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Synthesis of Boron Nanowires, Nanotubes, and Nanosheets
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The synthesis of boron nanowires, nanotubes, and nanosheets using a thermal vapor deposition process is reported. This work
confirms previous research and provides a new method capable of synthesizing boron nanomaterials. The materials were made by
using various combinations of MgB

2
, Mg(BH

4
)
2
, MCM-41, NiB, and Fe wire. Unlike previously reported methods, a nanoparticle

catalyst and a silicate substrate are not required for synthesis. Two types of boron nanowires, boron nanotubes, and boron
nanosheets were made. Their morphology and chemical composition were determined through the use of scanning electron
microscopy, transmission electron microscopy, and electron energy loss spectroscopy. These boron-based materials have potential
for electronic and hydrogen storage applications.

1. Introduction

Carbon nanotubes and graphene have been researched exten-
sively for the past two decades due to their remarkable electri-
cal, thermal, and mechanical properties [1–7], which surpass
those of a wide range of materials. For this reason, carbon na-
notube/graphene analogs involving other elements have been
synthesized such as boron nitride [8–10], titanium dioxide
[11], numerous sulfides [12–14], and zinc oxide [15]. A com-
mon trait that many of these materials possess is that they
have a layered crystal structure. It would therefore be of int-
erest to synthesize elements or compounds with layered nan-
ostructures that do not form a layered structure in their bulk
forms. These types of materials would require special con-
sideration to determine how flat or rolled layers form during
their synthesis.

Pure boron was reported to be stable in a nanotube con-
figuration [16–18] andmodeling of pure boron sheets (a grap-
hene analog) has also been performed [19, 20]. (Pure in this
case simply means that the vast majority of the boron in the
structure is not part of a compound.) Pure boron nanostruc-
tures could have properties unique in comparison to bulk
boron phases, potentially making them useful for electronic
and optical applications due to electron confinement effects

similar to that in graphene and carbon nanotubes. Moreover,
boron nanostructures would possess superior thermal and
mechanical properties in comparison to their bulk analogs,
much like in carbon and boron nitride nanostructures. From
a purely theoretical perspective, understanding how a group 3
element such as boron can remain stable in a nanotube confi-
guration is of great interest. The mechanism which keeps
such a structure stable could be pertinent to the formation
of other types of nanostructures using different elements or
compounds. A novel process to grow boron nanowires and
nanotubes is reported here. Additionally, the synthesis of a
novel boron nanostructure, boron nanosheets, is described.

2. Experimental

Amethod to grow boron nanostructures was employed based
on the procedure first used to synthesize boronnanotubes [16,
21]. However, there were some key differences. For example,
BCl
3
was not used because it is highly reactive; instead, solid

boron precursors and catalyst were utilized in a solid-solid
reaction process in flowing inert gas. First, 50 wt% MgB

2

(AlfaAesar), 30 wt%nano-NiB (prepared in amanner follow-
ing [22, 23]), and 20wt%ofmesostructured hexagonal frame-
work MCM–41 zeolite powder (Sigma-Aldrich) are mixed
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Figure 1: (a) Schematic diagram of the CVD system used in these experiments. (b) A photograph of the experimental apparatus [21].
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Figure 2: (a) TEM and (b) SEM images of boron nanowires synthesized using MgB
2
and MCM-41.

and reduced in particle size by grinding using a mortar and
pestle. Typically, 0.02–0.1 grams of themixturewas added and
ground in an agatemortar for about an hour to ensure that the
powderwaswellmixed. It was then ground further for several
hours using a rotary mixer, which uses cylindrical ceramic
pieces as milling media. Finally, the mixture was loaded into
the quartz reactor of the chemical vapor deposition (CVD)
apparatus shown in Figure 1.

