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Abstract: Boron-Nitride Nanotubes (BNNTs) are electrical insulators that usually have higher
thermal and chemical properties than Carbon Nanotubes. Some of the most exceptional stiffness are
shown by BNNTs, which shows potential applications in polymeric composites and ceramics. Such
high stiffness also leads to lighter, more affordable, and faster transportation applications for
lightweight ballistic armor and applications. When considering BNNTs’ possible uses, focusing on
their thermal and oxidative stability and their chemical inertness is essential. These properties can be
logically used in capsules in which we have to protect nanomaterials that are unstable in the air or
can be contaminated easily at standard atmosphere. This study discusses about the current trends,
sustainable elucidation of synthesis methods, and prospective applications of boron nitride
nanotubes. Through recent advancements, many new technologies are used in synthesizing and
applying BNNTSs and boron-nitride carbon nanotubes, giving higher yields and keeping the unique
properties shown intact which align with the current United Nations Sustainable Development
Goals. A balanced approach has been followed in the review to cover all the significant challenges,
opportunities and economics of various industry-based production and application models
associated with the BNNTSs towards carbon neutrality.

Keywords: boron nitride nanotubes; boron nitride carbon nanotubes; Arc discharge method;
lightweight armors; oven-laser ablation; sustainable development goals; carbon neutrality
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Figure 1. An overview of the circular Solutions for Boron Nitride Nanotubes synthesis, production and

applications.
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1. Introduction

Nanotechnology and nanoscience’s central part and essence have constantly been researching
and developing nanostructures with unique and special features. BNNTs were first established in
1995, but since then, the production rates of BNNTs have been much lower due to their meagre yield
and poor quality compared to CNT, which limits their practical uses (Kalay et al., 2015a). BNNTSs
have higher thermomechanical stability at high temperatures, although having a lower yield and
high strength than CNTs (Byrne & Gun’ko, 2010; Ciofani et al., 2013; Liu et al., 2013; Meng et al., 2014;
Pan et al., 2022; Steinke, 2022; Zhou et al., 1999). Due to very selective and limited research being
carried out on BNNTs, it is recommended to establish a systematic research approach on BNNTs due
to their superior mechanical, chemical, and thermal properties than those of CNTs. Moreover, the
synthesis and the scaleup production methods of BNNTs are still left to be explored for further
development and commercial applications (J. Zhang & Wang, 2016).

Formula: BN

Exact Mass: 25.01

Mol . Wt.: 24.82

Elem.Anal.: B,43.56; N,56.44
C) m/z: 25.01 (100.0%); 24.05 (25.2%):

Figure 2. a) 3-D structure of Boron Nitride Nanotubes, b) Sample of BNNTs and c) Several Molecular Properties
of BN samples (S. H. Lee et al., 2020).

Despite the very selective methods for producing boron nitride nanotubes (BNNTs), including
the arc discharge method, high-pressure laser heating, and oven-laser ablations, boron nitride
nanotubes can be produced through a straightforward substitution reaction between nitrogen gas
and boron oxide in the presence of carbon nanotubes (Kalay et al., 2015a). Such reactions are carried
out by the induction-heating method using graphite-based susceptors (N. A. Ali et al., 2022; Loiseau
et al., 1996; Lynch & Dawson, 2008; Rubio et al., 1994; Silveira et al., 2021a; Tiano et al., 2014; Y. Wang
et al., 2017). Here, the emphasis has been given to the molecular structure, hybrid design, and BN
concentration on BN-CNTs’ tensile properties throughout this study. It has been observed in the
hybrid structures and composites of BN-CNTs that the Young Modulus of BN-CNTs usually
decreases with the increase in the BN concentration. While the young modulus of BN-CNTs is
primarily independent of the hybrid composition, which further affects the fracture strength and
fracture strain sensitivity primarily with the variation in BN concentrations, thus leading to the
tunable properties of BNNTs. The structural stabilities of Boron Nitride-Carbon Nanotubes
composites are similar to that of CNTs. Their hybrid-style forming pattern and BN concentration are
discovered to impact their formation energy and electrical characteristics significantly. To find the
amount of research and development and the progress made in a particular research area, the best
way is to analyse the number of papers published in that particular research area in previous years.
Upon respective Scopus searches, we have observed that CNTs are extensively studied, accounting
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for being covered in more than 39526 publications since 2001. In comparison, graphene was discussed
in 89235 publications being a relatively advanced material with selective applications. Interestingly,
as per our observations, the Boron Nitride Nanotubes and Boron Nitride Nanosheets had no more
than 827 publications from 2001 to 12th march 2024, thus opening a wide gap and a scope in Boron
Nitride research and also revealing the ignorance in the whole research field when it comes to
composites that can be formed from carbon nanotubes and can advance carbon nanotubes’ properties
through its composites like BNNTs and BN-CNTs.
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Figure 3. Publications that covered Graphene, Boron Nitride Nanotubes, and Carbon Nanotubes [Source: Scopus
Database (searched on 12th March 2024, 10 pm IST)].

