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This paper reports that the large-scale single crystalline boron carbide nanobelts have been fabricated through

a simple carbothermal reduction method with B/B2O3/C/Fe powder as precursors at 1100◦C. Transmission electron

microscopy and selected area electron diffraction characterizations show that the boron carbide nanobelt has a B4C

rhomb-centred hexagonal structure with good crystallization. Electron energy loss spectroscopy analysis indicates that

the nanobelt contains only B and C, and the atomic ratio of B to C is close to 4:1. High resolution transmission electron

microscopy results show that the preferential growth direction of the nanobelt is [101]. A possible growth mechanism is

also discussed.
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1. Introduction

Boron carbide is an important lightweight re-
fractory semiconducting material due to its unique
properties and potentially widespread applications.
It has low density (2.5g· cm−3), high melting point
(> 2400◦C), high strength and Young’s modulus, and
high-temperature thermal properties.[1−3] It is the
third hardest material coming after the diamond and
cubic boron nitride, but with very high temperature
stability. It has a high neutron capture-section.[4] It
has wide applications especially under extreme con-
ditions, such as ceramic armours, neutron absorbers
in the nuclear industry, and a potential material for
high-temperature energy conversion.[1−5]

In past years, much effort has been devoted to the
synthesis of boron carbide nanostructures, including
carbothermal reduction of boron oxides,[6−10] chem-
ical vapour deposition (CVD) and plasma enhanced
CVD (PECVD),[11−14] Carbon Nanotubes (CNT)
template assisted growth,[14−17] a porous alumina
temple technique,[18] electrostatic pinning[19] and
thermal evaporation of B4C powder.[20] Boron car-
bide nanowires, nanonecklaces, nanosprings,[11,12,17]

aligned nanofibres, and encapsulates of boron carbide
nanowires into BN or boron carbonitride nanotubes[16]

have been prepared.
In this paper, we report synthesis of single crys-

talline boron carbide nanobelts via an improved sim-
ple carbothermal reduction method with B/B2O3/C
powder as precursor. Transmission electron mi-
croscopy (TEM) and selected area electron diffrac-
tion (SAED) characterizations show that the boron
carbide nanobelt has a B4C rhomb-centred hexago-
nal structure[21] with good crystallization. Electron
energy loss spectroscopy (EELS) spectrum indicates
that the nanobelt contains only B and C, and the B
to C atomic ratio is close to 4:1. High resolution TEM
(HRTEM) results show that the preferential growth
direction of the nanobelt is [101]. A possible growth
mechanism is also discussed.

2. Experimental

2.1.Preparation of Fe3O4 nanoparticles

In past years, we have successfully fabricated a
few kinds of nanoparticles.[22−26] Fe3O4 nanoparticles
have been successfully used as catalyst to fabricate
boron nanocones.[27] Here we use Fe3O4 nanoparticles
to catalyse the growth of boron carbide nanobelts.
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Fe3O4 nanoparticles with diameters of less than 10
nm were synthesized by high temperature solution
phase reduction of iron (III) acetylacetonate, with
1,2-hexadecanediol in the presence of oleic acid and
oleylamine.[28,29]

2.2. Fabrication of boron carbide

nanobelts

The experiment was carried out in our home made
tube furnace CVD system. The schema is shown in
Fig.1. Ceramic boat at the inlet of the horizontal tube
furnace was site A and site B is located at the centre of
the furnace. All of the employed reactants were in an-
alytical grade and were used without further purifica-
tion. A mixture of boron powder (99.9%), B2O3 pow-
der (99.99%), carbon powder (99.9%) and Fe powder
(99.9%) with a weight ratio 2:2:1:1 was loaded into a
ceramic boat after adequately milled. Several drops of
Fe3O4 nanoparticles solution was firstly dropped onto
a Si (111) wafer, and after the catalytic solution was
dry the wafer was introduced into the ceramic boat
keeping the surface of the wafer touched with the pre-
cursors. High purity argon gas (99.99%) was fed into
the tube at a flow rate of 300 sccm for 0.5h prior to
the temperature increasing processes during which the
boat is kept at the site A (See Fig.1). A two-step pro-
cedure was performed to control the growth process.
Firstly, the temperature at the furnace centre was in-
creased to 250◦C in 15 minutes, and then the ceramic
boat was quickly transferred from site A to site B and
held for half an hour to eliminate the remaining oleic
acid and oleylamine of Fe3O4 nanoparticles. Then the
boat was pulled from site B to site A. Secondly, the
temperature was increased to 1100◦C in 60 minutes.
And once the temperature was arrived at 1100◦C, the
ceramic boat was quickly transferred from site A to

Fig.1. Schema of the CVD system for growth of boron

carbide nanobelts.

site B again and held for 2h to grow the boron carbide
nanobelts. The flow rate of the Ar gas was kept 300
sccm at the first step and then changed to 30 sccm
at the second step. The environment pressure of the
quartz tube was kept 1 atmospheric pressure. After
the furnace was cooled down to room temperature,
dark brown or black product was obtained on the sur-
face of the substrate.

