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This article comprehensively examines the various applications of carbon nanotubes (CNTs) and boron nitride 

nanotubes (BNNTs) in multiple scientific and technological fields. Carbon nanotubes (CNTs) and boron nitride nanotubes 

(BNNTs) possess distinctive mechanical, thermal, and electrical characteristics, rendering them viable options for various 

applications. The article examines the present state of research in this field, emphasizing recent advancements in 

synthesizing and characterizing these nanotubes. The study is expanded to investigate the applications of BNNTs and 

CNTs in the biomedical domain. Notable properties allow cancer treatment, gene therapy, and tissue regeneration. The 

prospective uses of CNTs and BNNTs in energy storage, electronics, sensors, and materials science are examined 

comprehensively. Owing to the piezoelectric properties of BNNT, it is suitable for use as a sensor and has diverse 

applications in robotics. This review offers significant insights into nanotube synthesis techniques, applications, and a 

case study, advancing nanotechnology and emphasizing the necessity for additional research to fully exploit its potential. 
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INTRODUCTION 

Boron nitride nanotubes (BNNTs) and carbon 

nanotubes (CNTs) are two types of nanotubes that 

have gained significant interest in materials science 

and nanotechnology. Despite their structural 

similarities, BNNTs and CNTs exhibit distinct 

properties that make them suitable for different 

applications. While CNTs are well known for their 

superior electrical conductivity, BNNTs stand out 

due to their excellent thermal stability and chemical 

resistance. Understanding these differences is 

crucial for optimizing their use in advanced 

technologies. BNNTs and CNTs are both members 

of the family of nanotubes, which are tiny cylindrical 

structures made of nanomaterials with diameters on 

the order of a few nanometers (10-9 meters) and 

lengths up to several microns (10-6 meters). 

BNNTs are formed by boron and nitrogen atoms 

arranged in a hexagonal lattice, resembling the 

structure of CNTs. Their structural representation is 

illustrated in Figure 1. BNNTs exhibit remarkable 

thermal and mechanical properties, including high 

thermal stability, excellent thermal conductivity, and 

superior tensile strength. Additionally, their unique 

electrical characteristics make them highly suitable 

for applications in electronic devices. 

Carbon nanotubes consist of carbon atoms 

organized in a cylindrical shape with a honeycomb 

lattice configuration. 

Figure 1. Structure of CNT and BNNT 
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They can exist as single-walled or multi-walled 

structures, exhibiting exceptional mechanical, 

electrical, and thermal characteristics. On the other 

hand, boron nitride nanotubes are made of boron and 

nitrogen atoms arranged in a similar cylindrical 

structure. Due to their biocompatibility, they are 

being studied for similar applications as carbon 

nanotubes and biomedical applications. While both 

nanotubes have similar structures and properties, 

BNNTs have some advantages over CNTs in 

specific applications. For example, they are more 

oxidation-resistant and have better thermal stability 

at high temperatures. However, carbon nanotubes 

are more commonly studied and have a wider range 

of applications due to their lower cost and higher 

availability. As a result, their unique properties have 

created many opportunities for use in various areas, 

including electronics, energy storage, biomedicine, 

and environmental cleanup. However, more research 

is required to fully explore their capabilities and 

applications. 

This review explores the latest research on CNTs 

and BNNTs, focusing on their unique properties and 

real-world applications. By comparing their 

strengths and examining their impact across 

different fields, we highlight their potential to drive 

innovation and inspire further advancements in 

nanotechnology. The outstanding mechanical 

strength of CNTs, high aspect ratio, and lightweight 

nature make them excellent choices for 

strengthening composite materials. They have found 

applications in aerospace, automotive, and 

construction industries, where their inclusion has 

improved strength, stiffness, and durability of 

various structural components. Additionally, the 

extraordinary electrical conductivity and thermal 

properties of CNTs have sparked interest in their 

incorporation into next-generation electronic 

devices, interconnects, and sensors, thereby 

revolutionizing the field of nanoelectronics. 

On the other hand, boron nitride nanotubes, often 

referred to as "white graphene," possess remarkable 

thermal stability, high thermal conductivity, and 

excellent dielectric properties. These characteristics 

make BNNTs highly desirable in thermal 

management, high-temperature electronics, and 

optoelectronic devices. Furthermore, their unique 

biocompatibility and chemical inertness have led to 

extensive exploration in biomedicine, including drug 

delivery systems, tissue engineering scaffolds, and 

biosensors. 

Throughout this review, we will focus on the 

individual applications of CNTs and BNNTs and 

explore their synergistic potential when combined in 

hybrid structures. By harnessing the 

complementary properties of these nanomaterials, 
18 

researchers have developed novel materials 

with enhanced performance, offering exciting 

opportunities for breakthroughs in various fields. 

BNNTs and CNTs are nanotubes that 

have various biomedical applications. The BNNTs 

basic blocks originated from the CNTs but have 

better physical and chemical properties compared 

to its counter CNT [1]. In the early 90s, various 

studies were carried out exploring CNT to 

understand the field of nanostructures [2]. 

Extreme material properties have been found 

to grow when the structure is brought down to 

the nanoscale [3]. 

In recent years, significant progress has been 

made in synthesizing, characterization, and 

functionalizing carbon and boron nitride nanotubes, 

expanding their potential applications even further. 