Taking account of the above-discussed properties and synthesis methods of CNTs and BNNTs,
it becomes essential to consider BNNTs as a better alternative for CNTs, graphene and similar
nanomaterials. In current research on BNNTs, studies have continuously shown one major challenge
of BNNTSs: the expensive production methods, due to which CNTs are still preferred over BNNTs.
The expensive production costs can be significantly reduced if the BNNTs synthesis is subjected to
the substitution reaction method, as shown in Section 3.2. Decreasing the cost of production of
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BNNTSs opens a broad scope of BNNTs and BN-CNTs to replace CNTs in applications like ballistic
armours, hydrogen storage, biomedical applications, ceramics, etc.

When it comes to the cost analysis and efficiency of BNNT-based ballistic vests, it was
showcased that such vests can be formed at an affordable price of 120 USD as well as due to the
extraordinary stiffness of BNNT, it can also be used in Level III+ protection and ceramic applications.
Similarly, the appropriate small diameter and quality production of BNNT with adequate
cytocompatibility also led to excellent biomedical applications (Dogan et al., 2023; Genchi & Ciofani,
2015; Merlo et al., 2018; Shadi & Hamedani, 2023). BNNT and other nanomaterials also replaced CNT-
based sensors in forming novel sensor devices for humidity, CO: detection, and clinical diagnosis. A
unique application of BNNT, which completely changes the dynamics of CNT-based applications,
was hydrogen storage, and it was found that the hydrogen bond penetrates more quickly in the B-N
bond rather than the C-C bond resulting in better hydrogen storage capabilities than CNTs. All these
application-based advantages of BNNT open a new platform to conduct more consistent BN-based
research and commercialise such nanomaterials.

2. Boron Nitride Nanotubes and Boron Nitride Carbon Nanotubes: Properties
2.1. Boron Nitride Nanotubes

Boron Nitride material usually consists of an equal number of Boron and Nitrogen atoms that
were only recently discovered and were usually considered synthetic earlier (Weng et al., 2016).
Studying the materials forming thin hollow filaments ignited the research towards predicting and
synthesizing boron nitride nanotubes. Based on their strength, high electronic band gap, and
chemical inertness, BNNTs recently became the focus of recent experimentation and theoretical
research (Dumitricd et al,, 2004). Boron Nitride Nanotubes are electrical insulators with higher
thermal and chemical properties than CNTs. BNNTs have low density, high thermal conductivity,
excellent mechanical properties (with 900 GPa elastic modulus and 33 GPa tensile strength)(C. Gao
et al,, 2017), and high yield resistance. BNNTs usually have better chemical stability, oxidation
resistance, room temperature resistivity, and fracture strain than CNTs. Under the experimental
conditions of higher temperatures or even strong alkaline or acidic environments, the BNNTs
remained stable. Their optical characteristics are incredibly excellent, making them be used in the
deep-UV range instead of CNTs, often in the near-IR range. Due to the theoretical similarities
between CNTs and BNNTs in terms of photon dispersion and Young’s modulus, it is suggested that
the thermal conductivity of BNNTSs can be compared to that of CNTs (C. W. Chang et al., 2006).

The Boron nitride nanotubes showed identical tubular nanostructures as carbon nanotubes
(CNTs) (J. H. Kim et al., 2018). Typically, a hexagonal network is used to organize nitrogen and boron
atoms. Excellent mechanical strength with electrically insulating behavior, great oxidation resistance,
neutron shielding capability, and piezoelectric properties are some of the intrinsic properties of Boron
nitride nanotubes (BNNTs) (Tiano et al., 2014). As per equation (1), Young’s modulus E is directly
proportional to L% Hence, it highly depends on the length, making it more sensitive for short
nanotubes (Suryavanshi et al., 2004).

214 2

# = e i) 0
Where E is the effective elastic modulus, di is the outer diameter, d2 is the inner diameter, L is the
length of the nanotube, f3; is the boundary condition constant and fi is a resonance frequency for the

harmonic resonance mode i and the observed density p is 2180 kg/m? for boron nitride nanotubes.
Figure 4 discusses the various graphene sheets, nano-cones, cone-sheets and nanotubes possible
with C-C and B-N bonds. When the boron nitride nanotube structure was built, the tube length and
bond length was taken out to be 25 units and 1.47 units, whereas in CNT, tube length and bond length
were taken out to be 25 units and 1.421 units. This also proves that the B-N bond lengths are slightly
more than the C-C bond length, whose applications will be discussed later. For the CNTs, the
nanotube consisted of 240 atoms and 340 bonds with a chirality of (10,0) and a tube diameter of 7.834
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A. Whereas for BNNTs, the nanotube consisted of 230 atoms and 330 bonds with a chirality of (10,0)
and a tube diameter of 8.105 A (Deshwal & Narwal, 2023; Lu et al., 2023).
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Figure 4. Various Simulated patterns and respective geometries based on C-C and B-N. The structures such as
nanotubes, graphene sheets, nanocones and cone sheets were considered for simulations (Deshwal & Narwal,
2023; Lu et al., 2023).

