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Abstract 

Boron nitride nanotubes (BNNTs) have been synthesized by various methods over the last two 

decades. Among the various growth techniques, Chemical vapor deposition (CVD) is one of 

the best methods for the synthesis of BNNTs in terms of quality and quantity. It offers 

relatively easy control on different growth parameters such as growth mechanism, 

experimental set up, precursor variables, catalyst type and temperature, hence become very 

convenient to grow BNNTs with desired size and morphologies leading to various advanced 

applications. Here, we presented a comprehensive review on BNNTs growth by CVD 

techniques ranging from catalytic to plasma assisted CVD. Moreover, the importance of certain 

variables for an efficient production of BNNTs, and their effects on the size and morphology of 

the tubes are also being discussed elaborately.  
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1. Introduction 

BNNTs are the cylindrical structures of hexagonal Boron nitride (h-BN) having diameter in the range 

of 1-100 nm and length up to several micrometers[1-3], were theoretically predicted in 1994[4, 5], 

and experimentally discovered in 1995[6]. The discovery of BNNTs has opened new ways for 

making devices with excellent properties. The structure and mechanical properties of BNNTs are 

almost similar to carbon nanotubes (CNTs), however CNTs can be conductor or semiconductor 

depending on the chirality or helicity whereas BNNTs are large band gap semiconductors 

independent of helicity [7-13]. This difference in the electronic structure of these nanostructure 

materials results in different luminescence emissions. For example BNNTs emit violet or ultraviolet 

luminescence when excited by electron or photons [14-19], whereas CNTs emit infrared light with 

wavelength dependent on the chirality of the tube [20-24]. Moreover, BNNTs are found to be 

chemically stable and highly resistant to oxidation [25, 26]. Therefore it can be effectively utilized in 

fabrication of different devices that can be used in high temperature environments [26-33].  

BNNTs have attractive magnetic properties. The theoretical calculations indicated that they (BNNTs) 

have spontaneous magnetization that can be induced through carbon-doping, which can be achieved 

by substitution of either B or N atoms[34]. BNNTs have intrinsic magnetism that can be induced by 

their open ends. The magnetic movement thus produced is dependent on the chirality of the tube [35-

37]. As a result of this magnetism BNNTs produce spin-splitting effect combined with spin-

polarization. This property has made it a very important material for different applications in the 

field of nanoscale spintronics devices e.g. spin polarized emitters etc. [38-40]. Spontaneous 

magnetization via fluorination or dopant substitution can also be induced in BNNTs [41]. 

Fluorination of BNNTs can further be used to modify the electronic and transport properties of the 

BNNTs. The fluorinated BNNTs thus developed have potential applications in nanoelectronics[42].  

The possible role of BNNTs as insulating protective shield has also been observed in the 

development of nanocables from semiconducting nanowires [2, 43-47]. It has been successfully 
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explored for applications in the field of engineering ceramics and polymeric composites[48].  It is 

experimentally observed that the superplasticity of engineering ceramics increases to a great extent 

with the addition of BNNTs[49].  Due to dipolar nature of B-N bond in BNNTs, they result in 

stronger adsorption of Hydrogen. Therefore they are considered a very important material for 

Hydrogen storage applications [50-54]. A change in properties in molecular and solid state electronic 

devices has also been observed due to dipolar nature of the B-N bond. It is further responsible for 

changing the optical properties of materials in the systems [7, 55]. Research based on the studies of 

photoluminescence and cathodoluminescence properties of the materials have shown that BNNTs are 

effective violet and ultra-violet light emission material. It has been found that the emission peaks 

normally depend on the samples. On this basis, peaks have been observed at ~ 230 nm, ~ 279 nm, 

~338 nm and ~ 460 nm by different researchers [17, 18, 56-64]. 

Biocompatibility of any nanomaterial need to be tested before using it within a particular bio-medical 

application. The biocompatibility tests on BNNTs were first initiated by Ciofani et al. [65-68]. The 

obtained results indicated BNNTs to be a very useful material for different biomedical applications 

such as therapeutic or diagnostic etc. due to their possible non-cytotoxic nature [43-45, 69, 70]. In 

boron nitride capture therapy, they  are proposed to be the boron carriers[71]. Upon injection, they 

are transferred into the tumor cell, produces localized charge particles by the interaction of neutron 

from an external source. These charge particles may be used to kill the tumor and cure the patient. 

The uniform distribution of Fe3O4 nanoparticles on the BNNTs surface introduced magnetic behavior 

in BNNTs. This behavior of BNNTs might be very useful in Micro Electro Mechanical System 

(MEMS) and targeted drug delivery[71, 72].  

BNNT is a large band gap semiconductor with improved bulk properties, can be effectively used as a 

neutron sensing element in a solid state neutron detector[73]. h-BN has a large cross-section for 

thermal neutron. In a solid state detector, a layer of semiconductor material is deposited on the top of 

neutron sensitive material. This layer is used for the production of electron-hole pair due to 
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interaction of thermal neutron [74]. Thus, if h-BN is replaced by BNNTs (with 10B-enrichement), the 

efficiency of the neutron detector is predicted to be far better than its bulk counterpart. BNNTs have 

highly crystalline multilayeres structure that make it more suitable for a solid state neutron detector 

with higher detection efficiency[75]. Being semiconductor, no other semiconductor layer is required 

to be deposited on BNNTs or h-BN surface. The as produced charge particles (due to interaction of 

neutron) are utilized within the same material [74]. Thus the extra kinetic energy of the charged 

particles that was previously needed to accelerate them to semiconductor layers can now be saved 

and utilized for an increasing production of electron-hole pairs. Thus a neutron detector based on 

BNNTs will have high sensitivity and greater efficiency than any other existed solid state or 

semiconductor based neutron detector [76].  

All of the aforementioned BNNTs applications in different fields are dependent on its purity, size 

and alignment which in turn depend on the synthesis methods. The synthesis methods that are being 

used for producing BNNTs are arc-discharge, laser ablation, template synthesis, auto clave and ball 

milling etc.[20]. Beside high temperature, toxic precursors and complex and lengthy experimental 

procedures, these techniques were difficult to be followed by other researchers. Furthermore, 

different precursor’s materials were found as impurities in the final product. These impurities are 

very difficult to separate from the final product.    

CVD has been recognized as the most effective technique for the synthesis of high quality and large 

scale production of CNTs [77]. This technique has not only increased the production or quality of the 

CNTs but has also provided simple mechanism for its growth in vertically aligned format [78]. The 

effectiveness of this technique in CNTs synthesis also attracted the attention of the earlier researchers 

working on the synthesis of BNNTs. For the first time CVD was introduced to synthesize pure 

BNNTs from borazine as precursors. Though somehow pure BNNTs were obtained in the 

temperature range of 1000 – 1100 °C via this technique[79], however, due to toxic nature of 

borazine, the as-used technique was not further employed with borazine as precursors. The 
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usefulness of CVD technique for BNNTs synthesis with high quality is further considered by other 

researchers. In this regard, they not only developed their own CVD techniques but also introduced 

most effective non-toxic precursors.  Thus, the major developments in CVD synthesis of BNNTs can 

be categorized in three main stages. The first stage is from Tang et al. (2002) [80] to Zhi et al. 

(2005)[81]. During this stage B, MgO and FeO were developed as effective precursors for high yield 

synthesis of BNNTs via Boron oxide CVD (BOCVD) technique in an inductive furnace. The growth 

of the BNNTs was assumed to have followed “Vapor Liquid Solid (VLS) Growth Mechanism”[82]. 

According to this mechanism (in the case of BNNTs), the reaction of the precursors powders at a 

particular temperature produce B2O2 vapors and nanosize liquid or partially melted catalysts 

particles. Later on, when the partial vapor pressures of these catalysts are sufficiently increased they 

are condensed on the substrate. The as formed B2O2 vapor reacts with N2 from NH3 gas and form 

BN-species. These species are then diffused in to the condensed catalysts and aggregates with the 

passage of time until it supersaturates and precipitates in the form of BNNTs[83].  

 The second stage is from Zhi et al. [81] (2005) to Lee at al. (2008) [84]. During this stage, a 

conventional horizontal tube furnace is used to replace the induction furnace. Furthermore, a 

particular ratio (2:1:1, 4:1:1) of the precursors (B, MgO, FeO) was used to grow pure BNNTs 

directly on Si / SiO2 substrate in a temperature range of 1100 – 1200 °C. The whole process thus 

developed was named as TCVD. The third stage is from Lee at al. (2008) [84] to Ahmad et al.[85] 

(2015). In this stage, the TCVD technique is further simplified with the use of Argon gas (as a 

reaction atmosphere) as an alternative for vacuum or evacuation. As a result the process developed is 

called, “Argon Supported TCVD”. This simplification has not only reduced the required expertise 

and cost for the experimental set up but has also helped in growing longer BNNTs due to anti-

oxidant quality of Argon gas.  