Researchers have explored various fabrication 

techniques to tailor the properties of these 

nanotubes, such as diameter, chirality, and surface 

functionalization, to meet specific application 

requirements. 

Carbon nanotubes possess considerable energy 

storage potential due to their extensive surface area, 

superior electrical conductivity, and mechanical 

robustness. They are extensively utilized in 

supercapacitors and lithium-ion batteries as effective 

conductive additives, establishing a conductive 

network that enhances charge transport. Moreover, 

their distinctive architecture facilitates the 

encapsulation of active substances, improving 

battery stability and cycling efficacy. These 

innovations can potentially revolutionize portable 

electronics, electric vehicles, and renewable energy 

technologies.  

BNNTs are distinguished by their remarkable 

thermal and chemical stability, rendering them 

suitable for high-temperature applications. In 

thermal management, BNNTs have been 

investigated as additives in polymer composites and 

coatings to enhance heat dissipation in electronic 

devices. Their superior thermal conductivity and 

resistance to extreme temperatures can improve the 

performance and reliability of advanced electronic 

systems. Furthermore, BNNTs exhibit promise in 

optoelectronics owing to their distinctive optical 

characteristics, including a broad bandgap and 

significant light absorption, facilitating applications 

in photovoltaics, light-emitting diodes (LEDs), and 

photodetectors. 

The biomedical sector has observed an increasing 

interest in the application of carbon and boron nitride 

nanotubes. Carbon nanotubes (CNTs) have been 

examined for drug delivery systems, as their 

extensive surface area and capacity to encapsulate 
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therapeutic agents, facilitate targeted and controlled 

release. The biocompatibility and unique optical 

characteristics of BNNTs render them exceptionally 

appropriate for bioimaging and biosensing 

applications. Moreover, their potential in biomedical 

applications is significant, especially in tissue 

engineering, where their biocompatibility and 

mechanical properties, similar to those of natural 

tissues, render them suitable for scaffolding 

purposes. Moreover, their chemical inertness 

renders them optimal for biosensors and diagnostic 

platforms, providing high sensitivity and selectivity 

in disease detection. 

As we move forward, this review will look closer 

at these applications, their challenges, and the 

innovative solutions researchers are developing. 

This study also explores future trends, including 

hybrid structures, functionalization techniques, and 

scalable production methods, shaping the next phase 

of advancements in this field. The applications of 

carbon and boron nitride nanotubes are vast and 

diverse, spanning industries such as electronics, 

energy, biomedicine, and more. Their exceptional 

properties and continuous advancements in 

fabrication techniques hold immense potential for 

transforming various fields and driving 

technological advancements. By understanding the 

capabilities and limitations of these nanotubes, 

researchers can explore innovative approaches and 

further unlock the remarkable applications of carbon 

and boron nitride nanotubes. In summary, this 

review aims to provide a comprehensive 

understanding of the applications of carbon and 

boron nitride nanotubes, showcasing their 

remarkable properties and highlighting their 

potential for transforming a wide range of industries. 

By delving into the latest research findings and 

advancements, we hope to inspire further 

exploration and innovation in utilizing these 

nanotubes, thus driving the advancement of 

nanotechnology and its impact on society. 

Synthesis of nanotubes 

The integration of nanotubes with different 

strategies has been discussed here. Spearheading and 

rapid formation of BNNTs was largely enlivened 

due to CNT synthesis processes, including arc 

extraction, laser heating, and vaporization, boron 

Nitride replacement strategy from CNT structures, 

chemical vapor deposition method (CVD) uses 

borazine, the induction heating of boron oxide with 

CVD (BOCVD) and high ball processing [4]. Some 

commonly used synthesis methods for nanotubes are 

shown in Figure 2. 

Figure 2. Nanotubes synthesis methods 

• Chemical vapor deposition method (CVD)

It is the best standard method, generally used to

obtain carbon nanomaterials on a large-scale, and 

was recently adopted to obtain boron nitride 

nanotubes. In contrast with different methodologies, 

this procedure offers better controllability of 

development boundaries concerning development 

parameters related to the development process, 

temperature, catalysts, stirring and test planning to 

ensure purity and the highest obtained quality of 

nanomaterials [5]. 

In comparison with the large-scale production, 

nearly 100 grams of CNT being  nhhobtained in the 

CVD method, BNNT's has significantly lower 

production rate - nearly 100 mg [6]. Therefore, an 

approach for delivering a BN proclamation of 

BNNTs mergers is called BOCVD (boron oxide 

chemical vapor deposition) [7]. 

In BOCVD, MgO powder and boron were used 

as reactants to produce B2O2.  At high temperatures 

(about 1000 0C – 1700 0C), a reaction was carried out 

between B2O2 and NH3 gas to produce BNNTs. As a 

result of the discovery of these BOCVD BNNTs, the 

authors have also embarked on other related 

activities, such as refining, distribution, operation, 

doping, polymeric compounds, etc. However, the 

commercialization and actual use of BNNTs in the 

industry is hampered by the generally low level of 

creativity and the need to redesign the exhibition 

room presented and tested [8].  

• Laser ablation method

Enlivened by CNT's development, new

technologies like the laser removal or laser 

dissipation procedure have been utilized for the 

development of BNNTs since 1996. Mainly, the 

advantages associated with using this laser ablation 

method are that it produces high-quality nanotubes 

of high crystallinity and high aspect ratio [9]. In this 

method due to laser heating at a temperature of 

around 2000 0C, phase transformation of boron or 
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boron nitride takes place from solid to liquid in an 

N2 atmosphere. Because of the presence of N2 

atmosphere, a direct reaction takes place between 

boron and nitrogen, which stimulates the growth of 

BNNTs [10]. Goldberg et al. was the one who for the 

first time succeeded in BNNT synthesizing.  

