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A generic bamboo-based carbothermal method for preparing carbide (SiC,
B,C, TiC, TaC, NbC, Ti,Nb,_,C, and Ta,Nb,_,.C) nanowires

Xinyong Tao,” Yiping Li,“ Jun Du,” Yang Xia," Yingchao Yang,” Hui Huang,” Yongping Gan,” Wenkui Zhang**

and Xiaodong Li*’

Received 18th February 2011, Accepted 11th April 2011
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Finding a general procedure to produce a whole class of materials in a similar way is a desired goal of
materials chemistry. In this work, we report a new bamboo-based carbothermal method to prepare
nanowires of covalent carbides (SiC and B4C) and interstitial carbides (TiC, TaC, NbC, Ti,Nb,_.C,
and Ta,Nb;_,C). The use of natural nanoporous bamboo as both the renewable carbon source and the
template for the formation of catalyst particles greatly simplifies the synthesis process. Based on the
structural, morphological and elemental analysis, volatile oxides or halides assisted vapour—liquid—
solid growth mechanism was proposed. This bamboo based carbothermal method can be generalized to
other carbide systems, providing a general, one-pot, convenient, low-cost, nontoxic, mass production,

and innovative strategy for the synthesis of carbide nanostructures.

Introduction

Carbides can be generally classified into the following three
types: covalent, interstitial and saline carbides. Covalent carbides
including SiC and B4C are formed by strong and directional
bonding, where the carbon atoms are bonded to the Si or B
atoms by sharing a pair of electrons. Interstitial carbides such as
TiC, TaC, and NbC are produced by incorporating carbon
atoms into the interstitial sites of their parent metals, which
combine the physical properties of three different classes of
materials: covalent solids, ionic crystals, and transition metals.™?
Covalent and interstitial carbides, in general, have high melting
points, excellent resistance to oxidation and corrosion, low
thermal-expansion coefficient, ultra-high hardness, and high
elastic modulus.>® The combination of these superior properties
gives rise to numerous applications, especially under extreme
conditions, for example, light weight armors, abrasive wear-
resistant materials, high temperature resistant composites, high
speed cutting tools, and high temperature microelectronics.>”
Over the last 10 years, one-dimensional (1D) carbide nano-
structures such as nanowires (NWs) have attracted tremendous
attention because of their size-dependent optical, electronic,
mechanical, and sensing properties, opening up unprecedented
opportunities to construct nanodevices with new functionalities
which could be achieved at the micro/macroscales.'*>*

To date, various techniques including carbon nanotube (CNT)
confined reaction,?*”3* chemical vapor deposition,**3%35 carbon
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Main Street, Columbia, SC, 29208, USA. E-mail: lixiao@cec.sc.edu

thermal reduction,?*3? and pyrolysis of polymeric precursors!®3¢
have been developed for the preparation of 1D carbide nano-
structures. To synthesize these carbide nanostructures, carbon
source is essential. The pie chart (Fig. 1a) shows the proportion
of different categories of carbon sources used in the current
synthetic methods. This analysis is based on the Web of Science
database. Engineering materials such as CNTs (16.79%),
graphite (GR) (14.50%), polymers (PS) (25.95%), hydrocarbon
gases (HG) (20.61%), activated carbon (AC) (16.03%), and
carbon black (CB) (5.34%) were usually selected as carbon source
(Fig. 1a). Only a few biomaterials (BM) (0.76%) such as cotton
have been selected as the carbon source for the growth of B4,C
nanowires in our recent work.'” These artificial/engineered
carbon sources including CNTs, GR, PS, HG, AC, and CB, are
usually derived from fossil fuels such as petroleum, coal, and
natural gas, which are non-renewable. To a large extent, they are
not economical and conducive for sustainable development. The
unbalanced distribution of fossil fuels and considerable price
fluctuation are forcing the chemical industry to find alternative

Fig. 1 (a) A pie chart showing the proportion of different categories of
carbon sources used in the current synthetic methods for 1D carbide
nanostructures. (b) Digital camera image of bamboo.
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raw materials such as renewable plants for the production of
basic chemicals.