2.3.Characterization of boron carbide

nanowires

The morphologies of boron carbide nanobelts
were observed by a field-emission type scanning elec-
tron microscope (SEM) (XL-SFEG, FEI Corp.). TEM
(JEOL-200CX) and HRTEM (Tecnai F20, FEI Corp.)
were used to further investigate the structure of the
boron carbide belts. The chemical compositions of the
boron carbide nanobelts were investigated by EELS.
Linescan technique has been used to reveal the distri-
bution of the elements in the boron carbide nanobelts.

3. Results and discussion

Figures 2(a)–2(f) are a series of SEM images
of the as-synthesized nanobelts. Figure 2(a) is a
low magnification SEM image, showing that large
scale nanobelts have been successfully fabricated. A
closer view reveals that the large scale nanobelts
have a ‘grass-like’ morphology, shown in Fig.2(b). A
higher magnification SEM image in Fig.2(c) indicates
that these ‘grass-like’ nanobelts have a length of 10–
20 µm. The high-resolution SEM (HRSEM) images
in Figs.2(d)–2(f) reveal that the as-grown nanobelts
have a width of 200–300 nm. From Figs.2(b) and 2(c),
we can see that the nanobelts grow from common lo-
cal sites and elongated at random directions like a
cluster of grasses, and some nanobelts are typically
twisted. In addition, the HRSEM images in Figs.2(d)–
2(f) show that the nanobelts have uniform width.

Further structure characterization was performed
by TEM and SAED. Figure 3(a) shows a low magni-
fication TEM image several twisted nanobelts. The
width of these nanobelts ranges from 200–300 nm,
which is consistent with the results measured by SEM
shown in Figs.2(d)–2(f). Electron diffraction was done
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Fig.2. The SEM images of nanobelts. (a) The low-

magnification SEM image of the large scale nanobelts. (b)

‘Grass-like’ nanobelts. (c) A higher magnification SEM

image of this kind of nanobelts. (d)–(f) HRSEM images

of different twisted nanobelts.

on several nanobelts to determine their structure. For
each nanobelts, a series of diffraction patterns were
recorded by titling the sample to different low-index
zone axes. It was found that the nanobelts are crys-
talline. The calculated lattice constants are a =
0.56± 0.005 nm and c = 12.08±0.007 nm, which coin-

cide closely with the values of rhomb-centred hexago-
nal B4C structure from the JCPDS database[21] (#35-
0798: a = 0.56 nm, c =12.08 nm). The inset in
the Fig.3(a) is a representative diffraction patterns
recorded from the thwartwise nanobelt in Fig.3(a) in
[010] axis. Figure 3(b) is a representative HRTEM
image, showing that the nanobelt is crystallized and
covered by a 1–2nm thick amorphous layer, which is
formed when the crystalline nanobelts was exposed to
air. The preferential growth direction was determined
to be the [101] direction.

Fig.3. (a) TEM image of several twisted boron carbide

nanobelts at low magnification. The inset is the SAED

pattern recorded along [010] zone axis. (b) HRTEM im-

age of part of the nanobelt, showing crystallized structure

and the preferential growth along [101] zone. Note thin

amorphous layer, left side.

Chemical compositions of the different parts of
the nanobelts were analysed by EELS. Figure 4 de-
picts a typical EELS spectrum from the middle of
the nanobelt. Ionization edges around 188 and 284 eV
are observable in the spectrum corresponding to the
K-ionization edges of boron and carbon, respectively.
From Fig.4, no oxygen, iron or other impurities are
detected, indicating that the nanobelt is only com-
posed of B and C. Quantitative analysis of the EELS
spectrum yields the elemental concentration of the
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Fig.4. A representative EELS spectrum obtained from a

boron carbide nanobelt, showing a boron core-loss peak at

∼ 188 eV and a carbon core-loss peak at ∼ 284 eV.

nanobelt. The atomic ratio of C to B is calculated as

0.26± 0.036, close to B4C (C/B ∼ 0.25).

To further analyse the chemical composition
and the chemical structure of the nanobelts, cross-
sectional energy dispersion spectroscopy (EDS) lines-
can was preformed, as is shown in Figs.5(a)–5(d). Fig-
ure 5(a) is the cross-sectional EDS linescan relative
TEM image, the crossed grey line is the recorded site.
The dark grey, grey and black curves in Figs.5(b)–5(d)
correspond to the boron, carbon and oxygen element
distribution in the nanobelt, respectively. From the
detailed profiles shown in Fig.5(b)–5(d), we can see
that boron and carbon are uniformly distributed in
the nanobelt, while the concentration of oxygen is in
trace degree. It further confirms that the as-grown
nanobelts are crystalline B4C nanobelts.