Multi-walled BNNT nanotubes were also 

synthesized by the laser ablation method, in this 

process nitrogen gas at very high pressure approx. 

5GPa to 15GPa is injected in a diamond anvil cell 

simultaneously at a very high temperature approx. 

5000K laser heating the hexagonal and cubic boron 

nitride (BN) in the cell [11].  

Langley Research Center, NASA, also 

synthesized BNNT’s accordingly. By CO2 laser at 

very high temperature ~ 4000K, they continuously 

heated boron metal fiber in a chamber filled with 

nitrogen gas at a pressure ~ 14 bar. BNNTs obtained 

from this method were small in diameter (generally 

< 5nm) but with high purity. The production rate of 

this method was ~0.2 g per hour [12]. 

• Ball milling method

Grinding by a ball (ball milling) is utilized to

develop BNNTs which are of industrial grade with 

minimal effort and low cost. In pervasive conditions, 

the direct reaction was carried out between boron 

and nitrogen that can be stimulated by presenting an 

indistinct structure in boron powder. This change is 

made effortlessly using a sufficient amount of 

mechanical energy, controlled and monitored by a 

few parameters, for example, operating time, and 

power (rotation every minute) [13].  

As a result, the amount of BNNT can be made by 

running normally. This cycle is less than the 

processing time that can be reached in several hours 

and the emerging heat in the annealing of boron 

powder plays an important role in the BNNT 

formation. According to the study published by 

Chen et al., in NH3 gas atmosphere, boron powder 

was processed for 150 hours, afterward in the N2 

atmosphere, the isothermal tempering was carried 

out at 10000 C to 1200° C. In a subsequent study, the 

authors suggested that extending the milling process 

plays a crucial role in maximizing BNNT 

production. A longer milling duration enhances the 

nitration cycle between boron and NH₃, thereby 

accelerating the formation of nucleation structures 

that facilitate BNNT synthesis [14]. 

• Thermal plasma jet (TPJ) method

Even though BNNTs produced by laser removal

strategy had very high quality, the production rate is 

very low, i.e. 1 mg/h. Therefore, the plasma jet 

method is a perfect solution to this problem. Thermal 

plasma has the capacity to apply thermal energy over 

a wide range of volumes, expanding the growth area 

up to 100 cm2. TPJ method comprises two concentric 

electrode terminals - one is anode and the second is 

cathode. When a gas mixture of inert gases like Ar, 

N2 and H2 passes through a nozzle between the two 

concentric electrodes a wide range of arc–plasma 

regions forms [15]. 

Literature review 

CNTs and BNNTs have attracted considerable 

attention in the scientific community because of their 

unique properties and broad range of potential 

applications. This literature review aims to provide a 

thorough overview of the current research on CNTs 

and BNNTs, focusing on key studies that 

demonstrate their potential in diverse fields. 

CNTs possess exceptional mechanical properties, 

including high tensile strength and stiffness. These 

properties have led to their extensive use as 

reinforcing agents in composite materials. In a study, 

CNT-reinforced composites have shown improved 

mechanical properties, including increased tensile 

strength and fracture toughness. These results 

emphasize the potential of CNTs to enhance the 

performance of structural materials in industries like 

aerospace and automotive [16]. 

The excellent electrical conductivity of CNTs has 

opened up avenues for their use in nanoelectronic 

devices. The application of CNTs as interconnects in 

integrated circuits showcases their high conductivity 

and reliability. Furthermore, CNTs have 

demonstrated potential in energy storage devices, 

including supercapacitors and lithium-ion batteries 

[17]. The study reported enhanced energy storage 

performance when CNTs have been used as 

electrode materials due to their high surface area and 

exceptional electrical [18]. 

CNTs have demonstrated potential in a range of 

biomedical applications, such as drug delivery, 

tissue engineering, and biosensing. The use of CNTs 

as drug carriers highlights their capability to 

encapsulate therapeutic agents and facilitate targeted 

delivery [19]. Additionally, CNT-based scaffolds 

have been investigated for tissue engineering 

applications due to their biocompatibility and ability 

to mimic the structure of natural tissues [20]. 

Moreover, CNTs have been explored in biosensors 

for sensitive and selective detection of biological 

analytes [21]. 
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BNNTs possess excellent thermal conductivity 

and stability, making them ideal for thermal 

management applications. A study demonstrated the 

incorporation of BNNTs into polymer composites, 

resulting in enhanced thermal conductivity and 

improved heat dissipation properties. This finding 

has implications for thermal management in 

electronics, where the efficient removal of heat is 

critical for device performance and reliability [22]. 

The unique optical properties of BNNTs, 

including a wide bandgap and high light absorption, 

have opened up opportunities in optoelectronic 

devices. The use of BNNTs as promising materials 

for photovoltaics demonstrates their potential in 

efficient solar energy conversion [23]. Furthermore, 

BNNTs have been explored in the development of 

LEDs and photodetectors due to their high thermal 

stability and excellent electrical insulation properties 

[24]. 