Page 5 of 59 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



   

6 
 

 The complete description of CVD techniques: it comparison with earlier existed technique, its 

different types and importance of different experimental parameters in a particular CVD technique is 

given in the coming sections. 

 

2. BNNTs Synthesis Methods  

After being theoretically predicted in 1994 by A. Rubio and X. Blasé et al. [4, 5], arc-discharge was 

the first method employed for the synthesis of BNNTs. Single and multi-walls BNNTs (MWBNNTs) 

formed by this method had high crystallinity but the final product was found to contain BN onions 

and cages etc. as impurities[6, 20]. Due to insulating nature of BN materials, they were not suitable 

to use as electrodes. Therefore other conductive compounds of boron, such as ZrB2 and Yb6 were 

used as electrode during the arc-discharge synthesis of BNNTs[47, 86]. MWBNNTs synthesized via 

this technique were found to have diameter in the range of 1 – 3 nm. Metal particles were found at 

the tips of BNNTs. These particles were assumed to be responsible for the growth and nucleation of 

BNNTs by this technique [87-89].   

Laser ablation utilizes almost the same precursors and catalysts at a slightly higher temperature than 

the arc-discharge but the BNNTs obtained with this technique have the same characteristics as the 

one obtained with the arc-discharge method [42, 90-92] . This technique for the BNNTs growth was 

first introduced by Golberg et al.[93]. As precursor, single crystal of cubic BN (target) was heated 

with the help of CO2 laser up to 5000 K to obtain MWBNNTs[93].  Later on, h-BN was also used as 

precursor in this technique [94-99] and both SWBNNTs and MWBNNTs were successfully 

synthesized. It was found that fabrication of BNNTs via this technique can be achieved without 

catalysts[94]. Highly crystalline BNNTs can be produced with the help of laser ablation, however, 

BN cones, onions and amorphous boron flakes can easily be found as impurities in the final product.    

Template synthesis method uses CNTs substitution reaction [100-105] or porous alumina anodic as a 

template [106-108] for BNNTs synthesis. In the case of CNTs substitution, B2O3 are reacted with 
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CNTs whereas nitrogen or ammonia is used as a protection gas and a nitrogen source. It is a low 

temperature method as compared to arc-discharge and laser ablation. As a result, the BNNTs 

produced by this technique have controlled morphology but has carbon in the lattice as an impurity, 

which is very difficult to remove from the final product [109-113]. In the case of using porous 

alumina anodic as a template, 2, 4, 6-Trichloroborazine are decomposed at 700 – 900 º C to fill the 

pores of alumina with BN material. The product thus obtained showed tubular structures with an 

average diameter of 280 nm, however, the detailed studies indicated a polycrystalline structure of the 

obtained BNNTs [20]. 

Auto-clave is another low or room temperature technique for synthesis of BNNTs. In this kind of 

method for BNNTs synthesis, some special types of auto-clave are designed and used. BNNTs 

produced via this technique were found to have diameter in the range of 30 – 300 nm and length up 

to 5 micrometer. Though, this technique had produced BNNTs in different morphologies with thin 

walls and large inner space, however it yields poor quality and small quantity of the final product 

(BNNTs). Furthermore, BN cages and B were found as impurities in the synthesized BNNTs [114-

117].  

Ball-milling technique for BNNTs synthesis was first developed by Chen et al.[118]. It gives multi-

walled BNNTs (MWBNNTs) in a large quantity at a temperature range of 1000-1200 ºC but the 

quality of the synthesized product was very low and reported B, h-BN and BN-fiber etc. as 

impurities[118-125]. 

CVD is a more advanced and easiest technique for the synthesis of large quantity (gram level) of 

both CNTs and BNNTs with desired applicable properties. The quality of BNNTs is found to depend 

on the specific method (CVD types) applied for the synthesis. In all these techniques along with 

standard CVD, partial CVD is also involved combined with other techniques [6, 13, 30, 42, 79-81, 

116, 126-140]. Each CVD technique is different from other with respect to the experimental setup, 
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required temperature and types of precursor. A brief summary of all the above techniques is given in 

the Table 1. 

Table 1. A summary of different techniques used for BNNTs Synthesis. 

S.No Technique Temperature °C Advantages Dis-advantages References 

1 Arc-discharge ~3500 Highly Crystalized, both 

SWBNNTs and MWBNNTs 

Containing BN onion and cages like 

morphologies as impurities 

[6, 20] 

 

2 Laser Ablation ~1200 - 5000 Highly Crystalized, both 

SWBNNTs and MWBNNTs 

Containing BN cones etc. as 

impurities 

[90-92] 

 

3 Template synthesis 750 - 1580 Having controlled morphology Containing carbon in lattice as 

impurities 

[109-113] 

4 Auto clave 600 Low temperature Bad quality, low yield and 

containing BN cages and B as 

impurities. 

[114-116] 

5 Ball milling 1000 - 1200 Large yield  Low purity with B, h-BN and BN 

fiber as impurities 

[118-123] 

6 CVD 1100 - 1200 High quality and large 

quantity up to gram level  

Search for a specific method(CVD 

type) with specific reaction 

parameters and precursors 

[6, 13, 79, 116, 

126-135] 

 

 

It is clear from Table 1 that though high quality and large quantity of BNNTs can be obtained with 

CVD technique; however a specific CVD technique with easily available precursors and reaction 

parameters are still need to be studied in full detail. In this regard an up-to-date development in CVD 

techniques for BNNTs synthesis are discussed in the next section. 

 

3. Classification of CVD for BNNTs Synthesis   

The BNNTs are synthesized via CVD technique by different groups of researchers. Each group used 

their own experimental parameters and precursors. As a result the quantity and quality of the 

synthesized BNNTs were found to vary from group to group. For the purpose of improvement in the 

results, some of the groups have adopted other techniques combine with CVD [116, 141, 142]. This 
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fact further notifies the importance of CVD techniques in BNNTs synthesis. In this section, the most 

prominently used CVD techniques for BNNTs are reviewed. The CVD method has been classified 

into various sub categories on the basis of growth mechanism, precursor’s type and catalysts type for 

BNNTs synthesis. The classification of CVD for BNNTs synthesis is shown in Fig.1 and discussed 

in details in the next section.  

 

Fig.1. Block diagram of different CVD methods used for the synthesis of BNNTs. 

 

3.1. Catalytic CVD 

The first group who used CVD successfully for the synthesis of BNNTs was Lourie et al. (2000). 

They used borazine (B3N3H6) as the precursor. Ni2B was found as the most appropriate catalyst 

among all the other tested catalysts with borazine. A schematic of the proposed rout growth 

mechanism for BNNTs synthesis is shown in the Fig. 2. Silicon wafer substrate and NiB/Ni2B 
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catalysts were placed in the center of a tube furnace. The furnace was then heated from 1000 – 1100 

oC.  A carrier gas containing borazine was flown into the system for 30 min. At this temperature 

borazine decomposed and produced BN and H2. H2 goes outside through the outlet whereas BN 

diffuses on nickel boride catalyst particle. With the passage of time BN aggregates leading to super 

saturation, and consequently result in precipitation of BNNTs on catalyst particle. The BNNTs thus 

formed have bulbous tips, possessed club like or flag like morphology with a length of 

approximately 5 µm[79]. 

 

 Fig.2. A depiction of the proposed root growth mechanism [79]. 

    

The earlier work on the CVD synthesis of CNTs shows that precursors and catalysts are the two 

main requisites along with the experimental set up and other parameters[143]. Mojority of these 

technique differ with respect to types and nature of catalysts and some of the experimental 

parameters [144-146]. For exemple, CNTs were synthesized via CVD technique with methane gas as 

a precursor, Fe2O3 / Al2O3 as catalyst and Ar gas as a reaction atmosphere to prevent the oxidation of 

the catalyst. In short, the catalyst was placed in the quartz tube furnce and heated in the presence of 
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Ar gas flow up to 1000 °C. At 1000 °C, the Ar gas flow was replaced with the precursor gas methane 

and the system was maintained in such a condition for 10 min. After 10 min, the system was brought 

to room temperature in the presence of Ar gas flow[143]. In the first CVD synthesis of BNNTs, NiB 

/ Ni2B were used as catalyst and borazine gas as precursor. The substrat and catalysts were heated up 

to 1000 - 1100 °C and maintained for 30 min in the presence of borazine-containing carrier gas. 

