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Abstract: We found that oxidized Cu nanoparticles can catalyze the growth of boron nitride nan-
otubes from borazine via plasma-assisted chemical vapor deposition. The Raman spectra suggest
that the formation of thin-walled nanotubes show a radial breathing mode vibration. The presence
of oxygen in the plasma environment was necessary for the growth of the nanotubes, and a part of
the nanotubes had a core shell structure with a cupper species inside it. In atomic resolution trans-
mission electron microscope (TEM) images, Cu2O was found at the interface between the Cu-core
and turbostratic BN-shell. The growth mechanism seemed different from that of carbon nanotube
core-shell structures. Therefore, we pointed out the important role of the dynamic morphological
change in the Cu2O-Cu system.

Keywords: boron nitride nanotube; plasma chemical vapor deposition (CVD); borazine; Cu; Cu2O;
core-shell structure

1. Introduction

Boron nitride nanotubes (BNNTs) [1–3] have structures similar to carbon nanotubes
(CNTs) with the hexagonal boron nitride (h-BN) sheet rolled up to make cylinders. The
BNNTs have a large bandgap (5–6 eV) and exhibit good electrical insulation irrespective of
their chirality [4]. They also show a high thermal conductivity, high mechanical strength [5],
and chemical stability [6]. BNNTs with a specific chirality exhibit a piezoelectricity [7]. It
also adsorbs hydrogen molecules [8]. Therefore, it is expected that BNNTs have applications
in various fields including thermal radiators, insulators, sensors, energy harvesting devices,
hydrogen storage, and bio-related devices.

The synthesis of BNNTs has been attempted using various approaches such as arc
discharge [9], laser ablation [10–12], ball milling followed by annealing [13], chemical vapor
deposition (CVD) with catalysts [14–21], CVD on carbon nanotubes [22], and inductively
coupled plasma [23]. They can be classified into seral categories from a solid boron (B)
source or from a molecular B source, and with or without a catalyst. The solid B source
(boron or h-BN) requires very high temperatures. The synthesis with the molecular B
source often involves B2H6 and NH3, which are toxic and explosive. Another molecular
source, BH3NH3, forms liquid droplets when vaporized, which forms h-BN nanoparticles
as an impurity of the BNNTs. Borazine (B3N3H6) causes less problems in this sense [24].
The formation of nanoscale seeds seems essential for the formation of BNNTs and they are
sometimes boron nanoparticles and sometimes other nanoparticle catalysts. The search
for the BNNT catalyst is still underway; Ni [24], Fe [25,26], Fe2O3 [27], and Mg [28] were

Nanomaterials 2021, 11, 651. https://doi.org/10.3390/nano11030651 https://www.mdpi.com/journal/nanomaterials

https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://orcid.org/0000-0001-5440-9256
https://orcid.org/0000-0002-5625-9308
https://orcid.org/0000-0001-8276-4546
https://doi.org/10.3390/nano11030651
https://doi.org/10.3390/nano11030651
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/nano11030651
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/2079-4991/11/3/651?type=check_update&version=1


Nanomaterials 2021, 11, 651 2 of 9

studied, and, recently, Cu nanoparticles joined them [22] because Cu foil is one of the best
catalysts and substrates for h-BN mono-layer synthesis [29,30].

In this paper, we report the plasma-assisted chemical vapor deposition (CVD) using
borazine as the boron and nitrogen source and Cu as the catalyst. We realized the formation
of a Cu-core and BNNT shell structure by adding oxygen gas to the plasma. The process
temperature is low compared to the previous reports, and the growth mechanism of this
kind has not been reported to the authors’ knowledge.

2. Materials and Methods

The advantage of borazine is that it is a stable volatile liquid and can be supplied to the
reaction system in a stoichiometric and reproducible manner. Borazine is not highly toxic
nor explosive, and it can be easily prepared from common chemicals [31]. Borazine was
synthesized by heating (NH4) 2SO4, NaBH4, and tetraglyme (purchased from FUJIFILM
Wako Pure Chemical, Osaka, Japan), with stirring at 135 ◦C and a controlled temperature
profile. It was distilled using sequential cold traps. The purity was confirmed using nuclear
magnetic resonance (NMR). The product was sealed under an inert gas and stored in a low
temperature freezer before use. It was handled in an Ar glove box and was placed in a
glass tube welded to an ultrahigh vacuum flange connected to a metal bellows valve.