The biocompatibility and chemical inertness of 

BNNTs make them attractive for biomedical 

applications. BNNTs have a potential as carriers for 

drug delivery, noting their stability and ability to 

protect encapsulated drugs [25]. BNNTs have also 

been explored in biosensing applications, offering 

high sensitivity and selectivity in disease detection 

[26]. 

Researchers have also explored the combination 

of CNTs and BNNTs to harness their 

complementary properties and create hybrid 

structures. The use of CNT/BNNT hybrid materials 

in energy storage devices highlights their improved 

performance compared to individual nanotubes [27]. 

Additionally, CNT/BNNT hybrids have shown 

promise in thermal management, sensing, and 

catalysis applications [28]. 

The development of reliable and scalable 

fabrication techniques for CNTs and BNNTs is 

crucial for their widespread application. Several 

methods have been explored for the synthesis of 

CNTs and BNNTs, including CVD, arc discharge, 

and laser ablation. CVD has become a widely used 

technique for the controlled production of both 

CNTs and BNNTs, enabling the creation of 

nanotubes with specific properties [29]. 

Additionally, functionalization techniques have 

been investigated to modify the surface properties of 

nanotubes, enabling enhanced compatibility with 

different matrices and targeted applications. For 

instance, the surface functionalization of CNTs with 

functional groups or polymers has been explored to 

improve their dispersion in composites and facilitate 

better interfacial bonding [30]. Similarly, surface 

modification of BNNTs has been studied to enhance 

their dispersion in solvents and compatibility with 

polymeric matrices [31]. 

Despite the significant progress in understanding 

the properties and applications of CNTs and BNNTs, 

several challenges and areas for further exploration 

remain. One challenge lies in the large-scale 

production of nanotubes with consistent properties at 

a lower cost. Efforts are underway to optimize 

synthesis methods and develop scalable fabrication 

techniques to meet the growing demand. Moreover, 

the toxicity and biocompatibility of nanotubes need 

to be thoroughly investigated for safe biomedical 

applications. Understanding the potential health and 

environmental impacts is crucial for the responsible 

development and application of these nanomaterials. 

Future research will focus on exploring new 

applications and integrating nanotubes into 

emerging technologies. For example, incorporating 

CNTs and BNNTs in 3D printing technologies holds 

promise for the fabrication of complex structures 

with tailored properties. Additionally, combining 

nanotubes with other nanomaterials, such as 

graphene and transition metal dichalcogenides, 

holds promise for enhancing their properties and 

expanding their applications. It can lead to the 

development of multifunctional nanocomposites 

with enhanced performance in various applications. 

The comparative analysis of the properties of CNTs 

and BNNTs with the corresponding applications are 

presented in Table 1. 

The literature review emphasizes the significant 

research on the applications of CNTs and BNNTs, 

demonstrating their potential in reinforcing 

materials, nanoelectronics, energy storage, thermal 

management, and biomedicine. The advancement of 

fabrication methods and functionalisation strategies 

has been crucial in customising the properties of 

nanotubes for particular applications. Despite the 

persisting challenges, ongoing research initiatives 

and interdisciplinary collaborations are anticipated 

to propel further progress in utilizing the unique 

characteristics of CNTs and BNNTs for innovative 

technological applications. 
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Table 1. Comparison of CNTs and BNNTs properties with their respective applications 

Nanotube 

Properties 
CNTs CNT Applications BNNTs BNNT Applications 

Structure 

Cylindrical tubes of 

carbon atoms in a 

honeycomb lattice 

[32]  

Nanoelectronics, 

structural 

reinforcements [33]  

Cylindrical tubes of 

boron and nitrogen 

atoms [34]  

High-temperature 

electronics, 

biomedicine [35]  

Density 
Low density (~1.3-

1.4 g/cm³) [36] 

Lightweight aerospace 

materials [37] 

Low density (~2 

g/cm³) [38]  

Lightweight, high-

strength materials 

[39] 

Elasticity 

Highly flexible, 

excellent bending 

properties 

Flexible electronics, 

nanocomposites [40] 

Rigid and stable under 

extreme conditions 

[41] 

Radiation shielding, 

high-stress 

applications [42] 

Mechanical 

Strength 

High tensile strength 

(~50-100 GPa) [43]  

Aerospace 

composites, 

automotive materials 

[44] 

Comparable or 

superior tensile 

strength (~30-100 

GPa) [45] 

Structural 

reinforcements, 

impact-resistant 

coatings [46] 

Thermal 

Conductivity 

High (~3000 W/m·K) 

[47]  

Heat sinks, thermal 

coatings, energy 

devices [48] 

Very high (~2000-

3000 W/m·K) [49]  

Thermal 

management, 

aerospace 

applications [50  

Thermal 

Expansion 

Low thermal 

expansion [51]  

Thermal coatings, 

heat-resistant 

composites [52]  

Very low thermal 

expansion [53]  

Aerospace, extreme 

environment 

applications [54]  

Corrosion 

Resistance 

Moderate resistance 

[55]  

Anti-corrosion 

coatings [56]  

Highly resistant to 

corrosion [57]  

Protective coatings, 

marine applications 

[58] 

Energy Storage 

High surface area, 

good for batteries & 

supercapacitors [59]  

Lithium-ion batteries, 

supercapacitors, 

hydrogen storage [60  

Limited charge storage 

capability [61]  

Thermal stability in 

energy systems [62]  

Electrical 

Conductivity 

Excellent conductor 

(metallic/semi-

metallic behavior) 