Thequartz tubewas pumpeddown to 10−3 torr andheated
to 950∘Cat a rate of 10∘C/minunder flowing argon at 100 sccm
(standard cubic centimeters per minute). The temperature
was held at 950∘C for 60 minutes. After completion of the
reaction, the furnace was switched off and the reaction tube
was allowed to cool down to room temperature under flowing
argon. Alternatively, one could use Mg(BH

4
)
2
instead of

MgB
2
, but then the optimal reaction temperature would be

800∘C. Another growth condition usingMgB
2
was also tested

where an iron wire replaced nano-NiB as the catalyst and the
MCM-41 template was not used. This was to test the impor-
tance of the catalyst and the template in the process reaction.

Scanning electron microscopy (SEM): SEM images were
obtained with a VP-1530 Carl Zeiss LEO (Peabody, MA) field
emission scanning electron microscope. The samples were
mounted on aluminum stubs using double-sided carbon tape.

Scanning transmission electron microscopy (STEM): a
FEI CM-20 FEG STEM equipped with a Gatan Enfina PEELS
Spectrometer and an Oxford Max-80 SDD EDS system was
used. Samples were suspended in ultrapuremethanol at 1 wt%
concentration, and a 1𝜇L drop of the solution was placed on a
lacey carbon TEMgrid placed on a filter paper.The TEMgrid
was then placed in a vacuum oven to dry at 80∘ C. Electron
energy loss spectroscopy (EELS) analysis was performed in
conjunction with STEM dark field imaging.

3. Results and Discussion

The boron nanowires (BNWs) synthesized are shown in
Figures 2–4. BNWs are well known in the literature and have
been shown to have useful characteristics [24–26] leading to
applications for them in flexible electronics and field effect
transistors. Figure 2 shows a TEM image of a boron nanowire
prepared using MgB

2
as the precursor. The nanowires have

diameters in the 30–50 nm range, with lengths up to many
microns. A catalyst particle is evident at the head of the nan-
owire indicating that the growth mechanism is through a
vapor-liquid-solid (VLS) reaction process. In this sample,
only nanowires were observed with no evidence of boron na-
notubes or nanosheets. Fast Fourier transform (FFT) analysis
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Figure 3: (a) High resolution TEM image of boron nanowire and (b) low magnification TEM image of the same nanowire showing length.
(c) SEM image showing these nanowires can be obtained at high yield with consistent dimensions. Material was synthesized usingMg(BH

4
)
2

and MCM-41.

of the nanowires indicated that they have a crystal spacing of
0.43 nm. Spacing of 0.48 nm and 0.38 nm was also found, but
due to lack of image resolution, the evidence for them is not
conclusive. Note that a 0.38 nm spacing has been previously
reported for boron nanowires [21]. EELS analysis confirmed
that the nanowire consisted only of boron.The region around
a nanowire head with the catalyst showed a crystal spacing
of 0.72 nm using FFT analysis, indicating that the material
surrounding the catalyst has a crystal structure that is differ-
ent from that of the rest of the nanowire. An SEM image is
includedwhich shows that the nanowires can bemade at high
yield with consistent dimensions.

When the boron nanowires were grown using Mg(BH
4
)
2

as the precursor, a different material is produced, as shown in
Figure 3. Pure boron nanowires were found in the samples
prepared, but they had extremely large aspect ratios, with
lengths up to 50 𝜇m and diameters in the range of 30–
50 nm. Using FFT image analysis, crystal spacing of 0.94 nm,
0.34 nm, and 0.28 nm was found, indicating that these nano-
wires have a different crystal structure than those obtained
using MgB

2
. Moreover, an extremely thin nanofibrous mate-

rial was also found, as evident from Figure 4.The nanofibrous
material had lengths of roughly 100–200 nm and diameters
close to 20 nm. High resolution imaging and spectroscopic

analysis could not, however, be carried out on this mate-
rial because of its instability in the electron beam. These
nanostructures therefore clearly exhibited a VLS type growth
mechanism, and unlike other phases of boron, they showed
significant curvature. They also appeared to be hollow, but
this was difficult to confirm conclusively.These findings, the-
refore, indicate the formation of a boron nanotube as opposed
to a nanowire, but improved data analysis would be needed to
confirm this.

