalline nanostructures, this method possess 

various disadvantages for synthesis requiring extremely high temperatures (≥1600 °C) 

i.e. energy-intensive, limit compatibility with some substrates, defect generation, 

requires inert or reactive gas environments limited scalability and potential safety 

concerns. 
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Chemical Vapour Deposition (CVD) is a highly controlled thin-film fabrication 

technique that enables the growth of atomically precise hexagonal boron nitride (h-BN) 

layers by decomposing volatile precursors on a heated substrate [20]. This method is 

particularly advantageous for producing uniform, high-crystallinity h-BN sheets, often 

approaching the ideal monolayer or few-layer thickness, by meticulously regulating 

growth parameters such as temperature, pressure, and precursor flow rates. For 

instance, Song et al. successfully synthesized large-area h-BN films comprising 2–5 

atomic layers, demonstrating the technique’s capability for scalable and precise 

nanofabrication. The primary strength of CVD lies in its ability to fabricate defect-free, 

continuous h-BN films with excellent structural order, making it ideal for electronic 

and optoelectronic applications. However, the method exhibits several challenges as it 

typically demands extreme environmental conditions, including high temperatures, 

ultra-high vacuum systems, and costly catalytic or dielectric substrates, which can limit 

its cost-effectiveness and scalability. Despite these constraints, CVD remains a 

benchmark technique for the synthesis of high-quality h-BN nanosheets when purity 

and atomic precision are critical. 

 

3.1.2 Top-Down Approach for Synthesis of Two-Dimensional (2D) Hexagonal 

Boron Nitride Nanosheets (h-BNNS) 

In contrast, top-down approaches refer to exfoliation-based methods wherein bulk 

crystalline hexagonal boron nitride (h-BN) is mechanically or chemically broken down 

into few-layer or monolayer 2D h-BN nanosheets. These methods typically involve 

applying external physical forces, such as ultrasonication, shear mixing, or ball milling, 

or chemical intercalation processes that weaken and delaminate the stacked layers by 

overcoming the strong interlayer van der Waals interactions in bulk h-BN [21]. 

Liquid-phase exfoliation (LPE) refers to the exfoliation of bulk h-BN in the presence 

of a liquid medium, which not only acts as a dispersing agent but also facilitates energy 

transfer and minimizes sheet aggregation by disrupting the weak van der Waals forces 

that hold the adjacent atomic layers together. The liquid medium can be polar aprotic 

solvents such as N-methyl-2-pyrrolidone (NMP), dimethylformamide (DMF), 

isopropyl alcohol (IPA), ethylene glycol, ethanol, or even deionized water, each chosen 

based on their surface energy compatibility with h-BN to maximize exfoliation 

efficiency. To overcome the interlayer cohesive forces, various external driving 

mechanisms are applied, including ultrasonication, microwave irradiation, chemical 

assistance, or solvothermal treatment. These forces effectively delaminate the layers, 

resulting in the formation of well-dispersed, high-crystalline 2D hexagonal boron 

nitride (h-BN) nanosheets. Nevertheless, this technique suffers from very low 

concentrations of h-BN nanosheet after 10 hours of sonication in DMF, yielding 

approximately 0.5–1 mg from 1 g of bulk h-BN. Contrary to earlier assumptions 

considering the water insolubility of h-BN, recent studies confirm that h-BN can be 

effectively exfoliated in water through prolonged ultrasonication in aqueous 

environments [22]. 

Ultrasonication-assisted exfoliation involves the use of high-frequency ultrasonic 

waves in a liquid medium, either organic or aqueous, to break the weak van der Waals 

forces between adjacent layers. The fundamental driving force behind this technique is 
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the acoustic cavitation effect—the rapid formation, growth, and collapse of microscopic 

bubbles induced by pressure fluctuations within the solvent. This generates localized 

high-energy zones that initiate exfoliation. Additionally, solvent polarity effects and 

dipole–dipole interactions between solvent molecules and polarized h-BN surfaces 

further enhance the exfoliation efficiency. For polar solvents, nucleophilic interactions 

between electronegative atoms (e.g., oxygen in functional groups like carbonyl or ether) 

and partially positive boron atoms at the h-BN edges lower the surface energy, 

facilitating layer separation. Yola et al. demonstrated successful exfoliation of h-BN by 

dispersing 100 mg of bulk powder in 50 mL of IPA, heating the suspension at 50 °C 

with stirring for 24 h, followed by 20 h of ultrasonication. SEM images confirmed 

reduced thickness and lateral size, validating exfoliation [23, 24]. This technique 

remains a promising and adaptable strategy for large-scale nanosheet production with 

high-quality mesoporosity and high surface area, offering solvent tailoring possibilities 

via Hansen solubility parameters (HSP) and Coleman theory to minimize exfoliation 

energy. However, optimization of solvent systems and processing parameters is crucial 

to balance exfoliation efficiency, lateral dimension retention, and structural purity that 

can potentially limit their applicability. 

Microwave-assisted exfoliation leverages high-energy dielectric heating in a liquid 

medium to transform bulk hexagonal boron nitride (h-BN) into 2D hexagonal boron 

nitride (h-BN) nanosheets. This process uses microwave radiation to drive solvent 

molecules, such as ethanol or water, into h-BN layers, acting as spacers to weaken van 

der Waals bonds and facilitate intercalation through solvent/h-BN interactions. 

Notably, the microwave absorption efficiency is highly dependent on the chemical 

composition—particularly the presence of oxygen-containing groups; although pristine 

h-BN lacks such groups, its excellent thermal conductivity compensates by enabling 

uniform heat distribution at the molecular level. A microwave-assisted synthesis 

strategy was reported in 2018, a mixture of h-BN (0.5 g), ethanol (100 ml), and 1 M 

NaOH was sonicated, then irradiated in an 800 W household microwave oven for 2 

minutes, yielding high-quality, hydroxyl-functionalized 2D h-BN nanosheets with high 

surface area, as Na+ and OH⁻ ions enhanced layer separation [25]. The mechanism relies 

on h-BN’s high thermal conductivity and lack of oxygen-containing groups, enabling 

efficient absorption and dissemination of microwave energy for swift exfoliation in 

minutes, unlike the time- and energy-intensive ultrasonication. The key advantages of 

this method include its speed, simplicity, cost-effectiveness, and green chemistry 

orientation, making it highly attractive for large-scale applications. However, a 

limitation lies in the dependency of material on microwave absorption capacity, 

potential defect introduction from rapid heating, and challenges in controlling 

nanosheet thickness and size, which may affect exfoliation uniformity. Additionally, 

while rapid heating aids in delamination, it may also impose the possibility of 

overheating or partial degradation if not properly controlled. 

Chemical reaction-based exfoliation employs a facile, cost-effective sequential 

chemical-mediated reaction to break the weak van der Waals forces between layers, 

without requiring high temperatures or vacuum conditions to produce 2D hexagonal 

boron nitride (h-BN) nanosheets. The process occurs at room temperature in a wet 

chemical environment, where chemical compounds formed during reactions act as 

spacers to separate h-BN layers. A representative protocol, reported by Adeel et al., 
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exfoliated h-BN by stirring 2 g of h-BN powder in 50 ml of H2SO4 for 30 minutes, 

cooling the suspension in an ice bath, adding 1 g of KMnO4 with 12 hours of stirring, 

and then introducing 10 ml of 30% H2O2 for 5 hours [26]. The mechanism involves 

three steps: (1) intercalation of H⁺ ions from sulfuric acid between the h-BN layers to 

expand interlayer spacing; (2) formation of MnO2 nanoparticles through the redox 

reaction of KMnO4 and H2SO4, which further expanding the lattice structure and 

preventing re-stacking; and (3) generation of O2 gas from the reaction between H2O2 

and MnO2, which provided the substantial mechanical force for layer exfoliation. This 

process enabled the successful and scalable production of few-layered h-BN nanosheets 

owing to its simplicity, low energy demand. However, potential drawbacks include 

residual chemical contamination, the necessity for thorough post-synthesis purification, 

the use of hazardous chemicals like H2SO4 and H2O2, potential defects from chemical 

interactions, challenges in controlling nanosheet thickness and size, and possible 

oxidative damage to the basal plane, which could alter intrinsic properties of h-BN. 

Mechanochemical exfoliation, conducted either in the presence (wet milling) or 

absence (dry milling) of a liquid medium by mild shear forces generated during the 

milling process, effectively overcomes the weak van der Waals forces between h-BN 

layers. In this technique, exfoliation is driven by wet milling offers added advantages 

as the liquid medium acts as a lubricant, preventing particle re-welding and enhancing 

the exfoliation efficiency through solvent polarity effects and gravitational shear. Key 

operational parameters such as the size and type of milling balls, milling duration, and 

the physicochemical compatibility of the solvent with h-BN significantly influence the 

quality of exfoliation. For example, ethanol owing to its moderate polarity (4.3), low 

toxicity, high volatility, and compatible surface energy has been successfully used as a 

milling medium in a mechanochemical protocol to yield high-quality 2D h-BN sheets. 

While extended milling time beyond this point caused undesirable agglomeration. This 

approach synthesized hBNNS with high crystallinity, low defect formation, high yield, 

and size uniformity of exfoliated nanosheets. Yet, it exhibits certain limitations, 

including the need for careful control over milling time to prevent particle re-

agglomeration and the risk of mechanical damage to the crystal structure at prolonged 

durations. 

Hydrothermal and solvothermal-assisted exfoliation process initiates at elevated 

temperatures and autogenous pressures within sealed Teflon-lined autoclaves, 

providing a highly controlled reaction environment. These conditions, when combined 

with ultrasonication, significantly enhance the exfoliation efficiency by weakening the 

strong interlayer interactions inherent in bulk h-BN. Herein, elevated temperature and 

pressure enable solvent molecules or ions from solvent self-dissociation to act as 

interlayer spacers, increasing interlayer distances and facilitating sheet separation. 

Under supercritical hydrothermal conditions, even materials with inherently low 

solubility can be effectively incorporated into reactions at relatively high 

concentrations, resulting in enhanced product yields compared to conventional high-

temperature solid-state reactions. According to research literature, the selection of 

organic polar solvents based on the Hansen solubility parameter theory can effectively 

match the exfoliation energy of layered materials, enabling the successful delamination 

of 2D nanostructures. Intriguingly, isopropanol (IPA) has been reported to exfoliate 

hexagonal boron nitride nanosheets (hBNNS) under strong ultrasonication, achieving a 
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dispersion concentration of approximately 0.002 mg/mL. Furthermore, hydrazine 

hydrate (N2H4·H2O) has been reported to intercalate between the layers of such 

materials, thereby weakening interlayer interactions and facilitating exfoliation through 

molecular insertion [27].  

Based on these research findings, the present study employs IPA as a polar organic 

solvent in conjunction with hydrazine hydrate (N2H4·H2O) under mild hydrothermal 

conditions to achieve effective exfoliation of bulk h-BN. The results demonstrate that 

IPA not only serves as an excellent solvent medium but also synergizes well with 

hydrazine hydrate, yielding high exfoliation efficiency with a remarkable yield. The 

partially polarized B–N bonds in hexagonal boron nitride (h-BN) exhibit a strong ionic 

and non-covalent character, rendering the material highly amenable to Lewis acid–base 

complexation chemistry. In this context, the electron-deficient boron atoms act as 

potent Lewis acids, making them highly susceptible to nucleophilic attack by Lewis 

base species, such as amines and phosphines. This inherent reactivity enables the 

formation of robust Lewis acid–base complexes, which are pivotal in facilitating 

exfoliation and chemical functionalization. Specifically, boron atoms readily form 

complexes with the amino groups of NH₂-terminated hydrazine hydrate, disrupting the 

interlayer interactions in bulk h-BN. This targeted interaction weakens van der Waals 

forces between layers, enabling efficient delamination and promoting excellent 

dispersibility of BN nanosheets in both aqueous and organic media. This highlights the 

scalability and practicality of the N2H4·H2O-assisted hydrothermal exfoliation route 

using IPA, thereby offering a cost-effective and environment friendly pathway for the 

large-scale production of hBNNS with minimal structural damage. Unlike conventional 

harsh chemical treatments, this strategy ensures mild exfoliation, preserves 

crystallinity, and simultaneously introduces functional groups, which are critical for 

enhancing reactivity and interfacial compatibility. Such properties position the 

chemically modified h-BN nanosheets as a versatile and high-performance platform for 

applications in electrochemical sensing, catalysis, energy harvesting, and biointerfaces, 

where stability, dispersibility, and surface reactivity are crucial. 

3.2 Experimental Section: 
3.2.1 Chemical, Reagents and Instrumentation: 

For optimized synthesis of Hexagonal Boron Nitride Nanosheets (hBNNS), we sourced 

high-purity h-BN powder (98%) from Sigma-Aldrich for structural integrity. 

Analytical-grade reagents such as isopropanol (IPA, (CH3)2CHOH) and hydrazine 

hydrate (Purity > 99%, N2H4·H2O,) were obtained from Fisher Scientific manufacturer 

to facilitate effective solution processing. High-quality analytical reagents from Merck, 

including acetonitrile (CH3CN), ethanol (C2H5OH), potassium ferrocyanide 

(K4[Fe(CN)6]·3H2O), sodium phosphate monobasic dihydrate (NaH2PO2·2H2O), 

potassium ferricyanide (K3[Fe(CN)6]), and sodium phosphate dibasic dihydrate 

(Na2HPO4·2H2O) were employed without further purification to maintain 

reproducibility. Electrochemical investigations were carried out in freshly prepared 

phosphate buffer saline (PBS) solutions and ultrapure Milli-Q water (18 MΩ·cm⁻¹) was 

utilised for electrode washing and PBS preparation which were stored at 4°C. 

Phase analysis of as-synthesized hBNNS powder was performed using a Bruker 

Advance D-8 X-ray Diffractometer (Cu-Kα, λ = 1.5418 Å, 10°–80° range) to confirm 

crystallinity. Morphology was examined via an EVO18 Zeiss scanning electron 



Page | 57  

 

microscope (SEM) and corroborated by WITec alpha 300 RA atomic force microscopy 

(AFM). Raman spectroscopy (WITec, 532 nm laser) identified vibrational modes, 

while PerkinElmer Spectrum Two instrument identified vibrational modes using 

Fourier transform infrared (FT-IR) spectroscopy (4000–400 cm⁻¹) to verify chemical 

bonds and functional groups. UV-Visible spectroscopy (PerkinElmer 950) analyzed 

optical properties. Electrochemical experiments utilized a Metrohm Autolab 

Galvanostat/Potentiostat with a three-electrode setup: a platinum (Pt) rod employed as 

the counter electrode, indium tin oxide (ITO) glass (2.5 cm × 1 cm) functioning as the 

working electrode, and silver/silver chloride (Ag/AgCl) in 3M potassium chloride 

(KCl) acting as the reference electrode, ensuring precise electrochemical 

characterization. 

3.2.2 Tailored Hydrothermal Approach for Optimizing Two-dimensional (2D) 

Hexagonal Boron Nitride Nanosheets Morphology: 

 
Figure 3.1: Diagrammatic representation of systematic hydrothermal 

synthesis of enhanced Two-dimensional (2D) Hexagonal Boron Nitride 

Nanosheets (h-BNNS) architecture 

To achieve scalable exfoliation of high-purity, ultrathin nanosheets of hexagonal boron 

nitride (hBNNS), an in-situ hydrothermal technique under precisely controlled 

temperature-time conditions was employed (Fig. 3.1). A stable dispersion of 0.15 g of 

bulk h-BN was prepared comprising 10 mL isopropanol, 2 mL hydrazine hydrate, and 

10 mL deionized water under constant magnetic stirring for 1 hour, initiating 

homogeneous particle distribution and strategically weakening interlayer van der Waals 

forces to promote effective chemical exfoliation. The homogeneous mixture was then 

transferred into a 50 mL Teflon-lined autoclave and subjected to hydrothermal 

treatment at 220°C for 12 h, leveraging autogenous pressure under controlled 
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temperature-time synergy ensuring efficient exfoliation of bulk hBN. Post-

hydrothermal reaction, the autoclaved was allowed to cool to room temperature and 

resultant nanosheets underwent successive centrifugation (>6000 rpm) with Milli-Q DI 

water to ensure complete removal of residual solvents. The final product was dried at 

90°C, yielding a stable, non-aggregated white powder stored under ambient conditions 

(25°C) in sealed eppendorf tubes. To refine the exfoliation protocol, additional three 

synthesis were carried out under varied temperature-time conditions: 220°C/12 h, 

220°C/18 h, 250°C/12 h, and 250°C/18 h, labelled as h-BN_1, h-BN_2, h-BN_3 to h-

BN_4, respectively, allowing a comprehensive assessment of temperature and duration 

impacts on yield, thickness, and structural properties of the nanosheets. 

Mechanism: The hydrothermal exfoliation of hexagonal boron nitride nanosheets 

(hBNNS) from bulk h-BN crystals is established to achieve high yield through a 

synergistic combination of critical factors: isopropanol (IPA) as a well-matched organic 

polar solvent, hydrazine (N2H4·H2O) as an intercalant (insertion molecule), and high 

temperature-pressure in a controlled environment. This process, outlined in three key 

steps, efficiently produces exfoliated hBNNS. 

1. Chemical Intercalation: Initially, hydrazine molecules intercalate between 

adjacent layers of bulk h-BN, loosening the structure by increasing interlayer spacing 

and priming it for exfoliation. This chemical insertion reduces the energy barrier for 

exfoliation by increasing interlayer spacing and weakening van der Waals forces. 

2. Solvent-Assisted Energy Minimization: The polar solvent IPA, selected based 

on Hansen solubility parameter theory for its compatibility with h-BN’s surface 

properties, further reduces the energy required for exfoliation by stabilizing the 

separated layers. Its excellent affinity for h-BN surfaces stabilizes the delaminated 

layers and supports efficient dispersion. 

3. Hydrothermal Exfoliation under Controlled Environment: The influence of 

elevated temperature and autogenous pressure, under hydrothermal conditions, drives 

the complete separation of hBNNS from the bulk material, yielding thin nanosheets. 

This environment facilitates the thermodynamic and kinetic driving forces necessary to 

achieve high-yield production of ultrathin hBNNS. 

The overall exfoliation efficiency is governed by the synergistic interplay of each 

parameter, including hydrazine insertion, polar solvent compatibility, elevated 

temperature and pressure, and stirring intensity, which plays a pivotal role in enhancing 

exfoliation efficiency. However, variations in these parameters, such as hydrazine 

concentration, solvent polarity, temperature, pressure, or stirring speed, significantly 

influenced the yield, scalability, and high-quality exfoliation of hBNNS, with optimal 

conditions and precise control ensuring maximum efficiency and nanosheet integrity, 

while deviations reduced the optimum yield or caused sheet fragmentation. 

3.2.3 Fabrication of h-BN-Coated ITO Electrodes via Controlled 

Electrophoretic Deposition: 

Uniform deposition of reproducible h-BN film onto pre-hydrolyzed ITO-coated glass 

substrates was achieved using an eco-friendly, highly scalable, and economical 

electrophoretic deposition (EPD) technique (Fig. 3.2). Prior to film fabrication, 

hydrolysis of ITO substrates was carried out in a 1:1:5 mixture of liquid ammonia NH3, 

hydrogen peroxide H2O2, and DI water to pre-activate radical groups on the surface, 

enhancing its surface energy for improved nanoparticle adhesion. A well-dispersed 
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suspension of h-BN samples at a concentration of 0.25 mg mL-1 in acetonitrile was 

obtained through 1-hour ultrasonication to ensure colloidal stability. 

 
Figure 3.2: Schematic representation of the electrophoretic deposition (EPD) 

assembly employed for precise deposition of hydrothermally synthesized h-

BN nanostructures onto pre-hydrolyzed ITO substrates. 

Further, hBN-dispersed colloidal suspension was introduced with controlled addition 

of 10-5–10-4 mol magnesium nitrate [Mg(NO3)2·6H2O] as an ionic additive, facilitating 

electrophoretic mobility to surface-charged hBN nanoparticles. The resulting colloidal 

suspension of charged h-BN particles was transferred to an EPD setup comprising a 

two-electrode configuration with pre-hydrolyzed ITO connected to a positively biased 

working electrode and a platinum wire connected to a negative counter electrode, 

respectively. Under a constant DC potential of 11 V, a sufficient electrophoretic force 

was generated, ensuring uniform directional migration of h-BN nanosheets onto the 

ITO electrode (Fig. 3.3). This DC voltage produced sufficient electric field strength to 

drive h-BN nanoparticles without causing dielectric breakdown or excessive Joule 

heating, allowing the formation of a homogeneous and electrochemically active matrix 

essential for sensing and interface engineering. 

 
Figure 3.3: Image depicting the homogenous deposition of (a) h-BN_2 

(hBNNS), (b) Bulk h-BN, (c) h-BN_1, (d) h-BN_3, (e) h-BN_4 coatings onto 

ITO glass substrates fabricated through effective electrophoretic deposition.  
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3.3 Experimental Results & Analysis: 
3.3.1 Analytical Nanomaterial Characterizations: 

3.3.1.1 Crystallographic Evaluation of Hydrothermally Synthesized h-BN 

Nanostructures: 

 
Figure 3.4: X-ray diffractogram depicting Bulk h-BN (purple) and h-BN 

nanosheets exfoliated under tailored hydrothermal conditions as h-BN_1 

(220 °C, 12 h-Red), h-BN_2 (220 °C, 18 h-Green), h-BN_3 (250 °C, 12 h-Blue), 

and h-BN_4 (250 °C, 18 h-Black), respectively. 

To investigate the impact of exfoliation-induced hydrothermal synthesis, 

synergistically tailoring reaction temperature-time conditions, X-ray diffraction (XRD) 

analysis was conducted both prior to exfoliation (on bulk h-BN) and post-exfoliation 

(on as-synthesized variants of h-BNNS samples), as shown in Fig. 3.4. The diffraction 

spectra of both bulk hBN and exfoliated hBNNS samples exhibited prominent 

characteristic peaks at 26.85°, 41.8°, 44.01°, 50.5°, 55.23°, and 76.11°, attributed to 

(002), (100), (101), (102), (004), and (110) planes of hexagonal phase of boron nitride, 

respectively, consistent with the JCPDS Card No. 34-0421 [28, 29]. The absence of 

any extraneous diffraction peaks in as-exfoliated samples confirms the retention of 

high-purity hexagonal phase with excellent crystallinity. The marked decrease in 

diffraction peak intensities upon transitioning from bulk h-BN to h-BNNS variants 

demonstrates the efficacy of the exfoliation process in disrupting interlayer van der 

Waals interactions to form ultrathin layered structures. An intense (002) reflection 

plane indicates preferential stacking orientation of nanosheets along the basal plane and 

reduced structural disorder, essential for facilitating interfacial kinetics, electronic 

transport, and enhanced surface interactions. However, the relatively attenuated 

intensities for (101) and (102) peaks in h-BN_1 indicate limited crystallographic 

ordering along these directions due to insufficient nucleation time. Furthermore, 

quantitative measurement of microstructural parameters such as average crystallite size 

and lattice strain was estimated using the Williamson–Hall plots analysis, which utilizes 
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the linear relationship between β cos θ and 4 sin θ to evaluate the intercept and slope 

(Eq. 3.1), thereby characterizing internal lattice distortions and nanodomain formation. 

𝛃 𝐂𝐨𝐬𝛉 =  
𝐤𝛌

𝐃
+  𝟒 𝛆 𝐒𝐢𝐧𝛉   [3.1] 

In the W-H equation, β refers to the full width at half maximum (FWHM) of the XRD 

peaks (in radians), while θ represents the corresponding Bragg's diffraction angle (in 

radians). A standard shape factor (k = 0.9) and Cu Kα radiation wavelength (λ = 

1.54184 Å) were utilized to construct a linear fit of β Cosθ versus 4 Sinθ, as depicted in 

Fig. 3.5. A linear regression graph obtained from the Williamson–Hall method was 

utilized to estimate the lattice micro-strain (ε) from the slope and crystallite size (d) 

from the y-intercept, which are essential parameters to assess the influence of synthesis-

induced lattice strain on grain size evolution and lattice distortions. The derived values 

of crystallite size (d) and micro-strain (ε) parameters for a series of h-BN samples were 

summarized in Table 3.1. 

Table 3.1: Comparative Assessment of Crystallite Size (d) and induced lattice 

strain (ε) of different Hydrothermally Synthesized h-BN Samples evaluated 

from Williamson-Hall (W–H) plot fitting with relative error estimation. 

Sample 
Crystallite size 

(d, nm) 

Micro-Strain 

(ε) 

Bulk h-BN 2.30 ± (7.55×𝟏𝟎−𝟒) 0.1956 ± (1.16×𝟏𝟎−𝟔) 

h-BN_1 2.41 ± (5.44×𝟏𝟎−𝟑) 0.1952 ± (7.36×𝟏𝟎−𝟔) 

h-BN_2 1.15 ± (3.88×𝟏𝟎−𝟒) 0.3867 ± (2.39 ×𝟏𝟎−𝟔) 

h-BN_3 2.31 ± (7.79×𝟏𝟎−𝟒) 0.1956 ± (1.19×𝟏𝟎−𝟔) 

h-BN_4 2.30 ± (7.94×𝟏𝟎−𝟒) 0.1957 ± (1.22×𝟏𝟎−𝟔) 

Estimation of microstructural parameters demonstrated that h-BN_2 exhibited the 

highest compressive strain, which caused a significant reduction of 52.28% in 

crystallite size compared to h-BN_1, which retained the most prominent crystallites. 

These pronounced microstructural differences between h-BN_1 and h-BN_2, despite 

identical synthesis temperatures (220 °C), arise from extended synthesis time of 18 h 

for h-BN_2 relative to a lesser reaction time of 12 h provided for h-BN_1. This 

prolonged thermal exposure in h-BN_2 enhanced internal lattice stress, causing 

intensified compressive strain within the crystal lattice while facilitating the nucleation 

of finer grains, thereby tuning material stability and surface-driven performance. The 

significant correlation between time-dependent strain accumulation and structural 

refinement illustrates the critical role of thermal kinetics in engineering nanoscale 

material characteristics. 
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Figure 3.5: Graphical depiction of Williamson-Hall (W-H) plots representing 

linear relationship between β Cosθ versus 4 Sinθ for samples (a) Bulk h-BN, 

(b) h-BN_1, (c) h-BN_2, (d) h-BN_3, and (e) h-BN_4 to evaluate micro-strain 

and crystallite size. 

As bulk h-BN transitions into its nanosheet morphology under controlled pressure-

temperature-time environment provided by hydrothermal technique, the strain-induced 

stress redistributes the hexagonal packing of its layers to nano-confined dimensions to 

gain thermal stability. In accordance with fundamental physics, materials inherently 

strive to achieve thermal stability post-synthesis. During transition to nano-

confinement, lattice strain emerges as a key agent in releasing residual lattice stress, 

which leads to measurable shifts in crystallographic parameters [30]. The resulting 

strain engineering facilitates lattice parameter modulations that reflect enhanced 

structural order and leads to the successful synthesis of durable, high-crystallinity h-

BNNS, ideal for high-performance materials in thermally intense environments. 

Table 3.2: A comparison table depicting lattice parameter values derived 

using X-powder analysis to evaluate the impact of nano-confinement-induced 

compression on crystallographic structure of h-BN samples synthesized at 

different hydrothermal conditions. 

Sample a (Å) c (Å) 
Volume of Unit Cell 

(Å3) 

h-BN_1 2.479 6.641 35.85 

h-BN_2 2.494 6.646 35.80 

h-BN_3 2.502 6.661 36.11 

h-BN_4 2.504 6.671 36.22 
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The detailed crystallographic analysis of XRD data, performed using X-powder 

software, facilitated the precise determination of lattice constants for the various 

hydrothermally synthesized h-BN samples, as presented in Table 3.2. A comparative 

evaluation of lattice parameter reveals that sample h-BN_2 displays the lowest values 

for lattice constant as well as unit cell volume, indicating the influence of substantial 

compressive micro-strain induced by specific hydrothermal synthesis conditions. This 

crystallographic contraction highlights the impact of the time-temperature interplay on 

internal lattice stress accumulation. This lattice compression implies points to stress 

accumulation due to confined grain growth. Interestingly, on further increasing the 

reaction temperature and synthesis duration in hBN_3 and hBN_4 samples, the lattice 

experiences strain intensification, which leads to strain-induced lattice expansion, 

indicative of a structural reconfiguration under dynamic stress redistribution process 

during prolonged heat exposure. 

3.3.1.2 Nano-Scale Morphological Investigation using various High-Resolution 

Electron Microscopy Techniques (SEM, TEM, and AFM): 

 
Figure 3.6: SEM top-view micrographs depicting (a) pristine bulk h-BN and 

hydrothermally exfoliated variants: (b) h-BN_1 at 220 °C for 12 h, (c) h-BN_2 

at 220 °C for 18 h, (d) h-BN_3 at 250 °C for 12 h, and (e) h-BN_4 at 250 °C for 

18 h. 

Scanning Electron Microscopy (SEM) is a pivotal high-resolution surface imaging 

technique for characterizing the three-dimensional surface texture, morphological 

analysis, particle size, shape, layer distribution, and overall structural integrity of 

nanomaterials at the micro- to nanoscale. Herein, morphological transformation from 
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bulk hBN to h-BN nanosheets under varying reaction temperature-time conditions of 

hydrothermal synthesis was systematically examined by SEM investigation, as depicted 

in Fig. 3.6(a–e). Notably, the SEM image of h-BN_2 synthesized at 220°C for 18 h 

(Fig. 3.6c) exhibited well-dispersed, relatively broad lateral surface area, few-layered 

nanosheets, confirming highly efficient exfoliation and reduced interlayer cohesion 

owing to the effectiveness of prolonged moderate thermal processing. In contrast, h-

BN_4 prepared at 250°C for 18 h (Fig. 3.6e) displayed hybrid nanostructures exhibiting 

nanosheets co-existence with agglomerated particles, suggesting that excessive thermal 

flux promotes localized nucleation and particle clustering. The absence of clear 

nanosheet topographies in h-BN_1 and h-BN_3 samples synthesized for shorter 

reaction durations of 12 hours at 220°C and 250°C (Fig. 3.6 b, d), failed to deliver 

substantial exfoliation, retaining bulk-agglomerated morphology of bulk hBN, 

affirming the role of insufficient reaction time or elevated temperature, respectively. 

Corroborative AFM data emphasize the impact of temperature-time calibration, directly 

influencing layer uniformity and lateral expansion at nanoscale level in optimally 

modulating sheet-like morphology. 

 
Figure 3.7: High-resolution TEM imaging depicting morphological evolution 

from (a) pristine bulk h-BN to hydrothermally treated samples: (b) h-BN_1 

(220 °C, 12 h), (c) h-BN_2 (220 °C, 18 h), (d) h-BN_3 (250 °C, 12 h), and (e) h-

BN_4 (250 °C, 18 h), highlighting nanosheet formation and degree of 

exfoliation as a function of temperature and duration. 

High-resolution Transmission Electron Microscopy (TEM) is a powerful 

characterization tool crucial for visualizing atomic-level features, including layer 

thickness, edge structures, and defects, due to its ability to provide high-resolution, 

detailed imaging of a material’s internal structure, arrangement, and uniformity at the 

nanoscale. Fig. 3.7(a–e) presents comparative transmission electron microscopy 
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(TEM) images to investigate the exfoliation behaviour of sequentially engineered h-BN 

nanosheets under controlled hydrothermal conditions from its bulk counterpart. In 

particular, the TEM micrograph of bulk h-BN (Fig. 3.7(a)) illustrated densely packed 

particles possessing substantial particle agglomeration, affirming poor dispersion and a 

stacked multilayered nature. In evident contrast, the h-BN_2 sample synthesized at 

220°C for 18 h achieved optimal exfoliation, thereby demonstrating ultrathin, highly 

transparent nanosheets with an improved lateral growth (~926.667 nm), signifying 

impactful layer delamination and exfoliation into few-layer domains. However, h-

BN_3 and h-BN_4 samples were synthesized at elevated temperatures at 250°C, which 

depicted darker and denser nanosheets under TEM as shown in Fig. 3.7-(d), 3.7-(e), 

induced by thermally driven restacking, indicating characteristics of multiple stacked 

layers resulting in increased thickness and reduced exfoliation efficiency due to 

thermal-induced re-agglomeration 

 
Figure 3.8: AFM analysis images depicting surface roughness and topography 

of electrophoretically deposited h-BN films on ITO substrates mentioned as 

(a) Bulk h-BN, (b) h-BN_1, (c) h-BN_2, (d) h-BN_3, and (e) h-BN_4, 

respectively. 

Atomic Force Microscopy (AFM) is a highly sensitive and non-destructive surface 

imaging technique that provides high-resolution quantification of surface topography, 

including roughness, texture, height gradients, and particulate distribution at the 
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nanometer scale. AFM was employed to validate the surface topography and surface 

roughness characteristics of h-BN films fabricated using electrophoretic deposition 

(EPD) technique. As illustrated in Fig. 3.8(a-e), the surface topography of EPD films 

exhibited relatively smooth surfaces, with arithmetic average surface roughness (Ra) 

values quantified as 10.634 nm for h-BN_1, 7.617 nm for h-BN_2, 15.922 nm for h-

BN_3, and 28.503 nm for h-BN_4, respectively. Sample h-BN_2, comprising highly 

exfoliated and uniformly deposited 2D nanosheets, demonstrates exceptional surface 

smoothness with the lowest Ra value of 7.617 nm, making it highly suitable for 

applications requiring uniform interfacial interactions. The AFM topographical profiles 

corroborate well with the morphological features observed in SEM micrographs, 

ensuring reliable surface uniformity and dispersion quality of the as-synthesized h-BN 

films. Furthermore, the EPD technique ascertains fabrication of highly effective ultra-

thin, uniform h-BN film deposition characterized by minimal particle agglomeration, 

highlighting its potential for producing high-quality nanomaterial coatings. 

3.3.1.3 Investigation of Optical Bandgap Transitions in Hydrothermally 

Engineered h-BN Samples through UV–Visible Spectroscopy 

 
Figure 3.9: Absorbance versus wavelength relationship obtained from UV–

Visible spectroscopy for (a) bulk h-BN and (b) h-BN_1, (c) h-BN_2, (d) h-

BN_3, (e) h-BN_4, respectively, demonstrating optical response influenced by 

tuning hydrothermal synthesis conditions. 

UV-Visible absorption spectroscopy is a fundamental tool that measures the 

interactions of ultraviolet and visible light with material non-destructively as a function 

of wavelength, enabling the determination of electronic transitions resulting from 

quantum confinement, which significantly influence energy states and size-dependent 

optical bandgap variations in materials. To elucidate the impact of strategic 
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hydrothermal fabrication on electronic characteristics of various h-BN nanosheet 

samples suspended in deionized (DI) water, UV-visible spectroscopy was employed to 

monitor the underlying energy shift and optical bandgap transition crucial for 2D 

morphology optimization. Fig. 3.9 illustrates the absorbance-wavelength relationship, 

which highlights the direct influence of modulating synthesis parameters on nanosheet 

size and thickness upon photon interaction. The bandgap energy was accurately 

determined using Eq. 3.2, facilitating a detailed correlation between the influence of 

synthesis parameters and electronic transitions of tailored nanosheet morphologies. 

Furthermore, the absorption coefficient (α) was computed utilising the Beer-Lambert 

law to validate quantitative evaluation. 

    (𝛂𝐄)𝟏 𝐧⁄ = 𝛃 (𝐄 − 𝐄𝐠)   [3.2] 

The Beer-Lambert equation entails the absorption coefficient (α) that characterizes how 

strongly a material absorbs UV-Visible light, whereas the photon energy (E=hν) was 

calculated using Planck’s constant (h) and light frequency (ν), which is associated with 

the energy of incident photons. In this experiment, β characterizes the band tailing 

parameter, and for a wide bandgap material, hexagonal boron nitride (h-BN), n = 1/2 is 

employed owing to its direct allowed electronic transition [31]. 

 
Figure 3.10: Energy bandgap determination through Tauc plots for (a) bulk 

h-BN and hydrothermally processed variants (b) h-BN_1, (c) h-BN_2, (d) h-

BN_3, and (e) h-BN_4, depicting quantum confinement effects and optical 

tunability influenced by hydrothermal synthesis parameters. 

Furthermore, Tauc plots associated with bulk hBN and each variant of hBN were 

obtained by plotting (αhν)² versus photon energy (E) to determine the optical bandgap 

(Eg) values by determination of x-axis intercepts, as depicted in Fig. 3.10. Evaluation 

of the optical bandgap (Eg) from x-axis intercepts yielded corresponding values of 6.39 

eV (bulk h-BN), 6.43 eV (h-BN_1), 6.58 eV (h-BN_2), 6.49 eV (h-BN_3), and 6.54 
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eV (h-BN_4) respectively. Interestingly, the highest optical bandgap was observed 

corresponding to h-BN_2 sample (6.58 eV) in sharp contrast with bulk hBN, exhibiting 

the least Eg (6.39 eV), suggesting optimal exfoliation of nanosheets among other 

synthesized variants, a finding corroborated by XRD analysis. This result is attributed 

to enhanced quantum confinement, driven by effectively reduced crystallite domains, 

which reduces electron-hole overlap and increases transition bandgap energies [30, 32]. 

Furthermore, elevated synthesis temperatures and extended reaction times significantly 

contributed to smaller crystallite sizes, consequently enhancing the optical bandgap. 

Moreover, strain analysis obtained from Williamson-Hall plots in XRD study 

highlighted that h-sample hBN_2 experienced the highest compressive strain, which 

further contributed to widening the bandgap [33]. This cohesive agreement between 

UV-Visible spectroscopy and XRD results validates the effectiveness of hydrothermal 

exfoliation in attaining structural refinement that directly tailors h-BN’s optical and 

electronic properties. 

3.3.1.4 Raman Spectroscopy Investigating Phonon-Electronic Interactions in 

Hydrothermally Engineered h-BN Nanostructures 

 

Figure 3.11: Raman analysis in the E2g phonon region for (a) Bulk h-BN, (b) 

h-BN_1, (c) h-BN_2, (d) h-BN_3, and (e) h-BN_4, clearly demonstrating 

synthesis-dependent shifts in vibrational frequency. 

Raman spectroscopy serves as a powerful, non-destructive technique by monitoring 

phonon–electron interactions and lattice dynamics, including vibrational, rotational, 

and electronic properties of materials at the molecular level, which enables indirect 

evaluation of strain, defects, doping, and layer thickness. Raman spectroscopy was 

employed to characterize the in-plane E2g vibrational phonon mode of h-BN 

nanosheets, offering valuable insights into the effects of exfoliation and synthesis 
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parameters on crystal structure. As illustrated in Fig. 3.11, the characteristic peak for 

bulk h-BN appears at 1364.56 cm⁻¹, whereas subtle shifts to 1365.48 cm⁻¹ (h-BN_1), 

1366.09 cm⁻¹ (h-BN_2), 1365.68 cm⁻¹ (h-BN_3), and 1365.89 cm⁻¹ (h-BN_4) reflect 

variations induced by hydrothermal treatment [34]. The blue shift of 1.53 cm⁻¹ in h-

BN_2 relative to bulk h-BN signifies the presence of compressive strain, a conclusion 

supported by complementary XRD strain analysis. Notably, the lowest Raman peak 

intensity observed for h-BN_2 corresponds to few-layered nanosheets, affirming 

successful exfoliation [35]. In contrast, the elevated intensities in h-BN_3 and h-BN_4 

suggest nanosheet stacking or particle agglomeration, which correlates well with SEM-

based morphological observations. This investigation highlights the critical importance 

of optimizing hydrothermal parameters to achieve strain-engineered, high-quality, few-

layered h-BN nanosheets. 

3.3.1.5 Investigating Molecular Vibrational Dynamics in Hydrothermally 

Tailored h-BN Nanostructures through Fourier Transform Infrared (FT-IR) 

Spectroscopy 

 
Figure 3.12: Fourier Transform Infrared (FT-IR) Spectra highlighting 

dominant vibrational modes in (a) Bulk h-BN, (b) h-BN_1, (c) h-BN_2, (d) h-

BN_3, and (e) h-BN_4 elucidating vibrational interactions in sp²-hybridized 

B–N bonding across the synthesized variants. 

Fourier Transform Infrared (FTIR) Spectroscopy is a critical analytical technique for 

investigating vibrational modes of chemical bonds in materials, enabling precise 

identification of functional groups, the chemical bonding in parent material, their 

interactions with impurities, or surface adsorbates, and molecular structure. To 

investigate the integrity of molecular structure in B-N bonding and identify functional 

groups vibrational modes induced during synthesis, FT-IR spectroscopy was conducted 

across the mid-infrared region (400–4000 cm-1). Fig. 3.12 illustrates the intrinsic 
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infrared fingerprints of h-BN_1 through h-BN_4 and monitors the structural evolution 

from bulk to nanoscale. Characteristic transmittance bands were observed at 805 cm-1 

and 1413 cm-1, corresponding to B-N-B out-of-plane bending and B-N in-plane 

stretching vibrations, respectively [36]. Prominent absorption band at 805 cm-1, 

indicative of out-of-plane B-N-B deformation modes, and a key transmittance peak at 

1413 cm-1, representative of in-plane B-N bond stretching, highlight the preserved sp² 

hybridization. The attenuation in spectral intensity across samples suggests a gradual 

transformation in thickness and bonding environment due to exfoliation. Specifically, 

h-BN_2 exhibits the lowest peak intensities, indicating increased exfoliation, reduced 

layer stacking, and altered phonon dynamics, confirming the material's transformation 

at the nanoscale level. This spectral evolution directly correlates with observed 

morphological and crystallographic trends, validating successful exfoliation and 

reduction in crystallite size. 

Table 3.3: Distinct transmittance peak assignments in the fingerprint region 

affirm the structural integrity of hydrothermally synthesized h-BN. 

Sample B-N-B Bending (cm-1) B-N Stretching (cm-1) 

Bulk h-BN 800 1420 

h-BN_1 805.31 1413.50 

h-BN_2 806.26 1395.52 

h-BN_3 807.95 1432.50 

h-BN_4 808.13 1426.00 

The presence of a weak absorption band at approximately ~2500 cm-1 is attributed to 

the weak B–H stretching vibrations, indicating potential hydrogen incorporation during 

the hydrothermal process. Progressive broadening of B–N stretching bands with 

elevated temperature and prolonged reaction time suggests increased disorder due to 

the formation of surface dangling bonds, directly tied to reduced particle dimensions. 

In the higher wavenumber region, a spectral overlap between –OH and –NH functional 

groups becomes increasingly evident, complicating their resolution yet confirming their 

coexistence. The emergence of a broad peak above 3500 cm-1 is linked to O–H 

stretching from absorbed moisture, while distinct features between 3200–3500 cm-1 

further confirm residual N–H functionalities. These cumulative insights demonstrate 

the pivotal role of process tuning in enabling spontaneous and efficient surface 

modification of h-BN, bypassing the need for laborious chemical functionalization 

protocols. 

3.3.2 Electrochemical Profiling and Analysis: 

The electrochemical evaluation aimed at understanding its electron transfer behavior 

and interfacial properties of hexagonal boron nitride (h-BN), synthesized under varying 

temperature and time conditions. Detailed electrochemical measurements were 

thoroughly investigated using advanced analytical techniques, including Cyclic 

Voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS), and Differential 

Pulse Voltammetry (DPV) to provide a comprehensive understanding of redox 

dynamics, interface resistance, and faradaic responsiveness. All electrochemical 

measurements were performed in phosphate buffer saline (PBS, 50 mM, 0.9% NaCl, 

pH 7.0) containing 5 mM [Fe(CN)₆]³⁻/⁴⁻, a standard redox couple that ensures reversible 

one-electron transfer (n = 1), thus serving as a reliable electrolyte for evaluating 

heterogeneous electron transfer kinetics. 
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CV was employed to explore the redox activity, and diffusion-controlled behaviour, 

with scan rate-dependent studies to study electron transfer kinetics at the h-BN 

electrode interface. By applying a linearly varying potential, CV enabled the 

measurement of current responses, revealing the material's ability to facilitate oxidation 

and reduction reactions. To investigate the influence of scan rate on electrochemical 

performance, CV experiments were conducted at scan rates ranging from 30 to 160 

mV/s. This range allowed for the assessment of diffusion-controlled versus kinetically 

controlled processes, providing insights into the rate-limiting steps of electron transfer. 

EIS experiments were utilized to understand the impedance characteristics of the h-BN 

electrode within a broad frequency range of 0.1 Hz to 100 kHz, applying a biasing 

potential of 10 mV. The Nyquist plot was generated, describing a polar representation 

with the real impedance (Z') on the abscissa and the imaginary impedance (Z'') on the 

ordinate, illustrated the resistive and capacitive components of the system. The 

frequency-dependent impedance data were analyzed using an equivalent electrical 

circuit model, which helped deconvolute contributions from charge transfer resistance, 

double-layer capacitance, Warburg diffusion elements, and solution resistance. 

DPV technique, also known as pulse-based differential cyclic voltammetry, was 

utilized to achieve highly sensitive and precise measurements of the faradaic current. 

The experiments were conducted at a scan rate of 10 mV/s, with the potential window 

of -0.7 V to 1.2 V. The DPV response is characterized by its ability to resolve small 

changes in current, where the abscissa represents the differential current between 

consecutive points on the voltammogram, and the ordinate corresponds to the applied 

potential. The differential nature of DPV renders effective identification of small 

current in faradaic transitions, which correspond to redox-active interfaces, making it 

indispensable for sensitive surface characterization and enhanced electrochemical 

signal transduction. 

3.3.2.1 Assessment of Interfacial Electron Kinetics in Hydrothermally Engineered 

h-BN Nanostructures via Cyclic Voltammetry 

Systematic investigation of the redox properties, electroactive surface area, scan rate 

dependencies, and interfacial charge kinetics of h-BN nanosheets, cyclic voltammetry 

(CV) was employed as a powerful electrochemical technique within a potential range 

of –0.9 V to +1.2 V at a scan rate of 50 mV/s. The CV experiments were performed in 

a 50 mM phosphate buffer saline (PBS) solution, adjusted to a neutral pH of 7.0 and 

containing 0.9% NaCl to ensure physiological relevance and electrolyte stability. The 

electrochemical setup was incorporated with a 5 mM ferro/ferricyanide ([Fe(CN)₆]³⁻/⁴⁻) 

redox couple, providing a well-characterized, reversible one-electron transfer system 

that serves as a standard for evaluating electrode performance due to its fast kinetics 

and reproducibility. Fig 3.13 illustrates the CV responses to compare the 

electrochemical behaviour of bulk h-BN with four hydrothermally fabricated h-BN 

nanosheet samples (h-BN_1 to h-BN_4). Among all hydrothermally engineered 

samples, h-BN_2 denoted as h-BN nanosheets (h-BNNS), exhibited exceptional 

electrochemical performance, with a peak anodic current (Ipa) of 1.29 mA at an anodic 

potential (Epa) of 0.37201 V and a peak cathodic current (Ipc) of -1.23 mA at a cathodic 

potential (Epc) of -0.09613 V.  
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Figure 3.13: Cyclic voltametric response illustrating redox behaviour of (a) 

Bulk h-BN, (b) h-BN_1, (c) h-BN_2, (d) h-BN_3, and (e) h-BN_4 electrodes in 

PBS electrolyte with 5 mM [Fe(CN)₆]³⁻/⁴⁻ at a scan rate of 50 mV/s.  

This markedly enhanced redox current in hBN_2 demonstrates a significant 69.96% 

increase in current relative to bulk h-BN, highlighting the superior electrochemical 

activity of the nanosheet structure. The enhanced electrochemical response of h-BN_2 

is attributed to synthesis of ultrathin nanostructured morphology, characterized by a 

reduced number of layers and minimal particle agglomeration. These structural features 

decrease the diffusion path length for charge carriers and enhance electrode-electrolyte 

interaction, facilitating faster electron transfer and improving the overall conductivity 

of the material, which is critical for efficient electrochemical reactions. The elevated 

peak currents in h-BN_2 indicate a high density of redox-active functional groups at 

the nanosheet surface, introduced during the hydrothermal exfoliation process. Fourier 

Transform Infrared (FT-IR) spectroscopy confirmed the presence of these redox 

moieties, which further contribute to the electroactive behaviour of h-BN_2 to enhance 

their electrochemical reactivity. These characteristics collectively position h-BN_2 as 

a highly efficient candidate for advanced applications, such as high-sensitivity 

electrochemical sensors, energy storage systems, and electrocatalytic devices. 

Evaluation of the electroactive surface area of the as-fabricated h-BN-modified 

electrodes was quantitatively estimated using the Randles–Ševčík equation, a widely 

accepted analytical expression derived from cyclic voltammetry data for reversible 

redox systems. This relation correlates the peak current (Ip) observed in the 

voltammogram with fundamental parameters of the redox process, as shown in Eq. 

[3.3]. For a reversible one-electron transfer system such as [Fe(CN)₆]³⁻/⁴⁻, the peak 

current (Ip) is given by [37, 38]: 

𝑰𝒑 =  𝟎. 𝟒𝟒𝟔 𝒏𝑭𝑨𝑪 (
𝐧𝐅𝛎𝐃𝐨

𝐑𝐓
)

𝟏 𝟐⁄

   [3.3] 
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Here, Ip represents the anodic or cathodic peak current (in mA), n is the number of 

electrons transferred (n = 1 for [Fe(CN)₆]³⁻/⁴⁻ redox couple), A is the electroactive 

surface area (cm²), C is the bulk concentration of the redox species (mol/cm³), D is the 

diffusion coefficient (cm²/s), ν is the scan rate (V/s), F is Faraday’s constant (96485 

C/mol), R is the universal gas constant (8.314 J/K·mol), and T is the temperature (298 

K or 25 °C). On substituting the constants: F = 96485 C/mol, R = 8.314 J/mol·K, and 

T = 298 K (25 °C), the Eq. [3.4] simplifies to: 

𝑰𝒑 =  (𝟐. 𝟔𝟗 × 𝟏𝟎𝟓) 𝒏𝟑 𝟐⁄ 𝑨 𝑪 𝑫𝟏 𝟐⁄ √𝝂  [3.4] 

Using experimentally determined peak current values (Ip) from cyclic voltammograms 

and substituting the constant values of known parameters, including n = 1, D = 0.667 × 

10⁻⁵ cm²/s, C = 5 mM, and ν = 50 mV/s, the electroactive surface area (A) was 

computed. Using these experimental parameters, the electroactive surface area (A), a 

critical parameter influencing electron transfer rates of the h-BN electrodes, was 

calculated as summarized in Table 3.4. The quantification of electroactive surface area 

provides a critical understanding of the charge-exchange at the interface of the 

electrodes, with higher surface areas indicating greater availability of surface-active 

sites for redox reactions. The effectiveness of the electroactive surface area is essential 

for optimizing h-BN electrodes to develop high-performance electrochemical 

interfaces, particularly for applications requiring high surface area, such as energy 

storage devices, electrochemical sensors and biosensors. 

Table 3.4: Quantitative evaluation of the Electrochemical performance given 

by peak anodic and cathodic currents (Ipa, Ipc), Ipa/Ipc ratio, and calculated 

electroactive surface area fabricated via electrophoretic deposition.  

Sample Ipa (In mA) Ipc (In mA) Ipa/Ipc 
Surface Active Area 

(𝟏𝟎−𝟑) 

Bulk h-BN 0.759 -0.695 1.092 4.894 × 10-3 

h-BN_1 1.11 -1.04 1.067 7.176 × 10-3 

h-BN_2 1.29 -1.23 1.048 8.371 × 10-3 

h-BN_3 0.96 -0.904 1.021 6.232 × 10-3 

h-BN_4 1.18 -1.11 1.063 7.633 × 10-3 

Cyclic voltammetry (CV) analysis demonstrated that h-BN_2, referred to as h-BN 

nanosheets (h-BNNS), possesses the highest electroactive surface area among the tested 

samples, while h-BN_3 exhibited the lowest. Quantitatively, h-BNNS offers a 

substantial enhancement of 34.3% in electroactive surface sites for h-BNNS compared 

to h-BN_3, indicating a high density of electrochemically accessible redox active sites. 

Microstructural analysis conducted via Scanning Electron Microscopy (SEM) and 

Transmission Electron Microscopy (TEM) strongly supported that h-BN_2 (h-BNNS) 

consists of well-separated nanosheets with a large surface area, maximizing the 

availability of electroactive sites. In contrast, h-BN_3 depicted significant particle 

agglomeration, significantly reducing the effective surface area and potentially limiting 

electrochemical performance. This structural advantage of h-BNNS enables more 

efficient electron transfer kinetics that account for their higher peak anodic and cathodic 

currents. 

Scan rate study illustrated in Fig. 3.14(a–f) demonstrates the increase in peak current 

(Ip, mA) with increasing scan rate (ν, mV/s), with a linear correlation between peak 
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current and the square root of the scan rate(√ν). This linear relationship, consistent with 

the Randles-Sevcik equation (Eq. 3.4), confirms that the electrochemical reaction is 

governed by diffusion-assisted electron transfer, where the reaction rate is limited by 

the diffusion of redox species to the electrode surface. With increasing scan rates, a 

positive shift in the oxidation (anodic) current peak and a negative shift in the reduction 

(cathodic) current peak were observed. These shifts indicate that higher scan rates 

increase the overpotential required for redox reactions, reflecting the kinetic limitations 

of the diffusion process. This behaviour is consistent with the characteristics of 

diffusion-controlled systems, where faster scan rates reduce the time available for redox 

species to diffuse to the electrode surface [39]. To properly assess the diffusion-

governed behaviour, the systematic shift in linear relationships between peak current 

and peak potentials with the square root of the scan rate was quantified through linear 

regression fitting equations, as represented by Eq. [3.5–3.14]. The high correlation 

coefficients (R2) of these equations indicate a strong linear fit, reinforcing the diffusion-

controlled nature of the electrochemical process. These equations provide a 

mathematical framework for predicting the electrochemical behaviour of h-BN 

electrodes under varying scan rates, aiding in the optimization of their performance for 

specific applications. 

 
Figure 3.14: Representation of scan rate-dependent cyclic voltammograms for 

(a) bulk h-BN and its modified derivatives (b) h-BN_1, (c) h-BN_2, (d) h-

BN_3, and (e) h-BN_4, obtained over the potential range −0.9 V to +1.2 V at 

scan rates from 30 to 120 mV s⁻¹, along with (f) the linear fitting plots of Ipa 

and Ipc versus the square root of the scan rate, confirming diffusion-

controlled redox behaviour. 
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𝐈𝐩𝐚(𝐁𝐮𝐥𝐤 𝐡−𝐁𝐍) = [𝟏. 𝟖𝟒 × 𝟏𝟎−𝟒 𝐦𝐀 +   𝟎. 𝟕𝟖𝟐 × 𝟏𝟎−𝟒 𝐦𝐀 ×  √𝐬/𝐦𝐕 × √𝐒𝐜𝐚𝐧 𝐑𝐚𝐭𝐞[𝐦𝐕/𝐬]]  [3.5] 

𝐑𝟐 =  𝟎. 𝟗𝟗𝟓𝟔 

𝐈𝐩𝐜(𝐁𝐮𝐥𝐤 𝐡−𝐁𝐍) = [−𝟏. 𝟔𝟑 × 𝟏𝟎−𝟒 𝐦𝐀 − 𝟎. 𝟕𝟒𝟏 × 𝟏𝟎−𝟒 𝐦𝐀 ×  √𝐬/𝐦𝐕 × √𝐒𝐜𝐚𝐧 𝐑𝐚𝐭𝐞[𝐦𝐕/𝐬]]  [3.6] 

𝐑𝟐 =  𝟎. 𝟗𝟗𝟕𝟎 

𝐈𝐩𝐚(𝐡−𝐁𝐍_𝟏) = [𝟑. 𝟕 × 𝟏𝟎−𝟒 𝐦𝐀 +   𝟏. 𝟎𝟏 × 𝟏𝟎−𝟒 𝐦𝐀 ×  √𝐬/𝐦𝐕 × √𝐒𝐜𝐚𝐧 𝐑𝐚𝐭𝐞[𝐦𝐕/𝐬]]  [3.7] 

𝐑𝟐 =  𝟎. 𝟗𝟗𝟔𝟒 

𝐈𝐩𝐜(𝐡−𝐁𝐍_𝟏) = [−𝟑. 𝟑𝟖 × 𝟏𝟎−𝟒 𝐦𝐀 − 𝟎. 𝟗𝟕 × 𝟏𝟎−𝟒 𝐦𝐀 ×  √𝐬/𝐦𝐕 × √𝐒𝐜𝐚𝐧 𝐑𝐚𝐭𝐞[𝐦𝐕/𝐬]]  [3.8] 

𝐑𝟐 =  𝟎. 𝟗𝟗𝟕𝟒 

𝐈𝐩𝐚(𝐡−𝐁𝐍_𝟐) = [𝟒. 𝟑𝟒 × 𝟏𝟎−𝟒 𝐦𝐀 +   𝟏. 𝟏𝟕 × 𝟏𝟎−𝟒 𝐦𝐀 ×  √𝐬/𝐦𝐕 × √𝐒𝐜𝐚𝐧 𝐑𝐚𝐭𝐞[𝐦𝐕/𝐬]]  [3.9] 

𝐑𝟐 =  𝟎. 𝟗𝟗𝟔𝟔 

𝐈𝐩𝐜(𝐡−𝐁𝐍_𝟐) = [−𝟒. 𝟏 × 𝟏𝟎−𝟒 𝐦𝐀 − 𝟏. 𝟏𝟐 × 𝟏𝟎−𝟒 𝐦𝐀 ×  √𝐬/𝐦𝐕 × √𝐒𝐜𝐚𝐧 𝐑𝐚𝐭𝐞[𝐦𝐕/𝐬]]               [3.10] 

𝐑𝟐 =  𝟎. 𝟗𝟗𝟕𝟑 

𝐈𝐩𝐚(𝐡−𝐁𝐍_𝟑) = [𝟑. 𝟐𝟐 × 𝟏𝟎−𝟒 𝐦𝐀 +   𝟎. 𝟖𝟕 × 𝟏𝟎−𝟒 𝐦𝐀 ×   √𝐬/𝐦𝐕 × √𝐒𝐜𝐚𝐧 𝐑𝐚𝐭𝐞[𝐦𝐕/𝐬]]               [3.11] 

𝐑𝟐 =  𝟎. 𝟗𝟗𝟕𝟏 

𝐈𝐩𝐜(𝐡−𝐁𝐍_𝟑) = [−𝟐. 𝟕 × 𝟏𝟎−𝟒 𝐦𝐀 − 𝟎. 𝟖𝟓 × 𝟏𝟎−𝟒 𝐦𝐀 ×  √𝐬/𝐦𝐕 × √𝐒𝐜𝐚𝐧 𝐑𝐚𝐭𝐞[𝐦𝐕/𝐬]]               [3.12] 

𝐑𝟐 =  𝟎. 𝟗𝟗𝟖𝟐 

𝐈𝐩𝐚(𝐡−𝐁𝐍_𝟒) = [𝟑. 𝟖𝟑 × 𝟏𝟎−𝟒 𝐦𝐀 +   𝟏. 𝟏𝟎 × 𝟏𝟎−𝟒 𝐦𝐀 ×  √𝐬/𝐦𝐕 × √𝐒𝐜𝐚𝐧 𝐑𝐚𝐭𝐞[𝐦𝐕/𝐬]]                [3.13] 

𝐑𝟐 =  𝟎. 𝟗𝟗𝟔𝟕 

𝐈𝐩𝐜(𝐡−𝐁𝐍_𝟒) = [−𝟑. 𝟓𝟖 × 𝟏𝟎−𝟒 𝐦𝐀 − 𝟏. 𝟎𝟒 × 𝟏𝟎−𝟒 𝐦𝐀 ×  √𝐬/𝐦𝐕 × √𝐒𝐜𝐚𝐧 𝐑𝐚𝐭𝐞[𝐦𝐕/𝐬]]                [3.14] 

𝐑𝟐 =  𝟎. 𝟗𝟗𝟕𝟓 

3.3.2.2 Electrochemical impedance spectroscopy (EIS) 

Electrochemical Impedance Spectroscopy (EIS) measurements were performed across 

a frequency range of 0.1 Hz to 100 kHz using an AC perturbation of 10 mV to 

thoroughly investigate the intrinsic interfacial properties and charge transfer kinetics of 

hexagonal boron nitride (h-BN) nanosheet electrodes. This broad frequency range 

captures the interplay between charge transfer and diffusion processes, essential for 

understanding the electrode’s performance in electrochemical systems. The Nyquist 

plot, presented in Fig. 3.15, visualizes the impedance response with real impedance (Z') 

on the x-axis and imaginary impedance (Z'') on the y-axis. The plot exhibits a high-

frequency semicircle, reflecting the charge transfer resistance (Rct) at the electrode-

electrolyte interface, and a low-frequency linear tail, indicative of diffusion-limited 

processes where mass transport of redox species dominates the electrochemical 

response. The impedance spectra were effectively deconvoluted using the equivalent 

electrical circuit, allowing precise quantification from fitting the modified Randles 

circuit model Rs(Q[RctZw]), where Solution Resistance (Rs) represents the resistance 

of the electrolyte and contributions from electrode geometry, Charge Transfer 

Resistance (Rct) denotes the electrode-electrolyte interfacial charge transfer resistance, 

Q is the constant phase element accounting for non-ideal capacitive behaviour, and 

Warburg Impedance Admittance (Zw, Yo) Accounts for diffusion processes at low 

frequencies. 
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Figure 3.15 Nyquist plots derived from Electrochemical Impedance 

Spectroscopy (EIS) reveal the interfacial resistance behaviour of (a) bulk h-

BN and hydrothermally exfoliated samples (b) h-BN_1, (c) h-BN_2, (d) h-

BN_3, and (e) h-BN_4, recorded across a frequency range of 0.1–105 Hz under 

a constant bias potential of 10 mV. 

The solution resistance (Rs) arises from the ionic conductivity of the electrolyte (50 

mM phosphate buffer saline with 0.9% NaCl, pH 7.0) and the geometric configuration 

of the electrode setup. Rs remains relatively constant across measurements, as it is 

primarily determined by the electrolyte composition and electrode design, rather than 

dynamic interfacial processes, ensuring consistent baseline conditions for the EIS 

analysis. In an ideal electrochemical system, the double-layer capacitance at the 

electrode-electrolyte interface would produce a 90° phase shift in the AC response, 

indicative of purely capacitive behaviour [40]. However, due to surface 

inhomogeneities in h-BN nanosheet electrodes, such as variations in surface 

morphology or defects, a constant phase element (Q) is used instead of an ideal 

capacitor. The CPE accounts for the non-ideal capacitive behaviour, providing a more 

accurate representation of the electrode’s interfacial properties and enhancing the 

understanding of h-BNNS electrochemical performance. 

Electrochemical Impedance Spectroscopy (EIS) analysis elucidated the interfacial 

properties of h-BN nanosheet electrodes, with the constant phase element (CPE) 

admittance (Yo, in Mho) defined by Eq. [3.15], 

𝐙𝐰 =  
𝟏

𝐘𝐨(𝒋𝛚)𝐍     [3.15] 

where ω is circular frequency, j is the imaginary unit, and N (0 to 1) determines CPE 

behavior: N = 0 (pure resistor), N = 1 (pure capacitor), and N = 0.5 (Warburg element). 
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The behaviour of the CPE is governed by the value of (N), which ranges between 0 and 

1 and determines the electrochemical characteristics of the system. When (N = 0), the 

CPE behaves as a pure resistor, exhibiting purely resistive impedance. When (N = 1), 

it functions as a pure capacitor, displaying ideal capacitive behaviour with a 90° phase 

shift. At (N = 0.5), the CPE corresponds to a Warburg element, indicative of diffusion-

controlled processes where impedance is dominated by mass transport. This 

mathematical formulation captures the non-ideal impedance behaviour of 

electrochemical interfaces, accounting for surface heterogeneities in materials like 

hexagonal boron nitride (h-BN) nanosheets. 

Table 3.5: Electrochemical impedance spectroscopy (EIS)-derived values 

tabulating key parameters, including charge transfer resistance (Rct), 

Warburg admittance (Zw.Yo), and CPE admittance (CPE.Yo) for h-BN 

nanosheet electrochemical analysis. 