When it comes to pure BNNTSs, they are semiconductors irrespective of diameter, chirality or the
number of walls of the tubes (single-walled or multi-walled). It is also stated that the F-doped BNNTs
(multi-walled), when synthesized experimentally, are p-type semiconductors (Xiang et al., 2005).
There are also changes in the binding energies of BNNTSs, once they are attached to CCl.. CClL
decrease the binding energies of BNNTs, whereas it does not change the electronic properties of
BNNTs (Li et al., 2008).
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Figure 5. Summary of the comparative analysis of BNNTs and CNTs (Pumera, 2009; M. Wang et al., 2020) related

to the optical properties, mechanical strength, color, etc.

2.2. Boron Nitride Carbon Nanotubes (BN-CNTs) Composites

These BN-CNT composites” density and specific surface area can be modified by varying the
proportion of CNTs in the composites (J. Zhang & Wang, 2016). Due to their excellent insulating
qualities, unique luminescence materials, photodetector, and reusable substrates for surface-
enhanced Raman spectroscopy, hexagonal boron nitride (h-BN) based materials exhibit high
resistance to oxidation. These materials can be used in harsh and protective materials like ballistic
materials. There are numerous reports of tailoring the properties of biopolymers and complex
polymers and their nanocomposites for high-end applications, imparting extra strength or enhanced
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stabilization of polymer matrix for prolonged applications (Aiyer et al., 2016, 2019; Kushwaha et al.,
2015a, 2015b; Singh & Kushwaha, 2013a).

The main cons of hexagonal-BN materials are that they are expensive, production non-scalability
and functional simplification, so specific strategies like in-situ functionalization are used to overcome
them (J. Wang et al., 2010; M. Wang et al., 2020). The appropriate mixtures of h-BN nanoparticles and
C-based materials improve carbon-based materials” total microwave absorption capabilities. Pore
density in h-BN/carbon composites lowers density and enhances the micro-absorption capabilities of
the materials.

In Figure 6, the in-situ exfoliation occurs due to the melt compounding with PE and PP. The
surface tension values of polyethene, polypropylene and boron nitride are mentioned in Table 1 (Qu
et al., 2023).

POLYETHYLENE
“ HEXAGONAL BORON
‘ NITRIDE 4%

INTERFACE

POLYPROPYLENE

Figure 6. In-situ exfoliation mechanism of hexagonal boron nitride due to polyethene (PE) and polypropylene
(PP) melt compounding (Qu et al., 2023).

Table 1. Characterization of surface tension values of PE, PP and Hexagonal boron nitride (J. Wang et al.,
2010).

Material Surface Tension Characterization

Polypropylene (PP) 39 mN/m
Polyethylene (PE) 37 mN/m
Hexagonal Boron Nitride 46 mN/m

If pure CNTs are used rather than h-BN/CNTs materials, it will cause a mismatch in impedance
due to their high dielectric properties (Adeel et al., 2019). Such BN-CNT composites are usually thin
and lightweight, with excellent absorption and broad bands. Regarding the structural stabilities of
BN-CNTs, they are very similar to CNTs. However, as discussed earlier, the main difference comes
from the hybrid style forming a pattern and the BN- concentration, which improves the formation
energy and the electrical characteristics of BN-CNTs.

3. Synthesis of BNNTs and BNCNTs
3.1. Arc Discharge Method

The Arc Discharge Method was one of the first techniques used to create BNNTs. In the past, the
anode in an arc discharge method was a hexagonal tungsten rod filled with BN, while the cathode
was a copper cathode that had been cooled. After some time, BNNTs with a dark grey colour were

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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removed from the cathode’s surface. BNNTs are created using conductive boron materials and
hafnium bromide electrodes (Kalay et al., 2015a). The engineering aspect of the room-sized standard
arc-discharge method is shown in Figure 7.

Top Flange

Cooled Copper Hexagonal

Cathode Boron Nitride
filled Tungsten

R e | —

7 I
1L
/',IL’ Linear Motion
n feedthrough
— _//// ARC Connector
DISCHARGE —
Electrode METHOD TO Electrode
Connection OBTAIN BNNTs Connection

3 f

“ Bottom Flange g

Figure 7. Schematics of a standard room-size scaled version of the Arc Discharge unit to obtain Boron Nitride
Nanotubes (BNNTSs) (Yeh et al., 2017).

3.2. Substitution Reaction

One of the significant issues in forming BNNTs is the lower yield it usually has during the
synthesis. Substitution Reaction is one of the simple ways to obtain high yields of BNNTs (R. D.
Goldberg et al., 1999). The reaction of CNTs and B20s in the N2 Atmosphere at 1773K gives high yields
of BNNTs.