Bamboo is a large, woody-grasses member of the family of
Bambusoideae encompassing about 1250 species within 75
genera worldwide.*” Found in tropical and subtropical areas over
many continents except Europe, the major producing region is
Asia with a total annual production of 6 to 7 million tonnes.
Bamboo takes as short as 2 years to grow up in controlled forests.
It is recognized as the world’s fastest growing plant, which has
environmental advantages over long-cycle renewable resources.
Although bamboo has been used for handicrafts and building
materials in Asia for thousands of years, its potential contribu-
tion to sustainable natural resource management has only
recently been recognized. In this work, we demonstrate a new
bamboo-based carbothermal method to prepare carbide NWs
using bamboo as both the sustainable carbon source and the
natural porous template. A series of carbide (SiC, B4C, TiC,
TaC, NbC, Ti,Nb,_,C, and Ta,Nb,_,C) NWs can be synthe-
sized via this one-pot, convenient, low-cost, nontoxic, and mass
production carbothermal method.

Experimental

Dried bamboo stems were cut into small pieces, then ball-milled
and sieved to obtain bamboo powder. The starting materials
used in the preparation of carbide NWs are listed in Table 1.
Bamboo powders (2-30 pm), amorphous SiO, (A.R., 20-80 nm,
Zhoushan Mingri Nanomaterials Co., Ltd.), amorphous B (>95,
20-100 nm, Dandong Chemical Engineering Institute Co., Ltd.),
TiO, (P25, Degussa, Germany), Ta,Os (A.R., 0.1-2 um, Aladdin
Reagent Co., Ltd.), Nb,Os (A.R., 0.1-3 um, Aladdin Reagent
Co., Ltd.), B,O5 (A.R., Sinopharm Chemical Reagent Co., Ltd.),
NaF (A.R., Aladdin Reagent Co., Ltd.), Fe(NO3);-9H,O (A.R.,
Shanghai No.4 Reagent & H.V. Chemical Co., Ltd.), and Ni
(NO3),-6H,0 (A.R., Shantou Guanghua Chemical Factory Co.,
Ltd.) were used as the raw materials. To start with, the bamboo

Table 1 Synthesis parameters and the corresponding products

powder and the precursors were dispersed into the minimum
amount of ethanol to form an emulsion under vigorous stirring.
After stirring for 2 h, the mixture was dried at 100 °C for 2 h and
finally ball-milled for 3 h. The ball-milled mixture was placed
into a sealed graphite boat put in a horizontal alumina tube
furnace (id: 60 mm, length: 1500 mm). After calcinating at
1000-1350 °C for 1-3 h under argon protection, the furnace was
turned off and allowed to cool naturally to room temperature.
This bamboo-based carbothermal method is readily expandable
for large-scale production (over 120 g day~' in our horizontal
alumina tube furnace).

The microstructure and the morphology were characterized
using a scanning electron microscope (SEM, Hitachi S-4800),
a transmission electron microscope (TEM, FEI Tecnai G2 F30)
and a high resolution TEM (HRTEM) equipped with an energy
dispersive X-ray spectroscopy (EDS) detector.

Results and discussion

Fig. 2a shows a colored cross-sectional SEM image of a bamboo
stem. Vascular bundles (yellow) can be seen containing xylem
(larger openings) and phloem (smaller openings). The vessels in
xylem could transport water and mineral nutrients from the roots
throughout the plant while the porous phloem transports
carbohydrates and plant hormones around the plant. The green
area in Fig. 2a is woody porous supportive tissue consisting of
parenchyma cells with the length over 20 um. An enlarged cross-
sectional SEM image (Fig. 2b) shows that these parenchyma cells
are either pentagonal or hexagonal and arranged in a honeycomb
pattern. Some triangular interval pores can also be found
between three neighbor parenchyma cells (Fig. 2b). Fig. 2c shows
the SEM image of the longitudinal section of the bamboo. It can
be found that some fiber strands are distributed longitudinally
between parenchyma cells. The enlarged SEM image (Fig. 2d)
shows that the longitudinal-section of these parenchyma cells is
rectangular rather than pentagonal and hexagonal. As indicated