We used a vacuum chamber as shown in Figure 1a for the BNNT synthesis. Borazine
was put in a glass tube welded to an ICF-34 flange with an ultrahigh vacuum (UHV)
compatible bellows valve in an Ar glove box. This borazine source was connected to the
chamber. Since the vapor pressure of borazine is rather high at room temperature, the
borazine glass tube was cooled to lower than −60 ◦C). We prepared the borazine-containing
plasma by home-made dielectric barrier discharge (DBD) source (Figure 1b) operated at a
voltage of 700–950 V with alternating polarity at 50 Hz.
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Figure 1. Schematic of (a) the reaction chamber and (b) the dielectric barrier discharge (DBD) source. The voltage was
applied between outer and inner electrodes.

We used CuO nanoparticles (20-nm diameter, purchased from Sigma-Aldrich Japan,
Tokyo, Japan) as the catalyst for the growth. They were coated on a Si wafer
(10 mm × 5 mm × 0.5 mm) by immersing it in a water suspension of the CuO nanoparticles
in an ultrasonic bath. It was introduced to a vacuum chamber for the plasma CVD and
pumped by a turbo molecular pump. Three types of CuOx nanoparticles were used as the
catalysts. The first one was CuO, which was used as received. The second one was Cu,
which was prepared by heating to 500 ◦C and processed by H2 plasma at a pressure of
15 Pa for 30 min to reduce the CuO to Cu. The third was Cu2O formed on Cu nanoparticles,
which were formed by adding O2 gas in the plasma environment. During the CVD, the
substrate was heated to 600 ◦C in a vacuum, then the plasma CVD started in the mixture of
N2 (or Ar) + O2 + borazine at a total pressure of 15–45 Pa.
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We used X-ray diffraction (XRD, Rigaku Miniflex, Cu Ka, Tokyo, Japan), TEM (JEOL
JFM-2010, 200 keV, Tokyo, Japan), STEM (FEI TITAN 3 G2 60-300, Hillsboro, OR, US)
operated at 60 keV to reduce the electron beam damage), and Raman microscopy (Renishaw
Invia, operated with 532 nm laser, Wotton-under-Edge, Gloucestershire, UK) to characterize
the obtained materials.

3. Results and Discussion

We first tried the CVD with untreated CuO nanoparticles. We found that amorphous
BN was formed on the Cu nanoparticles, but no wire-like structures were formed. We next
tried to use Cu nanoparticles. Prior to the CVD, we confirmed the effect of the hydrogen
plasma treatment to reduce the CuO nanoparticles to Cu. Figure 2 shows the XRD pattern
before and after the treatment. Diffraction peaks corresponding to CuO in Figure 2a (before
the treatment) disappeared in Figure 2b (after the treatment), and peaks corresponding to
Cu appeared.
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Figure 2. X-ray diffraction (XRD) pattern of CuO nanoparticles (a) before and (b) after H2

plasma treatment.

This result clearly indicated that CuO nanoparticles were reduced to Cu. This is due
to the elevated temperature and reducing potential of hydrogen radicals. We used these Cu
particles for the CVD. Without this hydrogen plasma treatment, no BNNTs were obtained,
even when using the same procedure as described in the following sections.

Figure 3a,b shows SEM images after the plasma CVD with N2 + O2 + borazine
(9 Pa:3 Pa:3 Pa = 3:3:1)) under the optimized conditions. Web-like wires were observed on
the surface. The wires appeared to connect two round-shaped objects. The wires or their
bundle had a diameter of single to several 10s of nm. Figure 3c shows the energy dispersion
specrum (EDS) spectrum of the web-like structural region. We detected the existence
of boron and nitrogen. The EDS mapping image around the round objects is shown in
Figure 3d. It is clearly seen that the round objects were made of Cu, suggesting that the
BNNT was synthesized by Cu catalysts. However, it was difficult to further examine the
thin wires using microscopy, because they could not be transferred to TEM grids.
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Figure 3. SEM images of the as-grown boron nitride nanotubes (BNNTs) (N2:O2:borazine = 3:1:1) at (a) low and (b) high
magnification. (c) energy dispersion specroscopy (EDS) spectrum and (d) EDS map.