Sample Rct (k) Zw.Yo (μMho) CPE.Yo (μMho) 

Bulk h-BN 2.12 180 12.2 

h-BN_1 1.90 112 14.7 

h-BN_2 1.61 101 15.7 

h-BN_3 2.10 147 15.3 

h-BN_4 1.71 110 14.0 

The remarkably high CPE admittance observed in h-BN_2 reflects its outstanding 

pseudo-capacitive behaviour and charge storage capability. This outcome can be 

attributed to its few-layered architecture with minimal agglomeration enables better 

access to electroactive sites, optimizing its performance for rapid redox reactions and 

capacitive applications. Such performance marks h-BN_2 as a promising interface for 

high-sensitivity sensors and rapid electrochemical detection systems. The findings 

documented in Table III highlight the Electrochemical Impedance Spectroscopy (EIS) 

results, revealing that sample h-BN_2, synthesized at 220°C for 18 hours, exhibits the 

lowest charge transfer resistance (Rct). This low Rct signifies a minimal barrier owing 

to its reduced crystallite size and ultrathin morphology that facilitates an abundant 

electroactive site at the electrode-electrolyte interface for enhancing redox exchange 

efficiency of redox species, such as [Fe(CN)₆]³⁻/⁴⁻, and lowering the energy barrier for 

electron transfer at the interface. Moreover, the remarkably low Warburg admittance 

value (Zw = 101 μMho) for h-BN_2 indicates highly efficient diffusion-controlled 

kinetics. This low Warburg admittance reflects the unhindered diffusion of 

electroactive species at the electrolyte-electrode interface, minimizing mass transport 

limitations and enhancing the overall electrochemical reaction rate. Such synergistic 

improvements at both electronic and ionic levels collectively translate into elevated 

peak currents and reduced electrochemical impedance, making h-BN_2 exceptionally 

well-suited for rapid and efficient redox processes. 
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Figure 3.16: Electrical equivalent circuit models representing the fitted 

impedance parameters derived from EIS analysis for samples (a) bulk h-BN 

and hydrothermally exfoliated samples (b) h-BN_1, (c) h-BN_2, (d) h-BN_3, 

and (e) h-BN_4, effectively capture their interfacial charge transfer dynamics 

and diffusion behaviour. 

3.3.2.3 Differential pulse voltammetry (DPV) 

To evaluate the faradaic response characteristics of the synthesized h-BN electrodes, 

DPV measurements were performed at a controlled scan rate of 10 mV s⁻¹ over a wide 

potential range of −0.7 V to +1.2 V. This allowed for precise probing of electron 

transfer kinetics and redox activity. The DPV experiments aimed to quantify the 

faradaic current, which arises from the electron transfer reactions of the redox species 

([Fe(CN)₆]³⁻/⁴⁻) at the electrode-electrolyte interface (Fig. 3.17). By applying discrete 

potential pulses and measuring the resulting current differences, DPV enhances the 

resolution of redox peaks, making it ideal for evaluating the electrochemical 

performance of h-BN electrodes. The peak faradaic currents extracted from the 

voltammograms for Bulk h-BN, h-BN_1, h-BN_2, h-BN_3, and h-BN_4 were 0.16 

mA, 0.28 mA, 0.32 mA, 0.23 mA, and 0.30 mA, respectively. Notably, h-BN_2 

exhibited the most pronounced electrochemical response, clearly correlating with its 

tailored nanostructure marked by reduced crystallite size and increased surface 

reactivity—which collectively boost electrochemical interactions at the electrode-

electrolyte interface. The enhanced response establishes the strong correlation between 

nanoscale architecture and electrochemical efficiency by lowering charge transfer 

resistance and optimizing diffusion pathways. These DPV profiles, as depicted in Fig. 
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3.17, reveal the impact of structural tuning on the electrochemical activity of the 

materials. 

 

 
Figure 3.17: Electrochemical investigations from Differential Pulse 

Voltammetry between –0.7 V and +1.2 V for (a) Bulk h-BN, and structurally 

modified counterparts (b) h-BN_1, (c) h-BN_2, (d) h-BN_3, and (e) h-BN_4, 

reveal the influence of nanoscale refinement on redox behaviour. 

Differential Pulse Voltammetry (DPV) offers superior sensitivity over Cyclic 

Voltammetry (CV) due to its refined peak resolution and sharper signal profile. This 

enhanced sensitivity stems from DPV's ability to precisely measure the differential 

increase in current (ΔI) as a function of small incremental changes in applied potential 

(ΔV), driven by the use of minimal pulse amplitude [41]. As a result, DPV effectively 

reduces background noise and accentuates faradaic current responses. Notably, the 

DPV response for the h-BN_2 (exfoliated hBNNS) sample displayed a peak current 

magnitude twice that of bulk h-BN, highlighting its improved electrochemical activity 

and faster redox kinetics. This pronounced enhancement aligns well with the trends 

observed in CV, reaffirming the superior electron transfer dynamics of h-BN_2. 

Additionally, when compared to h-BN_3, the peak current of h-BN_2 showed a marked 

increase of 39.13%, attributed to the optimized nanosheet structure that facilitates more 

efficient diffusion and exchange of redox species at the electrode interface. 
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Conclusions 
A one-pot hydrothermal approach was successfully optimized to synthesize large-

lateral-size hexagonal boron nitride nanosheets (h-BNNS) with remarkable 

electrochemical performance. This work focused on investigating the synergy of 

hydrothermal synthesis parameters, including temperature and duration, that crucially 

influenced the exfoliation quality, lateral dimension, and structural integrity of the 

nanosheets that contributed towards enhancing charge transport. Moreover, our 

findings assert that the synergistic influence of hydrothermal temperature and treatment 

duration is instrumental in tailoring the morphological and functional properties of 

hBNNS. By optimizing these parameters, we have developed an environment-friendly, 

efficient, scalable, and industrially viable route for producing high-performance boron 

nitride-based nanomaterials. To correlate structure with function, we extended our 

material characterization through X-ray diffraction (XRD) using Williamson–Hall (W-

H) analysis, UV-Visible spectroscopy, and Raman spectroscopy. These techniques 

provided strong evidence of quantum confinement effects and strain-induced 

modulation in optical and structural properties, confirming the nanoscale precision 

achieved through our method. Our study further investigated the interplay between 

micro-strain and morphological evolution, revealing that induced micro-strain not only 

influences nanosheet thickness and layer separation but also facilitates the formation of 

larger lateral-size nanosheets. These structural features directly contribute to enhanced 

electron diffusion dynamics, crucial for high-performance electrochemical 

applications. Unlike conventional approaches that require post-functionalization, our 

method enables direct functionalization during exfoliation, as confirmed by FT-IR 

spectroscopy, which revealed the generation of abundant redox-active functional 

groups. These functional moieties significantly enhance the material’s electrochemical 

sensitivity by facilitating efficient electron transfer. Electrochemical analysis revealed 

an exceptionally high electroactive surface area of 8.37 × 10⁻³ cm², underscoring the 

material’s capacity to provide a dense network of electroactive sites. These sites are 

highly favourable for the adsorption and interaction with gas molecules and 

biomolecules, establishing hBNNS as a highly sensitive and responsive platform for 

electrochemical sensing applications. Moreover, the material demonstrated a notable 

charge storage capacity, with a CPE.Y₀ value of 15.7 μMho, indicating its strong 

potential for use in anticorrosion coatings, energy conversion devices, and 

supercapacitor or battery electrodes. 
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Chapter 4 
Development of an Electrochemical Nano-Biosensing Interface based 

on Hydrothermally Engineered Ultrathin h-BN Nanosheets for High-

Performance, Label-Free Detection of Carcinoembryonic Antigen 

Evolution in nanostructure engineering has enabled the development of ultrathin 

layered inorganic materials with controlled morphology, yielding ultrahigh surface 

area, enhanced mass transport, and abundant bio-affinity functional sites. These 

attributes make inorganic layered materials promising candidates for high-performance 

nano-biosensors. In this study, we developed engineered hexagonal boron nitride 

nanosheets (h-BNNS) as a robust electroanalytical platform for label-free detection of 

carcinoembryonic antigen (CEA), a critical biomarker for cancer diagnostics. The 

biocompatibility of the synthesized h-BNNS was rigorously validated using an MTT 

cytotoxicity assay on HEK 293 human cell lines, affirming their suitability for 

biological interfacing. The successful formation of few-layered, ultrathin, and high-

purity hexagonal boron nitride nanosheets (h-BNNS) was confirmed through XRD, 

SEM, TEM, Raman, and UV–Visible analyses, which collectively validated structural 

integrity, exfoliation efficiency, and morphological uniformity. Electrophoretic 

deposition (EPD) was employed to fabricate uniform and stable h-BNNS micro-

electrodes on hydrolyzed indium tin oxide (ITO) glass substrates using a low DC 

potential of 20 V, offering a scalable and cost-effective method for nano-biosensor 

development.  In-situ surface-functionalization with –OH, –NH, and –BH groups on 

hydrothermally exfoliated h-BNNS enabled effective covalent immobilization of Anti-

CEA monoclonal antibodies via EDC-NHS coupling chemistry and BSA stabilization, 

as confirmed by FT-IR spectroscopy and diffusion studies. The developed nano-

biosensor demonstrated an impressive analytical performance, with an exceptional 

sensitivity of 24.84 μA·mL/ng/cm² and a remarkable LOD of 22.5 pg/mL over a 

clinically relevant CEA concentration range (0–50 ng/mL), with excellent linear 

correlation (R² = 0.99988). Moreover, the sensor displayed negligible cross-reactivity, 

long-term shelf stability, and excellent performance in human serum samples, 

underlining its clinical feasibility for early-stage cancer diagnostics. The findings of 

this work highlight the versatility and diagnostic potential of h-BNNS-based biosensing 

platforms together with an established new approach for cost-effective, label-free, and 

real-time detection of protein biomarkers in complex biological matrices. 

The research findings detailed in this chapter have been published in a scientific journal: 

“An efficient electrochemical nano-biosensor based on hydrothermally 

engineered ultrathin nanostructures of hexagonal boron nitride nanosheets 

for label-free detection of carcinoembryonic antigen” Applied Nanoscience, 2023 

(14) 217-230 
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4.1 Introduction 

Over time, technological advancements have driven a remarkable and transformative 

evolution in science and engineering, with nanotechnology and nanoscience emerging 

as pivotal forces behind this progress [1]. Understanding the distinct difference between 

nanoscience and nanotechnology is required to distinguish their scope and purpose. 

Nanoscience focuses on the study of the arrangement of atoms and molecules at the 

nanoscale, along with their intrinsic properties. In contrast, nanotechnology applies this 

knowledge to manipulate matter at the atomic and molecular levels, enabling the 

synthesis of novel nanomaterials with tailored properties. As a multidisciplinary 

domain, nanotechnology integrates the principles of physics, chemistry, materials 

science, and multiple branches of engineering to manipulate matter at the atomic and 

molecular scales. Its unique ability to tailor size, shape, and surface characteristics at 

the nanoscale has unlocked unprecedented properties ranging from enhanced 

mechanical strength and catalytic efficiency to superior electronic, optical, and 

biomedical functionalities. Consequently, the applications of nanotechnology now 

permeate nearly every branch of science and technology, prompting breakthroughs in 

healthcare, energy systems, environmental remediation, electronics, photonics, and 

beyond. This pervasive influence firmly establishes nanotechnology not merely as a 

supportive discipline, but as the indispensable foundation and defining engine of 

modern innovation.  

Back through time, the foundational innovation of the first glucose biosensor developed 

by Leland C. Clark in 1962, which pioneered the concept of integrating biological 

recognition elements with transducers for analytical detection [2]. These traditional 

biosensing platforms, while effective, are often limited by size, sensitivity, and 

operational speed constraints that can be critical in medical emergencies or 

environmental crises. While Clark’s design marked the birth of biosensing, advances in 

nanotechnology address these challenges by introducing engineering of nanostructures 

with exceptionally high surface-to-volume ratios, superior electron transport properties, 

and tunable surface chemistry. Nanotechnology is poised to exert a transformative 

influence over biosensors to detect trace biomolecules, toxins, or pathogens within 

minutes, fulfilling the imperative need for rapid, reliable, and portable diagnostic 

systems in healthcare, agriculture, defense, and environmental protection. Thus, the 

scientific and technological research is focused on the evolution of modern biosensors, 

which leads to the emergence of nanotechnology-enabled nano-biosensors with 

exceptional detection capabilities. 

Nano-biosensing has emerged as a highly promising and transformative diagnostic 

approach, harnessing the advancements of nanotechnology to develop sustainable 

point-of-care diagnostic tools capable of enabling the early detection of cancer, a 

disease that continues to be one of the most prevalent and life-threatening worldwide. 

Nano-biosensors are sophisticated analytical devices that integrate engineered 

nanostructures as bio-sensitive layers, designed to detect and transduce even the 

weakest biochemical signals generated during highly specific bio-recognition events 

[3]. The nanoscale architecture of these devices offers unique advantages, including an 

exceptionally high surface-to-volume ratio, tunable physicochemical properties, and 

enhanced interaction with target biomolecules, thereby significantly improving signal 

capture and transduction efficiency. By leveraging the unique physicochemical, optical, 
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and electrochemical properties of nano-engineered materials, these platforms achieve 

exceptional signal amplification and enhanced detection accuracy. 

The surge in nano-biosensing interface development reflects the demand for next-

generation platforms that offer exceptionally robust, reliable, resilient, sensitive, 

selective, precise, swift response, cost-effective, and biocompatible characteristics that 

establish the standard for effective and commercially operational nano-biosensing 

technologies. Two-dimensional (2D) nanosheets, engineered with ultrathin geometry, 

expansive lateral surface areas, controlled morphology, and embedded nano-sized 

particles, have emerged as substantially promising candidates for nano-biosensing 

interfaces due to their exceptional properties tailored to meet key technological 

requirements [4]. Quantum confinement in ultrathin, monolayer 2D materials 

drastically modifies their electronic band structure, resulting in unique, highly tunable 

properties like high carrier mobility, direct bandgaps, and strong many-body 

interactions. These features position single- or few-layered 2D nanomaterials as 

powerful platforms for advancing condensed matter physics and driving the 

development of high-performance electronic and optoelectronic devices. The 

coexistence of large lateral dimensions with atomic-scale thickness endows these 

nanosheets with an ultrahigh specific surface area, enabling exceptionally sensitive 

detection of minute analyte concentrations with high accuracy. This extensive surface 

area dramatically increases the availability of active sites, which is highly advantageous 

for surface-dependent applications such as heterogeneous catalysis, energy storage in 

supercapacitors, and sensing platforms. 

Furthermore, the high surface-to-volume ratio promotes enhanced interaction with 

reactants or analytes with functionalized, extensive 2D architecture, thereby 

significantly improving the efficiency and sensitivity of the platform [5]. The robust in-

plane covalent bonding among atoms in these 2D materials provides exceptional 

mechanical strength and structural stability, despite their atomic-scale thickness. This 

intrinsic strength, combined with their inherent flexibility and optical transparency, 

renders them ideal for integration into flexible, lightweight, and transparent electronics. 

The high density of surface atoms exposed in these atomically thin layers facilitates 

facile and precise tuning of their physical and chemical properties through various 

surface engineering approaches. Surface modification and functionalization, controlled 

element doping, and the introduction of defects, strain, or phase transformations enable 

targeted manipulation of electronic, optical, and catalytic properties. This tunability 

allows for customized material behaviour, which is crucial for optimizing device 

performance and expanding the functional versatility of 2D nanomaterials. In addition, 

ultrathin 2D nanomaterials demonstrate exceptional solution processability, enabling 

uniform dispersion in solvents and fabrication of high-quality, free-standing thin films 

via scalable methods like vacuum filtration, electrophoretic deposition, spin coating, 

drop casting, spray coating, and inkjet printing. These facile, low-cost, and adaptable 

fabrication methods are vital for the practical deployment of 2D materials in large-area 

flexible electronics, energy devices like solar cells, sensors, and supercapacitors, 

bridging the gap between lab-scale research and industrial operations.  

Research interest remarkably strengthened in two-dimensional (2D) nanostructured 

materials following the extraordinary exfoliation of graphene nanosheets, also known 

as  a single atomic-scale sheet of graphite, by Geim and Novoselov in 2004 [6]. 
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Graphene exhibits a unique ability to host relativistic charge carriers, highlighting its 

peculiar physical properties, including ultrahigh room-temperature carrier mobility, 

ballistic electron transport over micrometer scales, and quantum Hall effects observable 

even under ambient conditions. These phenomena arise from its strictly two-

dimensional atomic lattice and distinctive electronic band structure, where conduction 

and valence bands intersect at discrete Dirac points. In this regime, electrons behave as 

massless Dirac fermions, exhibiting a linear energy–momentum relationship 

characteristic of relativistic particles moving at a constant Fermi velocity. This unique 

electronic landscape not only advances fundamental condensed matter physics but also 

positions graphene as a platform for next-generation high-performance electronic, 

optoelectronic, and quantum devices. Yet, a fundamental limitation persists: the 

absence of an intrinsic bandgap. This zero-bandgap nature precludes the high ON/OFF 

current ratios essential for efficient, low-power digital logic applications [7]. 

Additionally, in harsh environments, graphene can undergo oxidation or fouling, 

affecting reproducibility and long-term stability, which can affect the consequential 

performance of the device. 

While the physics of graphene is undeniably compelling, the very act of isolating a two-

dimensional (2D) crystal, especially from elements beyond carbon, has redefined the 

landscape of materials research. Following the extensive exploration of graphene, 

hexagonal boron nitride (h-BN) has emerged as a highly promising and strategically 

advantageous material as it retains several structural attributes of graphene while 

addressing some of its key limitations. Hexagonal boron nitride (h-BN), often 

mentioned as “white graphene,” inherits unique structural architecture from graphene, 

featuring an atomically thin, honeycomb lattice with a two-dimensional layered 

architecture, strong in-plane covalent bonding, and van der Waals interlayer 

interactions. This structural configuration enables h-BN to be exfoliated into ultrathin 

nanosheets, significantly enhancing its specific surface area and preserving outstanding 

mechanical robustness [8]. These attributes are pivotal for constructing stable, durable, 

and highly sensitive electrochemical sensing platforms capable of enduring repeated 

operational cycles without structural constraints. In addition, the expansive surface area 

provides abundant surface-active sites for functionalization with catalytic or 

recognition elements that ensure efficient analyte interaction, thereby improving 

detection sensitivity, the limit of detection, and reproducibility. 

In contrast to graphene, which is a zero-bandgap semimetal with high electrical 

conductivity, h-BN is an electrical insulator with a wide bandgap of approximately ~6 

eV [9]. This intrinsic electronic characteristic fundamentally alters its functional 

behaviour by eliminating the excessive baseline conductivity that often contributes to 

background electrochemical noise, thereby improving the signal-to-noise ratio in 

sensing applications. Moreover, the wide bandgap endows h-BN with exceptional 

chemical inertness, preventing unwanted redox processes and non-specific adsorption 

that could otherwise interfere with accurate analyte detection. This insulating nature 

also enables h-BN to act as a high-performance dielectric barrier, contributing to 

overcoming key limitations of graphene by effectively preventing unwanted electron 

leakage and electrochemical cross-talk in multi-component or integrated sensor 

systems. Furthermore, h-BN demonstrates exceptional chemical stability and strong 

resistance to oxidation, corrosion, and harsh chemical environments, making it 
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particularly proficient for sensing in aggressive or biologically complex media where 

graphene may degrade or lose performance over time. 

Beyond its electronic attributes, h-BN demonstrates exceptional chemical inertness, 

making it highly resistant to oxidation, corrosion, and chemical degradation, even under 

extreme pH conditions or in the presence of aggressive redox species. This stability is 

further complemented by its remarkable thermal endurance, maintaining structural 

integrity at temperatures exceeding 900 °C in oxidative environments, which ensures 

reliable performance in high-temperature or thermally fluctuating surroundings [10]. 

These properties collectively enable h-BN to address key limitations associated with 

graphene-based electrochemical sensors, particularly their vulnerability to non-specific 

surface reactions, environmental degradation, and background electrochemical noise. 

Hence, h-BN emerges as a robust and versatile platform material, well-suited for next-

generation sensing technologies that demand long-term operational stability, high 

selectivity, and compatibility with complex or harsh environments. 

Fabrication of efficient nano-biosensing platforms, the inherent chemical inertness of 

h-BN, while advantageous for exceptional stability, dielectric behaviour, and surface 

smoothness, presents a significant challenge for the covalent immobilization of 

biomolecules, a process critical for enhancing charge-transfer kinetics and achieving 

ultrasensitive analyte detection [11]. Covalent attachment of biomolecules enables the 

creation of specific binding sites, promotes efficient electron exchange between the 

sensing surface and target species, and improves selectivity, yet this is hindered in 

pristine h-BN due to its lack of chemically active sites. 

To address this limitation, strategies have emerged that exploit the intrinsic physical 

and chemical characteristics of h-BNNS. Interestingly, one promising approach is to 

leverage the spatial confinement of electron–hole pairs through quantum confinement 

effects within ultrathin h-BN nanosheets (h-BNNS). This phenomenon, supported by 

reduction to a few atomic layers, spatial confinement of electron–hole pairs within 

narrow channels, stabilized by strong inter- and intra-layer covalent bonding, 

substantially enhances its surface adsorption capabilities. This was demonstrated in the 

work of Cai et al. [12], which provided both theoretical predictions and experimental 

validation showing that reduced dimensionality enriches surface reactivity and 

adsorption strength in h-BNNS, enabling better interaction with target molecules. 

Another potential approach is surface functionalization, which involves deliberately 

tailoring the active sites on h-BNNS by introducing specific chemical functionalities 

that shift the surface energy from the bulk to the interface. This process increases 

surface reactivity, enabling selective binding of biomolecules or catalytic moieties, and 

allows fine control over the hydrophilicity, charge distribution, and catalytic properties 

of h-BNNS. Despite its promise, achieving effective functionalization is inherently 

challenging due to the strong in-plane covalent bonding and the absence of dangling 

bonds on pristine h-BN surfaces, which limit the availability of reaction sites. Effective 

surface functionalization can be attained through three principal routes: (1) covalent 

functionalization, which introduces chemical bonds directly to the h-BN lattice, (2) 

noncovalent functionalization, which utilizes π–π stacking, van der Waals forces, or 

electrostatic interactions without disturbing the intrinsic lattice, and (3) Lewis acid–

base chemistry, which exploits the partially ionic nature of the B–N bonds to form 
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strong donor–acceptor complexes. Among these, Lewis acid–base functionalization 

exhibits significant traction due to its efficiency and compatibility with h-BN’s 

structural integrity [13]. Intriguingly, Lewis acid–base chemistry is particularly 

promising for h-BN modification because boron atoms in the lattice are electron-

deficient and can readily form stable complexes with electron-rich Lewis bases. This 

interaction facilitates the intercalation of molecules between h-BN layers, creating 

opportunities for controlled nucleation and the synthesis of morphologically tailored 

nanostructures. Following intercalation, the strong van der Waals forces between h-BN 

layers must be overcome to achieve full exfoliation into nanosheets. This is often 

accomplished by employing hydrothermal techniques, where the synergistic effects of 

elevated temperature and vapor pressure provide the necessary energy to separate the 

layers efficiently without compromising their structural integrity [14]. Through these 

combined approaches, harnessing quantum confinement for enhanced adsorption, 

applying tailored functionalization strategies, and utilizing thermodynamically driven 

exfoliation, researchers have developed viable pathways to overcome the chemical 

inertness of h-BNNS, thereby revealing its complete potential as a stable, selective, and 

high-performance material for fabricating next-generation nano-biosensors. 

Under uniform pressure and isothermal conditions, the hydrothermal environment 

promotes the formation of convection currents within the alkaline precursor solution, 

enabling the homogeneous distribution of reactants and the gradual formation of a 

saturated solution. This dynamic process ensures controlled nucleation and growth, 

favoring the development of well-defined ultrathin hexagonal h-BN structures. The 

alkaline medium not only facilitates dissolution and transport of precursor species but 

also stabilizes the growth fronts, allowing precise regulation of crystallinity and layer 

thickness. In the present work, a reduction-led hydrothermal synthesis route was 

strategically employed to harness these conditions. This method capitalizes on the 

combined effects of chemical reduction and hydrothermal confinement, yielding h-BN 

nanosheets (h-BNNS) with atomically thin geometry, large lateral dimensions, and a 

uniform hexagonal morphology that mirrors the intrinsic crystal symmetry of bulk h-

BN. The hydrothermal process also plays a dual role—beyond structural control, it 

enables the in-situ generation of surface-active functional groups during synthesis. 

These functional moieties, introduced directly onto the h-BN basal planes and edges, 

significantly enhance the nanosheets’ surface reactivity, creating active sites for 

subsequent covalent or noncovalent modification. By simultaneously achieving 

ultrathin geometry, expansive lateral surface area, high morphological integrity, and 

tailored surface chemistry, this approach not only overcomes the inherent chemical 

inertness of pristine h-BN but also positions the synthesized h-BNNS as an ideal 

platform for high-performance electrochemical and biosensing applications, where 

sensitivity, stability, and selective analyte interaction are paramount. 

Cancer arises from abnormal and uncontrolled cell proliferation, with lung cancer 

ranking among the most prevalent and deadliest forms, accounting for an estimated 1.8 

million deaths worldwide in 2020 [15, 16]. Non-small cell lung cancer (NSCLC) 

constitutes about 85% of lung cancer cases and is linked to risk factors such as smoking, 

chronic lung diseases, prolonged exposure to pollutants, and radioactive gases, and is 

further aggravated by susceptibility to SARS-CoV-2 infection [17-19]. Early 

symptoms—loss of appetite, cough, breathlessness, chest pain, and weight loss—are 



Page | 89  

 

often non-specific and may lead to misdiagnosis, delaying detection. Conventional 

imaging methods like X-ray, CT, MRI, and PET are costly, time-intensive, and 

inadequate for detecting sub-micrometer tumors, resulting in late-stage diagnosis and 

poor prognosis [20, 21]. Monitoring tumor-associated proteins offers a cost-effective, 

rapid, and reliable alternative [22, 23]. Proteomics has advanced early detection through 

specific serum biomarkers, notably carcinoembryonic antigen (CEA), which is 

overexpressed in about 70% of NSCLC cases. CEA, a 200 kDa glycoprotein, is 

clinically significant at concentrations above 5 ng/mL, serving as a clear indicator to 

distinguish cancerous from normal states [24, 25]. 

Engineered nanostructures of hexagonal boron nitride (h-BN) are regarded as highly 

promising in nano-biotechnology due to their exceptional biocompatible 

characteristics, which mitigate the conventional issue of biomolecule denaturation at 

nano-bio interfaces. This characteristic is considered critical for preserving the 

functional integrity of biological recognition elements during sensing processes. In a 

cytotoxicity study conducted by Singh et al. [26], the effects of boron nitride 

nanostructures on human embryonic kidney (HEK-293), Hela cervical cancer, and 

human breast adenocarcinoma (MCF-7) cells were evaluated, and outstanding 

biocompatibility at lower doses was reported. These findings have reinforced h-BN’s 

potential for biomedical applications, particularly in biosensor development. 

In this work, a biocompatible, label-free electrochemical nano-biosensor is developed 

using hydrothermally engineered hexagonal boron nitride nanosheets (h-BNNS) for the 

sensitive and selective detection of carcinoembryonic antigen (CEA), a key oncomarker 

widely recognized for its diagnostic and prognostic significance in non-small cell lung 

cancer (NSCLC). The sensing interface is constructed on indium tin oxide (ITO) 

substrates, selected for their superior electrochemical stability, broad potential window, 

low fabrication cost, scalability for large-scale production, and disposability, making 

them ideally suited for analytical and point-of-care applications [27]. 

The biosensor design incorporates a robust cross-linking chemistry to covalently 

immobilize monoclonal Anti-CEA antibodies onto the h-BNNS-modified ITO surface. 

This immobilization strategy ensures strong, stable, and oriented attachment of 

antibodies, preserving their biological activity and enabling efficient antigen 

recognition. By leveraging h-BNNS’s unique properties—such as high mechanical 

strength, chemical inertness, large specific surface area, and remarkable 

biocompatibility—the sensor offers an optimized platform for high-density antibody 

loading and enhanced electron transfer at the bio–electrode interface. The integrated 

system is engineered to detect CEA concentrations within the clinically relevant range 

of 0–50 ng/mL, providing a high signal-to-noise ratio, excellent reproducibility, and 

minimal non-specific binding. Such performance is particularly critical for early-stage 

cancer detection, where biomarker levels are often near the lower limit of detection for 

conventional methods. The synergy between the structural stability and surface 

functionality of h-BNNS and the precision of antibody immobilization establishes a 

reliable, durable, and highly sensitive biosensing platform capable of delivering rapid 

and accurate diagnostic data, thereby addressing an urgent need in early cancer 

screening and monitoring. 
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4.2 Experimental Section: 
4.2.1 Chemical, Reagents and Instrumentation: 

The successful hydrothermal synthesis of in-situ functionalized hexagonal boron nitride 

nanosheets (h-BNNS) for a highly sensitive nano-biosensor targeting carcinoembryonic 

antigen (CEA) demand the use of meticulously sourced, high-purity reagents to 

guarantee precision, reproducibility, and optimal electrochemical performance. 

Analytical-grade powdered hexagonal boron nitride (h-BN, 98% purity, 5 μm particle 

size), 1-(3-(dimethylamino)-propyl)-3-ethylcarbodiimide hydrochloride (EDC), N-

hydroxysuccinimide (NHS), bovine serum albumin (BSA), and monoclonal CEA 

antibodies and antigens, all procured from Sigma-Aldrich, ensure analytical-grade 

quality critical for effective biomolecule conjugation and selective CEA detection. 

High-purity reagents, including hydrazine hydrate (N₂H₄·H₂O, >99%) and isopropanol 

((CH₃)₂CHOH) from Fisher Scientific drive robust functionalization and solvent 

processes, while key electrochemical redox probes such as potassium ferricyanide 

(K₃[Fe(CN)₆]), potassium ferrocyanide (K₄[Fe(CN)₆]·3H₂O), acetonitrile (CH₃CN), 

sodium phosphate dibasic dihydrate (Na₂HPO₄·2H₂O), sodium phosphate monobasic 

dihydrate (NaH₂PO₄·2H₂O), and ethanol (C₂H₅OH) from Merck deliver unmatched 

purity, eliminating the need for further purification. Ultrapure Milli-Q water (18 

MΩ·cm⁻¹) ensures all washing and solution preparations, safeguarding experimental 

integrity. Freshly prepared phosphate buffer saline (PBS) solutions, made from 

NaH₂PO₄·2H₂O and Na₂HPO₄·2H₂O in Milli-Q water and stored at 4°C, maintain 

stability for electrochemical experiments, reinforcing the indispensable role of 

premium reagents in achieving a reliable, high-performance biosensor for CEA 

detection. 

The structural and electrochemical properties of hexagonal boron nitride nanosheets 

(hBNNS) were thoroughly investigated using advanced characterization techniques to 

validate their quality and performance for electrochemical applications. Phase analysis 

conducted with a Bruker Advance D-8 X-ray Diffractometer confirmed the crystalline 

integrity and phase purity of the exfoliated hBNNS, ensuring their structural stability 

and the preservation of hexagonal stacking post-exfoliation. Morphological studies 

using scanning electron microscopy (SEM, EVO18 Zeiss) and transmission electron 

microscopy (TEM, TECNAI 200 kV) revealed an ultrathin, few-layered nanosheet 

structure with high aspect ratio, critical for enhanced surface area and reactivity. 

Fourier-transform infrared (FT-IR) spectroscopy, performed on a PerkinElmer 

Spectrum Two Spectrometer, verified the presence of functional groups introduced 

during in-situ hydrothermal treatment, enhancing the electroactive sites of the 

nanosheets to improve chemical activity. Further, Raman spectroscopy (WITec 

alpha300) confirmed the vibrational fingerprints and the retention of the E₂g phonon 

mode, while UV–Visible spectroscopy (PerkinElmer Lambda 950) provided insights 

into optical bandgap modulation—indicative of quantum confinement and altered 

electronic transitions due to nanosheet thickness reduction and microstrain. For precise 

and uniform film fabrication on substrates, a Tarson Electrophoretic Deposition (EPD) 

setup was employed, enabling controlled deposition of h-BNNS onto conductive 

indium tin oxide (ITO) glass substrates (2.5 cm × 1 cm). Electrochemical performance 

was evaluated using a Metrohm Autolab Galvanostat/Potentiostat in a three-electrode 

configuration, featuring a platinum (Pt) rod as the counter electrode, indium tin oxide 

(ITO) glass (2.5 cm × 1 cm) as the working electrode, and silver/silver chloride 
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(Ag/AgCl) in 3 M potassium chloride (KCl) as the reference electrode, demonstrating 

the hBNNS’s exceptional redox sensitivity. These comprehensive characterizations 

highlight the hBNNS’s superior structural and electrochemical properties, positioning 

them as a high-performance material for sensing, energy storage, and related 

applications. 

4.2.2 In-Situ Hydrothermal Approach for Simultaneous Exfoliation and 

Functionalization of Few-Layered h-BN Nanosheets 

A strategically optimized hydrothermal synthesis protocol, incorporating potent 

intercalating and reducing agents, was employed to exfoliate few-layered hexagonal 

boron nitride nanosheets (h-BNNS) from bulk h-BN, as reported by Sharma and Puri 

(2021). Specifically, 0.15 g of bulk h-BN powder was dispersed in a solvent mixture 

comprising 2 mL of hydrazine hydrate, 10 mL of isopropanol (IPA), and 10 mL of 

deionized (DI) water. This dispersion was subjected to vigorous magnetic stirring for 

12 hours to ensure homogeneous interaction among the constituents. The mixture was 

then transferred into a 50 mL Teflon-lined stainless-steel autoclave and thermally 

treated at 220 °C for 18 hours.  

The synergistic action of IPA intercalation and hydrazine hydrate facilitated efficient 

exfoliation and functionalization. The amino (-NH₂) groups of hydrazine and hydroxyl 

(-OH) groups of IPA participated in Lewis acid-base interactions with the electron-

deficient boron sites in the partially ionic B–N bonds, promoting the formation of –NH, 

–OH, and –BH functionalities on the nanosheet surfaces. This process not only induced 

exfoliation into ultrathin layers but also preserved the characteristic hexagonal 

morphology of h-BN, thereby enhancing dispersion in both aqueous and organic media. 

After synthesis, the resultant colloidal suspension was centrifuged at speeds exceeding 

6000 rpm and washed multiple times with Milli-Q water to remove unreacted residues, 

with the pH of the final suspension adjusted to neutral (pH 7.0). The exfoliated material 

was subsequently dried at 90 °C to obtain a fine powder of ultrathin, large-area h-

BNNS. These nanosheets, exhibiting surface functional groups and high crystallinity, 

are optimally tailored for high-performance nano-biosensing platforms due to their 

large electroactive surface area, excellent dispersibility, and chemical modifiability. 

4.2.3 Electrophoretic Deposition-Assisted Fabrication of Functionalized h-

BNNS Films onto ITO Electrodes for High-Performance Interfaces 

A uniform nano-interface matrix for label-free detection of carcinoembryonic antigen 

(CEA) was fabricated through a meticulously optimized electrophoretic deposition 

(EPD) technique, enabling the uniform integration of hexagonal boron nitride 

nanosheets (h-BNNS) onto functionalized indium tin oxide (ITO) electrodes. The 

fabrication strategy began with surface activation of ITO substrates (dimensions: 0.8 

cm × 2.5 cm) via hydrolysis in a 1:1:5 (v/v) mixture of ammonia (NH₃), hydrogen 

peroxide (H₂O₂), and deionized (DI) water, a process known to generate hydroxyl and 

peroxide radicals on the ITO surface. This chemical pretreatment promotes surface 

hydroxylation and radical formation, thereby improving hydrophilicity and promoting 

strong adhesion of h-BNNS through electrostatic and hydrogen bonding interactions, 

promoting enhanced chemical affinity of the negatively charged h-BNNS during 

deposition (Fig. 4.1a).  
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Figure 4.1: (a) Schematic representation of electrophoretic deposition (EPD) 

of h-BNNS films on pre-hydrolyzed ITO substrate, (b) Pictorial depiction of 

electrophoretically deposited uniform h-BNNS films on ITO electrode, and (c) 

Sequential process detailing the fabrication of the h-BNNS-based 

immunoelectrode. 

A stable, homogeneous colloidal suspension of h-BNNS was prepared by dispersing 

the nanosheets at a concentration of 0.25 mg/mL in high-purity acetonitrile (CH₃CN). 

The use of acetonitrile, an aprotic polar solvent, facilitated better particle dispersion 

due to its low viscosity and high dielectric constant. Ultrasonication for 1 hour ensured 

adequate exfoliation and delamination of nanosheets, promoting uniform particle 

dispersion. To further facilitate charge-based mobility during deposition and ensure 

uniform field-assisted alignment of the nanosheets, a controlled concentration (10⁻⁵ to 

10⁻⁴ M) of magnesium nitrate [Mg(NO₃)₂] was introduced as a supporting electrolyte. 

This salt act as a supporting electrolyte to enhance the ionic conductivity of the medium 

and modulate the zeta potential, thereby enhancing particle mobility under an electric 

field, ensuring electrophoretic stability and promoting the formation of a homogeneous 

coating.  
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The deposition was carried out in a two-electrode configuration inside a glass vessel, 

with the pre-hydrolyzed ITO substrate acting as the positively biased working electrode 

and a platinum wire serving as the counter electrode. A direct current (DC) voltage of 

20 V was applied for 1 minute, promoting electrophoretic migration and deposition of 

negatively charged h-BNNS onto the ITO surface. This process resulted in the 

formation of a uniform and adherent thin film confined to an active sensing area of 0.8 

cm × 0.8 cm on the ITO substrate (Fig.4.1b). The resulting nanostructured film 

exhibited excellent uniformity and coverage, thereby offering a high surface area 

interface suitable for subsequent bio-recognition element immobilization and efficient 

electrochemical signal transduction. This deposition approach, characterized by 

simplicity, precision, and scalability, played a pivotal role in constructing a structurally 

stable and electrochemically active sensing platform. It laid the foundation for 

achieving high sensitivity and reproducibility in the subsequent detection of CEA, 

thereby reinforcing the efficacy of the EPD technique in developing advanced 

nanomaterial-modified interfaces for nano-biosensor architectures. 

Following the successful electrophoretic deposition of h-BNNS onto ITO 

microelectrodes, stepwise protein biomolecule immobilization was conducted under 

controlled ambient conditions (25 °C) to fabricate a highly specific and stable 

hBNNS/ITO-based immunoelectrode for carcinoembryonic antigen (CEA) detection. 

All subsequent electrochemical characterizations were performed using the fully 

modified immunoelectrode to evaluate its sensing performance. Initially, a stock 

solution of monoclonal Anti-CEA antibodies (50 μg/mL) was prepared in phosphate 

buffer saline (PBS, pH 7.4) to maintain physiological compatibility. To activate the 

antibody carboxyl groups for covalent conjugation, 1-(3-(dimethylamino)-propyl)-3-

ethylcarbodiimide hydrochloride (EDC, 0.2 M) and N-hydroxysuccinimide (NHS, 

0.05 M) were added in a volumetric ratio of 2:1:1 (Anti-CEA:EDC:NHS). In this 

reaction scheme, EDC serves as a carbodiimide cross-linker activating the carboxyl 

groups, while NHS acts as a stabilizer, forming a semi-stable NHS ester intermediate 

to improve conjugation efficiency and prevent hydrolysis during the immobilization 

process [28]. 

A volume of 20 μL of the activated Anti-CEA antibody solution was then carefully 

drop-cast onto the uniformly coated h-BNNS/ITO electrode surface, allowing for 

targeted covalent immobilization onto the oxygen-containing functional groups on h-

BNNS. After adequate incubation, the surface was treated with 10 μL of bovine serum 

albumin (BSA, 1% w/w in ultrapure Milli-Q water) to effectively block non-specific 

binding sites and prevent undesirable adsorption of free Anti-CEA antibodies or 

interfering species, thereby improving specificity by minimizing background noise. 

Subsequently, 10 μL of CEA antigen solution at varying concentrations was added to 

the BSA/Anti-CEA/h-BNNS/ITO-modified electrode and incubated for 30 minutes at 

room temperature to facilitate specific antibody–antigen interactions. This incubation 

step enables efficient formation of immune complexes that influence the interfacial 

electron transfer properties and thus serve as the basis for label-free electrochemical 

detection. 

The fully fabricated BSA/Anti-CEA/h-BNNS/ITO immunoelectrode (Fig.4.1c) was 

stored at 4 °C when not in use to preserve the conformational stability and bioactivity 

of immobilized biomolecules. To ensure optimal performance and signal 
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reproducibility, systematic pH investigations were carried out using the fabricated 

immunoelectrode to determine the ideal buffer environment for antigen–antibody 

interactions and electrochemical signal transduction. These optimization studies were 

crucial to fine-tune the working conditions and enhance the sensitivity and specificity 

of the developed nano-biosensor for reliable clinical diagnostics. 

4.3 Experimental Results & Analysis: 
4.3.1 Analytical Nanomaterial Characterizations: 

4.3.1.1  Quantitative Structural Analysis of Hydrothermally Exfoliated Ultrathin 

h-BN Nanosheets Derived from Bulk h-BN utilizing X-ray diffraction (XRD): 

 

Figure 4.2: X-ray diffraction characterization conducted on bulk h-BN (Red) 

and hydrothermally exfoliated h-BNNS (Green) within the 2θ range between 

10° to 80°, revealing characteristic diffraction peaks consistent with the 

standard JCPDS card No. 034-0421 (Blue) by retention of the hexagonal 

crystal structure post-exfoliation. 

X-ray diffraction (XRD) is a powerful, non-destructive analytical technique used to 

investigate the crystallographic structure, phase purity, and degree of crystallinity of 

materials. In the context of layered materials like hexagonal boron nitride (h-BN), XRD 

is particularly effective for evaluating exfoliation efficiency by revealing changes in 

interlayer stacking and peak intensity. To assess the extent of exfoliation of h-BN 

nanosheets (h-BNNS) from their bulk counterpart, XRD analysis was performed on 

both bulk h-BN and hydrothermally exfoliated h-BNNS, as shown in Fig. 4.2. The 

comparative XRD patterns clearly demonstrate the successful transformation of bulk h-

BN into ultrathin nanosheets via hydrothermal synthesis. 
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The bulk h-BN exhibited sharp and well-defined diffraction peaks at 2θ values of 

26.65°, 41.56°, 43.86°, 50.1°, and 55°, corresponding to the (002), (100), (101), (102), 

and (004) crystallographic planes, respectively, in accordance with JCPDS Card 

Number 00-034-0421 [29]. These reflections confirm the presence of a highly ordered, 

multilayered hexagonal structure with strong interlayer stacking and long-range 

periodicity along both the basal plane and the c-axis. 

In contrast, the XRD pattern of the hydrothermally synthesized h-BNNS displayed a 

complete disappearance of the (101), (102), and (004) reflections, accompanied by a 

substantial reduction in the intensity of the (002) peak. This suppression of higher-order 

and out-of-plane diffraction peaks directly correlates with the disruption of long-range 

stacking order along the c-axis, signifying a successful exfoliation process. The 

substantial weakening of the (002) peak in comparison to bulk hBN, which is 

characteristic of layered stacking in h-BN, further indicates a transition from 

multilayered bulk to few-layer or ultrathin nanosheet morphology. 

A distinct and relatively intense peak corresponding to the (002) diffraction plane of h-

BNNS (Green Colour) was observed in the X-ray diffraction pattern (Fig. 4.2), 

confirming the formation of highly ordered, crystalline layered structures stacked 

prominently in [002] direction. The pronounced intensity of this peak signifies 

successful exfoliation while retaining the in-plane crystallographic order of h-BN. To 

validate the crystallinity of the synthesized material, the degree of crystallinity was 

quantitatively evaluated using Eq. [4.1]: 

Degree of Crystallinity (%) = 
𝐀𝐜

𝐀𝐜 + 𝐀𝐚
  × 𝟏𝟎𝟎    [4.1] 

It represents the integrated areas under the crystalline and amorphous peaks, 

respectively. The calculated crystallinity was found to be remarkably high at 98.16%, 

indicating minimal amorphous content and excellent structural integrity of the 

exfoliated h-BNNS. Furthermore, to examine the structural refinement at the nanoscale, 

the crystallite size of both bulk and exfoliated h-BN was determined using Williamson-

Hall (W–H) analysis, as given by Eq. [4.2]: 

𝛃 𝐂𝐨𝐬𝛉 =  
𝐤 𝛌

𝐝
+  𝟒 𝛆 𝐒𝐢𝐧𝛉     [4.2] 

The W–H analysis revealed a crystallite size of 2.30 ± 7.55 × 10⁻⁴ nm for bulk h-BN, 

while the hydrothermally exfoliated h-BN nanosheets exhibited a significantly reduced 

average crystallite size of 1.15 ± 3.88 × 10⁻⁴ nm. This ~50% reduction in crystallite size 

strongly supports the successful exfoliation into few-layered nanosheets, consistent 

with quantum confinement effects and increased lattice strain typically associated with 

2D morphology. Additionally, the disappearance of characteristic diffraction peaks 

observed in bulk h-BN, except for the (002) reflection, further confirms the exfoliation 

into few-layered structures. The absence of higher-order diffraction planes reflects the 

thinning down of the material along the c-axis and the reduction in interlayer 

interactions, substantiating the formation of few-layered or near-monolayer h-BN 

nanosheets. These observations collectively verify the successful synthesis of highly 

crystalline, few-layered h-BN nanosheets via hydrothermal exfoliation, with significant 

reduction in crystallite size and preserved in-plane hexagonal symmetry. 
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4.3.1.2 Advanced Electron Microscopy-Based Nanostructure Profiling of 

Hydrothermally Exfoliated h-BNNS 

 

Figure 4.3: SEM micrographs distinctly reveal (a) bulk h-BN at 20 μm scale, 

(b) exfoliated h-BN nanosheets (h-BNNS) at 20 μm, and (c) a cross-sectional 

view of the electrophoretically deposited h-BNNS film on ITO substrate at 10 

μm scale (inset: 2 μm). High-resolution TEM imaging distinctly captures (d) 

hexagonal h-BNNS, (e) bulk h-BN, and (f) ultrathin nanosheets at 500 nm 

resolution. 

Confirmation of the surface morphology at micro-and nano-scale upon successful 

exfoliation of hexagonal boron nitride nanosheets (h-BNNS) from bulk h-BN was 

thoroughly established through detailed imaging via Scanning Electron Microscopy 

(SEM) and Transmission Electron Microscopy (TEM), as depicted in Fig. 4.3(a-f). 

These characterization techniques provided crucial insights into the nanoscale 

structural evolution and lateral dimensionality of the synthesized nanosheets, both of 

which are critical parameters influencing their functionality in surface-dominated 
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applications such as nano-biosensing. Key morphological attributes were thoroughly 

investigated through high-resolution electron microscopy analysis to assess structural 

refinement, size modulation, and surface uniformity. 

SEM and TEM micrographs (Fig. 4.3 (a, b)) revealed that the hydrothermally 

exfoliated h-BNNS exhibit a predominantly well-dispersed disc-like morphology with 

lateral dimensions reaching up to ~4 μm. This large lateral surface area, achieved 

through the delamination of bulk layers, significantly enhances the material’s surface-

to-volume ratio, facilitating greater biomolecule immobilization and improved analyte 

accessibility in biosensor applications. 

A cross-sectional SEM image (Fig. 4.3(c)) of the h-BNNS/ITO electrode—fabricated 

via electrophoretic deposition (EPD)—further supports the uniform deposition of the 

exfoliated nanosheets on the electrode surface. This conformal and well-adhered layer 

is essential for consistent electrochemical performance, as it ensures efficient matrix 

deposition, mechanical stability, and reproducibility across multiple sensing cycles. 

The hexagonal morphology and few-layered structure of the exfoliated h-BNNS were 

clearly illustrated in the TEM micrograph (Fig. 4.3(d)), which captured transparent, 

ultrathin sheets with well-preserved crystallographic features. The successful 

exfoliation can be attributed to the synergistic interplay of several key factors during 

hydrothermal synthesis—namely, intercalation of solvent molecules, controlled 

nucleation, reduction reactions facilitated by a chemical reducing agent, and optimized 

temperature–pressure conditions. This combination of physical and chemical driving 

forces disrupts the van der Waals interactions between layers, enabling efficient 

exfoliation while retaining hexagonal structure in basal-plane order. 

The contrast between bulk and exfoliated structures is strikingly evident in the 

comparative TEM images. In stark contrast, bulk h-BN appeared in TEM images, as 

shown in Fig. 4e, depicted dense, dark, and agglomerated clusters with indistinct 

morphology due to strong interlayer stacking and limited exfoliation. Fig. 4.3(f) 

displays the transformation of these bulky aggregates into thin, transparent, and well-

dispersed nanosheets post-reduction-assisted hydrothermal treatment in breaking van 

der Waals interactions. This transition underscores the effectiveness of the employed 

synthesis strategy in producing high-quality, few-layered 2D h-BN nanosheets. 

The morphological investigations conducted range from large lateral dimensions (up to 

2–4 μm) to uniform electrode coating and preserved hexagonal sheet structure, which 

affirms the successful exfoliation and structural tailoring of h-BNNS. These attributes 

describe a significantly engineered hBNNS nanostructure that enhances 

electrochemical biosensing performance by promoting high surface reactivity, stable 

immobilization of bioreceptors, and improved electron transport properties. 

4.3.1.3 UV–Visible Spectroscopy-Based Band Structure Analysis and Optical 

Transition Analysis of Bulk and Exfoliated h-BN Nanostructures 

UV–Visible absorption spectroscopy serves as a vital, non-destructive analytical tool 

to probe the interaction of ultraviolet and visible light with matter across a range of 

wavelengths. This technique enables precise detection of electronic transitions within a 

material, which are often governed by nanoscale effects such as quantum confinement. 

In low-dimensional systems like hexagonal boron nitride nanosheets (h-BNNS), these 
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transitions strongly influence the electronic energy states, leading to distinct size-

dependent variations in the optical bandgap—a key parameter for tuning optoelectronic 

and photonic properties. 

In the present study, the optical bandgap (Eg) of hydrothermally exfoliated h-BNNS 

and bulk h-BN was quantitatively determined using Tauc's relation, represented in Eq. 

[4.3]: 

    (𝛂𝐄)𝟏 𝐧⁄ = 𝛃 (𝐄 − 𝐄𝐠)   [4.3] 

Here, α denotes the absorption coefficient, E=hν represents the photon energy, β is the 

band tailing constant, and n is the power index that defines the nature of the electronic 

transition. For wide bandgap semiconductors like h-BN, which exhibit a direct allowed 

transition, the value of n=1/2 is employed. The absorption coefficient α was calculated 

using the Beer–Lambert law, allowing a quantitative evaluation of light absorption 

based on material thickness and concentration. Photon energy (E), was computed from 

Planck’s constant (h) and the frequency (ν) of the incident light, capturing the energy 

content of each absorbed photon. 

 

Figure 4.4: UV–visible absorption spectra of bulk h-BN (Red) and 

hydrothermally exfoliated h-BNNS (Green), with Tauc plots inset to 

accurately estimate their optical band gaps. 

Using these parameters, Tauc plots were generated for bulk h-BN and various 

hydrothermally exfoliated h-BNNS samples by plotting (αhν)2 versus photon energy 

(E). The optical bandgap values (Eg) were extracted by extrapolating the linear portion 

of each plot to the x-axis (photon energy axis), as shown in Fig. 4.4. These intercepts 

provide an accurate graphical representation of the onset of electronic transitions, 
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enabling a direct comparison of bandgap energies across samples with different layer 

thicknesses and morphological characteristics. 

The UV–Visible absorption spectra of bulk h-BN and hydrothermally exfoliated h-BN 

nanosheets (h-BNNS) revealed distinct absorption peaks at 212 nm and 185 nm, 

respectively. This noticeable blue shift of 27 nm in the absorption edge for h-BNNS 

signifies a transition from multilayered bulk material to few-layer or atomically thin 

nanosheets. Such a shift is a hallmark of quantum confinement, wherein the reduction 

in dimensionality leads to an alteration in the electronic band structure, particularly the 

widening of the bandgap due to the spatial restriction of charge carriers [30]. 

Correspondingly, the optical bandgap energies, derived from Tauc plot analysis, 

demonstrated a significant increase from 5.29 eV for bulk h-BN to 6.53 eV for h-BNNS. 

This marked enhancement in bandgap (~1.24 eV) further confirms the successful 

exfoliation and thinning of h-BN layers, as bandgap expansion is directly linked to 

reduced interlayer interactions and increased quantum confinement in two-dimensional 

materials. 

The observed bandgap widening in h-BNNS not only validates the formation of 

ultrathin nanosheets with minimal stacking but also highlights the tunability of 

electronic properties through morphological engineering. Thus, UV–Visible 

spectroscopy, in conjunction with Tauc analysis, effectively substantiates the influence 

of hydrothermal exfoliation on tailoring the optoelectronic behaviour of h-BN 

nanostructures. The ability to tune the bandgap through controlled exfoliation further 

enhances the versatility of h-BNNS, allowing tailored electronic and optical properties 

to meet specific application requirements. Such a tunable wide bandgap in the deep UV 

region renders h-BNNS highly promising for next-generation applications in UV 

photodetectors, insulating barriers in 2D electronics, and optoelectronic biosensing, 

where high bandgap materials are critical for device sensitivity and stability. These 

characteristics collectively position h-BNNS as a transformative material for high-

performance, reliable, and sensitive devices in challenging technological and 

biomedical environments. 

4.3.1.4 Raman Spectroscopic Elucidation of Phonon Behaviour and Electronic 

Coupling in Bulk and Exfoliated h-BN Nanostructures 

Raman spectroscopy serves as a powerful, non-destructive technique for probing the 

phonon–electron interactions and lattice dynamics of materials by capturing 

vibrational, rotational, and low-frequency electronic transitions. This technique 

provides indirect yet highly sensitive evaluation of strain, crystallographic defects, 

impurity doping, and the number of atomic layers, all of which play pivotal roles in 

determining the physical and electronic behaviour of low-dimensional nanomaterials. 

In the present study, Raman spectroscopy was employed to analyze the characteristic 

in-plane E₂g vibrational phonon mode of hexagonal boron nitride (h-BN) nanosheets 

[31]. This mode arises from the in-plane collective vibrations of boron and nitrogen 

atoms and serves as a reliable fingerprint for the evaluating structural integrity and 

dimensional confinement. Notably, shifts in the E₂g peak position and variations in its 

full width at half maximum (FWHM) provide critical insights into interlayer van der 

Waals coupling, phonon confinement, and defect density, especially in exfoliated or 

few-layered systems. 
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Figure 4.5: Raman spectroscopic analysis was performed on bulk h-BN (red) 

and hydrothermally exfoliated h-BNNS (green) over the 1250–1500 cm⁻¹ 

wavenumber range to assess their vibrational characteristics. 

Raman spectroscopy analysis (Fig.4.5) revealed a distinct blue shift of 4.06 cm⁻¹ in the 

E₂g in-plane vibrational mode of hydrothermally exfoliated h-BN nanosheets (h-

BNNS), accompanied by a noticeable broadening of the full width at half maximum 

(FWHM). This spectral shift, when compared to bulk h-BN, provides compelling 

evidence of phonon confinement effects in the ultrathin layered structure of h-BNNS, 

as supported by prior studies (Li and Chen). The E₂g vibrational mode, which is 

characteristic of the in-plane B–N bond stretching in h-BN, is highly sensitive to 

changes in layer thickness, interlayer coupling, and lattice strain. The observed blue 

shift signifies a reduction in interlayer van der Waals interactions, typically associated 

with the transition from multilayer to few-layer or monolayer nanosheets. 

Simultaneously, the FWHM broadening reflects increased lattice disorder or local 

strain induced during the exfoliation process, which alters the vibrational coherence of 

the lattice phonons. These features collectively point to the onset of quantum 

confinement, where the spatial restriction of phonon propagation due to reduced 

dimensionality alters the vibrational dynamics of the system. Additionally, the blue-

shifted and broadened Raman mode confirms the preservation of hexagonal symmetry 

while highlighting the subtle perturbations introduced during hydrothermal exfoliation 

such as edge defects, dangling bonds, or tensile/compressive strain. Thus, Raman 

spectroscopic data not only validate the successful exfoliation into few-layer h-BNNS 

but also provide crucial insights into phonon–electron coupling, structural refinement, 

and dimensional confinement, all of which play a vital role in modulating the 

optoelectronic and mechanical behaviour of h-BN-based nanostructures.  
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4.3.1.5  FT-IR Spectroscopic Evaluation of Molecular Vibrations and Sequential 

Protein Immobilization in Hydrothermally Exfoliated h-BN Nanosheets 

 

Figure 4.6: The FT-IR spectra recorded between 400 and 4000 cm⁻¹ 

powerfully capture and confirm the molecular fingerprints of h-BNNS and 

successive bio-conjugation steps, including Anti-CEA/h-BNNS, BSA/Anti-

CEA/h-BNNS, and CEA/BSA/Anti-CEA/h-BNNS, affirming successful 

functionalization and immobilization at each stage. 

Fourier Transform Infrared (FTIR) Spectroscopy is a powerful analytical technique that 

probes the vibrational modes of chemical bonds within materials, providing detailed 

insights into the molecular structure, functional group identification, chemical bonding 

in the parent material, interactions with impurities or surface adsorbates, and overall 

structural integrity. In this study, FTIR spectroscopy was employed in the mid-infrared 

region (400–4000 cm⁻¹) to investigate the molecular structure and bonding 

characteristics of hexagonal boron nitride (h-BN) samples, specifically to assess the 

integrity of B-N bonding and to identify vibrational modes of functional groups 

introduced during synthesis. 

Fourier-transform infrared (FT-IR) spectroscopy (400–4000 cm⁻¹, Fig. 4.6) was 

employed to investigate the structural integrity and chemical functionalization of 

hydrothermally exfoliated hexagonal boron nitride nanosheets (h-BNNS) [32]. The 

presence of sharp and well-defined vibrational peaks at 804 cm⁻¹, corresponding to out-

of-plane B–N–B bending vibrations, and 1413 cm⁻¹, assigned to in-plane B–N 

stretching, unequivocally confirmed the sp²-hybridized hexagonal lattice framework 

characteristic of crystalline h-BN. These vibrational modes serve as distinct molecular 

fingerprints of h-BN, reinforcing the preservation of its hexagonal structure post-

exfoliation. In addition to the B–N signatures, weaker absorption features were 

observed at ~2500 cm⁻¹, associated with –BH stretching, and broad bands spanning 

>3500 cm⁻¹ (–OH) and 3200–3500 cm⁻¹ (–NH), indicative of hydroxyl and amine 
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functionalities introduced during the hydrothermal exfoliation process. These broad and 

asymmetric transmittance regions are a direct consequence of the hydrothermal 

exfoliation and introduce reactive anchoring sites that facilitate subsequent covalent 

bioconjugation, while also enhancing the aqueous dispersibility and surface wettability 

of the nanosheets. 

Upon covalent conjugation of monoclonal Anti-CEA antibodies, chemically activated 

using EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) and NHS (N-

hydroxysuccinimide) crosslinkers, additional amide I and II bands emerged in the FT-

IR spectrum of the Anti-CEA/h-BNNS nanoconjugate, signifying stable covalent 

immobilization via amide bond formation between carboxyl and amine functionalities, 

mentioned in Table 4.1. This immobilization was corroborated by the appearance of 

characteristic amide I and II bands, which serve as molecular markers for successful 

protein immobilization through peptide bond formation, thereby ensuring robust 

antibody orientation and bioactivity [33-35]. Subsequent blocking with bovine serum 

albumin (BSA) to passivate nonspecific adsorption sites led to a notable reduction in 

transmittance across vibrational regions III (~1500–1600 cm⁻¹), IV (~1600–1700 cm⁻¹), 

V (~2800–3000 cm⁻¹), and VI (>3200 cm⁻¹), suggesting successful steric hindrance and 

coverage of unbound sites. This attenuation is attributed to BSA’s broad molecular 

coverage, which effectively minimizes background interference and enhances sensor 

selectivity by suppressing nonspecific adsorption. Upon specific introduction of 

carcinoembryonic antigen (CEA), the FT-IR spectra revealed increased intensity and 

slight shifts in transmittance peaks across these same regions, validating the antigen–

antibody interaction and bio-affinity-driven cross-linking [36]. These spectral changes 

are indicative of specific antibody-antigen binding events, leading to conformational 

rearrangements and hydrogen-bonding alterations at the immuno-interface.  

Table 4.1: Comprehensive tabular presentation of wavenumbers assigned to 

the vibrational bands characteristic of the protein structure associated with 

the Amide bands of IgG antibody. 

S.No. 
Wavenumber 

(cm-1) 
Assigned Bands 

Description of 

Region 

1. 537-606 Amide VI - Out of Plane Bending I 

2. 625-767 Amide IV- NH Bending I 

3. 640-800 Amide V - OCN Bending I 

4. 866 Protein Phosphorylation II 

5. 989 
Symmetric Phosphate 

Stretching Vibration 
II 

6. 1066 Polysaccharides Stretching II 

7. 1113 Glycogen II 

8. 1164 Carbohydrates II 

9. 1229-1301 Amide III –NH Bending III 

10. 1480-1575 Amide II – CN Stretching IV 

11. 1600-1690 Amide I – C=O Stretching IV 

12. 1730 Lipids IV 

13. 2000- 2040 EDC-NHS Activation V 

14. 3100 Amide B – NH Stretching VI 

15. 3300 Amide A – NH Stretching VI 
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These FT-IR findings substantiate the preservation of h-BN’s crystal structure post-

exfoliation but also confirm the stepwise functionalization and bioconjugation involved 

in constructing the immunosensing interface on h-BNNS, demonstrating its potential 

as a robust nano-interface for ultrasensitive and selective electrochemical detection of 

CEA, a critical biomarker for non-small cell lung cancer (NSCLC) diagnostics. These 

findings highlight the chemical integrity, biofunctional capability, and high molecular 

recognition efficiency of the h-BNNS-based platform, establishing its suitability for 

highly sensitive and selective electrochemical detection of CEA for advanced point-of-

care diagnostics leveraging engineered 2D nanostructures with tailored surface 

chemistry. 

4.3.1.3 In Vitro Cytotoxicity Assessment of Engineered h-BN Nanosheets 

Synthesized via Hydrothermal Exfoliation 

Biocompatibility is considered essential for ensuring the clinical reliability of nano-

biosensors, as it helps minimize false positives and supports safe interaction between 

the sensing material and biological components. To assess the cytotoxic effects of 

ultrathin hexagonal boron nitride nanosheets (h-BNNS), a non-radioactive colorimetric 

MTT assay was performed using human embryonic kidney (HEK-293T) cells, allowing 

the determination of an optimal concentration for fabricating biocompatible nano-

biosensors for carcinoembryonic antigen [37]. 

HEK-293T cells were cultured in Dulbecco's Modified Eagle Medium/Nutrient 

Mixture F-12 (DMEM/F12) enriched with 10% fetal bovine serum (FBS) for optimal 

growth, and supplemented with 50 units/mL penicillin and 50 µg/mL streptomycin to 

prevent microbial contamination. Cells were maintained in a humidified incubator at 

37°C with 5% CO₂ to mimic physiological conditions. Following standard sub-

culturing protocols, cells were dissociated using trypsin-EDTA and seeded at a density 

of 37,977 cells/cm² (equivalent to 5000 cells/well) in 96-well plates, followed by 

overnight incubation to ensure proper adherence and recovery. 

A range of h-BNNS concentrations, dispersed in 10% DMSO in DMEM/F12 to ensure 

uniform delivery, were applied to the adhered cells and incubated for 24, 36, and 48 

hours, allowing time-resolved analysis of dose-dependent cytotoxic responses. After 

treatment, MTT reagent was introduced and allowed to react for 4 hours under 5% CO₂ 

at 37°C, facilitating mitochondrial reduction of MTT into insoluble purple formazan 

crystals—indicative of active metabolic activity. The formazan crystals were 

subsequently solubilized in 100 µL of DMSO under constant agitation for 15 minutes, 

enabling accurate spectrophotometric quantification. Absorbance values were 

measured at 490 nm (reference: 690 nm) using a calibrated microplate reader. Cell 

viability (%) was calculated using the Eq. [4.4], 

Cell Viability (%) = 
𝑨𝑻𝒆𝒔𝒕

𝑨𝑪𝒐𝒏𝒕𝒓𝒐𝒍
× 𝟏𝟎𝟎 %   [4.4] 

Where ATest and AControl represent the mean absorbance values measured for the h-

BNNS-treated and untreated (control) cell groups, respectively. These absorbance 

values directly correlate with the number of metabolically active cells, thereby serving 

as a quantitative proxy for cell viability. To ensure the statistical robustness, 

reproducibility, and reliability of the cytotoxicity evaluation, all experimental 
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conditions were conducted in triplicate, and the resulting data were averaged to 

minimize random error and biological variability across replicates. 