Exp. no Bamboo/g Raw materials/g Catalyst precursor/g Additives/g Products

1 1.14 1.02 (Si0y) 0.36 (Fe) No SiC NWs

2 1.14 1.02 (Si0y) No No No SiC NWs

3 1.38 1.02 (B) 0.51 (Ni) 0.06 (SiO,) B,C NWs

4 1.38 1.02 (B) 0.51 (Ni) No Few B,C NWs

5 1.38 1.02 (B) No 0.06 (SiO,) No B,C NWs

6 6.51 0.59 (TiOy) 0.23 (Ni) 1.40 (NaF) TiC NWs

7 6.51 0.59 (TiOy) 0.23 (Ni) No No TiC NWs

8 6.51 0.59 (TiOy) No 1.40 (NaF) No TiC NWs

9 6.59 0.61 (Ta,0s5) 0.24 (Ni), 0.11 (Fe) 0.43 (NaF) TaC NWs

10 6.59 0.61 (Ta,0s) 0.24 (Ni), 0.11 (Fe) No No TaC NWs

11 6.59 0.61 (Ta,Os) No 0.43 (NaF) No TaC NWs

12 5.35 2.37 (NbyOs) 0.26 (Ni), 0.31 (Fe) 0.38 (NaF) NbC NWs

13 5.35 2.37 (Nb,Os) 0.26 (Ni), 0.31 (Fe) No No NbC NWs

14 5.35 2.37 (Nb,Os) No 0.38 (NaF) No NbC NWs

15 4.66 0.31 (TiOy), 1.03 (Nb,Os) 0.23 (Fe) 0.33 (NaF) Ti,Nb; _,C NWs

16 4.66 0.31 (TiOy), 1.03 (NbyOs) 0.23 (Fe) No No Ti,Nb;_,C, NWs
17 4.66 0.31 (TiOy), 1.03 (Nb,Os) No 0.33 (NaF) No Ti,Nb;_,C, NWs
18 491 1.81(Ta,0s5), 1.09 (Nb,Os) 0.24 (Ni), 0.17 (Fe) 0.34 (NaF) Ta,Nb;_,C NWs

19 491 1.81 (Ta,0s), 1.09 (Nb,Os) 0.24 (Ni), 0.17 (Fe) No No Ta,Nb;_,C NWs
20 491 1.81 (Ta,0s), 1.09 (Nb,Os) No 0.34 (NaF) No Ta,Nb;_,C NWs

“ Where Fe(NO3);-9H,0 and Ni(NOs),-6H,0 were selected as the Fe and Ni precursors, respectively.
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Fig.2 (a) Typical cross-sectional SEM image of bamboo culm, showing
the xylem and phloem. (b) An enlarged cross-sectional SEM image of
parenchyma cells. (c) Typical longitudinal SEM image of the bamboo
culm. (d) An enlarged longitudinal SEM image, showing the pores in the
lateral walls of the parenchyma cells.

by the arrows in Fig. 2d, there are abundant pores in the lateral
wall of the parenchyma cell. The bamboo cell walls mainly
consist of cellulose, which is constructed from polysaccharide
chains arranged into amorphous and crystalline regions. Abun-
dant nanopores with the diameter ranging from 100 to 1000 nm
distribute around the crystalline regions.*® The unique hierar-
chical porous structure of bamboo makes it a perfect natural
carbon source, which can absorb the precursors and act as the
template for the formation of the catalyst nanoparticles.

We now demonstrate the synthesis of two families of carbides,
covalent carbides (SiC, B4C) and interstitial carbides (TiC, TaC,
NbC, Ti Nb;_,C, and Ta,Nb;_,C) to illustrate the universality
of this high efficient carbon source—bamboo. The mechanism
underlying the synthesis of these carbide nanowires is proposed
to involve the reaction of volatile oxide or halide reactants via the
classical vapor-liquid-solid (VLS) growth mechanism. A total of
seven examples are selected here to illustrate this generalized
carbon source.

Fig. 3 (a) Typical morphology of the SiC NWs from SEM observation.
(b) TEM image of a SiC NW with a catalyst on the tip. (c and d) The
corresponding EDS spectra obtained from the catalyst and the NW in
(b), respectively. (¢) TEM image of a SiC NW. (f) The [011] zone axis
HRTEM image of the NW in (e). (g) The corresponding FFT diffraction
pattern obtained from (g).