Finally the white color product was obtained on the substrate [79]. In order to further improve the 

quality, quantity and size of the BNNTs via catalytic CVD method, it was necessary to avoid toxic 

gas precursors. The major breakthrough occurred with the use of B and metal oxides as precursors 

and induction furnace as an experimental set up [147]. Further improvements were sought by the 

replacement of induction furnace with conventional horizontal tube furnace[84] 

If the above pioneer CVD work[79] on the synthesis of BNNTs and the later on major 

developments[81, 84, 85, 147] are compared with the earlier work on CVD synthesis of CNTs [143], 

it would not be difficult to findout that majority of the concepts used in CVD of CNTs and BNNTs 

are somehow related or linked with each other. But, since both the materials are different, therefore, 

different types of precursor’s powder or gases are used in each technique with defferent experimental 

parameters according to the nature of precursor’s materials. On these basis the catalytic CVD is 

further divided into two new categories. The details are mentioned in the following sub-sections. 

 

3.1.1. Boron Oxide CVD  (BOCVD) 

The BOCVD technique for BNNTs synthesis was first developed by Tang et al. (2002). The use of 

carbon-free precursors and induction furnace in this method insured high quality of the synthesized 

BNNTs. As a precursor Boron is used (in each experiment) with different metal oxides in different 

weight ratios. In this method Boron powder react with metal oxides catalysts and form BxOy which 

then reacts with N free radicals from NH3 at certain temperature and forms BNNTs. In this regard, 

Tang et al. performed different experiment. Each experiment was different from the other by the 
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precursor’s type, catalysts, precursor’s ratio and the environment in which the precursors and 

catalysts were used. First, BNNTs were synthesized by heating a mixture of boron and iron oxide 

powder (1:1) in the presence of ammonia gas. It was found that the ratio of the precursors and 

temperature plays an important role in the structure of the BNNTs[147]. Second, BNNTs were 

synthesized by heating boron and alumina supported nickel boride catalyst in the presence of N2 or 

NH3 gas at a temperature range of 1100 - 1300 ºC.  The BNNTs thus produced have diameter of 5 – 

40 nm and length of several micrometers. Defects in the structure of BNNTs were found at a 

temperature higher than 1300 ºC. However, at a temperature above 1500 ºC, no formation of BNNTs 

was observed [127]. Third, BNNTs were synthesized with a large diameter of up to 70 nm and length 

greater than 10 µm by heating a mixture of boron and magnesium oxide powder in the presence of 

NH3. Boron and MgO were first mixed in a 1:1 ratio and then heated at a certain temperature to form 

B2O2 and Mg.  Mg was evaporated from the final product whereas the synthesized B2O2 reacted with 

NH3 to form BNNTs according to VLS growth mechanism. BNNTs thus formed were in the pure 

form. In a smaller diameter of around 10 nm, the nanotubes were straight with concentric tubular 

structure containing no defects. Defects were found in the nanotubes with a diameter of about 60 nm 

[80]. 

Zhi et al. (2005) further developed the BOCVD technique for high yield synthesis of BNNTs. The 

details of the synthesis method are mainly similar to the one described elsewhere[118]. However, 

some modifications were done to obtain high quality results. In short, a mixture of B, FeO and MgO 

was taken in BN boat and heated in an induction furnace up to 1200 ºC. As a result, B2O2 vapors 

were formed. NH3 was introduced from the top of BN boat. At this temperature NH3 decomposed 

into N2 and H2. H2 reacted with oxygen from B2O2 and formed water vapors whereas N2 reacted with 

boron and formed BNNTs. In this study, it was found that BNNTs can be produced in a temperature 

range of 1100-1700 ºC with an average diameter of ~50 nm and almost no impurity present in the 

final product. The growth of the BNNTs was catalytic based on VLS model[81]. 
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Goldberg et al. (2010) achieved large scale  production of  BNNTs up to 2-grams via BOCVD 

method [80] (see in Fig. 3). For high purity of the BNNTs, the design of the induction furnace was 

optimized. The basic reason for this optimization was to separate Boron and metal oxide precursors 

for the BNNTs synthesis. The BNNTs have a diameter of approximately 50 nm and a length of up to 

tens of micrometers synthesized in this way [148].  

Huang et al. (2011) introduced B and Li2O as precursor in BOCVD technique, and successfully 

achieved bulk amount of pure and thin BNNTs. It has been discovered that Li, due to its superior 

oxidation and promotion effect on the crystallization, played a key role in the large scale synthesis of 

BNNTs with small diameter. The synthesized BNNTs had an average diameter of sub-10 nm and a 

length of greater than 10 micrometers [149].  

 

Fig.3. (a) Image of as synthesized 2-grams BNNTs (b) SEM and (c) TEM image of multiwall 

BNNTs[148]. 

 

Li et al. (2013) tried to enhance the effect of B and Li2O as precursor via further modification in 

BOCVD technique. The precursors (i.e. B and Li2O [149]) were first ball milled in the presence of 
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NH3. The ball milled precursors were then moved into a horizontal tube furnace and heated from 2-3 

hour in the presence of NH3 flow. White feather like BNNTs was found inside the boat and on the 

Silicon substrate. During the milling process the catalyst increased B oxidation and nitridation which 

was considered to be the possible reason for high yield of BNNTs [150]. 

Yamaguchi et al. (2013) successfully synthesized 1 g of multiwall BNNTs via BOCVD technique 

reported elsewhere [49, 151-154]. The synthesized BNNTs were long up to 1 to 5 µm and external 

diameter in the range of 40 to 50 nm. The tubes were then subsequently purified at high temperature 

in the Ar atmosphere. Later on it was utilized for the reinforcement of  lightweight aluminum ribbons 

[155]. The BNNTs synthesized by different researchers via BOCVD technique are summarized in 

Table 2. 

Table 2. Summary of BNNTs grown by various researchers via BOCVD. 

S.No Year Precursors Precursors 

 Ratio 

Substrate Temperatur

e (ºC) 

Catalysts Growth 

Mechanism 

Final comments Refer

ences 

1 2002 Boron 

powder 

Not 

mentioned 

Without 

any 

substrate 

1100 - 1300 

 

NiB/Al2O

3 

 

VLS Diameter        5 - 40 nm, length 

several µm with bamboo and 

polar like BNNTs. 

[127] 

2 2002 B, MgO 1:1 Without 

any 

substrate 

1300 Mg. 

Nanoscale 

catalyst 

VLS Pure, diameter around 10 nm. 

Defects found in nanotubes with 

a diameter of about 60 nm. 

[80] 

3 2005 B, FeO and   

MgO 

Not 

mentioned 

 

Not 

mentioned 

1100 - 1700 

 

Fe, Mg Catalytic 

growth based 

on 

VLS 

Diameter 50 nm, no impurity  [81] 

4 2011 B and Li2O 

 

1:1 Not 

mentioned 

1100 - 1350 

 

 

Li 

 

Not mentioned Diameter sub-10 nm, length 

greater than  10 µm 

[149] 

5 2013 B and Li2O 

 

1:1 Si/SiO2 

 

Not 

mentioned 

Li Not mentioned White feather like morphology [150] 

6 2013 B, FeO and   

MgO 

1:1:1 

 

Not 

mentioned 

Not 

mentioned 

Mg,  Fe Not mentioned Diameter 40 - 50 nm, length 1 - 5 

µm  

[155] 
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Though the introduction of BOCVD was a significant progress regarding the mass production of 

BNNTs, which led the researchers towards its potential application in nanotechnology [16, 81].  

However, this technique requires a specific design of induction furnace for achieving higher 

temperature with high temperature gradient. Further, it was found that this technique cannot be used 

for coating of BNNTs on Si based substrates without the assistance of other techniques and 

precursors. 

 

3.1.2. Thermal CVD (TCVD) 

Lee et al. (2008) reported a simple TCVD for the synthesis of BNNTs directly on Si/SiO2 substrate. 

The system thus developed is almost the same as previously used for the synthesis of CNTs[156]. 