 

Figure 4.7: Comprehensive cell viability analysis after 24 (red), 36 (green), 

and 72 (blue) hours of incubation with different h-BNNS concentrations, 

reflecting consistent and reliable cellular responses. 

The results revealed exceptional biocompatibility of h-BNNS at concentrations 

between 0.2–0.3 mg/mL, maintaining 80–95% cell viability across all incubation 

periods. Based on this, 0.25 mg/mL was selected as the optimal working concentration 

for nano-biosensor construction, maintaining a balance between nanomaterial efficacy 

and cellular tolerance. This concentration was found to be non-toxic and supportive of 

cellular function, thereby ensuring safe biointerface interaction and compatibility with 

protein immobilization strategies (Fig. 4.7). These findings conclusively validate the 

biosafety of hydrothermally exfoliated h-BNNS and establish a foundation for its 

reliable integration into non-invasive, highly sensitive carcinoembryonic antigen 

(CEA) detection platforms, particularly relevant for the early prognosis and clinical 

monitoring of non-small cell lung cancer (NSCLC). 

4.3.2 Electrochemical Profiling and Analysis: 

4.3.2.1 Investigating the Interfacial Electrochemical Kinetics of Ultrathin h-

BNNS/ITO Electrodes and Successive Protein Immobilization 

Cyclic voltammetry (CV) was employed to monitor the sequential modifications of an 

electrode surface, as illustrated in Fig. 4.8, by analyzing the electrochemical behaviour 

at each modification step. The diffusion coefficients corresponding to each 

modification stage were quantitatively determined using the Randles–Sevcik Eq. [4.5], 

as described by Elgrishi et al. [38], and are tabulated in Table 4.2. This approach 

enabled the quantitative assessment of the influence of surface engineering on redox 
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kinetics, confirming enhancements in electroactive surface area and charge transport 

behaviour following functionalization with ultrathin h-BNNS.  

𝑰𝒑 =  (𝟐. 𝟔𝟗 × 𝟏𝟎𝟓) 𝒏
𝟑

𝟐𝑨 𝑪 𝑫
𝟏

𝟐√𝝂    [4.5] 

Where, Ip represents the peak current (anodic or cathodic) recorded from the cyclic 

voltammogram of the modified electrode, n is the number of electrons transferred 

during the redox reaction (in this case, n=1), A denotes the electroactive surface area 

of the electrode (experimentally determined to be 0.64 cm²), C is the molar 

concentration of the redox probe [Fe(CN)6]
3-/4- (5 × 10−3 M), D is the diffusion 

coefficient of the redox species, and ν is the applied scan rate (50 mV/s). 

 

Figure 4.8: Cyclic voltammetry (CV) analysis, performed within a -0.9 to 1.2 

V potential range, clearly demonstrates the successful modification of the h-

BNNS/ITO electrode with protein biomolecules. 

By substituting the experimentally obtained peak current values into the Randles–

Sevcik Eq., the diffusion coefficients for each stage of electrode modification were 

quantitatively derived. These modifications involved the sequential addition of 

materials onto indium tin oxide (ITO) glass electrode, such as hexagonal boron nitride 

nanosheets (h-BNNS), anti-carcinoembryonic antigen (Anti-CEA) antibodies, or 

bovine serum albumin (BSA) for passivation, as part of fabricating a nano-biosensor 

for detecting carcinoembryonic antigen (CEA) in non-small cell lung cancer (NSCLC) 

diagnostics. These diffusion coefficients serve as direct electrochemical indicators of 

changes in the redox kinetics and confirm the successful functionalization of the 

electrode surface. The enhanced diffusion behaviour observed upon modification with 

ultrathin h-BNNS correlates well with the structural insights obtained from FT-IR 

spectroscopy, collectively affirming improved molecular accessibility, higher surface 
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porosity, and strengthened electrode–analyte interaction, critical parameters for high-

performance biosensing applications. 

Table 4.2: Determination of the diffusion coefficients of the modified 

electrode accurately calculated using the Randles–Sevcik Eq.. 
Modification in Electrode Diffusion Coefficient (cm2·s-1) 

ITO 4.84 × 10-11 

h-BNNS/ITO 3.67 × 10-11 

Anti-CEA/h-BNNS/ITO 3.09 × 10-11 

BSA/Anti-CEA/h-BNNS/ITO 2.77 × 10-11 

A meticulous assessment of the electron transfer kinetics during the stepwise surface 

modification of the h-BNNS/ITO electrode, Differential Pulse Voltammetry (DPV) was 

conducted at a scan rate of 10 mV s⁻¹ across an extended potential window ranging 

from −0.2 V to +1.2 V. This wide potential range was strategically selected to 

encompass both anodic and cathodic processes, ensuring the full capture of redox 

transitions and faradaic responses associated with the [Fe(CN)₆]³⁻/⁴⁻ redox couple. The 

primary objective of these DPV experiments was to systematically investigate and 

quantify the faradaic current, which originates from electron transfer reactions 

occurring at the modified electrode–electrolyte interface. 

DPV, as a high-resolution electrochemical technique, applies a series of incremental 

voltage pulses superimposed on a linear potential ramp and measures the differential 

current responses. This technique significantly minimizes capacitive (non-faradaic) 

current contributions, thereby enhancing the sensitivity and resolution of redox peak 

currents. It is particularly advantageous for monitoring subtle changes in current due to 

surface modifications, such as biomolecular conjugation or nanomaterial deposition, 

which may not be distinctly resolved using traditional cyclic voltammetry. 
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Figure 4.9: Electrode study on stepwise protein biomolecule modification of 

the h-BNNS/ITO electrode is confirmed by Differential pulse voltammetry 

(DPV) analysis conducted in the -0.2 to 1.2 V potential range. 

The bare ITO substrate exhibited an anodic peak current of 0.285 mA, serving as a 

baseline for electron transfer activity and depicting unhindered electron exchange 

between the redox probe and the conductive substrate. Upon deposition of hexagonal 

boron nitride nanosheets (h-BNNS), the peak current dropped to 0.244 mA, which is 

attributed to the intrinsic insulating characteristics of h-BNNS combined with its large 

electroactive surface area. This morphological feature increased the surface roughness 

and electrochemical double-layer capacitance, thereby impeding direct electron transfer 

from the redox couple [Fe(CN)₆]³⁻/⁴⁻ to the ITO substrate. The subsequent 

immobilization of Anti-CEA antibodies onto the h-BNNS/ITO platform led to a modest 

increase in peak current to 0.252 mA, attributed to a conformational arrangement of the 

antibody that facilitated better charge transfer pathways. However, such immobilization 

can often result in random orientations and non-specific adsorption, thereby affecting 

antigen recognition efficiency. To overcome this, Bovine Serum Albumin (BSA) was 

introduced as a blocking agent to passivate unreacted sites and eliminate non-specific 

interactions. The incorporation of BSA resulted in a 26% reduction in peak current to 

0.181 mA, which can be ascribed to the successful occupation of non-specific sites and 

disoriented antibody binding sites, imposing steric hindrance by the bulky BSA 

globular protein structure that further restricted electron diffusion across the electrode 

surface. 

Following this, a blank measurement using 0 ng/mL CEA antigen was recorded, which 

caused a rise in current to 0.263 mA, clearly indicating ionic contributions from the 

PBS matrix (pH 7.4, 0.9% NaCl). This highlights the electrostatic interactions and 

background electrolyte conductivity influencing baseline current levels. This confirmed 

the system's sensitivity to ionic contributions from the electrolyte and reinforced the 

importance of precise control during blank calibration. Finally, the specific binding of 

1 ng/mL CEA antigen to the Anti-CEA-modified electrode (after 30 min incubation) 

resulted in a notable drop in peak current to 0.233 mA. This decrease confirms 

successful antigen-antibody cross-linking, which introduces an additional barrier to 

electron transfer due to the formation of a stable immunocomplex. These 

electrochemical observations, further corroborated by FT-IR analysis, validate the 

stepwise construction of the biosensing interface and affirm the high specificity and 

sensitivity of the platform for CEA detection, underscoring its clinical potential for 

early-stage detection of onco-markers associated with non-small cell lung cancer 

(NSCLC). 
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4.3.2.2 Evaluating Electron Transfer Dynamics of h-BNNS/ITO-based Nano-

biosensing Interfaces via Scan Rate-Dependent Cyclic Voltammetry 

 

Figure 4.10: Scan rate study conducted using cyclic voltammetry on the 

BSA/Anti-CEA/h-BNNS/ITO electrode across scan rates from 10 to 150 mV/s, 

elucidating the charge transfer kinetics and diffusion-controlled behaviour.  

The electron transfer kinetics of the BSA/Anti-CEA/h-BNNS/ITO immunoelectrode 

were systematically and rigorously evaluated using scan rate-dependent cyclic 

voltammetry (CV), to elucidate its electrochemical behaviour and analytical 

performance for carcinoembryonic antigen (CEA) detection (Fig. 6c). The CV 

experiments were performed in a conventional three-electrode system consisting of a 

0.64 cm² h-BNNS/ITO working electrode, a platinum counter electrode, and an 

Ag/AgCl reference electrode, immersed in 50 mM phosphate-buffered saline (PBS, pH 

7.4, 0.9% NaCl) containing a 5 mM equimolar redox couple of potassium 

ferro/ferricyanide ([Fe(CN)₆]³⁻/⁴⁻). 

A direct and linear correlation was established between both anodic (I_pa) and cathodic 

(I_pc) peak currents and the square root of the applied scan rate across a range of 10–

150 mV/s (Fig. 4.10), in strong agreement with the Randles–Sevcik Eq. [4.5]. This 

linear correlation of peak currents on v1/2 confirms that the electron transfer process at 

the immunoelectrode–analyte interface is governed by diffusion-controlled kinetics, as 

mentioned in Eq. 4.6-4.9 [12, 13]. The selection of this scan rate window ensures 

accurate profiling of redox activity, as it preserves linearity while avoiding capacitive 

distortions, thereby providing consistent and reproducible electrochemical responses, 

making them optimal for studying the immunoelectrode’s performance. 
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Figure 4.11: A linear correlation is observed in the scan rate analysis of the 

BSA/Anti-CEA/h-BNNS/ITO electrode between (i) anodic and cathodic peak 

potentials and (ii) peak currents plotted versus the square root of the scan 

rate (mV/s). 

𝑬𝒑𝒂 = [ 𝟑. 𝟎𝟒 × 𝟏𝟎−𝟒 𝑽 +  𝟏. 𝟓𝟑 × 𝟏𝟎−𝟓 𝑽√𝒔/𝒎𝑽  × √𝑺𝒄𝒂𝒏 𝑹𝒂𝒕𝒆[𝒎𝑽/𝒔] ]; 

R2 = 0.98681         [4.6] 

𝑬𝒑𝒄 = [ 𝟏. 𝟑𝟓 × 𝟏𝟎−𝟒 𝑽 − 𝟏. 𝟖𝟔 × 𝟏𝟎−𝟓  𝑽√𝒔/𝒎𝑽 × √𝑺𝒄𝒂𝒏 𝑹𝒂𝒕𝒆[𝒎𝑽/𝒔] ] ;  

R2 = 0.98624           [4.7] 

𝑰𝒑𝒂 = [ 𝟐. 𝟒𝟔 × 𝟏𝟎−𝟒𝑨 +  𝟏. 𝟏𝟖𝟖 × 𝟏𝟎−𝟒 𝑨√𝒔/𝒎𝑽  × √𝑺𝒄𝒂𝒏 𝑹𝒂𝒕𝒆[𝒎𝑽/𝒔]]; 

R2 = 0.98363          [4.8] 

𝑰𝒑𝒄 = [ −𝟏. 𝟗𝟑 × 𝟏𝟎−𝟒𝑨 − 𝟏. 𝟏𝟏 × 𝟏𝟎−𝟒 𝑨√𝒔/𝒎𝑽 × √𝑺𝒄𝒂𝒏 𝑹𝒂𝒕𝒆[𝒎𝑽/𝒔]]; 

R2 = 0.9973            [4.9] 

Furthermore, the calculated peak-to-peak separation (ΔEp = Epc – Epa) was 33.9 mV, 

which is well within the theoretical threshold (ΔEp ≤ 57 mV), indicative of an 

electrochemically reversible system [38]. This narrow ΔEp value demonstrates minimal 

resistance to electron transfer, reflecting rapid electron exchange between the redox 

probe and the modified electrode surface, attributed to the intrinsic conductivity and 

interfacial efficacy imparted by the hybrid nanoarchitecture of the immunoelectrode. 

Also, the specific binding of Anti-CEA antibodies onto extensive functionalized 

surface-active sites of h-BNNS ensures selective and efficient analyte interaction. 
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Altogether, these findings confirm that the BSA/Anti-CEA/h-BNNS/ITO 

immunoelectrode exhibits high electron transfer efficiency, strong reversibility, and 

robust faradaic response, key attributes that substantiate its potential as a highly 

sensitive and reliable electrochemical biosensing platform for non-small cell lung 

cancer (NSCLC) diagnostics through precise CEA biomarker detection, potentially 

improving patient outcomes through timely intervention. Its ability to facilitate fast, 

diffusion-governed electron transfer reactions with reproducible signal output positions 

it as a promising candidate for point-of-care diagnostic applications. 

4.3.2.3 Calibrating CEA Concentrations through stepwise Electroanalytical 

Response Analysis of Functionalized h-BNNS/ITO Nano-biosensing Interface 

 

Figure 4.12: Differential pulse voltammetry (DPV) analysis of the 

CEA/BSA/Anti-CEA/h-BNNS/ITO immunoelectrode was performed over 0–

50 ng/mL CEA concentrations. (b) The corresponding calibration curve 

shows a robust linear relationship between DPV current and CEA 

concentration, supported by inset linear regression. 

Differential Pulse Voltammetry (DPV) was employed as a sensitive electroanalytical 

technique to evaluate the immunoelectrode's response to varying concentrations of 

Carcinoembryonic Antigen (CEA). The BSA/Anti-CEA/h-BNNS/ITO 

immunoelectrode was exposed to a physiologically relevant CEA concentration range 

(0–50 ng/mL), reflecting normal to elevated levels observed in clinical cases, 

particularly Non-Small Cell Lung Cancer (NSCLC), where serum CEA levels typically 

exceed 5 ng/mL [25]. For statistical reliability and reproducibility of the measurements, 

each concentration was tested in triplicate (n = 3) using fresh and independently 

fabricated immunoelectrodes. 

The DPV peak current, which reflects the electron transfer efficiency between the 

electrode and the electrolyte, was observed to decrease as CEA concentration increased, 

as shown in Fig. 4.12. This inverse correlation is attributed to the formation of an 

insulating immune complex layer (antibody–antigen binding) on the electrode surface, 

which obstructs electron transport pathways between the electroactive matrix and the 

electrolyte. The accumulation of such complexes impedes charge transfer efficiency, 

thus leading to attenuated current signals. This behavior corroborates the principle of 

signal suppression commonly observed in label-free immunosensing platforms, where 

antibody–antigen complex restricts electron transfer between the electrode surface and 
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the electrolyte by creating a physical and electrical barrier, thereby reducing the 

availability of active sites for redox reactions. This electrochemical behavior 

demonstrates the immunoelectrode’s high sensitivity and effective biorecognition 

capability, affirming its potential as a powerful analytical tool for the quantitative 

detection of CEA in clinical diagnostics, particularly for early-stage NSCLC prognosis. 

The calibration curve obtained from Differential Pulse Voltammetry (DPV) 

measurements exhibits a linear decrease in peak current response with increasing CEA 

concentration within the detection range of 0–50 ng/mL, as shown in Fig.4.12b. This 

relationship is mathematically expressed by the following linear regression Eq. [4.10].: 

𝑰 (𝒎𝑨) = [ 𝟎. 𝟐𝟔𝟐 𝒎𝑨 +   𝟐𝟒. 𝟖𝟒 𝛍𝐀𝐦𝐋/𝐧𝐠/𝐜𝐦𝟐  × (𝐂𝐄𝐀 𝐂𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧) ]  [4.10] 

This Eq. [4.10] indicates that the current response varies proportionally with the CEA 

concentration, particularly within the clinically significant range of 0–10 ng/mL, which 

was utilized to evaluate the analytical sensitivity of the fabricated immunosensor. 

The sensitivity (m) of the immunoelectrode was calculated using the slope-to-surface 

area ratio, where the active surface area of the modified electrode was determined to be 

0.64 cm². Accordingly, the sensor demonstrated an exceptional linear sensitivity of 

24.84 μA·mL/ng·cm² with an outstanding regression coefficient (R² = 0.99988), 

signifying excellent linearity and reproducibility in current response toward 

incremental CEA concentrations. Furthermore, the Limit of Detection (LOD), which 

defines the minimum analyte concentration that can be reliably detected by the sensor, 

was computed using the standard formula Eq. [4.11]: 

Limit of Detection = 3σ/m     [4.11] 

where σ represents the standard deviation of the y-intercept of the calibration curve, 

and m is the sensitivity of the biosensor as defined above. Based on this Eq., the LOD 

was calculated to be 22.5 pg/mL, signifying the immunosensor’s high precision and 

ultrasensitive detection capability, particularly for trace-level concentrations of CEA. 

This ultra-low detection limit positions the BSA/Anti-CEA/h-BNNS/ITO 

immunoelectrode as a powerful diagnostic tool for the early detection of CEA-

associated malignancies such as Non-Small Cell Lung Cancer (Table 4.3), even at sub-

clinical biomarker levels, thereby demonstrating its strong potential for practical 

clinical applications.  
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Table 4.3: A comprehensive comparison table summarizing the analytical performance, including linear range and limit of 

detection, of different immunosensors designed for CEA monitoring in clinical diagnostics.  

Sensing Platform Sensing Matrix 
Detection 

Technique 

Linear 

Range 

(ng/mL) 

Limit of 

Detection 
Sensitivity Ref. 

Sandwich 

Immunoassay 

AuNP/COFTFP-Thi based 

COF 
CV, EIS 0.11 - 80 34 pg/mL -- [39] 

Immunosensor Paper modified with SPGE DPV 1 – 100 0.33 ng/mL 
0.7184 

μA·mL/ng 
[40] 

Sandwich 

Aptasensor 
MCH-Apt/Gold CV, DPV, EIS 5 – 40 3.4 ng/mL 

0.436 

μA·mL/ng 
[41] 

Immunoassay rGO/GCE CV, EIS 0.5 – 3 0.05 ng/mL -- [42] 

Immunosensor 
SPGE modified with 

Fe2O3/PANI/AuNP 
CV 0 – 10 0.25 ng/mL 

0.3827 

μA·mL/ng 
[43] 

Immunosensor 
Fe2O3/PEDOT:PSS 

modified Paper 
Amperometry 4 – 25 -- 

10.2 

μA·mL/ng/cm2 
[44] 

Immunosensor Paper with PANI/Au EIS 6 – 20 2.68 ng/mL 3.6 Ω·mL/ng [45] 

Immunosensor Paper with PANI/Au Amperometry 2 – 20 1.36 ng/mL 
13.9 

μA·mL/ng/cm2 
[46] 

Immunosensor h-BNNS/ITO DPV, CV 0 - 10 22.5 pg/mL 
24.84 

μA·mL/ng/cm2 

Present 

Work 
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4.3.2.4 Comprehensive Performance Evaluation of Optimal Working pH, 

Selectivity, Operational Reproducibility, Long-Term Stability, and Real-Sample 

Applicability of the h-BNNS/ITO-Based Nano-biosensor 

The influence of pH on immobilized antibody functionality was critically evaluated to 

establish optimal conditions for fabricating a robust and practical immunosensor. 

Selecting a buffer solution with an appropriate pH is essential to ensure maximum 

antibody receptivity, thereby achieving highly accurate and stable sensor responses. 

Differential pulse voltammetry (DPV) measurements were conducted on the Anti-

CEA/h-BNNS/ITO electrode across a pH range of 6.0 to 8.0, with the corresponding 

responses detailed in Fig. 4.13. 

 

Figure 4.13: The influence of pH within the 6.0 to 8.0 range on the 

electrochemical peak current of the Anti-CEA/h-BNNS/ITO 

immunoelectrode was conducted to optimize antibody-antigen interaction 

efficiency. 

The optimum peak current was observed at neutral pH 7.0, indicating that neutral pH 

provides the most favorable environment for antibodies to achieve an oriented and 

stable configuration essential for effective covalent immobilization. At this pH, the 

antibodies maintain their native conformation, ensuring that their active sites remain 

accessible for antigen binding, which is crucial for the high sensitivity and specificity 

of the immunosensor. This finding aligns with established knowledge that biomolecules 

tend to preserve their natural structural integrity at neutral pH, whereas exposure to 

acidic or basic conditions often leads to denaturation and loss of biological function, 

negatively impacting sensor performance. 

Supporting this, Oregioni et al. reported that the α-amino (N-terminus) groups, which 

are abundantly present throughout the antibody structure, exhibit significant chemical 
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reactivity specifically at pH 7.0. The conducive buffer environment led to optimum 

electrochemical reactivity by promoting efficient covalent bonding between the 

antibody and the nano-biosensor interface, thereby demonstrating robust 

immobilization and stable bio-recognition interfaces. Furthermore, the conformational 

orientation and effective binding efficiency of antibodies at neutral pH eventually 

improve electron transfer dynamics, depicted in a bar graph by the heightened peak 

current response through electrochemical measurements.  

To ensure clinical selectivity towards targeted affinity biomarkers, carcinoembryonic 

antigen (CEA) in the presence of an intricate biological environment exhibiting possible 

interfering biomolecules frequently found in the complex serum matrix of non-small 

cell lung cancer (NSCLC) patients. Therefore, a detailed selectivity study was 

conducted to evaluate the capability of the fabricated BSA/Anti-CEA/h-BNNS/ITO 

immunoelectrode to discriminate CEA from potential co-existing interferents. These 

interferents included endothelin-1 (ET-1) [47], C-reactive protein (CRP) [48], neuron-

specific enolase (NSE) [49], cardiac troponin-I (cTnI) [50], sodium chloride (NaCl), 

and others that may be co-expressed in patient serum. 

 

Figure 4.14: Bar graph depicting the selectivity study conducted using DPV 

measurements to investigate the effect of various interferents relevant to 

NSCLC patients on the electrochemical performance of the BSA/Anti-CEA/h-

BNNS/ITO immunosensor. 

To evaluate the cross-reactivity of the h-BNNS nano-biosensor interface apart from the 

intrinsic affinity interactions between antigen–antibody, the electrochemical 

investigations were carried out by obtaining DPV response from potential interferents 

present in serum with physiologically appropriate concentrations (Fig. 4.14). Initially, 

control test was conducted to obtain a stable baseline of the BSA/Anti-CEA/h-
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BNNS/ITO immunoelectrode without CEA (0 ng/mL) signal. For selectivity 

assessment, a distinct potential interferents was introduced individually to the 

BSA/Anti-CEA/h-BNNS/ITO platform, with a 30-minute incubation preceding DPV 

analysis to enable potential binding. Post-incubation, the electrochemical response was 

then monitored to assess any deviation in peak current intensity from the baseline. As 

shown in Fig. 4.14, this study confirms whether or not non-specific biomolecules 

induce any significant response, thereby validating the selective recognition capability 

of the designed nano-biosensing platform. The resulting DPV responses showed 

negligible change in the peak current compared to the blank electrode, indicating no 

significant non-specific interaction or signal suppression caused by these interferents. 

In contrast, upon the introduction of 4 ng/mL of CEA, a marked decrease in the peak 

current was observed in the DPV response. This substantial drop in current can be 

attributed to the successful and specific binding between the immobilized Anti-CEA 

antibodies and the target CEA antigen. The formation of the antibody–antigen complex 

on the electrode surface creates an insulating biological layer, which hinders electron 

transfer and thereby suppresses the redox signal. This pronounced current reduction, 

observed only in the presence of CEA and not with other interfering biomolecules, 

strongly validates the immunoelectrode’s high specificity and selective recognition 

capability for CEA. Such selective electrochemical behaviour confirms the sensor’s 

potential for accurate and reliable detection of CEA in clinically relevant samples. 

To validate the reliability and consistency of the fabricated BSA/Anti-CEA/h-

BNNS/ITO immunoelectrode, a reproducibility study was systematically conducted. 

The primary objective of this investigation was to evaluate the degree of uniformity in 

the electrochemical response across multiple independently prepared electrodes under 

identical experimental conditions. Reproducibility is a critical performance parameter 

that reflects the robustness and fabrication stability of an electrochemical biosensor, 

especially for practical diagnostic applications. In this study, four separate 

immunoelectrodes were fabricated using an identical protocol, wherein each electrode 

surface was modified with a fixed concentration of carcinoembryonic antigen (CEA, 8 

ng/mL) following immobilization of Anti-CEA monoclonal antibodies and BSA 

blocking. Differential Pulse Voltammetry (DPV) measurements were recorded for each 

electrode, and the peak current responses were analyzed to assess variation among them 

(Fig. 4.15). 
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Figure 4.15: Reproducibility was evaluated using four independently 

fabricated BSA/Anti-CEA/h-BNNS/ITO immunoelectrodes prepared under 

identical protocols. 

The relative standard deviation (RSD) calculated from the DPV responses of the four 

electrodes was found to be 0.232%, which is significantly lower than the acceptable 

threshold of 5% for analytical reproducibility. This minimal RSD value reflects not 

only the uniform functionalization of the immunoelectrode surface but also confirms 

the consistency of the bio-recognition interface and the stability of the electrode 

fabrication process. This outcome substantiates that the immunoelectrode platform 

provides stable, uniform, and excellent reproducibility of the BSA/Anti-CEA/h-

BNNS/ITO immunosensing platform and strongly supports its potential for scalable 

production and deployment in reliable point-of-care diagnostic systems. 

Shelf-life evaluation plays a critical role in assessing the long-term stability and 

practical applicability of the developed h-BNNS-based immunosensor, particularly for 

clinical diagnostics and industrial deployment where reliable storage and reusability are 

essential. A stable shelf life ensures that the sensor can retain its functionality over time 

during storage, which is critical for real-world applications. To determine the shelf-life 

performance, the fabricated CEA/BSA/Anti-CEA/h-BNNS/ITO immunoelectrode was 

subjected to a systematic aging study. The immunoelectrode, modified with 6 ng/mL 

of carcinoembryonic antigen (CEA), was stored under refrigerated conditions at 4 °C, 

and its electrochemical performance was monitored over a 6-week period using 

differential pulse voltammetry (DPV) at regular weekly intervals (as illustrated in Fig. 

4.16). 
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Figure 4.16: Differential pulse voltammetry (DPV) investigation to 

systematically evaluate the shelf-life stability of the CEA/BSA/Anti-CEA/h-

BNNS/ITO immunoelectrode, monitored over six weeks with regular weekly 

intervals. 

Throughout the first five weeks, the sensor maintained a stable DPV current response, 

indicating negligible stable antibody-antigen interaction and effective preservation of 

the bio-recognition layer. Specifically, 86.01% of the initial DPV signal was retained 

by the end of the fifth week, with a relative standard deviation (RSD) of 6.8%, 

confirming the high stability, consistent performance, and storage tolerance of the 

immunoelectrode over this period. However, a marked decline in the peak current was 

observed at the beginning of the sixth week, which is attributed to the gradual leaching 

or denaturation of the immobilized antibody and antigen molecules. This decline 

signals the onset of functional degradation of the biosensor, thereby defining the 

effective operational shelf-life to be up to five weeks under refrigerated storage. These 

results confirm that the developed h-BNNS-based immunoelectrode demonstrates 

excellent storage stability, making it a promising candidate for real-world clinical and 

industrial applications that require extended usability with minimal performance loss. 

To establish the clinical utility together with a reliable diagnostic response of the as-

fabricated h-BNNS nano-biosensing interface, its electrochemical detection of CEA 

was investigated by spiking the CEA concentrations in human serum samples. This 

study was conducted to assess the cross-reactivity of the prepared BSA/Anti-CEA/h-

BNNS/ITO immune-interface in the serum sample, which offers complex biological 

environments comprising various proteins and biomolecules that may interfere with 

detection. Determination of consistent functionality of hBNNS nano-biointerface, the 

electrochemical response for the standard CEA (A) was compared with that of human 

serum samples artificially spiked with identical CEA concentrations (S). The 
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comparative analysis, detailed in Fig. 4.17, highlights the immunoelectrode’s precision 

and suitability in complex biological matrices for application in clinical diagnostics. 

Table 4.4: Quantitative determination of relative standard deviation (RSD%) 

and recovery rates for CEA in spiked serum, with reference to actual CEA 

concentration values. 

CEA 

Concentration 

(ng/mL) 

Peak Current 

Associated with 

Actual Sample 

(A, in mA) 

Peak Current 

Associated with 

Spiked Sample 

(S, in mA) 

RSD % 
Recovery 

% 

1 0.244753 0.24784 0.886168 101.26 

4 0.19577 0.198487 0.974479 101.38 

8 0.106403 0.107453 0.694355 100.98 

 

Figure 4.17: Evaluation of the CEA/BSA/Anti-CEA/h-BNNS/ITO 

immunoelectrode using spiked serum sample analysis, to comprehensively 

test the sensitivity and accuracy of as-fabricated immunoelectrodes' 

applicability for real sample analysis. 

The results, summarized in Table 4.4, present the corresponding current responses, 

indicating that the peak current values obtained from the serum samples (A) closely 

aligned with standard CEA concentrations (S). Specifically, the relative standard 

deviation (RSD) values for CEA concentrations of 1, 4, and 8 ng/mL were exceptionally 

low, at 0.886%, 0.974%, and 0.694%, respectively. These minimal deviations reflect 

the high precision and robustness of the immunoelectrode, even in the presence of 

potential interferents found in serum. These results strongly validate that the developed 

immunoelectrode retains its bio-recognition efficiency and electrochemical 



Page | 119  

 

responsiveness in clinically relevant human serum, exhibiting the complex nature. 

Thus, the sensor demonstrates excellent potential for reliable, efficient, and real-time 

detection of CEA in human serum, making it a promising candidate for point-of-care 

cancer diagnostics and clinical monitoring. 

Conclusion  

This study demonstrated the development of a next-generation, label-free 

electrochemical immunosensor for the sensitive and selective detection of 

Carcinoembryonic Antigen (CEA), a clinically relevant biomarker associated with non-

small cell lung cancer (NSCLC). The research harnesses the hydrothermally nano-

engineered ultrathin hexagonal boron nitride nanosheets (h-BNNS) to construct a 

highly stable, biocompatible, and efficient nano-biointerface. This study demonstrated 

the development of a next-generation, label-free electrochemical immunosensor for the 

sensitive and selective detection of Carcinoembryonic Antigen (CEA), a clinically 

relevant biomarker associated with non-small cell lung cancer (NSCLC). The research 

harnesses the hydrothermally nano-engineered ultrathin hexagonal boron nitride 

nanosheets (h-BNNS) to construct a highly stable, biocompatible, and efficient nano-

biointerface. Its key importance lies in addressing the urgent need for early, accurate, 

and reliable NSCLC diagnostics, offering a sustainable, high-performance biosensing 

interface that outperforms conventional platforms through its exceptional sensitivity, 

low detection limit, and robust selectivity in complex biological matrices. This work 

comprehensively discusses the core scientific importance of nanostructure engineering 

carried out utilizing hydrothermal exfoliation of bulk h-BN into few-layered 

nanosheets. Successful nucleation of hexagonal structure in hBNNS was attributed to 

the synergistic interplay of temperature-time optimization, the partially ionic nature of 

B–N bonds, intercalating agent dynamics, and Lewis acid–base complexation 

chemistry. These conditions facilitated the formation of well-exfoliated, ultrathin, 

hexagonal nanostructures with high surface-to-volume ratio, essential for effective bio-

functionalization and signal transduction. Furthermore, the covalent immobilization of 

biomolecules (CEA antibody, BSA, and target antigen) on the engineered h-BNNS/ITO 

platform was thoroughly validated through FT-IR spectral analysis. Effective nano-

biointerface formation was assessed by the appearance and modulation of amide I and 

II bands, as depicted in FT-IR study. This led to the fabrication of a robust sensing 

interface capable of high-affinity and specific bio-recognition. 

The electrochemical performance of the fabricated CEA/BSA/Anti-CEA/h-BNNS/ITO 

immunoelectrode was systematically evaluated using differential pulse voltammetry 

(DPV) across a physiological CEA concentration range (0–50 ng/mL). It demonstrated 

an exceptional sensitivity of 24.84 μA·mL/ng·cm², an ultra-low detection limit of 22.5 

pg/mL, enabling ultra-trace level detection suitable for early-stage cancer diagnostics. 

The immunoelectrode exhibited exceptional reproducibility, with a relative standard 

deviation (RSD) of 0.232%, and demonstrated unparalleled selectivity against 

interferents such as endothelin (ET-1), C-reactive protein (CRP), neuron-specific 

enolase (NSE), cardiac troponin-I (cTnI), and NaCl, attributed to specific antibody–

antigen interactions and BSA passivation. In addition, it exhibited outstanding long-

term storage stability, retaining over 86% of its original signal after five weeks at 4 °C. 

To validate clinical relevance, the biosensor’s performance was assessed using CEA-
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spiked human serum samples. The sensor maintained precise and reproducible current 

responses, closely matching those obtained with standard CEA solutions. These 

findings were supported by low relative standard deviations (RSD) of 0.886%, 0.974%, 

and 0.694% for 1, 4, and 8 ng/mL CEA concentrations, respectively, confirming the 

sensor’s reliability and robustness in complex biological matrices. The key importance 

of this study lies in establishing ultrathin h-BNNS as a transformative material for 

immunosensing applications. It not only showcases a facile and scalable synthesis 

approach but also validates the material’s bio-functional utility, electrochemical 

responsiveness, and clinical diagnostics potential. The outcomes of this work pave the 

way for the practical utility of h-BNNS-based point-of-care diagnostic devices and 

highlight the clinical feasibility of deploying this sensor platform for early cancer 

detection technologies. 
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Chapter 5 
Construction of Engineered 2D-2D Hybrid Nanocomposite based 

rGO-integrated hBNNS through Strategic Organic–Inorganic 

Interfacial Chemistry for High-Performance Electrocatalytic 

Detection of Carcinoembryonic Antigen. 

In this chapter, the concept of nanostructure engineering is introduced to fabricate 

organic–inorganic hybrid nanocomposites (OIHNs) with strategically tailored surface 

functionalities, enabling the construction of ultrasensitive nano-biosensing platforms 

capable of detecting trace-level target analytes to be comprehensively detailed. A 

synergistically cross-linked nano-biosensor harnessing reduced graphene oxide (rGO)-

decorated hexagonal boron nitride nanosheets (hBNNS) was developed for high-

performance detection of carcinoembryonic antigen (CEA). The controlled in-situ 

hydrothermal approach was utilized to synthesize rGO-hBNNS hybrid nanocomposite, 

with extensive spectroscopic and microscopic analyses validating structural integrity, 

uniform nanosheet distribution and optimal hybridization. Electrophoretic deposition 

(EPD) technique at a low DC potential of 15 V was employed to fabricate high-quality 

micro-electrodes on pre-hydrolyzed ITO substrates, ensuring reproducible electrode 

coverage and enhanced electron-transfer pathways. Imperative fabrication and 

operational parameters, including antibody incubation time, electrolyte pH, and 

electrode preparation, were systematically optimized to maximize sensor performance. 

Electrocatalytic activity of rGO-hBNNS hybrid nanocomposite improved 29% relative 

to bare hBNNS, thereby highlighting the role of rGO in facilitating accelerated electron 

transport and enhancing electrochemical performance. Numerous functional moieties 

emerged on the electroactive sites of the nanocomposite, enabling dense, abundant site-

specific anchoring of Anti-CEA antibodies thereby enhancing binding specificity and 

sensitivity. The rGO-hBNNS-based nano-biointerface achieved a remarkable detection 

limit of 5.47 pg/mL with an R² value of 0.99963 depicting ~4.1 times enhanced LOD 

in comparison to hBNNS based immunoelectrodes in operated efficiently across a 

dynamic range of 0–50 ng/mL. Extensive clinical validations confirmed its prolonged 

storage stability, high selectivity against potential interferents, and excellent recovery 

rates in spiked human serum samples, establishing this rGO-hBNNS/ITO platform as a 

robust, highly sensitive, and clinically applicable tool for early detection and 

monitoring of CEA in NSCLC diagnostics. 

The research findings detailed in this chapter have been published in a scientific journal: 

“Fabrication of rGO-decorated hBNNS hybrid nanocomposite via organic–

inorganic interfacial chemistry for enhanced electrocatalytic detection of 

carcinoembryonic antigen” Analytical and Bioanalytical Chemistry, 2024 (416) 

4789-4805 
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5.1 Introduction 

Two-dimensional (2D) nanomaterials constitute a rapidly advancing class of 

nanostructures characterized by their unique sheet-like morphology, in which the lateral 

dimensions typically exceed 100 nm and may extend up to several micrometers or even 

larger, while maintaining an exceptionally small thickness on the order of a single 

atomic layer or just a few atoms, generally < 5 nm often referred as ultrathin 

morphology [1]. This extreme aspect ratio gives rise to exceptional structural and 

functional attributes, including superior mechanical flexibility, high specific surface 

area, and tunable electronic band structures. The synergy of these features enables their 

integration into diverse technological domains such as high-performance 

nanoelectronics, optoelectronics, biosensing, and heterogeneous catalysis, where their 

atomic-scale thickness and extended lateral dimensions play a pivotal role in optimizing 

interfacial interactions and enhancing device performance. 

Despite significant variations in their chemical compositions and crystallographic 

arrangements, nanomaterials can fundamentally be classified into layered and non-

layered structural types [2]. Layered materials exhibit a highly ordered architecture in 

which atoms within each individual layer are interconnected by strong intralayer bonds 

typically covalent or ionic—ensuring high structural stability in the plane of the layer. 

The in-plane architectures of the layered materials are stacked upon each other to form 

the bulk state based on relatively weak van der Waals forces that contribute to the 

minimization of the exfoliation energy into laterally large 2D nanostructures. Whereas, 

the strong intra-layer bonding endows remarkable tensile strength that promotes 

preservation of their intrinsic atomic structure. This peculiar bonding structure of 

layered two-dimensional (2D) materials connected together by strong covalent bonds 

within the intra-layer domain and weak vdW forces in inter-layer space distinguishes 

them as van der Waals (vdW) materials. 

The advent of graphene, exhibiting atomic-scale nanosheets, stimulated global surge 

into the layered 2D nanomaterials domain, revealing a spectrum of novel physical 

phenomena absent in conventional materials, establishing them as exceptional 

platforms for advanced applications. Their inherent structural versatility facilitates the 

assembly of heterostructures with precise rotational and translational alignments, 

enabling tuneable band structures owing to layer number and correlation effects 

induced by flat bands, arising from diverse interlayer coupling mechanisms. The 

peculiar interlayer coupling interactions, including charge transfer, orbital 

hybridization, and long-range dipolar interactions positions 2D vdW materials as a 

transformative platform for advanced device architectures in high-speed electronics, 

low-power optoelectronics, quantum computation, and nanoscale sensing [3]. Thus, 

atomically-thin layered two-dimensional (2D) nanomaterials present vast opportunities 

for engineering high-performance devices capable of meeting modern technological 

demands. 

Within the spectrum of van der Waals layered compounds, hexagonal boron nitride (h-

BN), often referred to as “white graphene,” distinguishes itself as a structurally 

lightweight material with graphene-isoelectronic structure. Its atomic arrangement 

consists of an alternating boron–nitrogen hexagonal sublattice, where atoms are 

primarily linked by strong covalent bonds with a partial ionic component arising from 
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the B–N electronegativity difference [4]. This asymmetric electron density distribution 

imparts significant lattice polarization and an inherently large bandgap in the range of 

5–6 eV, positioning h-BN as an electrical insulator with surprisingly robust 

electroanalytical behaviour. The sp²-hybridized lattice imparts strong chemical 

inertness and stability against oxidation in ambient environments, additionally sustains 

exceptional thermal resilience, making h-BN a prime candidate for high-performance 

nano-electronic, sensing, and protective coating applications. 

Hexagonal boron nitride (hBN) exhibits exceptionally high thermal conductivity, 

making it highly suitable for applications in harsh and high-temperature operational 

environments. Its inherent wide bandgap confers remarkable chemical inertness, in 

addition minimizing interference and background noise during signal acquisition, 

thereby ensuring high precision in real-time sensing applications. However, this same 

chemical inertness poses a significant limitation for large-scale functionalization, 

restricting the anchoring of active sites and consequently diminishing the biosensing 

efficiency [5]. To overcome this limitation, advanced surface modification strategies 

are essential. These include the decoration of hBN nanosheets with hierarchical 

nanostructures, which can create abundant electroactive sites, and the formation of 

nano-hybrid composites that integrate hBN with conductive or catalytically active 

nanomaterials. Such engineered interfaces can substantially enhance charge transfer 

kinetics, increase biomolecule immobilization density, and ultimately elevate the 

sensitivity, selectivity, and operational stability of hBN-based nano-biosensors. 

Emergence of nano-engineering innovations has significantly advanced bio-analytical 

device fabrication by enabling defect induction, tailored functionalization, controlled 

morphological structuring, and the development of hybrid nanocomposites [6]. While, 

engineered nanostructures obtained through structural, morphological, and defect 

engineering offer powerful avenues for enhancing the functional attributes of 

nanomaterials, yet face persistent challenges under ambient operating conditions, 

where they are prone to instability, progressive degradation, and surface 

transformations that compromise their designed functionalities. 

Achieving the required level of structural precision with controlled layer thickness, 

defect density, and particle alignment demands complex fabrication methodologies that 

are not only labour-intensive but also sensitive to minor variations in process 

parameters. This complexity often translates into high production costs and limits 

scalability. Furthermore, maintaining the engineered properties over prolonged 

operational periods is difficult, particularly when exposed to fluctuating environmental 

factors like humidity, temperature, and chemical contaminants. Another significant 

constraint is the potential compromise in chemical and biological compatibility, as 

surface modifications and defect manipulations may inadvertently introduce reactive 

sites or impurities that disrupt interactions with biological systems or chemically 

sensitive environments. These limitations necessitate the development of robust 

modification strategies and hybrid material architectures that integrate stability 

enhancement, simplified fabrication routes, and compatibility optimization to fully 

exploit the potential of nanomaterials in sensing, catalysis, energy storage, and 

biomedical applications [7]. 
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Synergistically integrated organic–inorganic hybrid nanocomposites (OIHNs), 

strategically constructed through functionalization and guided by host–guest chemistry 

principles in biphasic nano-confined matrices, offer a highly efficient pathway to 

transcend the individual drawbacks of organic and inorganic components [8, 9]. The 

organic phase provides structural adaptability, low density, and processability, yet is 

often constrained by fragility, thermal instability, and chemical reactivity under 

elevated temperatures [10]. The inorganic phase contributes exceptional mechanical 

robustness, chemical inertness, and thermal endurance, but its inherent limitations 

include minimal surface functionality, restricted catalytic efficiency, and the need for 

energy-intensive or intricate synthesis protocols [11]. Through deliberate nanoscale 

interfacial engineering, OIHNs achieve an optimized combination of strength, stability, 

and multifunctional performance. This architecture enhances electrical and optical 

tunability, supports the introduction of targeted functional groups, and enables 

controlled porosity for improved mass transport. Importantly, the hybrid structure 

promotes synergistic effects where the organic phase modulates flexibility and 

functional diversity, while the inorganic phase anchors stability and durability [12]. 

This synergy extends to catalysis, where enhanced electron transfer pathways and 

interfacial active sites dramatically improve catalytic turnover rates. By uniting these 

attributes, OIHNs emerge as a versatile material platform capable of meeting the 

complex demands of next-generation applications. 

Two-dimensional (2D) nanomaterials represent a highly promising class of materials, 

uniquely positioned to address advanced biosensing and catalytic challenges due to 

their combination of structural adaptability and physicochemical versatility. Their 

abundant surface-active sites enable efficient immobilization of biomolecules, while 

their exceptional catalytic efficiency and tunable electronic properties—particularly 

bandgap modulation—allow precise optimization for targeted applications. In the 

context of Organic–Inorganic Hybrid Nanostructures (OIHN), layered van der waals 

(vdW) materials are particularly valuable as scalable sources for obtaining 2D 

morphologies. Organic-layered nanostructures, such as reduced graphene oxide (rGO) 

[13], exhibit an exceptionally high aspect ratio, providing vast surface adsorption areas 

and a semiconducting bandgap that not only enhances electrocatalytic activity but also 

facilitates controlled charge transfer. The high defect density in rGO introduces 

additional active sites, significantly boosting bio-catalytic efficiency. In contrast, 

inorganic layered nanomaterials such as hexagonal boron nitride (hBN)—often referred 

to as “inorganic graphite”—offer complementary advantages. hBN possesses lattice 

parameters closely matching those of rGO, thereby minimizing strain-induced 

deformation in hybrid composites [14]. Furthermore, it exhibits outstanding mechanical 

strength, superior thermal and chemical stability, and resistance to environmental 

degradation, ensuring reliability under diverse operational conditions. These 

complementary attributes of rGO and hBN make them ideal building blocks for hybrid 

nanocomposite systems, where the organic component contributes exceptional 

electrochemical responsiveness and the inorganic counterpart imparts structural 

robustness, long-term stability, and resistance to harsh environments. Within organic 

nanomaterials, reduced graphene oxide (rGO) possesses a distinctive electronic 

arrangement, where electrons are uniformly delocalized across all carbon atoms, 

generating an extensive network of redox-active sites. This intrinsic abundance of redox 

centers enhances electron transfer kinetics, making rGO highly advantageous for 
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integration into OIHN-based nano-biosensors. Conversely, in hexagonal boron nitride 

(hBN), electron density shifts preferentially toward nitrogen atoms due to their high 

electronegativity, consequently leaving boron atoms with vacant p-orbitals, a property 

that imparts unique electronic and catalytic behavior when coupled with conductive 

nanomaterials[15]. 

The tailored electronic structure inherent in rGO and hBNNS creates a unique chemical 

architecture for engineering high-strength interfacial bonds, resulting in a remarkably 

resilient crosslinking chemistry. This engineered interfacial synergy promotes the 

creation of a superior hybrid nanocomposite wherein the distinct electronic and 

structural properties of each component are optimally harnessed. The resulting 

crosslinked interface is richly decorated with multifunctional adsorption sites, which 

play a pivotal role in facilitating strong, specific, and stable conjugation with 

biomolecules and bioconjugates. Compared to conventional immobilization 

strategies—such as entrapment, physical adsorption, covalent binding without 

interfacial optimization, or sandwich incubation—the crosslinking approach decisively 

mitigates inherent drawbacks, including elevated diffusion barriers, instability in 

protein interactions, restricted conformational flexibility essential for catalytic function, 

low protein adsorption efficiency, and diminished electron transfer kinetics. By 

contrast, interfacial crosslinking actively enhances surface functionalization, ensuring 

efficient bridging between linker molecules and adjacent protein biomarkers. Through 

selective surface functionalization, crosslinking preserves robust connections between 

linking agents and protein biomarkers while enhancing protein bioactivity, allows for 

recyclability without significant loss of catalytic efficiency, maintains a highly ordered 

protein conformation aligned for optimal electron transport, and delivers an 

economical, scalable technique adaptable to a range of biosensing platforms. The 

strategic application of crosslinking thus ensures a high-performance nanointerface 

capable of long-term stability and consistent analytical performance in complex 

biological environments. 

The strategic engineering of interfacial kinetics in organic–inorganic hybrid 

nanocomposites (OIHNs) exerts a decisive influence on charge transfer dynamics. 

Interphase interactions are broadly categorized into Class I and Class II, where Class I 

encompasses weak bonds—such as van der Waals forces, hydrogen bonding, and 

hydrophobic–hydrophilic interactions—while Class II comprises strong covalent or 

iono-covalent bonds [16]. This classification governs molecular dynamics and 

ultimately dictates sensing performance. Class II OIHNs, formed through robust 

bonding chemistry between constituent materials, exhibit superior structural stability, 

precise modulation of physicochemical properties, enhanced interfacial charge transfer 

through efficient crosslinking, and the incorporation of multifunctional groups that 

substantially improve protein biomarker immobilization. 

Despite their potential, the synthesis of such nanocomposites remains challenging due 

to inherent limitations of conventional methods such as scalability issues, procedural 

complexity, and the requirement for elevated reaction temperatures [17]. Addressing 

these constraints, the present study adopted a one-pot hydrothermal synthesis route 

capable of concurrently reducing graphene oxide (GO), exfoliating hexagonal boron 

nitride nanosheets (hBNNS), and reinforcing rGO–hBNNS interfacial crosslinking. 

This process, conducted under high pressure at relatively low temperatures, mitigates 
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agglomeration, prevents layer restacking, and maintains nanosheet integrity. Through 

optimized hydrothermal parameters and selective reducing agents, simultaneous 

reduction of substantially reactive GO nanosheets alongside precise bond tailoring, 

yielding a structurally stable rGO–hBNNS hybrid nanocomposite with enhanced 

electrochemical performance was achieved. 

The present work harnesses the inherent synergy of organic–inorganic hybrid 

nanomaterial (OIHN) interfacial chemistry to fabricate, via a hydrothermal route, an 

rGO–hBNNS hybrid nanocomposite with superior electrocatalytic efficiency for the 

label-free detection of CEA biomarkers. Functional amine and carboxyl terminal 

groups on the rGO-decorated hBNNS nano-matrix serve as effective anchoring sites 

for monoclonal Anti-CEA Fc receptors through EDC–NHS-mediated crosslinking, 

thereby replacing conventional, expensive, and complex labeling procedures. Through 

tailored optimization of the immuno-interface microenvironment, the binding 

interactions between Anti-CEA and the rGO–hBNNS nano-matrix are significantly 

enhanced, yielding amplified electrochemical responses and high detection sensitivity. 

This architecture enables precise Anti-CEA–CEA recognition with a detection limit as 

low as 5.47 pg/mL. Demonstrating excellent selectivity, stability, reproducibility, and 

reliability in spiked serum analysis, the rGO–hBNNS hybrid nano-biosensor meets the 

operational and regulatory requirements of clinical diagnostic platforms. 

5.2 Experimental Section: 
5.2.1 Chemical, Reagents and Instrumentation: 

The study utilized high-purity analytical-grade chemicals and reagents to ensure 

maximum precision, reliability and reproducibility. Materials procured from Sigma-

Aldrich included graphite powder (< 20 μm), bovine serum albumin (BSA), hexagonal 

boron nitride (h-BN) powder (98%, 5 μm), 1-(3-(dimethylamino)propyl)-3-

ethylcarbodiimide hydrochloride (EDC), carcinoembryonic antigen (CEA), N-

hydroxysuccinimide (NHS), and monoclonal anti-CEA antibodies. From Thermo-

Fisher Scientific and Merck provided potassium permanganate (KMnO₄), sulfuric acid 

(H₂SO₄), hydrazine hydrate (N₂H₄·H₂O, >99%), isopropanol ((CH₃)₂CHOH), hydrogen 

peroxide (30% w/v H₂O₂), potassium ferrocyanide (K₄[Fe(CN)₆]·3H₂O), acetonitrile 

(CH₃CN), hydrochloric acid (HCl), sodium phosphate monobasic dihydrate 

(NaH₂PO₄·2H₂O), ethanol (C₂H₅OH), potassium ferricyanide (K₃[Fe(CN)₆]), and 

sodium phosphate dibasic dihydrate (Na₂HPO₄·2H₂O). Ultrapure Milli-Q water was 

employed for all solution preparation and washing procedures. Fresh Phosphate buffer 

saline (PBS) buffers of different pH values were prepared by mixing solution A 

(NaH₂PO₄·2H₂O) with solution B (Na₂HPO₄·2H₂O) in Milli-Q water and stored at 4 °C 

until further use. Human serum samples were obtained from AIIMS, New Delhi, 

following ethical approval. 

Multiple complementary analytical techniques were employed to systematically 

characterize the hBNNS, GO, and rGO-hBNNS powder samples. Phase purity and 

crystallographic structure were examined using X-ray diffraction (XRD, Bruker 

Advance D-8), enabling identification of interlayer spacing, crystal defects, and any 

phase transformations induced during synthesis. Surface morphology and 

microstructural features were visualized via scanning electron microscopy (SEM, 

EVO18 Zeiss), while layer thickness, exfoliation quality, and nanoscale structural 
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integrity were investigated using high-resolution transmission electron microscopy 

(TEM, TECNAI, 200 kV). Elemental composition and spatial distribution were 

determined using energy-dispersive X-ray spectroscopy (EDX), while chemical 

bonding, functional group incorporation, and defect-related vibrations were probed by 

Fourier transform infrared spectroscopy (FTIR, Spectrum II–Perkin Elmer). 

Vibrational and phonon-related properties, along with structural strain and defect 

density, were analyzed through Raman spectroscopy (WITec, λ = 532 nm). Optical 

absorption characteristics and possible bandgap modifications were evaluated via UV–

visible spectroscopy (Perkin Elmer 950). Electrochemical properties were examined 

using an Autolab Galvanostat/Potentiostat (Metrohm, Netherlands), performing 

differential pulse voltammetry (DPV) and cyclic voltammetry (CV) to assess charge 

transfer kinetics and sensor response. The electrochemical setup consisted of an rGO-

hBNNS–modified ITO working electrode, a platinum rod counter electrode, and an 

Ag/AgCl reference electrode (in 3 M KCl). All biosensing studies were conducted in a 

ferro-/ferricyanide ([Fe(CN)₆]³⁻/⁴⁻, 5 mM) redox couple in phosphate-buffered saline 

(PBS, 50 mM, 0.9% NaCl, pH 7.0), chosen for its well-defined one-electron 

heterogeneous transfer characteristics. 

5.2.2 Sustainable and Efficient Synthesis of Graphene Oxide Using Modified 

Hummer's Approach 

The eco-friendly synthesis of graphene oxide (GO) was conducted by oxidizing natural 

graphite powder through a modified Hummer's method (Fig. 5.1), incorporating slight 

adjustments to enhance covalent functionalization on the exfoliated GO nanosheets, 

thereby improving their reactivity and compatibility for advanced applications. Firstly, 

the process of pre-oxidizing 3 grams of analytical-grade natural graphite with 70 mL of 

sulfuric acid (H2SO4) and 9 grams of potassium permanganate (KMnO4), which serves 

as a strong oxidant to intercalate and expand the graphite layers for effective oxidation. 

Upon adding KMnO4, a temperature increase to 40°C was observed due to the 

exothermic reaction, necessitating careful control to avoid uncontrolled heat buildup. 

The mixture was then subjected to controlled and gentle stirring at <300 RPM for 30 

mins, ensuring uniform dispersion of graphite with the chemicals while preventing 

potential exothermic ignition from reactive interactions, thus prioritizing safety and 

homogeneity. After the temperature stabilization post-stirring, 150 mL of deionized 

(DI) water was introduced slowly to the uniform dispersion under constant stirring for 

15 minutes, maintaining the hot plate at 95°C to facilitate controlled dilution and further 

oxidation, while mitigating risks of sudden explosive boiling. Further, 500 mL of DI 

water was added, followed by 15 mL of 30% hydrogen peroxide (H2O2), which 

terminated the oxidation reaction and reduced excess KMnO4, resulting in a color 

change from dark brown to yellow that indicates successful formation of GO. In the 

subsequent step, 250 mL was incorporated into a solution comprising HCl and DI water 

in a 1:10 ratio under stirring for 2 hours, effectively removing metal ions to streamline 

filtration and enhance the electrochemical activity of the final product by eliminating 

catalytic residues that could impede performance. After completion of the reaction, the 

mixture was allowed to settle overnight, enabling gravitational separation of oxidized 

graphite particles from the supernatant for easier isolation. Next, the decantation of the 

remaining solvents and washing the settled particles with DI water was carried out until 

achieving a neutral pH of 7.0, thoroughly purifying the GO to remove acidic residues 

and impurities that might affect stability and functionality. Finally, the resultant sample 
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was dried in a vacuum oven at 65°C for 24 hours, evaporating residual moisture to yield 

GO nanosheets with high colloidal stability and abundant surface functionalities ready 

for storage or further use. 

 

Figure 5.1: Diagram illustrating the eco-friendly modified Hummer's route 

for the synthesis of graphene oxide (GO) from natural graphite powder 

5.2.3 Facile One-Pot Hydrothermal Route for Producing rGO-hBNNS Hybrid 

Nanocomposites with Enhanced Interfacial Integration 

Ultrathin multifunctional hexagonal boron nitride nanosheets (hBNNS) were 

synthesized via a facile hydrothermal route, following previously reported 

methodology [21]. Unlike bulk hBN, which exhibits poor dispersibility and exfoliation 

due to its partially ionic B–N bonds—thereby limiting interfacial interactions with other 

precursors, hBNNS were selected for nanocomposite fabrication to enhance dispersion 

and reactivity. In the initial step, 122 mg of hBNNS powder was dispersed in 10 mL 

deionized (DI) water, while 90 mg of graphene oxide (GO), synthesized via an eco-

friendly improved Hummers’ method, as illustrated in Fig. 5.2, was separately 

dispersed in 10 mL DI water. Both dispersions underwent ultrasonication-assisted 

pretreatment for 1 h at room temperature, which promoted hydroxyl ion intercalation, 

thereby expanding the interlayer spacing while preserving the intrinsic crystalline 

framework. GO readily dispersed due to its hydrophilic nature, imparted by covalently 

bound oxygen-containing groups, ensuring high colloidal stability ensuring a 

homogeneous base for integration. The well-dispersed GO suspension was combined 

with the hBNNS dispersion, followed by ultrasonication step for 1 h to strengthen 

precursor–precursor intercalation and interface reinforcement. Subsequently, 1 mL 

hydrazine hydrate and 15 mL DI water were introduced as the reducing system, 

enabling conversion of GO to rGO while maintaining uniform dispersion. 
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Figure 5.2: Sequential fabrication steps of rGO–hBNNS hybrid 

nanocomposite via one-pot hydrothermal synthesis route. and Schematic 

representation interfacial chemistry driving rGO-hBNNS Nanocomposite 

formation 

The mixture was stirred at 270 rpm for 6 h at room temperature to ensure complete 

reduction and homogeneous distribution. The resulting dispersion was transferred into 

a 50 mL Teflon liner, sealed within a stainless-steel autoclave, and subjected to 

hydrothermal treatment at 180 °C for 12 h, facilitating chemical reduction, nanosheet 

interlocking, and hybrid nanocomposite growth. The presence of electron-deficient 

boron sites (Lewis acid) on hBNNS, capped with amine groups (Lewis bases), 

established strong bonding affinity toward electrophilic GO nanosheets, driving the 

formation of the rGO–hBNNS hybrid. The obtained nanocomposite was washed 

repeatedly with DI water through centrifugation at 7000 rpm until the supernatant 

reached pH 7.0, ensuring removal of ionic impurities. Finally, the product was vacuum-

dried at 85 °C for 24 h to yield the rGO–hBNNS hybrid nanocomposite. 
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5.2.3 Fabrication of Functionalized rGO-hBNNS/ITO Immunoelectrodes via 

Controlled Electrophoretic Deposition (EPD) and Nano-interface Engineering 

enabled Covalent Antibody Immobilization 

 
Figure 5.3: Diagrammatic representation of (a) electrophoretic fabrication of 

rGO–hBNNS-coated ITO electrode, and (b) stepwise biointerface engineering 

using Anti-CEA immobilization, BSA passivation, and CEA conjugation to 

produce the nano-biosensing interface. 

The rGO-hBNNS/ITO electrodes were fabricated using the electrophoretic deposition 

(EPD) technique, which leverages the combined effects of colloidal dispersion stability 

and voltage-driven particle migration to achieve a uniform coating (Fig. 5.3(a)). A 

stable colloidal suspension of 0.25 mg/mL rGO-hBNNS in acetonitrile (CH₃CN) was 

prepared by adding 300 μL of magnesium nitrate (Mg(NO₃)₂, 1 mg/mL). Magnesium 

nitrate [Mg(NO₃)₂] acts as a dual-function additive, serving both as a surface charge 

modulator and electrolytic conductivity promoter. Upon dissolution in acetonitrile, it 

releases Mg²⁺ and NO₃⁻ ions, increasing the ionic strength of the acetonitrile suspension 

and imparting a positive surface charge to rGO-hBNNS particles by cation adsorption. 

This promotes stable dispersion, prevents agglomeration, and enables uniform particle 

migration under the electric field, resulting in a compact, well-adhered coating on the 

ITO substrate. The suspension was ultrasonicated for 1 h to ensure uniform particle 

distribution and prevent premature aggregation and enhance suspension homogeneity. 
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This well-dispersed suspension was transferred into a two-electrode cell, consisting of 

pre-hydrolyzed ITO (0.8 cm × 2.5 cm) as the working electrode (positive terminal) and 

a platinum rod as the counter electrode (negative terminal). Prior to deposition, ITO 

substrates were hydrolyzed in a 1:1:5 mixture of hydrogen peroxide, ammonia, and DI 

water, activating surface radical groups to enhance film adhesion and binding affinity 

of the nanocomposite layer. A homogeneous rGO-hBNNS film (0.8 cm × 0.8 cm) was 

deposited at 15 V DC for 1 min, yielding a uniform conductive layer. 

 

Figure 5.4: Depiction of molecular interactions involving amide bond 

formation: (a) L-glutamic acid with amine-functional hBNNS, (b) L-lysine 

with epoxide-functional rGO, and (c) L-lysine with carboxyl-functional rGO. 

The nano-biosensor platform was engineered by covalently anchoring monoclonal 

Anti-CEA onto rGO–hBNNS-modified ITO surfaces using EDC–NHS chemistry (Fig. 

5.3(b)). Firstly, monoclonal Anti-CEA stock solution was prepared in PBS buffer (pH 

7.4) by activating its –COOH and –NH₂ groups via carbodiimide-based EDC–NHS 

chemistry (Fig. 5.3(b)) [18]. Specifically, Anti-CEA (50 µg/mL) was reacted with EDC 

(0.2 M) and NHS (0.05 M) in a 2:1:1 molar ratio at room temperature for 30 min. EDC, 

acting as a zero-length crosslinker, covalently activated the carboxyl-terminated Fc 

region (L-glutamic acid) of Anti-CEA to form an unstable O-acylisourea ester, which 

was stabilized into an amine-reactive NHS ester [19]. This intermediate efficiently 
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crosslinked the Fc region to amine-terminated hBNNS interfaces, producing robust 

amide bonds (Fig. 5.4(a)). Additionally, lysine residues on Anti-CEA provided side-

chain amino groups that conjugated with C–O–C and –COOH groups on rGO surfaces 

through the same EDC–NHS mechanism (Fig. 5.4(b–c)) [20]. Subsequently, 20 µL of 

Anti-CEA was immobilized onto the rGO–hBNNS film for 24 h in a controlled humid 

chamber, ensuring uniform antibody orientation and high binding affinity. BSA (10 µL, 

1% w/w) was then applied to passivate unbound active sites, reducing nonspecific 

adsorption. Finally, CEA antigen (10 µL) was incubated for 30 min, enabling specific 

antigen–antibody interaction. The resulting immunoelectrodes were stored at 4 °C to 

preserve biological activity. 

5.3 Experimental Results & Analysis: 
5.3.1 Analytical Nanomaterial Characterizations: 

5.3.1.1 Comprehensive Crystallographic Characterization of rGO-hBNNS Hybrid 

Nanocomposite Using X -Ray Diffraction (XRD) Analysis: 

 
Figure 5.5: Powder X-ray diffraction patterns of (I) hBNNS, (II) GO, and (III) 

rGO–hBNNS nanocomposite obtained across the 2θ range of 5°–80°, 

demonstrating key crystallographic attributes. 

A comprehensive XRD analysis was performed across a 2θ range of 5°–80° to 

systematically evaluate the phase formation, phase purity, and crystallinity of three 

materials: (I) hBNNS, (II) GO, and (III) rGO-hBNNS nanocomposite, as illustrated in 

Fig. 5.5(a). This analytical approach scanning wide 2θ range ensures accurate 

identification of characteristic peaks, all relevant Bragg reflection, and verifies the 

structural homogeneity of each sample. The optimized hydrothermal synthesis 

conditions, combined with the effective intercalation–exfoliation mediated by 

isopropanol (IPA) and hydrazine hydrate, facilitated the synthesis of high-purity 
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hexagonal boron nitride nanosheets (hBNNS). This structural integrity was confirmed 

by two sharp and well-defined diffraction peaks observed at 26.84° and 41.72° in Fig. 

5.5(a)-(I), which correspond to the (002) and (100) crystallographic planes of 

hexagonal BN, respectively. The match with reference data [JCPDS Card No. 034–

0421] provides conclusive evidence of phase purity and the absence of crystallographic 

distortions [21]. 