Figure 4a shows an field emission (FE)-SEM image of another nanostructure prepared
under slightly different conditions (Ar:O2:borazine = 5 Pa:3 Pa:17 Pa, 600 ◦C). The structure
had a greater size compared to the thin wires in Figure 3. It shows an irregular tubular
shape and has two swollen structures at its ends. Two distinct contrasts are noted in the
core-shell structure; one is gray and the other is white. An EDS analysis shown in Figure 4b
and mapping of the Cu distribution (inset) indicated that the gray shell and white core
are made of BN and Cu, respectively. We found that without oxygen, these wire-like
nanostructures were not formed.
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The process window for obtaining thin nanowires in Figure 3 was narrow. It seems
that the room temperature, among other parameters, affects the parameter through the
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local vapor pressure of borazine and subtle change of the substrate temperature. How-
ever, thick core-shell wires are formed with a wide range of the partial pressures such
as N2:O2:borazine = 5 Pa:13 Pa:17 Pa, 25 Pa: 5 Pa:10 Pa, or 20 Pa:10 Pa:10 Pa. N2 can be
replaced to Ar for thick wires.

Figure 5 shows a high-resolution STEM image of the material prepared under the
same condition as in Figure 4. The materials were scraped off the Si substrate onto the TEM
grid. In Figure 5a, the contrast in the BN region shows an ~3.7 Å lattice spacing, which
corresponds to BN (002). However, the ordering is not uniform, which can be assigned
to turbostratic BN [32]. The sheets are curled and change their direction in a rather short
range (~5 nm in Figure 5a). Better layer ordering with the spacing of 3.4 Å (bulk h-BN
has 3.42 Å [1]) parallel to the Cu core surface is observed near the interface (Figure 5b).
Figure 5c,d show the lattice spacing of 2.1 Å at the core surface for several layers, which
is distinctly different from the inside of the Cu region (1.8 Å). This lattice spacing (2.1 Å)
corresponds to that of Cu2O [33].
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structure and layer spacing; (b) interface region between BN and Cu. The layer spacing corresponds
to that of h-BN; (c) interface between BN and Cu. At the interface, Cu2O is observed; (d) magnified
and brighter image of Cu2O/Cu interface.

We examined the Raman spectrum of the sample by focusing the microscope to ~5 µm
using a confocal aperture. Figure 6 shows the Raman spectrum from the web-like region
in Figure 3. Along with the E2g mode of h-BN at 1380 cm-1, broad structures between 100
and 250 cm−1 were observed. This region is characteristic of the radial breathing mode
(RBM) of the BNNTs. It has been predicted that only single walled and double walled
BNNTs show the RBM [9,34,35], and experimental observations cannot be found in the
literature to the authors’ knowledge. The Cu catalyst obtained by reducing in H2 plasma
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was also measured using a Raman microscope. It is shown in the inset along with the RBM
region of BNNT/Cu and Raman spectra of Cu2O and CuO from the literature. Based on
the comparison, it is clearly shown that the broad peak of BNNT/Cu does not originate
from the Raman signal of Cu, Cu2O [36], CuO [37], and their superposition. Since the RBM
wavenumber varies with the diameter of the BNNT, the result is reasonably explained
by assuming that the web-like structure consists of single or double walled BNNT with
various diameters. The minimum diameter was estimated to be 2.3 nm from the higher
wavenumber edge of the Raman low wavenumber structure and the relationship between
the diameter and RBM frequency (d(nm) =246/ω(cm−1)) [38]. The maximum diameter
cannot be evaluated because of the low wavenumber limit of the Raman spectrometer
(c.a. 100 cm−1).
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Below, we discuss the growth mechanism. It has been established that CNTs can be
grown from transition metal catalytic nanoparticles such as the Fe-Co alloy [39,40]. These
metal nanoparticles make a melt at the growth temperature and act as the catalyst for
the decomposition of the carbon source molecules (such as CH3OH, CO, C2H2, etc.). At
the same time, carbon is dissolved in the metal nanoparticles and precipitates to make
the CNTs. With a high concentration of catalyst in the vapor phase, such as metallocene,
the core-shell structure containing the catalyst metal core in the CNT [41,42]. However,
the CNT in such core-shell structures have highly-ordered rolled layer structures. This is
because the one-dimensional structure comes from the rolling of the graphene sheets.

