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Abstract

Boron carbide elongated nanostructures such as nanowires, nanobelts and nanosheets have been synthesized via a low-cost and simple in situ

thermal evaporation process using commercially available B4C powders as the main precursor. Heat treatments were done in the temperature range

of 1400–1600 8C in the presence of Co nanoparticles (and NiCl2 in some experiments) as the catalyst material. The growth mechanism of the

nanostructures was proposed to be a cooperative growth procedure including surface diffusion, vapor–liquid–solid (VLS) and solid–liquid–solid

(SLS) growth mechanisms. The final product, containing some of the initial B4C particles and as-synthesized elongated nanostructures may be

potentially applicable as an excellent reinforcing phase in composite materials. Moreover, nanostructures with right angle junctions were obtained

from the sidewalls of the graphite boats, which may be operative in MEMS and NEMS devices. The samples have been characterized by scanning

electron microscopy, transmission electron microscopy, X-ray diffraction and photoluminescence spectroscopy.
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1. Introduction

Boron carbide is a refractory p-type semiconductor with

outstanding properties such as small thermal extension

coefficient, high melting point, high hardness, low density,

high corrosion and oxidation resistance, high neutron absorp-

tion cross section, excellent high temperature thermoelectric

characteristics and good field emission properties [1–5]. Also, it

has potential applications as ceramic armor for extreme

conditions, reinforcement phase in composite materials,

nozzles, bearings, dies and cutting tools, neutron absorbers,

solid-state neutron detectors, high-temperature thermoelectric

energy conversion and field emission devices [5–7].

Previously, boron carbide elongated nanostructures have

been synthesized via different methods such as plasma

enhanced chemical vapor deposition using orthocarborane

as the source compound [8], electrostatic spinning and

pyrolysis of a polymeric ceramic precursor (poly-norborne-

nyldecaborane) [9], carbon nanotube template based method
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in which boron carbide nanorods are directly prepared from

the reaction between carbon nanotubes and boron powder

[10,11], melt infiltration or vacuum filtration of polyhex-

enyldecaborane through porous anodized aluminum oxide

(AAO) followed by pyrolysis and dissolution of the AAO in

HF acid which yields boron carbide nanostructures [12],

catalyst assisted carbothermal reduction of B2O3 [13], and

catalyst free method via thermal evaporation of B/B2O3/C

powder precursor under argon atmosphere without the

presence of catalyst [14].

These methods each have some shortcomings as well as

advantages. Some methods such as the catalyst unassisted

thermal evaporation and PECVD result in high quality

nanostructures but in them the yield of products is low and

large-scale synthesis may be expensive. Some others such as

AAO templating, carbon nanotube template based and

electrostatic spinning use rare expensive starting materials.

Carbothermal reduction of boron oxide in the presence of

catalyst metallic particles is a low-cost method but the products

yielded thereof contain a significant amount of remained

carbon; the elimination of the excess carbon is not easy.

The above-mentioned methods may be very suitable for

some particular applications [5], but when the application of
d.
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Fig. 1. The typical XRD pattern of the samples after heat treatment at 1600 8C
for 2 h.
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boron carbide nanostructures is intended as a reinforcing phase,

purification dispensability and chemical homogeneity of

reinforcing particles besides low-cost and facile large-scale

synthesis capability become the most important factors. In this

case, the excellent quality of nanostructures and morphological

homogeneity are depressed to next precedence. Therefore,

developing a method with large-scale and low-cost synthesiz-

ing capability is still needed.

The aim of this research is the synthesis of a reinforcing

mixture containing boron carbide nanostructures in a large

scale via a facile and low-cost method. The mentioned mixture

is expected to have an enhanced reinforcing capability due to

elongated shapes of the nanostructures [15,16]. However, in the

present method, for kinetic reasons, the starting powder is not

completely converted to the mentioned nanostructures and

initial B4C powders are somewhat remained in the final product

but this morphological inhomogeneity is not disadvantageous

at all [16–18] because the starting powders have also

reinforcing effects; besides boron carbide particles are

currently used as a reinforcing phase in different composite

materials [19–21]. It is well known that elongated nanos-

tructures (such as nanowires, nanorods and nanobelts) have

enhanced reinforcing effects due to both nanosize effects and

morphological characteristics [15,22,23]. The final product,

which contains boron carbide initial powders accompanied by

nanowires, nanobelts and nanosheets, might exhibit an

improved reinforcing effect due to the presence of elongated

nanostructures [16,24–26].