The first example is SiC, an important semiconductor with
a wide band gap of 2.30 eV at 300 K. After one-step calcination
of the mixture with bamboo powders and the precursors, SiC
NWs (Fig. 3a) with the length over 10 um were obtained. Most of
the NWs have catalyst particles on the tip (Fig. 3b), indicating
the VLS growth mechanism. The EDS spectrum (Fig. 3d) only
from the wire stem shows that the wire contains C and Si only
with a small amount of O, while the EDS spectrum (Fig. 3¢c) from
the catalyst nanoparticle reveals that the nanoparticle contains
C, Si, Fe and O (Cu is from the TEM grid). In our experiments,
we also found that Fe played a key role in the growth of a SiC
NW. No SiC NWs can be obtained if no Fe was introduced.
TEM images (Fig. 3b and e) show that the SiC NW has a clear
surface. Fig. 3f is a HRTEM image taken from the rectangular
area marked in Fig. 3e. Fig. 3g shows the corresponding indexed
fast Fourier transform (FFT) pattern of the SiC NW in Fig. 3e
and f. The space between two adjacent lattice fringes is 0.25 nm,
corresponding well to the {111} planes of B-SiC. The clear
diffraction spots indicate that the SiC NW is a single crystal with
the growth direction along [111]. The surface energy of the {111}
planes in B-SiC is much lower than those of others.

Based on the above experimental results, the growth process of
B-SiC NW can be explained by an oxygen assisted VLS growth
mechanism. During the VLS growth of SiC NW, there must be
gas phase transport of carbon and Si to the C-Si-Fe-O catalyst.
The pyrolysis of bamboo cellulose is able to generate gaseous
products (such as CO and CHy) and the compounds in bio-oil
(such as hexane, acetaldehyde, acetone, hydroxyacetaldehyde,
hydroxyacetone, levoglucosan, etc.),* which can serve as the
carbon source. Under high temperature calcination, the carbo-
thermal reduction of silica takes place:

Si0, (s) + (2 — x)C (vorl) = SiO, (v) + (2 — Y)CO (v) (1)

where s, 1, and v refer to the solid state, the liquid state, and the
vapor state, respectively. At the initial stage of reaction, it was
found that Fe nanoparticles were formed on the surface of
bamboo powders during the calcination of the bamboo with
absorbed catalyst precursors. So it is believed that the bamboo
acted as a template for the formation of the catalyst particles.
The vapor mixture of SiO, and C species is transported to the Fe
nanoparticles to form C-Si-Fe nanoparticle:

SiO, (v) + C(vorl)+ Fe(lors) — Si-C-Fe-O (lors) (2)

When the catalyst nanoparticle supersaturates with Si and C,
the SiC NW may precipitate and grow up along the [111] direc-
tion, which has lower surface energy. The appearance of O in the
EDS spectrum is a direct evidence of this oxygen assisted VLS
growth mechanism.

The second sample is the other important covalent carbide,
B4C, a lightweight refractory semiconductor. Fig. 4a shows
a representative SEM image of the bulk powder, indicating an
abundance of straight, smooth, and uniform nanowires with the
length over 5 um. TEM image (Fig. 4b) reveals a quasi-spherical-
shaped catalyst particle at the tip of the B;,C NW. The EDS
spectrum (Fig. 4c) shows that there are C, B, O, Si, and Ni peaks
at the catalyst part, indicating that the C-B-O-Si-Ni nano-
particle acts as catalyst for the growth of B4C N'Ws. Fig. 4d is the

This journal is © The Royal Society of Chemistry 2011
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Fig. 4 (a) Typical morphology of the B;C NWs from SEM observation.
(b) TEM image of a B4C NW with a catalyst on the tip. (c) The corre-
sponding EDS spectrum obtained from the catalyst. (d) The EELS
spectrum obtained from the NW. (¢) Low magnification HRTEM image
of a B4C NW. (f) High magnification HRTEM image of the B,C NW in
(e). (g) The corresponding FFT diffraction pattern obtained from (e).

electron energy loss spectrum (EELS) taken from the NW stem.
Two distinct absorption features are revealed, one starting at 189
eV and the other at 285 eV, corresponding to the known B-k and
C-k edges of B4C," respectively, which indicates that the nano-
wire is composed of B and C. [010] zone axis HRTEM image
(Fig. 4e) reveals that the NW has a smooth and clear surface.
High magnification HRTEM image (Fig. 4f) and the corre-
sponding FFT diffraction pattern (Fig. 4g) prove that the NW is
a single crystal with a growth direction along [001]. The spacing
between two adjacent lattice fringes is 0.4 nm (Fig. 4f), agreeing
well with the spacing of the {003} planes of rhombohedral B,4C.