In contrast, the BNNT grown in this experiment has three strange features. The first
is the turbostratic nature with the randomly-oriented layered structures. The second is
the Cu core wires densely contained in the BN. The third is the oxygen necessity for the
growth of the BNNTs. A model to explain these features is illustrated in Figure 7. The
first feature shows the one-dimensional growth did not originate from the rolling of the
h-BN sheet. We consider the second and the third features to be related to the dynamic
interaction between Cu nanoparticles and oxygen [43,44] with an enhanced migration [45].
Operando atomic resolution TEM observations of Cu nanoparticle catalysts in an oxygen
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atmosphere have recently been reported. In those studies, the dynamic shape change and
motion of the Cu nanoparticles with dynamic reaction with oxygen (4Cu + O2 � 2Cu2O)
were observed. The surface of the Cu region facing the turbostratic BN was Cu2O, which
clearly shows that the BN growth was catalyzed by Cu2O. The change of the catalytic
activity in CVD by the Cu surface oxidization to Cu2O was observed for the growth of
graphene [46,47]. Based on these observations, we speculate that the growth mechanism is
as follows: (i) Cu is oxidized to form Cu2O, (ii) Cu2O catalyzes the growth of turbostratic
BN, (iii) the BN cover prevents oxygen intake and release from the Cu/Cu2O particle. If
there is a hole in the BN, the Cu/Cu2O dynamic motion makes a protrusion of Cu, and
(iv) a one-dimensional structure is formed by dynamic motion of the Cu and Cu2O near
equilibrium. If the dynamic motion of Cu/Cu2O is fast, thin straight wires form (Figure 3);
if it is slow, meandering structures form (Figure 4). This mechanism, the one-dimensional
growth not coming from the rolling of the BN sheet, is the distinct difference from the CNT
growth catalyzed by the transition metal nanoparticles.
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growth mechanism is similar to that of the catalyst-filled core-shell carbon nanotubes. We
point out the dynamic motion of the Cu/Cu2O system near equilibrium as the mechanism
of one-dimensional growth.

Author Contributions: T.S. (Tatsuya Shiratori) mainly did the experiments including plasma CVD
and analysis; I.Y. and S.N. synthesized borazine and helped experiments; R.O. performed atomic
resolution TEM observation; Y.Y. supervised the synthesis of chemicals and contributed with the
analysis of the results; T.Y., T.N. and T.S. (Toshihiro Shimada) planned the research, helped design
the apparatus, analyzed the results, and edited the manuscript. All authors have read and agreed to
the published version of the manuscript.

Funding: The present study was partly supported by KAKENHI 17H03380 from MEXT, Japan
and A3 Foresight program from JSPS, Japan. The instrumental analyses were supported by the
Nanotechnology Initiative, MEXT, Japan.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Nanomaterials 2021, 11, 651 8 of 9

References
1. Golberg, D.; Bando, Y.; Tang, C.; Zni, C. Boron Nitride Nanotubes. Adv. Mater. 2007, 19, 2413–2432. [CrossRef]
2. Chopra, N.G.; Luyken, R.J.; Cherrey, K.; Crespi, V.H.; Cohen, M.L.; Louie, S.G.; Zettl, A. Boron Nitride Nanotubes. Science 1995,

269, 966–967. [CrossRef] [PubMed]
3. Golberg, D.; Bando, Y.; Huang, Y.; Terao, T.; Mitome, M.; Tang, C.; Zhi, C. Boron Nitride Nanotubes and Nanosheets. ACS Nano