However, for obtaining high quality of BNNTs, some changes have been brought in the existed 

technique. Instead of gaseous precursors and deposited catalysts on the substrate, a mixer of powder 

precursors and catalysts was used as a starting material. For the first time in BNNTs synthesis, a new 

concept of growth vapor trapping (GVT) was introduced with the use of one end closed inner test 

tube. The precursors used were: B, MgO and FeO in a molar ratio of 2:1:1. All the precursors were 

put in alumina combustion boat. The boat was placed in one end closed quartz tube. The quartz tube 

was then pushed inside a quartz chamber. The quartz chamber was first evacuated to ~30 mTorr and 

then heated up to 1200 ºC. At this temperature NH3 gas was introduced into the chamber at a rate of 

200 sccm for one hour. The BNNTs were formed in pure form on the inner walls of the boat and 

partially vertically aligned on silicon substrate placed on the boat. A view of the as-grown BNNTs is 

shown in the Fig. 4. The diameter of the tubes was in the range of 10-100 nm with a length of greater 

than 10 µm. The as-synthesized, partially vertically aligned BNNTs, were not powerful enough to 

stand against even a small mechanical compression which make them laid horizontally on silicon 

substrate[84].  
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Fig.4. (a) SEM (b) low and (c) high magnification TEM images of the as-synthesized BNNTs by 
TCVD[84]. 
 

 

 

  

Fig.5. Partially vertically aligned BNNTs grown in a particular Patterned [157]. 
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Lee et al. (2010) further used his own designed TCVD and obtained pattern growth of BNNTs. 

Transmission electron microscope (TEM) copper grids were used as pattern. The used precursors 

were the same as the one mentioned elsewhere[81, 84],  but with a different weight ratio of 4:1:1. 

The system was heated in a range of 1100-1200 ºC in the presence of NH3 flow, at a rate of 200-350 

sccm for approximately 30 min. The purpose of one end closed small quartz tube was to obtain 

growth vapor trapping (GVT). For the patterned growth, TEM copper grid was first mounted with 

the help of adhesive tape on the silicon substrate. Pulse Laser Deposition (PLD) was used to deposit 

a thin layer of Al2O3 film of 30 nm, followed by MgO, Ni or Fe film of 10 nm thicknesses on silicon 

substrate. After deposition, the TEM grid was removed and the substrate was transferred to the CVD 

system for the synthesis of BNNTs. The BNNTs formed in this way (have followed base growth 

mechanism according to VLS model) have diameter of 60 nm and average length of greater than 10 

µm, as shown in Fig. 5. [157]. The idea used in the initial treatment of the substrat for obtaining the 

pattern growth [157] is somehow similar to the one used for the synthesis vertically aligned CNTs. 

However, in case of CNTs Co, Ni or their alloys (Co-Ni)  are first deposited at the substrat and then 

etch with NH3 to produce nucleation sites for the synthesis of vertically aligned CNTs[158]. 

Whereas, in the pattern growth of BNNTs Al2O3 film, MgO, Ni or Fe film were deposited at the 

substrat surface. No separate NH3 etching was employed to produce nucleation sites. Therefore, the 

BNNTs product thus obtained was partially vertically aligned and was not strong enough to stand a 

slight mechanical compression[157]. 

Ferreira et al. (2011) used a novel synthesis route based on TCVD technique and successfully 

synthesized BNNTs from a mixer of amorphous boron powder, ammonium nitrate and hematite. 

Ammonium nitrate and hematite were used as catalyst. The characterization results showed that the 

synthesized BNNTs were filled with Fe nanoparticles. Such BNNTs were predicted to be useful in 

some of the biomedical applications [159]. 
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Pakdel et al.(2012) comprehensively studied the CVD growth of BNNTs in a horizontal electric tube 

furnace, using B, MgO, and FeO as  precursors with different weight ratio of 1:1:1, 2:1:1, and 4:1:1, 

at a temperature of 1200 ºC, 1300 ºC and 1400 ºC, respectively. The effects of different transition 

metals or their compounds have been tested as catalysts for the growth of BNNTs. However the 

results of their reaction with boron were not satisfied. Therefore the precursors were selected 

following the earlier work by Zhi et al. (2005). It was found that the growth temperature and metal 

oxides content have a significant effect on the structure, morphology and characteristics of the 

BNNTs. An increase of the temperature above 1200 ºC resulted an increase in the tube diameter, and 

further increase to 1400 ºC resulted in a secondary growth of very thin nanotubes. Nanotubes 

synthesized by using 2:1:1 ratio of the precursors at 1200 ºC and 1300 ºC has an average outer 

diameter of approximately 30 nm and 60 nm, respectively and were uniformly dispersed. At 1400 ºC 

the tubes grown have flower like morphology with a diameter of ~20 nm and ~100 nm. For 1:1:1 and 

4:1:1 ratio of the precursors, no appreciable result was found at 1200 ºC and 1400 ºC. However at 

1300 ºC, the 1:1:1 ratio has a diameter in the range of ~100-500 nm with flower like morphology, 

and 4:1:1 ratio has diameter in the range of ~50-150 nm with entangled curve like morphology. Tip, 

base-growth or mix-growth mechanism (based on VLS mechanism) was proposed for the growth of 

the tubes [83]. 

Seo et al. (2012) combined TCVD with ball milling annealing process and successfully synthesized 

relatively pure BNNTs (according to VLS mechanism). During this process, the production of 

impurities was a great concern in the residual material. It was concluded that the reaction parameters 

such as precursors, temperature and annealing time can sufficiently modify the final product [160]. 
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Table 3. Growth mechanisms and physical properties of BNNTs grown by TCVD. 

S.No Year Precursors Precursors 

Ratio 

Substrate Temperature 

(ºC) 

Catalysts Growth 

Mechanism 

Final comments Referen

ces 

1 2008 B, MgO 

and FeO 

2:1:1 Si/SiO2 1200 FeO, MgO VLS Diameter 10-100 nm, length 

greater than 10 µm 

[84] 

2 2010 B, MgO 

and FeO 

4:1:1 Si/SiO2 

 

1100 -1200 MgO, Ni, or 

Fe. 

 

Base growth 

according to 

VLS 

Diameter 60 nm,  average length 

greater than 10µm. 

[157] 

3 2011 B, 

NH4NO3 

Fe2O3 

 

15:15:1 Not 

mentioned 

1300 Fe2O3 Not 

mentioned 

BNNTs were filled with Fe 

nanoparticles 

[159] 

4 2012 B, MgO, 

FeO, 

1:1:1, 

2:1:1, 

4:1:1 

 

Si/SiO2 

 

1200 - 1400 

1200 - 1400 

1200 - 1400 

 

Mg, Fe Tip-growth. 

Base growth, 

Mix growth 

According to 

VLS 

mechanism 

 

Diameters ∼30 and ∼ 60 nm at 

1200 and 1300 with straight 

morphology. ∼10 nm and ∼100 

nm at 1400 ºC with flower-like 

morphology.  

[83] 

5 2012 B, MgO, 

FeO 

 

2:1:1 

 

Not 

mentioned 

1200 

 

Mg,  Fe VLS Pure and quantity 

can be increased via milling-

annealing + TCVD 

[160] 

6 2012 B and  

Fe2O3 

15:1 

5:20 

Not 

mentioned 

900 - 1400 

 

Fe Not 

mentioned 

BNNTs with bamboo and  

hollow cylindrical morphology 

[161] 

 

Ozmen et al. (2012) adopted a TCVD method in which BNNTs were synthesized by heating a 

mixture of boron and iron oxides powder over 900 ºC in the presence of NH3. The temperature and 

the ratio of B to Fe2O3 were found to have a great effect on the crystallinity of the synthesized 

materials. N2 produced during the decomposition of NH3, reacted with FeXBY, (produced by the 

reaction of boron with iron oxide) and synthesized BNNTs. Characterization of the samples showed 

bamboo and  hollow cylindrical morphology of the BNNTs with inner diameter in the range of 7 nm 
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to 38 nm [161]. Growth mechanism and physical properties of BNNTs grown via TCVD is shown in 

Table 3. 

Though TCVD is a simple technique to grow BNNTs directly on Si / SiO2 substrate. However, this 

technique was unable to give a specific idea to get BNNTs with an increasing length. Furthermore, 

vacuum or evacuation is need as a reaction atmosphere inside the chamber, which require vacuum 

pump an additional accessory with the conventional horizontal tube furnace. The requirement of the 

vacuum pump not only increases the cost of the experimental set up but also needed further study 

about vacuum and extra expertise to run the vacuum pump.   

 

3.1.3.  Argon Supported TCVD 

Ahmad et al. (2015) synthesized BNNTs via Argon supported TCVD technique. Argon gas flow was 

employed as an alternative for vacuum or evacuation. Ar gas being inert does not react with any 

material. Its flow through the system helps in the removal of oxygen and dust particles and thus helps 

in creating a suitable atmosphere for the desired chemical reaction to occur. So it was sought to be a 

good alternative for the vacuum or evacuation in CVD. Two minutes before the experiment, Ar gas 

was passed through the system and then a continuous flow was maintained at a rate of 100-200 sccm 

up to 1100 ºC.  After the completion of the reaction time Ar gas was again introduced into the system 

that flew away the water vapors, hydrogen, oxygen and BN species (left behind during the BNNTs 

synthesis) that might affect the final product quality.  