2. Experimental procedure

Commercially available B4C powder (99.7%, AEE) and

cobalt nanoparticles (28 nm, IoLiTec) were separately sus-

pended in ethanol. The cobalt nanoparticle suspension was

sonicated for 1 h before its addition to B4C/ethanol suspension,

NaCl was added to the mixture as the vaporizer. The suspension

was heated and vigorously stirred on a magnetic stirrer to

remove ethanol. Finally dried powder containing the basic

molar ratios B4CP:Conp:NaCl = 1:0.02:0.1 was placed in a

graphite boat. The boat was then placed at the center of a tube

furnace. Other examinations were done with B4CP:Conp molar

ratios of 1:0.05 and 1:0.1. Also the effect of more vaporization

agents was investigated by the examination of a starting

mixture containing B4CP:Conp:NaCl = 1:0.02:0.5. Argon gas

(>99.9%) was introduced with a rate of 200 standard cubic

centimeters per minute and the boat was heated up and kept at

the maximum set temperatures (1400–1600 8C in different

examinations) for 2 h. Some other examinations were done and

B4C powders were mixed with NiCl2 as a catalyst source. A

molar ratio of B4C:NiCl2 = 1:0.1 was used; other conditions

were repeated without any change.

Scanning electron microscopy (SEM, LEO 1450VP),

transmission electron microscopy (TEM, Philips EM208)

and X-ray diffraction (XRD, Seifert XRD 3003TT, Cu Ka

radiation, l = 0.154 nm) were employed to characterize the as-

received samples. Photoluminescence (PL) spectroscopy of

nanostructures was carried out by a HITACHI F-4500
spectroscopy system using a 530 nm excitation light at room

temperature.

3. Results and discussion

Fig. 1 shows the typical XRD pattern of the samples after

heat treatment at 1600 8C for 2 h. The pattern can be indexed to

rhombohedral B4C crystal (the JCPDS card 35-0798).

Various morphologies of the as-synthesized nanostructures

in the sample, which contains cobalt nanoparticles as the

catalyst material at 1600 8C for 2 h, are shown in Fig. 2(a).

Nanowires and nanobelts could be easily recognized in the

SEM image. In Fig. 2(a) some larger elongated nanostructures

are signed with arrows. Generally, the diameters of the

nanowires are in the range of 30–150 nm, although the

nanobelts have widths of about 0.3–2 mm and thicknesses in the

range of 50–150 nm. TEM image of a typical nanowire and its

higher magnification have been presented in Fig. 2(b) and (c).

Striations along the nanowire are revealing a twined structure.

Formation of twins in low temperature synthesized boron

carbide has been confirmed and discussed previously [27,28]. A

belt-like nanostructure with smooth surface and uniform width

is shown in Fig. 2(d). Striations across the nanobelt in Fig. 2(d)

are observable as the ripple-like vibrations during TEM

investigation; nanostructures during the growth process may

encounter various stresses, which may result in bending and

some remnant strains in their crystal lattice. The mentioned

phenomenon during TEM investigation may be due to

interactions between electron beams and wried atomic layers

at the surface of the nanobelts. Without using NaCl as the

vaporizer, no nanostructures were formed and this shows the

presence of vaporization agents (here, chlorine containing

compounds) is a key feature in the current process. Also using

the starting mixture of B4CP:Conp:NaCl = 1:0.02:0.5 with more

NaCl, the results showed no significant improvement and the

total amount of the synthesized nanostructures was reduced.

Only few sparse nanowires were observed in the as synthesized

sample with starting mixture of B4CP:Conp:NaCl = 1:0.02:0.5.



Fig. 2. (a) Various morphologies of nanostructures in the sample, which contained cobalt nanoparticles and heat-treated at 1600 8C for 2 h, (b) TEM image of a

typical nanowire, (c) TEM image of a nanowire with higher magnification which reveals its twined structure, and (d) TEM image of a typical nanobelt.
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The reason may be the rapid exhaustion of the catalyst material as

a result of the applying of additional vaporizing agent; the

increase of argon feeding rate (1000 sccm) led to a similar result.

Further examinations were done to investigate the effect of

different amounts of catalyst material. Additional amounts of

catalyst material resulted in the formation of coarse whiskers

with several-micron thicknesses. This further amount of the

catalyst material results in larger catalyst droplets which

consequently lead to the formation of larger structures [29].
Fig. 3. (a) Nanosheets, nanobelts and nanowires in the sample, which contained NiCl

rough surface, (c) SEM image of saw-toothed nanosheets, and (d) TEM image of
As mentioned in Section 2, the synthesis process was done in

different temperatures in the range of 1400–1600 8C in

different examinations. The melting point of the catalyst metal

(Co) is 1495 8C and according to nanosize effect, the melting

point of nanoparticles could be reduced several degrees [8].

Nevertheless, the amount of nanostructures in the synthesis

products was negligible when the synthesis temperature was

below 1500 8C and the best results were gained at 1600 8C.