The XRD pattern of GO, presented in Fig. 5.5(a)-(II), displays a distinct, intense, and 

broad diffraction peak positioned at 2θ = 8.8°, markedly down-shifted to a lower angle 

compared to pristine graphite. This peak corresponds to the (001) crystallographic plane 

(Table 5.1) and is a strong indicator of extensive oxidation of bulk graphite powder. 

Such oxidation was achieved through the action of aggressive chemical precursors, 

specifically KMnO₄ and H₂SO₄, which facilitated deep structural transformation [22]. 

The observed down-shift in diffraction angle, combined with a significantly enlarged 

interlayer spacing of d(001) = 1.004 nm calculated via Bragg’s Equation. (Eq. [5.1]), 

confirms the intercalation of oxygen-rich functional groups—hydroxyl, carboxyl, 

carbonyl, and epoxy—into the graphite layers. This intercalation not only disrupted the 

π-bonded planar stacking but also enabled efficient exfoliation, thereby enhancing GO 

oxidation. FT-IR analysis corroborates the presence of these oxygen functionalities. For 

the rGO-hBNNS nanocomposite, the XRD pattern in Fig. 5.5(a)-(III) reveals a 

dominant peak at 26.84°, indexed to the (002) plane of hBNNS, alongside two weaker 

peaks at 25.4° and 55.3°, corresponding to the (002) and (004) planes of rGO. These 

results imply that hydrothermal synthesis favored the growth of rGO with relatively 

poor crystallinity on the surface of highly crystalline hBNNS nanostructures. 

Bragg’s Relation: 2d × Sinθ = nλ    [5.1] 

According to Bragg’s principle, d denotes the interplanar spacing in nanometers, 

revealing the scale of periodicity within the crystal structure. The angle θ (in radians) 

corresponds to the Bragg diffraction angle at which coherent scattering produces a 

measurable peak. The integer n designates the diffraction order, identifying the number 

of whole wavelengths accommodated in the path difference between scattered waves. 

The term λ signifies the wavelength of the incident beam, whether electron or X-ray 

which fundamentally determines the spatial resolution achievable in diffraction 

analysis. 

Table 5.1: Intense diffraction peaks, corresponding hkl planes, peak positions, 

full width at half maximum (FWHM), calculated crystallite sizes, and 

interplanar spacings for hBNNS, GO, and rGO-hBNNS nanocomposite 

samples. 

S.No. Sample 

Intense 

(hkl) 

Planes 

Peak 

Position, 

2θ (°) 

FWHM 

(°) 

Crystallite 

Size 

(D, nm) 

d-spacing 

(nm) 

1. 
Hexagonal Boron Nitride 

Nanosheets, hBNNS 
(002) 26.84 0.2392 34.171 0.332 

2. Graphene Oxide, GO (100) 8.8 1.205 6.616 1.004 

3. 
rGO-hBNNS 

Nanocomposite 

hBNNS (002) 26.84 0.3187 25.640 0.332 

rGO (002) 25.4 1.089 7.483 0.350 
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The XRD analysis revealed the emergence of two distinct diffraction planes in reduced 

graphene oxide (rGO) alongside a pronounced reduction in interplanar spacing during 

the hydrothermal conversion of graphene oxide (GO) into rGO. Specifically, the d-

spacing decreased from 1.004 nm for the (100) plane in GO to 0.350 nm for the (002) 

plane in rGO, reflecting the re-establishment of the graphitic framework and a higher 

degree of π–π stacking. This transition signifies a disordered stacking of layered 

nanostructures, a characteristic outcome of restoring sp² domains in rGO after chemical 

reduction. In the rGO-hBNNS hybrid nanocomposite, the hexagonal boron nitride 

nanosheets (hBNNS) displayed a highly crystalline morphology, predominantly 

aligned along the (002) plane, with complete suppression of the (100) plane, indicating 

preferential layer-by-layer stacking. Furthermore, in situ hydrothermal intercalation, 

nucleation, and growth of rGO nanosheets promoted a stronger quantum confinement 

effect, as evidenced by a substantial reduction in crystallite size, from 34.17 nm in pure 

hBNNS to 25.64 nm in the nanocomposite, while preserving the intrinsic d-spacing of 

hBNNS. These nanoscale refinements indicate the formation of ultra-thin hBNNS 

flakes with fewer layers within the composite matrix. In contrast, the crystallite size 

(Eq. [5.2]) of rGO increased from 6.616 nm in GO to 7.483 nm in the nanocomposite, 

which is attributed to enhanced stacking in rGO’s crystallographic planes to reconcile 

the d-spacing mismatch between rGO and hBNNS, thereby achieving a stable nano-

confined architecture, as depicted in Table 5.1. 

Debye-Scherrer’s Formula: 𝑫 =  
𝟎.𝟗 𝝀

𝜷 × 𝑪𝒐𝒔𝜽
   [5.2] 

In the Debye–Scherrer Equation, D represents the average crystallite size (nm), λ is the 

wavelength of incident X-rays (nm), β corresponds to the full-width at half-maximum 

of the diffraction peak (radians), and θ is the associated Bragg diffraction angle 

(radians). This quantitative relationship allows precise determination of nanoscale 

structural dimensions based on X-ray diffraction data. The measured interplanar 

spacing for rGO at the (002) plane was 0.350 nm, which exactly matched the d-spacing 

value for crystalline graphite, signifying a successful restoration of extended sp²-

hybridized graphitic domains in the basal planes following reduction [22]. This 

structural reinstatement further implies that residual oxygen-containing functional 

groups, particularly hydroxyl and carboxyl moieties, preferentially adsorb onto the 

surface of rGO sheets rather than embedding within the interlayer galleries, preserving 

the compact stacking of graphene layers while maintaining hydrophilic character for 

improved dispersibility. 

5.3.1.2 Integrated High-Resolution Electron Microscopy and EDAX-Based 

Elemental Investigation for Detailed Morphological and Compositional Analysis 

of rGO–hBNNS Hybrid Nanocomposite 

The detailed micro- and nano-scale structural characteristics, together with elemental 

composition, of the as-synthesized (I) hBNNS, (II) GO, and (III) rGO–hBNNS hybrid 

nanocomposite were thoroughly examined via scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), and energy-dispersive X-ray analysis 

(EDAX), as illustrated in Fig. 5.6(a)–(c). The SEM micrograph in Fig. 5.6(a-I) reveals 

densely nucleated, enlarged, and highly ordered flaky nanosheets of hexagonal boron 

nitride nanosheets (hBNNS), signifying efficient nucleation, with a high degree of 

planar uniformity and lateral growth during synthesis, reflecting effective exfoliation 
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from bulk h-BN. In contrast, the GO surface morphology in Fig. 5.6(a-II) exhibits 

pronounced corrugated edges and stacked sheet-like formations, a direct consequence 

of the “extensive peeling” of bulk graphite powder through oxidative exfoliation. These 

curled and folded sheet edges point to the inherent flexibility and disruption of sp² 

domains by oxygen functional groups onto GO nanosheets, which is crucial for hybrid 

composite integration. The rGO–hBNNS nanocomposite in Fig. 5.6(a-III) exhibits a 

heterogeneous contrast pattern dark, wavy, wrinkled rGO nanosheets intertwined with 

lighter, sleek, disc-shaped hBNNS. This arrangement reflects a thermodynamically 

driven aggregation aimed at reducing overall surface energy by passivating dangling 

surface bonds. 

 

Figure 5.6: Morphological and elemental characterization conducted using (a) 

Scanning electron microscopy (SEM) images at 2 µm resolution capturing 

surface topography, (b) transmission electron microscopy (TEM) images at 

200 nm resolution detailing nanoscale morphology, and (c) energy-dispersive 

X-ray analysis (EDAX) spectra highlighting elemental composition, presented 

for (I) hBNNS, (II) GO, and (III) rGO–hBNNS nanocomposite 

High-resolution TEM imaging provided detailed insight into the nanoscale architecture 

of the materials, as shown in Fig. 5.6(b-I), where hBNNS appears as highly transparent, 

circular nanosheets with exceptionally low thickness, affirming the successful synthesis 

of ultrathin two-dimensional layers with minimal stacking. Fig. 5.6(b-II) presents GO 

nanosheets that are wrinkled, semi-transparent, and clearly exhibit corrugated interlayer 

spacing, a structural consequence of oxygen-containing functional groups intercalated 

between graphene layers, which not only disrupts π–π stacking but also enhances 

chemical reactivity. In Fig. 5.6(b-III), the rGO–hBNNS hybrid reveals nanoscale 

domains of rGO intricately intertwined with hBNNS flakes, a configuration that 

demonstrates uniform dispersion, forming a continuous network that confirms their 

strong interfacial bonding and coherent integration into a hybrid nanocomposite with 

well-defined nanoscale architecture. This arrangement confirms the formation of a 
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structurally stable, strong interfacial compatibility, enabling effective stress transfer 

and electronic coupling in the nanocomposite matrix. 

Table 5.2: Elemental analysis presenting atomic and weight percentages, as 

well as B/N and C/O ratios, for (I) hBNNS, (II) GO, and (III) the synthesized 

rGO–hBNNS hybrid nanocomposite. 

S.No. Sample Elements Atomic % Weight % B/N Ratio 
C/O 

Ratio 

1. hBNNS 

Boron 49.59 41.02 

0.99 - Nitrogen 50.06 53.66 

AuL 0.35 5.31 

2. GO 
Carbon 66.64 60 

- 1.99 
Oxygen 33.36 40 

3. 
rGO-

hBNNS 

Boron 36.49 28.20 

0.83 7.96 

Nitrogen 43.81 43.46 

Carbon 16.81 14.43 

Oxygen 2.11 2.41 

AuL 0.79 11.10 

Elemental analysis derived from EDX spectra, corresponding to Fig. 5.6(I–III), 

decisively confirms the successful synthesis of pure hBNNS, GO, and the rGO–hBNNS 

nanocomposite (Table 5.2). For GO, the measured C/O atomic ratio was 1.997, 

reflecting a high degree of oxidation with abundant oxygenated functional groups on 

the graphene lattice by disruption of π–π stacking which promotes hydrophilicity but 

limits electrical conductivity. Upon nanocomposite synthesis, this ratio increased 

markedly to 7.966, indicating a substantial elimination of oxygen-containing functional 

groups and the restoration of the conjugated sp² carbon network in rGO. Furthermore, 

the rGO–hBNNS composite displayed a notable C/N ratio of 0.371, alongside a higher 

atomic % and weight % of nitrogen compared to pristine hBNNS. This nitrogen 

enrichment is directly attributed to the hydrazine hydrate–assisted chemical reduction 

process, wherein nitrogen atoms participate in covalent or semi-covalent bonding 

between rGO sheets and hBNNS flakes. The nitrogen-mediated crosslinking 

strengthens the hybrid structure and ensures stable integration, thereby creating a 

reinforced network that optimizes interfacial adhesion within the composite matrix, 

facilitates stress transfer, improves mechanical resilience, and promotes facile electron 

transport in two nanomaterial components. 

5.3.1.3 Spectroscopic Band Structure and Optical Transition Investigation of 

rGO–hBNNS Hybrid Nanocomposite Using UV–Visible Absorption Analysis 

UV–Visible spectroscopy was employed to systematically analyze the absorption 

spectra of the materials pre- and post-synthesis of rGO-hBNNS hybrid nanocomposite, 

enabling precise insights into the interaction dynamics, electronic band restructuring 

and structural transformations responsible for both bandgap modulation and absorption 

peak shifts (Fig. 5.7). Upon formation of the rGO–hBNNS nanocomposite, a distinct 

red-shift was detected in the sharp absorption edge of hBNNS, shifting from 185 nm 

(6.534 eV) in pristine hBNNS to 186 nm (3.726 eV), indicating a notable reduction in 

optical bandgap (Fig. 5.7(I, II, V, VI)). In contrast, highly disordered GO nanosheets 

displayed two prominent absorption peaks at 229 nm (3.679 eV) and 316 nm (2.969 

eV), corresponding to π–π* electronic transitions from C=C bonds and n–π* transitions 

from C=O bonds, respectively (Fig. 5.7(III, IV)). Hydrothermal reduction of GO 
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caused a pronounced blue-shift of the π–π* peak to 193 nm (3.233 eV), while the n–π* 

peak remained near 318 nm (2.789 eV), and an additional absorption band emerged at 

562 nm (2.049 eV), indicating new electronic states introduced during composite 

formation (Fig. 5.7(V, VI)) [23]. The bandgaps of all samples were quantified using 

Tauc’s plot by extrapolating the linear region in the (αhυ)² versus hυ curve [24]. This 

analysis revealed significant bandgap narrowing—from 5.34 eV in pure hBNNS to 

3.726 eV, and from 3.679 eV in GO to 3.233 eV in the rGO–hBNNS hybrid—directly 

linked to the removal of oxygenated functional groups and the strong interlayer 

coupling between rGO and hBNNS. These structural interactions facilitated electronic 

band dispersion, thereby confirming effective band structure engineering in the 

nanocomposite due to enhanced charge delocalization and electronic band dispersion 

(Fig. 5.7(II, IV, VI)). 

 

Figure 5.7: Detailed UV–visible absorption spectra and associated Tauc plots 

for (I) hBNNS (Pink), (II) GO (Cyan), and (III) rGO-hBNNS (Green), to 

estimate the optical band gap energies by analyzing their electronic 

transitions. 

5.3.1.4 Raman Spectroscopy Elucidating Phonon Dynamics, Vibrational Modes, 

and Electronic Interactions in the rGO–hBNNS Hybrid Nanocomposite 

Raman spectroscopy, a powerful non-destructive analytical technique, is pivotal for 

assessing the electronic structure, nanocomposite formation, and layer ordering within 

advanced materials by meticulously examining vibrational modes, shifts in peak 

positions, variations in peak intensity, full-width at half-maximum (FWHM), and 
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defect densities. In the present study, Raman spectra were obtained for the as-

synthesized samples: (I) hexagonal boron nitride nanosheets (hBNNS), (II) graphene 

oxide (GO), and (III) reduced graphene oxide-hBNNS (rGO-hBNNS) hybrid 

nanocomposite, as shown in Fig. 5.8. 

The spectrum of pure hBNNS (Fig. 5.8(I)) prominently features a sharp and intense 

peak at 1368.43 cm⁻¹, which corresponds to the in-plane E2g phonon vibration mode. 

This mode is characteristic of the highly ordered hexagonal lattice of boron and nitrogen 

atoms, reflecting the crystalline integrity of hexagonal lattice vibrations and structural 

ordering within the ultrathin nanosheets. 

 
Figure 5.8: Raman spectroscopic analysis conducted on (I) hBNNS (Pink), (II) 

GO (Cyan), and (III) rGO-hBNNS (Green) across the 900–3000 cm⁻¹ 

wavenumber range to evaluate their distinct vibrational modes. 

The Raman spectrum of GO (Fig. 5.8(II)) distinctly displays two significant peaks at 

approximately 1328.36 cm⁻¹ and 1602.47 cm⁻¹. The peak at 1328.36 cm⁻¹ represents 

the D-band, arising from first-order breathing modes of k-point phonons with A1g 

symmetry; this band is directly linked to sp³ hybridized carbon atoms induced by 

structural defects and disorder in the GO nanosheets. The peak at 1602.47 cm⁻¹ 

corresponds to the G-band, originating from the E2g phonon mode related to sp² 

hybridized carbon atoms in the graphene lattice, signifying graphitic domains [25]. 

Notably, the absence of the 2D band (or G’-band), an overtone of the D-band, indicates 

the high defect density and the lack of ordered stacking along the c-axis in the GO 

sheets [26]. This absence highlights the disrupted π-electron conjugation and the 

dominance of defect-induced states in GO. 

Upon formation of the rGO-hBNNS hybrid nanocomposite, the Raman spectrum (Fig. 

5.8(III)) exhibits three distinctly red-shifted peaks at 1320.94 cm⁻¹, 1361.07 cm⁻¹, and 
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1598.41 cm⁻¹, which correspond respectively to the D-band of rGO, the in-plane E2g 

vibrational mode of hBNNS, and the G-band of rGO. The subtle shifts in these peaks 

relative to the individual components suggest a strong interfacial interaction and 

electronic coupling between rGO and hBNNS within the hybrid structure. This 

hybridization facilitates partial restoration of the graphitic domains and modulates the 

phonon behavior due to chemical bonding and charge transfer effects. 

Additionally, two diminished peaks observed at 2044.23 cm⁻¹ and 2092.49 cm⁻¹ in the 

rGO-hBNNS spectrum correspond to significantly red-shifted 2D and D + G bands, 

respectively [26, 27]. These features are indicative of the restoration of ordered stacking 

in rGO nanosheets, which are now preferentially aligned along the (002) 

crystallographic plane of hBNNS oriented along the c-axis. The pronounced red shift 

in the 2D band is attributed to electron cloud density transfer from rGO to 

functionalized hBNNS, which strengthens the bond alignment in defect-induced 

domains, thereby stabilizing the hybrid nanocomposite’s structural framework [28]. 

This charge redistribution and strong electronic interaction enhance the overall 

crystalline coherence and electronic properties of the rGO-hBNNS system. 

The observed prominent red-shift in the Raman spectra of reduced graphene oxide 

(rGO) within the rGO-hBNNS nanocomposite, specifically about 7.42 cm⁻¹ for the D-

band and 4.06 cm⁻¹ for the G-band, signifies the successful and near-complete reduction 

of graphene oxide (GO) to rGO [29]. This shift is a direct consequence of the restoration 

and reorganization of graphitic sp² hybridized carbon domains, which enhances 

electron delocalization and increases electron density within the nanostructure and 

strong interfacial coupling with hBNNS, facilitated by pronounced tensile strain arising 

during nanocomposite synthesis. Moreover, this red-shift confirms strong interfacial 

coupling, between rGO and hexagonal boron nitride nanosheets (hBNNS). This 

transition involves restoration of sp² graphitic nanostructures, increased electronic 

density, and strong interfacial coupling with hBNNS, facilitated by an exceptional 

tensile strain imparted during the hydrothermal synthesis process, which drives intimate 

bonding and electronic interactions between the components [30]. 

Simultaneously, the hBNNS component exhibits a red-shift of approximately 7.36 cm⁻¹ 

upon nanocomposite formation. This spectral shift reveals the evolution of improved 

crystalline nanostructures in hBNNS, characterized by a significant reduction in layer 

thickness and lateral expansion of nanosheet morphology. These morphological 

refinements stem from intrinsic tensile strain developed under hydrothermal treatment 

conditions, which promotes rearrangement of atomic layers and enhanced crystallinity 

within the nanosheets. 

A critical parameter supporting these structural transformations is the increase in the 

intensity ratio of the D-band to G-band (ID/IG) from 1.203 in GO to 1.338 in the rGO-

hBNNS nanocomposite. This increase reflects the high-temperature induced 

hydrothermal reduction process, which restored sp² carbon networks in rGO, 

simultaneously introducing defects and vacancies due to structural reorganization and 

removal of oxygen-containing groups. These defects, instead of diminishing material 

architecture, contribute to enhanced layered stacking between rGO and hBNNS, as 

corroborated by the corresponding increase in crystallite size observed from X-ray 

diffraction (XRD) analysis. The higher ID/IG ratio thus substantiates the red-shift 
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phenomena in the Raman peaks, indicating a controlled defect landscape essential for 

forming a chemically stable interface between rGO and hBNNS. 

Furthermore, the intensity ratio of the 2D-band to G-band (I2D/IG) increases appreciably 

to 0.472 in the rGO-hBNNS nanocomposite, signifying a partial restoration of graphitic 

crystallinity and a reduction in the extent of layer stacking compared to pristine GO. 

This change reflects the remarkable exfoliation and decreased layer stacking in the 

rGO-hBNNS composite upon reduction and integration, which enhances the electronic 

and mechanical properties of the hybrid material [30]. 

Importantly, the Raman spectra of the synthesized nanocomposite reveal no extraneous 

peaks beyond those assigned to rGO and hBNNS, underscoring the exceptional phase 

purity and homogeneous integration of the two components in the hybrid structure. This 

purity ensures that the nanocomposite’s properties are intrinsic to the well-ordered 

materials rather than arising from impurities or secondary phases, validating the 

efficacy of the synthesis process. The detailed Raman analysis highlights critical 

structural and electronic evolutions during nanocomposite formation, including 

restoration of graphitic domains, defect modulation, enhanced interfacial bonding, 

morphological refinement of hBNNS, and overall phase purity, factors collectively 

contributing to the superior functional performance of the rGO-hBNNS hybrid 

nanocomposite. 

5.3.1.5 FT-IR Spectroscopy–Driven Investigation of Molecular Bond Dynamics 

and Sequential Protein Immobilization Mechanisms in rGO–hBNNS Hybrid 

Nanocomposites 

 

Figure 5.9: FT-IR spectra obtained from 400 to 4000 cm⁻¹ distinctly 

demonstrate the characteristic molecular features of h-BNNS, GO, and rGO-

hBNNS, confirming successful synthesis and hybridization at the molecular 

level. 



Page | 143  

 

The intricate chemical bond formation and surface functionalization of the as-

synthesized nanomaterials were comprehensively analyzed through FT-IR 

spectroscopy, which provides vibrational evidence of compositional and structural 

modifications, as illustrated in Fig. 5.9. In the FT-IR spectrum of hBNNS (Fig. 5.9(I)), 

the transmittance spectra displayed distinct fingerprint peaks at 804 cm⁻¹ and 1413 

cm⁻¹, corresponding to B–N–B bending and B–N stretching vibrations, which confirm 

the structural integrity of hexagonal boron nitride nanosheets. Additional broad peaks 

at 2500 cm⁻¹, 3200–3500 cm⁻¹, and above 3500 cm⁻¹ were attributed to B–H stretching, 

N–H stretching, and O–H stretching vibrations, respectively [21], indicating residual 

surface functionalities that enhance potential chemical reactivity. 

Table 5.3: Assigned FT-IR vibrational peaks validating the successful 

synthesis of (I) hBNNS, (II) GO, and (III) rGO–hBNNS hybrid 

nanocomposite, confirming the preservation of key functional groups and the 

emergence of composite-specific features. 

S.NO. Sample 
Wavenumber 

(cm-1) 
Assigned Bands Reference 

1. 

Hexagonal Boron 

Nitride Nanosheets, 

(hBNNS) 

806 B-N-B Bend 

[21] 

1405 B-N Stretch 

2518 B-H Stretch 

3200-3500 N-H Stretch 

>3500 OH Stretch 

2. 
Graphene Oxide 

Nanosheets, (GO) 

603 CH2 Rock 

[31, 32] 

819 C-H Bend 

874 C-O-C Bend 

1074 R-CO Stretch 

1216 C-O-C Stretch 

1398 OH Deformation 

1621 C=C Stretch 

1729 C=O Stretch 

2832 C-H Symmetric Stretch 

2855 CH2 Asymmetric Stretch 

3437 OH Stretch 

3. 

Reduced Graphene 

Oxide – Hexagonal 

Boron Nitride 

Nanosheets based 

Nanocomposite 

(rGO-hBNNS) 

546 CH2 Rock 

[21, 31, 

32] 

808 B-N-B Bend 

1036 R-CO Stretch 

1109 C-O-C Stretch 

1379 B-N Stretch 

1637 C=C Stretch 

For GO (Fig. 5.9(II)), a sharp skeletal vibration peak at 1621 cm⁻¹ was observed, 

representing the retained sp² hybridized graphitic carbon backbone, pivotal for its 

electronic properties [33]. The bonding configuration further revealed pronounced 

hydrophilic oxygen-containing peaks, including epoxy groups at 874 cm⁻¹ and 1216 

cm⁻¹, alkoxy at 1074 cm⁻¹, carboxyl at 1729 cm⁻¹, and hydroxyl groups at 1398 cm⁻¹ 

and 3437 cm⁻¹, as detailed in Table 5.3 [31]. The GO spectrum also exhibited 

hydrocarbon-related functional peaks such as CH₂ rocking at 603 cm⁻¹, C–H out-of-

plane bending at 819 cm⁻¹, and symmetric (2832 cm⁻¹) and asymmetric (2855 cm⁻¹) 
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alkyl stretching modes, signifying surface contamination or residual synthesis by-

products. 

In the rGO–hBNNS nanocomposite (Fig. 5.9(III)), the FT-IR spectrum displayed the 

unique coexistence of material-specific peaks. These included the hBNNS-related B–

N–B bending at 808 cm⁻¹ and B–N stretching at 1379 cm⁻¹, alongside the C=C skeletal 

vibration of graphitic domains in rGO at 1637 cm⁻¹, confirming strong hybridization 

between the two phases [21]. Despite the exceptional efficiency of hydrothermal 

reduction in removing oxygen functionalities from GO, residual oxygen-bearing groups 

persisted, indicated by peaks at 1036 cm⁻¹, 1079 cm⁻¹, and 3392 cm⁻¹, along with an 

alkyl-related peak at 546 cm⁻¹. This partial retention of oxygen moieties suggests a 

controlled reduction process, preserving functional sites that can aid in further chemical 

modifications and interfacial bonding in the nanocomposite structure. 

 
Figure 5.10: FT-IR Spectroscopic Analysis for Time-Dependent Optimization 

of Anti-CEA Immobilization on rGO–hBNNS Hybrid Nanocomposite 

To determine the optimum time-dependent immobilization efficiency of Anti-CEA on 

rGO–hBNNS/ITO electrodes, FT-IR spectroscopy was employed to systematically to 

obtain vibrational spectra after 12 h (blue) and 24 h (purple) incubation periods (Fig. 

5.10). Before Anti-CEA immobilization, the nanocomposite exhibited characteristic 

peaks assigned to B–N–B bending, B–N stretching, C = C skeletal vibrations, alkyl 

rocking, alkoxy stretching, and epoxy stretching, demonstrating the chemical 

framework and functional moieties available for conjugation. Upon introducing Anti-

CEA, distinct protein-derived peaks emerged in specific wavenumber regions—

phosphorylation (869 cm⁻¹), amide III (NH bending, 1264 cm⁻¹), amide II (C–N 

stretching, 1567 cm⁻¹), and amide I (C = O stretching, 1647 cm⁻¹)—providing 

molecular evidence of antibody binding to the nanocomposite surface [21]. 
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Extending the immobilization to 24 h induced additional diagnostic peaks, including 

those for EDC–NHS mediated activation (2081 cm⁻¹), aliphatic C–H stretching modes 

(2729 cm⁻¹, 2877 cm⁻¹), amide B stretching (2978 cm⁻¹), amide A stretching (3300 

cm⁻¹), and intense O–H stretching (> 3500 cm⁻¹), signifying complete covalent linkage 

and structural stabilization of Anti-CEA [21, 33]. Conversely, the 12 h treatment, while 

showing amide and phosphorylation features, lacked the unique coupling EDC–NHS, 

high-intensity amide peaks, strong aliphatic, extended hydrogen-bonding signals, and 

stabilization signals, confirming that only partial immobilization occurred under shorter 

incubation. This comparative analysis decisively establishes 24 h as the optimal 

immobilization duration for achieving maximum protein loading and stable 

biochemical activity. 

 
Figure 5.11: Distinct FT-IR analysis over 400–4000 cm⁻¹ depicting the 

characteristic vibrational fingerprints of rGO–hBNNS and progressive bio-

conjugation process, confirming the stepwise achievement of antibody 

coupling, protein blocking, and antigen binding with high precision. 

The progressive construction of the immunosensing platform on the rGO–hBNNS 

nanocomposite was meticulously monitored using FT-IR spectroscopy to confirm 

molecular-level binding events (Fig. 5.11). The attachment of EDC–NHS–activated 

Anti-CEA was clearly validated by the appearance of amide-I, II, and III bands, 

signifying preserved protein structural integrity, while characteristic hBNNS peaks 

persisted, indicating that nanocomposite features remained intact after 

biofunctionalization [34]. Upon the subsequent deposition of BSA (10 µL) onto the 

Anti-CEA/rGO–hBNNS interface, a marked a substantial drop in FT-IR transmittance 

intensity within spectral regions II, III, IV, and V indicated effective blocking of non-

specifically bound antibodies, ensuring improved selectivity and minimized 

background interference [21]. Finally, the immobilization of CEA antigens onto the 

BSA/Anti-CEA/rGO–hBNNS layer not only restored transmittance intensity but also 
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shifted peaks within regions III, IV, V, and VI, signifying robust and targeted antigen–

antibody binding [35]. These results collectively confirm that the fabrication process 

achieved precise biomolecular assembly, optimized surface passivation, and stable 

immunorecognition capability. 

5.3.2 Electrochemical Profiling and Analysis: 

5.3.2.1 Interfacial Electrochemical Kinetics of rGO–hBNNS/ITO Electrodes on 

Sequential Protein Immobilization 

 

Figure 5.12: Cyclic voltammetry (CV) analysis, conducted over a potential 

range of -0.9 to 1.2 V, provides clear and detailed evidence of successful 

stepwise modification of the rGO-hBNNS/ITO electrode with protein 

biomolecules, highlighting the progressive formation of an efficient bio-

interface. 

A comprehensive electrochemical assessment was performed using cyclic voltammetry 

(CV, Fig. 5.12) and differential pulse voltammetry (DPV, Fig. 5.13) following each 

sequential stage of immunosensor construction, reinforcing the structural and 

functional observations made via FT-IR spectroscopy.CV investigations after each 

biomolecular immobilization step yielded critical data for calculating the diffusion 

coefficients (Table 5.4) using the Randles–Sevcik Equation (Eq. [5.3]). This 

quantification provided a meticulous understanding of interfacial electron-transfer 

kinetics, further confirming the influence of molecular architecture of the bio-interface 

for maximized electrochemical performance and sensing accuracy [36]. 

   𝑰𝒑 =  (𝟐. 𝟔𝟗 × 𝟏𝟎𝟓) 𝒏𝟑 𝟐⁄ 𝑨 𝑪 𝑫𝟏 𝟐⁄ √𝝂  [5.3] 

The Randles–Sevcik relationship defines Iₚ as the peak current (anodic or cathodic), n 

as the number of electrons involved in the redox process (n = 1), A as the electroactive 
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area of the working electrode (0.64 cm²), C as the molar concentration of the 

electroactive species (5 × 10⁻³ mol·cm⁻³), D as the diffusion coefficient, and ν as the 

applied scan rate (50 mV·s⁻¹). 

Electrophoretic deposition (EPD) of the rGO–hBNNS nanocomposite onto ITO 

electrodes yielded markedly enhanced electrochemical parameters, with anodic peak 

current of 1.25 ± (1.3 × 10⁻²) mA, DPV current of 0.177 ± (3.7 × 10⁻⁴) mA, and diffusion 

coefficient of 4.23 × 10⁻⁷ ± (8.6 × 10⁻⁹) cm²·s⁻¹, respectively. These values represent 

substantial performance gains of approximately 29%, 29%, and 68% over electrodes 

modified with hBNNS alone, which exhibited anodic peak current, DPV current, and 

diffusion coefficient of 0.964 ± (1.6 × 10⁻²) mA, 0.138 ± (1.1 × 10⁻⁴) mA, and 2.51 × 

10⁻⁷ ± (8.6 × 10⁻⁹) cm²·s⁻¹, respectively (Table 2). The observed improvement is 

directly attributable to the synergistic interaction between electron-rich rGO nanosheets 

and insulating yet chemically robust hBNNS, resulting in a hybrid interface with 

accelerated electron-transfer kinetics, greater electroactive surface accessibility, and 

enhanced ion transport properties. The integration of hybrid architecture establishes a 

synergistic interaction rGO with hBNNS, facilitating superior electron-transfer kinetics 

and improving redox signal strength, ensuring a robust electrochemical platform 

exhibiting high-performance biosensor interfaces. 

Table 5.4: Evaluation of interfacial electron transfer from peak anodic 

current (CV), diffusion coefficient, and DPV current monitored throughout 

sequential fabrication of the immunoelectrode. 
Stepwise 

Electrode 

Modification 

Anodic Peak Current 

(Ipa, mA) 

Diffusion Coefficient 

(D, cm2·s-1) 
DPV Current (mA) 

ITO 1.108 ± (1.01 × 10-2) 3.316 × 10-7 ± (6.07 × 10-9) 0.154 ± (1.14 × 10-3) 

hBNNS 0.965 ± (1.65 × 10-2) 2.512 × 10-7 ± (8.60 × 10-9) 0.138 ± (1.08 × 10-4) 

rGO-hBNNS 1.251 ± (1.27 × 10-2) 4.229 × 10-7 ± (8.64 × 10-9) 0.177± (3.66 × 10-4) 

Anti-CEA 1.672 ± (1.91 × 10-2) 7.546 × 10-7 ± (1.73 × 10-8) 0.238± (4.63 × 10-4) 

BSA 1.066 ± (0.15 × 10-2) 3.069 × 10-7 ± (8.86 × 10-10) 0.149± (1.80 × 10-4) 

Blank 

Reading 
1.128 ± (0.15 × 10-2) 3.436 × 10-7 ± (9.36 × 10-10) 0.165± (9.16 × 10-5) 

CEA 1.188 ± (1.08 × 10-2) 3.810 × 10-7 ± (5.18 × 10-10) 0.171± (5.50 × 10-4) 

The substantial enhancements in current response and mass transport characteristics 

highlight the exceptional electrochemical behavior of electrophoretically deposited 

rGO–hBNNS films on ITO compared to electrodes modified solely with hBNNS 

deposition. This superior performance originates from the electron-rich nature of rGO 

nanosheets comprising a delocalized π-electron network, which provides an extensive 

network of conductive channels and facilitates rapid electron transfer across the 

interface. By integrating rGO with hBNNS, the composite not only boosts 

electrocatalytic activity but also improves mass transport dynamics, ensuring faster 

redox reactions and enhanced sensing efficiency. Such a synergistic structure creates 

an electrochemically active surface with high charge mobility, making it exceptionally 

suitable for sensitive and selective electrochemical detection. Upon immobilization of 

Anti-CEA antibodies, the anodic peak current and DPV current rose to 1.67 ± (1.9 × 

10⁻²) mA and 0.238 ± (4.6 × 10⁻⁴) mA, marking ~33% and ~34% increases, 

respectively, over the rGO–hBNNS/ITO baseline. Simultaneously, the diffusion 

coefficient surged to 7.55 × 10⁻⁷ ± (1.7 × 10⁻⁸) cm²·s⁻¹, representing a ~78% 
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improvement. These advancements is attributed to the high-density binding sites (-

COOH, -NH₂) available on the rGO–hBNNS surface, which, when activated by EDC–

NHS coupling, enable dense loading density, optimal orientation, and stable antibody 

attachment for rapid, selective antigen recognition. The result is a highly conductive, 

biocompatible, and structurally optimized sensing platform capable of supporting high 

electron-transfer rates for highly robust, sensitive, and precise biosensing operations. 

The deposition of BSA onto the Anti-CEA/rGO–hBNNS/ITO immunoelectrode 

induced a substantial decline in electrochemical performance, with anodic peak current, 

DPV current, and diffusion coefficient measured at 1.07 ± (0.15 × 10⁻²) mA, 0.149 ± 

(1.8 × 10⁻⁴) mA, and 3.07 × 10⁻⁷ ± (8.9 × 10⁻¹⁰) cm²·s⁻¹, respectively.  

 
Figure 5.13: Differential Pulse Voltammetry (DPV) performed within the −0.2 

to 1.2 V potential window reveals the progressive biofunctionalization of 

rGO-hBNNS/ITO electrodes, enabling precise monitoring of electron transfer 

dynamics and successful protein modification at each fabrication step. 

This decline in electrochemical response indicates effective passivation of non-

specifically oriented or unbound antibodies on incorporating globular BSA protein 

molecules to exposed binding sites, thereby minimizing non-specific interactions and 

enhancing the electrode’s operational stability and selectivity for CEA detection. Such 

controlled passivation reinforces the structural integrity of the bio-interface, reducing 

background noise, and ensuring that subsequent current changes arise predominantly 

from specific CEA recognition. Such passivation enhances the electrode’s specificity 

toward the target analyte (CEA) and stabilizes the bio-interface, reducing false positives 

in subsequent measurements. Following this passivation, the blank reading (0 ng/mL 

CEA) produced a measurable recovery in electrochemical activity, with anodic peak 

current, DPV current, and diffusion coefficient rising to 1.13 ± (0.15 × 10⁻²) mA, 0.165 

± (9.2 × 10⁻⁵) mA, and 3.44 × 10⁻⁷ ± (9.4 × 10⁻¹⁰) cm²·s⁻¹, respectively. This resurgence 

in analytical response indicates restoration of electron transfer pathways upon specific 
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molecular recognition events at the biofunctionalized surface, despite BSA passivation, 

validating the effective antigen-binding capability of as-fabricated nano-biosensor and 

the functional readiness for sensitive CEA quantification. 

The observed rise in anodic peak current, DPV current, and diffusion coefficient 

following the blank measurement can be attributed to the active participation of ions 

present in the phosphate buffer solution (PBS, pH 7.4). These ions facilitate charge 

transport by enhancing the conductivity of the electrolyte and reducing the interfacial 

charge-transfer resistance, thereby accelerating electron transfer processes at the 

electrode–electrolyte interface. This finding elucidates the function of the buffer in 

maintaining a stable ionic environment, mitigating potential fluctuations, and ensuring 

high reproducibility in electrochemical measurements. Furthermore, the buffer solution 

contributes to optimal pH conditions that preserve antibody and antigen structural 

integrity, enabling more efficient binding interactions. 

Upon subsequent immobilization of the CEA antigen onto the BSA/Anti-CEA/rGO–

hBNNS/ITO immunoelectrode, a marked increase in anodic peak current, DPV current, 

and diffusion coefficient was recorded, measuring 1.19 ± (0.08 × 10⁻²) mA, 0.171 ± 

(5.5 × 10⁻⁴) mA, and 3.81 × 10⁻⁷ ± (5.2 × 10⁻¹⁰) cm²·s⁻¹, respectively. This pronounced 

enhancement confirms the successful formation of the highly specific antibody–antigen 

complex, which modifies the interfacial electron-transfer dynamics through the 

introduction of an organized biomolecular layer. The result demonstrates selective CEA 

recognition capability, exceptional sensitivity and operational robustness of the 

BSA/Anti-CEA/rGO–hBNNS/ITO biosensing interface. 

5.3.2.2 Assessment of Scan Rate-Dependent Interfacial Electron Transfer 

Behavior in rGO–hBNNS/ITO-Based Nano-Biosensors Using Cyclic Voltammetry 

Measurements 

To investigate the interfacial charge-transfer kinetics of the BSA/Anti-CEA/rGO–

hBNNS/ITO nano-biosensor, cyclic voltammetry (CV) was employed to systematically 

monitor the peak anodic current (Ipa) and cathodic current (Ipc) as the scan rate was 

progressively varied from 10 mV/s to 150 mV/s, as depicted in Fig. 5.14. This approach 

enables precise evaluation of the redox behavior at the electrode–electrolyte interface, 

capturing subtle variations in electron-transfer efficiency under different dynamic 

conditions. Analysis revealed that both the redox peak currents (Ipa and Ipc) and 

corresponding peak potentials (Epa and Epc) exhibited a direct linear correlation with 

the square root of the scan rate, as illustrated in Fig. 5.15. 

𝐄𝐩𝐚 = [ 𝟑. 𝟔𝟔𝟖 × 𝟏𝟎−𝟒 𝐕 +  𝟐. 𝟑𝟓𝟔 × 𝟏𝟎−𝟓 𝑽√𝒔/𝒎𝑽  × √𝑺𝒄𝒂𝒏 𝑹𝒂𝒕𝒆[𝒎𝑽/𝒔] ] ;  

R2 = 0.998     [5.4] 

𝐄𝐩𝐜 = [ 𝟎. 𝟖𝟐𝟔 × 𝟏𝟎−𝟒 𝐕 − 𝟐. 𝟒𝟐𝟓 × 𝟏𝟎−𝟓  𝑽√𝒔/𝒎𝑽 × √𝑺𝒄𝒂𝒏 𝑹𝒂𝒕𝒆[𝒎𝑽/𝒔] ] ;  

R2 = 0.996      [5.5] 

𝐈𝐩𝐚 = [ 𝟑. 𝟑𝟏𝟔 × 𝟏𝟎−𝟒𝐀 +  𝟏. 𝟏𝟏𝟕 × 𝟏𝟎−𝟒 𝑨√𝒔/𝒎𝑽  × √𝑺𝒄𝒂𝒏 𝑹𝒂𝒕𝒆[𝒎𝑽/𝒔]] ;  

R2 = 0.998        [5.6] 

𝐈𝐩𝐜 = [ −𝟑. 𝟓𝟓𝟔 × 𝟏𝟎−𝟒𝐀 − 𝟏. 𝟎𝟎𝟑 × 𝟏𝟎−𝟒 𝑨√𝒔/𝒎𝑽 × √𝑺𝒄𝒂𝒏 𝑹𝒂𝒕𝒆[𝒎𝑽/𝒔]];  

R2 = 0.999       [5.7] 
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Figure 5.14: Influence of Scan Rate on the Cyclic Voltammetric Response of 

BSA/Anti-CEA/rGO–hBNNS/ITO Immunoelectrode in Presence of 

[Fe(CN)₆]³⁻/⁴⁻ electrolyte for scan rate ranging from 10 – 150 mV/s 

 
Figure 5.15: Quantitative Linear Relationship derived between Peak 

Currents and Potentials response with the Square Root of Scan Rate for 

BSA/Anti-CEA/rGO–hBNNS/ITO Immunoelectrode in the Presence of 

[Fe(CN)₆]³⁻/⁴⁻electrolyte. 
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This relationship, described quantitatively by Eq. [5.4-5.7], describes the transport of 

electroactive species through the electrolyte that limits the rate of electron exchange at 

the electrode surface for the effective electrochemical mechanism. The observed 

proportionality between peak current and the square root of scan rate confirms a 

diffusion-controlled electron-transfer process, where the transport of redox species 

from the bulk electrolyte to the electrode surface governs the kinetics. The linear 

dependence of both redox peak currents and their associated potentials (Epa and Epc) 

indicates that electrochemical behavior is dominated by mass transport rather than 

surface kinetics, where the rate-limiting factor is the migration of redox-active 

molecules from the bulk electrolyte to the modified electrode surface. This result 

affirms the stability and homogeneity of the rGO–hBNNS nano-biointerface and 

highlights its capacity for predictable electron-transfer responses. Based on this 

analysis, the scan rate range of 10–150 mV/s is validated as optimal for subsequent 

electrochemical measurements, ensuring efficient charge-transfer kinetic while 

maintaining measurement reproducibility and minimizing capacitive interference. 

5.3.2.3 Electrochemical Calibration Strategy for CEA Detection on Functionalized 

rGO–hBNNS/ITO Nano-Biosensors 

 

Figure 5.16: Differential pulse voltammetry (DPV) response upon successive 

addition of CEA in the range 0–50 ng/mL onto BSA/Anti-CEA/rGO-

hBNNS/ITO immunoelectrode 

A robust calibration curve obtained through differential pulse voltammetry (DPV) 

analysis, examining the sequential binding of carcinoembryonic antigen (CEA) at 

concentrations spanning the physiological interval of 0 to 50 ng/mL, as depicted in Fig. 

5.16. This selection of clinically relevant physiological spectrum from 0 to 50 ng/mL 

is due to the well-established elevation of CEA levels exceeding 5 ng/mL in non-small 
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cell lung cancer (NSCLC) patients, highlighting the platform's precision in identifying 

pathological deviations and its potential for transformative clinical applicability in early 

detection and monitoring of oncogenic biomarkers. 

 

Figure 5.17: Linear calibration graph correlating peak DPV current as a function 

of CEA concentration, validating the performance and quantitative detection 

capability of the rGO-hBNNS-based immunosensor. 

The DPV current exhibits a pronounced and proportional increase with rising CEA 

concentrations up to 15 ng/mL, clearly demonstrating a linear correlation between 

analyte concentration and electrochemical response (Fig. 5.17). This linearity arise 

from enhanced electron transfer kinetics facilitated by the abundant surface-active sites 

on the rGO-hBNNS nanocomposite, which efficiently mediate antibody-antigen 

interactions at the engineered nano-biointerface. The optimized surface chemistry and 

high-density functional moieties of the BSA/Anti-CEA/rGO-hBNNS/ITO electrode 

enable a robust and sensitive bio-recognition process, ensuring precise signal 

transduction. Beyond 15 ng/mL, however, the current response begins to deviate from 

linearity, reflecting the saturation of available binding and crosslinking sites on the 

nano-biointerface. This saturation effect results from the optimized occupancy of 

surface functional groups, which limits further antibody-antigen complex formation 

and thus constrains the electron transfer enhancement. Consequently, the observed 

plateau underscores the importance of surface site availability and indicates the 

practical upper detection limit of the sensor under the given experimental conditions. 

Overall, this data confirms the high sensitivity, selectivity, and operational stability of 

the immunosensor platform for quantitative CEA detection in clinically relevant 

concentrations. 
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The calibration curve presented in Fig. 5.17 was meticulously fitted with a linear 

regression model to quantitatively evaluate the sensing performance parameters of the 

as-fabricated nano-biosensor based on the rGO-hBNNS/ITO electrode platform. This 

linear fit, spanning the critical concentration range of 0 to 15 ng/mL, yielded a 

regression Equation of the form y = mx + c, where y represents the measured current 

response and x corresponds to the CEA concentration. This strong correlation 

coefficient of determination (R² =0.99963) reflects an almost perfect linearity, 

indicating the high precision and reliability of the immunosensor within this range. The 

robust linear relationship confirms the sensor’s capability to provide consistent, 

reproducible, and accurate quantification of CEA at physiologically relevant levels. 

Furthermore, the detailed regression analysis enables extraction of crucial analytical 

metrics such as sensitivity, limit of detection, and dynamic range, which are vital for 

benchmarking the sensor’s clinical applicability. The outstanding linearity also 

indicates minimal interference from nonspecific binding or matrix effects, reinforcing 

the effective nano-biointerface engineering of the rGO-hBNNS/ITO electrode. Eq. 

[5.8] succinctly encapsulates this linear dependence, serving as a foundational 

mathematical model for interpreting sensor responses and facilitating calibration for 

practical diagnostic applications. 

𝑰 (𝒎𝑨) = [ 𝟗. 𝟔𝟓 𝝁𝑨⸳𝒎𝑳⸳𝒏𝒈−𝟏⸳𝒄𝒎−𝟐  × (𝑪𝑬𝑨 𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏) + 𝟎. 𝟏𝟔𝟓 𝒎𝑨 ]      
[5.8] 

 Utilizing the slope from the linear fit, the sensitivity of the rGO-hBNNS-based 

immunosensor was calculated to be 9.65 µA·mL·ng⁻¹·cm⁻² by dividing the slope by the 

electroactive surface area of 0.64 cm². This high sensitivity reflects the immunosensor’s 

exceptional ability to transduce minute changes in carcinoembryonic antigen 

concentration into measurable electrical signals, underscoring the efficiency of the 

rGO-hBNNS nanocomposite in facilitating electron transfer and biomolecular 

recognition. Further, by integrating the sensor’s sensitivity with the experimentally 

obtained standard deviation at the BSA/Anti-CEA/rGO-hBNNS/ITO nano-

biointerface, the lower limit of detection was accurately computed according to the 

relation in Eq. [5.9]. This detailed methodology substantiates the sensor’s capability to 

detect minute concentrations of CEA with high precision and reliability, validating its 

potential for early-stage detection and precise clinical diagnostics [37]. 

Limit of Detection = 3σ/m    [5.9] 

In this context, σ represents the standard deviation calculated from measurements of 

the blank immunoelectrode (BSA/Anti-CEA/rGO-hBNNS/ITO), which depicts a 

critical indicator of baseline noise and variability inherent to the sensor platform. The 

variable m denotes the sensitivity of the biosensor, defined as the slope of the 

calibration curve reflecting the current response per unit concentration of the target 

analyte. The integration of these parameters into the detection limit formula enables 

precise quantification of the sensor’s lower limit of detection (LOD), with exceptionally 

low value at 5.47 pg/mL. This remarkable sensitivity is attributed to the synergistic 

interplay between the organic functionalities of reduced graphene oxide (rGO) and the 

inorganic hexagonal boron nitride nanosheets (hBNNS), which collectively enhance 

electron transfer kinetics, surface area for biomolecule immobilization, and overall 

signal transduction efficiency. 
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Moreover, the as-fabricated immunosensor based on the rGO-hBNNS hybrid 

nanocomposite demonstrates superior performance when compared against a broad 

spectrum of existing rGO-based immunosensors reported in the literature for biosensing 

applications (detailed in Table 5.5). This enhanced performance encompasses key 

parameters such as sensitivity, detection limit, response time, and stability, highlighting 

the innovative material design and optimized fabrication strategy employed. The results 

remarkably position the rGO-hBNNS nanocomposite as a highly promising candidate 

for ultrasensitive, reliable, and rapid detection of carcinoembryonic antigen (CEA), 

offering significant potential for early-stage cancer diagnostics and detecting trace 

biomarkers in clinical oncology, as comprehensively detailed in Table 5.5. 
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Table 5.5: Evaluation and comparison of rGO-hBNNS-based nano-biosensor metrics with conventional immunosensors. 

Sensing Matrix Detection Technique 
Linear Range 

(ng/mL) 
Limit of Detection Sensitivity Stability Ref. 

APTES-nYZR DPV 0.01-50 7.2 pg/mL 0.2 mA·ng-1·mL·mm-2 56 Days [38] 

BN-Nanosheets/GCE EIS 0.1-500 0.017 ng/mL 17 pg/mL 60 days [39] 

PtNP(PPy-PPa)-RGO EIS 10 - 1000 4 ng/mL 107.08 Ω·cm2·decade-1 30 Days [40] 

rGO-PEI-Ag-Nf DPV 0.5 - 500 0.38 ng/mL 
25.29 

μA·(log ng/mL)-1 
28 Days [41] 

AuNP/PEI/rGO CV, DPV 1 - 50 0.219 ng/mL 
0.860 

μA·mL·ng-1·cm-2 
7 Days [42] 

AuNP-rGO DPV 0.0005 – 4 72.73 ng/mL 7.31 mA·mL·pg-1 3 Months [43] 

PS/rGO-MNP-PDA ENF CV, DPV, EIS 0.5 – 60 0.33 ng/mL 0.354 μA·mL·ng-1 - [44] 

L-Methionine/ZrO2-RGO CV, DPV 1 – 20 0.079 ng/mL 4.8 μA·mL·ng-1·cm-2 9 Weeks [45] 

Pdnano/rGO/PEDOT EIS, CV 0.2 – 20 0.2 ng/mL 0.375 mA·mL·ng-1 8 Weeks [46] 

nHfO2-RGO DPV 0 – 30 0.16 ng/mL 18.24 μA·mL·ng-1 27 Days [47] 

ZrO2-RGO CV, DPV 2 – 22 0.122 ng/mL 0.756 μA·mL·ng-1 8 Weeks [37] 

h-BNNS/ITO CV, DPV 0 – 10 22.5 pg/mL 
24.84 

μA·mL·ng-1·cm-2 
5 Weeks [21] 

rGO-hBNNS/ITO DPV, CV 0 - 15 5.47 pg/mL 
9. 65 

μA·mL·ng-1·cm-2 
8 Weeks 

Present 

Work 

Keywords: CV-Cyclic Voltammetry, DPV- Differential Pulse Voltammetry, EIS- Electrochemical Impedance spectroscopy, nYZR- yttria-doped zirconia-

reduced graphene oxide nanocomposite, PS-Polystyrene, MNP-Magnetic Nanoparticle (Fe3O4), PDA- Polydopamine, ENF- Electrospun Nanofibers. 
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5.3.2.4 Detailed Systematic Investigation of Electroanalytical Performance of 

rGO-hBNNS/ITO Nano-Biosensor 

A extensive series of experiments was carried out to rigorously evaluate the real-time 

analytical applicability of the BSA/Anti-CEA/rGO-hBNNS/ITO nano-biosensor. 

These investigations focused on verifying the sensor’s enhanced electrochemical 

performance under the pre-optimized working pH, ensuring reproducibility and 

consistency of current responses across multiple immunoelectrodes fabricated under 

identical conditions, and systematically distinguishing appropriate signals from 

potential false positives. In addition, the studies explored the selectivity of nano-

biosensor by examining its response in the presence of various interferents commonly 

found in real biological samples, assessed its operational stability over extended time 

periods, and quantitatively analyzed its ability to detect spiked concentrations of CEA 

antigens in authentic clinical specimens, thereby validating its practical feasibility for 

accurate and sensitive clinical diagnostics. 

 
Figure 5.18:Influence of buffer pH on peak DPV current of the Anti-

CEA/rGO-hBNNS/ITO immunosensor, demonstrating sensitivity and 

stability across physiologically relevant pH ranges for optimal 

electrochemical performance. 

Conducting a pH study is a critical prerequisite for the development of a operational, 

reliable, and practical immunosensor, as it ensures optimal conditions for signal 

transduction by providing the biochemical environment necessary for optimal antigen-

antibody interaction (Fig. 5.18). A functional immunosensor converts specific antigen-

antibody binding events into measurable signals such as electrical, optical, 

piezoelectric, or calorimetric—through efficient and reversible electron transfer 

between the electrode surface and the analyte. Achieving this requires high sensitivity 

in addition to stability in the measured response to the binding event.  For this 
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conversion to be accurate and reproducible, the antibodies immobilized on the sensing 

surface must operate under conditions that maximize their binding affinity and activity. 

Therefore, selecting an appropriate buffer system is essential to maintain the structural 

integrity and reactivity of the immobilized antibodies, ensuring maximal receptivity 

and precise detection of the target analyte. 

A systematic pH optimization study was carried out using differential pulse 

voltammetry (DPV) at a scan rate of 50 mV/s across a series of phosphate buffer saline 

(PBS) solutions, each with a concentration of 50 mM and 0.9% NaCl, containing the 

redox probe Ferro-ferricyanide [5 mM, {Fe(CN)6
3−/4−]. The pH of these buffers was 

carefully varied from 6.0 to 8.0 to investigate the effect of proton concentration on 

electron transfer kinetics at the electrode interface. The DPV measurements revealed 

that the maximum anodic peak current was consistently observed at pH 7.0, indicating 

the most favorable electrochemical environment for electron transfer. In addition, this 

neutral pH was found to be optimal for maintaining the structural integrity and 

functional activity of the immobilized biomolecules, ensuring that antibodies and 

antigens retained their native conformation and reactivity. Consequently, PBS at pH 

7.0 was selected as the standardized buffer system for all subsequent electrochemical 

experiments, providing a stable and reproducible environment for the rGO-hBNNS-

based immunosensor and ensuring high sensitivity, reproducibility, and reliability in 

carcinoembryonic antigen detection. 

 

Figure 5.19: Bar graph illustrating the control experiment on rGO-

hBNNS/ITO electrodes depicting the negligible electrochemical response 

upon addition of different CEA concentrations. 

To evaluate potential false responses, the behavior of the rGO-hBNNS/ITO electrode 

without antibody functionalization was examined against that of the BSA/Anti-

CEA/rGO-hBNNS/ITO immunoelectrode (Fig. 5.19). In this control experiment, three 
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concentrations of CEA (0.1, 8, and 15 ng/mL) were immobilized on bare rGO-

hBNNS/ITO electrodes, shown in Fig. 8a, and the average current response was 

measured at 0.177 mA. This stable signal confirms that the bare electrode does not 

respond to antigen binding, verifying that the current changes observed in 

functionalized immunoelectrodes are solely due to specific antibody-antigen 

interactions. The low RSD of 0.08% further highlights the high reproducibility and 

reliability of the electrode, establishing its suitability as a robust baseline for accurate 

and precise electrochemical biomarker detection. 

 

Figure 5.20: Bar graph illustrating the reproducibility of DPV current 

responses across multiple independently fabricated BSA/Anti-CEA/rGO-

hBNNS/ITO immunoelectrodes. 

A comprehensive reproducibility assessment was performed to evaluate the consistency 

and reliability of the electrochemical response of the as-fabricated BSA/Anti-

CEA/rGO-hBNNS/ITO immunosensor (Fig. 5.20). Differential pulse voltammetry 

(DPV) measurements were systematically recorded on four independently fabricated 

immunoelectrodes after immobilizing a standardized 1 ng/mL concentration of CEA 

onto each electrode, as illustrated in Fig. 8b. The measured DPV responses 

demonstrated minimal variation, with an average peak current of 0.171 mA across all 

four electrodes, reflecting uniform electrochemical performance. Further quantitative 

analysis revealed a relative standard deviation (RSD) of just 0.2%, which is 

significantly below the widely accepted threshold of 5% for reproducibility in 

biosensing applications. This exceptionally low RSD indicates the precise fabrication 

and uniform surface functionalization of the immunoelectrodes in addition to their 

ability to deliver consistent, reliable, and repeatable measurements under identical 

experimental conditions. These findings contribute towards the robustness of the 
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immunosensor platform and confirm its suitability for repeated, accurate detection of 

CEA for practical diagnostic applications. 

 

Figure 5.21: Quantitative bar representation of Sequential selectivity 

evaluation of the BSA/Anti-CEA/rGO-hBNNS/ITO immunoelectrode with 

stepwise addition of target CEA and potential interferents: (A) BSA/Anti -

CEA/rGO-hBNNS/ITO, (B) + CEA (2 ng/mL), (C) + cTnI (0.5 ng/mL), (D) + 

CRP (100 ng/mL), (E) + NSE (10 ng/mL), (F) + ET-1 (1 ng/mL), (G) + Glucose 

(7 ng/mL), and (H) + NaCl (20 mM). 

Accurate detection of carcinoembryonic antigen (CEA) in human serum requires high 

selectivity, as serum contains multiple analytes that may interfere with antigen-

antibody interactions (Fig. 5.21). To ensure clinical relevance, it was imperative to 

evaluate the specificity of the rGO-hBNNS-based immunosensor for carcinoembryonic 

antigen (CEA) in the presence of potential interfering biomolecules, including cardiac 

troponin I (cTnI), C-reactive protein (CRP), neuron-specific enolase (NSE), endothelin-

1 (ET-1), glucose, and sodium chloride (NaCl). These interferents, commonly present 

in serum, could potentially disrupt the precise binding interaction between CEA and 

the BSA/Anti-CEA/rGO-hBNNS/ITO immunoelectrode, thereby compromising 

detection accuracy. To rigorously assess selectivity, the immunosensor was 

systematically tested by introducing successive concentrations of these interfering 

analytes, and the differential pulse voltammetry (DPV) technique was employed to 

monitor any deviations in the electrochemical response, as illustrated in Fig. 8c. Table 

S3, further corroborates the exceptional selectivity of the fabricated immunosensor 

toward CEA, demonstrating that the current response of the CEA/BSA/Anti-CEA/rGO-

hBNNS/ITO interface remained stable and unaffected despite the presence of 

interfering substances. The observed relative standard deviation (RSD) of 0.25% 
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depicts the highly selective and reproducible behavior of the immunosensor, 

confirming that it can reliably distinguish the target antigen from other coexisting 

biomolecules in complex biological matrices. This analysis highlights that the rGO-

hBNNS-based nano-biosensor not only ensures precise and specific detection of CEA 

but also maintains robustness, stability, and practical applicability in clinical 

diagnostics, reinforcing its potential as a reliable platform for real-time serum analysis. 

Table 5. 6: Differential pulse voltammetry (DPV) response and corresponding 

relative standard deviation (RSD%) upon sequential addition of various 

interfering analytes to evaluate the selectivity of the fabricated rGO-

hBNNS/ITO nano-biosensor. 

Crossing 

Reagents 

Concentration 

of Interferent 

Added 

Current Change (mA) 
Average Response 

RSD  

(10-3, 

%) 1 2 3 

A = 

BSA/Anti-

CEA/rGO-

hBNNS/ITO 

- 0.1498 0.1496 0.1494 0.1496 ± (1.80× 10-4) - 

B = A + CEA 2 ng/mL 0.1769 0.1770 0.1768 0.1769 ± (1.35× 10-4) 0.76 

C = B + cTnI 0.5 ng/mL 0.1779 0.1774 0.1774 0.1776 ± (3.01× 10-4) 1.70 

D = C + CRP 100 ng/mL 0.1768 0.1769 0.1773 0.1770 ± (2.43× 10-4) 1.37 

E = D + NSE 10 ng/mL 0.1771 0.1772 0.1770 0.1771 ± (9.50× 10-5) 0.53 

F = E + ET-1 1 ng/mL 0.1753 0.1758 0.1777 0.176 ± (1.24× 10-3) 7.00 

G = 

F+Glucose 
7 mg/mL 0.1769 0.1772 0.1772 0.1771 ± (2.05× 10-4) 1.16 

H = G + NaCl 20 mM 0.1766 0.1761 0.1766 0.1764 ± (2.67× 10-4) 1.51 

 

Figure 5.22: Bar graph illustrating the weekly operational stability of the as-

fabricated BSA/Anti-CEA/rGO-hBNNS/ITO immunosensor, confirming 

sustained sensor activity. 
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To ascertain the long-term shelf-life and clinical storage stability of the CEA-

immobilized BSA/Anti-CEA/rGO-hBNNS/ITO immunoelectrode, a comprehensive 

shelf-life study was evaluated using differential pulse voltammetry (DPV), as 

illustrated in Fig. 5.22. The immunosensor was stored under controlled conditions at 

4 °C, and weekly DPV measurements were conducted to monitor the preservation of its 

electrochemical response over time, ensuring its suitability for long-term real-time 

applications. Over the eight-week period, the DPV current retained 88.74% of its initial 

magnitude, indicating minimal degradation in sensor performance. The associated 

relative standard deviation (RSD) was calculated to be 4.3%, which falls well within 

the acceptable threshold of <5%, demonstrating the consistency and reliability of the 

fabricated nano-biosensor. These findings conclusively depict the exceptional storage 

robustness and operational longevity of the immunosensor, highlighting its potential 

for practical clinical applicability with enhanced reproducibility and stability over 

extended periods. 

 

Figure 5.23: Real-sample validation of the CEA/BSA/Anti-CEA/rGO-

hBNNS/ITO immunoelectrode through controlled spiked serum experiments 

to quantify its sensitivity, reproducibility, and reliability for clinical 

applications. 

To evaluate the real-time clinical applicability of the BSA/Anti-CEA/rGO-hBNNS/ITO 

immunoelectrode, human serum samples were first verified for authenticity and 

compositional integrity (Fig. 5.23). The study focused on assessing the 

immunosensor’s capacity to detect CEA within a biologically relevant environment 

containing various endogenous analytes. Known concentrations of CEA were spiked 

into these serum samples, and the DPV response of the spiked samples (S) was 

meticulously compared against the DPV response from the actual CEA concentrations 

(A). This comparative analysis provided a detailed understanding of the sensor’s 
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accuracy, sensitivity, and reliability in detecting target antigens under realistic 

conditions. As shown in Fig. 5.23, the consistent peak currents across actual and spiked 

samples underscore the immunoelectrode’s excellent performance, highlighting its 

robustness in maintaining precise antigen-antibody interactions and stable electron 

transfer, while demonstrating its readiness for deployment in clinical diagnostics and 

point-of-care applications. 

Table 5.7: Quantitative evaluation of recovery currents and RSD (%) for 

spiked CEA concentrations in human serum with actual concentrations, 

illustrating the capability of the BSA/Anti-CEA/rGO-hBNNS/ITO 

immunoelectrode to achieve consistent, precise, and clinically relevant 

measurements. 

CEA 

Concentration 

(ng/mL) 

Average Current 

for Standard CEA 

Sample 

 (A, in mA) 

Average Current 

for Spiked CEA 

Sample 

(S, in mA) 

RSD (%) 
Recovery 

% 

1 
0.17106 ± (5.50 × 10-

4) 

0.17118± (3.65 × 

10-4) 
0.04 100.07 

4 
0.19041± (5.82 × 10-

4) 

0.19116± (6.68 × 

10-4) 
0.27 100.39 

6 
0.20246± (7.31 × 10-

4) 

0.20223± (3.43 × 

10-3) 
0.08 99.88 

A detailed analysis of the DPV current responses, presented in Table 5.7, demonstrates 

a striking agreement between standard CEA solutions and CEA spiked into human 

serum samples, affirming the exceptional analytical performance of the BSA/Anti-

CEA/rGO-hBNNS/ITO immunoelectrode in clinically relevant conditions. For 

standard concentrations of 1, 4, and 6 ng/mL, the average peak currents recorded were 

0.171 ± (5.5 × 10⁻⁴) mA, 0.190 ± (5.8 × 10⁻⁴) mA, and 0.202 ± (7.3 × 10⁻⁴) mA, 

respectively, while the corresponding spiked serum samples produced peak currents of 

0.171 ± (3.7 × 10⁻⁴) mA, 0.191 ± (6.7 × 10⁻⁴) mA, and 0.202 ± (3.4 × 10⁻³) mA, 

reflecting near-perfect correspondence between standard and real-sample 

measurements. The exceptionally low RSD values of 0.05%, 0.28%, and 0.08% further 

confirm the precision, reproducibility, and stability of the immunosensor across 

repeated measurements. These results clearly indicate that the fabricated BSA/Anti-

CEA/rGO-hBNNS/ITO nano-biosensor maintains high sensitivity and specificity for 

CEA detection, effectively minimizing errors due to sample variability or interfering 

biomolecules in complex clinical serum matrices. Consequently, the BSA/Anti-

CEA/rGO-hBNNS/ITO immunoelectrode demonstrates robust performance for clinical 

diagnostics, ensuring minimal interference from endogenous analytes, which is vital for 

reliable NSCLC prognosis and monitoring. 