It was found that the flow of Ar gas is playing a significant role in a simple and cost effective 

synthesis of BNNTs. As an alternative for vacuum, Argon gas flow has eliminated the use of vacuum 

pump, which in other words have made the experimental set up ~ 18 % cost effective as compared to 

the conventional set up. Thus no extra knowledge or expertise is needed about vacuum or vacuum 

pump. Furthermore, the anti-oxidant nature of the Argon gas prevents the oxidation of the as 

produced Mg and Fe catalysts, which in other words helps in growing longer BNNTs[85].   
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3.2.  Non-catalytic CVD 

Ma et al. (2001) synthesized BNNTs via CVD technique, without using any catalyst. Melamine 

(C3N6H6) and boric acid (H3BO3) were used as starting materials. These starting materials were first 

mixed in 2:1 ratios to form a hot aqueous solution. This hot solution crystallized into melamine 

deborate (C3N6H6.2H3BO3) as the CVD system cooled down. After annealing Melamine deborate in 

N2 environment, B-N-O was formed.  It was then heated rapidly in N2 gas stream to form BNNTs. 

The multiwalls BNNTs synthesized by this method have 12 concentric layers with inner diameter of 

5.2 nm and outer diameter of 13.1 nm. The as-synthesized nanotubes were found to have a length of 

few micrometers with bulbous tips at the end. These tips were then used to grow the nanotubes 

[162].  

 

Table 4. Summary of BNNTs synthesized by Non-catalytic CVD. 

S.No Year Precursors Precursors 

Ratio 

Substrate Temperature 

(ºC) 

Catalysts Growth 

Mechanism 

Final comments Refer

ences 

1 2001 Melamine 

(C3N6H6) and 

boric acid 

(H3BO3) 

1:2 Without 

any 

substrate 

1200 Without 

any 

Catalyst 

Tip growth 

 

BNNTs bulbous tips at the end.  [162] 

 
 

2 2001 Melamine 

(C3N6H6) and 

Boric acid 

(H3BO3) 

1:2 α-Al2O3 

 

1200 

 

Without 

any 

Catalyst. 

 

Not 

mentioned 

BNNTs filled with amorphous 

B-N-O materials.  

[163] 

3 2002 BN powder Not 

mentioned 

Without 

any 

substrate 

 

1700 

 

Not 

mentioned 

Not 

mentioned 

Morphology depends on 

modification in CVD set up 

w.r.t. precursor, temperature. 

[164] 

 

BNNTs were also synthesized by using α-Al2O3 micrometer size particles as the substrate. The 

purpose of that work was to check the effect of substrate on the final product. The as-synthesized 

BNNTs were found to have inner diameter of at least 5 nm larger than the one previously described 
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[162], with the same layers. Thus the substrate was found to affect the diameter of BNNTs within 

CVD technique. BNNTs filled with amorphous B-N-O materials were also observed in the final 

product [163]. Later on it was pointed out by the same group with the help of further experimental 

work that employing the same CVD technique result in different morphologies of the nanostructures 

depending on the experimental parameters such as temperature and content of oxygen in the 

precursor [164]. A summary of BNNTs synthesized via Non-catalytic CVD is shown in Table 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6. Traditional CVD setup used in the synthesis of F-doped BNNTs [165]. 

 

3.3. Traditional CVD 

Traditional CVD technique was used to synthesize F-doped BNNTs. A diagram of the experimental 

setup along experimental parameters and precursors variables is shown in Fig. 6. In this method a 

Basic BN crystal was first synthesized by using BF3/NH3 as precursor. Then at the growth stage, F-
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atoms were introduced to form F-doped BN crystal. The synthesized F-doped BN crystal had 

nanotubes like morphology. The length and diameter of the tubes were estimated from the scale 

shown in the SEM micrograph of the sample, whereas the F-doped BNNTs had a length of few 

micrometers and diameter in tens of nanometers[165].  

 

3.4.   Floating Catalyst CVD 

Multiwalls and double-wall BNNTs have been synthesized by floating catalyst CVD with the help of 

floating nickel catalyst, using two different molecular precursors; amine borane borazine and 

polyhedral-borane decaborane are separately used in NH3 atmosphere at 1200 ºC and 1300 ºC 

respectively. Both precursors resulted in different size and morphologies of the BNNTs. Double-

walls BNNTs synthesized from borazine at 1200 ºC were found to be 0.2 µm in length and about 2 

nm in diameter. The size of multiwall BNNTs synthesized from decaborane was found to be affected 

by the temperature. The one synthesized at 1200 ºC had inner diameters from ~ 4 - 5 nm and outer 

diameters from ~12-14 nm with a length of ~0.2 µm, whereas the other synthesized at 1300 ºC had a 

length of ~0.6 µm [166]. 

Another important CVD technique based on floating catalyst was also introduced[128] later on to 

obtain good quality and large quantity of BNNTs. It has been successfully used for synthesis of 

double walled BNNTs. It is found that this technique might be an optimized step toward the 

continuous growth of BNNTs by CVD technique [128]. 

 

3.5. Plasma-assisted CVD 

Microwave Plasma-assisted CVD technique was used to synthesized BNNTs at low substrate 

temperature by using transition metals as catalyst, and diborane and ammonia as precursors. The 

nanotubes thus formed have a diameter of less than 10 nm. The morphology and the structure of the 

nanotubes were found to be strongly affected by the growth condition. Micro-sized Ni dots were 
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used to obtain patterned growth of BNNTs. This patterned growth was considered to be one of the 

possible ways for the synthesis of BNNTs in the aligned orientation [167].  

 

 

 
Fig.7. Different steps involved during the growth of BNNTs via Plasma-assisted CVD technique 
[168]. 
    

Large scale synthesis of BNNTs at low substrate temperature has also been reported by Plasma-

assisted CVD technique. Diborane and ammonia were used as precursors whereas Fe (powder) was 

used as supporting catalyst. The yield of BNNTs was found to be increased by the addition of O2 in 

the synthesis process. A growth model has also been proposed (as shown in Fig. 7.) to properly 

explain the role of metal catalysts during the synthesis or growth of BNNTs. It was suggested on the 

basis of the obtained results that this technique can be used to achieve large scale and high quality of 

BNNTs at low temperature [168]. 
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The study of all the above CVD techniques showed that the quality, quantity, size and morphology of 

the BNNTs depend on certain variables like precursor’s types, their ratio, temperature, catalyst and 

growth mechanism etc. Therefore all these variables and their importance in different CVD 

techniques regarding their effect on the final BNNTs products are fully discussed in the next section. 

 

4. Discussion 

BNNTs have been synthesized by different CVD techniques. Each technique is different from the 

other w.r.t. the used experimental set up, precursors, their ratios, substrate, and temperature, catalyst 

and growth mechanism [79-81, 163]. Therefore the final product differ with respect to quality, 

quantity, size and morphology. The importance of all these parameters is fully discussed in the 

following sections: 

 

4.1. Importance of  B, MgO and FeO as  Precursors for BNNTs Synthesis 

BNNTs have been synthesized in different sizes and morphologies by using different precursor’s 

materials. The precursors utilized by the initial groups [20] have although produced pure BNNTs in 

different sizes and morphologies, however the toxic nature of some of the precursors have made it 

difficult for other researchers to reproduce BNNTs by the same methods. 

A novel method based on VLS [169] mechanism has been proposed and developed by Tang et 

al.[127, 132, 170]. In this method B and MgO were used as precursors. Though pure BNNTs were 

synthesized from these precursors however to increase the quantity at higher temperature, it resulted 

in bulk BN flakes. Also the growth of the BNNTs was very slow due to slow catalytic activity of 

Mg. Furthermore, B and MgO precursors become chemically inactive due to the formation of 

Mg2B2O5 after first experimental run which cannot be used for further synthesis. Thus a major 

portion of these precursors had been wasted by this way, and only a small portion was utilized for 

BNNTs synthesis[81]. 
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Due to the common use of transition metals as catalysts and need of oxygen for B2O2 production, 

FeO has been used with boron powder to obtain a high quality result. However, it was discovered 

that the chemical reaction effectiveness of B and FeO was not satisfying and very little amount of 

B2O2 was produced in this reaction at a higher temperature. In order to combine the effect of both 

MgO and FeO, they were collectively used with boron powder, and BNNTs were produced in a wide 

temperature range of 1100 ºC to 1700 ºC. No notable impurity or bulk BN flakes were observed in 

the final product. During this method the growth of the BNNTs stop only when the precursor in the 

boat is blocked by the initially formed BNNTs at their top. The blockage of the precursors keeps the 

underneath precursors unreactive. Therefore, when the BNNTs top surface is removed, the remaining 

precursors can be used for several syntheses. This is the most important advantage of the above 

precursors (B, MgO, and FeO). It was also found that the quantity of the final product can easily be 

increased by using a larger size boat[81]. 