[63] 

Transistors, flexible 

electronics, 

interconnects [64]  

Insulating or semi-

conducting (~wide 

bandgap of ~5.5 eV) 

[65]  

High-performance 

dielectric materials, 

optoelectronics [66]  

Optical 

Properties 

Fluorescent, tunable 

bandgap [67]  

Photodetectors, LEDs, 

infrared emitters [68]  

Wide bandgap (~5.5 

eV), optically 

transparent [69]  

UV shielding, 

optoelectronic 

devices  

Oxidation 

Resistance 

Prone to oxidation at 

high temperatures 

[70]  

Limited high-

temperature 

applications [71]  

Highly resistant to 

oxidation [72]  

High-temperature 

structural 

applications [73]  

Chemical 

Stability 

Reactive in certain 

environments [74]  

Chemical sensors, 

catalysis [75]  
Chemically inert [76]  

Corrosion-resistant 

coatings, extreme 

conditions [77]  

Biocompatibility 
Some toxicity 

concerns [78]  

Limited biomedical 

use (drug carriers, 

biosensors) [79]  

High biocompatibility 

[80]  

Implants, biosensors, 

tissue scaffolds [81]  

Cost and 

Availability 

Lower cost, widely 

available [82] 

Mass production 

applications [83] 

Expensive, limited 

commercial 

production [36] 

High-end 

applications, 

research-focused 

fields [84] 

Applications of nanotubes 

CNTs applications 

CNTs have a number of unique properties that 

make them potentially useful for a variety of 

applications. One potential application of carbon 

nanotubes is in electronics. Because they are very 

small, they could be used to create tiny transistors 

and other electronic components that are much 

smaller and more efficient than current technology. 

They could also be used to create flexible, 

transparent displays. The most promising 

application is in the development of nanoscale 

electronic devices, such as transistors and 

interconnects. Carbon nanotubes are ideal for this 

application because they have very high electrical 
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conductivity, are very small and have excellent 

thermal properties [85-86]. Carbon nanotubes could 

be used to create smaller, faster, and more energy-

efficient transistors than those currently used in 

silicon-based electronics. They have the potential to 

replace silicon transistors in future electronics 

because they are capable of operating at higher 

frequencies, dissipating heat more efficiently, and 

consuming less power. Carbon nanotube field-effect 

transistors (CNFETs) have been identified as a 

promising nanotechnology for developing energy-

efficient computing systems. The primary challenge 

in translating this technology to commercial 

manufacturing is developing a method for uniformly 

depositing nanotubes onto large-area substrates. 

This method must be manufacturable, compatible 

with existing silicon-based technologies, and offer 

energy efficiency advantages over silicon. Bishop et 

al. demonstrated that submerging the substrate in a 

nanotube solution is a viable deposition technique 

that can address these challenges and enable the 

fabrication of CNFETs in industrial facilities [87]. In 

addition to transistors, carbon nanotubes could also 

be used to create other electronic components, such 

as diodes, resistors, and capacitors [88]. CNT diodes 

have intrinsic cut-off frequency exceeding 100 GHz, 

with measured bandwidths reaching at least 50 GHz 

or higher [89]. They could also play a key role in the 

development of flexible and transparent electronics, 

with potential applications in flexible displays, 

wearable electronics, and smart packaging [90]. By 

improving the uniformity of CNT films and 

introducing a new pretreatment technique for 

flexible substrates, CNT thin-film transistors (TFTs) 

have been successfully used to drive a flexible 64 × 

64-pixel active-matrix light-emitting diode 

(AMOLED) display. The resulting AMOLED 

features uniform brightness across all 4096 pixels, 

and a high yield of 99.93% [91]. 

Carbon nanotubes offer significant potential for 

energy storage applications because of their unique 

features, such as a large surface area, strong 

mechanical strength, and outstanding electrical 

conductivity. Below are some of the possible 

applications of carbon nanotubes in energy storage 

[92-93].  

• Batteries: Carbon nanotubes can be used as

electrode materials in batteries to enhance their 

performance. They have been shown to improve the 

capacity, energy density, and cycle life of batteries. 

Carbon nanotubes can also improve the rate of 

charge and discharge, leading to faster charging 

times [94]. The increasing demand for portable and 

wearable electronics has fueled the interest in 

developing flexible batteries that can maintain their 

functionality even under various mechanical 

deformations. Significant efforts have been made in 

material synthesis and structural design to achieve 

this goal. Carbon nanotubes (CNTs), with their 

unique one-dimensional (1D) nanostructure, can be 

easily formed into various macroscopic structures, 

including 1D fibers, 2D films, and 3D sponges or 

aerogels. Due to their remarkable mechanical and 

electrical properties, CNTs and CNT-based hybrid 

materials are considered excellent materials for 

building components in flexible batteries [95].  

• Supercapacitors: Carbon nanotubes can serve

as electrode materials in supercapacitors, enhancing 

their energy storage capacity. Their high surface area 

and excellent electrical conductivity enable them to 

rapidly store and release energy. Carbon nanotube-

based supercapacitors have the potential to provide 

high power density and long cycle life [96-97]. 

