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Synthesis and characterization of boron nitride nanotubes (BNNTSs) with a new
method and precursor materials

Yeni bir yontem ve oncii maddeler ile bor nitriir nanotiiplerin (BNNT'lerin) sentezi ve
karakterizasyonu
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Abstract

Boron nitride nanotubes (BNNTSs) have many application areas thanks to their superior properties such as thermal and
electrical insulation, resistance to oxidation, high hydrophobicity, and high hydrogen storage capacity, as well as
biocompatible properties. Therefore, new synthesis methods are being searched for BNNT with increasing interest in
recent years. In this study, high purity and yield BNNTs were synthesized using precursor materials and methods that
were not previously tried in the literature. A chemical vapor storage (CVD) furnace was used for the synthesis, and various
parameters were changed to achieve optimum conditions. The structure of the obtained BNNTs was characterized by
Fourier conversion infrared spectroscopy (FTIR), Raman spectroscopy, and a UV-visible spectrophotometer. In addition,
surface morphologies were illuminated using transmission electron microscopy (TEM) and scanning electron microscopy
(SEM). However, it has been observed that BNNTs obtained as a result of HR-TEM (high-resolution transmission
electron microscope) analysis have a single-walled structure that is difficult to synthesize. This increases the importance
and quality of synthesized BNNTSs.
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Oz

Bor nitriir nanotiipler (BNNT'ler) 1sil ve elektriksel yalitkanliklari, oksidasyona karsi dayamikhiliklar:, yiiksek
hidrofobiteleri ve yiiksek hidrojen depolama kapasiteleri gibi iistiin ozelliklerinin yani swra biyouyumlu ozellikleri
sayesinde bir¢ok uygulama alanina sahiptir. Dolayisiyla BNNT i¢in son yillarda gittikce artan bir ilgiyle yeni sentez
yontemleri arastirtlmaktadir. Bu ¢alismada, literatiirde daha énce denenmemis oncii maddeler ve yontemle yiiksek
saflikta ve verimde BNNT ler sentezledi. Sentez icin bir kimyasal buhar depolama (CVD) firimi kullanildi ve ¢esitli
parametreler degistirilerek optimum kosullar elde edildi. Elde edilen BNNT lerin yapisi fourier doniisiimlii kizildtesi
spektroskopisi (FTIR), Raman spektroskopisi ve bir UV-visible spektrofotometresi kullanilarak karakterize edildi. Ayrica
yiizey morfolojileri gegirimli elektron mikroskobu (TEM) ve taramali elektron mikroskobu (SEM) kullanilarak
aydinlatildi. Bunla birlikte HR-TEM (yiiksek ¢oziintirliiklii gegirimli elektron mikroskobu) analiz sonuglarina gére elde
edilen BNNT lerin, sentezlenmesi zor olan tek duvarli (single-walled) bir yapiya sahip oldugu goriilmiistiir. Buda
sentezlenen BNNT lerin 6nemini ve kalitesini arttirmaktadir.
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1. Introduction

Structurally, BNNTs are an analog of Carbon
nanotubes (CNTs) (lijima, 1991). BNNTs
containing boron and nitrogen atoms evenly
distributed in hexagonal rings have attracted great
attention due to their excellent mechanical
properties, high thermal conductivity,
antioxidation stability, excellent biocompatibility,
and effective light-emitting properties (Chang et
al., 2005; Lauret et al., 2005; Berber et al., 200;
Gao et al., 2011). These properties have made
BNNTs great materials. In addition, due to their
biocompatible properties, they have a wide range
of applications in medicine and biomedical
applications. A few of the application areas of
BNNTs are; they can chemically bind to
carbohydrates, DNA molecules, and proteins (Zhi
etal., 2007; Chen et al., 2009; Gao et al., 2012). By
adding to various polymers used in tissue
engineering studies, increases the physical strength
of the tissue scaffold and supports its proliferation
by facilitating cell attachment to the scaffold
(Salvetti et al., 2015). It can be modified to
oligonucleotides in gene silencing studies (Sen et
al., 2017). It can be used as a drug carrier (Ciofani
etal.,2009,2010), and as photoelectric and neutron
radiation shield materials in semiconductor devices
and thermal conductive composites under high
temperatures (Fu et al., 2017; Chang et al., 2006;
Bai et al., 2007; Cao et al., 2009).

