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Large scale, high density boron carbide nanowires have been synthesized by using an improved carbothermal

reduction method with B/B2O3/C powder precursors under an argon flow at 1100◦C. The boron carbide nanowires

are 5–10 µm in length and 80–100 nm in diameter. Transmission electron microscopy (TEM) and selected area electron

diffraction (SAED) characterizations show that the boron carbide nanowire has a B4C rhombohedral structure with

good crystallization. The Raman spectrum of the as-grown boron carbide nanowires is consistent with that of a B4C

structure consisting of B11C icosahedra and C-B-C chains. The room temperature photoluminescence spectrum of the

boron carbide nanowires exhibits a visible range of emission centred at 638 nm.
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1. Introduction

Since the discovery of carbon nanotubes by
Iijima[1] in 1991, one-dimensional lightweight semicon-
ducting nanostructures,[2−5] have aroused the great
interest due to their special structures and electronic
properties. Among these lightweight semiconductors
boron carbide is an important material due to its
unique properties and potentially widespread applica-
tions. It has a low density (2.5 gcm−3), high melting
point (> 2400◦C), high strength and Young’s mod-
ulus, and high-temperature thermal properties.[6−8]

It is the third hardest material coming after the
diamond and cubic boron nitride, but with very
high temperature stability. It has a high neu-
tron capture-section.[9] It has wide applications es-
pecially under extreme conditions, such as ceramic
armours, neutron absorbers in the nuclear industry,
and a potential material for high-temperature en-
ergy conversion.[6−10] In the past years, much effort
has been devoted to the synthesis of boron carbide
nanostructures. Methods of preparation include car-
bothermal reduction of boron oxides,[11−15] chemi-
cal vapour deposition (CVD) and plasma enhanced

CVD (PECVD),[16−19] carbon nanotube (CNT) tem-
plate assisted growth,[19−22] a porous alumina tem-
ple technique,[23] electrostatic pinning[24] and ther-
mal evaporation of B4C powder.[25] Zhang et al,[16]

Mcllroy et al [17] have grown boron carbide nanowires,
nanonecklaces and nanosprings through the PECVD
method. Aligned boron carbide nanofibres have
been fabricated by using a porous alumina template
method. In addition, pure polycrystalline or crys-
talline, pure boron carbide nanowires[22] or encapsu-
lates of boron carbide nanowires into BN or boron car-
bonitride (BCN) nanotubes[21] have been synthesized
by using a CNT template method. Xue and Bando[11]

and Ma and Bando[12,13] performed a specific inves-
tigation on the growth of boron carbide nanowires
via a carbothermal vapour–liquid–solid (VLS) growth
mechanism starting with C/B/B2O3 powder precur-
sors with or without Fe catalyst. However, the growth
of boron carbide nanowires requires a higher temper-
ature (above 1600◦C). Therefore, controllable growth
of boron carbide nanowires with high density, single
phase, mono-morphology and uniform size distribu-
tions becomes a key issue for technological applica-
tions.
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In this paper, we present an improved car-
bothermal method to synthesize boron carbide
nanowires with a mixture of boron powder and
Fe3O4nanoparticles coated Si (111) wafer as substrate,
where the synthesis temperature is successfully low-
ered to 1100◦C. Detailed structural and compositional
analysis indicate that the as-grown boron carbide
nanowires have a B4C rhombohedral (R3m, No.166)
structure.[26] The corresponding growth mechanism
and chemical processes are also discussed. The Raman
spectrum of the boron carbide nanowires confirms that
the B4C structure is composed of B11C icosahedra
and C-B-C chains.[27−29] Photoluminescence emission
properties of boron carbide nanowires are measured
to explore the potential applications in future optical
emitting devices.