Three symmetric paper supercapacitor designs were 

created using CNTs, graphite nanoparticles (GNPs), 

and graphene electrodes. These supercapacitors 

utilized a gel electrolyte made of polyvinyl alcohol 

(PVA) and phosphoric acid (H3PO4), with a 

separator film composed of BaTiO3. The surface of 

the carbon nanomaterials, electrode films, and gel 

electrolyte was examined using scanning electron 

microscopy and transmission electron microscopy 

[98]. 

• Hydrogen storage: CNTs can also be used for

hydrogen storage, which is an important component 

of hydrogen fuel cells. Carbon nanotubes can adsorb 

hydrogen molecules on their surface, increasing the 

amount of hydrogen that can be stored in a small 

space [99]. The study explored the potential of Li-

doped carbon nanotubes as a viable storage medium 

for hydrogen. A computational model was used to 

study the impact of CNT size on its structural and 

energetic properties, focusing specifically on the 

adsorption of an isolated lithium atom on the CNT 

wall as a site for hydrogen adsorption [100]. It was 

found that the capacity for H2 adsorption is strongly 

affected by the specific surface area, as well as the 

morphological and structural characteristics of the 

CNTs [101].  

• Solar cells: CNTs can improve the

performance of solar cells by boosting their energy 

conversion efficiency. They can act as electron 

acceptors in organic solar cells, helping to enhance 

their power conversion efficiency [102]. Over the 

past few years, there has been a surge of interest in 

carbon-based materials, specifically CNTs, for their 

exceptional physicochemical properties, cost-

effectiveness, eco-friendliness, and abundance. 

These attributes make CNTs an ideal material for use 

in the production of organic solar cells (OSCs). 
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Moreover, CNTs' low sheet resistance and high 

optical transmittance render them an excellent 

candidate for an alternative anode to the 

conventional indium tin oxide (ITO) which is not 

only expensive but also toxic and scarce [103]. 

Carbon nanotubes also have potential 

applications in materials science. They could be used 

to create stronger, lighter materials for use in 

construction and aerospace applications. They could 

also be used to create new types of sensors and 

actuators, as well as for drug delivery and other 

medical applications. 

CNTs have several medical applications, such as 

carrying drugs and biomolecules for efficient 

delivery to body cells and organs. They can also be 

used in tissue regeneration and have application in 

diagnostics and analysis as they can be used as 

biosensors [104]. The various applications of CNTs 

are illustrated in Figure 3. 

The studies of CNTs are advanced because their 

exemplary contribution has been found in 

regenerative medicine and tissue engineering which 

is sustainable too [105]. CNTs are the best among 

the various available materials because of their 

biocompatible nature and resistance to 

biodegradability. They also have better functionality 

with biomolecules to improve organ regeneration 

[106]. 

Figure 3. CNTs biomedical applications 

CNTs also act as drug carriers to diagnose cancer. 

CNTs are having improved cellular uptake of potent 

drugs which makes them efficient delivery systems. 

It has been found that due to the high aspect ratio and 

high surface area of the CNTs they have an 

advantage over various existing delivery carriers 

[107]. CNTs are resistive in nature to the infectious 

agents, as a result they resolve problems associated 

with antibacterial, antiviral drugs and vaccine 

inefficacy in the body [108]. CNTs were recently 

found to carry the DNA molecule and insert it into 

the cell nucleus to cure the defective gene by using 

the gene therapy approach [109]. 

Despite their potential, however, there are still 

many challenges associated with the use of carbon 

nanotubes. For example, they are difficult to be 

produced in large quantities and at low cost. They 

can be toxic if not handled properly, raising concerns 

about their safety in consumer products. 

BNNTs applications 

BNNT (boron nitride nanotubes) are a type of 

nanomaterial that has unique properties, such as high 

strength, high thermal stability, and excellent 

electrical insulation. These properties make BNNTs 

attractive for a wide range of applications, including: 

• Biomedical: BNNTs offer potential in

biomedicine, with applications in drug delivery, 

tissue engineering, and medical imaging. Their low 

toxicity makes them suitable for enhancing the 

targeting and delivery of drugs to specific cells or 

tissues [110]. 

Like CNTs, BNNTs have various biomedical 

applications, but are chemically and physically more 

stable. BNNTs are used for the treatment of cancer 

by electroporation-based oncology [111]. They have 

also found applications in nerve & bone tissue 

regeneration [112]. A new bioink for tissue 

engineering was created using a hydrogel-based ink 

made of alginate (Alg) strengthened with 

functionalized boron nitride nanotubes (f-BNNTs). 

The ink's printability, physiochemical properties, 

and biocompatibility were quantitatively 

characterized to verify its suitability. The findings 

imply that the Alg reinforced with f-BNNTs, which 

is 3D printable, has the potential to serve as a bioink 

for tissue engineering [113]. The various 

applications of BNNTs are illustrated in Figure 4. 

Figure 4. BNNTs biomedical applications 
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The BNNTs have applications in ceramic 

composites, e.g., lightweight ceramic composites. 

BNNTs are used in low-temperature applications 

like dentistry and also in high-temperature 

applications like jet engines [114]. The study aimed 

to investigate how the properties of resin-based 

light-curing dental sealants (RBSs) are affected by 

the addition of BNNTs at varying concentrations. 