Ferreira et al. reported a facile and effective
synthesis based on chemical vapor deposition
(CVD) process with new conditions to produce
boron nitride nanotubes in higher amount. They
used boron powder, ammonium nitrate, and
hematite as catalysts in tubular furnace, and also
they without used extreme conditions for synthesis
BNNTs (Ferreira et al., 2011). Nithya et al.
successfully synthesized BNNT by a simple
annealing process. They used amorphous boron
powder (B) as a boron source to react with various
metal oxide mixtures (V20s/Fe;O;  and
V,05/Ni203) in their study (Nithya et al., 2014).
Wu et al. high purity and large quantities of BNNTSs
have been successfully synthesized under ammonia
gas flow at 1200 °C.

They used boric acid, ethylenediamine, and Iron
(IIT) nitrate nonahydrate as the raw materials. They
synthesized via a wet chemistry method and used
as catalytic pyrolysis of organic-inorganic hybrid
precursor. They were observed that the diameter of
BNNTs was distributed in a range of 60-200 nm
while its length was about tens of microns (Wu et
al.,2017). Wang et al. via a novel two-step method,
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including citrate-nitrate combustion reaction and
catalytic chemical vapor deposition high-quality
boron nitride nanotubes successfully synthesized.
The obtaining nanotubes the diameter ranges
between 20 and 80 nm, while the length is about
dozens of micrometers (Wang et al., 2018). Kumar
et al. synthesized 1D and 2D nanostructures and
applied them for bioimaging of breast cancer cells
(MCF-7). They grew nanotubes on a tungsten
substrate by using copper as a catalyst with a
simple and easy method. They carried out using
solid precursor, boric oxide, and urea for boron and
nitrogen, in a high-temperature furnace under
argon atmosphere. The obtaining product was
characterized by FESEM, TEM, FTIR (Kumar et
al., 2018). Tang et al. with a mixture of B,O, and
Mg, a novel precursor, successfully synthesized
bulk amounts of pure BN nanotubes at 1300 °C.
After the reaction, Mg was evaporated from the
final product (Tang et al., 2002). Pakdel et al.
BNNT films, via a catalytic chemical vapor
deposition (CVD) method on silicon/silicon
dioxide (Si/Si02) substrates in a horizontal electric
furnace synthesized. Furthermore, the effects of
growth temperature and catalyst concentration on
the morphology of the films were investigated in
the study. The BNNT films were grown at 1200
and 1300 °C average outer diameters were
measured as ~30 and ~60 nm, respectively. On the
other hand, the BNNT films were grown at 1400 -C
average diameters of thick tubes ~100 nm, and thin
ones as ~10 nm were measured (Pakdel et al.,
2012). Lee et al. for the first time, at 1200 °C, using
MgO, Ni, or Fe as the catalysts, and an ALO;
diffusion barrier as an underlayer, through a
catalytic chemical vapor deposition (CVD) method
synthesized BNNTs. Obtained BNNTSs were clean,
vertically aligned, and have high crystallinity (Lee
et al., 2010).

Turkey is a country rich in groundwater resources,
which ranks first in the world in terms of boron
reserves, the US, China, Russia, Kazakhstan, and
South America come after Turkey (Eti Maden for
life, 2021). The most important known uses of
boron compounds are; It is used in automotive,
detergent and agriculture industry, chemical
industry, glass, fuel cells, space and aircraft, and
ceramic materials (Eti Maden for life, 2021). It is
of great importance to developing new,
economical, and high value-added boron usage
areas for boron minerals, which have an important
place for our country. Synthesizing BNNTSs, which
are obtained from boron minerals and which
importance and usage areas it has been mentioned
above, as pure, in large quantities, and



Tarhan / GUFBED 11(4) (2021) 1217-1224

economically as possible have special importance
in this sense.

In this study, the synthesis method performed with
precursor materials used in BNNT synthesis has
not been tried in the literature before. As far as we
know, Fe,O; nanoparticles as a catalyst for these
precursor materials were first used in this study.
Moreover, the temperature parameters and time
applied in the study were first optimized for this
study. Synthesized BNNTs with these starting
materials are highly pure by this method and there
is no need to apply a long washing procedure with
concentrated strong acids (Generally, washing
processes in the synthesis of BNNTSs are carried out
with 4M HCI and 1M HNOs3, a procedure that takes
hours). After reaction obtaining product was
dispersed in hot water (85 °C) and followed by
filtrated. This situation increases the importance of
the study. Because it is believed that washing with
concentrated acid for a long time deformed the
morphology of BNNTs and reduced the quality of
the product. A chemical vapor storage (CVD)
furnace was used for the synthesis and carried out
in high purity and yield by determining the
optimum conditions required. BNNTs obtained
after synthesis were characterized by FTIR,
Raman, UV-visible spectrophotometer. In
addition, it was observed the BNNTs which surface
morphologies were illuminated by using TEM and
SEM have a single-walled structure.