In another approach, the MCM-41 template was not used
and the nano-NiB catalyst was replaced by an iron wire, but
otherwise, the process was the same as that used with MgB

2
.

In prior studies, it was assumed that MCM-41 was necessary
as a template for the growth of boron nanotubes and that
a nanoparticle catalyst was also crucial. SEM and STEM
images from samples prepared using this method are shown
in Figures 5–7. Here, both nanotubes and nanosheets were
found among boron nanowires. The nanotubes were hol-
low in their interior and clearly had sidewalls. These two
characteristics are critical, as they differentiate nanotubes
from nanowires. The boron nanotubes showed a diameter of
roughly 10 nm and lengths up to many microns. An individ-
ual nanotube depicted in Figure 6 clearly had two different
diameters caused by variations in the growth conditions
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Figure 4: (a) Low magnification TEM image of thin nanofibers found in sample made with Mg(BH
4
)
2
and MCM-41. (b) TEM image of a

highly curved nanofiber showing a catalyst head indicating it grew using a VLS mechanism. Note the structure around the catalyst head is
not bulbous or seemingly different from that of the rest of the nanofiber. (c) Another nanofiber exhibiting similar characteristics.

300nm

Figure 5: SEM image of product synthesized using MgB
2
, Fe Wire,

and no MCM-41. Note that a consistent product at a high yield is
obtained.

around the nanotube. Additionally, boron nanosheets, thin
sheetlike nanostructures covering areas on the order of a
number of square micrometers, were found in samples pre-
pared by this method. The sheets were revealed to be amor-
phous by selected area electron diffraction.

To summarize, in comparison to well-known techniques,
such asmagnetron sputtering, to synthesize boron nanowires
[24–26], the reported process has the added advantage of pro-
ducing a wide variety of structures. Furthermore, because it
is a thermal vapor deposition technique, there could be some
advantages in scaling and flexibility. However, other methods
are most likely more suited for producing well-aligned arrays
of boron nanowires. The CVDmethod used here would have
to be modified for producing aligned nanostructured arrays.

4. Conclusions

A novel method which would need future optimization is
described which can grow boron nanotubes, boron nanosh-
eets (a new material), and boron nanowires. This method is
significant because MCM-41, nanosized catalyst, and BCl

3

gas are not required for the process. This greatly simplifies
creating these boron nanomaterials and makes scale-up and
future experimentation much more straightforward. These
materials have not been characterized thoroughly, but they
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Figure 6: (a) High magnification TEM image of boron nanotube. (b) Low magnification image of the same nanowire; note its growth is not
constant. (c) Low magnification image of boron nanosheets and (d) high magnification image of the same material. The material appears to
have folds and is amorphous in nature. (e) EELS spectrum for boron nanotubes and nanosheets, showing only boron is present. All materials
in this image were grown with MgB

2
, no MCM-41, and an iron wire instead of nano-NiB.

could possess interesting properties. Future experiments
could focus on methods to increase the yield of boron nano-
sheets and boron nanotubes. As of now, the effect of temper-
ature, reaction time, catalyst, and so forth is not well under-
stood. Another, even more exciting possibility beyond these
homogeneous nanostructures would be the formation of

boron-based nanoheterostructures, particularly with boron
nitride and carbon.The boron nanosheets amorphous nature
lends them to this type of application, as it eliminates issues
with crystal mismatch. All of these experiments described
in this paper were conducted in an inert atmosphere, but
the addition of different reactant gases can result in various
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Figure 7: (a) High quality boron nanotube which was analyzed using fast Fourier transform (FFT) analysis. Note the structure is clearly
hollow and the wall to wall spacing is 0.36–0.37 nm. (b) FFT image used for analysis (image is 3 nm × 3 nm), confirming the interwall spacing
is 0.36–0.37 nm. All materials in this image were grown with MgB

2
, an iron wire instead of NiB, and no MCM-41.

nanostructures [27]. The intermittent use of reactant gases
could be an intriguing approach to create nanoheterostruc-
tures.
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