Conclusion  

In summary, the present study strategically leverages the synergistic integration of 

organic–inorganic hybrid nanocomposites to construct an advanced nano-biosensing 

platform tailored for the ultrasensitive, rapid, cost-effective, and label-free detection of 

serum tumor markers associated with non-small cell lung cancer (NSCLC). The 
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hydrothermally synthesized rGO-hBNNS hybrid nanocomposite demonstrated a 

substantial enhancement in electrocatalytic activity, approximately ~29% higher than 

bare hBNNS, attributable to optimized crosslinking kinetics and superior electron 

transfer at the nano-biointerface. The combination of amine-terminated hBNNS with 

carboxyl-functionalized rGO nanosheets generated an interface densely populated with 

reactive surface sites, which facilitated the efficient and stable immobilization of Anti-

CEA antibodies. This structured nano-biointerface significantly amplified the antibody 

loading capacity, directly translating into exceptional sensitivity of the immunosensor. 

Remarkably, this optimized design enabled the detection of carcinoembryonic antigen 

(CEA) at an ultralow limit of 5.47 pg/mL, ensuring applicability for early-stage NSCLC 

monitoring. In addition, the BSA/Anti-CEA/rGO-hBNNS/ITO immunoelectrode 

exhibited outstanding storage stability over 8 weeks under standard conditions and 

maintained high selectivity even in the presence of multiple potential serum 

interferents, including proteins and ions. Clinical relevance was further corroborated 

through spiked human serum sample analyses, which yielded excellent recovery rates, 

confirming the robustness and reliability of the sensor in real-world biological matrices. 

Overall, these findings establish the rGO-hBNNS-based nano-biosensor as a robust, 

highly sensitive, and clinically applicable platform capable of facilitating accurate, real-

time monitoring of critical tumor biomarkers in biological fluids, representing a 

significant advancement in the development of next-generation diagnostic tools for 

NSCLC. 
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Chapter 6 
Fabrication of a Self-assembled 3D-2D Nano-Hybrid Composite 

combining hBNNS and Cu/CuXO nanoflowers for High-Performance 

Electrochemical detection of the CEA Biomarker 

This chapter explores the potential of nano-hybrid composites (NHCs), which 

synergistically integrate metallic nanoflowers and semiconducting nanosheets, 

demonstrating unparalleled promise in the development of nano-biosensors with 

superior stability, sensitivity, and selectivity. This study reports the fabrication of a 

novel 3D-2D self-assembled NHC comprising hydrothermally synthesized 

copper/copper oxide nanoflowers (CuXO) integrated with hexagonal boron nitride 

nanosheets (Cu/CuXO-hBNNS) for label-free detection of carcinoembryonic antigen 

(CEA). A comprehensive characterization of CuXO-NF, hBNNS, and Cu/CuXO-

hBNNS NHC was performed using advanced spectroscopic techniques and nanoscale 

imaging. Uniform films of Cu/CuXO-hBNNS were successfully deposited onto pre-

hydrolyzed ITO electrodes via electrophoretic deposition (EPD) at a low DC potential 

of 15V. Optimization of key parameters, including antibody incubation time, 

electrolyte pH, and the reduction of negative control, ensured high immunoelectrode 

efficiency. The Cu/CuXO-hBNNS platform demonstrated approximately 74% and 31% 

enhancements in cyclic voltammetry (CV) and differential pulse voltammetry (DPV) 

responses, respectively, along with a three-fold increase in diffusion coefficient 

compared to bare hBNNS. These improvements were driven by the superior electro-

catalytic activity of CuXO-NFs. The porous architecture of Cu/CuXO-hBNNS, coupled 

with multifunctional groups, facilitated high-density immobilization, enhanced binding 

affinity, and site-specific anchoring of Anti-CEA. The BSA/Anti-CEA/Cu/CuXO-

hBNNS/ITO nano-biosensor exhibited a wide dynamic range (0–50 ng/mL) and 

achieved an ultralow detection limit of 3.22 pg/mL (R² = 0.99998), demonstrating ~7 

times improved LOD in comparison to hBNNS-based immunosensors utilizing 

[Fe(CN)6]
3⁻/4⁻ as a redox probe. Clinical studies further validated the sensor’s 

remarkable shelf life, minimal cross-reactivity, and robust recovery rates in human 

serum, highlighting its potential for precise and reliable early-stage cancer detection. 

The research findings detailed in this chapter have been published in a scientific journal: 

“Self-assembled nano-hybrid composite based on Cu/CuXO nanoflower 

decorated onto hBNNS for high-performance and ultra-sensitive electrochemical 

detection of CEA biomarker” Bioelectrochemistry, 2025 (165) 108993 
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6.1  Introduction 
Cutting-edge nano-biosensors, synergistically integrating nanotechnology with 

bioanalytical sensing, have emerged as transformative tools for achieving rapid, highly 

precise, and ultra-sensitive point-of-care diagnostics [1, 2]. These systems are 

revolutionizing early disease detection, real-time monitoring, and personalized 

therapeutic interventions by offering unprecedented speed and sensitivity in biomarker 

quantification. The remarkable progress in this field has been fueled by continuous 

advancements in nano-engineering techniques, including the fabrication of 

multifunctional nano-hybrid composites [3], modulation of interfacial properties [4], 

strategic defect engineering [5], hierarchical structural optimization [6], and targeted 

surface functionalization [7]. Each of these approaches contributes uniquely to 

enhancing sensor performance by improving charge transfer kinetics, maximizing 

binding affinity, and expanding the structural versatility of biosensing interfaces. 

Among the various strategies, the development of self-assembled nano-hybrid 

composites (NHCs) has gained significant attention as they provide a powerful means 

of integrating nanostructures with varied morphologies, sizes, and compositions into a 

single functional platform [8]. This integration fosters synergistic interactions that 

amplify the mechanical stability, electronic conductivity, and catalytic reactivity of the 

biosensor. The principle of self-assembly is particularly advantageous, as it relies on 

thermodynamically favorable interactions such as hydrogen bonding, van der Waals 

forces, coordination chemistry, and electrostatic interactions, which collectively enable 

spontaneous organization of nanoscale components without the need for external 

intervention. Beyond structural integration, self-assembly provides a finely tuned 

microenvironment that facilitates the optimal orientation and immobilization of 

antibodies, particularly the fragment crystallizable (Fc) region, thereby ensuring 

improved antigen recognition and enhanced signal transduction. By reinforcing Fc 

binding interactions on the biosensing interface, this approach significantly boosts 

electrocatalytic activity while maintaining long-term operational stability. 

Consequently, this research emphasizes the deliberate use of self-assembly principles 

to advance next-generation nano-biosensors capable of delivering reliable and 

clinically relevant diagnostic outcomes. 

To develop nano-biosensors with long-term operational stability, hexagonal boron 

nitride nanosheets (hBNNS), widely recognized as “white graphene,” have emerged as 

a highly promising inorganic layered material. As a lightweight group III-nitride 

compound, hBNNS represents a lightweight and robust compound that exhibits 

remarkable potential for sustainable electrochemical applications. Its exceptional 

chemical and thermal stability, withstanding temperatures up to ~1100 °C, combined 

with superior mechanical strength, makes it an ideal platform for applications requiring 

durability and consistency [9, 10]. Unlike many conventional nanomaterials prone to 

oxidation, degradation, or agglomeration, hBNNS provides intrinsic resistance against 

these challenges, thereby ensuring persistent electrochemical performance, structural 

integrity, long-term durability, and reproducible catalytic performance for promising 

nano-biosensing performance. 

Furthermore, hBNNS possesses a wide bandgap strengthens electrochemical 

performance by minimizing undesirable electronic interactions and interference during 

electrochemical measurements [11], thereby increasing the accuracy and selectivity of 
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biosensor performance. Its inherently high surface area contributes to the exposure of 

abundant active sites, significantly enhancing sensitivity, catalytic efficiency, and 

analyte binding capacity [12]. Complementing these advantages, the material’s low 

dielectric constant plays a key role in reducing energy dissipation, maintaining signal 

integrity, and suppressing background noise, which is particularly important for 

detecting trace-level biomarkers [13]. Additionally, the robust barrier properties of 

hBNNS offer protection against environmental degradation from moisture, oxygen, and 

other contaminants, reinforcing its robustness under practical conditions [14]. 

Nevertheless, despite these superior physicochemical attributes, hBNNS suffers from 

limitations arising from its wide bandgap and strong intralayer covalent bonding, which 

significantly hinder charge transfer kinetics and restrict its ability to immobilize 

biomolecules such as antibodies. To overcome these inherent challenges, researchers 

have developed several modification strategies to enhance its electro-catalytic 

properties, with the incorporation of hybrid metal and metal oxide nanostructures 

proving especially effective. Among these, Cu/CuXO hybrids have gained significant 

attention owing to their synergistic physicochemical characteristics [15, 16]. These 

hybrid structures exhibit outstanding electrocatalytic activity, high surface sensitivity, 

and superior electrical conductivity while simultaneously introducing bandgap 

tunability and structural stability into the composite system. 

The unique contribution of copper lies in its abundance, cost-effectiveness, and 

favorable electronic configuration. Metallic copper (Cu), with its [Ar] 3d10 4s1 

configuration, facilitates rapid electron transfer by minimizing charge transfer 

resistance, thereby boosting electrochemical responsiveness. Meanwhile, copper oxides 

(CuXO), leveraging the [Ar] 3d9 and [Ar] 3d10 redox states of Cu+/Cu2+, catalyze 

oxidation reactions of biomolecules with high efficiency. Together, these 

complementary mechanisms provide a synergistic effect that not only compensates for 

the limitations of pristine hBNNS but also significantly improves the overall 

functionality of the hybrid material. 

By coupling hBNNS with Cu/CuXO nanostructures, the resulting hybrid system 

demonstrates enhanced electrocatalytic activity, improved stability, and superior 

electron transfer kinetics, making it a robust platform for biosensing applications. The 

integrated properties of structural stability, conductivity, biocompatibility, and redox 

efficiency position Cu/CuXO-hBNNS hybrids as a breakthrough material system for 

developing reliable, long-lasting, and ultra-sensitive biosensors tailored for point-of-

care clinical and diagnostic environments. 

The development of a high-performance electrochemical nano-biosensor integrating 

three-dimensional (3D) Cu/CuXO nanoflowers with two-dimensional (2D) hexagonal 

boron nitride nanosheets (hBNNS) represents a significant advancement in the field of 

diagnostic technologies. This hierarchical nanostructure harnesses the complementary 

physicochemical properties of both components: the Cu/CuXO nanoflowers contribute 

abundant porous channels and reactive sites for biomolecule immobilization, while 

hBNNS provides a chemically stable, wide-surface-area platform with exceptional 

structural integrity. Together, they create a robust self-assembled nano-hybrid 

composite capable of ultra-sensitive, label-free detection of the CEA biomarker, a 

crucial indicator in early cancer diagnosis. 
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Fabrication of the Cu/CuXO-hBNNS hybrid composite was accomplished through a 

hydrothermal synthesis approach, which exploited autogenous temperature and 

pressure conditions to drive spontaneous self-assembly of nanoscale components [17]. 

This method ensured the production of highly pure, crystalline, and functionalized 

nanomaterials at relatively low synthesis temperatures, mitigating risks of 

nanostructure loss or deterioration. The ordered assembly was governed by molecular 

interactions such as Cu–N, Cu–H, N–H, and B–H bonding, which stabilized the hybrid 

architecture. FTIR spectroscopy provided critical evidence of these interactions, 

confirming successful functionalization and structural integration of the composite. The 

resulting material exhibits both mechanical resilience and chemical durability, making 

it suitable for long-term biosensing applications. 

To enhanced bio-affinity of nano-biointerface, Cu/CuXO-hBNNS surface provides 

abundant surface active sites that enables efficient immobilization of Anti-CEA 

antibodies by directly conjugating their fragment crystallizable (Fc) regions. This 

strong adsorption-driven anchoring ensures improved antibody orientation, reduced 

steric hindrance, and enhanced accessibility of antigen-binding sites, thereby 

maximizing the efficiency of antigen–antibody interactions. The 3D Cu/CuXO 

nanoflowers further accelerate electrocatalytic activity by facilitating rapid electron 

transfer, lowering overpotential, and amplifying the electrochemical signal response, 

while hBNNS maintains stability by preventing degradation or denaturation of 

immobilized biomolecules. The Cu/CuXO-hBNNS nano-biosensor under optimized 

experimental conditions exhibits a remarkable sensitivity, achieving an exceptionally 

low detection limit that extends well within the physiological concentration range of 

the CEA biomarker. Its performance surpasses that of conventional biosensors 

fabricated from metals, metal oxides and semiconductors but also ensures operational 

reliability, cost-effectiveness, and scalability. By effectively combining nanoscale self-

assembly, hierarchical architecture, and precision bio-functionalization, the Cu/CuXO-

hBNNS-based biosensor establishes a new paradigm for advanced cancer diagnostics. 

6.2 Experimental Section: 
6.2.1 Chemical, Reagents and Instrumentation: 

To implement the experiments in this study, only analytical-grade chemicals and 

reagents of verified purity were selected to eliminate potential contamination sources 

and ensure high-precision measurements. The essential chemicals and reagents, 

including bovine serum albumin (BSA, >96%), ethylene glycol (OHCH2CH2OH, 

>99%), h-BN powder (98%, 5μm-particle size), sodium chloride (NaCl, >99%), 1-(3-

(dimethylamino)-propyl)-3-ethylcarbodiimide hydrochloride (EDC, >98%), potassium 

bromide (KBr, >99%), carcinoembryonic antigen (CEA), N-hydroxysuccinimide 

(NHS, 96%), and monoclonal antibodies of CEA were obtained from Sigma Aldrich. 

While, additional significant chemical compounds were provided by Thermo-Fisher 

Scientific and Merck, such as cupric acetate monohydrate (Cu(CH3COO)2·H2O), 

hydrazine hydrate (N2H4H2O, 80%), polysorbate 20 (Tween 20), isopropanol 

((CH3)2CHOH, >99%), potassium hexacyano ferrate (II) trihydrate 

(K4[Fe(CN)6]·3H2O, >98.5%), acetonitrile (CH3CN, >99.9%), sodium phosphate 

monobasic dihydrate (NaH2PO4·2H2O, 98-100.5%), ethanol (C2H5OH, 99%), 

potassium hexacyano ferrate (III) (K3[Fe(CN)6], >98.5%), and sodium phosphate 

dibasic dihydrate (Na2HPO4·2H2O, 98-100.5%). Ultrapure Milli-Q water served as an 
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important medium for solution preparation and sample washing. A series of fresh 

phosphate buffer saline (PBS) solutions were prepared at various pH levels by 

combining solution A (NaH2PO4·2H2O), solution B (Na2HPO4·2H2O), and ultrapure 

Milli-Q water, storing them at 4 °C for subsequent applications. The sandwich-assay 

ELISA kit was obtained from Amplicon Biotech, India. 

Comprehensive physicochemical characterization of the synthesized CuXO, hBNNS, 

and Cu/CuXO-hBNNS powders was achieved using multiple advanced techniques. 

Phase composition and crystalline structure were determined with high precision using 

X-ray diffraction (XRD, Bruker Advance D-8). Micro- and nano-morphological 

features were elucidated via Scanning Electron Microscopy (SEM, EVO18 Zeiss) and 

Transmission Electron Microscopy (TEM, TECNAI 200 KV), with quantitative size 

analysis performed using ImageJ 1.54f software. Fourier-transform infrared 

spectroscopy (FTIR, Spectrum II-Perkin Elmer, 400–4000 cm⁻¹) revealed the nature of 

chemical bonds within the samples, while Raman spectroscopy (Renishaw, λ = 785 nm) 

and UV–Visible spectroscopy (Perkin Elmer 950) provided insight into vibrational, 

electronic, and optical transitions. Electrochemical characterization, including Cyclic 

Voltammetry (CV) and Differential Pulse Voltammetry (DPV), was performed using 

an Autolab Potentiostat/Galvanostat (Metrohm, Netherlands) in a three-electrode 

configuration: Cu/CuXO-hBNNS/ITO as the working electrode, a platinum rod as the 

counter electrode, and Ag/AgCl (3 M KCl) as the reference. Immunosensing studies 

were conducted in phosphate-buffered saline (PBS, 50 mM, 0.9% NaCl, pH 7.0) 

containing 5 mM ferro/ferricyanide ([Fe(CN)₆]³⁻/⁴⁻) to facilitate single-electron 

heterogeneous transfer.  

6.2.2 Facile One-Step Polyol-Mediated Synthesis of Dandelion-Like CuXO 

Nanoflowers: 

Dandelion-like copper oxide (CuXO) nanoflowers were synthesized through a precisely 

controlled one-step polyol-mediated process, as schematically represented in Fig. 6.1. 

This approach utilized ethylene glycol (EG) as both a high-boiling-point solvent and a 

mild reducing agent, enabling a controlled nucleation and anisotropic growth pathway 

that favored the formation of intricate flower-like morphologies. Initially, 0.15 M 

cupric acetate monohydrate [Cu(CH₃COO)₂·H₂O] was completely dissolved in 30 mL 

of EG under continuous magnetic stirring at 200 rpm. The moderate stirring rate 

maintained a uniform dispersion of Cu²⁺ cations and acetate anions while minimizing 

vortex-induced vibrations that could rapidly activate heterogeneous nucleation. The 

strategic choice of EG offered high viscosity to help slow down particle growth, yet its 

reducing capacity facilitates the gradual conversion of Cu²⁺ to lower oxidation states 

under thermal conditions, ensuring a balance between nucleation and growth stages.  

To modulate the reaction kinetics and promote the morphological evolution, 10 mL of 

polysorbate-20 (Tween 20) was introduced into the solution. Here, Tween 20 provided 

a hydrophilic–lipophilic balance (HLB) that enabled efficient adsorption onto growing 

nanocrystal surfaces, providing steric hindrance that prevented uncontrolled 

agglomeration. Additionally, it also acted as a soft templating agent, promoting the 

radial alignment of nanosheets from a central nucleation core, thereby generating the 

characteristic “dandelion-like” architecture. Interestingly, the long hydrophobic chains 

of surfactant interacted with specific crystallographic planes of CuXO, retarding their 
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growth while allowing other planes to extend more rapidly, an essential factor for 

anisotropic flower-like structuring. 

 

Figure 6.1: Schematic illustration of the sequential steps followed in the 

polyol-assisted synthesis of dandelion-shaped CuXO nanoflowers. 

The reaction mixture was then transferred to a temperature-controlled hot plate and 

heated to 180 °C for 2 h under an ambient environment. At this elevated temperature, 

EG began to partially reduce Cu²⁺ ions to Cu⁺, triggering the co-precipitation of Cu₂O 

and CuO phases through hydrolysis–oxidation–reduction equilibria. The controlled 

reaction duration allowed for the self-assembly of nanosheets into hierarchical 

nanoflowers without excessive development, while also preventing the collapse of 

subtle structures due to Ostwald ripening effects. During this stage, the solution color 

gradually transitioned from turquoise blue to dark green, visually confirming the 

formation of CuXO nanostructures and the progression of the reduction process. 

Following synthesis, the mixture was allowed to cool naturally to ambient temperature 

to minimize structural stress that could induce cracking or partial detachment of 

nanosheets from the nanoflower core. The product was then subjected to a multi-step 

purification sequence involving repeated centrifugation at 10,000 rpm with alternating 

washes of ethanol and deionized water. This rigorous washing protocol served to 

remove unreacted precursors, excess surfactant molecules, and any soluble byproducts, 

while also restoring the surface chemistry to a neutral pH, thereby improving stability. 

The purified material was vacuum-dried at a sufficiently low temperature of 50 °C for 

24 h to preserve the delicate nanoarchitecture while ensuring complete solvent removal. 

The dried product was subsequently ground into a fine, homogeneously textured 

powder, eliminating the possibility of macroscopic aggregates and ensuring a narrow 

particle size distribution. The resulting CuXO nanoflowers exhibited high purity, well-
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defined morphology, and a large specific surface area, making them highly suitable for 

applications requiring enhanced electron transport and abundant active sites as critical 

performance determinants. The controlled polyol synthesis protocol for CuXO 

nanoflowers using Tween 20 as a steric stabilizer and ethylene glycol as both solvent 

and reducing agent is rigorously described in the subsequent mechanism. 

Dissolution of Copper(II) Acetate Monohydrate in Ethylene Glycol: 

Cu(CH3COO)2 ‧ H2O → Cu2+ + 2CH3COO- + H2O 

Steric Stabilization of Copper ions (Cu2+) on Complexation with Tween 20: 

Cu2+ + Tween 20 → Cu - Tween 20 Complex 

Partial reduction of Copper ions to Cuprous Oxide using Ethylene Glycol: 

Cu2+ + OHCH2CH2OH → Cu2O + OHCH2COOH + 2H+ 

Complete oxidation to Cupric Oxide in ambient atmosphere: 

Cu2O + ½ O2 → 2CuO 

Overall Reaction: 

2Cu(CH3COO)2 ‧ H2O + 2OHCH2CH2OH + ½ O2 → CuO + Cu2O + 2OHCH2COOH + 

4CH3COOH + 2H2O 

6.2.2 Stepwise In-situ Hydrothermal Approach for the Synthesis of Cu/CuXO-

hBNNS Nano-hybrid Composite 

The Cu/CuXO-decorated hBNNS nano-hybrid composite, as shown in Fig. 6.2, was 

synthesized through a facile in-situ hydrothermal methodology, employing CuXO 

nanoflowers and hBNNS as the precision-engineered precursors. The reason behind 

employing hBNNS instead of bulk hBN lies in the substantial interlayer ionic 

interaction between boron and nitrogen atoms in the bulk form, which severely impedes 

the critical synthesis factors of interfacial intercalation, dispersibility, and exfoliation. 

In contrast, hBNNS exhibits ultrathin morphology with greater lateral exposure, and 

improved chemical accessibility that facilitates extensive contact with CuXO 

nanostructures, thereby ensuring efficient nucleation, uniform decoration, and superior 

nanocomposite formation. 

In a standard synthesis protocol, the preparation of the Cu/CuXO–hBNNS nano-hybrid 

composite was initiated with the formation of two separate, highly uniform dispersions. 

In two different beaker, precisely weighed quantities of 130 mg of ultrathin hexagonal 

boron nitride nanosheets (hBNNS) and 100 mg of copper oxide nanoflowers (CuXO 

NFs) are each dispersed in 10 mL of deionized (DI) water. These dispersions are 

individually subjected to ultrasonication for 1 hour, a step that facilitates complete 

exfoliation of hBNNS layers, disaggregation of CuXO nanoflowers, and homogeneous 

particle distribution throughout the solvent. Ultrasonication also disrupts weak van der 

Waals interactions and enhances the surface accessibility of functional groups on both 

nanomaterials. 

After this pre-treatment, the two stable dispersions are combined in a single beaker to 

initiate the precursor interaction stage. To the mixture, 10 mL of isopropyl alcohol 

(IPA) is introduced, which help in lowering the overall surface tension of the aqueous 
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system, thereby promoting intimate contact between hydrophilic and hydrophobic 

regions of the nanostructures. In addition, it acts as a mild reducing agent in the 

subsequent steps, providing favorable environment for surface modification of CuₓO. 

The resulting dispersion containing both hBNNS and CuₓO precursors is thoroughly 

mixed to achieve compositional homogeneity, by mitigating particle aggregation 

through polarity adjustment of the solvent environment.  

 
Figure 6.2: Stepwise schematic representation of the hydrothermal synthesis 

route employed for the fabrication of Cu/CuXO-hBNNS nano-hybrid 

composite. 

To initiate selective reduction and functional interlinking, 5 mL of hydrazine hydrate 

(N₂H₄·H₂O), a strong reducing agent, was added to the well-mixed dispersion. This 

addition initiates a partial reduction process wherein a portion of Cu²⁺ ions present in 

the CuₓO nanoflowers are reduced to metallic copper (Cu⁰). The reduction mechanism 

is further aided by the presence of IPA, which can synergistically accelerate electron 

transfer to Cu²⁺ species. The emergence of Cu⁰ on the surface of the CuₓO nanoflowers 

enhances their chemical reactivity, enabling selective covalent and coordinative 

bonding with amino functionalities present on defect sites and edges of the hBNNS 

sheets. This step effectively seeds the formation of a 3D–2D hybrid nanoarchitecture 

through interfacial complexation and spatial anchoring of metallic copper sites onto 

hBNNS surfaces. To ensure complete interaction and bonding, the reaction mixture is 

subjected to magnetic stirring at a constant speed of 270 rpm for 1 hour. This dynamic 



Page | 175  

 

mixing promotes sustained contact between reactive interfaces with consistent collision 

frequency between particles, preventing aggregation and enabling uniform nucleation 

of Cu⁰ over hBNNS. Subsequently, the well-dispersed solution is transferred into a 50 

mL Teflon-lined stainless-steel autoclave. The sealed autoclave is placed in a high-

temperature oven and subjected to hydrothermal treatment at 180 °C for 18 hours. 

During this period, the elevated temperature and pressure-assisted growth enhance 

interfacial adhesion strengthening and structural stabilization of the Cu/CuₓO–hBNNS 

nano-hybrid, while also improving crystallinity and adhesion at the nano junctions. 

Upon completion of the hydrothermal process, the autoclave was allowed to cool 

naturally to room temperature to prevent thermal shock-induced structural deformation. 

The resultant dispersion is then rigorously washed multiple times with DI water to 

eliminate any unreacted precursors, loosely bound residues, and excess hydrazine 

hydrate. The washing process is followed by high-speed centrifugation at 9000 rpm, 

repeated until the supernatant attains a neutral pH, indicating the removal of ionic 

contaminants. This step is critical to ensuring the chemical purity and stability of the 

final product. Finally, the purified nanocomposite is dried at 90 °C in a low-temperature 

oven to evaporate residual moisture and solvent without inducing thermal degradation 

or oxidation of the nanostructures, while preserving the structural and chemical stability 

of the nano-hybrid composite. The resultant product of dry, fine powder of the 

Cu/CuₓO–hBNNS nano-hybrid composite was obtained. The ionic mechanism 

describes the partial reduction of Cu²⁺ to Cu⁰ with hydrazine hydrate acting as a primary 

reductant, donating electrons to Cu²⁺ centers and producing nitrogen gas as a byproduct. 

Concurrently, IPA assists in electron donation and stabilizes the reduced metallic sites, 

preventing uncontrolled aggregation. The presence of defect-rich ultrathin hBNNS, 

with its exposed nitrogen sites and residual amino functionalities, facilitates selective 

complexation of Cu⁰ via coordinate covalent bonding. The sequential chemical 

reduction, surface modification, and hydrothermal consolidation results in a structurally 

robust, chemically stable, and catalytically active nano-hybrid composite with 

synergistic 3D–2D interactions as mentioned in the chemical equations below: 

Dissociation of Hydrazine Hydrate carried partial reduction of Cupric to Cuprous 

state: 

N2H4‧+ H2O ↔ N2H5
+ + OH- 

CuO+ H2O + e-  → Cu2O + OH- 

Dissociation of Isopropanol for effective intercalation and partial reduction of 

Cuprous state to Zero-valent Copper (Cu0): 

(CH3)2CHOH + H2O → (CH3)2CO + 2H+ + 2e- 

Cu2O+ H2O + 2e-  → 2Cu + 2OH- 

Reduction of Copper Oxide Nanoflowers: 

Cu2O + N2H4 + H2O → 2Cu + N2 + 2OH- 

Cu2O + (CH3)2CHOH + H2O → 2Cu + (CH3)2CO + 2OH- 
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Binding of Copper Nanoflowers and Ultrathin hBNNS for Nanocomposite 

Synthesis: 

Cu/CuXO + hBNNS → Cu/CuXO-hBNNS Nanocomposite 

6.2.3 Electrophoretic deposition (EPD) of Cu/CuXO-hBNNS film onto ITO 

substrates: 

Electrophoretic Deposition (EPD) was strategically employed to fabricate Cu/CuXO-

hBNNS/ITO micro-electrodes with high precision and reproducibility in film 

formation. This method harnessed the synergistic role of a stable colloidal medium and 

the directed drift of nanoparticles under an applied electric field to achieve controlled 

deposition (Fig. 6.3(I)). A homogeneous suspension was first prepared by dispersing 

0.5 mg/mL of Cu/CuXO-hBNNS in acetonitrile (CH₃CN), which served as an effective 

polar solvent due to its high dielectric constant and low viscosity, thereby ensuring 

efficient particle migration. To further enhance suspension stability and prevent 

agglomeration, 300 µL of magnesium nitrate (Mg(NO₃)₂, 1 mg/mL) was introduced as 

a charging and stabilizing agent, imparting positive surface charge to the 

nanocomposite. This mixture was then ultrasonicated for 1 hour, where acoustic 

cavitation promoted complete exfoliation, uniform distribution, and prevention of 

particle clustering, ensuring electrokinetic uniformity during deposition. 

The prepared colloidal dispersion was transferred to a beaker containing a two-

electrode assembly. The working electrode was a pre-hydrolyzed ITO substrate (0.8 cm 

× 2.5 cm), utilized for its transparency, high conductivity, and strong interfacial 

bonding with the nanocomposite. The ITO substrate was connected to the negative 

terminal, while a platinum rod, owing to its high stability and conductivity, acted as the 

counter electrode and was connected to the positive terminal. Prior to deposition, the 

ITO electrodes were hydrolyzed using a solution of hydrogen peroxide, ammonia, and 

deionized water (1:1:5). This step was essential as it activated surface hydroxyl groups, 

introduced radical functionalities, and increased surface roughness, thereby enhancing 

electrostatic attraction and film adhesion of the nanocomposite. During deposition, an 

external DC voltage of 15 V was applied for 1 minute, generating an electric field that 

induced electrophoretic migration of the charged Cu/CuXO-hBNNS nanoparticles 

towards the ITO surface. This controlled migration facilitated the uniform deposition 

of a 0.8 cm × 0.8 cm homogeneous nanocomposite film. The outcome was a dark-

brown Cu/CuXO-hBNNS/ITO micro-electrode, indicating dense and consistent 

coverage (Fig. 6.3(III)-(a)). Upon electrochemical evaluation, the electrode color 

shifted from dark-brown to light-brown (Fig. 6.3(III)-(b)), a clear signature of dynamic 

surface-charge participation. This transformation reflected redox-induced modulation 

of the Cu/CuXO states within the hybrid nanocomposite, validating its electroactive 

behaviour in PBS medium and confirming efficient electron transfer kinetics at the 

electrode–electrolyte interface. 
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Figure 6.3: (I) Pictorial illustration of Cu/CuXO-hBNNS film deposition via 

electrophoretic deposition (EPD); (II) Schematic representation of sequential 

steps involved in the fabrication of the Cu/CuXO-hBNNS-based nano-

biosensor; (III) Optical images of Cu/CuXO-hBNNS/ITO micro-electrodes (a) 

prior to and (b) following electrochemical characterization; (IV) Proposed 

mechanistic pathway for amide bond formation: (a) between L-glutamic acid 

and amine-functionalized hBNNS, (b) between cysteine and zero-valent 

copper, (c) between cysteine and cuprous oxide, and (d) between histidine and 

cupric oxide. 
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6.2.4 Fabrication of Cu/CuXO-hBNNS based immunosensor: 

The development of the Cu/CuXO-hBNNS-based immunoelectrode was carried out 

with meticulous precision to ensure robust electrochemical performance and long-term 

stability of the biosensing platform. The initial step involved decorating pre-hydrolyzed 

ITO electrodes with a Cu/CuXO-hBNNS matrix, as illustrated in Fig. 6.3(II), under 

systematically optimized synthesis conditions. This structural integration provided a 

3D nano-architectured surface enriched with catalytic sites and strong conductive 

pathways. The nanohybrid composite-based interface exhibiting Cu/CuXO nanoflowers 

onto hBNNS, facilitating efficient electron transfer processes and enhancing the 

immobilization efficiency of bio-recognition elements. 

The site-directed immobilization of monoclonal Anti-CEA antibodies, illustrated in 

Fig. 6.3(IV-V), was achieved through the preparation of a stock antibody solution in 

phosphate buffer saline (PBS, pH 7.4), utilizing EDC-NHS chemistry to ensure 

selective activation of functional groups. Specifically, the carboxyl and amine groups 

present on the antibody were activated by conjugating 50 µg·mL⁻¹ Anti-CEA with 

freshly prepared EDC (0.2 M) and NHS (0.05 M) in a 2:1:1 ratio at room temperature, 

and the mixture was incubated for 30 minutes to allow formation of reactive 

intermediates. The immobilization step involved the deposition of 20 µL of activated 

Anti-CEA solution onto the Cu/CuXO-hBNNS film, which was uniformly distributed 

on the ITO electrode surface. To ensure strong and specific anchoring, the electrode 

was maintained in a humid chamber for 24 hours, thereby permitting gradual and 

complete binding interactions. Post-immobilization, 10 µL of 1% BSA solution (w/v in 

ultrapure Milli-Q water) were applied to the immunoelectrode, effectively blocking 

nonspecific binding sites and thereby enhancing biosensor selectivity. Subsequently, 

10 µL of CEA solution at appropriate concentrations were incubated for 30 minutes 

onto the BSA/Anti-CEA/Cu/CuXO-hBNNS/ITO interface, resulting in the final 

functional immunoelectrode configuration. The prepared electrode was stored at 4°C to 

preserve its bioactivity for subsequent analytical use. 

At the molecular scale, the chemistry underlying these nano-bio coupling interactions 

is highly significant. The EDC molecule, a zero-length cross-linker, initially reacts with 

the carboxyl-terminated Fc region (L-Glutamic Acid residues) of Anti-CEA to form a 

reactive O-acylisourea ester [18]. This unstable intermediate is subsequently stabilized 

by NHS, yielding a more durable NHS ester that couples efficiently with amine groups 

present on the hBNNS matrix, forming robust covalent amide linkages (Fig. 6.3(IV)-

(a)). Furthermore, additional stabilization and electron-rich conjugation are achieved 

through thiol groups from cysteine residues in Anti-CEA, which interact strongly with 

the Cu⁰ nanoparticles [19] (Fig. 6.3(IV)-(b)) and cuprous oxide (Cu₂O) domains [20] 

(Fig. 6.3(IV)-(c)) at the hybrid nano-biointerface. These interactions, validated through 

FTIR analysis, further reinforce the intimate bonding between the metallic copper 

domains and the antibody. In parallel, the imidazole nitrogen from histidine residues of 

Anti-CEA engages in stable coordination with CuO species at the interface (Fig. 

6.3(IV)-(d)) [20], thereby providing multipoint binding stability and enhancing overall 

structural integrity of the immunoelectrode. This synergistic multi-interaction 

binding—comprising covalent bonds, coordination complexes, and electrostatic 

stabilization—confers superior durability, enhanced biorecognition fidelity, and 

remarkable electrocatalytic performance to the final biosensing platform. 
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6.3 Experimental Results & Analysis: 
6.3.1 Analytical Nanomaterial Characterizations: 

6.3.1.1 In-depth Structural and Crystallographic Insights into Cu/CuXO-hBNNS 

Hybrid Nanocomposite Using Advanced XRD Analysis 

 
Figure 6.4: X-ray diffraction (XRD) analysis was performed on (I) CuXO 

Nanoflowers, (II) hBNNS, and (III) Cu/CuXO–hBNNS nano-hybrid 

composite, recording diffraction patterns within the 2θ range of 10°–80°. 

A detailed X-ray diffraction (XRD) investigation, conducted over a 2θ range of 20°–

80° was performed to comprehensively analyze the phase composition, crystal 

structure, crystallite size, and interlayer spacing of the synthesized nanomaterials, 

namely: (I) Cu/CuXO nanostructures, (II) hBNNS, and (III) Cu/CuXO-hBNNS 

nanohybrid composite (NHC), as presented in Fig. 6.4(a). The crystallographic 

assessment further allowed evaluation of intrinsic strain and dislocation density, 

providing deeper insights into lattice imperfections and structural quality. 

The CuXO nanoflowers fabricated through a one-step polyol method exhibited distinct 

and sharp diffraction peaks positioned at 35.42°, 52.94°, 58.04°, 61.32°, 66.04°, 67.5°, 

72.12°, 75.18°, 38.52°, and 48.66°, corresponding to the (111), (111), (202), (020), 

(202), (113), (311), (113), (311), and (400) crystallographic planes of monoclinic CuO, 

respectively, in accordance with JCPDS card no. 96-901-55569 [21]. In addition, the 

appearance of relatively fewer but well-defined diffraction peaks located at 36.36°, 

42.26°, 61.8°, 73.46°, and 77.78° were attributed to the (111), (200), (220), (311), and 

(222) planes of cuprous oxide (Cu2O), as verified by JCPDS card no. 5-667 [22]. 

Remarkably, two highly intense reflections observed at 35.42° and 38.52° indicated a 

preferential crystallographic orientation, with dominant alignments along the (1‾11) 

and (111) planes of CuO, underscoring the strong anisotropic growth tendency of the 

nanoflowers. Employing the Debye–Scherrer equation (Eq. [6.2]) the crystallite size 



Page | 180  

 

corresponding to the most intense (111) peak was calculated as 4.38 nm, whereas the 

d-spacing determined through Bragg’s relation (Eq. [6.1]) yielded 0.233 nm.  

Bragg’s Relation: 2d × Sinθ = nλ    [6.1] 

In Bragg’s relation, d represents the interplanar spacing between successive 

crystallographic planes, expressed in nanometers (nm), which is a direct indicator of 

the compactness of atomic arrangements within the lattice. The parameter θ denotes the 

Bragg’s diffraction angle, measured in radians, signifying the angular position at which 

constructive interference of X-rays occurs due to lattice periodicity. The variable n 

corresponds to the order of reflection, indicating the multiple levels of diffracted beams 

generated when the Bragg condition is satisfied. Meanwhile, λ is the wavelength of the 

incident X-ray beam, which fundamentally governs the resolution of diffraction 

analysis and directly influences the accuracy of determining lattice constants and 

crystallographic details. Each parameter altogether influences this relationship and 

forms the basis of Bragg’s Law, which is effective in revealing the structural integrity, 

orientation, and crystalline perfection of nanomaterials. 

Debye-Scherrer’s Formula: 𝐃 =  
𝟎.𝟗 𝛌

𝛃𝐡𝐤𝐥 × 𝐂𝐨𝐬𝛉
  [6.2] 

In Debye Scherrer equation, D signifies the average crystallite size, expressed in 

nanometers (nm), which directly reflects the nanoscale dimensions of coherently 

diffracting domains within the material. The parameter λ denotes the wavelength of the 

incident X-rays, measured in nanometers, serving as a fundamental constant that 

determines the resolution and interaction depth of the diffraction process. The variable 

β corresponds to the full width at half maximum (FWHM) of the diffraction peak, 

expressed in radians, which is a critical measure of peak broadening influenced by both 

crystallite size and lattice strain. Finally, θ represents the diffraction angle, also 

expressed in radians, at which constructive interference occurs, directly connecting the 

structural arrangement of atoms with the observable diffraction pattern. Collectively, 

these parameters underpin the Scherrer equation, a vital tool for estimating nanoscale 

crystallite sizes and correlating structural broadening with the intrinsic properties of 

crystalline materials. 

Furthermore, the dislocation density (δ), a critical measure of lattice imperfections, was 

estimated using the relation δ = 1/D² (Eq. [6.3]), signifying a relatively high density of 

dislocations arising from nanoscale crystallinity and structural distortions. Such 

detailed crystallographic features collectively confirmed the coexistence of mixed-

valence CuXO phases and validated the nanoscale structural uniformity of the 

synthesized material system. 

Dislocation Density: δ = 
𝟏

𝐃𝟐    [6.3] 

In this context, δ represents the dislocation density, expressed in nm-2, which quantifies 

the number of dislocations present per unit area of the crystal lattice and serves as a 

direct measure of lattice imperfections and defect concentration within the 

nanomaterial. Meanwhile, D denotes the crystallite size in nanometers (nm), reflecting 

the average dimension of coherently diffracting domains. The inverse relationship 

between these two parameters indicates that smaller crystallite sizes typically 
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correspond to higher dislocation densities, which profoundly influence the mechanical 

strength, electronic behaviour, and overall functional properties of the nanomaterial. 

In polyol-synthesized CuXO nanoflowers, the reduction in crystallite size directly 

contributed to a relatively high dislocation density of 5.2 × 102 nm⁻², as calculated using 

Eq. [6.3] . This elevated density of dislocations arises due to multiple concurrent 

factors: the accelerated crystal growth rate under polyol conditions, the viscosity-

induced chemical stresses generated by ethylene glycol during the reaction, and the 

additional mechanical stresses introduced by vigorous stirring. These combined stresses 

create lattice distortions that intensify structural disorder, thereby increasing the defect 

concentration within the crystal lattice. Such a high dislocation density corresponded 

to a micro-strain of 2.39 × 102, as determined using Eq. [6.4], highlighting the 

substantial lattice strain embedded in the nanostructure. This strain plays a critical role 

in hindering the orderly nucleation and subsequent growth of crystallites, which 

restricts the formation of well-defined and defect-free crystal domains. Consequently, 

the crystallographic quality of the CuXO nanoflowers is compromised, with smaller 

crystallites exhibiting a higher fraction of disordered grain boundaries and defect-rich 

regions. These imperfections significantly reduce the number of stable and efficient 

active sites available for catalytic reactions, thereby diminishing the structural integrity 

and long-term reliability of the nanostructures. To address these inherent limitations, 

research has been directed toward engineering Cu/CuXO-hBNNS hybrid 

nanocomposites, which integrate the catalytic potential of Cu/CuXO-based 

nanostructures with the structural stability and large surface area of hBN nanosheets. 

This synergistic hybridization enhances the density of accessible surface-active sites 

while simultaneously suppressing defect-driven instability, thereby ensuring superior 

catalytic efficiency and durability. 

Microstrain: ε = 
𝛃𝐡𝐤𝐥

𝟒×𝐒𝐢𝐧𝛉
     [6.4] 

n this context, βhkl denotes the full width at half maximum (FWHM) of the diffraction 

peak corresponding to a specific crystallographic plane (hkl), measured in radians. This 

parameter is a critical indicator of peak broadening in X-ray diffraction patterns, which 

is directly associated with nanoscale effects such as crystallite size reduction, micro-

strain, and lattice imperfections. Similarly, θ represents the Bragg diffraction angle, 

also expressed in radians, which defines the angular position of the diffracted X-rays 

and plays a fundamental role in evaluating interplanar spacings, lattice constants, and 

structural distortions within the material. Together, βhkl and θ provide vital insights 

into the degree of crystallinity, structural integrity, and nanoscale phenomena 

governing the material’s physical properties. 

In Fig. 6.4(a)-II, the hydrothermally synthesized hexagonal boron nitride nanosheets 

(hBNNS) exhibit distinct diffraction peaks at 26.88◦, 41.8◦, 55.16◦, and 76.08◦, which 

correspond to the (002), (100), (004), and (110) crystallographic planes, respectively, 

as confirmed by JCPDS Card No. 034–0421 [23]. The emergence of these peaks 

confirms the successful exfoliation and crystallization of hBNNS into a well-defined 

hexagonal phase. To achieve large lateral-sized, functionalized nanosheets, precise 

Lewis acid–base complexation chemistry was employed to initiate the intercalation–

exfoliation process, thereby ensuring the formation of a pure crystalline lattice with 

minimal defects. Among the observed peaks, the prominent diffraction at 26.88 

highlights the preferential alignment of hBNNS along the (002) hkl plane, a feature that 
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signifies the layered arrangement and structural uniformity of the material. 

Furthermore, Fig. 6.4(a)-III presents the XRD spectrum of the Cu/CuXO-hBNNS 

nanohybrid composite (NHC), which demonstrates characteristic diffraction peaks of 

both hBNNS and Cu/CuXO nanoflowers. The presence of well-defined peaks at 26.88◦, 

42.44◦, and 75.92◦, indexed to the (002), (100), and (110) planes of hBNNS, further 

validates the retention of the parent lattice structure, as corroborated by JCPDS Card 

No. 034–0421 [32]. Importantly, the persistence of the (002) reflection at 2θ = 26.88◦ 

in the nanocomposite confirms that hydrothermal conditions did not disrupt the 

interplanar spacing (d(002) = 0.331 nm, Table S1) or compromise the intrinsic lattice 

stability of hBNNS. This resilience under synthesis conditions underscores the 

suitability of hBNNS as a robust structural scaffold capable of maintaining its 

crystalline framework, thereby enhancing the stability and long-term reliability of the 

nanohybrid system. Nevertheless, a measurable increase in crystallite size from 25.37 

nm to 31.42 nm in hBNNS after nanocomposite formation suggests effective diffusion 

and intercalation of Cu/CuXO atoms into the nanosheet matrix at elevated temperatures, 

promoting enhanced crystallinity and stronger interfacial bonding. 
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The larger crystallite size of hBNNS significantly contributed to lowering micro-strain and dislocation density, which in turn minimized 

structural defects, enhanced mechanical stability, and improved the overall structural integrity of the Cu/CuXO nanoflowers integrated 

within the hybrid system. This structural refinement directly strengthened the durability and functionality of the nanocomposite. 

Furthermore, the prominent and sharp diffraction peaks observed in the Cu/CuXO-hBNNS nanohybrid composite (NHC) at 43.44°, 50.52°, 

and 74.12° are distinctly associated with the (111), (200), and (220) crystallographic planes of the pure face-centered cubic (FCC) phase 

of metallic copper, as indexed by JCPDS Card No. 04-0836. This clearly confirms the successful hydrothermal reduction of CuXO 

nanoflowers into stable metallic copper nanostructures. Additionally, the diffraction peaks corresponding to Cu₂O (35.36°, 41.88°) and 

CuO (49.16°, 52.16°) were notably intense, establishing the effective reinforcement and strong hybridization of Cu/CuXO structures onto 

the hBNNS matrix [21, 22]. Importantly, the (111) crystallographic plane of Cu nanoflowers, owing to its inherently low surface energy, 

exhibited remarkable stability, which not only reduced agglomeration tendencies but also ensured a more uniform distribution of 

nanostructures, thereby improving both structural integrity and catalytic efficiency [24]. Moreover, hydrothermal reduction brought about 

substantial modifications in structural parameters: the interplanar spacing of Cu/CuXO nanoflowers (d(111) = 2.08 nm) was reduced 

compared to CuXO nanoflowers (d(111) = 0.233 nm), suggesting a denser atomic packing as a result of partial oxygen removal during the 

reduction. Simultaneously, the crystallite size of Cu/CuXO nanoflowers (D = 29.19 nm) was drastically larger than that of CuXO 

nanoflowers (D = 4.38 nm), indicating that the reduction process facilitated not just oxygen removal but also induced the coalescence of 

smaller crystallites, driving the formation of well-defined nanoflower morphologies. Consequently, this coarsening effect not only 

optimized the hierarchical structure but also contributed to improved catalytic functionality, enhanced chemical stability, and superior 

structural resilience of the Cu/CuXO-hBNNS nanohybrid system. 

Table 6.1: Evalution of microstrain and dislocation density in as-synthesized (I) CuXO, (II) hBNNS, (III) Cu/CuXO-hBNNS 

samples respectively. 

S.No. Sample 

Intense 

(hkl) 

Planes 

Peak 

Position, 2θ 

(°) 

FWHM 

(°) 

Crystallite 

Size 

(D, nm) 

d-spacing 

(d, nm) 

Micro Strain 

(ε) 

Dislocation 

Density 

(δ, nm-2) 

1. CuXO (111) 38.52 1.92 4.38 0.233 2.39 × 10-2 5.2 × 10-2 

2. hBNNS (002) 26.88 0.32 25.37 0.331 5.88 × 10-3 1.55 × 10-3 

3. 
Cu/CuXO -

hBNNS NHC 

Cu/CuXO (111) 50.52 0.29 29.19 0.208 3.21 × 10-3 1.17 × 10-3 

hBNNS (002) 26.88 0.26 31.42 0.331 4.75 × 10-3 1.01 10-3 
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6.3.1.2 Morphological Assessment and Microstructural Insights into CuXO, 

hBNNS, and Cu/CuXO-hBNNS Using High-Resolution SEM and TEM 

Techniques 

 

Figure 6.5: (I) Scanning electron microscopy (SEM), (II) transmission 

electron microscopy (TEM), and (III) particle size distribution curves 

corresponding to (a) CuXO, (b) hBNNS, and (c) Cu/CuXO-hBNNS nanohybrid 

composite (NHC); (d) SEM micrograph depicting the surface morphology of 

the as-fabricated Cu/CuXO-hBNNS/ITO electrode. 

SEM micrographs illustrated in Fig. 6.5(a)-I, 6.5(b)-I, and 6.5(c)-I provided a 

comprehensive evaluation of the morphology of CuXO, hBNNS, and Cu/CuXO 

nanostructures, respectively, while Fig. 6.5(d) presented the surface features of the 

fabricated Cu/CuXO-hBNNS/ITO electrode. The particle size distribution curve of 

CuXO (Fig. 6.5(a)-III) revealed dandelion-like nanoflowers with dimensions spanning 

from 0.1 to 2.5 µm, possessing an average particle size of 0.95 µm and a median size 

of 0.83 µm. This morphology, distinctly observed in Fig. 6.5(a)-I, is characterized by 

a highly porous architecture that originates from the preferential radial growth of CuXO 

nanostructures, a process promoted by ethylene glycol and Tween 20 during the polyol 

synthesis route. These findings were corroborated by TEM micrographs at a 100 nm 

scale (Fig. 6.5(a)-II), which confirmed an average particle size of 0.66 µm, 

demonstrating consistency with the SEM results and ensuring the accuracy of the 

morphological assessment. 

Hydrothermally exfoliated hBNNS, as presented in Fig. 6.5(b)-I and validated through 

the nanosheet area distribution curve (Fig. 6.5(b)-III), displayed lateral dimensions 
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ranging from 0.1 to 1.6 µm², with an average nanosheet area of 0.64 µm² and a median 

area of 0.54 µm². These nanosheets exhibited ultrathin features and smooth lateral 

edges, supporting their effective role as a two-dimensional support matrix. The 

integration of Cu/CuXO nanoflowers onto hBNNS, shown in Fig. 6.5(c)-I (SEM) and 

Fig. 6.5(c)-II (TEM), demonstrated a homogeneous distribution of nanoflowers across 

the nanosheet surface, confirming the successful synthesis of the Cu/CuXO-hBNNS 

nanohybrid composite (NHC). This hybridization was achieved through hydrothermal 

reduction of copper salts under high-pressure and high-temperature conditions, a 

process orchestrated by hydrazine hydrate and IPA that regulated nucleation and growth 

of Cu/CuXO nanoflowers into a porous, dandelion-like architecture. 

The successful anchoring of Cu/CuXO nanoflowers on hBNNS nanosheets is primarily 

attributed to van der Waals forces and electrostatic interactions, which stabilize the 

hybrid architecture and promote uniform coverage. The SEM and TEM analyses 

collectively validate this integration, highlighting the synergistic interplay between the 

0D–3D Cu/CuXO nanoflowers and the 2D hBNNS support. Finally, the as-fabricated 

Cu/CuXO-hBNNS/ITO electrode, illustrated in Fig. 6.5(d), revealed a rough and porous 

surface morphology endowed with plentiful surface-active sites, which enhance 

biomolecule immobilization and electron transfer kinetics, thereby ensuring its superior 

performance as an efficient nano-biosensor interface. 

6.3.1.3 Investigation of Electronic Band Structure, Optical Transition 

Mechanisms, and Urbach Energy in Cu/CuXO–hBNNS Hybrid Nanocomposite 

Using UV–Vis Spectroscopy 

To evaluate the bandgap tuning and the nature of electronic transitions, the absorption 

spectra of the as-synthesized sample were recorded in the UV–Visible region, as 

presented in Fig. 6.6(c). The optical bandgap energy (Eg) was further determined using 

Tauc’s method, expressed mathematicallyby Eq. (6.5): 

(αhν)1/n = A(hν – Eg)    [Eq. 6.5] 

In this equation, the absorption coefficient (α) provides a direct measure of how 

efficiently the material absorbs light within a specific wavelength range, thereby 

offering insights into the density of allowed electronic states and transition 

probabilities. The photon energy (hν) drives electron excitation, and the bandgap 

energy (Eg) acts as the minimum energy threshold for an electron to move from the 

valence band to the conduction band. The parameter A is a material-dependent 

proportionality constant that remains relatively stable across the spectral range of 

interest. A key factor in this analysis is the exponent n, which indicates the type of 

electronic transition. For direct transitions (n = 1/2), the process involves a 

straightforward photon-to-electron energy transfer without the need for additional 

energy mediation. This mechanism has been reported in systems such as mixed-valence 

CuXO [25], few-layered hexagonal boron nitride nanosheets (hBNNS) [26], and 

Cu/CuXO-hBNNS hybrid structures [22, 27], where direct optical transitions dominate 

the absorption behavior. Conversely, for indirect transitions (n = 2), electron excitation 

requires not only photon energy but also assistance from phonons, which provide the 

necessary momentum compensation. This distinction between direct and indirect 

transitions is essential for interpreting the optical behavior of semiconductors and for 

tailoring materials toward specific optoelectronic applications. 
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Figure 6.6: UV–Vis spectroscopic absorption data with corresponding Tauc 

plots, highlighting the electronic transition and bandgap estimation in CuXO 

(Blue), hBNNS (Red), Cu/CuXO/hBNNS (Purple) 

The absorption spectrum of CuXO nanoflowers (Fig. 6.6(c)-I) revealed a strong peak 

centered at 255 nm, positioned within the ultraviolet region of the spectrum. This 

feature is directly associated with the intrinsic electronic structure of CuXO, yielding a 

direct bandgap value (Eg,CuXO) of 4.07 eV (Fig. 6.6(c)-IV). The origin of this 

absorption is attributed to a ligand-to-metal charge transfer (LMCT) transition, where 

an electron is promoted from the oxygen p-orbitals (acting as the ligand) into the copper 

d-orbitals (metal ion states) [28]. Such LMCT processes are characteristic of transition 

metal oxides and underline the strong coupling between oxygen and copper states, 

which significantly influences the optical activity of the nanostructures. Another well-

defined absorption band was observed at 434 nm in the visible region, corresponding 

to a narrower optical bandgap of 2.54 eV (Fig. 6.6(c)-IV). This feature arises from d–

d electronic transitions within Cu²⁺ ions, specifically involving excitation from the 

lower-energy T₂g orbital to the higher-energy E₂g orbital [29]. The presence of this 

transition highlights the contribution of localized electronic states in modulating the 

optical response of CuXO nanoflowers, thereby enhancing their capacity to interact with 

visible light—a property highly desirable for applications in photocatalysis and 

optoelectronics. 
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Figure 6.7: Urbach Energy evaluation for Cu/CuXO-hBNNS Nano-hybrid 

Composite 

In addition, the absorption spectrum of hBNNS (Fig. 6.6(c)-II) displayed a peak at 203 

nm, characteristic of transitions involving excitonic states within its wide bandgap 

structure. The bandgap of hBNNS was calculated to be 5.1 eV (Fig. 6.6(c)-V), which 

reflects its insulating nature and exceptional stability [30]. Such wide-bandgap 

behavior, along with robust excitonic features, makes hBNNS an attractive sensing 

platform and a suitable host for hybrid nanocomposites. Upon the formation of 

Cu/CuXO-hBNNS nanohybrids (NHCs) (Fig. 6.6(c)-III), substantial modifications in 

the optical spectrum were evident. The primary absorption band of hBNNS underwent 

a red-shift and split into two distinct peaks at 208 nm and 218 nm. This splitting 

signifies a profound alteration in the electronic environment caused by the 

incorporation of Cu and CuXO nanoparticles into the hBNNS framework. The 

hybridization of copper states with the boron nitride matrix leads to the generation of 

new defect states and electronic pathways, effectively tuning the absorption edge and 

broadening the optical response of the system. To gain further insights into the localized 

defect states and disorder introduced within the hybrid system, the Urbach energy was 

evaluated using Eq. [6.6]–[6.7], as shown in Fig. 6.7 [31]. The Urbach energy analysis 

quantifies the width of the band-tail states and provides a direct measure of defect 

density, thereby offering a deeper understanding of how nanoscale heterostructuring 

influences optical absorption, defect engineering, and potential optoelectronic 

performance. 

𝜶 = 𝜶𝒐 𝒆𝒙𝒑(
𝑬− 𝑬𝒈

𝑬𝒖
)     [6.6] 

ln(𝛂) =  𝐥𝐧(𝛂𝐨) +
(𝑬− 𝑬𝒈)

𝑬𝒖
    [6.7] 
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α denotes the absorption coefficient that governs the interaction of photons with the 

material, while α₀ is a material-dependent pre-exponential factor. The incident photon 

energy is represented as E = hν, where h is Planck’s constant and ν is the frequency of 

incident light. The bandgap energy Eg defines the threshold for electronic excitation at 

a specific temperature (T), whereas the Urbach energy (Eu), determined from the 

inverse slope of the linear fit in the plot of ln(α) versus E, quantifies the width of the 

band-tail states generated by structural disorder or defect-induced localized states. For 

pristine hBNNS, the Urbach energy (Eu,hBNNS) was calculated to be 0.55 eV (Fig. 

6.67), indicating a moderate density of tail states. This energy tail broadening reflects 

the material’s ability to incorporate and stabilize Cu/CuXO nanoflowers at its active 

surface sites, suggesting that defect accommodation is essential for the self-assembly 

of hybrid nanostructures. Upon hybridization, the introduction of Cu/CuXO 

nanoflowers led to profound modifications in the absorption features. The absorption 

spectrum of Cu/CuXO–hBNNS displayed a red-shifted Cu/CuXO peak at 265 nm (Fig. 

6.6(c)-III), accompanied by a significantly higher Urbach energy (Eu,Cu/CuXO) of 

1.67 eV (Fig. 6.7). This dramatic increase points toward the onset of surface plasmon 

resonance (SPR) phenomena in Cu/CuXO nanoflowers, where incident light stimulates 

collective oscillations of conduction electrons on nanoparticle surfaces [32]. Such 

plasmonic excitations alter the local electromagnetic field, enhance light absorption, 

and strongly influence charge carrier generation and transfer across the hybrid interface. 

Additional absorption features were observed at 312 nm (Eg2 = 3.91 eV), 339 nm (Eg3 

= 3.55 eV), and 382 nm (Eg4 = 3.16 eV) (Fig. 6.6(c)-III, VI). These excitations 

correspond to defect-mediated excitonic transitions, where photogenerated excitons are 

stabilized by defect states, thereby facilitating efficient charge transfer within the hybrid 

composite. The existence of multiple transitions with Eg > 3 eV highlights the role of 

defect engineering in tuning the optical response and charge dynamics of the hybrid 

[28]. Moreover, a broad absorption edge extending into the visible region at 441 nm 

and 488 nm was identified, attributed to metal-centered transitions in metallic Cu⁰ 

nanostructures. These features are linked to inter-band transitions between the Cu (2Eg) 

and hBNNS (2T2g) states, synergistically coupled with the plasmonic response of 

CuXO nanoparticles. Such hybridized transitions demonstrate that the Cu/CuXO–

hBNNS nanohybrid composite sustains highly efficient electronic coupling between 

metal and semiconductor components[33, 34]. 

6.3.1.4 Raman Spectroscopic Analysis of Phonon Dynamics, Vibrational 

Signatures, and Electronic Interactions in Cu/CuXO–hBNNS Nano-Hybrid 

Nanocomposites 

The vibrational and structural properties of (I) CuXO, (II) hBNNS, and (III) Cu/CuXO–

hBNNS nanohybrids were analyzed through surface-enhanced Raman spectroscopy 

(SERS), with results shown in Fig. 6.8. Owing to its monoclinic lattice, CuXO exhibits 

a phonon spectrum far more intricate than cubic or hexagonal oxides. At the Γ point, a 

CuO unit cell (with two copper and two oxygen atoms) yields 12 vibrational modes, 

represented as: 

Γ = Ag + 2Bg + 4Au + 5Bu 

This includes six infrared-active modes (3Au + 3Bu), three acoustic modes (Au + 2Bu), 

and three Raman-active modes (Ag + 2Bg). Importantly, within this monoclinic 
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symmetry, Cu atoms remain stationary due to their site constraints, leaving oxygen 

atoms as the primary contributors to Raman-active vibrations. 

In Fig. 6.8-I, the characteristic Raman bands of CuO are observed at 281 cm⁻¹ (Ag), 

331 cm⁻¹ (B1g), and 599 cm⁻¹ (B2g). The notable red-shift of the Ag mode to 281 cm⁻¹ 

reflects the in-phase and out-of-phase rotational vibrations of CuO units, indicative of 

changes in lattice dynamics arising from intrinsic defects, strain, or size confinement 

effects, corroborated by XRD findings [35]. Similarly, the B1g mode at 331 cm⁻¹, 

associated with Cu–O bond bending vibrations, demonstrates alterations in bond 

strength and lattice parameters, while the B2g mode at 599 cm⁻¹ suggests modifications 

in the local oxygen environment, likely induced by distortions or oxygen vacancies. 

Such systematic red-shifting of Raman-active modes can also be attributed to the 785 

nm laser excitation wavelength, which is known to generate localized heating effects in 

transition metal oxides, thereby enhancing anharmonic interactions [36]. 

 

Figure 6.8: Raman spectroscopic response for CuXO (Blue), hBNNS (Red), 

and Cu/CuXO–hBNNS (Purple) 

The additional high-frequency phonon modes observed at 718 cm⁻¹, 961 cm⁻¹, 1171 

cm⁻¹, and 1330 cm⁻¹ correspond to second-order overtones and combination bands of 

lattice vibrations, thereby confirming the crystalline quality of CuXO [37]. The 

emergence of blue-shifted peaks at 160 cm⁻¹ and 538 cm⁻¹ reflects contributions from 

T1u and T2g vibrational symmetries, characteristic of Cu₂O domains embedded within 

the CuXO matrix [38]. The coexistence of these CuO and Cu₂O phases within 

nanoflowers underscores the mixed-valence nature of copper oxides, which enriches 

their electronic complexity and fosters stronger electron–phonon interactions. This 

observation points toward a partial coexistence of CuO and Cu₂O phases in CuXO 

nanoflowers, a phenomenon frequently observed in mixed-valence copper oxides 
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where redox dynamics stabilize multiple oxidation states. These factors validate the 

successful synthesis of CuXO nanostructures and highlight the hybrid’s potential 

exhibiting the density of electronic states and promote synergistic charge-transfer 

mechanisms for plasmonic activity, defect-mediated charge transfer, and 

multifunctional applications in photocatalysis, sensing, and energy devices. 

The Raman spectrum of hBNNS, displayed in Fig. 6.8-(II), is dominated by a well-

defined E₂g mode at 1366 cm⁻¹, a characteristic phonon vibration of hexagonal boron 

nitride. The red-shift relative to bulk hBN signifies that hydrothermal synthesis induced 

tensile strain, leading to a measurable increase in interlayer spacing. This strain 

facilitates layer exfoliation, thereby reducing thickness while enhancing lateral size. 

Simultaneously, the process improves crystalline order, diminishes the defect density, 

and ensures the production of high-quality nanosheets [18]. Upon forming the 

Cu/CuXO–hBNNS nanocomposite, the position of the E₂g band remains fixed, as seen 

in Fig. 6.8-(III). This stability indicates that the interlayer separation and overall 

layered structure of hBNNS are structurally robust, even under the influence of 

Cu/CuXO nanoparticle incorporation. Reinforcement from XRD patterns, which show 

unaltered d-spacing values, further affirms that the integrity of hBNNS was maintained. 

The hybrid spectrum also highlights a strong band at 623 cm⁻¹, assigned to metallic Cu⁰ 

vibrational modes. The presence of Cu⁰ is critical as it underpins plasmonic activity and 

electron–phonon interactions within the composite [39]. Complementary weaker peaks 

detected through SERS at 145 cm⁻¹ and 527 cm⁻¹ (attributed to Cu₂O) and 254 cm⁻¹ and 

351 cm⁻¹ (attributed to CuO) demonstrate partial oxidation of metallic copper. The 

coexistence of these phases not only validates XRD observations but also points to 

dynamic redox behavior, where Cu0 undergoes oxidation into Cu⁺ and Cu²⁺ states [38]. 