Later on, some other researchers [83, 84] used the above precursors with different weight ratios 

(1:1:1, 2:1:1 and 4:1:1).  The best results i.e. BNNTs with diameter from 10-100 nm and length of 

greater than 10 µm were obtained with  2:1:1 ratio of the precursors[83, 84]. 

Further developments regarding quantity and quality of BNNTs (when B, MgO and FeO are used as 

precursors) were sought by the addition of ball-milling and annealing along with TCVD. In this 

method the precursors i.e. B, MgO and FeO were first ball-milled and then annealed in the presence 

of reactant gases (nitrogen and ammonia). The obtained results suggested that this combine method  
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Table 5.  Analysis of B, MgO and FeO as an effective precursor for BNNTs synthesis. 

S.No Year Precursors Advantages Dis-advantages 

1 2001[147]. 

2005[81]. 

2O12[161]. 

B and Fe2O3[147]. 

B and FeO[81]. 

B and Fe2O3.[161]. 

1. High yield of BNNTs by varying 

precursor ratio from 5:1 to 15:1[161].  

2. Increased crystallinity with increasing 

ratio of B to Fe2O3[161]. 

3. Change of BNNTs color with changing 

ratio of precursor and become darker  by 

reducing the B to Fe2O3 ratio[161].   

1. Contained α-Fe  as impurities[147]. 

2. Formation of BN bamboo with high 

concentration of Fe2O3[147]. 

3. Produces little B2O2 at higher temperature due 

to unsatisfied chemical reaction effectiveness 

between B and FeO that result in slow growth 

rate and lower amount of BNNTs[81].  

2 2002 

2002 

2004 

B and MgO [127, 

132, 170]. 

1. Carbon free method[132]. 

2. Produces Pure BNNTs [127, 132, 170]. 

3. B and MgO are effective source of B2O2 

[81]. 

1. Results in bulk BN flakes at higher 

temperature. 

2.  Slow growth due to very slow catalytic 

activity of Mg.  

3. B and MgO precursors become chemically 

inactive due to formation Mg2B2O5 after first 

run[81]. 

3 2005[81]. 

2008[84]. 

2010[157]. 

2012[83]. 

B, MgO and 

FeO[81]. 

1. Pure BNNTs with diameter  ~50 nm can 

be achieved[81]. 

2. Temperature has no effect on the purity 

and diameter of the BNNTs[81]. 

3. Precursors can be used for several 

synthesis[81]. 

4. A larger boat size is helpful in increasing 

the final product[81]. 

5. Need a very sample experimental set 

up[84, 157]. 

6. Diameter of the tube varies from 10-100 

nm with length greater than 10 µm[84].  

7. Pattern growth is possible in the desire 

format[157]. 

8. Allow control growth of BNNTs[157]. 

9. Desired morphology and diameter can be 

achieved by changing the precursors 

ratio and temperature[83]. 

1. The ratio of the used precursors is not clearly 

mentioned[81].  

2. Need nanoscale catalyst to grow in nano-size 

diameter[84]. 

3. Possibility of forming ternary 

compounds(small amount) like: MgN2, MgB2 

and Mg-B-N etc., when MgO is used as a 

catalyst[157]. 
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(TCVD and Ball milling and Annealing) can be used to increase the yield of BNNTs and reduces the 

residual impurities left in the boat which was normally observed by Lee et al [84] by controlling the 

parameters like temperature, annealing time, ratio of the precursors and types of the reaction gases 

etc.[160]. Though efforts have done to brought improvements in the existed method, however the 

adopted procedure was quite lengthy and relatively difficult to be followed by other researchers 

relative to the already existed methods [81, 83, 84].  

Again Boron and Iron oxide (Fe2O3) were used as precursors to synthesized BNNTs. Different 

weight ratios of B to Fe2O3 i.e. 15: 1 and 5:1 were used. It was found that the ratio of the precursors 

has a great effect on the crystallinity of the final product. The crystallinity increases by increasing the 

weight ratio of boron to iron oxide. The surface area of the as synthesized BNNTs was also found to 

be affected by the weight ratio of B to Fe2O3 and increases by increasing this ratio. It was further 

found that the color of the final product become darker by decreasing the weight ratio of B to Fe2O3 

[161]. Recently, BNNTs have been synthesized from B, MgO and FeO, according to the procedure 

mentioned elsewhere [49, 151-154]. The as-produced product can easily be functionalized for its 

potential applications in optical devices [171-175].  

Thus the synthesis of the BNNTs by the above mentioned methods emphasizes the fact that B, MgO 

and FeO are the most effective precursors for the synthesis of pure BNNTs. This fact has been 

summarized in the Table 5. According to the analysis shown in the Table 5, there are some 

disadvantages of using B, MgO and FeO as precursors; however it is also clear that these 

disadvantages are so minor that they can easily be eliminated.  

 

4.2.  Importance of experimental set up 

Experimental set up has a key role in a good quality and large quantity of BNNTs synthesis.  

Different experimental set up have been developed and used for the CVD synthesis of BNNTs. All 

of these experimental set up consist of either lengthy and complex procedures [168], or high 
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temperature[162]. Due to which they have not been followed by other researchers. A significant 

progress has been made in this regard by the development  of BOCVD technique [80, 81]. This 

technique employs an induction furnace as an experimental set up to synthesize BNNTs within a 

temperature range of 1100 to 1700 ºC [81].  The major drawback with the induction heating was the 

effect of temperature to the surrounding growth area, where the increase of the temperature can 

greatly modify the size and morphology of the BNNTs. This fact has been realized later on, therefore 

efforts were made on the design of most simple experimental set up where not only temperature can 

be controlled at the specific growth area but also be used to analyze the growth with increasing 

temperature [83, 84, 157]. In this regard the first experimental set up was designed using a 

conventional horizontal tube furnace with a quartz tube vacuum chamber. It further consisted of a 

one end closed quartz tube that was placed inside the quartz tube chamber. Precursors were put 

inside the one end closed quartz tube for the growth of the BNNTs. The system was then sealed and 

evacuated to a certain level. The precursors were then heated up to 1200 ºC and kept for 1-hour at 

this temperature in the presence of NH3 flow. BNNTs thus formed were observed inside the boat and 

on the silicon substrate [84].  
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Fig.8. (a) Sketch of the experimental set up used for BNNTs Synthesis at 1200 ºC (b) as synthesized 

BNNT inside alumina boat[84]. 

 

A sketch of such an experimental set up and the BNNTs product obtained is shown in the Fig. 8. It 

has been experimentally verified that the one closed end quartz tube is one of the most important 

requirement for BNNTs growth by the experimental set up shown in the Fig. 8.  In other words, 

BNNTs growth cannot be achieved if the closed-end quartz tube is replaced with an open-end tube 

[84].  Later on, the pattern growth of BNNTs has been achieved by using the same experimental set 

up [157]. Almost the same experimental set up, precursor type (B, Mg, FeO) and ratio (2:1:1) [84], 

with some additional treatment (ball-milling) was used for synthesis of BNNTs at a bit higher flow 

rates of NH3 and N2 gases at 1200 ºC for 6 hours [160]. Such an experimental set up has also been 

successful when B and Li2O were used as precursors [149, 150].   
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A relatively different experimental set up with respect to the one reported by Lee et al [84], has been 

developed to synthesize BNNTs at 1200 ºC, 1300 ºC and 1400 ºC, by using 1:1:1, 2:1:1 and 4:1:1 

ratio of B, MgO and FeO as precursors, respectively. In previous experimental set up (Lee et 

al.[84]), the used vacuum chamber and test tube were made of quartz [84], whereas in the present 

experimental set up these devices were made of alumina [83]. However, neither in the previous work 

nor in the present any effect of quartz or alumina (heat gain or loss) has been observed on the final 

product. Therefore both of the set up are almost the same except the use of one end closed test tube 

inside the chamber. In Lee et al. [84] experimental set up, one end of the test tube was closed and it 

has been experimentally verified that BNNTs cannot be synthesized if the closed end test tube is 

replaced by an open end test tube [84]. However in present work, the synthesis of BNNTs have been 

achieved with an open end test tube [83], which was experimentally denied by Lee et al,[84]. High 

vacuum (evacuation of chamber) and high flow rate of NH3 (400 sccm compare to 200 sccm) may be 

the only possible reason for the present results [83]. However none of the two groups have ever  

considered either the effect of high vacuum or flow rate of NH3 for possible change in the 

experimental set up or BNNTs product by using the same precursors [83, 84]. Both types of 

experimental works have been summarized in Table 6. 