2. Experimental

2.1.Preparation of Fe3O4 Nanoparticle

In past years, we have successfully fabricated a
few kinds of nanoparticles.[30−33] Here we used Fe3O4

nanoparticles as a catalyst to fabricate boron carbide
nanowires through a carbothermal reduction method.
Fe3O4 nanoparticles with diameters of less than 10 nm
were synthesized by high temperature solution phase
reduction of iron (III) acetylacetonate, Fe(acac)3, with
1, 2-hexadecanediol in the presence of oleic acid and
oleylamine.[34,35]

2.2. Fabrication of Boron Carbide

Nanowires

A horizontal tube furnace was used to synthe-
size one-dimensional boron carbide nanowires. Boron
powder (99.9%), boron oxide powder (99.99%) and
carbon powder (99.99%) with the molecular ratio 2:1:1
were ground together as precursors and loaded into
an alumina boat. The Fe3O4 nanoparticles were first
dropped onto the Si (111) wafer, and then a small
amount of boron powder was immerged into the Fe3O4

liquid drops on the Si (111) wafer. The coated Si
(111) wafer, which was used as a substrate, was placed
above the alumina boat in the reaction region, and
the boat was removed from the reaction region prior
to the growth of boron carbide nanowires. The tem-
perature and gas flow rate were controlled for the
ideal nanowires growth. The boron carbide nanowires
were grown by using a two–step increasing temper-
ature method. First, when the temperature of the

reaction region reached 400◦C, the alumina boat was
immediately transferred into the reaction region and
kept there for 30 min to eliminate the remaining oleic
acid and oleylamine of Fe3O4 nanoparticles. Second,
the temperature of the reaction region was quickly in-
creased to 1100◦C at a rate of 10◦C/min, during which
the alumina boat was kept out of the reaction region.
A gas flow of 300sccm high purity (99.99%) Ar gas
was fed into the tube during the above two process.
Once the temperature reached 1100 ◦C, the alumina
boat was again transferred to the reaction region to
initialize the growth of boron carbide nanowires. The
reaction lasted for 2 h at a constant 30 sccm flow rate
of high purity Ar gas. After the furnace cooled down
to room temperature, dark brown or black product
was obtained on the surface of the substrate.

2.3.Characterization of boron carbide

nanowires

Field–emission type scanning electron microscopy
(SEM) (XL–SFEG, FEI Corp) was used for mor-
phological observation of boron carbide nanowires.
Transmission electron microscopy (TEM) (Tecnai–20,
PHILIPS Cop.) and high-resolution transmission elec-
tron microscopy (HRTEM) (Tecnai F20, FEI Corp.)
with electron energy loss spectrometer (EELS) were
employed to perform the microanalysis of boron car-
bide nanowires. Raman and photoluminescence (PL)
measurements of boron carbide nanowires films were
recorded with JY–HR800 spectrometer system with a
charge coupled device (CCD) detector and an optical
microscopic system ranging from 200 to 2000 cm−1 at
room temperature. A 532 nm Nd–YAG laser with an
output power of 3mW was used for excitation.

3. Results and discussion

The SEM images reveal that a large number of
nanowires have been grown on the surface of the sil-
icon substrate as shown in Fig.1. These nanowires
are very smooth on the surface and uniform along the
whole length. They have diameters of 20–100 nm with
a mean diameter of around 90 nm and lengths of 5–
10µm. The nanowires are straight each with a spher-
ical Fe3O4 nanoparticle on the tips of the nanowires,
which implies that they grew through the VLS growth
mechanism.[29] (Fig.1(c)) Figure 1(d) is a high reso-
lution SEM image of a single nanowire. The bright
spherical nanoparticle is just the alloy droplet of the
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Fig.1. (a) and (b) Low magnification SEM images showing that the boron carbide nanowires with a large

scale, high density and high aspect ratio are grown on the Si (111) substrate. (c) High magnification

SEM image of the boron carbide nanowires, and the spherical tips of the nanowires are Fe3O4catalytic

nanoparticles. (d) HRSEM image of a single boron carbide nanowire.

catalytic particle. Figure 2(a) shows a low magnifi-
cation bright–field TEM image of a single nanowire.
Selected area electron diffraction (SAED) was ob-
served on different sections of the nanowire to de-
termine its structure. All the SAED patterns are
the same as shown in the inset of Fig.2(a), confirm-
ing that the as-grown nanowire is single crystalline.
The calculated lattice constants are a = 0.5600 nm
and c = 0.1208 nm, which agree well with the val-
ues of rhombohedral B4C from the JCPDS database
(35–0798).[26] Figure 2(b) shows a high–resolution
TEM (HRTEM) image of a single boron carbide
nanowire. The lattice resolved image further con-
firms the crystalline nature of the nanowire and the
clearly resolved 0.40 nm distance between (003) plane
is labelled. The preferential growth direction of the
nanowire was determined to be the [003] direction
(shown in Fig.2(b)). The outer thin amorphous layer
is an oxide sheath, and formed when the crystalline
boron carbide nanowire were exposed to air.