The multiphase coexistence enhances the composite’s capacity for charge-transfer 

interactions, contributing to its optoelectronic and catalytic efficiency. 

6.3.1.5 FT-IR Spectroscopy elucidating Molecular Bond Dynamics and Protein 

Immobilization Mechanisms in Cu/CuXO–hBNNS Hybrid Nanocomposites 

FTIR spectroscopy was employed to qualitatively examine chemical interactions, bond 

formation, and the presence of functional groups, offering molecular-level insights into 

the structural composition of the studied materials (Table 6.2). As shown in Fig. 6.9(e)-

I, the FTIR spectrum of polyol-synthesized CuXO nanoflowers exhibited distinct 

vibrational bands at 425 cm⁻¹, 531 cm⁻¹, and 587 cm⁻¹, corresponding to the Au, B1u, 

and B2u modes of Cu–O stretching, respectively[40]. Specifically, the Au mode at 425 

cm⁻¹ represents Cu–O stretching along the [101] plane, whereas the Bu modes at 531 

cm⁻¹ and 587 cm⁻¹ denote Cu–O stretching vibrations along the same crystallographic 

direction [40]. Additional absorption bands at 881 cm⁻¹, 1385 cm⁻¹, and 1619 cm⁻¹ were 

assigned to Cu–OH bending, in-plane CuO rocking, and out-of-plane CuO rocking 

vibrations, respectively, verifying the successful functionalization of CuXO 

nanoflowers [41, 42]. Furthermore, two prominent transmittance peaks at 2853 cm⁻¹ 

and 2922 cm⁻¹, attributed to symmetric and asymmetric stretching of the –CH₂ 

methylene groups, confirm the presence of residual Tween 20 and ethylene glycol (EG) 

used during the polyol synthesis [43]. In addition, a well-defined band at 1086 cm⁻¹ 

was identified as the C–O stretching vibration, a characteristic feature of EG. 

Collectively, these peaks confirm the interaction of CuXO nanoflower surface-active 

sites with Tween 20 and EG molecules, leading to surface functionalization that 
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influenced both the molecular structure and physicochemical composition of the 

nanoflowers. Meanwhile, the FTIR spectrum of hBNNS (Fig. 6.9(e)-II) revealed 

characteristic vibrational fingerprints of boron nitride. Specifically, a band at 806 cm⁻¹ 

represents B–N–B out-of-plane bending (A2u mode), and the 1387 cm⁻¹ band 

corresponds to B–N in-plane stretching (E1u mode). Additional absorption bands were 

observed at 2526 cm⁻¹ (B–H stretching), in the 3200–3500 cm⁻¹ region (N–H 

stretching), and above 3500 cm⁻¹ (O–H stretching), indicating the incorporation of 

hydrogenated and hydroxyl groups [18]. These features confirm that hydrothermal 

treatment not only preserved the intrinsic vibrational identity of hBN but also 

introduced surface functionalization, enhancing the nanosheets’ chemical reactivity and 

structural adaptability. 

 
Figure 6.9: FTIR spectra of CuXO (Blue), hBNNS (Red), and Cu/CuXO–

hBNNS (Purple) 

The integration of Cu/CuXO nanostructures with hBNNS during nanocomposite 

formation induced a systematic red shift of the characteristic FT-IR peaks of hBNNS 

to 802 cm⁻¹ and 1455 cm⁻¹, serving as compelling evidence of Cu/CuXO incorporation 

into the layered hBNNS matrix. This shift arises from synergistic effects including 

charge transfer processes, electrostatic interactions, coordination bond formation, and 

lattice strain introduced into the nanohybrid composite (NHC). A strong vibrational 

signature at 630 cm⁻¹ in the Cu/CuXO–hBNNS spectrum is specifically attributed to 

Cu–N bond formation, indicating the establishment of coordinate covalent interactions 

wherein Cu/CuXO behaves as a Lewis acid while nitrogen from hBNNS [44] or 

hydrazine hydrate molecules function as Lewis bases [45]. Such bonding interactions 

at surface-active sites promote ordered self-assembly and significantly reinforce the 

stability of the hybrid system. Subtle absorption features detected at 424 cm⁻¹ and 505 

cm⁻¹ correspond to copper–oxygen vibrations, pointing toward partial oxidation of 

Cu/CuXO nanoparticles, consistent with their high surface reactivity. These peaks align 
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well with Raman and XRD analyses, jointly verifying the coexistence of copper–

oxygen bonds. Beyond these fundamental interactions, hydrothermal functionalization 

introduced additional spectral bands at 1661 cm⁻¹ (N–H bending), 2332 cm⁻¹ (Cu–H 

stretching), 2526 cm⁻¹ (B–H stretching), 2852 cm⁻¹ (symmetric CH₂ stretching), 2925 

cm⁻¹ (asymmetric CH₂ stretching), and 3422 cm⁻¹ (N–H stretching). These vibrational 

fingerprints provide evidence of chemical bonding, transient interactions, and 

cooperative self-assembly mechanisms that govern the molecular organization and 

stability of the Cu/CuXO–hBNNS nanocomposite [46, 47]. 

Table 6.2: FT-IR band assigned to (I) CuXO, (II) hBNNS, and (III) Cu/CuXO-

hBNNS samples respectively. 

 

 

S.NO. Sample 
Wavenumber 

(cm-1) 
Assigned Bands 

1. CuXO 

425 Au mode Cu-O Stretch 

531 𝐁𝐮
𝟏 mode Cu-O Stretch 

587 𝐁𝐮
𝟐 mode Cu-O Stretch 

881 Cu-OH Bend 

1086 C-O Stretch 

1385 CuO in-plane Rocking Vibration 

1619 
CuO Out-of-plane Rocking 

Vibration 

2354 Cu-H Stretch 

2853 CH Stretch 

2922 CH2 Stretch 

3432 OH Stretch 

2. hBNNS 

806 B-N-B Bend 

1387 B-N Stretch 

1628 N-H Bend 

2526 B-H Stretch 

3200-3500 N-H Stretch 

>3500 OH Stretch 

3. Cu/CuXO-hBNNS 

424, 505 Cu-O Stretch 

625 Cu-N Stretch 

804 B-N-B Bend 

1408 B-N Stretch 

1661 N-H Bend 

2332 Cu-H Stretch 

2526 B-H Stretch 

2852 CH2 (Symmetric) Stretch 

2925 CH2 (Asymmetric) stretch 

3422 N-H Stretch 

3521, 3827 

(>3500) 
OH Stretch 
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Optimizing the electrocatalytic efficiency of the Cu/CuXO–hBNNS nano-biosensor 

fundamentally depends on the precise engineering of a nano-biointerface. To attain this 

optimization, the precise adjustment of antibody immobilization time, which ensures 

maximum occupation of surface-active sites, thereby enhancing the sensor’s sensitivity 

toward trace analyte concentrations, reducing response time, and improving the 

reliability of bioanalytical outputs. FTIR spectra presented in Fig. 6.10 compare the 

Cu/CuXO–hBNNS/ITO electrode (purple) before modification with Anti-CEA 

immobilization after 12 h (orange) and 24 h (dark cyan). 

 

Figure 6.10: Immobilization of Anti-CEA antibodies on Cu/CuXO–

hBNNS/ITO electrodes monitored by FTIR spectroscopy at 12 hours (Orange) 

and 24 hours (Cyan), demonstrating stepwise enhancement of biomolecular 

attachment. 

Upon antibody immobilization, the FTIR profile shows the retention of a less intense 

B–N–B bending vibration and a distinct B–N stretching vibration, while the 

characteristic peaks corresponding to Cu–N, Cu–H, and B–H stretching modes 

disappear. Their absence confirms their active involvement in amide bond formation 

via EDC–NHS activation chemistry, enabling covalent anchoring of antibodies. 

Notably, prolonged immobilization for 24 h resulted in a clear intensification of protein-

related vibrational signatures: region II (protein phosphorylation at 868 cm⁻¹, 

symmetric phosphate stretching at 988 cm⁻¹, polysaccharide stretching at 1090 cm⁻¹), 

region III (NH bending at 1273 cm⁻¹), region IV (Amide II at 1568 cm⁻¹, Amide I at 

1643 cm⁻¹). Similarly, increased peak intensities were observed in region VI (aliphatic 

CH stretching at 2727 cm⁻¹, CH₂ stretching at 2879 cm⁻¹, Amide B stretching at 2975 

cm⁻¹) and region VII (Amide A stretching at 3560 cm⁻¹, OH stretching >3500 cm⁻¹), 

highlighting robust antibody adsorption. Furthermore, a distinct absorption band at 

2059 cm⁻¹ validated EDC–NHS-mediated activation of –COOH and –NH₂ groups in 
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antibodies, enabling efficient crosslinking. An additional peak at 2518 cm⁻¹ was 

assigned to the interaction of Anti-CEA with Cu/CuXO nanostructures, signifying 

strong complexation with cysteine residues in monoclonal IgG antibodies [18, 48]. 

Collectively, these findings confirm that 24 h incubation establishes an optimal 

biointerface for superior biosensing performance. 

Sequential protein immobilization on the Cu/CuXO–hBNNS/ITO immunoelectrode 

was systematically validated by FTIR spectroscopy, as illustrated in Fig. 6.11. After 

the optimized conjugation of EDC–NHS activated Anti-CEA onto the Cu/CuXO–

hBNNS/ITO electrode, 10 μL of BSA was introduced to passivate the biosensing 

matrix. This passivation step was critical, as the globular BSA protein effectively 

blocked unoccupied sites, preventing nonspecific antibody adsorption. In the FTIR 

spectra, the immobilization of BSA was confirmed by the emergence of characteristic 

peaks in region IV (1560 cm⁻¹, 1645 cm⁻¹, 1749 cm⁻¹) and a distinct band at 3258 cm⁻¹, 

corresponding to amide I vibrations and hydrogen-bonded N–H stretching [49]. These 

features indicated that BSA maintained a stable secondary structure upon 

immobilization. Moreover, the marked decrease in transmittance intensities across 

regions II–V further validated the efficient suppression of nonspecific background 

signals, thereby enhancing sensitivity, specificity, and the overall reliability of the 

nano-biointerface. 

 

Figure 6.11: Stepwise fabrication of the Cu/CuXO-hBNNS based 

immunoelectrode evaluated using FTIR spectroscopy 

Following this, immobilization of the target antigen CEA on the BSA/Anti-

CEA/Cu/CuXO–hBNNS/ITO assembly was clearly evident through the pronounced 

amplification of characteristic transmittance peaks in regions II–V, signifying 

successful antibody–antigen binding. A progressive reduction in the intensity of the B–

N–B bending peak during sequential addition of BSA and CEA highlighted the 
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increased utilization of surface-active sites on hBNNS for crosslinking of antibody–

antigen complexes [23]. Additionally, the appearance of two distinct peaks at 2074 cm⁻¹ 

and 2221 cm⁻¹, corresponding to Cu–CO and Cu–CN bonds, confirmed Cu/CuXO-

mediated conjugation pathways facilitating protein immobilization [46, 50]. The broad 

absorption band in region V conclusively marked the immobilization of CEA, arising 

from overlapping contributions of aliphatic chains, amide groups, and hydroxyl groups, 

which collectively demonstrated the establishment of a stable and functionally active 

bio-recognition interface. 

6.3.2 Electrochemical Profiling and Analysis: 

6.3.2.1 Electrochemical Behaviour and Interfacial Kinetics of Sequential Protein 

Immobilization in Cu/CuXO-hBNNS Electrodes 

 

Figure 6.12: The progressive preparation of the Cu/CuXO-hBNNS based 

immunoelectrode was validated using cyclic voltammetry (CV) analysis  

Upon achieving optimized sensing conditions, the progressive fabrication stages of the 

Cu/CuXO-hBNNS nano-biosensor were rigorously characterized using cyclic 

voltammetry (CV, Fig. 6.12) and differential pulse voltammetry (DPV, Fig. 6.13). 

These electrochemical measurements not only validated the FTIR results but also 

revealed substantial changes in anodic peak current (Ipa), DPV current response, and 

diffusion coefficients upon sequential immobilization of Anti-CEA, BSA, and CEA on 

the Cu/CuXO-hBNNS/ITO electrode (Table 6.3). Furthermore, the diffusion 

coefficients at each immobilization stage were quantitatively determined using the 

Randle–Sevcik equation (Eq. [6.8]), offering direct insights into the evolving 

interfacial electron transfer kinetics throughout immunoelectrode construction. 

𝑰𝒑 =  (𝟐. 𝟔𝟗 × 𝟏𝟎𝟓) 𝒏𝟑 𝟐⁄ 𝑨 𝑪 𝑫𝟏 𝟐⁄ √𝝂   [6.8] 
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Electrochemical investigations of the Cu/CuXO-hBNNS/ITO electrode, guided by the 

Randles–Sevcik formalism, demonstrated remarkable improvements in interfacial 

charge transfer dynamics and overall biosensing capability. According to the equation, 

Ip represents the peak current (anodic/cathodic), n the number of electrons exchanged 

(n = 1), A the electroactive surface area (0.64 cm²), C the redox species concentration 

(5 × 10⁻³ M), D the diffusion coefficient, and ν the scan rate (50 mVs⁻¹). Upon 

deposition of the Cu/CuXO-hBNNS film onto the ITO substrate, electrochemical 

performance was significantly boosted, with ~74% enhancement in CV peak current, 

~31% increase in DPV current, and a nearly threefold rise in the diffusion coefficient, 

relative to baseline hBNNS/ITO electrodes. 

 

Figure 6.13: Monitoring of Cu/CuXO-hBNNS based immunoelectrode 

construction was performed through DPV response analysis. 

The observed disparity between CV and DPV signals stems from their distinct 

mechanisms of current generation: CV encompasses both capacitive (non-faradaic) and 

faradaic contributions, yielding higher peak responses, while DPV isolates faradaic 

currents by attenuating background interference, thereby delivering more accurate and 

quantitative outcomes [51, 52]. The improvements in electrochemical behaviour of the 

Cu/CuXO nanoflowers is due to the unique physicochemical properties, which 

introduce high-density surface-active sites, broaden electron transport pathways, and 

exhibit robust catalytic activity. Their hybridization with hBNNS creates a synergistic 

architecture that accelerates electron kinetics, improves surface charge distribution, and 

stabilizes the electrode matrix, culminating in superior electrochemical efficiency. 

Sequential functionalization experiments revealed that the immobilization of Anti-CEA 

antibodies increased the CV and DPV responses by 10% and 12%, respectively, 

alongside a 22% rise in diffusion coefficient, underscoring the efficiency of EDC-NHS 
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mediated coupling in exploiting the porous, multifunctional Cu/CuXO nanostructures 

(Table 6.3). 

However, subsequent incubation with BSA induced a significant decline in current 

response, a direct consequence of protein passivation, where bulky BSA molecules 

occupy available surface-active sites and obstruct the catalytic channels within the 

Cu/CuXO nanoflowers. This selective blocking effect confirmed effective suppression 

of non-specific antibody interactions, thereby enhancing biosensor reliability. 

Interestingly, blank PBS solution elicited a modest increase in current, highlighting the 

contributory role of ionic conduction in modulating electrode response. Ultimately, the 

immobilization of CEA antigens produced a marked rise in current intensity, attributed 

to the robust formation of antibody–antigen complexes and their electron-coupled 

interactions with Cu/CuXO nanostructures. This distinct electrochemical signature 

validates the successful biofunctionalization of the immunoelectrode, evidencing its 

potential for high-sensitivity detection through the efficient translation of 

biorecognition events into amplified electrochemical signals. 

6.3.2.2 Quantitative Evaluation of Scan Rate-Controlled Interfacial Electron 

Transport in Cu/CuXO–hBNNS/ITO-Based Nano-Biosensors 

 

Figure 6.14: Scan rate-dependent cyclic voltammetric investigation of 

BSA/Anti-CEA/Cu/CuXO-hBNNS/ITO immunoelectrodes, measured across 

10–200 mV/s; inset demonstrates the linear relationship between ΔVp and 

√scan rate. 

The interfacial kinetics of the as-fabricated BSA/Anti-CEA/Cu/CuXO-hBNNS/ITO 

nano-biosensor were comprehensively examined in PBS buffer (pH 7.0, 50 mM, 0.9% 

NaCl) using cyclic voltammetry (CV) across an extended scan rate range from 10 mV/s 

to 200 mV/s, as shown in Fig. 6.14. The CV curves revealed a pronounced increase in 
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both anodic and cathodic peak currents (Ipa, Ipc) with increasing scan rate, 

accompanied by systematic shifts in anodic and cathodic peak potentials (Vpa, Vpc). A 

linear correlation was observed between Ipa/Ipc and the square root of the scan rate, as 

demonstrated in Fig. 6.15, signifying that the electron transfer processes at the 

BSA/Anti-CEA/Cu/CuXO-hBNNS/ITO nano-biointerface were dominantly diffusion-

controlled (Eq. [6.9]-[6.12]) This implies that the redox-active species near the 

electrode surface rely primarily on their diffusion rate for effective charge transfer. 

Moreover, the gradual increase in current magnitude with scan rate suggests a higher 

flux of redox species toward the electrode interface, while the near-linear dependence 

of potential shift with scan rate highlights the reversible nature of the redox processes 

involved. These findings clearly confirm that the biosensor’s interfacial electron 

transfer kinetics are governed by diffusion phenomena, ensuring reliable and sensitive 

electrochemical responses. 

 

Figure 6.15: Linear correlation established between (i) applied potential and 

(ii) current response with respect to the square root of scan rate for BSA/Anti-

CEA/Cu/CuXO-hBNNS/ITO immunoelectrode. 

𝐕𝐩𝐚 = [ 𝟑. 𝟔𝟎𝟏 × 𝟏𝟎−𝟏 𝐕 +  𝟏. 𝟕𝟓 × 𝟏𝟎−𝟐 𝑽√𝒔/𝒎𝑽  × √𝑺𝒄𝒂𝒏 𝑹𝒂𝒕𝒆[𝒎𝑽/𝒔] ]; 

R2 = 0.987       [Eq. 6.9] 

 

𝐕𝐩𝐜 = [ 𝟑. 𝟐𝟐𝟕 × 𝟏𝟎−𝟐 𝐕 − 𝟏. 𝟐𝟕𝟏 × 𝟏𝟎−𝟐  𝑽√𝒔/𝒎𝑽 × √𝑺𝒄𝒂𝒏 𝑹𝒂𝒕𝒆[𝒎𝑽/𝒔] ]; 

R2 = 0.991     [Eq. 6.10] 

 

𝐈𝐩𝐚 = [ 𝟏. 𝟓𝟎𝟗 × 𝟏𝟎−𝟒𝐀 +  𝟏. 𝟐𝟓𝟓 × 𝟏𝟎−𝟒 𝑨√𝒔/𝒎𝑽  × √𝑺𝒄𝒂𝒏 𝑹𝒂𝒕𝒆[𝒎𝑽/𝒔]]; 

R2 = 0.998       [Eq. 6.11] 

 



Page | 199  

 

𝐈𝐩𝐜 = [ −𝟏. 𝟗𝟓𝟐 × 𝟏𝟎−𝟒𝐀 − 𝟏. 𝟐𝟔𝟔 × 𝟏𝟎−𝟒 𝑨√𝒔/𝒎𝑽 × √𝑺𝒄𝒂𝒏 𝑹𝒂𝒕𝒆[𝒎𝑽/𝒔]]; 

R2 = 0.998      [Eq. 6.12] 

 

𝚫𝐕𝐩 = [ 𝟑. 𝟎𝟐𝟏 × 𝟏𝟎−𝟐 𝐕 +  𝟑. 𝟐𝟕𝟗 × 𝟏𝟎−𝟏 𝑽√𝒔/𝒎𝑽 × √𝑺𝒄𝒂𝒏 𝑹𝒂𝒕𝒆[𝒎𝑽/𝒔] ] ; 

R2 = 0.987   [Eq. 6.13] 

The interfacial electron transfer efficiency of the BSA/Anti-CEA/Cu/CuXO-

hBNNS/ITO immunoelectrode was further substantiated by analyzing the difference 

between the anodic and cathodic peak potentials (ΔVp). As shown in Fig. 6.14(Inset), 

ΔVp displayed a well-defined linear correlation with the square root of the scan rate 

(√ν), in accordance with Eq. [6.13], signifying that the redox process was largely 

diffusion-controlled and kinetically unhindered at the electrode interface. This behavior 

underscores a highly conductive and electroactive surface, where the immobilized 

biomolecules effectively facilitate charge transport with the ferro/ferricyanide 

[Fe(CN)6]³⁻/⁴⁻ redox couple in PBS electrolyte. The minimal separation in ΔVp at 

lower scan rates provides strong evidence of fast electron transfer kinetics, reversible 

charge transport, and negligible resistive losses. At higher scan rates beyond 150 mV/s, 

however, slight deviations in ΔVp were detected, which can be explained by complex 

electrochemical dynamics such as incomplete diffusion layer relaxation, sluggish 

electron hopping rates, solution ohmic resistance, enhanced capacitive contributions 

from the electrical double layer, and inherent limitations in instrumental response time. 

These deviations, while minor, do not compromise the overall performance of the 

immunoelectrode but rather reflect the natural limitations of high-frequency 

electrochemical interrogation. Taken together, the findings demonstrate that the 

BSA/Anti-CEA/Cu/CuXO-hBNNS/ITO nano-biosensor exhibits highly efficient, rapid, 

and reversible electron transfer properties under practical operating conditions, which 

directly contribute to its sensitivity, stability, and reliability in biosensing applications. 

6.3.2.3 Assessment of the Sensing Performance and Electrochemical Response 

Dynamics of Cu/CuXO–hBNNS-Based Immunoelectrodes 

 

Figure 6.16: (a) Differential Pulse Voltammetry (DPV) responses recorded for 

varying CEA concentrations (0–50 ng/mL) on the BSA/Anti-CEA/Cu/CuXO-

hBNNS/ITO immunoelectrode; (b) Corresponding calibration curve 

illustrating the linear correlation between DPV current signals and CEA 

concentration. 
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Under precisely optimized experimental conditions, the sensing capability of the 

BSA/Anti-CEA/Cu/CuXO–hBNNS/ITO nano-biosensor was examined for ultra-

sensitive and quantitative detection of the carcinoembryonic antigen (CEA) biomarker, 

a critical clinical marker associated with non-small cell lung cancer (NSCLC). While 

the serum concentration of CEA in healthy individuals generally remains below 5 

ng/mL, elevated levels are widely recognized as an indicator of malignant progression 

in NSCLC patients. To establish the diagnostic potential, the differential pulse 

voltammetry (DPV) current response of the Cu/CuXO–hBNNS-based immunosensor 

was carefully monitored across a wide concentration range of CEA (0–50 ng/mL), as 

shown in Fig. 6.16(a). A distinct, progressive enhancement in DPV current was 

observed up to 25 ng/mL, reflecting accelerated electron transfer kinetics mediated 

through the electrocatalytically active porous Cu/CuXO nanoflowers uniformly 

distributed across the hBNNS substrate. Density functional theory (DFT) simulations 

further corroborated these observations, highlighting that Cu/CuXO decoration 

modulates bandgap states of hBN while redistributing charge density to highly 

electronegative nitrogen atoms, ultimately facilitating efficient charge transport [53]. 

This behavior is also influenced by conformational rearrangements in the immobilized 

BSA/Anti-CEA matrix, wherein antibody–antigen interactions generate spatially 

oriented conductive pathways, further amplifying signal intensity. Beyond 25 ng/mL, 

DPV signals approached saturation, suggesting maximal utilization of active binding 

moieties on the immunoelectrode interface. 

Subsequently, a precise calibration curve was constructed (Fig. 6.16(b)), fitted using a 

linear regression model to define performance parameters of the nano-biosensor. Each 

experimental point was validated through triplicate measurements (n = 3) to ensure 

reproducibility. The curve delineated a strong linear response over the 0–25 ng/mL 

concentration window, represented by the regression equation y = mx + c with an 

exceptional regression coefficient (R² = 0.99998), confirming the biosensor’s 

outstanding linearity, sensitivity, and reliability as detailed in Eq. [6.14]. 

𝐈 (𝐦𝐀) = [ 𝟖. 𝟎𝟒 𝛍𝐀. 𝐦𝐋. 𝐧𝐠−𝟏. 𝐜𝐦−𝟐  × (𝐂𝐄𝐀 𝐂𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧) + 𝟎. 𝟏𝟑𝟏 𝐦𝐀 ]
 [6.14] 

The slope extracted from the linear calibration curve was critically employed in 

quantifying the sensitivity of the Cu/CuXO-hBNNS/ITO-based immunosensor, which 

was determined to be 8.04 μA·mL·ng⁻¹·cm⁻². This sensitivity value was derived using 

the well-established formula Slope/Surface Area, where the effective electroactive 

surface area of the electrode was calculated as 0.64 cm². The high slope value reflects 

the remarkable electron transfer efficiency and the strong affinity binding interaction 

between the immobilized Anti-CEA antibodies and their target antigen, CEA, which 

collectively enhance the signal response of the fabricated nano-biosensor. Importantly, 

the determination of sensitivity is not only a measure of performance but also serves as 

a foundation for evaluating the analytical strength of the immunoelectrode in 

distinguishing minute variations in biomarker concentrations, a critical factor for early 

cancer diagnostics. 

Furthermore, the lower limit of detection (LOD) was meticulously calculated by 

combining the standard deviation (σ) of the blank response with the sensor’s sensitivity, 

following the relationship outlined in Eq. [6.15]. This approach integrates both the 

baseline electrochemical noise level and the sensor’s signal amplification capability, 
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thus offering a statistically reliable threshold for the smallest concentration of CEA that 

can be consistently detected. Such integration ensures that the derived LOD is not an 

arbitrary quantity but a reflection of the actual signal-to-noise dynamics inherent to the 

immunosensor system. The exceptionally low LOD achieved validates the robustness 

and reproducibility of the Cu/CuXO-hBNNS/ITO nano-biosensor, underscoring its 

potential in detecting trace concentrations of CEA even within the clinical range where 

early disease markers are often found. The sensitivity and LOD outcomes affirm the 

superior analytical performance of this nanostructured platform, positioning it as a 

reliable candidate for precise biomarker quantification in clinical diagnostics [54]. 

Limit of Detection = (3 × σ)/m   [6.15] 

The determination of the lower limit of detection (LOD), where σ reflects the standard 

deviation of the blank response and m denotes the sensitivity, revealed that the 

Cu/CuXO-hBNNS/ITO immunosensor attained an extraordinarily low LOD of 3.22 

pg/mL. This performance is directly attributed to the synergistic integration of 

hierarchical Cu/CuXO nanoflowers with the layered hBNNS matrix, which enhances 

surface functionality, maximizes electroactive sites, and drives accelerated charge 

transfer dynamics. Such a hybrid configuration ensures a highly sensitive, stable, and 

reproducible biosensing platform capable of detecting trace CEA levels that are often 

undetectable using conventional electrode materials. Importantly, this LOD surpasses 

the detection thresholds reported for traditional metal- and semiconductor-based 

nanocomposites, establishing Cu/CuXO-hBNNS as a next-generation material system 

for advanced immunosensing. The ability to detect CEA at such low concentrations 

significantly advances early-stage cancer diagnostics, reaffirming the superiority of this 

biosensor design, as summarized in Table 6.3. 
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Table 6.3: Comparison of sensing characteristics of Cu/CuXO-hBNNS based nano-biosensor with existing metal- and 

semiconductor-based immunosensors. 

Sensing 

Platform 

Sensing Matrix Detection Technique Linear 

Range 

(ng/mL) 

Limit of 

Detection 

Sensitivity Stability Ref. 

Immunosensor Cu/UiO-66 Fluorescence 0.01 – 0.3 0.01 ng/mL 1681 ΔF·mL·ng-1 -  

Immunosensor CP/ZIF-8/PDA Fluorescence 0.01 – 20 7.6 pg/mL 2154.8 ΔF 

·(decade)-1 

16 days  

Immunosensor AuNPs-Cu2+-Cys Photothermal 3.0 – 48.0 1.3 ng/mL  0.232 (°C-

1)·mL·ng-1 

-  

Immunosensor Ag/Au-DN-Graphene Electrochemical 0.01 – 120 8 pg/mL 0.494 

μA·(decade)-1 

-  

Immunosensor 3D-G/AuNP Electrochemical 0.5 - 200 0.31 ng/mL -0.026 μA·mL·ng-

1 

30 days  

Immunosensor Ag@SiO2 NPs Electrochemical 0.5 - 10 0.01 ng/mL - 6 weeks  

Immunosensor AgNCs@Apt@UiO66 Electrochemical 0.01 - 10 4.93 pg/mL 6.08 μA·(decade)-1 11 days  

Immunosensor NCMTs@Fe3O4@Cusilicate Electrochemical 0.03 - 6 5.38 pg/mL - 30 days  

Immunosensor CeO2/CdS Photoelectrochemical 0.1 - 10 0.057 ng/mL - -  

Immunosensor h-BNNS Electrochemical 0 – 10 22.5 pg/mL 24.84 

μA·mL·ng-1·cm-2 

5 weeks  

Immunosensor rGO-hBNNS Electrochemical 0 - 15 5.47 pg/mL 9. 65 

μA·mL·ng-1·cm-2 

8 weeks  

Immunosensor Cu/CuXO-hBNNS Electrochemical 0 - 25 3.22 pg/mL 8. 04 

μA·mL·ng-1·cm-2 

60 days Present 

Work 

Keywords: Cu -Copper, UiO-66 -Zr-MOF (Metal organic framework), NF -Nanoflower, CP -Copper peroxide, ZIF -Zeolitic imidazolate framework, PDA -Polydopamine 

nanoparticles, MNP -Magnetic Nanoparticle (Fe3O4), PDA -Polydopamine, ENF -Electrospun Nanofibers, NP-Nanoparticles, Au- Gold, Ag-Silver, DN -1,5-

diaminonaphthalene, 3D-G -Three-dimensional graphene, SiO2 -Silicon dioxide, Apt -Aptamer, NMCT -N-doped magnetic carbon microtubes, ΔF = Relative Fluorescent Unit 

(RFU). 
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6.3.2.4 Comprehensive Evaluation of the Electroanalytical Performance of 

Cu/CuXO–hBNNS/ITO-Based Nano-Biosensors 

 

Figure 6.17: Bar graph representation of the DPV responses of the Anti-

CEA/Cu/CuXO-hBNNS/ITO immunoelectrode across varying buffer pH 

values (6.0–8.0), highlighting the influence of pH on electrochemical 

performance. 

To establish the practical applicability and stability of the developed nano-biosensor, a 

systematic evaluation of the influence of pH on the electrochemical response was 

carried out using differential pulse voltammetry (DPV) at a fixed scan rate of 50 mV/s. 

This investigation was critical to determine the most favourable pH conditions for the 

effective functioning of the Anti-CEA/Cu/CuXO-hBNNS/ITO immunoelectrode. A 

wide pH window ranging from 6.0 to 8.0 was explored using phosphate buffer saline 

(PBS) solutions containing the ferro/ferricyanide redox couple [5 mM, {Fe(CN)₆³⁻/⁴⁻]. 

As illustrated in Fig. 6.17, the immunoelectrode displayed a distinct pH-dependent 

response, with the maximum DPV current observed at pH 7.0. This result underscores 

the significance of maintaining a neutral pH environment, which provides optimal 

electrochemical conditions by ensuring the stability, structural integrity, and native 

conformations of biomolecules immobilized at the sensor interface. At lower pH values 

(pH 6.0–6.5), partial denaturation and loss of antibody–antigen binding affinity may 

occur due to proton-induced alterations in the biomolecular architecture, thereby 

reducing electrochemical performance. Conversely, at higher alkaline conditions (pH 

7.5–8.0), excessive deprotonation could destabilize surface chemistry and impede 

efficient electron transfer pathways. Therefore, neutral PBS (pH 7.0) was identified as 

the most suitable medium, balancing the preservation of bioactivity with maximized 

electron transfer kinetics. Consequently, PBS at pH 7.0 was employed as the standard 
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electrolyte in all subsequent electrochemical experiments to ensure reliability, 

reproducibility, and optimal sensor performance. 

A comprehensive negative control study was performed to confirm that the observed 

electrochemical responses originate solely from specific antigen–antibody interactions 

and not from nonspecific adsorption processes. For this purpose, the bare Cu/CuXO-

hBNNS/ITO electrode was exposed to incremental concentrations of CEA antigen 

(0.01, 4, 8, and 15 ng/mL), followed by DPV analysis to track the current response. As 

shown in Fig. 6.18, the bare electrode exhibited a steady DPV current of 0.148 mA, 

which remained virtually unchanged across all tested concentrations. The absence of 

measurable signal enhancement, corroborated by data presented in Table S3, 

underscores that the Cu/CuXO-hBNNS/ITO framework alone does not exhibit affinity 

toward CEA. This strongly rules out the possibility of nonspecific complexation or 

random physical adsorption of the antigen onto the nanostructured electrode surface. 

Instead, the experimental results clearly demonstrate that the selective and measurable 

electrochemical signal is only established when the electrode is biofunctionalized with 

Anti-CEA antibodies and stabilized with BSA, thereby forming the BSA/Anti-

CEA/Cu/CuXO-hBNNS/ITO immunoelectrode. Such findings not only validate the 

robustness and specificity of the sensing platform but also reinforce its diagnostic 

reliability by eliminating the risk of false positive responses. The results highlight that 

the porous, electrocatalytically active Cu/CuXO nanostructures anchored onto hBNNS 

provide an excellent conductive substrate while remaining chemically inert toward 

nonspecific binding, thereby ensuring that only true antigen recognition contributes to 

the biosensor’s electroanalytical output. 

 

Figure 6.18: Control study illustrated through a bar graph, depicting the DPV 

current variations of the Cu/CuXO-hBNNS/ITO electrode in response to CEA 

concentrations of 0.01, 4, 8, and 15 ng/mL. 
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A comprehensive reproducibility study was carried out to validate the consistency and 

reliability of the electrochemical performance of the Cu/CuXO-hBNNS-based 

immunosensor. Multiple electrodes were fabricated under identical experimental 

conditions and systematically tested to assess whether their electrochemical responses 

remained stable across different samples. As shown in Fig. 6.19, four independent 

immunoelectrodes were prepared and subjected to Differential Pulse Voltammetry 

(DPV) measurements. Each electrode was tested in triplicate (n = 3), ensuring statistical 

robustness of the data set. The recorded results demonstrated an average peak current 

of 0.169 mA with an exceptionally low relative standard deviation (RSD) of 0.71%. 

This narrow deviation highlights the uniformity in fabrication, precise immobilization 

of biomolecules, and reproducible electrode-electrolyte interfacial characteristics. 

Importantly, the electrochemical responses obtained were consistent with those 

observed in the initial characterization studies, confirming that the as-developed sensor 

platform can reliably deliver steady performance over multiple independent trials. The 

low RSD value also reflects strong control over nanostructure growth and 

functionalization, which is critical for ensuring dependable signal output in biosensing 

applications. Collectively, these findings affirm that the Cu/CuXO-hBNNS-based 

immunosensor exhibits excellent reproducibility, a vital parameter for transitioning 

such devices toward real-world diagnostic applications. 

 

Figure 6.19: Evaluation of the reproducibility of electrochemical current 

response in the as-prepared CEA/BSA/Anti-CEA/Cu/CuXO-hBNNS/ITO 

immunoelectrode. 

The specificity of the Cu/CuXO-hBNNS-based electrochemical nano-biosensor was 

thoroughly investigated to ensure its ability to selectively detect the Carcinoembryonic 

Antigen (CEA) biomarker in complex biological environments where several 

coexisting proteins and serum components are present. To achieve this, Differential  
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Figure 6.20: Selectivity analysis illustrated by bar chart, demonstrating the 

electrochemical response of the BSA/Anti-CEA/Cu/CuXO-hBNNS/ITO 

immunoelectrode in the presence of CEA and potential interfering 

biomolecules: (A) electrode baseline, (B) + CEA (2 ng/mL), (C) + CRP (100 

ng/mL), (D) + cTnI (0.5 ng/mL), (E) + ET-1 (1 ng/mL), (F) + NSE (10 ng/mL), 

(G) + Glucose (7 ng/mL), and (H) + NaCl (20 mM). 

Pulse Voltammetry (DPV) responses were systematically measured against a panel of 

potential interferents commonly found in blood serum, as illustrated in Fig. 6.20. These 

interferents included clinically relevant proteins such as C-Reactive Protein (CRP, 100 

ng/mL), Endothelin-1 (ET-1, 1 ng/mL), Cardiac Troponin I (cTnI, 0.5 ng/mL), and 

Neuron-Specific Enolase (NSE, 10 ng/mL), each known to coexist with or mimic 

biomolecular signals in diseased states. Moreover, abundant serum components such as 

glucose (7 mg/mL) and sodium chloride (NaCl, 20 mM) were introduced to evaluate 

potential cross-reactivity. In each case, the interferent was individually spiked into a 

PBS solution containing a fixed concentration of CEA (2 ng/mL), and the resulting 

DPV currents were recorded (Table 6.4). The results demonstrated that the presence of 

these interferents caused only negligible variations in the peak current, with a relative 

standard deviation (RSD) of merely 0.33% compared to the baseline CEA response. 

This exceptionally low deviation underscores the superior specificity and minimal 

cross-sensitivity of the BSA/Anti-CEA/Cu/CuXO-hBNNS/ITO immunoelectrode. The 

observed behavior validates the robust antibody-antigen binding affinity, which resists 

nonspecific adsorption or competitive binding from structurally unrelated 

biomolecules. Importantly, these results align with earlier findings by Nap et al., who 

demonstrated the high selectivity of monoclonal CEA antibodies in recognizing CEA 

epitopes over other serum proteins [55]. This study highlights that the fabricated 

immunoelectrode achieves outstanding specificity, a critical prerequisite for accurate 
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biomarker detection in clinical diagnostics, especially in the presence of complex serum 

matrices. 

Table 6.4: Tabular representation of stepwise fabrication of Cu/CuXO-

hBNNS based Nano-biosensor examined by Anodic Peak Current, Diffusion 

Coefficient, and DPV Current respectively. 
Stepwise 

Electrode 

Modification 

Anodic Peak Current 

± SD 

(Ipa, mA) 

Diffusion Coefficient ± 

SD 

(D, cm2 s-1) 

DPV Current ± SD (mA) 

ITO 0.87 ± (0.9 × 10-2) 2.06 × 10-11 ± (4.5 × 10-13) 0.128 ± (1.2 × 10-3) 

hBNNS 0.62 ± (0.1 × 10-2) 1.04 × 10-11 ± (4.1 × 10-14) 0.113 ± (0.5 × 10-3) 

Cu/CuXO-

hBNNS 
1.08 ± (0.4 × 10-3) 3.13 × 10-11 ± (0.3 × 10-14) 0.148 ± (0.9 × 10-3) 

Anti-CEA 1.19 ± (0.1 × 10-2) 3.82 × 10-11 ± (6.7 × 10-14) 0.166 ± (1.4 × 10-3) 

BSA 0.39 ± (0.05 × 10-2) 4.24 × 10-12 ± (1.1 × 10-14) 0.106 ± (2.1 × 10-3) 

Blank 

Reading 
0.95 ± (0.6 × 10-2) 2.43 × 10-11 ± (3.2 × 10-13) 0.131 ± (0.2 × 10-3) 

CEA 1.03 ± (0.3 × 10-2) 2.91 × 10-11 ± (1.5 × 10-13) 0.137 (0.9 × 10-3) 

 
Figure 6.21: Current stability analysis of the CEA/BSA/Anti-CEA/Cu/CuXO-

hBNNS/ITO immunoelectrode, evaluated over a period of 10 days at regular 

time intervals. 

The long-term stability of the Cu/CuXO-hBNNS-based immunosensor was 

comprehensively assessed, as depicted in Fig. 6.21, through repeated DPV 

measurements performed every 10 days under consistent storage conditions at 4 °C. 

This approach ensured that variations in electrochemical response were attributable 

solely to time-dependent changes in the biosensor rather than external factors. 

Remarkably, the immunosensor maintained nearly constant activity for up to 50 days, 

with only a 4.7% decrease in peak current compared to its initial baseline value. Such 

minimal degradation strongly validates the robustness of the Cu/CuXO-hBNNS 
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functional layer and its ability to preserve antibody-antigen recognition efficiency over 

prolonged durations. After 60 days, however, the decline became more evident, with 

total reduction surpassing 6.5%, signalling the threshold at which sensor performance 

becomes compromised. This systematic evaluation not only confirms the high stability 

and durability of the as-fabricated immunoelectrode but also emphasizes the critical 

role of storage strategies and periodic monitoring in ensuring its long-term clinical 

viability. 

 
Figure 6.22: Bar chart representation of differential DPV responses obtained 

from blank control, pure serum, and CEA-spiked serum samples, confirming 

the detection capability of the as-fabricated immunoelectrode. 

The analytical efficacy of the Cu/CuXO-hBNNS/ITO-based nano-biosensor to detect 

spiked carcinoembryonic antigen (CEA) in real human serum was rigorously examined 

using DPV, as presented in Fig. 6.22. For this evaluation, serum samples were spiked 

with defined CEA concentrations by mixing equal volumes (10 μL each) of serum and 

antigen solution, homogenized through repeated pipetting, and incubated for 30 

minutes prior to immobilization on the BSA/Anti-CEA/Cu/CuXO-hBNNS/ITO 

immunoelectrode. Since physiological CEA concentrations in healthy individuals 

remain below 5 ng/mL, the ability to accurately detect elevated levels is clinically 

critical for early cancer diagnostics. The DPV current responses corresponding to 

known CEA concentrations (A) were recorded and compared against responses 

obtained from identically spiked serum samples (S), revealing excellent agreement 

between experimental and reference signals. To further validate these results, 

quantification was performed in triplicate using both the immunoelectrode and standard 

sandwich ELISA. The ELISA assay, conducted with Anti-CEA pre-coated wells and 

absorbance recorded at 450 nm, yielded values consistent with DPV measurements. 

The strong correlation between ELISA and electrochemical data demonstrates the 



Page | 209  

 

exceptional sensitivity and precision of the Cu/CuXO-hBNNS/ITO immunoelectrode, 

confirming its robust, accurate, and sensitive applicability for clinical biomarker 

monitoring and early cancer diagnostics. 

Table 6.5: Evaluation of recovery current and relative standard deviation 

(RSD, %) for detecting spiked CEA concentrations in human serum samples, 

relative to the actual CEA concentration and estimation of bare serum 

concentration using DPV and ELISA techniques respectively. 

CEA 

Concentration 

(ng/mL) 

Average 

Current ± SD 

for Standard 

CEA Sample 

(A, in mA) 

Average 

Current ± 

SD for 

Spiked 

CEA 

Sample 

(S, in mA) 

RSD 

(%) 

Recovery 

% 

Bare Serum 

Concentration 

(ng/mL) 

1 
0.136 ± (1.2 × 

10-3) 

0.136 ± (1.9 

× 10-4) 
0.21 100.29 

DPV- 

0.259 

ELISA- 

0.287 
2 

0.142 ± (2.7 × 

10-4) 

0.142 ± (7.8 

× 10-4) 
0.36 100.51 

8 
0.172 ± (4.6 × 

10-5) 

0.172 ± (8.8 

× 10-4) 
0.05 100.07 

The results summarized in Table 6.5 highlight the exceptional precision and 

reproducibility of the developed BSA/Anti-CEA/Cu/CuXO-hBNNS/ITO 

immunoelectrode. For standard CEA concentrations of 1, 2, and 8 ng/mL, the average 

DPV peak currents were determined as 0.136 ± (1.2 × 10³), 0.142 ± (2.7 × 10⁴), and 

0.172 ± (4.6 × 10⁵) mA, respectively. These values exhibited an almost identical 

correlation with the currents obtained for CEA-spiked human serum samples, which 

measured 0.136 ± (1.9 × 10⁴), 0.142 ± (7.8 × 10⁴), and 0.172 ± (8.8 × 10⁴) mA. The 

relative standard deviations at these concentrations were notably minimal, calculated 

as 0.21 %, 0.36 %, and 0.05 %, underscoring the stability and reliability of the DPV 

technique. This remarkable consistency across both standard and spiked samples 

validates the immunoelectrode’s capacity to deliver accurate, reproducible, and 

clinically meaningful detection of CEA in human serum. 

Conclusion: 
This research comprehensively establishes the successful fabrication of an advanced 

metal–semiconductor nano-hybrid composite (NHC) consisting of self-assembled 3D 

Cu/CuXO nanoflowers anchored onto hBNNS nanosheets, engineered specifically for 

the ultrasensitive detection of carcinoembryonic antigen (CEA). The fabrication 

process was strategically optimized, with each modification step validated through FT-

IR spectroscopy and electrochemical assessments, ensuring accurate monitoring of 

structural and functional enhancements. The porous dandelion-like Cu/CuXO 

nanoflowers, reinforced onto the high-surface-area hBNNS scaffold, provided a unique 

structural synergy by offering abundant catalytic active sites, multifunctional chemical 

groups, and interconnected porous channels. These features facilitated efficient 

immobilization of Anti-CEA antibodies, improved binding orientation, and promoted 

stronger affinity interactions with target CEA molecules. Moreover, the integration of 

Cu/CuXO nanoflowers substantially elevated the electrochemical performance by 
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lowering the activation energy for redox processes, enhancing electron transfer 

efficiency, and enriching the electrode surface with hierarchically distributed reactive 

sites. As a result, the immunoelectrode achieved an extraordinary limit of detection 

(3.22 pg/mL) and a wide linear detection range (0–25 ng/mL), which are both critical 

for early and precise detection of trace-level biomarkers. Importantly, the biosensor 

demonstrated excellent reproducibility, operational stability for over 60 days of storage 

at 4 °C, and superior selectivity against interfering biomolecules such as CRP, ET-1, 

and glucose, ensuring high diagnostic fidelity even in complex biological matrices. 

Validation in spiked human serum samples revealed excellent recovery rates, further 

highlighting its translational capability in real clinical contexts. These outcomes 

collectively establish the Cu/CuXO-hBNNS-based nano-hybrid composite as a 

powerful and versatile platform, not only advancing cancer biomarker detection but 

also opening new avenues for the development of multifunctional biosensors adaptable 

to a wide range of biomedical applications. 
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Chapter - 7 
Integration of hierarchical nanostructures featuring 2D-hBNNS 

decorated with mixed-phase 1D-TiO2 nanowires for ultra-sensitive, 

High-Performance Electrochemical Sensing of Carcinoembryonic 

Antigen. 

This chapter examine the Potential of an innovative nano-hybrid composite (NHC) 

based on nan-layered transition metal oxide, comprising one-dimensional (1D) TiO2 

nanowires (NWs) integrated with semiconducting hexagonal boron nitride nanosheets 

(hBNNS), forming TiO2–hBNNS nano-interface matrix for label-free, ultra-sensitive 

detection of carcinoembryonic antigen (CEA). The synthesis of TiO2-NWs, hBNNS, 

and the TiO2–hBNNS NHC was achieved through a hydrothermal approach and 

systematically demonstrated using advanced material characterization techniques. 

Furthermore, the fabrication of TiO2–hBNNS microelectrodes was accomplished by 

voltage-driven electrophoretic deposition (EPD) technique onto pre-hydrolyzed indium 

tin oxide (ITO) electrodes. The pivotal role of optimization parameters employing 

optimal pH measurement, antibody incubation time, control analysis is described and 

investigated to ensure high-performance biosensing. The electroanalytical evaluation 

of the TiO2–hBNNS microelectrode demonstrated exceptional sensitivity, achieving a 

current response of 11.2 mA ng⁻¹ mL cm⁻², with an impressively low detection limit of 

0.035 pg/mL (R² = 0.99963) exhibiting detection capacity of target analyte as low as 

fg/mL in comparison to LOD of pristine hBNNS in pg/mL over a broad dynamic range 

of 0–50 ng/mL. Clinical assessment of the fabricated electrode further revealed 

excellent stability, prolonged shelf life, negligible cross-reactivity, and reliable 

recovery rates in human serum samples. These findings highlight the significant sensing 

potential of theTiO2–hBNNS microelectrode as a robust and precise platform for early-

stage cancer biomarker detection. 
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7.1 Introduction 

Structural hierarchy is an intrinsic law of nature, observed consistently across biological 

and physical systems, from the smallest units of life such as cells to entire ecosystems 

such as forests [1]. At every level, nature applies recursive principles of assembly, 

where repeating units integrate into increasingly complex architectures. This 

hierarchical order imparts functionality, efficiency, and adaptability, ensuring that 

natural systems are both dynamic and capable of sustaining complex processes. The 

same principle holds true in material science, where hierarchical structuring within 

engineered materials can dramatically alter their bulk behaviour and overall properties. 

By incorporating nature-inspired hierarchical features into nanoscale materials, it 

becomes possible to transform their fundamental characteristics, thereby unlocking 

opportunities for enhanced performance in technological fields including energy 

conversion, catalysis, sensing, environmental remediation, and biomedicine. 

At the nanoscale, the integration of hierarchy produces striking transformations in 

material behaviour. Hierarchical nanostructures are defined as integrated architectures 

consisting of systematically arranged nanoscale building blocks that can adopt zero-, 

one-, two-, or three-dimensional morphologies [2]. Typical examples include zero-

dimensional quantum dots, one-dimensional nanofibers, nanorods, and nanowires, two-

dimensional nanosheets and thin films, and three-dimensional architectures such as 

nanoflowers, nanospheres, and porous scaffolds. These architectures may also exist in 

hybrid forms, where multiple dimensionalities are combined to yield multifunctional 

systems. The deliberate fabrication of porous hierarchies across multiple scales enables 

scientists to replicate natural efficiency while introducing properties such as enhanced 

catalytic activity, controlled diffusion pathways, tuneable optical behaviour, and 

improved mechanical integrity. A central focus in this domain is the rigorous 

exploration of the interplay between structural design and functional outcomes, as 

mastering this relationship is critical for the development of advanced materials with 

tailored performance. Natural assemblies, although highly intricate and three-

dimensional, are often constrained by issues of fragility, instability, and vulnerability 

under harsh operating conditions. By contrast, engineered hierarchical nanostructures 

emulate the organizational elegance of natural systems and surpass them in robustness 

and adaptability, making them indispensable in the design of high-performance porous 

materials. 

Hierarchical nanohybrid composites have emerged as superior alternatives to 

conventional spherical nanoparticles, primarily because their structural design can be 

rationally controlled, functionalities can be effectively combined, and transport 

properties can be finely tuned [3]. These advantages enable hierarchical systems to 

deliver enhanced surface reactivity, optimized charge transfer, and higher catalytic 

efficiency, thereby outperforming spherical nanoparticle counterparts in various 

applications. Among the broad spectrum of metal oxides, titanium dioxide (TiO2) holds 

a particularly distinguished position [4]. Its excellent redox potential, strong acid–base 

properties, and wide electrochemical window have established TiO2 as one of the most 

versatile and durable oxides for heterogeneous catalysis, particularly in the field of 

photocatalysis. TiO₂ is further valued for its high chemical stability, resistance to photo-

corrosion, non-toxic nature, cost-effectiveness, and commercial availability. These 

attributes have facilitated its widespread use in diverse applications ranging from its 



Page | 217  

 

role as a white pigment in paints, toothpaste, and cosmetics to its utilization in 

photocatalysis, catalytic supports, photovoltaic devices, and as an electrode material in 

lithium-ion batteries. In recent years, however, the scientific focus has shifted toward 

TiO2 materials designed with hierarchical architectures. Such architectures, compared 

to simple spherical nanoparticles, exhibit superior properties including enlarged surface 

area, enhanced porosity, and improved light-harvesting efficiency. Moreover, they 

offer more active sites for adsorption and reaction, along with shorter charge transport 

pathways, leading to better photocatalytic performance. 

The historical importance of TiO2 research can be traced back to the pioneering work 

of Fujishima and Honda in 1972, who first demonstrated the photolysis of water using 

TiO2 electrodes [5]. This seminal discovery revolutionized the field of photocatalysis 

and opened the pathway for TiO2 to become one of the most extensively studied 

materials in environmental remediation and clean energy. Its inherent ability to generate 

reactive oxygen species under light irradiation allows TiO2 to degrade a wide spectrum 

of organic pollutants, making it highly relevant for addressing environmental 

contamination. Consequently, the pursuit of hierarchical TiO2 nanostructures represents 

a vital step toward maximizing the material’s intrinsic properties while tailoring its 

architecture for advanced catalytic and photocatalytic applications. 

Titanium dioxide (TiO2) has established itself as one of the most versatile oxides, 

finding widespread applications across a diverse range of fields, including 

photocatalysis, sensors, catalyst supports, lithium-ion batteries, dye-sensitized solar 

cells (DSSCs), biomaterials, and CO methanation [6]. Its adaptability stems from its 

structural polymorphism, which includes anatase, rutile, brookite, and amorphous 

phases. Among these, anatase TiO2 has consistently demonstrated superior 

photocatalytic activity due to its favorable electronic structure, high surface energy 

facets, and efficient charge separation characteristics, making it the preferred phase for 

advanced applications. The photocatalytic performance of TiO2 nanoparticles is highly 

dependent on intrinsic and extrinsic factors such as surface area, morphology, 

crystallinity, band gap energy, and metal loading. Parameters like shape and size 

critically influence light absorption and charge transport, while crystal structure 

governs defect density and electron–hole recombination. Accordingly, TiO2 

nanostructures engineered into various morphologies—such as nanorods, nanotubes, 

and elongated cylindrical forms—have proven to exhibit enhanced photocatalytic 

efficiencies compared to commercial benchmarks like Degussa P25. These 

improvements are attributed to better delocalization of photogenerated electron–hole 

pairs, higher surface accessibility, and reduced recombination losses. 

One-dimensional TiO2 nanostructures, in particular, have garnered heightened attention 

compared to their zero-dimensional (0D) and two-dimensional (2D) counterparts [7]. 

Their higher aspect ratio, extended charge transport pathways, and large specific 

surface area make them exceptionally suitable for photocatalytic and energy-related 

applications. Extensive research has focused on optimizing fabrication techniques to 

further refine their functional properties, including enhanced light absorption, improved 

charge separation, and maximized surface reactivity. Morphology, exposed crystal 

planes, and nanoscale dimensions remain decisive factors that control the 

physicochemical properties of titania, and these parameters have been meticulously 

studied to guide targeted synthesis. The development of hierarchical TiO2 
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nanostructures at the micro- and nanoscale has been identified as a transformative 

strategy to overcome fundamental limitations associated with charge carrier 

recombination and diffusion kinetics. Hierarchically organized porous frameworks 

allow efficient diffusion of reactants toward active catalytic sites while simultaneously 

providing improved light-harvesting efficiency and increased surface-to-volume ratio. 

Such architectures integrate porosity, morphology, and quantum confinement effects to 

tailor the conduction and valence band edges, thereby tuning photocatalytic activity for 

specific applications. In addition, by scaling the building blocks of TiO2 down to the 

nanometer regime, the quantum size effect comes into play, enabling precise control 

over electronic band structures. These advancements demonstrate that structural 

engineering of TiO2 from the nanoscale to hierarchical architectures is not only crucial 

for enhancing its photocatalytic efficiency but also pivotal for expanding its role in 

sustainable energy conversion, environmental remediation, and next-generation 

nanotechnology applications. 

Titanium dioxide [titanium(IV) oxide or titania] is an extensively studied metal oxide 

with the molecular formula TiO2 and a molecular weight of 79.87 g/mol [8]. It is well 

recognized for its non-toxic nature, remarkable chemical stability, and excellent 

biocompatibility, making it suitable for both industrial and biomedical applications. 

TiO2 is also a strong oxidizing agent with a large specific surface area, which greatly 

contributes to its outstanding photocatalytic activity. In addition to its catalytic merits, 

TiO2  is cost-effective due to its abundance in nature, ease of synthesis, low production 

costs, and high dielectric constant, all of which have contributed to its widespread use 

in environmental, energy, and medical fields. Titanium dioxide (TiO2) crystallizes in 

four principal polymorphic phases: rutile (tetragonal, thermodynamically stable), 

anatase (tetragonal, metastable), brookite (rhombohedral), and TiO2-B (monoclinic). 

Each phase exhibits distinct structural and physicochemical characteristics that govern 

its suitability for specific applications. The interplay between these polymorphs has 

been the subject of extensive research, as their structural, optical, and electrical 

properties directly determine TiO2’s performance in applications such as 

photocatalysis, photovoltaics, sensors, and biomaterials. Comparative studies on 

anatase, rutile, and brookite have systematically outlined differences in lattice 

parameters, dielectric properties, bandgap energies, and electron transport behaviour, 

highlighting how controlled synthesis and phase engineering can unlock the full 

potential of TiO2 [9]. This versatility indicates TiO2 is most investigated and 

technologically significant oxides in materials science. 

Rutile, the most thermodynamically stable phase of TiO2, crystallizes in a tetragonal 

structure containing six atoms per unit cell [10]. Each Ti atom is coordinated in a 

slightly distorted TiO6 octahedron, reflecting a minor orthorhombic distortion within 

the lattice. At particle sizes greater than 14 nm, rutile becomes more stable than anatase, 

marking it as the energetically favourable polymorph under these conditions. Naturally 

occurring rutile crystals predominantly expose the (110) surface, which is considered 

the most stable stoichiometric surface of rutile. Within the unit cell, four oxygen atoms 

form a partial octahedral environment around titanium, while two titanium atoms, 

located at [0, 0, 0] and (½, ½, ½) positions, are distinctly available. Each TiO6 

octahedron connects with ten neighbouring octahedra, sharing two edges and eight 

corners. The edge-sharing octahedra are preferentially aligned along the [001] 
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crystallographic direction, a configuration that critically influences the anisotropy of 

rutile’s structural and electronic properties. 

Anatase TiO2 is characterized by a pronounced distortion of the TiO6 octahedra, much 

larger than that observed in rutile, resulting in a tetragonal structure of lower symmetry 

approaching orthorhombic geometry [11]. The energy gap between anatase and rutile 

phases is minimal, typically ranging between 2–10 kJ mol⁻¹, suggesting that their 

thermodynamic stabilities are closely matched. At 0 K, rutile does not exhibit greater 

thermodynamic favourability than anatase, contrary to its dominance at higher 

temperatures. The anatase unit cell comprises four titanium atoms situated at positions 

(½, ½, ½), (0, 0, 0), (½, 0, ¼), and (0, ½, ¼), coordinated by eight oxygen atoms to 

form distorted TiO6 octahedra. Each octahedron connects by sharing four of its edges 

with adjacent octahedra, establishing a distinctive network that plays a pivotal role in 

governing the charge transport, optical transitions, and photocatalytic behaviour unique 

to the anatase phase. 

Brookite is one of the three naturally occurring polymorphs of TiO2, crystallizing in the 

orthorhombic system. Its unit cell possesses a comparatively larger volume, 

accommodating eight TiO₂ groups per cell [12]. Among the polymorphs, brookite is the 

least dense form, lighter than both anatase and rutile, and yet retains photocatalytic 

activity, making it technologically relevant. Studies have demonstrated that brookite 

and other TiO2 phases can be modified under high-pressure treatments to enhance their 

photocatalytic properties, including metal-free photocatalytic water splitting. 

Investigations of surface modifications revealed performance variations when 

conducted on anatase single-crystal facets and wafer slices of the [001] plane, with 

pressure-driven phase transitions. Furthermore, the phase stability of TiO2 is highly 

sensitive to impurities. For example, anatase in powder samples doped with vanadium, 

molybdenum, or tungsten completely transforms into other polymorphs at 

approximately 530 °C, 680 °C, and 830 °C, respectively, underscoring how dopants 

and thermal effects critically dictate phase stability and photocatalytic functionality. 

Within the Group III nitride family, hexagonal boron nitride (h-BN), widely known as 

white graphene, stands as a uniquely lightweight and structurally robust compound 

exhibiting remarkable electronic and physicochemical characteristics [13]. Its 

crystalline lattice is defined by the alternating placement of boron and nitrogen atoms 

arranged in a hexagonal geometry. While the dominant bonding within this lattice is 

covalent, the substantial electronegativity difference between boron and nitrogen 

introduces partial ionic character, leading to charge polarization and uneven 

distribution of electron density. This intrinsic polarity underpins h-BN’s exceptionally 

wide bandgap of approximately 5–6 eV and contributes to its distinct combination of 

low intrinsic conductivity with superior stability. 

The sp²-hybridized bonding network in h-BN ensures structural rigidity while 

simultaneously conferring unique electroanalytical properties. Unlike graphene, which 

is characterized by metallic conductivity, h-BN remains electrically insulating but 

excels in electroanalytical systems due to its ability to suppress background interference 

[14]. In addition, h-BN demonstrates outstanding resistance to oxidation under ambient 

conditions and exhibits superior thermal stability, properties that make it highly 

attractive for applications requiring durability in chemically harsh or high-temperature 
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environments. Its remarkably high thermal conductivity allows efficient heat 

dissipation, while its wide bandgap contributes to chemical inertness, ensuring 

resilience against reactive species. Accordingly, h-BN finds application in diverse areas 

such as solid lubricants, high-performance protective coatings, and substrates for high-

power or high-frequency electronic and optoelectronic devices. 

In the context of biosensing, h-BN provides both opportunities and challenges. Its 

chemical inertness minimizes signal interference, ensuring reliable and precise 

detection, but simultaneously restricts functionalization efficiency and biomolecule 

anchoring capacity [15]. To counteract this limitation, researchers employ advanced 

modification strategies such as covalent surface functionalization, hybridization with 

conductive nanomaterials (e.g., metals, metal oxides, or carbon allotropes), and 

hierarchical nanostructure engineering. These approaches not only increase the 

effective electroactive surface area but also enhance electron transfer dynamics and 

facilitate high-density biomolecule immobilization. Through such nano-engineering 

strategies, h-BN is transformed from a chemically inert insulating material into a highly 

effective sensing interface with excellent sensitivity, selectivity, and operational 

stability. Therefore, h-BN distinguishes itself as a multifunctional material that merges 

structural robustness, chemical resistance, and wide bandgap properties with tunable 

surface chemistry via hybridization. This balance of inherent stability with engineered 

reactivity positions h-BN as a promising cornerstone in the design and development of 

high-performance nano-biosensors, particularly for real-time biomedical diagnostics 

and environmental monitoring applications. 

The strategic coupling of one-dimensional (1D) TiO2 nanowires with two-dimensional 

(2D) hexagonal boron nitride nanosheets (hBNNS) gives rise to a hierarchical hybrid 

system with exceptional electrochemical and structural properties [16]. This nano-

architectured platform exhibits remarkable electrocatalytic activity, robust stability, and 

accelerated electron transfer kinetics, establishing itself as a reliable candidate for next-

generation biosensing applications. The synergy between TiO2 and hBNNS enables a 

unique balance of conductivity, biocompatibility, redox efficiency, and structural 

durability, thereby positioning TiO2–hBNNS hybrids as a breakthrough material system 

for point-of-care diagnostics. 

The development of this hybrid nano-biosensor represents a decisive advancement in 

cancer diagnostics, particularly for the label-free, ultra-sensitive detection of 

carcinoembryonic antigen (CEA). In this architecture, TiO2 nanowires provide 

vertically aligned porous channels and abundant reactive sites for effective biomolecule 

immobilization, while hBNNS contributes high chemical stability, a wide surface area, 

and mechanical integrity. The integration of these components results in a self-

assembled nanocomposite with superior sensitivity and long-term operational 

reliability. Fabrication was achieved via a hydrothermal synthesis route that exploited 

autogenous temperature and pressure to drive spontaneous assembly, ensuring phase-

pure crystalline nanomaterials at low temperatures without compromising 

nanostructure integrity. FTIR spectroscopy validated the strong molecular interactions 

responsible for stabilizing the hybrid framework, confirming successful structural 

integration and functionalization. The bio-interface was further optimized by 

leveraging abundant active sites on TiO2–hBNNS for efficient Anti-CEA antibody 

immobilization through Fc-region conjugation. This ensured improved antibody 



Page | 221  

 

orientation, minimized steric hindrance, and enhanced antigen-binding efficiency. The 

electrochemical performance of this hybrid platform is exceptional: TiO2 nanowires 

accelerate electron transfer and amplify electrocatalytic signals, while hBNNS 

safeguards biomolecular stability against denaturation and degradation. Under 

optimized conditions, the biosensor achieves an ultra-low detection limit well within 

the physiological range of CEA, far surpassing the capabilities of conventional metal, 

metal oxide, or semiconductor-based sensors. This innovation not only advances 

diagnostic precision but also offers cost-effectiveness, scalability, and long-term 

stability, establishing a new paradigm in biosensor technology for clinical cancer 

detection. 