Additional keeping time at the synthesis temperature had no
2 and heat-treated at 1600 8C for 2 h, (b) TEM image of a typical nanosheet with

a pencil-like nanostructure with a catalyst particle at its tip.



Fig. 4. (a) Nanowires and wired nanostructures in the sample, which contained NiCl2 and heat-treated at 1400 8C for 2 h, (b) higher magnification image from wired

nanostructures, (c) TEM image of a wired nanostructure with a catalyst particle at its tip, and (d) higher magnification image from the catalyst–nanostructure

interface.
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significant effect on raising the amount of nanostructures. It

seems that due gradual exhaustion of vaporization agent as well

as the catalyst material during the synthesis process, no

improvement could be achieved with further increasing the

time.

The effect of the NiCl2 as a catalyst material was also

investigated. The SEM image of nanostructures, which have

been synthesized after the heat treatment of the NiCl2 added

sample at 1600 8C for 2 h, is shown in Fig. 3(a) in which various

morphologies such as nanowires, nanobelts and nanosheets are

observable. According to Fig. 3(c) some nanosheets have saw-

toothed edges; the formation of the saw-toothed edges is

usually ascribed to the presence of stacking faults between the

teeth and the nanosheet [30]. Samples were further character-

ized by transmission electron microscopy; a higher magnifica-

tion image from the surface of a typical nanosheet and a pencil-
Fig. 5. (a–d) Nanostructures with right angle junctions, (e) higher magnification i

enhanced contrast.
like nanostructure with a catalyst droplet at its tip are exhibited

in Fig. 3(b) and (d). The surfaces of the nanosheets are

somedeal rough; it may arise from temperature reduction at the

end of the heat treatment time. Temperature reduction results in

condensation and precipitation of boron carbide constituent

vapors when the furnace is turned off. Therefore, some of the

preformed nanostructures may also act as more preferred sites

for precipitation of these vapors.

NiCl2 added sample, which is heat-treated at 1400 8C for 2 h

(Fig. 4(a) and (b)), obviously contains nanowires and wried

nanostructures; wryness of the nanostructures may result from

nanoscale local temperature and gas flow fluctuations [31].

Mentioned fluctuations can change the preferred growth

direction and result in the wried shapes [32,33].

Fig. 4(c) and (d) illustrates a typical wried nanostructure

with a catalyst droplet at its tip, the higher magnification TEM
mage from the L-shaped nanostructure in (d), (f) the same image in (e) with
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image of the catalyst droplet shows the interface between the

catalyst droplet and the nanostructure is a curved line. A dashed

line in Fig. 4(d) signs the interface. The uneven interfaces are

very important for nanostructures growth, because the atomic

steps are easily generated at the bottom of such interfaces. In

the uneven interfaces, there is often more than one low-energy

liquid–solid interface during the growth of crystals and this is

the source of uneven interfaces [34,35].

It was probable that the location of the product also play a

role in the final product, when the walls of the graphite boats

were scratched and further characterized by transmission

electron microscopy; nanostructures with right angle junctions

were observed. Such nanostructures with right angle junctions

are exhibited in Fig. 5(a)–(f). A higher magnification TEM

image from Fig. 5(d) is shown in Fig. 5(e) with enhanced image

contrast, where the structure of the nanostructure is more

clearly visible. The L-shaped nanostructure contains striations

in its structure, which could be attributed to stacking faults or

twins. An interesting phenomenon is observable in the junction

point: striations along the horizontal branch in the junction

point extend across the vertical one and create an L-shaped

junction. Right angle junctions may be formed due to nanoscale

local temperature and gas flow fluctuations that could change

the preferred growth direction. Previously, the effects of the

temperature on the growth direction of nanostructures have

been investigated [35,36].

Since visible optical applications for L-shaped nanostruc-

tures were not unthinkable, photoluminescence properties of

these nanostructures were studied. The room temperature

photoluminescence spectrum of the nanostructures with right

angle junctions under a 530 nm light excitation source is

observable in Fig. 6. The spectrum exhibits a broad PL emission

centered at 620 nm. Previously, photoluminescence properties

of bulk boron carbide have been investigated and the center of

PL emission has been observed at 1.563 eV (792 nm) [37]. The

mentioned observations have been attributed to the indirect

allowed recombination of free excitons [37,38]. In addition,

electron–phonon interactions or distributions of different

energy levels of trap centers may be conceivable in the

formation of the broad PL emission. Considering the PL

emission of bulk boron carbide in comparison with that of
Fig. 6. The typical photoluminescence spectrum of boron carbide nanostruc-

tures.
boron carbide nanostructures with right angle junctions, one

can observe a blue shift, which could be indexed to quantum

size effect [39,40]. According to PL emission spectrum of

boron carbide nanostructures with right angle junctions, visible

optical applications for these nanostructures may be suppo-

sable.