Fig.5. A typical EDS linescan profile of a boron carbide nanobelt. (a) A dark-field TEM image of a boron carbide

nanobelt and relative elements distribution (B (dark grey curve), C (grey curve), O (black curve)). (b)–(d) is the

detailed EDS linescan profiles for B (dark grey curve), C (grey curve) and O (black curve) respectively, recorded

along the grey line indicated in Fig.5(a).

There are several growth mechanisms for
nanostructures.[30] The widely-used vapour–liquid–
solid (VLS) process[31] involves a liquid catalytic par-
ticle, typically located at the tip of the growing
nanowire or nanotube. During the growth, the liq-
uid phase catalytic droplets adsorb target atoms from
the vapour phase source materials and nanowires or
nanotubes precipitate from the droplets when the tar-

get materials in the droplets reach saturation. The
VLS mechanism has ever been invoked to explain
the growth of boron carbide nanowires.[7,11] Although
Fe3O4 nanoparticles have been introduced to prepare
the boron carbide nanobelts in here, no particles were
observed at the end of the boron carbide nanobelts.
Therefore the growth mechanism of the boron carbide
nanobelts is not a VLS mechanism. Another mech-
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anism for growth of semiconducting nanowires is the
oxide-assisted-growth (OAG) mechanism,[32] in which
an oxide layer formed on the outside of the nanowire is
supposed to confine its lateral growth. The molten or
near molten oxide layer might enhance atomic absorp-
tion, diffusion and deposition. As discussed above,
although there is a thin amorphous oxide layer on
the surface of the boron carbide nanobelts, we believe
that the oxide layer was formed by oxidation after the
nanobelts were exposed to ambience. The OAG mech-
anism is thus not relevant to the growth of these boron
carbide nanobelts.

Vapour-solid (VS) growth mechanism has ever
been adopted for the growth of boron carbide
nanowires.[8] For the VS mechanism, surface energy,
defects and vapour-related processes are often consid-
ered. In our case, Fe3O4 nanoparticles coated Si (111)
wafer kept touching with the source powder materi-
als in the ceramic boat during all the growth stages.
The Fe3O4 nanoparticles on the Si surface may offer
energy-preferred sites for the growth of nanobelts. We
also attempted to synthesis boron carbide nanobelts
without Fe3O4 catalytic particles, but no 1D boron
carbide nanostructures were observed on the surface
of the Si (111) wafer. Therefore the Fe3O4 nanopar-
ticles play an important role in the growth of boron
carbide nanobelts. In addition, at the high experi-
mental temperature (1100◦C), the following chemical
reactions may take place:

B2O3(s)
1100◦C−−−−→ B2O3(g), (1)

4B(s) + B2O3(g) −→ 3B2O2(g), (2)

2B2O3(g) + 7C(s) −→ B4C(s) + 6CO(g), (3)

2B2O2(g) + 5C(s) −→ B4C(s) + 4CO(g), (4)

2B2O3(g) + 8CO(g) −→ B4C(s) + 7CO2(g), (5)

2B2O2(g) + 6CO(g) −→ B4C(s) + 5CO2(g). (6)

From the above chemical reactions, we can see that the
generated B2O3, B2O2 and CO vapours were trans-
ferred to the energetically favoured sites of the sub-
strate, and relative vapour–vapour reactions (Eqs.(5)
and (6)) occur to form boron carbide nanobelts.
Meanwhile, due to the fact that the Si wafer kept
touching with the source powder materials during all
the growth stages, and there were no Fe3O4 nanoparti-
cles observed on the surface of the deposited Si wafer,
the catalytic Fe3O4 nanoparticles may be transferred
into the source powder materials after the reactions
have been completed. In fact, we have observed that
some 1D nanomaterials have been formed in the pow-
der materials in the ceramic boat. To fully understand
the growth mechanism of these rhomb-centred hexag-
onal boron carbide nanobelts, a systematic analysis of
the growth kinetics is needed.

4. Conclusions

Single crystalline rhomb-centred hexagonal boron
carbide nanobelts have been fabricated through
a simple carbothermal reduction method with
B/B2O3/C/Fe powder as precursors at 1100◦C. The
growth of nanobelts is believed to be largely de-
termined by growth kinetics. These nanobelts may
find application in composites and nanothermal-
electronics. Also, the nanobelt morphology may lead
to product novel properties of boron carbide materi-
als.
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