Table 6.  Summary of BNNTs synthesized from same precursor but in different experimental set up.  

S.No Year Precursors Vacuum in 

Torr 

Temperature 

(ºC) 

NH3 Flow 

rate in 

sccm 

Conventional Horizontal Tube Furnace as 

Experimental Set Up 

With One  Closed-end Test 

Tube 

With Opened 

End Test Tube 

1 2008 B, MgO, FeO ~ 30 mTorr 1200 200  BNNTs synthesized with 10 – 100 

nm diameter and length greater 

than 10 µm 

BNNTs cannot be 

synthesized 

2 2012 B, MgO, FeO ~1000 m Torr 1200 400  BNNTs synthesis was not reported BNNTs synthesized 

with diameter  ̴ 30 nm   
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A sample conventional horizontal quartz tube furnace without any inner one-end closed test tube has 

been used to synthesize BNNTs at a temperature lower than 800 ºC. However the lengthy and time 

consuming process involved in the synthesis of the precursors materials, and understanding of the 

chemical reactions have made it difficult to be followed by other researchers [176].   

The choice of experimental set up changes with change in precursors, and use of Ar gas as an 

alternative for vacuum. Such changes have been observed by different researchers like Ozmen et 

al.[161]. Therefore, it is possible that in the near future the above mentioned experimental set up [83, 

84], may easily be used with Ar gas as an alternative for vacuum (or evacuation). The use of Ar gas 

as an alternative for vacuum may not only further simplify the experimental set up but will also make 

it safe for the user.   

 

4.3.  Importance of Temperature 

Temperature is the most important factor during the synthesis and growth of BNNTs in a CVD 

technique. Specifically, size and morphology of  the BNNTs varies with temperature [166]. The 

initial group synthesized BNNTs in a temperature range of 1100-1200 ºC. The as synthesized 

BNNTs have flag like morphology with bulbous tip and length of about 5 µm [79]. The yield, 

diameter and morphology of BNNTs synthesized in a temperature range of 1200-1500 ºC changes 

with increase in temperature.  At a temperature below 1350 ºC, the BNNTs have wool like structure 

with diameter 7 to 20 nm. The yield increases when the reaction temperature is fixed at 1250 ºC. At 

this temperature a grey sponge like BNNTs can also be found  with diameter 12 to 40 nm [147]. A 

change in morphology from straight[177] to bamboo [178], and fiber [179] like has been observed 

with the change in temperature[164]. Defects were found in the BNNTs structure at a temperature 

higher than 1300 ºC. When the temperature was increased from 1400 ºC to 1500 ºC, bamboo and 

polar like morphologies were observed. However, when the temperature was further increased 

beyond 1500 ºC, no formation of BNNTs was reported [127]. 
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The effect of temperature also depend on the type of precursor used for BNNTs synthesis[81, 149]. 

When B and MgO were used as precursor, good quality of BNNTs was obtained at a temperature 

below 1100 ºC. The yield increased along with the tube diameter at higher temperature. The diameter 

reached to micron size with further increase in temperature. At a temperature higher than 1250 ºC, 

BN flakes were observed in the final product. When B, MgO and FeO were used as precursors, 

BNNTs were synthesized in a wide temperature range of 1100 ºC to 1700 ºC. Higher temperature 

was found to have no effect on the purity and diameter of as synthesized BNNTs [81]. When B and 

Li2O were used as precursors, BNNTs with a smaller diameter were formed at a temperature of 1100 

ºC. An increase in temperature above 1100 ºC resulted in a thick and non-uniform diameter of 

BNNTs[149]. The temperature effect also varies with precursor’s ratio along with precursor’s type. 

For B, MgO and FeO as precursors with 1:1:1 and 4:1:1 ratios, no synthesis of BNNTs was reported 

at 1200 ºC and 1400 ºC. The synthesis of BNNTs from 1:1:1 and 4:1:1 ratio was reported only at 

1300 ºC.  At this temperature the as synthesized BNNTs from 1:1:1 ratio had semi erect flower like 

morphology with diameter ~100- 500 nm. Whereas the one synthesized from 4:1:1 ratio had 

diameter   ~50 – 150 nm with entangled curve like morphology. The BNNTs synthesized from 2:1:1 

ratio of the precursors at 1200 ºC had diameter ~30 nm, and were straight and randomly oriented in 

different directions. When the temperature was increased from 1200 ºC to 1300 ºC, the morphology 

remained the same but the diameter increased from ~30 nm to ~60 nm. With further increase in 

temperature up to 1400 ºC both diameter and morphology of the BNNTs changed. At this 

temperature the BNNTs synthesized have diameter  ~20 to  ~100 nm with straight flower like 

morphology[83]. This analysis of BNNTs with increasing temperature[83] is somehow contradicts 

with the work of Zhi et al.[81], in which higher temperature was found to have no effect on purity 

and diameter of the as synthesized BNNTs. Change in the experimental set up and ratio of the 

precursor used may be one of the possible reason for this conflict. However, none of these 
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researchers[81, 83] had ever mentioned the experimental set up (to be responsible) to bring a change 

in size or morphology with the change in temperature.   

Table 7. Summary of temperature effect on size and morphology of BNNTs. 

S.No Precursor Temperature 

(ºC) 

Effect of Temperature (ºC) 

Size Shape or Morphology Refer

ences 

1 B3N3H6 1100 - 1200            Length   5 µm Flag like  [79] 

2 B and  Fe2O3 1. Below 1350 

2. 1250 

1.         Diameter  7 - 20 nm 

2.       Diameter 12 - 40 nm   

1.           Wool like  

2.          Grey sponge like  

[147] 

3 1.BN Powder 

2.  B4N3O2H 

1700 1. Diameter 10 - 100 nm and length ~10 µm. 

2. Diameter 100 - 200 nm and  length ~ 5 µm 

1.  Bamboo like 

2. Straight cylindrical, tree  like and fiber like  

[164] 

4 Boron, 

NiB/Al2O3 

 

1400 - 1500 Diameter 5 - 40 nm and length several micron      Bamboo and polar like   [127] 

5 1. B and MgO. 

2. B, MgO, 

FeO 

 

1. 1250 and above 

2. 1100 - 1700 

1.  Diameter 1-micron  

2.  Diameter ~50 nm. 

 

1.  Bulk BN flakes 

2. Straight and randomly aligned  

[81] 

6 B, MgO, FeO 

 

1. 1200 - 1300 

2. 1300 - 1400 

1. Diameter  ∼30 to ∼60 nm  
2. Diameters of ∼20 and ∼100 nm 

1. Long straight  

2. Flower like  

 

[83] 

 

Temperature is also found to affect the crystallinity and color of the final product in BNNTs 

synthesis. The crystallinity of the product was found to increase with an increase in temperature. 

Change in the color and structure of the product was observed with increasing temperature. At 900 

ºC and 1000 ºC, the material was in a particular structure with light brown color. When the 

temperature was increased to 1100 ºC, the product was converted into powder form with brown 

color. The color changes from brown to grey with particular structure at 1200 ºC. A mixer of grey 

and white color was found at 1300 ºC which was converted to only white color at 1400 ºC[161]. A 

concrete description of the temperature effects on size and morphology are summarized in Table 7. 
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4.4. Importance of Catalyst 

The use of catalysts is also of great significance in CVD growth of BNNTs. Initially BNNTs were 

synthesized by using NiB2 as a catalyst. It was found that the catalysts not only accelerated the 

growth process but also helped in growing long size nanotubes. The size of the catalyst is also very 

important in BNNTs growth. It works as a pattern during the growth of BNNTs, and the diameter of 

the final product was found to be in the range of catalyst size[79]. In other words, the diameter of the 

tube can be controlled with the help of choosing an appropriate catalyst[180]. BNNTs have also been 

synthesized without using any catalyst, however the BNNTs thus obtained were smaller in size and 

lower in quality[162]. Pure BNNTs were produced by the introduction of MgO as a catalyst with B. 