The Substitution Reaction used is

B20s +3C(CNTs)+N: —= 2BN(BNNTs)+3CO

In Figure 8, a laboratory-level setup has been showcased, in which some amount of CNTs is
dissolved in boron oxide and nitrogen solution at the desirable temperature and pressure condition,
through which BNNTSs, composites of boron nitride carbon nanotubes (based on the completion of
reaction) and carbon monoxide are formed. The carbon monoxide released is mixed with hydrogen
under optimum thermodynamics to form syngas, which is distilled further to separate methane from
the syn gas, which is later used as an energy source in various applications.

The different kinds of methods through which filling, confined reaction, and coatings can also
be classified as conventional methods for producing boron nitride nanotubes from carbon nanotubes.
Although, as shown in Figure 9, the most appropriate and best method for converting carbon
nanotubes into boron nitride nanotubes is the proposed “Substitution Reaction Method”.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 8. Laboratory-level production of BNNTs from Substitution reaction.
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Figure 9. Diagrammatic representation of a comparison of Previous and Present work of CNTs to form 1D

Nanoscale Materials (Kalay et al., 2015a).

3.3. Chemical Vapor Deposition (CVD)

One of the economical and high-yield methods to obtain BNNTSs is Chemical Vapor Deposition
(CVD). To synthesize BNNTSs, Borazine(BsNsHs) needs to be obtained from Ammonium sulphate
[NH4(S04)2] and Sodium Borohydride (NaBHs4). BsNsHs and decaborane can then be precursors to
form BNNTs (Ahmad et al., 2015). Such synthesis methods are used for tailored growth of 2D
hexagonal boron nitride. CVD is also one of the most controllable methods for synthesising BNNTs
(H.]. Kim et al., 2022; C. H. Lee et al., 2008; J. Lee et al., 2007; Lonkar et al., 2012; Matsuda et al., 1986,
1988; Q. Shi et al., 2018; Y. Shi et al., 2010; Sun et al., 2018). The overall working and schematic process
engineering representation of Chemical Vapor Deposition is shown in Figure 10 (Arenal et al., 2007).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 10. Schematic Representation of Chemical Vapor Deposition (CVD) to Synthesize BNNTs (Ahmad et al.,
2015; Ma et al., 2001).

3.4. Laser Ablation Method

Only the laser vaporization process can produce single-walled BNNTs, also known as
SWBNNTs. Under high N2 pressure, it is possible to synthesize BN into multi-walled BNNTs with 3
to 8 walls (Maselugbo et al., 2022). Using a BN substrate and a continuous wave CO2 laser with 500
W of power, MWBNNTSs can be obtained, whereas SWBNNTSs can also be synthesized from a
continuous wave CO2 laser (Cau et al., 2008; D. Goldberg et al., 1997; Z.-C. Huang et al., 2022; Jia et
al., 2012; Millinger et al., 2017; Suryavanshi et al., 2004; Zhou et al., 1999). The production setup of the
laser ablation method is shown in Figure 11, which portrays the engineering methods of production
of BNNTSs with maximum output (Yu et al., 1998).
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Figure 11. Representation diagram of Laser ablation method to synthesize BNNTs (Maselugbo et al., 2022).

3.5. Ball Milling Method

Milling vessels and Fe-based stainless-steel balls are used in the ball milling method, where the
impure Fe is used as a catalyst for BNNT generation (Andreasen et al., 2005; J. Kim et al., 2011; Liu et
al.,, 2009; Meethom et al., 2020). It is based on a simple three-step experimental procedure: C-boron
powder with an average mesh size of 60 undergoes high energy ball milling of 300-1000 rpm and
finally annealing at 1100-1200 °C, as shown in Figure 12 (C.-P. Chang et al., 2021; Chen et al., 1999; ]J.
Kim et al., 2011; J.-Y. Kim et al., 2010; Li et al., 2009; Liu et al., 2009; Schmitz et al., 2023).
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Figure 12. Flow Diagram of Ball Milling Method to Synthesize BNNTs (J. Kim et al., 2011).
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Figure 13. Various Types of synthesis methods of BNNTs (J. H. Kim et al., 2018).

4. Scale Up Process Model for Boron Nitride Nanotubes and Boron Nitride
Carbon Nanotubes

When we consider the scale-up models for boron nitride nanotubes, one of the most feasible and
multi-application-based synthesis methods is the Substitution reaction method based on the reactions
of boron oxide, nitrogen and Carbon Nanotubes.

Suppose we look at a scale-up of creating 2,00,000 kgs of Boron Nitride Nanotubes at an industry
level. We would require a lot of estimations and approximations. When we look at producing 2,00,000
kgs of BNNTs in a year, we can divide it into 300 working days and production of approximately 700
kgs of BNNTs per day. For the production of 2,00,000 Kgs, the ideal CNTs requirement is 3,00,000
Kgs which is 1TPD (tonnes per day), whereas realistically, we would require an approximate 4,00,000
Kgs of CNTs as a reactant, which is approximately 1333.33 Kgs of CNTs per day (An et al., 2023; Kong
et al., 2024; Zhao et al., 2023).