2010, 4, 2979–2993. [CrossRef]
4. Bai, X.; Golberg, D.; Bando, Y.; Zhi, C.; Tang, C.; Mitome, M.; Kurashima, K. Deformation-Driven Electrical Transport of Individual

Boron Nitride Nanotubes. Nano Lett. 2007, 7, 632–637. [CrossRef]
5. Zettl, A.; Chopra, N.G. Measurement of the Elastic Modulus of a Multi Wall Boron Nitride Nanotube. Solid State Commun. 1998,

105, 297–300.
6. Chen, Y.; Zou, J.; Campbell, S.J.; Le Caer, G. Boron Nitride Nanotubes: Pronounced Resistance to Oxidation. Appl. Phys. Lett.

2004, 84, 2430–2432. [CrossRef]
7. Kang, J.H.; Sauti, G.; Park, C.; Yamakov, V.I.; Wise, K.E.; Lowther, S.E.; Fay, C.C.; Thibeault, S.A.; Bryant, R.G. Multifunctional

Electroactive Nanocomposites Based on Piezoelectric Boron Nitride Nanotubes. ACS Nano 2015, 9, 11942–11950. [CrossRef]
[PubMed]

8. Jhi, S.H.; Kwon, Y.K. Hydrogen Adsorption on Boron Nitride Nanotubes: A Path to Room-Temperature Hydrogen Storage. Phys.
Rev. B Condens. Matter Mater. Phys. 2004, 69, 245407. [CrossRef]

9. Loiseau, A.; Willaime, F.; Demoncy, N.; Hug, G.; Pascard, H. Boron Nitride Nanotubes with Reduced Numbers of Layers
Synthesized by Arc Discharge. Phys. Rev. Lett. 1996, 76, 4737–4740. [CrossRef] [PubMed]

10. Arenal, R.; Ferrari, A.C.; Reich, S.; Wirtz, L.; Mevellec, J.Y.; Lefrant, S.; Rubio, A.; Loiseau, A. Raman Spectroscopy of Single-Wall
Boron Nitride Nanotubes. Nano Lett. 2006, 6, 1812–1816. [CrossRef]

11. Arenal, R.; Stephan, O.; Cochon, J.L.; Loiseau, A. Root-Growth Mechanism for Single-Walled Boron Nitride Nanotubes in Laser
Vaporization Technique. J. Am. Chem. Soc. 2007, 129, 16183–16189. [CrossRef]

12. Smith, M.W.; Jordan, K.C.; Park, C.; Kim, J.W.; Lillehei, P.T.; Crooks, R.; Harrison, J.S. Very Long Single-and Few-Walled Boron
Nitride Nanotubes via the Pressurized Vapor/Condenser Method. Nanotechnology 2009, 20, 505604. [CrossRef]

13. Chen, Y.; Chadderton, L.T.; Gerald, J.F.; Williams, J.S. A Solid-State Process for Formation of Boron Nitride Nanotubes. Appl. Phys.
Lett. 1999, 74, 2960–2962. [CrossRef]

14. Lourie, O.R.; Jones, C.R.; Bartlett, B.M.; Gibbons, P.C.; Ruoff, R.S.; Buhro, W.E. CVD Growth of Boron Nitride Nanotubes. Chem.
Mater. 2000, 12, 1808–1810. [CrossRef]

15. Myung, J.K.; Chatterjee, S.; Seung, M.K.; Stach, E.A.; Bradley, M.G.; Pender, M.J.; Sneddon, L.G.; Maruyama, B. Double-Walled
Boron Nitride Nanotubes Grown by Floating Catalyst Chemical Vapor Deposition. Nano Lett. 2008, 8, 3298–3302.