Chemical compositions of different parts of the

nanowires were analysed by electron energy loss spec-
troscopy (EELS). Figure 3 depicts a typical EELS
spectrum from the middle and the tip of the nanowire.
Ionization edges around 188 and 284 eV are observable
in the spectrum corresponding to the K–ionization
edges of boron and carbon, respectively. No oxygen,
iron or any other impurities could be detected from
the middle of the nanowire as shown in Fig.3(a). This
indicates that the nanowire is composed of B and C.
Quantitative analysis of the EELS spectrum yields the
elemental concentration of the nanowire. The C- to
B- atomic ratio is calculated as 0.26 ± 0.036, close
to B4C (C/B ≈ 0.25). Except B and C, Fe and O
were detected by EELS spectrum from the tip of the
nanowire (Fig.3(b)). As shown in the inset of Fig.3(b),
both oxygen (K–ionization edge at 532 eV) and iron
(L–ionization edge at 708eV) were detected in the tip
portion of the nanowire. This shows that the cat-
alytic Fe3O4 nanoparticle only exists at the tip of
the nanowire, which further confirms the VLS growth
mechanism of the boron carbide nanowires.
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Fig.2. TEM and HRTEM images of the boron carbide nanowires. (a) TEM image of a single boron carbide

nanowire, the SAED pattern (inset) confirms the crystalline nature of the nanowire. (b) The corresponding

HRTEM image showing crystal structure and preferential growth along the [003] direction.

Fig.3. EELS spectra of the boron carbide nanowires. (a) A typical EELS spectrum in the middle of the

nanowire shows that the nanowires are composed of B and C and B/C ratio is about 4:1. (b) A typical

EELS spectrum from the spherical tip of the nanowire shows that the tip contains B, C, Fe and O.

The elemental mapping by energy filtered trans-
mission electron microscopy (EFTEM) was used to
further investigate the elemental distribution of the
nanowires. Figure 4(a) is a zero–loss filtered im-
age, and Figs.4(b)–4(d) shows elemental mappings of
boron, carbon, and oxygen, respectively. The boron
mapping, shown in Fig.4(b), demonstrates that the
boron atoms distribute uniformly in the nanowire,
and the brightest contrast confirms that boron is the
main element. The carbon mapping (Fig.4(c)) shows
that the carbon atoms also distribute uniformly in
the nanowire, but due to the difference in contrast
between the nanowire and the copper TEM grid,
the brightness is not so clear. The oxygen map-
ping (Fig.4(d)) indicates that the oxygen atoms dis-
tribute mainly on the surface of the nanowire, and
from the lattice-resolved TEM image (Fig.2(b)) we
can see that the amorphous oxide layer is very thin

(several Å). The EELS and TEM results suggest that
the nanowires are B4C nanowires with a very thin
amorphous layer.

In our experiments, Fe3O4 nanoparticles were
employed as a catalyst to fabricate boron carbide
nanowires. We also tried to synthesize boron car-
bide nanowires without the Fe3O4 catalyst, but no
1D boron carbide nanomaterials were found on the
surface of the Si (111) substrate. Moreover, the fact
that iron was detected in the EELS spectrum only
at the tips of the boron carbide nanowires suggests
that the Fe3O4 catalyst play a key role in forming
boron carbide nanowires, and the growth mechanism
should be a VLS growth mechanism. Due to the high
melting point of boron carbide (2400◦C) materials, it
was reported in the earlier work on the synthesis of
boron carbide nanomaterials by using the carbother-
mal method that the synthesis temperature was in a
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Fig.4. EFTEM images showing the elemental distribution of the nanowire, where panel (a) shows the zero-

loss image indicating the morphology of the nanowire, and panels (b)–(d) display boron, carbon, oxygen

mappings, respectively.