According to the applied synthesis process and because of

using catalyst materials both vapor–liquid–solid (VLS) [41,42]

and solid–liquid–solid (SLS) [43] mechanisms may be

probable. In well known VLS mechanism, the catalyst material,

firstly, creates melted alloy droplets and catalyst droplets

adsorb feedstock vapors from the surrounding space; when

droplets become supersaturated, the growth of nanowires (or

whiskers) through the liquid droplets are started (Fig. 7(a)).

Comparative evaporation of boron carbide ingredients takes

place at the maximum set temperature in the presence of NaCl

as a volatilizing agent. The generated vapors may directly react

to form solid B4C or adsorb in catalyst droplets and act via VLS

mechanism. Besides VLS mechanism, SLS mechanism is also

supposed to be operative. In SLS mechanism, the molten

catalyst combined with B4C to form a liquid droplet containing

boron and carbon. Boron and carbon may be introduced into the

molten catalyst from direct solution of B4C at the interface of

initial B4C particle and catalyst droplet or surface diffusion of

ingredients; finally coexisting B and C in the molten catalyst

droplet precipitate and crystallize as elongated nanostructures

(Fig. 7(b)). Reactions in VLS and SLS mechanisms are listed

below (some reactions are not equilibrated).

Reactions via VLS mechanism:

NaClðLÞ ! NaClðgÞ ! NaðgÞ þClðgÞ (1)

B4Cðs; powderÞ þClðgÞ ! 4BClðgÞ þC (2)

CoðLÞ þCðsÞ ! Co�CðLÞ (3)

Co�CðLÞ þBClðgÞ ! Co�C�BðLÞ þCoCl2ðgÞ (4)

Co�C�BðLÞ ! B4Cðs; elongated nanostructuresÞ þCoðLÞ (5)

Reactions via SLS mechanism:

B4Cðs; powderÞ þCoðLÞ ! Co�C�BðLÞ

! B4Cðs; elongated nanostructuresÞ þCoðLÞ ð6Þ

The functions of VLS and SLS mechanisms in growth of

nanowires and nanobelts are demonstrated by schematic

models in Fig. 7. Regardless the general similarities in the

growth process of nanobelts and nanowires, it seems that the

formation of the nanobelts and the other elongated platelets,

which have smaller thicknesses and larger widths, could not be

explained only via VLS and SLS mechanisms. Therefore, the

growth of the nanobelts may be initiated by VLS and SLS

mechanisms and subsequently their specific shapes be guided

by surface diffusion of constituent species. According to the

proposed formation mechanism (Fig. 7), this is the random

distribution of catalyst particles that is dictating which type of

elongated nanostructures (nanowires or nanobelts) can form;

where the catalyst particles are distributed sporadically,



Fig. 7. (a) The growth of nanowires and nanobelts via VLS mechanism, (b) the growth of nanowires and nanobelts via SLS mechanism. Big squares in the right

column of (a) and (b) are magnified view of the small squares in the middle column of (a) and (b). Small black dots in the small squares and gray lines in the middle

column of (a) and (b) represent catalyst nanoparticles and nanowires, respectively.
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formation of nanowires is more probable but where the

distribution of catalyst nanoparticles is in a manner that

conditions are prone to the formation of a melted catalyst layer

or a larger catalyst droplet on the powder substrate, therefore,

production of the belt-like structures is more probable.

4. Conclusion

A facile low-cost method is presented with large scale

production capability of a reinforcing mixture containing boron

carbide nanostructures such as nanowires, nanobelts and

nanosheets via a catalyst-assisted thermal evaporation process

in the presence of chlorine containing compounds (such as NaCl)

as a volatilizing agent which is one of the most key features in the

current process. In addition, NiCl2 was used as a multipurpose

material, which acts as the vaporizing agent, as well as the

catalyst material. Both VLS and SLS mechanisms may act in the

formation of the nanostructures and the functions of these

mechanisms were described by schematic models. In addition,

nanostructures with right angle junctions were obtained from the
walls of the graphite boats and characterized by transmission

electron microscopy; these nanostructures may be applicable in

MEMS applications. Subsequently, photoluminescence proper-

ties of nanostructures were characterized and a broad PL

emission centered at 620 nm was observed, which revealed a

blue shift in comparison with that of bulk boron carbide.

Altogether, the final products, containing initial B4C particles

and as-synthesized nanostructures, may be potentially applicable

as the reinforcing phase in composite materials but further

investigations are needed to exactly evaluate the reinforcing

effects of such nanostructures in practical applications.
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