The RBSs were formulated using methacrylate 

monomers, consisting of 90 wt.% of triethylene 

glycol dimethacrylate and 10 wt.% of bisphenol A-

glycidyl methacrylate. Two concentrations of 

BNNTs (0.1 wt.% and 0.2 wt.%) were incorporated 

into the resin, with a control group containing no 

filler. The study evaluated several properties of the 

RBSs, including the degree of conversion, ultimate 

tensile strength, contact angle, surface free energy, 

surface roughness, and color. The results suggest 

that adding BNNTs to RBSs may introduce 

bioactivity and decrease their surface free energy 

[115]. Due to BNNTs anti radiant property, it is used 

for ultraviolet (UV) shielding applications [116].  

• Electronics: BNNTs have excellent electrical

insulation properties, making them ideal for 

applications in electronics. They can be used as 

insulators in high-temperature environments, which 

can improve the performance and reliability of 

electronic devices [117]. BNNTs are resistant to fire, 

which allows them to be used in fire-retardant 

cabling to manufacture flame-resistant high-strength 

cables. Also, used for creating high-strength and 

lightweight conductive cables [118]. BNNTs are 

electric insulators used in strong composites and 

electrically insulating components. They are applied 

in manufacturing lightweight and strong wiring of 

aerospace components [119]. The study reported a 

composite paper with excellent thermal 

conductivity, prepared through the synergistic 

combination of one-dimensional aramid nanofibers 

(ANFs), one-dimensional edge-hydroxylated 

BNNTs, and polyethyleneimine (PEI). The resulting 

composite paper demonstrates a high level of 

thermal conductivity, measuring 9.91 Wm−1K−1, as 

well as low dielectric loss (<0.01) and an exceptional 

heat resistance performance. Furthermore, the 

composite paper exhibits an ultrahigh electrical 

breakdown strength, measuring approximately 334 

kV/mm [120]. By forming an oriented, percolative 

network, the boron nitride platelets with high-

loading provided exceptional in-plane thermal 

conductivity, ranging from 77.1 to 214.2 W m–1 K–1, 

comparable to certain metals like aluminum alloys 

(108–230 W m–1 K–1). Through the utilization of the 

BN-based paper as an electrically insulating and 

flexible substrate, the study reveals its potential for 

reducing the temperature of electronic devices [121]. 

• Energy: BNNTs can be used in energy storage

devices such as lithium-ion batteries and 

supercapacitors. BNNTs can improve the 

performance and safety of these devices by 

enhancing their energy density, cycle life, and 

thermal stability [116]. 

Ensuring the safety of lithium-ion batteries is a 

critical issue, affecting both large-scale energy 

storage and everyday use of mobile devices. A 

primary cause of safety concerns is the overheating 

of the cell, which can result from short circuits in 

environments with high temperatures and currents. 

The separator is a key component in preventing such 

short circuits and thus, the thermal stability of the 

separator is critical in ensuring battery safety. 

BNNTs, a promising new nanomaterial, can enhance 

the thermal stability of polyolefin separators by 

preventing thermal shrinkage during high-

temperature and high-current operation, which helps 

avoid battery short circuits [122].  

Using a simple and cost-effective hydrothermal 

method, zinc oxide nanoparticles are synthesized on 

both cellulose nanofibers (CNF) and BNNT 

surfaces, producing a ternary nanostructure. Upon 

investigating the electrochemical and piezoelectric 

properties of this structure, it was found that the 

BNNT–CNF/ZnO ternary nanostructure delivers 

impressive performance, achieving a specific 

capacitance of 300 F g⁻¹, along with high energy 

(37.5 W h kg⁻¹) and power density (0.9 kW kg⁻¹) at 

a current density of 1 A g⁻¹ [123]. 

BNNTs are used in transparent armor, batteries 

and aerospace as a polymer. Because of their 

piezoelectric nature, the BNNTs can enhance 

sensors and robotics applications [124]. 

• Aerospace and defense: BNNTs can be used

to reinforce composite materials, which are used in 

aerospace and defense applications such as aircraft, 

spacecraft, and armor. BNNTs have a higher 

strength-to-weight ratio than other reinforcement 

materials, making them ideal for these applications 

[125]. The study explored the use of BNNTs to 

strengthen aluminum in aircraft wing plates, 

focusing on their impact on the dynamic 

characteristics. The reinforcement was applied in 

two ways: uniformly and functionally graded 

throughout the plate's thickness. The plate was 

modelled as a rectangle, with edges shaped by linear, 

circular, or hyperbolic functions. The study 

examined various factors, including thermal 

environment, BNNT volume, reinforcement 

distribution, and geometric parameters. The results 
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showed that BNNTs significantly improve the 

reinforcement properties of aircraft wings [126]. 

• Environmental: BNNTs can be used in

environmental applications such as water treatment 

and air purification. BNNTs can remove pollutants 

from water and air by adsorbing or catalyzing them, 

and they have high thermal stability, which can 

enable them to be used in high-temperature 

environments [127]. Due to their large surface area 

and high-temperature resistance, BNNTs have been 

studied as reusable adsorbents for water purification. 

The material showed around 94% efficiency in 

capturing methylene blue particles from water, even 

after being used for three cycles, highlighting its 

potential for use in the filtration industry [6]. A cost-

effective template made from electrospun 

polyacrylonitrile fibers was used to create a stable 

mat of BNNTs through atomic layer deposition 

(ALD) of BN at low temperatures. Using polymer-

derived ceramics chemistry, this ALD process 

produces high-quality BNNTs with excellent 

properties, including superhydrophobicity, stability 

for a month in different pH conditions and air, and 

remarkable performance in water treatment [128]. 