BNNTs precursor is thoroughly dispersed with the aid of a sonicator
g
—

SiC plate
Precursor of BNNTs

<=

2. Material and method

First, 300 mg of Boron trioxide (B203), 300 mg of
urea (C3Hz0»), and as a catalyst 30 mg of iron (III)
oxide nanoparticles (Fe;Os;) were until well
dispersed with the aid of a sonicator in 3 mL of
13.38M ammonia solution (NH3) in a beaker. The
obtaining mixture was well spread on the silicon
carbide (SiC) plate (The size of the SiC plate is 2 x
3 cm) with the aid of a spatula and heated on a
heater at 120 ° C until the solvent evaporated.
Afterward, it was heated in a chemical vapor
storage (CVD) furnace on the plate until to 1300 °C
for about 120 minutes (10 °C / min) in an
atmosphere of NH; gas. NH3 gas flow rate was kept
constant at 100-200 sccm during the reaction.
Then, heating was continued at 1300 °C for 180
minutes and the furnace was turned off and the
temperature was allowed to drop to 550 °C (this
process took about 120 minutes). The reaction was
terminated at 550 °C and the SiC plate was
removed from the furnace and allowed to cool at
room temperature. After reaction obtaining product
was dispersed in hot water (85 °C) and followed by
filtrated. Thus, if unreacted boron trioxide and urea
remain, they are dissolved in water and separated
from the obtained product. The reaction formation
steps were schematized in Figure 1.

=

Quartz vacuum chamber

<= 4=
-’;57 P

== = NH:

Sonicator Heater

Figure 1. Scheme of the method
2.1. Chemicals

Boron trioxide (B,0Os) urea (CsHsO.), and iron (I1I)
oxide nanoparticles (Fe.O3;) were obtained from
Sigma Aldrich. Ammonium Hydroxide (NH3) was
purchased from BDH Chemicals.

2.2. Instruments

A chemical vapor storage (CVD) furnace
(Protherm PTF 14/50/450) was used for the
synthesis. Synthesized BNNTs were characterized
using FTIR (FTIR, Thermo NICOLET IS50
spectrometer; Thermo Fisher Scientific Inc.,

Precursor of BNNTs sic plate

Chemical vapor storage (CVD) furnace 1300 °C
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Waltham, MA, USA), Raman (Renishaw inVia
reflex; Renishaw plc, Gloucestershire, UK), and
UV / Vis (PerkinElmer Lamda 25; PerkinElmer,
Inc., Waltham, MA, USA) spectrophotometers.
And also, SEM (Carl Zeiss EVO 40; Carl Zeiss
Microscopy GmbH, Oberkochen, Germany) and
TEM (FEI TALOS F200S 200 kV; Thermo Fisher
Scientific Inc.) microscopes were used to
illuminate surface morphology. All
characterization procedures were performed under
laboratory conditions. Also, no action was taken on
the samples before analysis.
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3. Result and discussion
3.1. Characterization studies

Synthesized BNNTs were first characterized by
FTIR. As shown in Figure 2, the characteristic B-
N-B and B-N vibration bands were observed at
1348 cm! at 764 cm™!, respectively (Kalay et al.,
2013). The broad absorption band at 1348 cm™! is
attributed to the E; , (B-N stretching vibration
mode perpendicular to the c-axis) modes of h-BN;
while the absorption band of the weaker peak at
764 cm™! could be associated with the A, , (B-N-B
bending vibration mode parallel to the c-axis) (Xu
et al., 2007; Wu et al., 2017). Furthermore, the
FTIR result showed that BNNTs were successfully
synthesized. It was not observed absorption band
related to the raw materials, which suggests that the
as-prepared BNNTSs are relatively pure.
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Figure 2. FTIR spectrum of the BNNTs