16. Ma, R.; Bando, Y.; Sato, T.; Kurashima, K. Growth, Morphology, and Structure of Boron Nitride Nanotubes. Chem. Mater. 2001, 13,
2965–2971. [CrossRef]

17. Wang, H.; Wanga, H.; Wang, H.; Zhang, F.; Li, Y.; Fua, Z. Urchin-like Boron Nitride Hierarchical Structure Assembled by
Nanotubes-Nanosheets for Effective Removal of Heavy Metal Ions. Ceram. Int. 2018, 44, 12216–12224. [CrossRef]

18. Wang, Y.; Yamamoto, Y.; Kiyono, H.; Shimada, S. Highly Ordered Boron Nitride Nanotube Arrays with Controllable Texture from
Ammonia Borane by Template-Aided Vapor-Phase Pyrolysis. J. Nanomater. 2008, 2008, 606283. [CrossRef]

19. Zhang, D.; Zhang, K.; Songfeng, E.; Liu, D.; Li, C.; Yao, Y. The MgB2-Catalyzed Growth of Boron Nitride Nanotubes using B/MgO
as a Boron Containing Precursor. Nanoscale Adv. 2020, 2, 2731. [CrossRef]

20. Baysal, M.; Bilge, K.; Yildizhan, M.M.; Yorulmaz, Y.; Öncel, Ç.; Papila, M.; Yürüm, Y. Catalytic Synthesis of Boron Nitride
Nanotubes at Low Temperatures. Nanoscale 2018, 10, 4658–4662. [CrossRef] [PubMed]

21. Golberg, D.; Bando, Y.; Kurashima, K.; Sato, T. Ropes of BN Multi-Walled Nanotubes. Solid State Commun. 2000, 116, 1–6.
[CrossRef]

22. Kumar, V.; Maity, P.C.; Lahiri, D.; Lahiri, I. Copper Catalyzed Growth of Hexagonal Boron Nitride Nanotubes on a Tungsten
Substrate. CrystEngComm 2018, 20, 2713–2719. [CrossRef]

23. Kim, K.S.; Kingston, C.T.; Hrdina, A.; Jakubinek, M.B.; Guan, J.; Plunkett, M.; Simard, B. Hydrogen-Catalyzed, Pilot-Scale
Production of Small-Diameter Boron Nitride Nanotubes and Their Macroscopic Assemblies. ACS Nano 2014, 8, 6211–6220.
[CrossRef] [PubMed]

24. Chatterjee, S.; Kim, M.J.; Zakharov, D.N.; Kim, S.M.; Stach, E.A.; Maruyama, B.; Sneddon, L.G. Syntheses of Boron Nitride
Nanotubes from Borazine and Decaborane Molecular Precursors by Catalytic Chemical Vapor Deposition with a Floating Nickel
Catalyst. Chem. Mater. 2012, 24, 2872–2879. [CrossRef]

25. Su, C.Y.; Chu, W.Y.; Juang, Z.Y.; Chen, K.F.; Cheng, B.M.; Chen, F.R.; Leou, K.C.; Tsai, C.H. Large-Scale Synthesis of Boron Nitride
Nanotubes with Iron-Supported Catalysts. J. Phys. Chem. C 2009, 113, 14732–14738. [CrossRef]

26. Xie, M.; Wang, J.; Yap, Y.K. Mechanism for Low Temperature Growth of Boron Nitride Nanotubes. J. Phys. Chem. C 2010, 114,
16236–16241. [CrossRef]

27. Cai, P.; Chen, L.; Shi, L.; Yang, Z.; Zhao, A.; Gu, Y.; Huang, T.; Qian, Y. One Convenient Synthesis Route to Boron Nitride
Nanotube. Solid State Commun. 2005, 133, 621–623. [CrossRef]

28. Dai, J.; Xu, L.; Fang, Z.; Sheng, D.; Guo, Q.; Ren, Z.; Wang, K.; Qian, Y. A Convenient Catalytic Approach to Synthesize Straight
Boron Nitride Nanotubes Using Synergic Nitrogen Source. Chem. Phys. Lett. 2007, 440, 253–258. [CrossRef]