Table 2 shows that the total cost of the development of the Boron Nitride Plant to generate
electricity and boron nitride will cost 3200 Crores INR. Whereas Table 3 demonstrates the value
generated in the first year. By slowly replacing Carbon Nanotubes after the first year by generating
its electricity, the plant can run over by both scale-up substitution reaction and Chemical Vapor
Deposition, reducing the cost of CNTs by half and creating a 1500 Crores profit after the first year.
This concludes that we require 1333.33 kgs of CNTs daily, which can be synthesised using ample
amounts of green, sustainable and zero-emission methods or bought as ready products from the
market. 1333.33 kgs of CNT will require roughly 2.5 tonnes of Boron Trioxide and 1 ton of Nitrogen
gas. To form different forms of Boron nitride carbon nanotube composites, the weight of CNTs can
be altered. Different compositions can be attained for this composite based on the industrial and
application requirement.
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Table 2. Cost analysis of Industrial plant production of BNNTs and BNCNTs in INR per year (An et al., 2023;
Kalay et al., 2015b; Ko et al., 2023; Kong et al., 2024; Naclerio & Kidambi, 2023; Pakdel et al., 2014; Qu et al., 2023;
Tay et al., 2023; Zhao et al., 2023).

Cost (INR) (in

Materials Required Weight (in tons) Crores)
Carbon Nanotubes 400 3120
B20s 750 18.75
Nitrogen generator (to extract nitrogen from the
air) 300 0.5
Reactor 5 1
CO storage tank 5 0.5
Hydrogen Storage 5 0.5
Distillation column B 1
Methane Storage 2 0.25
Chemical Vapor Deposition Model 10 TPD 0.5
Man Power 1000 people 50
Automation,
Additional Costs Computers 5
Total 3200 (Approx.)

Table 3. Amount of worth generated from the plant for the first year (An et al., 2023; Kalay et al., 2015b; Ko et
al., 2023; Kong et al., 2024; Naclerio & Kidambi, 2023; Pakdel et al., 2014; Qu et al., 2023; Tay et al., 2023; Zhao et

al,, 2023).
Weight (in Worth (INR)
Material tons) (Crores)
Boron Nitride Nanotubes 200 1000
Carbon Monoxide (generating Electricity via Methane as
energy fuel) 1000 1
Energy used to produce BNNTs solely 400 2000

The process done in the reactor will produce roughly 0.7 tonnes of BNNT per day, estimating
up to 200 tonnes of BNNT and 1000 tonnes of carbon monoxide. This amount of carbon monoxide
can be stored and have multiple applications. One of the applications proposed is the reaction of
carbon monoxide with hydrogen to form syngas. The syngas produced from this will be sent into
distillation, from which methane will be separated (Hayat et al., 2022; Vatanpour et al., 2021). The
methane formed from this can also be referred to as partially biomethane or green methane if the
synthesis methods of CNT are green. This methane can be used to fuel energy which can be used in
many electricity applications from which BNNT can be solely produced without the help of CNTs as
the primary reactor (Maestre et al., 2021).

Figure 14 showcases a scale-up project plant to produce boron nitride nanotubes and electricity.
The first reaction unit until the reactor consists of a scale-up substitution reaction which is divided
into BNNTs and CO; the BNNTs are stored, whereas the CO is utilised by the formation of syngas
with the help of a hydrogen storage facility, the syngas then undergoes distillation through which
methane is separated, this methane is then used as an energy source to produce electricity which is
used in the CVD to produce BNNTs and can also be used in other electricity applications such as
running the whole plant as well.

Such scale-up of boron nitride nanotubes has not been attained and proposed yet. However,
suppose research and development are done on such industrial expansion of the production of boron
nitride nanotubes. In that case, the synthesis cost can be automatically decreased, making BNNTs
and BNCNTs cheaper.
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Figure 14. BNNT Scale Plant process and schematic diagram showing syn gas and methane generation (An et
al., 2023; Ko et al., 2023; Kong et al., 2024; Tay et al., 2023; Vatanpour et al., 2021; Zhao et al., 2023).

The graphical representation done in Figure 15 is done by taking the necessary calculations for
the plant costs and revenue generation, the total net profits by the revenue generated were calculated,
and the net profits showcased an immense increase in the profits from a loss of 200 crores in the first
year to an increase to 1400 crores in the next year due to partial independence from CNTs and
deploying self BNNT production methods like CVD (Naclerio & Kidambi, 2023; Tay et al., 2023). At
the end of 10 years of a full working model, it is expected to have a 3400 crores INR profit from it,
which proves that BNNT has the clear potential to become the next global economy at the highest
level if we scale up the process of the synthesis methods of BNNTs.
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Figure 15. Boron Nitride Nanotube revenue generation projection for the first ten years (Naclerio & Kidambi,
2023; Tay et al., 2023).