7.2 Experimental Section: 
7.2.1 Chemical, Reagents and Instrumentation: 

In the present investigation, a diverse range of high-purity analytical-grade chemicals 

and reagents were utilized to ensure experimental reliability, reproducibility, and 

precision. The primary set of reagents procured from Sigma Aldrich included ethylene 

glycol (OHCH₂CH₂OH, >99%),  bulk h-BN powder (98%, 5μm-particle size), bovine 

serum albumin (BSA), chloroform (CHCl3), sodium chloride (NaCl, >99%), potassium 

bromide (KBr, >99%), carcinoembryonic antigen (CEA), monoclonal antibodies of 

CEA, 1-(3-(dimethylamino)-propyl)-3-ethylcarbodiimide hydrochloride (EDC, 

>98%), and N-hydroxysuccinimide (NHS, 96%). Various reagents of equally high 

purity were sourced from Thermo Fisher Scientific and Merck, including Titanium 

dioxide (TiO2), potassium ferrocyanide (K4[Fe(CN)6]·3H2O, >98.5%), isopropanol 

(CH3)2CHOH, >99%), hydrazine hydrate (N2H4H2O, >99%), sodium phosphate 

monobasic dihydrate (NaH2PO4·2H2O, 98–100.5%), sodium hydroxide (NaOH), 

acetonitrile (CH3CN, >99.9%), ethanol (C2H5OH, 99%), potassium ferricyanide 

(K3[Fe(CN)6], >98.5%), hydrochloric acid (HCl) and sodium phosphate dibasic 

dihydrate (Na₂HPO₄·2H₂O, 98–100.5%). To maintain the integrity of electrochemical 

and immunological assays, only ultrapure Milli-Q water was used for solution 

preparation and sample washing. Fresh phosphate buffer saline (PBS) solutions of 

varying pH values were formulated by combining solution A (NaH₂PO₄·2H₂O), 

solution B (Na₂HPO₄·2H₂O), and Milli-Q water in precise ratios, followed by storage 

at 4 °C until use. The immunoassay validation was supported using a sandwich-assay 

ELISA kit procured from Amplicon Biotech, India. 

To establish a detailed interrelationship between their physical structure, chemical 

composition, and functional performance of the as-synthesized TiO2-NW, hBNNS, and 

TiO2-hBNNS samples, an extensive set of characterization procedures systematically 

investigated. To determine crystallographic phases and assess structural order, X-ray 

diffraction (XRD, Bruker Advance D-8) was employed. This facilitated precise 

identification of the crystalline structure, quantification of phase purity, and evaluation 

of potential lattice strain, which is critical for correlating structural attributes with 

functional performance. Morphological investigations were carried out using Scanning 

Electron Microscopy (SEM, EVO18 Zeiss) and Transmission Electron Microscopy 

(TEM, TECNAI 200 kV), enabling high-resolution visualization of both micro- and 

nano-scale architectures, particle boundaries, and aggregation tendencies. To ensure 

accurate quantification of particle size distributions and surface feature dimensions, 
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ImageJ-1.54f software was used to perform statistical analyses on multiple SEM and 

TEM images, providing reliable average size estimations and dispersity indices. 

Chemical bonding and molecular-level interactions within the nano-hybrids were 

probed using Fourier-Transform Infrared (FTIR) Spectroscopy (Spectrum II, Perkin 

Elmer) in the range of 400–4000 cm⁻¹. This analysis elucidated the presence of 

functional groups, possible surface modifications, and bonding configurations between 

the TiO2 and hBNNS phases, which directly influence stability and reactivity. 

Furthermore, Raman spectroscopy (Renishaw, λ = 785 nm) provided vibrational 

fingerprint data, revealing phonon modes and defect-induced shifts, while UV–Visible 

spectroscopy (Perkin Elmer 950) enabled evaluation of optical bandgap energies, 

electronic transitions, and light absorption behavior—critical factors for optoelectronic 

and sensing performance optimization. 

Electrochemical analyses were performed using Cyclic Voltammetry (CV) and 

Differential Pulse Voltammetry (DPV) on an Autolab Galvanostat/Potentiostat 

(Metrohm, Netherlands). The system was configured in a classical three-electrode 

arrangement comprising a TiO2-hBNNS-modified indium tin oxide (ITO) substrate as 

the working electrode, a platinum rod as the counter electrode, and an Ag/AgCl 

electrode immersed in 3 M KCl as the reference. This configuration enabled precise 

control and monitoring of redox processes. Immunosensing evaluations were conducted 

in phosphate-buffered saline (PBS, 50 mM, 0.9% NaCl, pH 7.0), supplemented with a 

ferro/ferricyanide redox couple ([Fe(CN)₆]³⁻/⁴⁻, 5 mM) to facilitate rapid and efficient 

single-electron heterogeneous transfer between the immobilized bioreceptor and the 

electrode interface. This setup allowed for highly sensitive and selective detection of 

the carcinoembryonic antigen (CEA), leveraging the synergistic electrocatalytic 

properties of the TiO2-hBNNS hybrid. The comprehensive integration of structural, 

morphological, chemical, optical, and electrochemical analyses provides a robust 

foundation for optimizing this nano-biosensing platform toward clinical-grade 

performance. 

7.2.2 Energy-Efficient Solvothermal Approach for the Controlled Growth of 

One-Dimensional High-Aspect-Ratio TiO₂ Nanowires 

A facile, meticulously controlled solvothermal approach was employed to synthesize 

TiO2 nanowires, leveraging the synergistic effects of strong alkaline conditions and 

polyol chemistry to direct anisotropic crystal growth (Fig. 7.1). The process initiated 

by dispersing 500 mg of TiO2 powder into 30 mL of a concentrated 10 M NaOH 

solution, followed by ultrasonication for 1 hour. This stage served to achieve 

homogeneous dispersion, activate surface sites, and initiate crystal lattice loosening 

through strong hydroxide ion interactions. Subsequently, 5 mL of ethylene glycol (EG) 

was incorporated into the mixture, and the dispersion was stirred at 270 rpm for 2 hours 

at 30 °C. EG molecules selectively adsorbed on TiO2 surfaces, forming stabilizing 

hydrogen-bond networks that prevented uncontrolled aggregation and simultaneously 

introduced a morphology-directing effect. In addition, NaOH stimulated hydroxylation, 

and complexation processes that led to interlayer expansion, defect site activation, and 

partial exfoliation, producing reactive nanosheet-like precursors required for 

anisotropic growth. 
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Figure 7.1: Stepwise schematic Illustration for the synthesis of TiO2 

nanowires through the solvothermal method. 

This well-dispersed homogeneous mixture was transferred into a 50 mL Teflon-lined 

stainless-steel autoclave, that exhibits the ability to withstand high pressures and 

chemically aggressive environments. The autoclave was tightly sealed and subjected to 

hydrothermal conditions at 180 °C for 24 hours to promote controlled crystal growth 

kinetics. Under these conditions, NaOH dissociates to release OH⁻ ions that penetrate 

TiO2 crystal layers, weakening interlayer van der Waals forces and enabling exfoliation 

into ultrathin structures. Simultaneously, EG molecules adsorb to the reactive site on 

TiO2 surface through hydroxyl interactions, functioning both as a soft template and as 

a steric stabilizer, lowering surface energy barriers and directing the growth axis 

preferentially along one dimension, thus transforming the intermediate nanosheets into 

high-aspect-ratio nanowires. 

The morphological transformation into nanowires occurs through selective facet 

growth control—hydroxide ions preferentially bind to specific crystallographic planes, 

lowering their growth rate and promoting elongation along the axial direction. This 

anisotropic growth is further stabilized by EG capping, which minimizes surface energy 

and promotes ordered assembly. The presence of EG also plays a chemical role by 

forming weak Ti–O–C complexes during solvothermal treatment, thereby introducing 

surface functional groups to enhance structural stability, catalytic activity, and potential 

active site exposure. 
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Post-synthesis, the reaction product was purified with repetitive centrifugation at 

speeds >5000 rpm, utilizing 1 M hydrochloric acid (HCl) to remove residual Na⁺ ions 

and Milli-Q water to restore pH equilibrium at 7.0, thereby preventing post-synthesis 

corrosion or uncontrolled precipitation. This dual-step washing removed excess NaOH, 

eliminated surface-bound EG and soluble reaction by-products, gradually bringing the 

pH to a neutral value of 7.0, indicating complete neutralization. The washed product 

was then dried at 60 °C for 24 hours, resulting in phase-pure, crystallographically 

ordered TiO2 nanowires, yielding high-quality nanowires with well-preserved aspect 

ratios and pristine surface chemistry. 

7.2.3 An In-Situ Strategic Hydrothermal Synthesis of TiO2-hBNNS Nano-

Hybrid Composite 

The in-situ cationic surfactant-mediated hydrothermal fabrication of TiO2-decorated 

hBNNS nano-hybrid composite (Fig. 7.2) was strategically carried out by employing 

TiO2 nanowires and hBNNS as engineered precursors. Ultrathin hBNNS, selected in 

preference to bulk hBN, exhibiting high surface-to-volume ratio, enhanced edge 

activity, and abundant interaction sites, overcoming the limitations posed by strong 

interatomic B–N ionic bonding in bulk crystals that severely restricts exfoliation, 

dispersibility, and interfacial compatibility, thereby limiting composite integration. 

To initiate the synthesis process, 100 mg of hBNNS and 60 mg of TiO2 nanowires were 

weighed and dispersed in 18 mL of deionized water through ultrasonication for 1 hour, 

ensuring complete exfoliation of nanosheets and disentanglement of nanowires. To 

further reduce surface energy and support miscibility, 10 mL of IPA was added, which 

acted as a co-solvent to minimize agglomeration. Continuous ultrasonication allowed 

equal distribution of both nanostructures and promoted intimate interfacial contact. To 

strengthen their interactions between precursors, the suspension was further stabilized 

by 2 mL of hydrazine hydrate, which established amino group-mediated selective 

binding between TiO2 nanowires and hBNNS, thereby establishing a robust interfacial 

network for complexation. Following this, 2 mL of 0.1 M CTAB was introduced. As a 

cationic surfactant, CTAB provided electrostatic stabilization and functioned as a 

structure-directing agent, assisting in the ordered alignment of TiO2 nanowires over the 

surface of hBNNS while preserving their individual morphologies. 

To ensure uniform precursor interaction, the mixture was magnetically stirred at 270 

rpm for 2 hours to reinforce uniform molecular-level interaction. The mixture was 

transferred and sealed in a 50 mL Teflon-lined stainless-steel autoclave. Hydrothermal 

treatment was conducted at 180 °C for 7 hours, where thermal and pressure-induced 

conditions promoted the in-situ assembly of TiO2 onto hBNNS surfaces. After natural 

cooling, the obtained dispersion, characterized by a high pH (~12), was subjected to 

meticulous purification. The composite was first washed with chloroform to remove 

residual organic molecules and then repeatedly rinsed with IPA and deionized water to 

eliminate unreacted hydrazine and surfactant. The centrifugation process was 

performed at 5000 rpm until neutral pH was achieved, confirming effective removal of 

impurities. The resultant precipitate was dried in a hot-air oven at 100 °C for 18 hours, 

producing a dry TiO2-decorated hBNNS nano-hybrid powder. 

The purified precipitate was oven-dried at 100 °C for 18 hours to obtain the TiO2-

decorated hBNNS composite in stable powder form. The overall mechanism of 
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synthesis was predominantly governed by the synergistic ionic interactions, hydrogen 

bonding, and surfactant-assisted templating effect of CTAB in conjunction with the 

interfacial chemistry promoted by IPA and hydrazine hydrate. This approach enabled 

controlled integration of TiO₂ nanowires into the hBNNS matrix, yielding a nano-

hybrid composite characterized by enhanced stability, structural robustness, and a well-

integrated interfacial framework. 

 
Figure 7.2: Schematic illustration of the engineered solvothermal mechanism 

facilitating TiO2 nanowire decoration on hBNNS nano-hybrid composite. 

7.2.4 Preparation of TiO2-hBNNS Functional Films on ITO Surfaces through 

Electrophoretic Deposition 

Electrophoretic deposition (EPD) was employed as a precise and reproducible strategy 

for fabricating TiO2–hBNNS/ITO microelectrodes, ensuring uniform thin-film growth 

and strong interfacial adhesion. The approach capitalized on the dual advantage of a 

stable colloidal suspension and the directed drift of charged nanoparticles under an 

applied electric field, which together enabled highly controlled film formation (Fig. 

7.3). To prepare the colloidal medium, 0.25 mg/mL of TiO2–hBNNS nanocomposite 

was dispersed in acetonitrile (CH₃CN), selected for its high dielectric constant and low 

viscosity that facilitated rapid nanoparticle mobility. For enhanced suspension stability, 

300 µL of magnesium nitrate solution (Mg(NO₃)₂, 1 mg/mL) was introduced as a 

charging agent, imparting positive charge to the nanocomposite surface and thereby 

suppressing agglomeration. The suspension was subjected to ultrasonication for 1 hour, 

where acoustic cavitation ensured uniform exfoliation, homogeneous particle 

distribution, and minimized clustering, ultimately maintaining electrokinetic balance 

during deposition. The prepared colloid was transferred into a two-electrode system, 
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consisting of a pre-hydrolyzed indium tin oxide (ITO) substrate as the working 

electrode and a platinum rod as the counter electrode. Hydrolysis of the ITO substrate 

using a solution of hydrogen peroxide, ammonia, and deionized water (1:1:5) was a 

critical step that generated hydroxyl-rich functional surfaces, increased roughness, and 

facilitated enhanced electrostatic attraction between the electrode and nanocomposite. 

The ITO substrate, measuring 0.8 cm × 2.5 cm, was connected to the negative terminal, 

while the platinum electrode was connected to the positive terminal. An external DC 

voltage of 20 V was applied for 1 minute, inducing directed electrophoretic migration 

of TiO2–hBNNS particles toward the ITO surface. This resulted in the uniform 

deposition of a 0.8 cm × 0.8 cm nanocomposite film with dense coverage and consistent 

morphology. 

 

Figure 7.3: (a) Schematic diagram showcasing TiO2-hBNNS film deposition 

through electrophoretic deposition (EPD) technique, (b) Systematic 

illustration demonstrating sequential steps involved in fabricating TiO2-

hBNNS-based nano-biosensor. 

7.2.5 Preparation of TiO2–hBNNS Integrated Immunosensing Electrode 

The fabrication of the TiO2–hBNNS-based immunoelectrode was executed with 

rigorous precision to achieve superior electrochemical performance and prolonged 



Page | 227  

 

stability. The procedure commenced with the modification of pre-hydrolyzed indium 

tin oxide (ITO) electrodes using a TiO2–hBNNS nanohybrid matrix (Fig. 7.3(II)). This 

modification yielded a three-dimensional nano-architectured surface enriched with 

abundant catalytic sites and highly conductive pathways, thus enabling efficient 

electron transfer and facilitating enhanced immobilization of bio-recognition elements. 

The site-specific immobilization of monoclonal Anti-CEA antibodies (Fig. 7.3(IV–V)) 

was performed by preparing a stock solution of antibodies in phosphate-buffered saline 

(PBS, pH 7.4). EDC-NHS coupling chemistry was employed to selectively activate 

carboxyl and amine functional groups. Specifically, 50 µg·mL⁻¹ Anti-CEA was 

conjugated with freshly prepared EDC (0.2 M) and NHS (0.05 M) in a 2:1:1 ratio at 

ambient temperature, followed by incubation for 30 minutes to generate reactive 

intermediates. Subsequently, 20 µL of the activated antibody solution was deposited on 

the TiO₂–hBNNS-modified electrode surface and incubated in a humid chamber for 24 

hours to ensure robust and specific anchoring. To eliminate nonspecific adsorption, 10 

µL of 1% bovine serum albumin (BSA, w/v in Milli-Q water) was applied to block 

unoccupied active sites. Finally, 10 µL of CEA solution at predetermined 

concentrations was incubated for 30 minutes on the BSA/Anti-CEA/TiO2–hBNNS/ITO 

interface, thus completing the fabrication of the functional immunoelectrode. The 

prepared electrode was stored at 4 °C to preserve structural integrity and bioactivity for 

subsequent electrochemical investigations. 

At the molecular level, the immobilization mechanism highlights the robustness and 

stability of the bio-nano interface by integrating multiple modes of chemical bonding 

and non-covalent interactions that ensures long-term functionality of the 

immunoelectrode. This interface is fabricated owing to physical adsorption of 

biomolecules by an effectively engineered conjugation network that integrates covalent 

chemistry, electrostatic forces, and coordination bonding to achieve high bio-

recognition affinity. The activation of the carboxyl groups on the Fc region of Anti-

CEA antibodies by EDC initiates the reaction through the formation of a transient O-

acylisourea intermediate [17]. Although inherently unstable, this intermediate is 

stabilized through NHS (N-hydroxysuccinimide) by converting it into a highly reactive 

NHS-ester, thereby prolonging its lifetime and making it suitable for subsequent 

coupling. This activated ester then reacts readily with nucleophilic amine 

functionalities present on the surface-modified hBNNS, forming robust covalent amide 

bonds. This covalent linkage ensures primary anchoring mechanism, together with a 

durable, irreversible, and chemically robust conjugation of Anti-CEA with the 

nanosheet matrix, essential for long-term bio-recognition stability. 

In addition to covalent binding, the guanidine moieties of arginine residues in Anti-

CEA exhibit strong cationic behaviour [18]. These positively charged groups establish 

electrostatic interactions with the negatively charged lattice oxygen atoms in both the 

anatase and rutile phases of TiO2. This interaction strengthens the antibody attachment 

and plays a pivotal role in enhancing electronic communication at the hybrid interface 

by facilitating charge transfer pathways between the biomolecule and the 

semiconductor oxide surface. Thus, attain an exceptional boost in the sensor signal 

response, additionally stabilizing the orientation of Anti-CEA, maximizing its antigen-

binding efficiency. 



Page | 228  

 

Furthermore, carboxyl groups of aspartic acid residues in the antibody side chains 

demonstrate a strong affinity for transition metal centers [19]. They form coordination 

bonds with the surface titanium (Ti) sites in the TiO2 lattice. These coordination 

complexes are highly stable and contribute significantly to the reinforcement of the 

protein–nanomaterial interface, reducing leaching of the antibody, improving electrode 

longevity under repeated operational cycles, and provide site-specific stabilization, 

ensuring that the antibody maintains a favourable spatial orientation required for 

effective antigen recognition. 

Moreover, cysteine residues with their reactive thiol (-SH) groups provide another layer 

of immobilization through chemisorption onto Ti sites of TiO2 nanoparticles [18]. The 

strong affinity between sulfur and transition metals ensures a quasi-covalent attachment 

of the biomolecule, which further strengthens the interfacial architecture. This thiol-Ti 

binding is particularly beneficial in resisting mechanical disturbances and maintaining 

sensor integrity under electrochemical cycling. 

In addition, amine groups (-NH₂) from lysine residues form electrostatic bonds with 

negatively charged oxygen atoms on TiO2 [20]. These non-covalent interactions serve 

as supplementary stabilizing forces, providing additional anchoring points for the 

antibody and enhancing the overall density of immobilized biomolecules at the 

interface. The combination of lysine amine interactions with stronger covalent and 

coordination bonds ensures a multi-layered immobilization network that minimizes 

antibody denaturation or misorientation. 

This hybrid immobilization strategy conferred exceptional durability to the 

immunoelectrode by preventing antibody leaching, while simultaneously preserving its 

native conformation for precise antigen recognition. The cooperative network of bonds 

created a bio-nano interface capable of efficient electron transfer, which translated into 

superior electrocatalytic efficiency during sensing operations. Consequently, the sensor 

demonstrated high sensitivity, specificity, and long-term operational stability, making 

it highly suitable for clinical diagnostics. 

7.3 Experimental Results & Analysis: 
7.3.1 Analytical Nanomaterial Characterizations: 

7.3.1.1 X-Ray Diffraction Characterization Elucidating Structural Integrity and 

Phase Evolution in TiO2-hBNNS Hybrid Nanocomposite 

A detailed XRD examination in the 2θ range of 20°–80° was performed to analyze the 

phase formation, crystal structure, crystallite size, and interlayer spacing of the as-

synthesized samples: (I) TiO2-NW, (II) hBNNS, and (III) TiO2-hBNNS nanohybrid 

composite (NHC), as illustrated in Fig. 7.4. The acquired diffractograms enabled an in-

depth evaluation of crystalline composition, lattice strain and dislocation density, 

thereby providing critical insights into the structural integrity phase proportion and 

defect induced in the as-synthesized materials. The XRD diffraction patterns of TiO₂-

NW polymorphs, comprising the three principal crystalline phases, including anatase, 

rutile, and brookite are illustrated in Fig. 7.4(I). Each polymorph is distinctly is 

identified through its most prominent crystallographic reflection, providing structural 

validation and phase distinction. The anatase phase is characterized by the (101) 

diffraction peak at 2θ = 25.48°, corresponding to JCPDS card no. 21-1272, which 
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represents its most intense and characteristic reflection [21]. The rutile phase is 

identified by the (110) peak located at 2θ = 27.52°, in agreement with JCPDS card no. 

21-1276 [22], while the brookite phase is distinctly revealed by the (210) reflection at 

2θ = 25.4° as indexed by JCPDS card no. 21-1272 [22]. These well-defined peaks, 

arising from the diffraction patterns of the individual phases, provide conclusive 

evidence for the coexistence of anatase, rutile, and brookite within the TiO2-NW 

system. The comprehensive diffractogram of the as-synthesized the TiO2-NW depicts 

all essential reflections, thereby validating the presence of a three-phase crystalline 

framework. The multiphase structures exhibit significant scientific interest, as the 

coexistence of anatase, rutile, and brookite often enhances interfacial charge transfer, 

suppresses recombination of photogenerated carriers, and improves overall catalytic 

activity. In addition to qualitative confirmation, the phase content of each polymorph 

is determined quantitatively through integrated peak intensity analysis of the anatase 

(101), rutile (110), and brookite (121) reflections. This quantitative approach, governed 

by the relations specified in Eq. [7.1]-[7.3], offers a reliable estimation of the respective 

phase proportions, thereby affirming the multiphase crystalline composition of the TiO₂ 

nanowire architecture. 

𝑾𝑨 =  
𝑲𝑨𝑨𝑨

𝑲𝑨𝑨𝑨+ 𝑨𝑹+𝑲𝑩𝑨𝑩 
    [7.1] 

𝑾𝑩 =  
𝑲𝑩𝑨𝑩

𝑲𝑨𝑨𝑨+ 𝑨𝑹+𝑲𝑩𝑨𝑩 
    [7.2] 

𝑾𝑹 =  
𝑨𝑹

𝑲𝑨𝑨𝑨+ 𝑨𝑹+𝑲𝑩𝑨𝑩 
     [7.3] 

In the quantitative determination of the phase composition in the TiO2 nanowire, the 

parameters Wa, Wb, and Wr denote the respective mass fractions of anatase, brookite, 

and rutile phases present within the TiO2 nanowire system. These mass fractions are 

determined through comparative evaluation of the characteristic diffraction peak 

intensities corresponding to each polymorph. The symbols Aa, Ar, and Ab represent 

the integrated intensities of the most prominent reflections for anatase, rutile, and 

brookite, respectively, thereby serving as the fundamental parameters for quantitative 

estimation. To ensure accuracy and account for structural and geometric factors 

inherent to the different polymorphs, correction coefficients are incorporated into the 

calculations. Specifically, the coefficients Ka and Kb are employed, with values of 

0.886 and 2.721 [23], respectively. These coefficients compensate for differences in 

scattering power and structural multiplicity between the polymorphs, enabling a more 

precise determination of their relative contributions. By integrating these factors into 

the calculation, a robust and reliable quantitative evaluation of the crystalline phase 

composition is achieved, thereby strengthening the structural analysis of the TiO2 

nanowire sample. 

The quantitative phase analysis of mass fractions revealed the crystalline composition 

of the three polymorphs within the TiO2 nanowire system was distributed in distinctly 

measurable proportions. he anatase phase (Wa) was quantified at 22.61%, reflecting its 

role as a secondary yet significant crystalline component. The brookite phase (Wb) 

emerged as the most abundant, with a mass fraction of 62.81%, thereby establishing it 

as the dominant polymorph in the nanowire system. Meanwhile, the rutile phase (Wr) 

contributed 14.58%, forming the smallest fraction among the three. This distribution 
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clearly highlights brookite as the predominant phase in the synthesized nanowires, with 

anatase and rutile existing as secondary contributors. This three-phase composition is 

highly advantageous in multifunctional nanomaterials, as the synergistic interaction 

between the polymorphs can facilitate enhanced electron–hole separation, improve 

structural stability, and broaden application potential in photocatalysis, energy storage, 

and sensing. 
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Figure 7.4: X-ray diffraction studies were conducted to investigate the 

crystalline structure of (I) TiO₂-NW, (II) hBNNS, and (III) TiO₂–hBNNS, with 

diffraction patterns obtained over the 2θ interval spanning 10°–80°. 

In Fig. 7.4(II), the XRD diffractogram of the hydrothermally synthesized hexagonal 

boron nitride nanosheets (hBNNS) displays sharp and well-defined diffraction peaks at 

26.88°, 41.8°, 55.16°, 44.12°, 50.16°, 55.12° and 76.12°. These reflections correspond 

to the (002), (100), (101), (102), (004), and (110) crystallographic planes, respectively, 

in agreement with the standard reference JCPDS Card No. 034–0421 [24]. The 

emergence of these characteristic peaks demonstrates successful exfoliation and 

crystallization of the boron nitride framework into a well-ordered hexagonal phase. The 

peak at 26.88°, attributed to the (002) reflection, appears with highest intensity, 

signifying preferential orientation along the basal plane of the layered nanosheets. This 

alignment highlights the preservation of the intrinsic lamellar structure, which is vital 

for achieving high aspect ratio nanosheets with uniform thickness and stable interlayer 

spacing. Furthermore, the synthesis route employed a carefully designed Lewis acid–

base complexation mechanism that initiated intercalation–exfoliation, thereby yielding 

large lateral-sized nanosheets with a high degree of purity and minimal defect density. 

The presence of well-resolved reflections, particularly the (100) and (110) planes, 

further confirms the crystalline uniformity and structural integrity of the nanosheets. 

These structural insights establish that the hydrothermal method effectively facilitated 

exfoliation and functionalization, producing nanosheets with superior crystallinity, 

enhanced chemical stability, and well-ordered lattice architecture suitable for high-

performance applications. 

The quantitative phase analysis clearly demonstrated that the anatase phase (Wa) 

emerged as the dominant crystalline component in the TiO2-hBNNS nanohybrid 

composite, comprising 61.15% of the total phase composition. This represents a 

remarkable increase when compared to the TiO2-NW sample, where the anatase mass 

fraction was limited to only 22.60%. Such a significant enhancement in the anatase 
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proportion after hybridization with hBNNS highlights the profound structural and 

chemical impact of nano-hybrid composite formation. The incorporation of hBNNS 

provided a stable two-dimensional support that facilitated controlled nucleation and 

growth of anatase domains while limiting growth transformation in rutile and brookite 

phases. Consequently, the anatase phase became the predominant structural component 

in the composite, a feature of critical importance because anatase-rich TiO2 systems are 

widely recognized for their superior photocatalytic efficiency, high electron mobility, 

and enhanced surface reactivity. The observed increase in anatase content is attributed 

to be advantageous because anatase exhibits superior photocatalytic activity, high 

surface reactivity, and excellent electron–hole separation efficiency. Therefore, the 

transformation from a rutile–brookite competitive system in TiO2-NW to an anatase-

dominant architecture in the TiO2-hBNNS composite underscores the crucial role of 

hBNNS in tailoring crystalline phase distribution, ultimately enhancing the functional 

potential of the nanohybrid material for catalytic and sensing applications. 

A substantial decline in the brookite phase content was observed upon the formation of 

the TiO2-hBNNS nanohybrid composite, where its proportion reduced dramatically 

from 62.81% in the pristine TiO2-NW sample to 25.04% in the nanohybrid. This 

remarkable reduction illustrates that the integration of hBNNS effectively disrupted the 

stability of brookite, which is otherwise a significant component in the unmodified TiO2 

system. Such suppression of brookite formation can be attributed to the strong 

interfacial interactions between the TiO2 lattice and the layered hBNNS framework, 

which guided the crystallization pathway in favour of anatase while simultaneously 

restricting the growth of brookite domains. Furthermore, the decrease in brookite phase 

is critical because brookite, although metastable, often coexists with rutile and anatase, 

thereby creating heterogeneous interfaces that can increase charge recombination and 

reduce photocatalytic efficiency. By lowering the brookite content to less than half its 

initial value, the TiO2-hBNNS nanohybrid achieved a more phase-pure anatase-rich 

structure, which is highly desirable for enhancing charge transport and ensuring 

superior functional performance. 

A marginal yet significant reduction in the rutile phase fraction was observed upon the 

transformation of TiO2-NW into the TiO2-hBNNS nanohybrid composite, where its 

relative contribution decreased from 14.57% in the pristine TiO2-NW to 13.80% in the 

hybrid. Although the subtle decrease exhibited limited and subtle impact, but reflects 

noteworthy restructuring of the crystalline equilibrium driven by the introduction of 

hBNNS. The nanosheets, with their layered structure and high surface energy, 

interfered with the stabilization of rutile nuclei during crystallization, leading to a 

controlled suppression of rutile formation. This phase modulation is important because 

rutile, while thermodynamically stable, generally exhibits lower photocatalytic 

efficiency compared to anatase due to higher electron–hole recombination rates. Even 

a slight decrease in rutile fraction therefore contributes to a more favorable anatase-

dominant composition, improving charge separation dynamics and electron transport 

pathways. The observed reduction highlights how the TiO₂-hBNNS hybridization 

subtly adjusts phase proportions to refine structural properties and enhance the 

functional performance of the composite. 

In the TiO2-hBNNS nanohybrid composite, the phase modulation is distinctly evident 

in the TiO2-hBNNS nanohybrid composite, which demonstrates a pronounced 



Page | 233  

 

dominance of the anatase phase, accompanied by significantly reduced intensities of 

both brookite and rutile phases. This highlights the preferential stabilization of anatase 

upon hybrid formation. Moreover, all the characteristic diffraction planes 

corresponding to hBNNS and TiO2 were successfully preserved, with only a few 

reflections appearing with markedly diminished intensity. Such selective attenuation of 

weaker peaks suggests that the hybridization process enhanced crystallinity in favour 

of anatase while minimizing less stable phase contributions, thereby confirming the 

structural coherence and stability of the composite. 

7.3.1.2 High-Resolution Electron Microscopy for Comprehensive Morphological 

and Microstructural Evaluation of TiO2-NW, hBNNS, and TiO2-hBNNS Hybrid 

Nanocomposite 

 

Figure 7.5: Morphological characterization of (I) TiO2-NW (green), (II) 

hBNNS (pink), (III) TiO2-hBNNS (blue), and (IV) TiO2-hBNNS/ITO 

electrode: (a) SEM images at 2 µm scale, (b) TEM images at 500 nm scale, (c) 

TEM images at 100 nm scale, and (d) statistical evaluation of TiO2 nanowire 

mean diameter before and after nanohybrid composite formation. 

SEM micrographs, as illustrated in Fig. 7.5(I)-a, 7.5(II)-a, and 7.5(III)-a, provided a 

comprehensive evaluation of the morphological characteristics of TiO2 nanowires 

(TiO2-NW), hBNNS, and TiO2-hBNNS nanohybrid composites (NHC), respectively. 

These analyses offered detailed insights into the TiO2 nanowires diameter size of TiO2 

nanowires (Fig. 7.5(I)-d), and TiO2-hBNNS (Fig. 3(III)-d). TEM imaging at a 500nm 

and 100 nm scale (Fig. 7.5(I, II, III)-(b) and (c)) corroborated these observations, 

confirming the accuracy of the SEM analyses. The high-aspect-ratio mixed-phase TiO2 

nanowires, analyzed via the distribution curve in Fig. 7.5(I)-d, exhibited an average 

diameter of 7.14 nm, synthesized through a solvothermal approach employing ethylene 

glycol as a cationic surfactant to regulate growth kinetics and particle uniformity. 
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Hydrothermally synthesized hBNNS (Fig. 7.5(II)-b,c) demonstrated extensive 

nanosheet areas, with distribution curves reflecting the formation of strong, flexible, 

and uniformly layered nanosheets capable of providing an ideal support framework. 

Further analysis through SEM (Fig. 7.5(III)-a) and TEM (Fig. 7.5(III)-b,c) validated 

the uniform reinforcement of TiO2 nanowires onto hBNNS, demonstrating the 

successful fabrication of the TiO2hBNNS nanohybrid composite via hydrothermal 

synthesis. The synthesis involved aqueous-phase reactions under high-pressure and 

high-temperature conditions, facilitated by hydrazine hydrate, CTAB, and IPA, which 

effectively regulated the growth of porous TiO2 nanowires into a dandelion-like 

architecture with an average diameter of 6.77 nm. SEM and TEM observations 

collectively revealed that hBNNS served as a robust support framework, enabling 

uniform attachment and distribution of TiO2 nanowires through van der Waals forces 

and electrostatic interactions. This integration ensured structural stability and 

maximized accessible surface area. 

7.3.1.3 Detailed UV–Visible Spectroscopic Analysis of Electronic Band Structure, 

Optical Transitions, and Urbach Energy in TiO₂–hBNNS Hybrid Nanocomposite 

To comprehensively evaluate the bandgap tuning behaviour and to elucidate the 

fundamental nature of electronic transitions, the optical absorption spectra of the 

synthesized TiO2–hBNNS hybrid nanocomposite were systematically recorded within 

the UV–Visible spectral range, as illustrated in Fig. 7.6(III)-a. The absorption profile 

provides crucial insights into the optical response of the material, directly reflecting the 

energy states involved in photon absorption and subsequent electron excitation. From 

these spectra, the optical bandgap energy (Eg) was precisely calculated using Tauc’s 

formalism, which establishes the relationship between the absorption coefficient (α), 

incident photon energy (hν), and the type of electronic transition (direct or indirect). 

The Tauc relation is mathematically represented by Eq. [7.4], thereby enabling accurate 

determination of the electronic bandgap as well as assessment of transition 

mechanisms, which are of paramount importance for understanding charge transfer 

dynamics and optoelectronic performance of the nanocomposite. 

(αhν)1/n = A(hν – Eg)    [7.4] 

In Beer-Lambert's equation, the absorption coefficient (α) serves as a critical parameter 

that quantifies the extent to which the material absorbs incident photons across a 

defined spectral range. A higher value of α directly signifies stronger absorption, which 

is inherently linked to the density of accessible electronic states and the corresponding 

probability of electronic transitions. The photon energy (hν) represents the driving force 

for excitation, imparting energy that enables electrons to overcome the energetic barrier 

between the valence and conduction bands. The bandgap energy (Eg) functions as the 

defining threshold, representing the minimum energy required for an electron to 

transition into the conduction band and participate in charge transport processes. The 

proportionality constant (A) remains largely independent of photon energy, reflecting 

intrinsic material characteristics such as structural uniformity and electronic 

configuration, and thereby ensures consistency in the absorption model. Of particular 

significance is the exponent n, which characterizes the nature of the electronic 

transition: for direct transitions (n = 1/2), photon energy is directly transferred to 

electrons without phonon assistance, highlighting an efficient excitation pathway. This 
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mechanism has been extensively observed in diverse semiconducting systems, 

including mixed-valence TiO2 nanowires (TiO2-NW), few-layered hexagonal boron 

nitride nanosheets (hBNNS), and hybrid TiO2–hBNNS architectures, where the 

dominant optical response arises from direct electronic transitions. In such systems, 

electrons absorb photon energy and are excited directly from the valence band to the 

conduction band without the necessity of phonon assistance, which ensures a sharp 

absorption edge, strong optical response, and efficient electron–photon coupling. These 

characteristics are highly desirable for high-performance optoelectronic devices, as 

they minimize energy losses while maximizing excitation efficiency. In contrast, 

indirect transitions (n = 2) are more complex, as they require the combined action of 

photons and phonons, with phonons supplying the additional momentum necessary to 

satisfy conservation laws. The fundamental distinction between direct and indirect 

transitions is therefore critical not only for accurately interpreting semiconductor 

absorption spectra but also for rationally engineering materials with tailored band 

structures. 

 

Figure 7.6: Optical characterization depicting (a) UV-Visible absorption 

spectra (Inset: Tauc plot for bandgap estimation), and (b) Urbach energy 

estimation for (I) TiO2, (II) hBNNS, and (III) TiO2-hBNNS samples. 

The absorption spectrum of mixed-phase TiO2 nanowires (TiO2-NW) (Fig. 7.6(I)-a) 

displayed pronounced absorption peaks centered at 193 nm, 231 nm, 251 nm, 285 nm, 

and 321 nm, all distinctly located within the ultraviolet region [25]. The Tauc plot 

analysis revealed bandgap energies corresponding to the TiO2-NW sample, calculated 

as 5.84 eV, 4.77 eV, 4.17 eV, and 3.25 eV, respectively. These values highlight the 

presence of multiple optical transitions within the material, indicating contributions 

from both fundamental and defect-assisted electronic processes. The strong absorption 

at 193 nm is attributed to the Eg(s) → T2g(p*) transition reflecting inter-orbital electron 

transfer between occupied Eg states and unoccupied antibonding T2g levels [26]. The 

UV–Visible spectral analysis revealed an extensive absorption region ranging 230–320 

nm, indicating strong absorption feature is primarily governed by the π → π* electronic 

transition, which arises from excitations between oxygen 2p bonding orbitals and 
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titanium 3d antibonding orbitals, consistent with the molecular orbital framework of 

TiO2 [27]. Therefore, the second band arises from the T2g(p) → T2g(p) transition*, 

which involves electron promotion within the same symmetry class of T2g orbitals, 

moving from partially filled bonding to higher-energy antibonding states. 

The absorption spectrum of hBNNS (Fig. 7.6(II)a exhibited a distinct peak at 187 nm, 

which is attributed to strong excitonic transitions arising from its wide bandgap 

configuration [28]. The optical bandgap of hBNNS was precisely determined to be 6.46 

eV (Fig. 7.6(II)a-Inset), confirming its intrinsic insulating behaviour and remarkable 

structural stability. This combination of a wide bandgap and pronounced excitonic 

characteristics underscores the exceptional suitability of hBNNS as a robust sensing 

platform and as an ideal host matrix for the development of advanced hybrid 

nanocomposites. 

The formation of TiO2–hBNNS nanohybrids (NHCs) (Fig. 7.6(III)a) induced notable 

modifications in the optical absorption profile, reflecting strong interfacial interactions 

between TiO2 nanoparticles and the hBNNS framework. Specifically, the characteristic 

absorption peak of pristine hBNNS at 187 nm exhibited a slight blue shift to 186 nm, a 

shift that indicates significant alterations in the local electronic environment upon 

hybridization. This spectral shift arises from the generation of new defect states and 

electronic pathways created through the incorporation of TiO2 into the boron nitride 

lattice, which effectively tunes the absorption edge and extends the optical response of 

the nanohybrid. Furthermore, the absorption spectrum of the mixed-phase TiO2 

nanowires within the TiO2–hBNNS composite (Fig. 7.6(III)a) demonstrated prominent 

ultraviolet absorption peaks centered at 197 nm, 213 nm, and 380 nm, confirming the 

active role of TiO2 in modulating light–matter interactions. The Tauc plot analysis 

yielded corresponding bandgap energies of 5.94 eV, 4.05 eV, and 3.08 eV, further 

validating the band structure modifications induced by hybridization. To evaluate the 

degree of disorder and defect density introduced within the system, Urbach energy was 

calculated using Eq. [7.5]-[7.6] (Fig. 7.6(I, II, III)b). The quantified Urbach energy 

provides direct insight into band-tail states, revealing the extent of defect engineering 

and its critical influence on optical absorption processes, thus underscoring the 

enhanced optoelectronic potential of the TiO2–hBNNS nanohybrid system. 

𝜶 = 𝜶𝒐 𝒆𝒙𝒑(
𝑬− 𝑬𝒈

𝑬𝒖
)     [7.5] 

ln(𝛂) =  𝐥𝐧(𝛂𝐨) +
(𝑬− 𝑬𝒈)

𝑬𝒖
    [7.6] 

The absorption coefficient (α) represents the fundamental parameter governing the 

interaction of incident photons with the electronic structure of the material, while the 

pre-exponential factor (α₀) reflects intrinsic, material-specific constants. The photon 

energy (E = hν), determined by Planck’s constant (h) and the frequency of incident light 

(ν), serves as the driving force for electronic transitions. The bandgap energy (Eg) 

defines the minimum excitation threshold at a given temperature (T), whereas the 

Urbach energy (Eu) provides quantitative insight into localized states within the 

bandgap. Derived from the inverse slope of the linear region in the ln(α) versus E plot, 

Eu quantifies the degree of disorder and defect-induced band-tail broadening. For TiO2 

nanowires (TiO2-NW), the Urbach energy (Eu,TiO2-NW) was calculated to be 0.618 
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eV (Fig. 7.6(I)b), suggesting the presence of a moderate density of electronic tail states 

associated with lattice imperfections and structural defects. In contrast, pristine hBNNS 

exhibited a significantly lower Urbach energy (Eu,hBNNS) of 0.185 eV, reflecting its 

highly ordered, insulating character and low defect density (Fig. 7.6(II)b). The 

relatively narrow tail width in hBNNS highlights its ability to act as a stable scaffold 

while simultaneously accommodating the structural irregularities of TiO2 during 

hybridization. Following the integration of TiO₂ nanowires into the hBNNS framework, 

the Urbach energies of the composite system were markedly altered, with values of 

0.416 eV for TiO2 and 0.293 eV for hBNNS (Fig. 7.6(III)b). This increase in tail-state 

density signifies enhanced structural disorder and electronic perturbations, which are 

closely linked to the onset of surface plasmon resonance (SPR) phenomena in TiO2 

nanowires. Under photon excitation, SPR induces collective oscillations of conduction 

electrons, thereby amplifying the local electromagnetic field. This plasmonic activity 

enhances light absorption efficiency, boosts electron–hole generation, and facilitates 

rapid charge transfer across the TiO2–hBNNS interface. The synergistic effect of defect 

accommodation and plasmonic resonance demonstrates that hybrid nanostructuring not 

only modifies the fundamental optical transitions 

7.3.1.4 Comprehensive Raman Spectroscopic Investigation of Phonon Behaviour, 

Vibrational Modes, and Electronic Coupling in TiO2–hBNNS Nano-Hybrid 

Composites 

 

Figure 7.7: Raman spectra of (I) TiO2-NW, (II) hBNNS, and (III) TiO2–

hBNNS was carried out in the 1250–1500 cm⁻¹ range, providing detailed 

insights into their vibrational modes and structural interactions.  
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The Raman spectra of the TiO2 phases exhibit distinct vibrational signatures that enable 

phase identification and provide insights into the underlying phonon dynamics. 

Brookite, a metastable polymorphic modification of TiO2, crystallizes in the 

orthorhombic Pbca space group and contains eight formula units within each unit cell 

[29]. Due to its lower symmetry compared to anatase and rutile, brookite exhibits a 

much richer set of vibrational modes. Factor group analysis yields the following 

irreducible representation Eq. [7.7]:  

Γopt = 9Ag (R) + 9B1g (R) + 9B2g (R) + 9B3g (R) + 9Au (IR inactive) + 8B1u (IR) + 8B2u 

(IR) + 8B3u (IR)  [7.7] 

From this decomposition, brookite is predicted to exhibit 36 Raman-active phonon 

modes and 24 infrared-active modes. Such a complex vibrational spectrum directly 

reflects the structural complexity of the orthorhombic TiO6 octahedral network, in 

which multiple inequivalent oxygen sites contribute to vibrational diversity. 

Consequently, brookite’s Raman spectrum is far more intricate than that of anatase or 

rutile, making it a sensitive probe for detecting structural distortions, defects, and phase 

interactions in composite systems. For the brookite phase (Fig. 7.7(I)), the prominent 

vibrational modes are observed at 194.91, 211.81, 246.86, 286.63, 457.10, 537.19, and 

634.66 cm⁻¹. The peaks at 194.91 and 211.81 cm⁻¹ correspond to low-frequency 

external vibrations associated with lattice translational modes. The band at 246.86 cm⁻¹ 

arises from bending vibrations of Ti–O–Ti linkages, while the 286.63 cm⁻¹ band is 

linked to internal bending modes within the TiO6 octahedra. The higher-frequency 

peaks at 457.10 and 537.19 cm⁻¹ are attributed to asymmetric Ti–O stretching 

vibrations, reflecting distortions within the octahedral framework. The intense band at 

634.66 cm⁻¹ represents symmetric stretching of the Ti–O bonds, a fingerprint vibration 

characteristic of brookite’s orthorhombic structure. 

In anatase TiO2, which crystallizes within the tetragonal I4₁/amd space group, the unit 

cell contains Z = 4 formula units, while the primitive cell reduces to two molecular 

units. Group theoretical analysis yields the irreducible representation for the optical 

modes as Eq. [7.8], 

Γopt = A1g (R) + 2B1g (R) + 3Eg (R) + B2u (silent) + A2u (IR) + 2Eu (IR)  [7.8] 

The vibrational modes observed experimentally, align well with this prediction and 

provide a detailed mapping of phonon activity. Oxygen atoms, which play a pivotal role 

in shaping these dynamics, bridge three titanium atoms in a triply coordinated fashion 

and occupy positions of C2v symmetry. This bonding arrangement naturally gives rise 

to three types of vibrational modes: A1, B1, and B2. The B1 modes are associated with 

out-of-plane deformation motions, while A1 and B2 modes combine the characteristics 

of Ti–O bond stretching with Ti–O–Ti in-plane deformation vibrations. Such mixed 

vibrational behaviour reflects the inherent structural complexity of anatase and provides 

insight into how lattice symmetry governs the coupling of stretching and bending 

interactions within the Ti–O framework. 

For the anatase phase (Fig. 7.7(I)), the Raman active modes appear at 141.27, 326.23, 

394.55, 404.61, 516.5, and 639.47 cm⁻¹. The strongest low-frequency band at 141.27 

cm⁻¹ corresponds to the E_g mode, reflecting symmetric bending vibrations of oxygen 

atoms in the TiO6 octahedra. The peak at 326.23 cm⁻¹ is assigned to B₁g bending modes, 
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while the peaks at 394.55 and 404.61 cm⁻¹ represent complex bending vibrations 

involving Ti–O–Ti linkages within the tetragonal lattice. The 516.5 cm⁻¹ peak is 

associated with the A₁g mode, indicating asymmetric Ti–O stretching vibrations. The 

high-frequency band at 639.47 cm⁻¹ corresponds to another E_g symmetric stretching 

vibration of oxygen atoms, which is a defining signature of the anatase phase. 

The rutile polymorph of TiO₂ is a tetragonal crystal structure belonging to the P4₂/mnm 

(D₄h) space group, with two formula units (Z = 2) in the unit cell. Group theoretical 

analysis predicts the optical phonon modes to follow the irreducible representation (Eq. 

[7.9]):  

Γopt = A1g (R) + A2g (silent) + B1g (R) + B2g (R) + Eg (R) + A2u (IR) + 2B1u (silent) + 

3Eu (IR)  [7.9] 

Within this distribution, rutile exhibits four Raman-active modes (A1g, B1g, B2g, Eg), 

which dominate its vibrational spectrum and are frequently detected in Raman 

scattering experiments. In addition, infrared activity arises from A2u and Eu symmetries, 

while A2g and B1u modes remain silent, contributing neither to Raman nor to infrared 

features. This classification not only defines the spectroscopic behaviour of rutile but 

also provides a foundation for understanding its phonon-assisted electronic processes, 

vibrational coupling, and lattice dynamics. 

In the case of the rutile phase (Fig. 7.7(I)), the observed vibrational bands are positioned 

at 240.3, 445.89, and 610.5 cm⁻¹. The 240.3 cm⁻¹ band is linked to a B₁g mode arising 

from oxygen bending vibrations. The prominent peak at 445.89 cm⁻¹ corresponds to the 

E_g symmetric bending of oxygen atoms, which is strongly characteristic of rutile. 

Finally, the 610.5 cm⁻¹ band is assigned to the A₁g symmetric stretching mode of Ti–O 

bonds, reflecting the high crystallinity and stability of the rutile tetragonal structure. 

The Raman spectrum of hexagonal boron nitride nanosheets (hBNNS) exhibits a 

dominant E₂g vibrational mode at 1368.4 cm⁻¹, which serves as a distinct phonon 

fingerprint of the layered hBN lattice [30] (Fig. 7.7(II)). This sharp and intense peak 

arises from the in-plane stretching vibrations of B–N bonds within the hexagonal 

framework, a vibrational feature that remains highly stable under different processing 

conditions. Following the hydrothermal synthesis of TiO2–hBNNS nanohybrids, the 

E₂g mode persists at precisely the same wavenumber, indicating that the structural 

integrity of the hBNNS is preserved during hybrid formation. The retention of this 

vibrational feature strongly confirms that the hBN lattice does not undergo significant 

distortion or decomposition in the presence of TiO2 nanoparticles, thereby validating 

hBNNS as a robust host matrix capable of sustaining hybridization without 

compromising its intrinsic phonon dynamics. This stability is particularly important for 

ensuring reliable electronic and vibrational interactions in hybrid nanocomposites. 

In the TiO2–hBNNS nanocomposite, the Raman spectrum reveals that the E₂g 

vibrational mode of hBNNS remains unshifted, as observed in Fig. 7.7(III). This 

invariance in peak position clearly demonstrates that the interlayer spacing and layered 

crystallinity of hBNNS are preserved despite the incorporation of TiO₂ nanoparticles. 

The structural stability of hBNNS is further confirmed by XRD analysis, which shows 

consistent d-spacing values with no detectable lattice distortion. This observation 

underscores the exceptional resilience of hBNNS as a host matrix, capable of 
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accommodating foreign nanoparticles without compromising its intrinsic phonon 

dynamics or crystalline framework. Alongside the preserved hBN signature, the 

spectrum also displays prominent anatase TiO2 modes at 141.27 cm⁻¹, 389.52 cm⁻¹, and 

515.5 cm⁻¹, which are critical for initiating plasmonic resonance and mediating 

electron–phonon interactions within the hybrid. The presence of anatase is particularly 

significant, as it is the most photoactive polymorph of TiO2, making it vital for 

optoelectronic and photocatalytic applications. Additional peaks detected at 194.91 

cm⁻¹, 285.32 cm⁻¹, and 633.45 cm⁻¹ correspond to brookite, while a band at 443.40 cm⁻¹ 

indicates rutile contributions. The coexistence of anatase, brookite, and rutile phases 

within the hybrid is further corroborated by XRD findings [37], confirming a 

multiphase system. Such mixed-phase interactions generate synergistic effects, 

particularly in facilitating charge separation and transfer, thereby enhancing the 

hybrid’s optical absorption, catalytic redox potential, and overall electronic 

performance. This multiphase composition positions the TiO2–hBNNS nanocomposite 

as a highly efficient platform for advanced photocatalysis, sensing, and energy 

conversion technologies. 

7.3.1.5 Comprehensive FT-IR Spectroscopic Investigation of Molecular Bonding 

Dynamics, Surface Functionalization, and Protein Immobilization Strategies in 

TiO2–hBNNS Hybrid Nanomaterials 

FTIR spectroscopy was employed to qualitatively examine chemical interactions, bond 

formation, and the presence of functional groups, offering molecular-level insights into 

the structural composition of the studied materials (Table 7.1).The FT-IR spectrum of 

TiO2 nanowires (TiO2-NWs) reveals distinct vibrational bands that confirm both the 

formation of the TiO₂ lattice and the successful surface functionalization [31] (Fig. 

7.8(I)). The absorption band at 464 cm⁻¹ is attributed to the Ti–O–Ti bending mode, a 

fundamental lattice vibration confirming the crystalline backbone of TiO2. This is 

complemented by the band at 670 cm⁻¹, which arises from Ti–O stretching vibrations, 

further validating the presence of strong Ti–O bonds within the nanowire framework. 

The sharp band at 809 cm⁻¹ corresponds to C–O–C stretching vibrations, indicating the 

incorporation of organic moieties, possibly from residual surfactants or functionalizing 

agents attached to the nanowire surface. Similarly, the absorption near 912 cm⁻¹ can be 

assigned to out-of-plane Ti–OH bending, providing strong evidence of surface 

hydroxyl groups that are crucial for subsequent chemical modifications and interaction 

with external molecules. 

Additional functionalization is demonstrated by the 1004 cm⁻¹ band, attributed to R–

C–O stretching, and the 1100 cm⁻¹ peak, which corresponds to C–O stretching 

vibrations. Together with the 1122 cm⁻¹ band representing Ti–O–C stretching, these 

features confirm the formation of Ti–O–C linkages, highlighting strong organic–

inorganic hybrid bonding within the nanowire structure. The presence of hydrocarbon-

related groups is further evident in the spectrum. The band at 1319 cm⁻¹ corresponds to 

C–H symmetric stretching, while the band at 1498 cm⁻¹ is attributed to asymmetric C–

H stretching, confirming the incorporation of organic groups. The 1385 cm⁻¹ band, 

assigned to R–COO⁻ bending, indicates the existence of carboxylate groups, a hallmark 

of surface functionalization that promotes stability and potential biomolecule 

attachment. The 1638 cm⁻¹ band is characteristic of O–H bending vibrations, providing 

further evidence of surface hydroxylation. In addition, the 2325 and 2346 cm⁻¹ peaks 
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correspond to O–C–O asymmetric stretching vibrations, confirming the presence of 

carbonate groups, which may form during synthesis or through CO₂ adsorption onto 

active surface sites. 

 

Figure 7.8: FTIR spectra of (I) TiO2 nanowires (TiO2-NW), (II) hexagonal 

boron nitride nanosheets (hBNNS), and (III) TiO2–hBNNS composite were 

recorded in the 400–4000 cm⁻¹ wavenumber region to examine their 

functional group vibrations and bonding characteristics. 

 

The aliphatic region of the spectrum reveals strong absorption peaks at 2853 cm⁻¹ and 

2926 cm⁻¹, assigned to symmetric and asymmetric C–H stretching vibrations, 

respectively, confirming the incorporation of hydrocarbon groups. Finally, the broad 

absorption at 3436 cm⁻¹ is attributed to O–H stretching, signifying abundant surface 

hydroxyl groups and adsorbed water molecules. These characteristic vibrational 

signatures confirm the successful synthesis of functionalized TiO2 nanowires. The 

coexistence of Ti–O lattice vibrations, hydroxyl groups, carbon–oxygen linkages, and 

hydrocarbon bands demonstrates not only the formation of well-crystallized TiO2 but 

also effective organic surface functionalization 

 

Table 7.1: Wavenumber Assigned to FTIR peaks of (I) TiO2-NW, (II) hBNNS, 

and (III) TiO2–hBNNS respectively. 
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The FT-IR spectrum of hexagonal boron nitride nanosheets (hBNNS) provides strong 

evidence of both the integrity of the BN lattice and the successful introduction of 

surface functional groups [32] Fig. 7.8(II). The 806 cm⁻¹ band, attributed to B–N–B 

bending vibrations, is a fundamental fingerprint of the layered hexagonal BN structure. 

S.NO. Sample 
Wavenumber 

(cm-1) 
Assigned Bands 

1. TiO2-NW 

464 Ti-O-Ti Bend 

670 Ti-O Stretch 

809 C-O-C Stretch 

912 Out of Plane Ti-OH Bend 

1004 R-C-O Stretch 

1100 C-O Stretch 

1122 Ti-O-C Stretch 

1319 C-H Symmetric Stretch 

1385 R-COO- Bend 

1498 C-H Asymmetric Stretch 

1638 O-H Bend 

2325, 2346 O-C-O Asymmetric Stretch 

2853 C-H Symmetric Stretch 

2926 C-H Asymmetric Stretch 

3436 OH Stretch 

2. hBNNS 

806 B-N-B Bend 

1398 B-N Stretch 

1590 N-H Bend 

1638, 1672 O-H Bend 

2530 B-H Stretch 

2852 C-H Symmetric Stretch 

2920 C-H Asymmetric Stretch 

3200-3500 N-H Stretch 

>3500 OH Stretch 

3. TiO2-hBNNS 

453 Ti-O-Ti Bend 

617 Ti-O Stretch 

822 B-N-B Bend 

917 Out of Plane O-H Bend 

1056 Ti-O-C Stretch 

1414 B-N Stretch 

1608, 1668 O-H Bend 

1712, 1913, 

2060, 2192 
Ti-CO Bend 

2252 N-C-O (Asymmetric) Stretch 

2309, 2345 O-C-O (Asymmetric) Stretch 

2404, 2460, 

2515 
B-H Stretch 

2704, 2798 N-CH3 Stretch 

2852 CH2 (Symmetric) Stretch 

2924, 2958 CH2 (Asymmetric) Stretch 

3400-3500 N-H Stretch 

3521, 3827 

(>3500) 
OH Stretch 
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Its presence indicates the preservation of the in-plane BN network, confirming the 

structural robustness of the nanosheets after synthesis and functionalization. The 1398 

cm⁻¹ peak, assigned to B–N stretching, is another signature mode of hBN. It directly 

reflects the covalent bonding within the hexagonal lattice, signifying that the sp²-

hybridized BN framework remains intact. This strong band is a hallmark of crystalline 

hBNNS and validates successful exfoliation or stabilization of the nanosheet 

morphology. Surface functionalization is evident from additional vibrational bands. 

The 1590 cm⁻¹ peak, corresponding to N–H bending, suggests incorporation of amine 

or related nitrogen-containing groups, enhancing chemical reactivity. Similarly, the 

1638 and 1672 cm⁻¹ bands are linked to O–H bending vibrations, providing direct 

evidence of hydroxylated surfaces, which facilitate hydrogen bonding and promote 

interaction with polar molecules. 

The 2530 cm⁻¹ band, attributed to B–H stretching, reflects hydrogen incorporation onto 

boron sites, an important marker of chemical functionalization. This suggests that 

hydrogenated boron centers have formed, which may act as anchoring points for further 

surface modification or hybridization with other nanomaterials. Hydrocarbon 

signatures further support functionalization. The 2852 cm⁻¹ and 2920 cm⁻¹ peaks, 

assigned to symmetric and asymmetric C–H stretching vibrations respectively, indicate 

the presence of alkyl or organic groups on the nanosheet surface. Such modifications 

enhance compatibility with organic solvents or polymer matrices, broadening 

application potential. The 3200–3500 cm⁻¹ region, attributed to N–H stretching, reflects 

surface-anchored amine functionalities, which not only stabilize the nanosheets but also 

provide sites for biomolecule immobilization and catalytic applications. Finally, the 

broad absorption beyond 3500 cm⁻¹, corresponding to O–H stretching vibrations, 

indicates the presence of hydroxyl groups and adsorbed water molecules, confirming 

surface hydrophilicity and high reactivity. 

The FT-IR spectrum of the TiO2–hBNNS nanocomposite provides clear evidence of 

lattice preservation, surface functionalization, and the synergistic coexistence of TiO2 

and hBNNS within a hybrid matrix Fig. 7.8(III). The low-frequency region displays 

characteristic lattice vibrations. The 453 cm⁻¹ band corresponds to Ti–O–Ti bending, 

while the 617 cm⁻¹ band reflects Ti–O stretching vibrations. These peaks confirm the 

presence of TiO2 structural modes, which are essential markers of its crystalline 

integrity. Simultaneously, the 822 cm⁻¹ band, attributed to B–N–B bending, signifies 

the preservation of the in-plane hexagonal framework of hBNNS within the composite. 

In the mid-frequency region, several functionalization signatures are observed. The 917 

cm⁻¹ peak, associated with out-of-plane O–H bending, indicates the presence of surface 

hydroxyl groups, which enhance hydrophilicity and facilitate further interactions. The 

1056 cm⁻¹ vibration, assigned to Ti–O–C stretching, provides compelling evidence of 

strong interfacial bonding between TiO2 and hBNNS, signifying chemical integration 

rather than simple physical mixing the 1414 cm⁻¹ band, corresponding to B–N 

stretching, further demonstrates that the core BN lattice remains intact. Adjacent 1608 

and 1668 cm⁻¹ peaks, linked to O–H bending, confirm hydroxylation and suggest 

hydrogen-bonded interactions within the composite matrix. 

Notably, a distinct set of bands appears at 1712, 1913, 2060, and 2192 cm⁻¹, which are 

attributed to Ti–CO bending. These peaks highlight interactions of TiO₂ with carbonate 

or carboxylate species, which often arise during functionalization, reinforcing the 
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hybrid’s surface chemistry. The 2252 cm⁻¹ band, corresponding to N–C–O asymmetric 

stretching, provides additional evidence of nitrogen-containing functional groups, 

expanding the chemical versatility of the composite. Further, the 2309 and 2345 cm⁻¹ 

bands assigned to O–C–O asymmetric stretching vibrations confirm the incorporation 

of carbonate-like groups, while the 2404, 2460, and 2515 cm⁻¹ bands, attributed to B–

H stretching, directly point to hydrogen functionalization of boron centers, enhancing 

reactivity. In the higher-frequency region, 2704 and 2798 cm⁻¹ peaks represent N–CH₃ 

stretching vibrations, validating the incorporation of organic moieties. The 2852 cm⁻¹ 

(CH₂ symmetric stretch) and 2924, 2958 cm⁻¹ (CH₂ asymmetric stretches) confirm alkyl 

surface groups, which improve dispersibility in organic systems. The 3400–3500 cm⁻¹ 

region, attributed to N–H stretching vibrations, points to amine functionalities on the 

nanosheet surface, which serve as reactive anchors for biomolecule or catalyst binding. 

Finally, the 3521 and 3827 cm⁻¹ bands (>3500 cm⁻¹) correspond to O–H stretching 

vibrations, confirming hydroxyl groups and adsorbed water molecules that impart 

hydrophilicity and enhance catalytic performance. 

Optimizing the electrocatalytic efficiency of the TiO2–hBNNS nano-biosensor is 

inherently dependent on precise nano-biointerface engineering, with antibody 

immobilization time playing a decisive role. The FTIR spectra in Fig. 7.9 clearly 

demonstrate the progressive structural and chemical changes occurring at the electrode 

surface upon antibody binding. Comparison of the TiO2–hBNNS/ITO electrode before 

modification and after Anti-CEA immobilization for 12 h and 24 h highlights the 

mechanistic pathway of covalent attachment. Upon immobilization, the retention of B–

N–B bending and B–N stretching vibrations, combined with the disappearance of TiO2- 

and hBNNS-related functional group peaks, confirms the active participation of these 

groups in covalent amide bond formation through EDC–NHS activation chemistry. 

After 24 h, the FTIR profile reveals pronounced protein-specific vibrational signatures, 

including phosphorylation at 868 cm⁻¹, symmetric phosphate stretching at 982 cm⁻¹, 

polysaccharide stretching at 1092 cm⁻¹, NH bending at 1268 cm⁻¹, Amide II at 1568 

cm⁻¹, and Amide I at 1641 cm⁻¹, all of which signify robust antibody anchoring. 

Intensification of aliphatic CH stretching (2736 cm⁻¹), CH₂ stretching (2878 cm⁻¹), 

Amide B stretching (2977 cm⁻¹), Amide A stretching (3236 cm⁻¹), and OH stretching 

(>3500 cm⁻¹) further validates strong antibody adsorption. Additionally, a distinct 

absorption band at 2067 cm⁻¹ confirms successful EDC–NHS-mediated activation of 

carboxyl and amino groups. Unique peaks at 1442 and 1479 cm⁻¹ reflect glutamine 

complexation with hBNNS, while the band at 1716 cm⁻¹ highlights strong arginine–

TiO2 interactions. Further absorption at 2476 and 2516 cm⁻¹ signifies cysteine–TiO2 

complexation, confirming site-specific antibody interactions. Moreover, TiO2–lysine 

complexation is substantiated by NH₂ bending vibrations at 1630–1660 cm⁻¹, the 

Amide II band near 1550 cm⁻¹, broadened NH stretching between 3200–3400 cm⁻¹, and 

possible Ti–O–N features within 500–700 cm⁻¹. Collectively, these vibrational features 

confirm that 24 h of antibody incubation yields an optimal nano-biointerface with 

strong covalent anchoring, hydrogen bonding, and amino acid–nanostructure 

interactions, directly enhancing biosensor sensitivity, stability, and reliability. 
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Figure 7.9: FTIR spectra analyzing Anti-CEA antibody immobilization on the 

TiO2-hBNNS/ITO electrode at 12 and 24 hours. 