http://doi.org/10.1002/adma.200700179
http://doi.org/10.1126/science.269.5226.966
http://www.ncbi.nlm.nih.gov/pubmed/17807732
http://doi.org/10.1021/nn1006495
http://doi.org/10.1021/nl062540l
http://doi.org/10.1063/1.1667278
http://doi.org/10.1021/acsnano.5b04526
http://www.ncbi.nlm.nih.gov/pubmed/26529472
http://doi.org/10.1103/PhysRevB.69.245407
http://doi.org/10.1103/PhysRevLett.76.4737
http://www.ncbi.nlm.nih.gov/pubmed/10061368
http://doi.org/10.1021/nl0602544
http://doi.org/10.1021/ja076135n
http://doi.org/10.1088/0957-4484/20/50/505604
http://doi.org/10.1063/1.123979
http://doi.org/10.1021/cm000157q
http://doi.org/10.1021/cm0102741
http://doi.org/10.1016/j.ceramint.2018.04.003
http://doi.org/10.1155/2008/606283
http://doi.org/10.1039/D0NA00433B
http://doi.org/10.1039/C7NR08084K
http://www.ncbi.nlm.nih.gov/pubmed/29465128
http://doi.org/10.1016/S0038-1098(00)00281-7
http://doi.org/10.1039/C7CE02174G
http://doi.org/10.1021/nn501661p
http://www.ncbi.nlm.nih.gov/pubmed/24807071
http://doi.org/10.1021/cm3006088
http://doi.org/10.1021/jp904583p
http://doi.org/10.1021/jp104550j
http://doi.org/10.1016/j.ssc.2005.01.011
http://doi.org/10.1016/j.cplett.2007.04.059


Nanomaterials 2021, 11, 651 9 of 9

29. Lee, K.H.; Shin, H.J.; Lee, J.; Lee, I.Y.; Kim, G.H.; Choi, J.Y.; Kim, S.W. Large-Scale Synthesis of High-Quality Hexagonal Boron
Nitride Nanosheets for Large-Area Graphene Electronics. Nano Lett. 2012, 12, 714–718. [CrossRef]

30. Wang, L.; Xu, X.; Zhang, L.; Qiao, R.; Wu, M.; Wang, Z.; Zhang, S.; Liang, J.; Zhang, Z.; Zhang, Z.; et al. Epitaxial Growth of a
100-Square-Centimetre Single-Crystal Hexagonal Boron Nitride Monolayer on Copper. Nature 2019, 570, 91–95. [CrossRef]

31. Wideman, T.; Sneddon, L.G. Convenient Procedures for the Laboratory Preparation of Borazine. Inorg. Chem. 1995, 34, 1002–1003.
[CrossRef]

32. Medlin, D.L.; Friedmann, T.A.; Mirkarimi, P.B.; Rez, P.; Mills, M.J.; McCarty, K.F. Microstructure of Cubic Boron-Nitride Thin-Films
Grown by Ion-Assisted Pulsed-Laser Deposition. J. Appl. Phys. 1994, 76, 295–303. [CrossRef]

33. Restori, R.; Schwarzenbach, D. Charge Density in Cuprite, Cu2O. Acta Crystallogr. Sect. B Struct. Sci. 1986, B42, 201–208.
[CrossRef]

34. Fakrach, B.; Rahmani, A.H.; Chadli, H.; Sbai, K.; Hermet, P.; Rahmani, A. Raman-Active Modes in Finite and Infinite Double-
Walled Boron Nitride Nanotubes. J. Phys. Chem. C 2015, 119, 13306–13313. [CrossRef]

35. Lee, R.S.; Gavillet, J.; Chapelle, M.L.; Loiseau, A.; Cochon, J.L.; Pigache, D.; Thibault, J.; Willaime, F. Catalyst-Free Synthesis of
Boron Nitride Single-Wall Nanotubes with a Preferred Zig-Zag Configuration. Phys. Rev. B Condens. Matter Mater. Phys. 2001,
64, 121405. [CrossRef]

36. Narang, S.N.; Kartha, V.B.; Patel, N.D.; Solache-Carranco, H.; Juárez-Díaz, G.; Esparza-García, A.; Briseño-García, M.; Galván-
Arellano, M.; Martínez-Juárez, J.; Romero-Paredes, G.; et al. Photoluminescence and X-Ray Diffraction Studies on Cu2O. J. Lumin.
1992, 204, 8–14.