5. Applications of BNNTS and BNCNTS

5.1. Application of Boron Nitride Nanotubes
5.1.1. Polymer Dielectric Composites of BNNTs

Polymer dielectrics are unreliable in hot temperatures because of their poor mechanical integrity
and thermal durability. Therefore, due to their great mechanical integrity and respective thermal
stability, 1D polyaramid nanofibers and 2D BNNTs are advantageous (Adeel et al., 2019). These
reinforced nanocomposite sheets typically have a high degree of flexibility, mechanical strength,
electrical insulation, and thermal conductivity over a broad temperature range. Typically, 2D BNNS
has a high thermal conductivity. Previously cruel materials, 2D BNNS and 1D PANF (which have
great mechanical integrity and electrical insulation) can now be utilised for very high-temperature
applications and for people to enter somewhat hotter environments.

5.1.2. Polymer Composite Reinforcement, Ceramics, and Lightweight Armors

BNNTs exhibit some of the most extraordinary stiffness, demonstrating their potential for use
in ceramics and polymeric composites. These materials typically have Young’'s modulus of 1.2 TPa
(Agrawal et al., 2013). Covalently functionalized nanotubes have proven to be practical additions for
polymer reinforcing. However, higher percolation values result from adding nanotube
functionalisation to polymers. For bulletproof vests to be cost-effective, new, ultra-strong polymer
nanotube materials require enormous amounts of CNTs and BNNTs (C.-P. Chang et al.,, 2021; Z.
Huang et al., 2014; Meng et al., 2014; M. Wang et al., 2020; Yang et al., 2023).

When the cost analysis was done for the boron nitride nanotubes-based bulletproof vest in Table
4, it was highlighted that an inexpensive and lightweight armour of 5 Kgs could be formed in just
10121.5 INR (approximately 120 USD), which can also give a level IlI+ protection, thus protecting
from a pistol, Sten MC, SLR, INSAS and AK make assault rifles. Such affordable and lightweight
armour is yet to be produced and researched, and the cost analysis can be the start of one of the most
protective bulletproof vests (Cavallaro P.V, 2011; Davis, 2012; Dresch et al., 2021; Y. S. Lee et al., 2003;
Luz et al., 2015, 2017; Nurazzi et al., 2021; Risby et al., 2008; Salman & Leman, 2018; Silveira et al.,
2021a, 2021b; Soorya Prabha et al., 2021; Vignesh et al., 2021; Walley, 2014; Wambua et al., 2007;
Zochowski et al., 2021).

Table 4. Cost analysis of a Bulletproof vest made from Boron Nitride Nanotubes (Bilisik & Syduzzaman, 2022;
Luz et al,, 2017; Medvedovski, 2010; Mylvaganam & Zhang, 2007; Nguyen et al., 2020; Odesanya et al., 2021;
Soorya Prabha et al., 2021; Steinke, 2022; Talebi, 2006; Vidya et al., 2020; Vignesh et al., 2021; Zochowski et al.,

2021).
Material for Optimum Bulletproof Vest Cost (INR)
Steel (10mm) (2kg) 146.5
Body Armor Plate (2.5kg) 5000
Rolling Tolerance (7-6mm) 100
Rubberised Trap 300
Trauma Pad (45 grams) 75
Boron Nitride Nanotube 4500
Total (5kg bulletproof vest) 10121.5

The oxidation resistance shown by BNNTs is much higher than that of CNTs, making it more
accurate to be used in many nanomaterials, protective shields like bulletproof vests, and nanodevices
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for its application in high temperatures, extreme conditions or under hazardous and corrosive
environments (Aharonian et al., 2021; Asyraf et al., 2022; Bhat et al., 2021; C.-P. Chang et al., 2021;
Ellis. L R, 1996; Fayed et al., 2021; Nascimento et al., 2017; Nyanor et al., 2018; Sliwinski et al., 2018).

With the help of Computer Based-Simulations, the bullet was tested to see whether it showed
any puncture or deformation properties when it passed through two boron nitride sheets. It was
observed, as demonstrated in Figure 16 (Zochowski et al., 2023), that the boron nitride sheets
excellently deformed the bullet (punctured), thus demonstrating excellent protection properties by
giving a level III+ protection.
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Figure 16. Puncture Properties of Bullet due to the high mechanical strength of Boron Nitride Structures in
Ballistic Applications (Zochowski et al., 2023).

5.1.3. Biomedical Applications

For a nanomaterial to showcase biomedical applications, which include drug delivery, gene
delivery, contrast agent, electroporation, cell stimulation, and tissue engineering etc., as shown in
Figure 17, a nanomaterial should have a small size, high surface-to-volume ratio combination with
physical, chemical and biological properties of the nanomaterials and also the tunable functionality
of the surface (Gomez-Gualdron et al., 2011). When BNNTs are used with polymeric composites, the
end product’s overall degradation rate, physical strength, and durability increase. Therefore, they
can be utilised in polymeric biomaterials like BNNTs and other nanomaterials added to a polylactide-
polycaprolactone (PLC) copolymer to enhance the implant’s characteristics. Once BNNTs were
added, the mechanical strength increased by 1370 % (Mukhopadhyay et al., 2010). In hydroxyapatite
(used in orthopaedic implant applications), a 4 % weight addition of BNNTSs increased hardness by
129 %, fracture toughness of the bones by 86 %, and wear resistance of the orthopaedic bones by 75
% (Ciofani et al., 2013; Pereira et al., 2015).