In Figure 3 was given the Raman spectrum for
BNNTs. While preparing the BNNTs for Raman
measurement, firstly, it was thoroughly dispersed
in deionized water. In Raman measurements, liquid
samples were analyzed by dropping onto a CaF,
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slide. Previously, the CaF, slide washed with
ethanol and dried. 2.5 uL of the BNNTs were
dropped on the slide and left to dry in a closed
environment. The measurement of the completely
dried sample was taken using a diode laser at 830
nm that arranged to 10 sec exposure time and a
50xobjective (numerical aperture, 0.75) with a
laser power of 50 mW. According to the spectrum
in Figure 3, characteristic peaks regarding CaF,
and BNNTSs were observed at 322 and 1365 cm™,
respectively (Arenal et al., 2006). A sharp Raman
peak at ~1365 cm™! corresponds to the in-plane
vibrational Raman active E; mode of h-BN
(Nithya et al., 2014). In this mode, the B and N
atoms were moving against each other within a
plane. Lee et al. have also reported a similar
observation for BNNTs (Lee et al., 2008). This
result shows that the purified BNNTs were
crystalline and free from impurities.
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Figure 3. Raman spectrum of the BNNTs

Besides, the UV-vis. spectrophotometer was used
to prove the presence BNTTs. Accordingly, a
strong absorbance value at 214 nm in Figure 4
shows the characteristic absorbance peak for
BNNTs. In addition, the results are accordance
with the literature (Roy et al., 2014).
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Figure 4. UV-vis. spectrum of the BNNTSs
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SEM and TEM microscopes were used to view the
BNNTs and their surface morphologies. In Figure
5, it can be seen from the SEM image that BNNTs
were clearly formed. As can be seen from this

image, most of the precursor materials have turned
into BNNTs. This indicates that the obtained
BNNTs are of high purity. In addition, the results
are in agreement with the FTIR spectrum.

Figure 5. SEM image of the BNNTs

In addition to the SEM image, HR-TEM images at
200 and 50 nm scales were shown in Figure 6 to
show that the BNNTSs exhibited a single-walled

Figure 6. HR-TEM images of the BNNTs

Furthermore, Table 1 gives information on the
average diameters of BNNTs obtained using
different initial materials and catalysts. And also,
the obtained results were compared with this study.
The results showed that there is no similar
synthesis method using the same initial materials
and catalyst.
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structure. Moreover, it can be seen from these
images that the surface of BNNTs was smooth, and
their diameters were below 50 nm.
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Table 1. Comparison of initial materials, catalyst, and the ranges of diameter BNNTs

Initial materials Catalyst The ranges of diameter BNNTs Reference
Boron powder and Hematite About 100 nm Ferreira et
ammonium nitrate al., 2011

Amorphous boron
powder

Boric acid and
ethylenediamine

Boron powder, citric acid,
polyethylene glycol
(PEG; molecular weight:
1000)

Boric oxide and urea

Boron oxide and
magnesium oxide

Boron powder

Metal oxide mixtures
(VzOs/F6203 and
V,05/Ni,03)

Iron (IIT) nitrate
nonahydrate

Cobalt (II) nitrate
hexahydrate
Copper sulphate penta-

hydrate

Magnesium vapor

Magnesium oxide and
iron oxide

The lengths of the tubes were found to be >1 pum. Nithya et

And also, The inner and outer diameters of the al., 2014

tubes were found to be 5.16 and 10.96 nm,

respectively

60-200 nm Wu et al.,
2017

20-80 nm Wang et
al., 2018

8-45 nm Kumar et
al., 2018

About 70 nm Tang et
al., 2002

At the growth temperature from 1200 to 1300 -C Pakdel et
the average diameter from ~30 to ~60 nm was al., 2012
obtained. However, at 1400 -C average diameters

as ~20 and ~100 nm were obtained.

Boron Powder Ferric chloride 20-100 nm Pan et al.,
hexahydrate 2014
Boric acid and melamine ~ Without catalyst About 500 nm Ansaloni
etal.,
2013
Amorphous boron Iron (III) oxide and 1-2 um Ahmad et
powder magnesium oxide al., 2015
Boron powder Magnesium oxide and 10-100 nm Lee et al.,
iron oxide 2008
Boron trioxide and urea Iron (III) oxide About 50 nm This study
nanoparticles

4. Conclusion

As a result, BNNTs, which gathered interest with
their unique properties and many application areas,
were obtained with high yield and purity under
optimum conditions by using a new method and

precursor materials. Moreover, the structures and
morphologies of BNNTs obtained using different
characterization techniques were well illuminated.
In addition, high purity BNNTs can be used in
biological applications in the future.
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