range of 1300–1700◦C.[14−16] Here, using 10 nm Fe3O4

nanoparticles as a catalyst, the synthesis temperature
successfully decreased down to 1100◦C. The possible
chemical reactions that took place can be written as

B2O3(s)
400◦C−−−−→ B2O3(l), (1)

2B2O3(l) + 2B(s) → 3B2O2(g), (2)

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

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

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

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

At 1100◦C, B2O3 in the alumina boat transformed
from solid to liquid (Eq.(1)), and then reacted with
solid boron in the alumina boat to form diametric
boron dioxide (B2O2) vapour (Eq.(2)),[16] Meanwhile,
Fe3O4 and boron alloy nanoclusters formed on the
surface of Si (111) substrate, and they served as the
energetically favoured sites for the condensation and
precipitation for the reactant vapour. Then, the B2O2

vapour and B2O3 liquid reacted with C to form B4C

(Eqs.(3) and (4)), and the CO gas generated in the re-
actions further reacted with B2O2 and B2O3 to form
B4C solid (Eqs.(5) and (6)). The condensation and
precipitation of B4C took place on the Fe3O4 and
boron nanoclusters. B4C nanowires growth began
when the B4C species became supersaturated in the
Fe3O4 and boron alloy nanoclusters.

A Raman spectrum is given in Fig.5(a) from ex-
citation at 532 nm. From the figure the strong Ra-
man peaks at 250, 320, 481, 534, 726 and 1086 cm−1

and two shoulders at 824 and 995 cm−1 are observed.
The narrow band at 481 cm−1 is associated with the
stretching mode of C-B-C chains and the peak at
534 cm−1 represents the vibrational mode of B11C
icosahedra,[9,27,29,36] which is similar to that of bulk
B4C crystal. The A1g modes at 726 and 1086 cm−1

are assigned to the breathing mode of the icosahe-
dral B11C structure.[27,36,37] The broad band at about
250 cm−1 has no certain origin, and compared with
the 270 cm−1 peak of the pristine B4C,[27] which is
attributed to the rotating mode of C-B-C chain and
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wagging icosahedra structure, it shifts about 20 cm−1.
The broad band at around 320 cm−1 corresponds to
the rotating C-B-B chain and wagging icosahedra
structure.[36] All the Raman peaks are broadened com-
pared with those of bulk B4C[27,36,37] due to the finite
size effect.[38]

Figure 5(b) shows the room temperature photolu-
minescence spectrum of B4C nanowires thin film un-
der 532 nm light excitation. The spectrum is com-
posed of one broad band centred at 638 nm. Theo-
retical calculations and former experiments indicated
that the photoluminescence energy of bulk B4C was
1.563 (1.572) eV, which corresponds a wavelength of

about 795 nm.[39−41] The photoluminescence peak of
B4C nanowires produced a blue–shift compared with
that of bulk B4C material, which might be due to
the quantum confinement effect.[42,43] Vast et al [36] as-
signed the 795 nm peak to the direct or indirect band-
band recombination of free excitons. We believe that
the broad band arises from strong electron–phonon
interactions or distributions of different energy lev-
els of trap centres. The visible–light photolumines-
cence emission properties of as–grown B4C nanowires
illustrate their potential applications in visible optical
emission devices.

Fig.5. (a) Raman spectrum of the boron carbide nanowire thin film; (b) The room temperature photolumi-

nescence spectrum of boron carbide nanowire thin film under 532 nm laser excitation.

4. Conclusions

Large scale, high density single crystalline boron
carbide nanowires have been synthesized by using an
improved carbothermal reduction method. The boron
carbide nanowires have lengths of 5–10µm and an
average diameter of 90 nm. TEM and SAED re-
sults show that the boron carbide nanowire has a
B4C rhombohedral structure with good crystalliza-
tion. The growth mechanism is a typical VLS mech-
anism. The Raman spectrum of the as-grown boron
carbide nanowires is consistent with that of a B4C

structure made up of B11C icosahedra and C-B-C
chains. The photoluminescence emission spectrum of
the boron carbide nanowires exhibits a visible orange
emission centred at 638 nm.
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