For showecasing such biomedical applications, cytocompatibility of novel nanomaterials is
usually the first step that must be fulfilled. The biocompatibility studies of BNNTs usually relate to
the dispersion and functionalisation of BNNTs in aqueous solution. The cytotoxicity of BNNTs
depends on their purity, concentration, functionalisation, size, structure and cell types. One of the
main reasons BNNTs is still unable to showcase their potential for biomedical applications is due to
the inconsistent sample quality taken in biomedical research and the purity of the samples. Though
with a small diameter and high-quality BNNT, which could be produced from the substitution
reaction method and laser ablation method will be most suitable for such applications.
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Figure 17. Various Biomedical Applications which BNNTSs can showcase (Dogan et al., 2023; Gémez-Gualdrén
etal., 2011).

5.1.4. Sensing Applications

Regarding potential BNNTSs applications based on sensors, there has not been much research
and reports on this. BNNTs can also be coupled with other nanomaterials to create new sensor
devices. It can build diagnostic and carbon dioxide detection devices and humidity sensors. Due to
their time-resolved photoluminescence spectroscopy (TRPL) capabilities, Ni-encapsulated BNNTs
can be employed for clinical diagnostics and bioimaging (Huimin Ding et al., 2020; Song et al., 2015;
B. Wang et al., 2015). An integrated humidity sensing system with the help of BNNT has been
showcased in Figure 18 (Hitch & Dipple, 2012; Huimin Ding et al., 2020; Strawser et al., 2014; XU et
al., 2005; Yan et al., 2015).
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Figure 18. Humidity sensing application with the help of BNNT (Huimin Ding et al., 2020).

5.1.5. Hydrogen Storage

Several computational and theoretical studies discovered that the B-N bond length is longer than
the C-C bond length of CNTs. As a result, hydrogen molecules penetrate BNNTs more quickly than
CNTs (Jhi & Kwon, 2004). The triple-walled (TW) BNNTs provided crucial restricted regions for
hydrogen atoms between the tube walls. The double-walled (DW) BNNTs were expected to hold
more. The DWBNNTs had a higher internal volume than the TWBNNTSs because their inner tube
diameter was sufficiently larger (Dethan & Swamy, 2022). The main hydrogen storage capacity is
influenced by the electrical configuration of the boron and nitrogen atoms and by the thickness and
size of the BNNT walls (Mpourmpakis & Froudakis, 2007).

The B-N nanotube structure formation has much space between the bonds due to a more
significant bond length than CNT, which helps in better hydrogen storage, as shown in Figure 19.
Such a hydrogen facility is yet to be done in a pilot project, but it is a promising proposal for an
excellent hydrogen facility and circularity (Faye et al., 2022; D. Gao et al., 2014; Mittal et al., 2024;
Mittal & Kushwaha, 2024b; Mpourmpakis & Froudakis, 2007; Tarkowski & Tarkowski, 2019; Yanxing
etal., 2019; Y. Zhang et al., 2008a, 2008b).

5.2. Boron Nitride Carbon Nanotubes (BN-CNTs)

These BN-CNT composites” density and specific surface area can be modified by varying the
proportion of CNTs in the composites (Lonkar et al., 2012; Singh & Kushwaha, 2013a, 2013b; Singh
R.P & Kushwaha O.5, 2013; Zhan et al.,, 2020). Due to their excellent insulating qualities, unique
luminescence materials, photodetector, and reusable substrates for surface-enhanced Raman
spectroscopy, hexagonal boron nitride (h-BN) based materials exhibit high resistance to oxidation.
These protective materials can be used in harsh environments like ballistic ones. The main drawbacks
of h-BN materials are their high cost, inability to scale up production, and functional simplicity. To
address these issues, techniques like in-situ functionalisation are employed (Weng et al., 2016). The
appropriate mixtures of h-BN nanoparticles and C-based materials improve carbon-based composite
materials’ total microwave absorption capabilities. H-BN/carbon composites with many pores have
lower densities and better micro-absorption capabilities. If pure CNTs are used rather than h-
BN/CNTs materials, it will cause a mismatch in impedance due to their high dielectric properties.
BN-CNT composites are usually thin and lightweight, with solid and broad absorption bands. The
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various applications of Boron Nitride Carbon Nanotubes include Drug Delivery systems, hydrogen
storage, Neutron Capture therapy, Ballistic applications, etc (Mittal & Kushwaha, 2024a; Vatanpour
et al., 2021). Still, mostly a wide array of research is left in this field, and BN-CNTs hold a lot of future
perspectives due to their vast applicability in different fields, which somehow considerably supports
the circular economy model from the beginning of the industrial scale production.