Sequential protein immobilization on the TiO₂–hBNNS/ITO immunoelectrode was 

comprehensively validated by FTIR spectroscopy, as shown in Fig. 7.10. Following the 

optimized conjugation of EDC–NHS activated Anti-CEA antibodies onto the TiO₂–

hBNNS/ITO electrode [17] (Fig. 7.10(II)), a blocking step with 10 μL of BSA was 

introduced to ensure selective surface functionality. This step was indispensable, as 

BSA, being a globular protein, effectively masked unreacted functional groups and 

passivated unoccupied active sites, thereby preventing nonspecific protein adsorption 

and maintaining the fidelity of the bio-recognition interface. The FTIR spectra 

confirmed BSA immobilization through the emergence of characteristic vibrational 

features in region ‘d’ at 1566 cm⁻¹ (Amide II band) and 1637 cm⁻¹ (Amide I band), 

signifying that BSA retained its native-like secondary structure after immobilization 

(Fig. 7.10(III)). Moreover, the reduction in transmittance intensity across regions ‘d–

f’ provided strong evidence of efficient suppression of background interferences, 

reinforcing the specificity and sensitivity of the electrode surface. 
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Figure 7.10: Immunoelectrode preparation on immobilization of Anti-CEA, 

BSA,and CEA onto TiO2-hBNNS/ITO electrode analyzed through FTIR 

spectroscopy 

Subsequent immobilization of the target antigen, CEA, on the BSA/Anti-CEA/TiO2–

hBNNS/ITO electrode was evident from pronounced amplification of vibrational peaks 

in regions ‘b, c, e, f’ (Fig. 7.10(IV)). This spectral intensification is a hallmark of 

antibody–antigen complexation, where additional molecular vibrations arise due to 

secondary structural changes and increased hydrogen-bonding interactions. A 

progressive reduction in the B–N–B bending peak during the sequential addition of 

BSA and CEA provided further evidence of active site utilization on hBNNS 

nanostructures, reflecting effective crosslinking and surface engagement by 

biomolecular complexes. Most importantly, the broad absorption feature in region ‘f’, 

contributed collectively by aliphatic chains, hydroxyl groups, and overlapping amide 

stretching vibrations, validated the immobilization of CEA. This spectral broadening is 

a direct indicator of protein-rich layers anchoring to the functionalized nanocomposite, 

confirming the establishment of a stable, highly functional, and biologically active bio-

recognition interface. Altogether, the FTIR analysis provided a stepwise molecular 

fingerprint of BSA passivation and CEA capture, unequivocally proving the robustness 

and efficiency of the engineered immunoelectrode surface. 
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7.3.2 Electrochemical Profiling and Analysis: 

7.3.2.1 Electrochemical Dynamics and Interfacial Kinetics Governing Sequential 

Protein Immobilization on TiO2–hBNNS Electrodes 

 

Figure 7.11: Cyclic voltammetry (CV) measurements performed within the 

potential window of –0.9 to 1.2 V demonstrate the sequential modification of 

the TiO2–hBNNS/ITO electrode with protein biomolecules, thereby 

confirming the progressive assembly of a stable and efficient bio-interface. 

The sequential construction of the TiO2–hBNNS immunoelectrode was 

comprehensively validated through cyclic voltammetry (CV, Fig. 7.11) and differential 

pulse voltammetry (DPV, Fig. 7.12). Both techniques not only corroborated the FTIR 

findings but also revealed distinct and progressive alterations in anodic peak current 

(Ipa), DPV response, and diffusion coefficients during the immobilization of Anti-

CEA, BSA, and CEA on the TiO2–hBNNS/ITO surface (Table S3). Importantly, the 

diffusion coefficients calculated using the Randle–Sevcik equation (Eq. [7.10]) at each 

stage provided direct quantitative evidence of dynamic interfacial charge-transfer 

processes, establishing a clear mechanistic relationship between biomolecular 

immobilization events and enhanced electrochemical performance of the biosensor. 

𝑰𝒑 =  (𝟐. 𝟔𝟗 × 𝟏𝟎𝟓) 𝒏𝟑 𝟐⁄ 𝑨 𝑪 𝑫𝟏 𝟐⁄ √𝝂   [7.10] 

Electrochemical characterization of the TiO2–hBNNS/ITO electrode, interpreted 

through the Randles–Sevcik formalism, established a decisive enhancement in 

interfacial charge-transfer kinetics and biosensing performance. In the governing 

equation, Iₚ denotes the anodic or cathodic peak current, n the number of electrons 

exchanged (fixed at 1), A the electroactive surface area (0.64 cm²), C the concentration 

of the electroactive redox probe (5 × 10⁻³ M), D the diffusion coefficient, and ν the scan 

rate (50 mVs⁻¹). Upon deposition of the TiO2–hBNNS hybrid film onto the ITO 
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substrate, the electrode exhibited substantial improvements: a ~44% rise in CV peak 

current, a 1.8-fold increase in DPV current response, and nearly a two-fold elevation in 

the diffusion coefficient when compared to hBNNS/ITO baseline electrodes. This 

exceptional improvements in electrochemical behaviour were directly tied to the 

structural and electronic features of TiO2 nanowires. Their high aspect ratio and surface 

reactivity introduced numerous accessible catalytic sites, while their crystalline lattice 

facilitated rapid electron transport. When hybridized with hBNNS nanosheets, the 

resulting composite architecture established a synergistic interface that optimized 

surface charge distribution, reinforced mechanical stability, and provided additional 

electron pathways. This synergistic assembly significantly enhanced catalytic 

efficiency and robustness under operational conditions. 

 

Figure 7.12: Stepwise biofunctionalization of TiO2–hBNNS/ITO electrodes is 

confirmed through DPV analysis conducted over the −0.2 to 1.2 V range, 

demonstrating precise control of protein immobilization and associated 

changes in electron transfer efficiency. 

The pronounced difference between CV and DPV signals reflected the distinct current-

generation mechanisms of the two methods—CV captures both faradaic and capacitive 

(non-faradaic) contributions, leading to higher currents, whereas DPV selectively 

suppresses capacitive effects, isolating faradaic currents to provide more precise, 

quantitative electrochemical outcomes. Following EDC–NHS mediated 

immobilization of Anti-CEA antibodies, CV and DPV responses enhanced by 5.5% and 

21%, respectively, accompanied by a 12% increase in diffusion coefficient. These 

increments directly validate the efficiency of covalent antibody anchoring to the TiO₂–

hBNNS matrix, which not only preserved structural integrity of the nanohybrid but also 

maximized exposure of antigen-recognition sites. The porous TiO2 framework 

facilitated efficient mass transport and fast electron relay, while hBNNS provided an 
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ideal interface for stable bio-conjugation. Altogether, this multi-scale integration of 

advanced nanomaterials and optimized biofunctionalization pathways establishes the 

TiO2–hBNNS/ITO electrode as a robust platform for highly sensitive, stable, and 

reproducible biosensing. 

Following the immobilization of Anti-CEA, the subsequent incubation with BSA 

induced a pronounced reduction in current response, a direct manifestation of protein 

passivation. The bulky BSA molecules effectively occupied the available surface-active 

sites and obstructed the catalytic channels within the TiO2 nanowires, thereby 

suppressing non-specific adsorption and reinforcing biosensor selectivity. This 

controlled blocking step not only verified the stability of the functionalized interface 

but also enhanced the reliability of the biosensing platform by eliminating background 

interference. Intriguingly, the introduction of blank PBS resulted in a slight increase in 

current, emphasizing the contribution of ionic conduction to the modulation of 

electrode behaviour. Upon antigen immobilization, a sharp rise in current intensity was 

recorded, arising from the strong antibody–antigen recognition events and their coupled 

electron-transfer interactions with TiO2 nanostructures. This distinct electrochemical 

response decisively confirmed the establishment of a robust, functionally active bio-

recognition interface and highlighted the immunoelectrode’s capability for highly 

sensitive transduction of biomolecular binding events into amplified electrochemical 

signals. 

7.3.2.2 Scan Rate-Dependent Analysis of Interfacial Electron Dynamics in TiO2–

hBNNS/ITO Nano-Biosensors 

 

Figure 7.13: (a)Influence of scan rate on the cyclic voltammetric behaviour of 

the BSA/Anti-CEA/TiO2–hBNNS/ITO immunoelectrode recorded in 

[Fe(CN)₆]³⁻/⁴⁻ electrolyte, evaluated over a scan rate range of 10–160 mV/s., 

(b) Linear correlation between peak current response and the square root of 

scan rate for the BSA/Anti-CEA/TiO2–hBNNS/ITO immunoelectrode in 

[Fe(CN)₆]³⁻/⁴⁻ electrolyte, confirming diffusion-controlled electron transfer 

kinetics. 

The interfacial kinetics of the BSA/Anti-CEA/TiO2-hBNNS/ITO nano-biosensor were 

systematically evaluated in PBS buffer (pH 7.0, 50 mM, 0.9% NaCl) through cyclic 

voltammetry (CV) at scan rates ranging from 10 to 160 mV/s (Fig. 7.14). The CV 

profiles displayed a consistent increase in both anodic and cathodic peak currents (Ipa 
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and Ipc) with rising scan rate, alongside measurable shifts in corresponding peak 

potentials (Vpa and Vpc). Linear fitting of Ipa and Ipc against the square root of scan 

rate (Fig. 7.13) established that the electron transfer at the nano-biointerface is 

predominantly diffusion-controlled. This behaviour underscores that charge transfer is 

largely dictated by the transport rate of redox-active species to the electrode surface. 

The progressive increase in current magnitude with scan rate reflects enhanced flux of 

electroactive species, while the proportional potential shifts confirm the reversibility of 

the underlying redox reactions. These results affirm that the biosensor operates under 

diffusion-governed electron transfer kinetics, a condition that ensures sensitive and 

reproducible electrochemical detection. 

The electroanalytical efficiency of BSA/Anti-CEA/TiO2–hBNNS/ITO 

immunoelectrode was quantitatively substantiated by monitoring the peak potential 

separation (ΔVp) between anodic and cathodic processes. As presented in Fig. 

7.13(inset), ΔVp maintained a linear dependence on the square root of the scan rate 

(√ν), fully consistent with the theoretical prediction of Eq. [7.11]-[7.15]. This clear 

scaling behavior indicates that the biosensor operates under diffusion-controlled redox 

kinetics, free from major kinetic limitations, and demonstrates that the immobilized 

proteins are integrated into the electron transfer pathway rather than acting as insulative 

barriers. The minimal ΔVp values observed at slower scan rates serve as unambiguous 

indicators of fast interfacial electron exchange, reversible charge transport, and low 

resistive impedance, reflecting the synergistic integration of TiO2 nanostructures with 

conductive hBNNS layers. At higher scan rates extending to 160 mV/s, however, a 

measurable but limited deviation in ΔVp was detected. This phenomenon is not 

indicative of compromised performance but arises naturally from the interplay of 

advanced electrochemical dynamics, including restricted relaxation of the Nernstian 

diffusion layer, diminished electron hopping rates across immobilized molecular 

bridges, increased solution resistance, capacitive accumulation at the double-layer 

interface, and instrumental constraints at elevated scan frequencies. Importantly, these 

deviations remained within tolerable limits and reinforced the biosensor’s capacity to 

sustain stable and reproducible electron transfer even under demanding electrochemical 

interrogation. These findings firmly establish that the BSA/Anti-CEA/TiO2–

hBNNS/ITO immunoelectrode exhibits rapid, efficient, and reversible charge-transfer 

characteristics, ensuring its outstanding electrochemical responsiveness, operational 

stability, and long-term reliability for advanced biosensing applications. 

𝐕𝐩𝐚 = [ 𝟐. 𝟗𝟐𝟓 × 𝟏𝟎−𝟏 𝐕 +  𝟏. 𝟐𝟖𝟏 × 𝟏𝟎−𝟐 𝑽√𝒔/𝒎𝑽  × √𝑺𝒄𝒂𝒏 𝑹𝒂𝒕𝒆[𝒎𝑽/𝒔] ] ;  

R2 = 0.992       [Eq. 7.11] 

𝐕𝐩𝐜 = [ 𝟏. 𝟖𝟎𝟓 × 𝟏𝟎−𝟏 𝐕 − 𝟏. 𝟒𝟑𝟓 × 𝟏𝟎−𝟐  𝑽√𝒔/𝒎𝑽 × √𝑺𝒄𝒂𝒏 𝑹𝒂𝒕𝒆[𝒎𝑽/𝒔] ] ;  

R2 = 0.997     [Eq. 7.12] 

𝐈𝐩𝐚 = [ 𝟏. 𝟓𝟐𝟒 × 𝟏𝟎−𝟏𝐀 +  𝟏. 𝟎𝟑𝟑 × 𝟏𝟎−𝟏 𝑨√𝒔/𝒎𝑽  × √𝑺𝒄𝒂𝒏 𝑹𝒂𝒕𝒆[𝒎𝑽/𝒔]] ;  

R2 = 0.985       [Eq. 7.13] 

𝐈𝐩𝐜 = [ −𝟏. 𝟕𝟕𝟕 × 𝟏𝟎−𝟏𝐀 − 𝟎. 𝟖𝟔𝟗 × 𝟏𝟎−𝟏 𝑨√𝒔/𝒎𝑽 × √𝑺𝒄𝒂𝒏 𝑹𝒂𝒕𝒆[𝒎𝑽/𝒔]];  
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R2 = 0.984      [Eq. 7.14] 

𝚫𝐕𝐩 = [ 𝟏. 𝟏𝟏𝟗 × 𝟏𝟎−𝟏 𝐕 +  𝟎. 𝟐𝟕𝟏 × 𝟏𝟎−𝟏 𝑽√𝒔/𝒎𝑽 × √𝑺𝒄𝒂𝒏 𝑹𝒂𝒕𝒆[𝒎𝑽/𝒔] ] ;  

R2 = 0.986   [Eq. 7.15] 

7.3.2.3 Electrochemical Response Kinetics and Analysis of Sensing Performance 

of TiO2–hBNNS-Based Nano-Biosensing Interfaces 

 

Figure 7. 14: (a) Differential pulse voltammetry (DPV) response illustrating 

the electrochemical interaction of CEA concentrations (0–50 ng/mL) with the 

BSA/Anti-CEA/TiO2-hBNNS/ITO immunoelectrode, and (b) calibration 

curve depicting the linear correlation between DPV signal on elevating CEA 

concentration. 

Under optimized experimental conditions, the sensing performance of the BSA/Anti-

CEA/TiO2–hBNNS/ITO nano-biosensor was systematically investigated for its 

capacity to achieve ultra-sensitive and quantitative detection of the carcinoembryonic 

antigen (CEA), a well-established biomarker closely associated with the early onset and 

progression of non-small cell lung cancer (NSCLC). In healthy individuals, CEA serum 

levels generally remain below 5 ng/mL, whereas significantly elevated concentrations 

are strongly correlated with malignant transformations, making CEA a critical 

diagnostic and prognostic indicator. To demonstrate the diagnostic potential of the 

TiO₂–hBNNS-based immunoelectrode, differential pulse voltammetry (DPV) was 

employed to record the current response over an extended CEA concentration range (0–

50 ng/mL), as shown in Fig. 7.14(a). A consistent and progressive rise in DPV current 

intensity was observed up to 25 ng/mL, directly reflecting the accelerated interfacial 

electron transfer kinetics facilitated by the electrocatalytically active porous TiO2 

nanowires homogeneously integrated within the hBNNS framework. This 

amplification in current response originates from the high density of active recognition 

sites and the efficient electron conduction pathways generated by the hybrid 

nanoarchitecture. However, beyond 25 ng/mL, the DPV signal exhibited saturation 

behavior, indicative of near-complete occupancy of the antibody binding domains on 

the immunosensor interface and the limited availability of additional recognition 

moieties for antigen binding. 
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Following these measurements, a precise calibration curve was generated (Fig. 7.14(b)) 

to establish the sensor’s analytical performance parameters. Linear regression analysis 

of the DPV data revealed a remarkably well-defined correlation in the 0–25 ng/mL 

concentration window, expressed by the equation y = mx + c with an outstanding 

regression coefficient (R² = 0.99998), as presented in Eq. [7.16]. Each data point was 

validated using triplicate experimental runs (n = 3), thereby confirming excellent 

reproducibility and eliminating statistical anomalies. The exceptional linearity, coupled 

with a strong signal-to-noise ratio and reproducible current outputs, underscores the 

nano-biosensor’s superior sensitivity and diagnostic reliability. Collectively, these 

findings demonstrate that the TiO2–hBNNS/ITO immunosensor translates molecular-

level antibody–antigen interactions into quantifiable electrochemical signals with 

unprecedented precision, reinforcing its applicability for clinical diagnostics and real-

time monitoring of NSCLC biomarkers. 

𝐈 (𝐦𝐀) = [ 𝟏𝟏. 𝟐𝟎 𝛍𝐀. 𝐦𝐋. 𝐧𝐠−𝟏. 𝐜𝐦−𝟐  × (𝐂𝐄𝐀 𝐂𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧) + 𝟎. 𝟏𝟒𝟗 𝐦𝐀 ] 

[7.16] 

The slope derived from the linear calibration curve was decisively utilized to quantify 

the sensitivity of the TiO2–hBNNS/ITO immunosensor, yielding a value of 11.20 

μA·mL·ng⁻¹·cm⁻². This parameter was calculated through the established relation 

Slope/Surface Area, where the effective electroactive surface area of the electrode was 

accurately determined to be 0.64 cm². The high slope value unambiguously reflects the 

superior electron transfer efficiency of the hybrid TiO2–hBNNS architecture and the 

strong, specific binding affinity between immobilized Anti-CEA antibodies and their 

target antigen. This synergistic interaction amplifies current signals, thereby elevating 

the biosensor’s ability to detect subtle variations in analyte concentrations. Crucially, 

sensitivity in this context is not merely a performance indicator; it forms the cornerstone 

for evaluating the analytical precision of the biosensor in discriminating clinically 

relevant fluctuations in biomarker levels, which is indispensable for early-stage cancer 

detection. 

furthermore, the lower limit of detection (LOD) was rigorously calculated by 

integrating the standard deviation (σ) of the blank measurement with the sensor’s 

sensitivity, in line with Eq. [7.17]. This statistical framework anchors the LOD in both 

the inherent electrochemical noise of the system and its amplification capability, 

yielding a robust and experimentally reliable threshold for the minimal concentration 

of CEA that can be consistently detected. The exceptionally low LOD obtained 

underscores the biosensor’s ability to identify trace biomarker levels within the 

clinically significant range, reinforcing its diagnostic power. Collectively, the outcomes 

on sensitivity and LOD affirm that the TiO2–hBNNS/ITO nano-biosensor exhibits a 

highly optimized and reliable sensing platform, capable of transforming minute 

biorecognition events into quantifiable electrochemical responses with clinical 

relevance. 

Limit of Detection = (3 × σ)/m  [7.17] 

The lower limit of detection (LOD) was rigorously quantified using the relation LOD 

= 3σ/m, where σ represents the standard deviation of the blank response and m denotes 

the sensor sensitivity. The TiO2–hBNNS/ITO immunosensor achieved an exceptionally 

low LOD of 0.035 pg/mL, demonstrating its remarkable analytical strength. This 
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outstanding performance stems from the synergistic integration of hierarchical TiO₂ 

nanowires with the layered hBNNS framework, a hybrid configuration that maximizes 

electroactive sites, accelerates electron transfer dynamics, and stabilizes the electrode 

interface. The result is a highly sensitive and reproducible biosensing system with the 

capability to detect trace concentrations of CEA well below clinically critical 

thresholds. Notably, this LOD outperforms values reported for conventional metal- and 

semiconductor-based nanocomposites, thereby positioning TiO2–hBNNS as a next-

generation platform for ultrasensitive immunosensing. The capacity to detect CEA at 

such ultra-trace levels marks a decisive advancement in early cancer diagnostics, 

directly underscoring the superiority of this nanostructured electrode design, as detailed 

in Table 7.2. 
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Table 7.2: Comparison of sensing characteristics of TiO2-hBNNS based nano-biosensor with existing metal-, metal oxides- 

and semiconductor-based immunosensors. 
Sensing 

Platform 

Sensing Matrix Detection Technique Linear 

Range 

(ng/mL) 

Limit of 

Detection 

Sensitivity Stability Ref. 

Immunosensor NiS@NiO/TiO2 Photoelectrochemical 0.001 – 45 0.167 pg/mL -0.278 

μA·(decade)-1 

2 Weeks [33] 

Immunosensor Au-TiO2 Photoelectrochemical 0.005 – 

1000 

5 pg/mL 4.3809 μA 

·(decade)-1 

3 Weeks [34] 

Immunosensor TiO2-mp/(CS+Au-np) Electrochemical 0.01 –1, 1-

20 

0.01 ng/mL  2.146 μA·mL·ng-1, 

0.120 μA·mL·ng-1 

- [35] 

Immunosensor Ncarbon dots/TiO2Pt 

modified paper  

Electrochemical 0.002 – 

200 

1 pg/mL 42.76 μA·(decade)-

1 

- [36] 

Immunosensor TiO2–graphene Electrochemical 0.1-10, 10 

- 120 

0.01 ng/mL - 30 Days [37] 

Immunosensor Au–TiO2 NPs Electrochemical 0.02 - 120 12 pg/mL 6.09 μA·(decade)-

1, 6.63 

μA·(decade)-1 

21 Days [38] 

Immunosensor g-C3N4/TiO2 Photoelectrochemical 0.01 - 10 2.1 pg/mL - - [39] 

Immunosensor Au–TiO2 particle Electrochemical 0.2 -160 5.38 pg/mL -32.50 

μA·(decade)-1 

30 Days [40] 

Immunosensor Cu:TiO2/g-C3N4 

nanocomposites 

Photoelectrochemical 0.1 - 1000 1 pg/mL 1.327 μA·(decade)-

1 

2 Weeks [41] 

Immunosensor h-BNNS Electrochemical 0 – 10 22.5 pg/mL 24.84 

μA·mL·ng-1·cm-2 

5 weeks [42] 

Immunosensor rGO-hBNNS Electrochemical 0 - 15 5.47 pg/mL 9. 65 

μA·mL·ng-1·cm-2 

8 weeks [43] 

Immunosensor Cu/CuXO-hBNNS Electrochemical 0 - 25 3.22 pg/mL 8. 04 

μA·mL·ng-1·cm-2 

60 days [44] 

Immunosensor TiO2-hBNNS Electrochemical 0 - 25 0.035 pg/mL 11.2 μA·mL·ng-

1·cm-2 

60 days Present 

Work 
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7.3.2.4 Systematic Assessment of Electroanalytical Efficiency and Functional 

Reliability in TiO2–hBNNS/ITO-Based Nano-Biosensors for Advanced Clinical 

Diagnostics 

 

Figure 7.15: Bar plot representing the buffer pH dependence of peak DPV 

current for the Anti-CEA/TiO2–hBNNS/ITO immunosensor, establishing the 

optimal electrochemical environment for enhanced biosensor sensitivity and 

stability. 

A systematic and detailed evaluation of pH effects was undertaken to establish the 

operational robustness and functional stability of the BSA/Anti-CEA/TiO2-

hBNNS/ITO immunoelectrode. Differential pulse voltammetry (DPV), conducted at a 

constant scan rate of 50 mV/s, was employed to capture precise electrochemical 

responses across a physiologically relevant pH spectrum (6.0–8.0) using PBS 

electrolyte enriched with the ferro/ferricyanide redox probe [5 mM, Fe(CN)₆³⁻/⁴⁻]. The 

resulting data, illustrated in Fig. 7.15, revealed a clear pH-dependent trend, where the 

DPV current reached its highest value at pH 7.0. This strongly demonstrates that neutral 

pH conditions are optimal for biosensor operation, as they preserve antibody structure, 

sustain antigen-binding capacity, and support efficient electron transport across the 

TiO2–hBNNS-modified interface. At acidic conditions (pH 6.0–6.5), the 

immunoelectrode response was substantially reduced due to conformational changes in 

the antibody structure arising from protonation, which weakened molecular recognition 

and impaired redox coupling. Conversely, in alkaline conditions (pH 7.5–8.0), 

excessive deprotonation adversely influenced surface chemistry, disrupting molecular 

interactions and diminishing electron transfer efficiency due to increased resistive and 

capacitive interference. By pinpointing pH 7.0 as the optimal working environment, 

this investigation not only validated the electrode’s electrochemical robustness but also 

provided mechanistic insights into the interplay between biomolecular stability and 
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interfacial charge-transfer kinetics. Consequently, PBS at pH 7.0 was designated as the 

standard electrolyte for all subsequent electrochemical assays, thereby ensuring 

consistent reproducibility, high stability, and superior sensitivity of the biosensor under 

clinically relevant conditions. 

 

Figure 7.16: Quantitative bar plot illustrating the control experiment on 

TiO2–hBNNS/ITO electrodes, confirming the absence of significant 

electrochemical activity upon exposure to different CEA concentrations.  

A negative control investigation was systematically carried out to verify that the 

electrochemical responses measured in the developed biosensing system arise from 

specific antigen–antibody interactions rather than from nonspecific adsorption 

phenomena. To achieve this, the bare TiO2-hBNNS/ITO electrode, devoid of 

immobilized Anti-CEA antibodies and blocking BSA layers, was deliberately exposed 

to increasing concentrations of the target antigen, CEA (1, 4, 8, and 15 ng/mL). 

Following antigen exposure, differential pulse voltammetry (DPV) was employed to 

monitor the current response under identical experimental conditions. As illustrated in 

Fig. 7.16, the bare TiO2-hBNNS/ITO electrode consistently displayed a steady DPV 

current of 0.222 mA with an exceptionally low relative standard deviation (RSD) of 

0.35%, regardless of the antigen concentration. Crucially, no incremental rise in current 

was detected across the tested concentration range. This invariance was further 

substantiated, which collectively confirm that the TiO2-hBNNS/ITO matrix alone does 

not exhibit inherent affinity or binding capability toward the CEA biomarker. The 

absence of signal variation decisively eliminates the possibility of nonspecific 

adsorption, physisorption, or random molecular adherence of CEA to the electrode 

surface. Instead, these findings establish that a quantifiable electrochemical signal is 

only achieved when the electrode surface is precisely biofunctionalized with Anti-CEA 

antibodies and subsequently stabilized with BSA, thereby creating the BSA/Anti-
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CEA/TiO2-hBNNS/ITO immunoelectrode. This control experiment underscores the 

importance of antibody–antigen specificity in dictating the biosensor’s electroanalytical 

performance and reinforces its diagnostic reliability by removing the possibility of false 

positives. Furthermore, the data demonstrate that the porous, electrocatalytically active 

TiO2 nanostructures anchored onto hBNNS serve exclusively as a conductive scaffold, 

enhancing electron transfer kinetics while remaining chemically inert to nonspecific 

biomolecular interactions. Such dual functionality—electrocatalytic enhancement 

coupled with chemical passivity—ensures that only authentic antigen recognition 

governs the biosensor’s analytical output, thereby guaranteeing high specificity, 

reproducibility, and clinical reliability. 

 

Figure 7.17: A reproducibility study was performed by preparing four 

individual BSA/anti-CEA/TiO2–hBNNS/ITO immunoelectrodes under 

consistent fabrication conditions and analyzing their electrochemical 

responses. 

A detailed reproducibility study was performed to validate the robustness, consistency, 

and reliability of the TiO2-hBNNS-based immunosensor across multiple independently 

fabricated electrodes. Under strictly identical experimental conditions, four separate 

immunoelectrodes were fabricated, ensuring controlled nanostructure growth, 

consistent antibody loading, and proper stabilization through BSA blocking. These 

electrodes were then evaluated using Differential Pulse Voltammetry (DPV), with each 

device tested in triplicate (n = 3) to provide statistically significant results. As shown 

in Fig.7.17, the immunosensors exhibited a highly uniform electrochemical response, 

yielding an average peak current of 0.177 mA accompanied by a remarkably low 

relative standard deviation (RSD) of 0.46%. The narrow deviation in current response 

unambiguously establishes the high degree of reproducibility inherent to the fabrication 

and functionalization protocol employed. 
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Notably, the uniformity of the electrochemical outputs directly reflects precise control 

over nanostructure synthesis and biofunctionalization, both of which are essential for 

generating stable electrode–electrolyte interfacial properties. The reproducibility 

observed in this study further strengthens the reliability of the immunosensor, 

demonstrating that its performance is not a consequence of isolated or random 

fabrication success but rather a consistent outcome achievable across multiple 

electrodes. Importantly, the electrochemical characteristics obtained closely align with 

those documented during preliminary sensor characterization, affirming the stability 

and dependability of the device across multiple operational cycles. 

The exceptionally low RSD value also highlights the scalability potential of this 

immunosensing platform, as reproducibility is a critical determinant when transitioning 

from laboratory-scale prototypes to clinically deployable diagnostic tools. By proving 

that the TiO₂-hBNNS-based immunosensor can consistently deliver stable responses 

across independent samples, this study solidifies its practical applicability in 

biomedical diagnostics, where reliability, reproducibility, and standardization are 

indispensable for accurate patient outcomes. 

 

Figure 7.18: Quantitative bar chart depicting the sequential selectivity 

analysis of the BSA/Anti-CEA/TiO2–hBNNS/ITO immunoelectrode, 

examined through stepwise introduction of the target CEA (2 ng/mL) and 

potential interfering biomolecules: (A) BSA/Anti-CEA/TiO2–hBNNS/ITO, 

(B) + CEA, (C) + cTnI (0.5 ng/mL), (D) + NSE (10 ng/mL), (E) + CRP (100 

ng/mL), (F) + ET-1 (1 ng/mL), (G) + NaCl (20 mM), and (H) + Glucose (7 

ng/mL). 

Ensuring the selectivity of the target analyte is a fundamental requirement for the 

accurate detection of carcinoembryonic antigen (CEA) in human serum, as the serum 
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environment is inherently complex and contains a variety of biomolecules that could 

potentially interfere with antigen–antibody interactions. To address this challenge, the 

TiO2–hBNNS-based immunosensor was subjected to an extensive selectivity study 

designed to assess its performance under conditions that closely mimic the biochemical 

complexity of real serum samples. Potential interfering species, including cardiac 

troponin I (cTnI), C-reactive protein (CRP), neuron-specific enolase (NSE), endothelin-

1 (ET-1), glucose, and sodium chloride (NaCl), were carefully selected due to their 

frequent co-occurrence in human serum and their potential to disrupt electrochemical 

detection pathways (Fig. 7.18). 

Successive concentrations of these interferents were individually introduced, and the 

resulting electrochemical signals were meticulously monitored using Differential Pulse 

Voltammetry (DPV). This experimental strategy allowed for the evaluation of both 

immediate and cumulative effects of interferents on the sensor’s electrochemical 

response. The results, as illustrated in Fig. 7.18, demonstrated that the immunosensor 

exhibited negligible deviations in peak current values even in the presence of these 

potentially disruptive molecules. The calculated relative standard deviation (RSD) of 

0.95% reflecting the exceptional reproducibility and specificity of the biosensing 

platform. The ability of the immunosensor to maintain an unaltered and stable response 

in the presence of competing analytes strongly validates the selective binding affinity 

of Anti-CEA antibodies immobilized onto the TiO2–hBNNS interface. This remarkable 

performance arises from the favorable electroactive architecture of the hybrid 

nanocomposite, which not only supports efficient electron transfer but also minimizes 

nonspecific adsorption by offering a structurally ordered and chemically inert 

background. By ensuring that only the intended antigen–antibody binding contributes 

to the electrochemical output, the immunosensor demonstrates its reliability for clinical 

use. The remarkable selectivity ensures that the device can be applied in real serum 

analysis, where high diagnostic precision is essential. By eliminating the risk of false-

positive responses and validating performance against multiple potential interferents, 

this study positions the TiO2–hBNNS-based nano-biosensor as a powerful diagnostic 

platform. Its capacity to deliver accurate, interference-free CEA detection emphasizes 

its practical utility for early cancer diagnostics, clinical monitoring, and routine 

biomedical screening. 

The long-term operational stability of the TiO₂–hBNNS-based immunosensor was 

rigorously evaluated to determine its durability and clinical reliability. As presented in 

Fig. 7.19, the stability study involved systematic Differential Pulse Voltammetry 

(DPV) measurements performed at regular 10-day intervals, with the sensor stored 

consistently at 4 °C to eliminate environmental variability. This methodology ensured 

that observed changes in electrochemical performance could be directly attributed to 

intrinsic time-dependent alterations in the biosensor, rather than external disturbances. 

The results revealed that the immunosensor retained nearly constant electrochemical 

activity for the first 60 days, underscoring its structural integrity, stable surface 

chemistry, and the strong preservation of antibody–antigen binding efficiency within 

the TiO2–hBNNS framework. The negligible decline during this period validates the 

robustness of the nanocomposite matrix in protecting biofunctional components against 

denaturation, leaching, or loss of conductivity. Beyond 60 days, however, progressive 

deterioration became evident. By day 70, the reduction in current response exceeded 
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5%, while by day 80, the sensor maintained approximately 90% of its initial peak 

current, indicating the onset of significant performance decline. 

 

Figure 7.19: The shelf-life stability of the CEA/BSA/anti-CEA/TiO2–

hBNNS/ITO immunoelectrode was assessed through differential pulse 

voltammetry (DPV), with electrochemical responses recorded at regular 

weekly intervals across a 10-day monitoring period. 

The time-dependent trend suggests that, although the TiO2–hBNNS hybrid provides 

excellent immobilization and electron transport support, gradual antibody degradation 

or desorption over extended durations ultimately limits long-term activity. Importantly, 

this finding identifies the functional threshold of the device, establishing 60 days as the 

optimal operational window for consistent performance under refrigerated storage. 

These insights highlight the importance of both nanoscale architecture and biomolecule 

stability in defining the overall lifetime of electrochemical biosensors. Furthermore, the 

results emphasize the necessity of periodic calibration and systematic monitoring in 

clinical applications, ensuring reliability of diagnostics during extended storage and 

use. Collectively, this study confirms that the TiO2–hBNNS immunosensor 

demonstrates excellent long-term stability, a key parameter for real-world translation 

in point-of-care testing and biomedical diagnostics. 

The analytical performance of the TiO2–hBNNS/ITO-based nano-biosensor for 

detecting carcinoembryonic antigen (CEA) in real human serum was comprehensively 

validated using DPV measurements, as shown in Fig. 7.21. To simulate clinical 

conditions, serum samples were deliberately spiked with defined concentrations of 

CEA. Equal volumes of serum and antigen solution (10 μL each) were thoroughly 

homogenized through repeated pipetting and subsequently incubated for 30 minutes to 

ensure uniform distribution of the antigen prior to immobilization on the BSA/Anti-
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CEA/TiO₂–hBNNS/ITO immunoelectrode. Recognizing that normal physiological 

CEA levels in healthy individuals remain below 5 ng/mL, the ability of the biosensor 

to detect higher concentrations with accuracy is of paramount importance for early-

stage cancer diagnostics. 

 

Figure 7.20: (a) Assessment of current reproducibility in the as-fabricated 

CEA/BSA/Anti-CEA/TiO2-hBNNS/ITO immunoelectrode. (b) Bar chart 

illustrating the selectivity study upon sequential addition of various 

interferents to CEA, defined as: A = BSA/Anti-CEA/rGO-hBNNS/ITO, B = A 

+ CEA (2 ng/mL), C = B + CRP (100 ng/mL), D = C + cTnI (0.5 ng/mL), E = 

D + ET-1 (1 ng/mL), F = E + NSE (10 ng/mL), G = F + Glucose (7 ng/mL), and 

H = G + NaCl (20 mM). (c) Stability evaluation of the CEA/BSA/Anti-

CEA/TiO2-hBNNS/ITO immunoelectrode over 10-day intervals. (d) Bar 

graph presenting DPV response variations for spiked serum samples 

compared to actual CEA concentrations, validating sensor performance.  

The DPV current responses obtained for pure CEA solutions (A) were directly 

compared with those for spiked serum samples (S), exhibiting remarkable concordance 

across all tested concentrations. This clearly establishes that the biosensor performs 

with high fidelity even in complex biological matrices. To further confirm analytical 

reliability, triplicate quantification was carried out using both the fabricated 

immunoelectrode and a conventional sandwich ELISA assay. In the ELISA procedure, 

Anti-CEA pre-coated wells were employed, and absorbance values were recorded at 

450 nm. The ELISA results displayed strong consistency with electrochemical 

measurements, thereby validating the sensor’s ability to produce clinically reliable 

outputs. The results presented in Fig. 7.20 clearly demonstrate the outstanding precision 

and reproducibility of the BSA/Anti-CEA/TiO2-hBNNS/ITO immunoelectrode. When 

evaluated at standard CEA concentrations of 2, 4, 10, and 15 ng/mL, the relative 
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standard deviations were remarkably low, calculated as 0.11%, 0.57%, 0.40%, and 

1.53%, respectively. Such minimal variability highlights the strong stability of the 

electrode and the robustness of the DPV technique in delivering consistent responses. 

This high level of reproducibility across both standard solutions and spiked serum 

samples confirms the immunoelectrode’s reliability and establishes its clinical 

relevance for accurate CEA detection. These results highlight the excellent sensitivity, 

precision, and reproducibility of the TiO2–hBNNS/ITO immunosensor. The robust 

correlation with ELISA not only confirms its accuracy but also underscores its 

readiness for real-world clinical biomarker monitoring, positioning the platform as a 

promising tool for early cancer diagnostics and point-of-care applications. 

Conclusion 

The research conclusively establishes a high-performance nano-hybrid composite 

(NHC), engineered through the integration of self-assembled 1D TiO2 nanowires onto 

hBNNS nanosheets, as a powerful immunoelectrode platform for carcinoembryonic 

antigen (CEA) detection. Each step of the fabrication process was strategically 

engineered and thoroughly validated by FT-IR spectroscopy and electrochemical 

characterization, ensuring precise control over structural and functional enhancements. 

The hierarchical design leveraged the high surface area of hBNNS to support TiO2 

nanowires, creating a synergistic architecture with extensive catalytic active sites, 

tunable chemical groups, and interconnected porosity that enabled efficient antibody 

immobilization and enhanced antigen binding affinity. The subsequent incorporation of 

TiO₂ nanowires further boosted electrochemical performance by facilitating rapid 

charge transfer, lowering redox activation barriers, and distributing reactive sites across 

multiple structural scales. This optimized configuration enabled the biosensor to 

achieve an ultralow limit of detection (0.035 pg/mL) and a broad linear response range 

(0–25 ng/mL), establishing its diagnostic superiority in early cancer biomarker 

monitoring. Furthermore, the immunoelectrode demonstrated consistent 

reproducibility, stability over extended storage periods (maintaining performance for 

more than 60 days at 4 °C), and remarkable resistance to interference from 

biomolecules such as CRP, ET-1, and glucose, thereby ensuring robust signal fidelity 

in complex biological samples. Recovery analysis in spiked human serum further 

validated its translational capability, bridging the gap between laboratory innovation 

and clinical application. Taken together, this work positions the TiO2–hBNNS-based 

NHC as a transformative biosensing platform that not only advances precision cancer 

diagnostics but also lays the foundation for versatile, multifunctional biosensor systems 

adaptable to diverse biomedical applications. 
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Chapter 8 
Summary and Future Scope 

This thesis comprehensively investigated the synthesis, characterization, and 

electrochemical applications of hexagonal boron nitride nanosheets (hBNNS) and their 

nano-hybrid composites for the development of ultrasensitive carcinoembryonic 

antigen (CEA) biosensors. Pristine hBNNS, despite their exceptional physicochemical 

stability, dielectric nature, and atomically smooth layered structure, suffer from 

intrinsic chemical inertness and poor charge-transfer capability, which hinder their 

direct utility in electrochemical biosensing. To address these limitations, this work 

systematically engineered hybrid interfaces of hBNNS with layered, non-layered, and 

one-dimensional materials, thereby enhancing their electrochemical performance 

through synergistic interactions. Specifically, reduced graphene oxide (rGO, 2D) was 

employed to improve conductivity and electron mobility, copper/copper oxide 

(Cu/CuXO, 3D) introduced abundant catalytic sites and redox activity, while titanium 

dioxide (TiO₂, 1D) contributed high surface area and chemical stability. The integration 

of these materials with hBNNS created unique nano-interfaces that facilitated efficient 

charge transport, defect-mediated active site generation, and improved biomolecule 

immobilization. These hybrid architectures collectively overcame the inherent 

challenges of pristine hBN, enabling enhanced sensitivity, selectivity, and stability of 

CEA biosensors. Electrochemical studies confirmed significant improvement in 

charge-transfer kinetics, reduced interfacial resistance, and amplified detection 

response in hBNNS-based nano-hybrids compared to pristine hBN. The resulting 

biosensor platforms exhibited strong potential for reliable cancer biomarker detection 

with superior performance metrics. In conclusion, this thesis establishes hBNNS nano-

hybrid composites as a promising class of multifunctional materials for advanced 

biosensing applications. The insights gained not only highlight the versatility of hybrid 

material engineering but also provide a framework for future nano-biosensor 

development across diverse biomedical domains. 
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Summary 

Chapter 1 

This chapter address the critical global health challenge posed by cancer, with particular 

emphasis on the prevalence and mortality associated with lung cancer. The urgent 

necessity for innovative diagnostic tools for early detection is underscored, highlighting 

the transformative role of biosensors in clinical diagnostics. The chapter elaborates on 

the fundamental components of nano-biosensors, including bio-recognition elements, 

nano-interface matrices for protein immobilization, transducers and their 

classifications, and signal display mechanisms. It emphasizes the revolutionary impact 

of nanoscience and nanotechnology in developing detection platforms with enhanced 

sensitivity, specificity, and stability. A comprehensive literature review categorizes 

nanomaterials according to their dimensionality, with special focus on two-dimensional 

(2D) nanomaterials due to their unique physicochemical properties. Hexagonal boron 

nitride nanosheets (hBNNS) are identified as a promising nano-interface material, 

offering structural robustness, chemical inertness, and biocompatibility. However, 

challenges in achieving stable, scalable, and cost-effective fabrication of nano-interface 

matrices for biosensors remain a bottleneck in clinical translation. This chapter 

establishes the rationale for advancing nano-hybrid composites as a strategic pathway 

to overcome the inherent limitations of pristine hBNNS. By integrating layered and 

non-layered materials with hBNNS, it becomes possible to significantly augment 

electroanalytical performance, thereby paving the way for the development of clinically 

viable biosensing devices. The motivation of this chapter lies in defining a clear and 

compelling framework for exploring the synthesis, structural optimization, and 

application of hBNNS-based nano-hybrids, ultimately addressing unmet clinical needs 

in early cancer detection through robust biosensor technologies. 

Chapter 2 

This chapter provides a critical review of synthesis methodologies for fabricating 

inorganic layered nanomaterials with two-dimensional morphologies, classifying them 

broadly into bottom-up and top-down techniques. In the context of developing scalable, 

facile, cost-effective, and high-quality hexagonal boron nitride nanosheets (hBNNS) at 

relatively low temperatures, the hydrothermal method is presented as a particularly 

effective technique. Its capacity for precise morphological control and suitability for 

composite formation is emphasized. Additional synthesis strategies, including the 

polyol method, chemical exfoliation, and sol-gel synthesis, are also discussed, with an 

emphasis on their ability to tailor nanostructures for specific applications. This chapter 

further elaborates on electrode preparation methodologies, with detailed emphasis on 

the stepwise fabrication of nano-interface matrices onto indium tin oxide (ITO) 

electrodes using electrophoretic deposition (EPD). The optimization of 

immunoelectrodes for clinical use is also systematically presented. A comprehensive 

overview of material characterization techniques is included, spanning spectroscopic 

methods (XRD, UV-Vis, Raman, FTIR), imaging methods (SEM, TEM, AFM, 

EDAX), thermal analysis (TGA), and cytotoxicity evaluation. The significance of these 

techniques in elucidating the crystal structure, morphology, electronic properties, 

chemical composition, and biocompatibility of 2D nanomaterials and their composites 

is emphasized. Additionally, the chapter provides detailed insights into electrochemical 

characterization techniques such as cyclic voltammetry (CV), differential pulse 
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voltammetry (DPV), and electrochemical impedance spectroscopy (EIS). These 

methods are critically analyzed for their role in monitoring and validating the functional 

performance of fabricated nano-biosensors, thereby ensuring their applicability and 

reliability in clinical diagnostics. 

Chapter 3 

This chapter focuses on hexagonal boron nitride (hBN), a Group III–V layered material 

often termed “white graphene.” Despite its promising features, hBN faces intrinsic 

challenges, including scalable synthesis, interlayer exfoliation, limited surface 

functionality, and restricted bandgap tunability. Addressing these limitations, this study 

systematically optimizes the two-dimensional morphology of hBN nanosheets 

(hBNNS) to enhance both intrinsic and extrinsic properties, establishing a solid 

foundation for their application in biosensing. Structural and surface integrity were 

comprehensively investigated using advanced characterization techniques: X-ray 

diffraction (XRD) for crystallinity, Raman and UV-Visible spectroscopy for vibrational 

and optical transitions, and microscopy methods (SEM, TEM, AFM) for morphological 

and nanoscale analysis. Chemical bonding interactions were further examined using 

Fourier-transform infrared spectroscopy (FTIR). To translate these structural 

improvements into electrochemical functionality, hBNNS/ITO electrodes were 

fabricated using electrophoretic deposition (EPD). Electrochemical analyses revealed 

that optimized hBNNS exhibited a 69.96% enhancement in redox peak current and a 

71.04% increase in electroactive surface area compared to bulk hBN. Additionally, the 

nanosheets demonstrated reduced charge transfer resistance and improved Warburg 

admittance, highlighting their enhanced electroanalytical capabilities. These findings 

confirm that engineered hBNNS with optimized morphology can effectively overcome 

the limitations of bulk hBN, making them highly promising for advanced 

electroanalytical and biosensing applications. This chapter thus establishes hBNNS as 

a viable platform for integration into next-generation biosensors, providing both 

structural robustness and electrochemical efficiency critical for clinical utility. 

Chapter 4 

This chapter highlights the successful engineering of ultrathin hexagonal boron nitride 

nanosheets (hBNNS), demonstrating their potential as highly effective nano-interfaces 

for biosensing applications. With their exceptional specific surface area, efficient mass 

transport channels, and inherent biocompatibility, hBNNS are positioned as a next-

generation material for biosensor development. The chapter presents a detailed 

investigation into the electroanalytical performance of hBNNS for the label-free 

detection of carcinoembryonic antigen (CEA), a clinically significant cancer 

biomarker. Biocompatibility was confirmed through cytotoxicity studies using MTT 

assays on HEK 293 human cell lines, validating their safe application in biomedical 

environments. Structural, morphological, and optical properties of hBNNS were 

thoroughly characterized using XRD, SEM, TEM, Raman spectroscopy, and UV-Vis 

analysis. The fabrication of hBNNS/ITO micro-electrodes was carried out via 

electrophoretic deposition (EPD), providing uniform and stable platforms for 

subsequent antibody immobilization. A robust strategy for anchoring monoclonal anti-

CEA antibodies was employed, utilizing EDC-NHS chemistry and BSA blocking to 

ensure specificity and stability. The fabricated hBNNS/ITO biosensor exhibited a 

highly sensitive response, with a sensitivity of 24.84 μA mL/ng/cm², a remarkably low 
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limit of detection (22.5 pg/mL), and a wide linear detection range (0–50 ng/mL), 

validated by a correlation coefficient of 0.99988. Furthermore, the sensor demonstrated 

negligible cross-reactivity, long shelf life, and excellent recovery in human serum 

samples. These results highlight the strong clinical applicability of hBNNS-based 

biosensors, establishing them as promising candidates for reliable and precise early 

cancer detection. 

Chapter 5 

This chapter focuses on addressing the inherent limitations of pristine hexagonal boron 

nitride nanosheets (hBNNS) through the strategic development of nano-hybrid 

composites. While hBNNS offer remarkable chemical stability, biocompatibility, and 

structural robustness, their low electrical conductivity and chemical inertness restrict 

their direct electrochemical applications. To overcome these challenges, synergistic 

hybridization with layered, one-dimensional, and three-dimensional nanostructures is 

introduced as an effective pathway to enhance their functional capabilities. Reduced 

graphene oxide (rGO), titanium dioxide (TiO₂), and copper/copper oxide (Cu/CuO) 

were selected as complementary materials to engineer layered, 1D, and 3D nano-

hybrids, respectively. Each hybridization strategy was designed to exploit host–guest 

chemistry, defect induction, and interfacial coupling effects, thereby augmenting 

charge transfer kinetics, enhancing electroactive surface area, and improving 

biomolecule immobilization efficiency. The synthesis of these hybrid nanostructures 

was systematically optimized through hydrothermal and solvothermal methods, 

ensuring morphological integrity, scalable fabrication, and reproducibility. 

Comprehensive characterization using XRD, TEM, Raman, and FTIR confirmed the 

structural compatibility and successful integration of hBNNS with the chosen 

nanomaterials. Electrochemical analyses, including cyclic voltammetry and 

electrochemical impedance spectroscopy, revealed substantial improvements in redox 

activity, conductivity, and charge transfer dynamics compared to pristine hBNNS. The 

hybrid systems thus developed not only overcome the insulating limitations of hBNNS 

but also provide a multifunctional platform for biosensing applications. This chapter 

establishes nano-hybrid engineering as a transformative strategy to advance hBNNS 

from a structurally robust but electrochemically inert material to a highly active and 

versatile interface suitable for clinical biosensing technologies. 

Chapter 6 

This chapter presents a detailed evaluation of the electrochemical biosensing 

performance of hBNNS-based nano-hybrid composites for carcinoembryonic antigen 

(CEA) detection. The fabricated hybrids—hBNNS/rGO (2D–2D), hBNNS/TiO₂ (2D–

1D), and hBNNS/Cu–CuO (2D–3D)—were systematically investigated to determine 

their role in improving electrochemical response, stability, and selectivity. Each hybrid 

composite demonstrated unique contributions to enhancing biosensor performance. The 

hBNNS/rGO composite exploited high electrical conductivity and large surface area, 

resulting in efficient electron transport and antibody anchoring. The hBNNS/TiO₂ 

hybrid benefitted from excellent charge mobility and photocatalytic activity, enabling 

faster redox reactions and stable immobilization of biomolecules. Meanwhile, the 

hBNNS/Cu–CuO hybrid offered a combination of metallic conductivity and catalytic 

activity, further amplifying signal response. Fabricated electrodes were characterized 

by cyclic voltammetry (CV), differential pulse voltammetry (DPV), and 
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electrochemical impedance spectroscopy (EIS), with results confirming significant 

improvements in electroactive surface area, reduced charge transfer resistance, and 

enhanced sensitivity compared to pristine hBNNS. Functionalized electrodes 

demonstrated remarkable detection performance for CEA, achieving ultralow limits of 

detection, broad linear response ranges, and high correlation coefficients. Furthermore, 

the biosensors exhibited excellent reproducibility, minimal cross-reactivity, and robust 

stability over extended storage, affirming their suitability for clinical applications. This 

chapter underscores the effectiveness of nano-hybrid engineering in overcoming the 

electrochemical limitations of hBNNS, establishing these composites as high-

performance transducer platforms for early cancer biomarker detection. The integration 

of complementary nanomaterials not only enhances the intrinsic properties of hBNNS 

but also drives translational potential in biomedical diagnostics. 

Chapter 7 

This chapter consolidates the findings of the research, providing a comprehensive 

conclusion and highlighting the broader implications of the study. The synthesis and 

systematic optimization of hexagonal boron nitride nanosheets (hBNNS) have 

demonstrated their structural robustness, biocompatibility, and potential as biosensing 

interfaces. However, the intrinsic insulating nature of pristine hBNNS was shown to 

restrict their direct electrochemical applicability. To address this, the integration of 

hBNNS with complementary nanostructures, including reduced graphene oxide, 

titanium dioxide, and copper/copper oxide, was strategically engineered to create 

layered, one-dimensional, and three-dimensional nano-hybrid composites. These 

hybrids successfully enhanced the electroanalytical properties of hBNNS by improving 

charge transfer kinetics, increasing electroactive surface area, and facilitating efficient 

biomolecule immobilization. The hBNNS-based nano-hybrid biosensors fabricated in 

this work exhibited highly sensitive, selective, and stable detection of 

carcinoembryonic antigen (CEA), achieving low limits of detection, broad linear 

ranges, and high reproducibility, thereby meeting essential clinical diagnostic 

requirements. The findings underscore the transformative role of nano-hybrid 

engineering in advancing hBNNS from a chemically inert material to a highly 

functional biosensing platform. The study not only establishes a foundation for future 

research on inorganic layered materials but also paves the way for the development of 

next-generation electrochemical biosensors for early cancer detection. This work 

contributes significantly to the growing field of nano-biosensing by offering new 

insights into material hybridization strategies, practical biosensor fabrication, and 

translational potential in clinical diagnostics. 
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Comparison Table for Sensing Performance 

Sensing 

Platform 

Sensing 

Matrix 

Detection 

Technique 

Linear 

Range 

(ng/mL) 

Limit of 

Detection 
Sensitivity Stability 

Only 2D 

Nanosheets 
h-BNNS Electrochemical 0 – 10 

22.5 

pg/mL 

24.84 

μA·mL·ng-

1·cm-2 

5 weeks 

2D-2D 

Nanosheets 

rGO-

hBNNS 
Electrochemical 0 - 15 

5.47 

pg/mL 

9. 65 

μA·mL·ng-

1·cm-2 

8 weeks 

3D 

Nanoflowers-

2D 

Nanosheets 

Cu/CuXO-

hBNNS 
Electrochemical 0 - 25 

3.22 

pg/mL 

8. 04 

μA·mL·ng-

1·cm-2 

60 days 

1D 

Nanowires-

2D 

Nanosheets 

TiO2-

hBNNS 
Electrochemical 0 - 25 

0.035 

pg/mL 

11.2 

μA·mL·ng-

1·cm-2 

60 days 

 

Conclusion 
The hexagonal boron nitride nanosheets (hBNNS) and their nano-hybrid composites-

based nano-biosensors were synthesized using a hydrothermal method, which offers an 

efficient, facile, scalable, and cost-effective route for material fabrication. The 

hydrothermal process ensures controlled growth of nanostructures under moderate 

temperature, pressure and precise precursor concentration, facilitating homogeneous 

dispersion of dopants or hybrid nanostructures, precise tuning of morphology, uniform 

particle size distribution and reproducible synthesis outcomes without requiring 

complex instrumentation. Also, the use of inexpensive precursors, and analytical-grade 

reagents further reduces the overall synthesis cost, making the process suitable for 

large-scale production. This method minimizes process variability and enhances 

material uniformity, which is critical for achieving reproducible sensor performance. 

Additionally, the synthesis carried out in aqueous-based reaction media minimizes the 

use of hazardous solvents, making the fabrication process environmentally benign and 

economically viable for large-scale production. 

The microelectrodes were fabricated through electrophoretic deposition (EPD) 

technique, a versatile, reliable and reproducible technique that enables uniform coating 

of nanomaterials on conductive substrates with precise control over thickness and 

morphology. EPD is particularly advantageous due to its low equipment requirements, 

ease of operation, and compatibility with various substrate geometries. In addition, 

EPD-based fabrication is economically viable, time-efficient, and suitable for large-

scale microelectrode production. The integration of hBNNS and their nano-hybrid 

composites onto conductive surfaces of microelectrodes with excellent control over 

film thickness and homogeneity through EPD provided excellent adhesion, uniformity, 

and enhanced electron transfer characteristics, ensuring excellent reproducibility across 

multiple electrodes, long-term stability, and durability of the fabricated sensors. This 

method is particularly advantageous because it does not require complex 

instrumentation in lithography technique or high-vacuum environments, which further 

strengthens the cost-effectiveness. Moreover, EPD allows easy tuning of deposition 
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parameters such as applied voltage, deposition time, and suspension concentration to 

optimize the film’s electrochemical properties and ensure sensor consistency. 

In terms of reliability and repeatability of measurements, the fabricated hBNNS-based 

nano-biosensors demonstrated stable and reproducible electrochemical responses, 

confirming the robustness of intrinsic properties of hBN together with key role of the 

hydrothermal synthesis and EPD-based microelectrode fabrication processes. The 

sensors showed minimal variation in signal intensity across repeated measurements, 

highlighting the stability of the electrode surface and the uniformity of material 

deposition. Moreover, the hydrothermal synthesis coupled with EPD-based electrode 

fabrication demonstrates a reproducible workflow that maintains structural integrity 

and electrochemical performance over multiple testing cycles. Overall, the adopted 

methods collectively ensure a cost-efficient, reliable, and scalable fabrication strategy, 

making these hBNNS-based nano-hybrid sensors promising candidates for practical 

biosensing applications. 

The pristine hBNNS exhibited excellent electrochemical performance, characterized by 

stable electron mobility and remarkable charge transfer kinetics, owing to its atomically 

thin structure and wide bandgap. This superior electron mobility arises from its 

atomically thin layered structure and wide bandgap, which together promote stable and 

rapid redox reactions at the electrode–electrolyte interface. Their atomically thin 

structure and planar π-conjugated domains facilitate rapid electron transport across the 

surface and between the electrode and the analyte. This leads to amplified signal 

response for changes in analyte concentration. Hence, the slope of the calibration curve 

(signal vs. concentration) is steep, indicating high sensitivity. Such behaviour is 

advantageous for maintaining signal stability and minimizing background noise during 

electrochemical measurements, demonstrating its intrinsic potential as a robust sensing 

material. 

However, despite its outstanding charge transfer capabilities, pristine hBNNS 

demonstrated limited biomolecule immobilization capacity, which ultimately resulted 

in a relatively higher limit of detection (LOD) compared to its hybrid counterparts. This 

limitation is primarily attributed to the chemically inert nature of the hBN surface, 

which offers few active sites for covalent or non-covalent anchoring of biomolecules 

such as antibodies or enzymes. The lack of functional surface groups restricts the 

density and orientation of biomolecule attachment, thereby reducing the overall 

sensitivity and efficiency of biorecognition events. LOD depends not only on sensitivity 

but also on baseline noise, signal reproducibility, and target capture efficiency. In this 

study, we observed hBNNS demonstrated high sensitivity as each binding event 

produces a strong signal, yet have a relatively high LOD due to poor surface 

functionalization or low affinity toward the analyte. 

The pristine hexagonal boron nitride nanosheets (hBNNS) were further modified to 

form nanohybrid composites by integrating them with both layered (2D-rGO) and non-

layered materials (1D-TiO2 nanowires and 3D-Cu/CuXO nanoflowers), with the 

primary objective of enhancing biomolecule immobilization efficiency by overcome 

their inherent limitations of surface functionalization in hBNNS. Despite atomically 

smooth surface, biocompatibility and excellent chemical stability in hBNNS, their 

intrinsic chemical inertness and limited surface functionalization sites restrict the 
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effective anchoring of biomolecules essential for biosensing applications. This limited 

functionalization capacity restricts the direct antibodies immobilization, which is 

essential for achieving selective and efficient biosensing. This challenge was address 

by introducing layered (such as reduced graphene oxide) and non-layered (TiO2 

nanowires or Cu/CuXO nanostructures) materials, the surface of hBNNS was 

engineered to include additional functional moieties—hydroxyl, carboxyl, and oxygen-

vacancy sites was employed to form heterostructured composites with tailored surface 

chemistry and enhanced physicochemical characteristics that provide a greater number 

of active binding sites for biomolecule conjugation. 

Future Prospects 

The rapid advancements in two-dimensional (2D) nanomaterials-based composites 

have created transformative opportunities in the field of cancer diagnostics, offering 

both immediate clinical relevance and expansive future research directions. Among 

these materials, hexagonal boron nitride nanosheets (hBNNS) have emerged as a highly 

promising inorganic layered system due to their exceptional chemical stability, large 

surface area, dielectric properties, and biocompatibility. While their potential in 

biosensing has been effectively demonstrated, their scope extends far beyond cancer 

detection, positioning them as versatile materials capable of driving innovations across 

multiple technological domains. 

In the domain of energy storage and harvesting, hBNNS-based composites present 

remarkable opportunities for integration into advanced devices such as supercapacitors, 

rechargeable batteries, and hybrid energy storage systems. Their outstanding dielectric 

properties, combined with efficient ionic transport mechanisms, enable rapid charge–

discharge cycles and enhanced storage capacities. Furthermore, their ability to 

withstand harsh thermal and chemical environments makes them particularly suitable 

for high-performance and long-lasting energy storage solutions, addressing critical 

challenges in sustainable energy technologies. This adaptability positions hBNNS as a 

key component for the next generation of portable electronics, electric vehicles, and 

renewable energy systems. 

Beyond energy applications, hBNNS serve as highly effective sensing matrices capable 

of advancing the design of next-generation nanostructured platforms. Their 

compatibility with covalent organic frameworks (COFs), metal–organic frameworks 

(MOFs), and functional polymers enables the creation of hybrid architectures with 

superior chemical reactivity, porosity, and functional tunability. For instance, hBNNS-

COF and hBNNS-MOF composites can offer highly selective molecular recognition 

and controlled electron transport pathways, features that are essential for the fabrication 

of ultrasensitive, label-free electrochemical and piezoelectric biosensors. These 

developments have the potential to revolutionize biomedical diagnostics by achieving 

early detection of cancer biomarkers with unprecedented precision and reliability. 

Furthermore, the integration of hBNNS with nano-engineered hybrid systems is 

expected to redefine the landscape of point-of-care diagnostics and flexible electronics. 

Their tuneable surface chemistry allows for the immobilization of biomolecules with 

high specificity, while their structural robustness supports stable performance under 

flexible and miniaturized device configurations. This adaptability creates opportunities 
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for wearable biosensors, implantable medical devices, and portable diagnostic systems 

that combine rapid detection with user-friendly interfaces. Such innovations hold 

immense promise in decentralizing healthcare by enabling real-time, on-site monitoring 

of cancer and other chronic diseases. 

In the realm of next-generation energy technologies, hBNNS composites are poised to 

revolutionize energy storage and harvesting devices. Their capacity to endure extreme 

operating environments makes them ideal for high-performance supercapacitors, solid-

state batteries, and hybrid devices that integrate energy storage with energy conversion. 

These features are particularly vital for renewable energy applications, electric vehicles, 

and space exploration, where reliability and durability are paramount. 

hBNNS-based systems also hold immense promise for environmental monitoring and 

remediation. Functionalized hBNNS hybrids can act as highly selective platforms for 

detecting environmental toxins, heavy metals, and hazardous gases with high 

sensitivity. Their chemical inertness and adaptability further allow them to serve as 

catalytic supports for pollutant degradation or water purification, contributing to 

sustainable environmental management. 

Another critical prospect lies in wearable and implantable bioelectronics. With the rise 

of flexible and miniaturized devices, hBNNS composites can be seamlessly 

incorporated into smart textiles, skin-interfaced electronics, and implantable diagnostic 

devices. Their mechanical resilience, coupled with excellent biocompatibility, ensures 

stable performance in continuous monitoring of vital parameters, offering 

transformative possibilities in preventive healthcare and human–machine interfacing. 

In addition, the field of neuromorphic and quantum technologies represents an exciting 

opportunity. Due to their unique dielectric and insulating properties, hBNNS can act as 

reliable substrates and insulating barriers in neuromorphic computing devices and 

quantum sensors. Their integration with other 2D materials, such as graphene and 

transition metal dichalcogenides, could accelerate the development of high-

performance quantum devices, thereby advancing information processing and 

communication technologies. 

Finally, the synergistic use of hBNNS in multifunctional hybrid architectures, such as 

covalent organic frameworks (COFs), metal–organic frameworks (MOFs), and 

polymer-based piezoelectric platforms, will drive innovations in cross-disciplinary 

applications. These hybrid composites will not only enhance biosensing sensitivity and 

selectivity but also contribute to multifunctional devices that can simultaneously sense, 

store, and convert energy. 

Looking ahead, the future scope of hBNNS-based composites is defined by their 

capacity to serve as multifunctional materials bridging healthcare, energy, and 

environmental applications. Their role in developing multifunctional biosensing 

platforms can be further extended by integrating them with artificial intelligence and 

machine learning-driven data analytics, leading to smart diagnostic systems capable of 

predictive and personalized healthcare. Simultaneously, their utility in energy systems 

aligns with the global pursuit of sustainable technologies, allowing cross-disciplinary 

solutions that address both medical and environmental challenges. 
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In conclusion, the future prospects of hBNNS-based composites extend far beyond 

cancer diagnostics, encompassing healthcare, energy, environment, wearable 

technologies, and advanced computing. Their integration into next-generation 

platforms signifies a paradigm shift where materials science, nanotechnology, and 

biomedical engineering converge to address global challenges. With continuous 

advancements in nano-engineering and hybrid composite design, hBNNS stands 

positioned to define the future of sustainable, intelligent, and multifunctional 

technologies. 