However the growth of the BNNTs was very slow due to the slow catalytic activity of MgO at higher 

temperature. Therefore, other transition metals and their compounds have also been excessively 

searched and used as catalysts with B for BNNTs synthesis[102, 138, 181]. It has been proved with a 

series of experiments that the chemical reaction  between boron and these catalysts were not 

effective enough for a satisfied result [81]. FeO reacts with B in the presence of NH3 to produce 

BNNTs but its results were also not satisfied at higher temperature. In order to have good results that 

can further be improved at higher temperature, both FeO and MgO were collectively used with B. 

Thus high quality of BNNTs were obtained with this combination of precursor[81]. The use of these 

catalysts was further improved by using them in different ratios with boron in a conventional set up. 

For the first time the role of MgO and FeO during the BNNTs synthesis and growth was explained in 

full detail. It was found that MgO and FeO are not only the effective producer of B2O2 but also of Mg 

and Fe nanoparticles. B2O2 reacts with NH3 to synthesize BNNTs whereas Mg and Fe helped in the 

growth of as synthesized BNNTs[84, 157]. The growth stops only when either these catalysts are 

fully covered by the precursor’s material or cut off as a tip from the BNNTs. Later on, the role and 

effectiveness of these catalysts were further tried by using them in different weight ratio with boron 

at different temperatures which resulted in different sizes and morphologies of BNNTs [83]. Due to 
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an easy and effective use of MgO and FeO as catalysts with B, they have now become the most 

effective and conventionally used precursors for BNNTs synthesis till date  [155, 160]. 

Li2O was also tried as a catalyst with B for BNNTs synthesis due to the superior deoxidation 

capability of Li compared to Mg. BNNTs thus synthesized were in large quantity. However Li and 

other species were found in the final product as impurities. Since the experimental set up and steps 

involved during BNNTs synthesis were a bit complex and time consuming (compared to B, MgO 

and FeO [84]) [149, 150], therefore this catalyst has not been excessively used afterwards. Thus the 

role of the catalyst is very important in any of CVD technique for BNNTs synthesis. They not only 

control the size and morphology of BNNTs in CVD techniques but also provides a simple way for 

the synthesis of other two dimentional (2D) nanostructures of h-BN.  

 

4.5. Importance of Growth Mechanism 

Borazine (B3N3H6) was used to successfully synthesized BNNTs for the first time by CVD 

technique. Root growth mechanism was assumed to have followed during the growth. The full 

details of this mechanism have already been given along with a figure in section 3.1. [79]. Melamine 

and boric acid were also used to synthesized BNNTs[162]. The growth mechanism followed was 

similar to the tip growth model of CNTs[182, 183]. Later on BNNTs were synthesized by different 

CVD techniques. Regardless of the experimental set up and precursor used, BNNTs were assumed to 

have grown by tip-growth, base-growth or mix-growth model according to VLS mechanism [80, 81, 

83, 84, 127, 157, 169].  

In VLS mechanism [169], the precursor are heated to a certain temperature. At a suitable 

temperature, the nanosize catalysts either in liquid or partially melted form condensed on the 

substrate surface. This is usually occurred when their partial vapor pressures is sufficiently enough 

for this purpose.  The as formed BN species then diffuse into the condense catalyst. Which then 
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aggregates with the passage of time and finally becomes supersaturate that leads to the subsequent 

precipitation of BNNTs [83].  

Beside all of the above factors, the role of under lying substrate is also very important in CVD 

growth of BNNTs. It has further been noted that its presence is helpful in the rational synthesis of 

BNNTs [184, 185]. Diameter of the as synthesized materials depends on the grain size and 

morphology of the substrate. By varying the grain size and morphology of the substrate the diameter 

of the final product can easily be controlled [186]. 

 

5. Role of CVD in Growth of 2D h-BN and Other Nanostructures 

In the above sections it has been proved that CVD is the most prominent and reliable technique for 

the synthesis of pure BNNTs. This leads to further study of the same technique with different types 

of precursors and experimental parameters for the synthesis of 2D h-BN. However, the progress in 

this regard is very slow as compared BNNTs. The reason is the improved and excellent properties of 

BNNTs for its potential applications due to its reduced size and nanoscale dimension.   

CVD has successfully been employed in the growth of atomic layers of hybridized h-BN and 

graphene domains [187] and large scale synthesis of atomic h-BN layers[188]. Ammonia-borane was 

used as precursor, copper foil as a substrate and Ar/H2 as a reaction atmosphere. The film of atomic 

h-BN layers (consisted of 2 – 5 layers) was deposited at the top of the substrate at 1000 ° C in a 

growth duration of 30 – 60 min. The adopted method for the synthesis was thus suggested to help in 

studying the structure and properties of h-BN thin film for its potential applications[188]. To further 

facilitate the synthesis of h-BN thin film another simple CVD technique is introduced. This 

technique work at ambient pressure and thus called ambient pressure CVD (APCVD). In this 

technique, the precursors (B3N3H6) vapor are carried to the substrate (polycrystalline Ni) with the 

help of N2 gas flow where they are deposited in the form of thin film (h-BN). This was believed to be 

the low-cost technique in which the growth temperature can be reduced to 400 ° C. However, the 
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growth is followed by annealing at 1000 ° C that results in the production of high quality h-BN thin 

film with thicknes in the range of 5 – 50 nm[189]. Thoug this technique was successful to grow a 

multilayer (5 – 50 nm) thin film of h-BN, howeve, it was unable to control the number of layer to a 

monolayer and failed to give a spific growth mechanism. These issues have been resolved with the 

development of low pressure CVD (LPCVD). In this technique Cu foil was used as a substrate and 

borazane as precursors. Growth in the LPCVD was believed to be surface reaction limited and was 

hoped to be not affected considerably by the gases flow or substrate surface. However, it was found 

that the geometry of the substrate has a key role in uniformity of the layers[190]. In this regard, a 

suitable substrate with smooth and fine surface was predicted to be of great importance[190].   

These progress in CVD synthesis of h-BN thin film and BNNTs shows the potential for further 

developments in CVD technique with respect to precursor’s types, reaction atmosphere, growth 

duration and experimental set up etc. However, the progress is not restricted only to the synthesis of 

BNNTs or h-BN thin film. The development in CVD for the synthesis of other nanostructures of h-

BN cannot be ignored. Ar-supported TCVD was successfully utilized for the synthesis of BNNWs. 

In this synthesis the relatively short growth duration was considered to be responsible for the 

synthesis of BNNWs[73]. The concept of Ar-supported TCVD also helped in the successful 

synthesis of BNMTs. During the synthesis of BNMTs[191], the precursor’s type, ratio and 

experimental set up used were the same as in the synthesis of BNNTs via Ar-supported TCVD[85], 

however, in the synthesis of BNMTs, NH3 gas flow was used as a reaction atmosphere instead of Ar 

gas. The same concept [191] with an increased growth duration of 90 min (instead of 60 min) was 

used for the synthesis of BNNS without any further modification[192].   

All these modifications and progress in CVD techniques suggests that CVD is very versatile 

technique that can be used for the high quality synthesis of any materials or its compounds by 

carefully optimizing its experimental parameters. This further provides opportunities for the 

commercialized production of materials and its use for its potential application. 
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6. Conclusions 

Among all the techniques used for BNNTs synthesis, CVD technique has been proven to produce 

quality and quantity of BNNTs. The quality and quantity of BNNTs depends on the specific type of 

CVD technique. In each type of CVD technique, experimental set up, types and ratios of the 

precursor, temperature, catalysts, substrate and growth mechanism are some of the basic 

experimental parameters that affect the characteristics of the final product. Therefore, optimization of 

CVD setup for BNNTs synthesis is still an open area of research. The product obtained so far is not 

yet suitable (regarding quality and quantity) to be effectively used in any application in the real life.  

B, MgO and FeO are the most effective precursors and the conventional horizontal tube 

furnace with one end closed inner test tube is the most commonly used experimental set up. Changes 

in the precursors (B, MgO and FeO) dimension and home-made experimental set up with Ar (gas) as 

an alternative for vacuum or evacuation can assist in successful synthesis of longer and cost effective 

BNNTs via a more simple TCVD technique. In addition, the idea of re-using the precursors (B, MgO 

and FeO), for several synthesis and suggested increase in the final product with increasing boat size, 

it is further suggested that the quality and quantity of BNNTs can be increased to any desired level 

by modifying the experimental set up in such a way that the synthesized BNNTs cannot block the 

precursor in the boat. For this purpose the boat should be replaced by a device (like the one used for 

concrete mixing) of appropriate size and shape that can keep or separate the as form BNNTs layer,  

and continuously make a homogeneous mixture of the rest of the precursors  for further synthesis. 

This will not only prevent the top of precursor from blocking due to formation of BNNTs layer but 

also help to continue syntheses of BNNTs till the precursor are completely utilized.  
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