H2 H2

Boron Nitride
Nanotube for
hydrogen storage
applications

Hydrogen Storage Facility

H2

Figure 19. Hydrogen Storage Facility with Boron Nitride Nanotube Coating (Faye et al., 2022; D. Gao et al., 2014;
Mittal et al., 2024; Mittal & Kushwaha, 2024b; Mpourmpakis & Froudakis, 2007; Tarkowski & Tarkowski, 2019;
Yanxing et al., 2019; Y. Zhang et al., 2008a, 2008b).

6. Cost Analysis of BNNTs and CNTs

The cost comparison of BNNTs and CNTs revealed that BNNTs are 11000 % more expensive
than CNTs. To date, one of the primary causes for the paucity of BNNT research is the high cost of
BNNT synthesis. Although BNNTs replace CNTs with more accessible synthetic techniques. Figure
20 discusses the overall market size output of BNNTSs; it was found that the annual CAGR from 2023
to 2027 will be 6.35% which will roughly make an addition of 345 million USD from the 2022 market
size. The lower market value and high price band of BNNTSs generate a perfect example of recycling
and a circular economy model for high-end purposes and cost-cutting required for BNNTs, as
showcased in Figure 21 (Ajanovic et al., 2022; Blanco, 2009; Jakubinek et al., 2022; M. Kim et al., 2020;
Naims, 2016).
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Figure 20. Graphical Analysis of market size output for BNNTSs (Jakubinek et al., 2022; M. Kim et al., 2020).
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Figure 21. Graphical Analysis of Market Value (in %) of BNNT on the basis of applications and multi- & single-
walled BNNT (A. Ali et al., 2023; Li et al., 2009; Patel & Miotello, 2015; Raihan, 2023; Rubio et al., 1994; Tavoni et
al.,, 2015; J. Wang et al., 2010; Zhuang et al., 2023).

7. Conclusions

BNNTs have a lot of unique properties, like great mechanical strength with electrically
insulating behaviour, excellent oxidation resistance, neutron shielding capability, and piezoelectric
properties. Still, the major con they have is their lower yields than CNTs. Much research found that
Chemical Vapor Deposition (CVD) and Substitution Reaction can increase the overall yield of
BNNTs. There is no doubt that BNNTSs hold unique and better properties than CNTs. However, there
is a wide gap in research regarding BNNTs and BN-CNTs, in many applications like orthopaedical
implant applications, Ni-encapsulated BNNTSs, polymeric composites, ceramics, etc. BNNTs have
already replaced CNTs and other composites, whereas, in Ballistic applications, their practical
applications are still left. BN-CNTs, on the other hand, have more exploration and research left than
BNNTSs. With the proper scale-up of BNNTSs as showcased above, there is a considerable possibility
of 200 TPY (tonnes per year) production of BNNTs at a very affordable cost with an excellent revenue
for the plant as well as colossal employment and electricity requirement produced from the BNNT
plant. Such scale-up opens many opportunities in producing the applications stated in ease and
increasing the quality and quantifying these composites, significantly promoting the circular
economy model. Boron Nitride Nanotubes exhibit robust absorption, are slender, light, and have
wide absorption bands. They have been proposed for use in armour and the simple manufacture of
Hildewintera-colademononis-like hexagonal boron nitride/carbon nanotube composites, but their
practical uses are relatively limited. BNNTSs have exceptional thermal and mechanical properties, and
high-end applications can be easily upgraded, recycled and reused as per the requirement, except for
biomedical applications.

8. Future Perspectives

Some of the Future perspectives are

1)Theoretical research of the hydrogen storage properties of the BNNTs showed that the
hydrogen storage properties of the BNNTs depend on the electronic structure of the boron and
nitrogen atoms, the diameter and the dimensions of the BNNT walls. Investigations suggest that
BNNTSs may be helpful to materials for hydrogen storage, even without data. It is important to stress
the necessity for additional experimental research focusing on elements like temperature, gas
pressure, and BNNT purity.
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2) BN-CNTs experimental research on many of their properties, like mechanical strength,
electrical properties, thermal conductivity, etc., should be done, as they have a lot of potential
applications like protective shields, nanomaterials, and various composites. These unique properties
of this material make it a prominent candidate for reuse and upcycling for sustainable development.

3) It is still impossible to create a large amount of BNNTs with the accuracy and uniformity
shown by CNTS, but further experimentation on the synthesis of BNNTs can improve the same.

4) Industrial Scale-up of BNNTs and BNCNTs: With the proposed industrial plan in the study,
the future holds a lot of research and funding in commercialising these composites. With such
proposals, many complexions come along with them that researchers and industrialists have to
overcome and work towards.

5) Due to the lack of industrial scale up in BNNT, there has been exigent and very limited reports
on the economic aspects of BNNT which are very significant to alternate the applications of CNT
materials towards BNNT.
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