• Case study

The investigation into boron nitride nanotubes

(BNNTs) has revealed intriguing possibilities in 

enhancing mass sensing capabilities for biomolecule 

detection. The conventional perception of BNNTs as 

straight structures has been challenged by 

considering their wavy surfaces, significantly 

affecting their mass sensing abilities. The utilization 

of a nonlinear mathematical model, grounded in 

continuum mechanics, elucidates the nonlinear 

deformations induced by waviness, leading to 

oscillations of significant amplitude within the 

nanostructures [129]. 

Table 2. Shift in resonance frequency for different 

Waviness Factor (h/L) (Deshwal and Narwal 2023a) 

Waviness 

Factor (h/L) 

Resonance 

Frequency  

(BNNT having 

20 nm length) 

Resonance 

Frequency  

(BNNT having 

60 nm length) 

0 3.71E+05 1.24E+05 

0.05 4.32E+05 2.54E+05 

0.075 4.99E+05 3.55E+05 

0.1 5.78E+05 4.60E+05 

The resonance frequency analysis conducted on 

wavy single-walled BNNTs, using sophisticated 

computational simulations, underscores the potential 

of these structures in bio-mass sensing. The 

waviness factor plays a pivotal role in modulating 

sensitivity, selectivity, and resonance frequency 

shifts of BNNT-based biomolecule sensors, as 

presented in Table 2. Moreover, the study suggests 

that variations in waviness patterns, sizes, and 

amplitudes could substantially optimize BNNTs for 

superior biomolecule detection capabilities, as 

depicted in Figure 5. Understanding the effects of 

different geometrical parameters on sensor 

performance opens avenues for tailored design 

approaches and promising advancements in 

biomolecular sensing technologies. 

The findings emphasize the necessity of 

considering realistic waviness in BNNTs for 

accurate and sensitive biomolecule sensing 

applications. Further research aimed at optimizing 

waviness structures and exploring diverse 

parameters will undoubtedly contribute to refining 

BNNT-based biomolecule sensors for enhanced 

sensitivity and selectivity in future biosensing 

technologies. 

This study underscores the importance of 

embracing waviness in BNNTs, paving the way for 

the development of highly efficient and tailored 

biomolecule detection platforms [130]. 
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Figure 5. Comparison of the resonance frequency of the different waviness for the 20 nm and  60 nm BNNTs length 

Future perspective 

CNTs and BNNTs have demonstrated significant 

potential in various scientific and technological 

fields. CNTs, in particular, have been widely 

researched and are used in electronics, energy, 

sensors, and materials science, thanks to their 

exceptional mechanical, thermal, and electrical 

properties, which make them ideal for nanoscale 

devices and components. 

In contrast, BNNTs are less studied but possess 

unique properties, including high thermal 

conductivity, exceptional mechanical strength, and 

strong resistance to oxidation. These characteristics 

make them promising candidates for use in 

aerospace, thermal management, and 

nanoelectronics applications. 

Some of the potential applications of CNTs and 

BNNTs include high-performance composites, field 

emission devices, energy storage devices, 

nanosensors, drug delivery systems, and 

nanoelectronics, among others. The use of these 

nanotubes is expected to revolutionize various fields 

by offering enhanced performance, improved 

efficiency, and reduced costs. 

The BNNTs and CNTs are found to be with great 

potential to be used in the biomedical field. Both of 

them are used as drug carriers to cure cancer. BNNTs 

have superior electrical properties which make them 

be used as sensors and in various applications in the 

field of robotics too. Both nanotubes are also used in 

tissue regeneration, gene therapy and dentistry but 

due to their varied applications, they can be analyzed 

for different geometric configurations to check their 

mechanical and physical stability. The nanotubes 

have various applications in biosensing, e.g., the use 

as a mechanical resonator to sense the biomass. For 

biomass sensing, the nanotubes should be 

mechanically, chemically and physically stable.  

The successful implementation of commercial 

and industrial applications remains limited by 

various difficulties encountered when working with 

CNTs and BNNTs. High-quality nanotubes stay out 

of reach due to limited synthesis methods that cannot 

produce uniform-sized and structured nanotubes of 

defined chirality. The current production techniques, 

including CVD and arc discharge and laser ablation 

produce varying nanotubes that need complicated 

and expensive post-processing steps to reach pure 

specifications. How CNTs and BNNTs should be 

characterized is problematic because the standard 

techniques including TEM, Raman spectroscopy, 

and XRD fulfill their objectives yet they take too 

long to operate effectively in industrial settings. 

Accurate examination of nanotube structural 

features and purity standards and electronic 

functionality remains challenging because it hinders 

designers from developing applications-specific 

nanotube solutions. 

The ability to scale up CNT production with 

BNNT production remains problematic because of 

high energy requirements, catalyst degradation and 

unstable growth environments. Researchers 

persistently address the scaling challenge which 

involves maintaining high-quality production output 

with excellent yield at cost-effective rates. Mass-

production does not exist commercially at 

reasonable costs which prevents extensive industrial 

use especially in electronics, aerospace and 

biomedicine applications. Their use in composites 

and semiconductors combined with energy storage 

applications becomes challenging because of 

problems related to incorporation, as well as issues 
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regarding poor dispersion and weak interfacial 

bonding and tendency toward agglomeration. 

Several techniques exist to improve compatibility 

yet these techniques change intrinsic nanotube 

properties thus creating efficiency limitations. 
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