37. Irwin, J.C.; Chrzanowski, J.; Wei, T.; Lockwood, D.J.; Wold, A. Raman Scattering from Single Crystals of Cupric Oxide. Phys. C
Supercond. Appl. 1990, 166, 456–464. [CrossRef]

38. Jeon, G.S.; Mahan, G.D. Lattice Vibrations of a Single-Wall Boron Nitride Nanotube. Phys. Rev. B Condens. Matter Mater. Phys.
2009, 79, 39–41. [CrossRef]

39. Fan, S.; Chapline, M.G.; Franklin, N.R.; Tombler, T.W.; Cassell, A.M.; Dai, H. Self-Oriented Regular Arrays of Carbon Nanotubes
and Their Field Emission Properties. Science 1999, 283, 512–514. [CrossRef]

40. Kumar, M.; Ando, Y. Chemical Vapor Deposition of Carbon Nanotubes: A Review on Growth Mechanism and Mass Production.
J. Nanosci. Nanotechnol. 2010, 10, 3739–3758. [CrossRef]

41. Chandrakumar, K.R.S.; Readle, J.D.; Rouleau, C.; Puretzky, A.; Geohegan, D.B.; More, K.; Krishnan, V.; Tian, M.K.; Duscher,
G.; Sumpter, B.; et al. High-Temperature Transformation of Fe-Decorated Single-Wall Carbon Nanohorns to Nanooysters: A
Combined Experimental and Theoretical Study. Nanoscale 2013, 5, 1849–1857. [CrossRef]

42. Weissker, U.; Hampel, S.; Leonhardt, A.; Büchner, B. Carbon Nanotubes Filled with Ferromagnetic Materials. Materials 2010, 3,
4387–4427. [CrossRef]

43. Lagrow, A.P.; Ward, M.R.; Lloyd, D.C.; Gai, P.L.; Boyes, E.D. Visualizing the Cu/Cu2O Interface Transition in Nanoparticles with
Environmental Scanning Transmission Electron Microscopy. J. Am. Chem. Soc. 2017, 139, 179–185. [CrossRef] [PubMed]

44. Bergmann, A.; Roldan Cuenya, B. Operando Insights into Nanoparticle Transformations during Catalysis. ACS Catal. 2019, 9,
10020–10043. [CrossRef]

45. Yang, W.C.; Zeman, M.; Ade, H.; Nemanich, R.J. Attractive Migration and Coalescence: A Significant Process in the Coarsening of
TiO2 Islands on the Si(111) Surface. Phys. Rev. Lett. 2003, 90, 136102. [CrossRef] [PubMed]

46. Lee, U.; Han, Y.; Lee, S.; Kim, J.S.; Lee, Y.H.; Kim, U.J.; Son, H. Time Evolution Studies on Strain and Doping of Graphene Grown
on a Copper Substrate Using Raman Spectroscopy. ACS Nano 2020, 14, 919–926. [CrossRef] [PubMed]

47. Al-Kamiyani, S.; Mohiuddin, T. Effect of Copper Substrate Oxidation and Crystals Orientations on Nucleation of Triangular
Graphene Domains. Vacuum 2020, 176, 109312. [CrossRef]

http://doi.org/10.1021/nl203635v
http://doi.org/10.1038/s41586-019-1226-z
http://doi.org/10.1021/ic00108a039
http://doi.org/10.1063/1.357143
http://doi.org/10.1107/S0108768186098336
http://doi.org/10.1021/acs.jpcc.5b02593
http://doi.org/10.1103/PhysRevB.64.121405
http://doi.org/10.1016/0921-4534(90)90044-F
http://doi.org/10.1103/PhysRevB.79.085424
http://doi.org/10.1126/science.283.5401.512
http://doi.org/10.1166/jnn.2010.2939
http://doi.org/10.1039/C2NR31788E
http://doi.org/10.3390/ma3084387
http://doi.org/10.1021/jacs.6b08842
http://www.ncbi.nlm.nih.gov/pubmed/27936677
http://doi.org/10.1021/acscatal.9b01831
http://doi.org/10.1103/PhysRevLett.90.136102
http://www.ncbi.nlm.nih.gov/pubmed/12689311
http://doi.org/10.1021/acsnano.9b08205
http://www.ncbi.nlm.nih.gov/pubmed/31841304
http://doi.org/10.1016/j.vacuum.2020.109312

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