During our experiments, we found that both Si and Ni played
key roles in the synthesis of B4C NW. No B4,C NWs can be
obtained if no Ni precursor was introduced. Only a few B,C
NWs can be obtained if no Si was introduced, implying that Si
can enhance the catalytic growth of B4C NWs. In our previous
work, it was found that the small amount of Si was critical for
easy formation of quasi-solid alloy catalyst nanoparticles and the
initiation of VLS growth of B nanowires.*® The addition of Si
could decrease the eutectic temperature of the catalyst particle
containing B and Au. The eutectic temperatures for Ni-B and
Ni-C are 1018 and 1326 °C, respectively.’*** However, the
eutectic temperature of Ni-Si is as low as 800 °C. In the present
work, it was believed that Si played a similar role in decreasing
the eutectic temperature of the catalyst.

Based on our experimental results, an oxygen assisted VLS
growth mechanism similar to that of SiIC NWs can be suggested as
follows. The hydrocarbon gases generated from the pyrolysis of
bamboo serve as the carbon source. The amorphous boron
powders contain a tremendous amount of boron atoms that are
randomly bonded to one another without long range order. It can
be oxidized to form boron oxide vapor such as B,O, by the
residual oxygen in the furnace and/or the H,O vapor generated by
the pyrolysis of bamboo and the Ni precursor (Ni(NO3),-6H,0):

B (s) + (x/2)0; (v) — BO. (v) ©)

B (s) + (x)H20 (v) = BO, (v) + xH; (v) 4)

Meanwhile, silicon vapor SiO, can also be formed. The Ni
particles can absorb C, BO, and SiO, to form C-B-O-Si-Ni
nanoparticle:

SiO, (v) + BO,+C(vorl)+ Ni(lors) —
C-B-O-Si-Ni (1 or s) &)

Continuous dissolution of B, C and Si vapors leads to
a supersaturated nanoparticle. B4C NW growth takes place by
the precipitation from the supersaturated catalyst particle.

Besides the covalent carbides, interstitial carbides can also be
synthesized using bamboo as both the template and the carbon
source. Interstitial carbides such as TiC, TaC, and NbC, are well-
known for their high melting points, high degree of hardness,
thermal conductivity, electrical conductivity, and even super-
conductivity #?225324183 The third sample is TiC, the most
common interstitial carbide. A representative SEM image
(Fig. 5a) reveals that the TiC product is mainly composed of
straight nanowires with typical length larger than 2 um. TEM
analysis proves that most of the TiC NWs have catalyst particles
on the tip of each NW (Fig. 5b). The EDS analysis shows that the
attached particle mainly consists of C, Ti and Ni (Fig. 5c). The
EDS spectrum from the wire stem (Fig. 5d) reveals that the wire
contains C and Ti only. It was difficult to detect the O signals.
Fig. 5¢ is a representative [011] zone axis HRTEM image of the
TiC NW. Fig. 5f is a high magnification HRTEM image taken
from the rectangular area marked in Fig. 5e. The spacing
between two adjacent lattice fringes is 0.22 nm, corresponding
well to the spacing of the {100} planes of cubic TiC. Fig. 5g
shows the corresponding indexed FFT pattern of the TiC NW in
Fig. 5e and f. The sharp diffraction spots indicate that the TiC
NW is a single crystal with the growth direction along [100].

The fourth sample is TaC, another important interstitial
carbide with the highest reported melting point (4200 °C) of any
known materials. A representative SEM image (Fig. 6a) shows
that the product is composed of straight NWs with the length
larger than 15 um. The TEM image (Fig. 6b) shows that the TaC
NW terminates at the one containing C, Ta, and Ni (Fig. 6¢). The

Fig. 5 (a) Typical morphology of the TiC NWs from SEM observation.
(b) TEM image of a TiC NW with a catalyst on the tip. (c and d) The
corresponding EDS spectra obtained from the catalyst and the NW,
respectively. (¢) HRTEM image of a TiC NW. (f) High magnification
HRTEM image of the TiC NW in (e). (g) The corresponding FFT
diffraction pattern obtained from (e).
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Fig. 6 (a) Typical morphology of the TaC NWs from SEM observation.
(b) TEM image of a TaC NW with a catalyst on the tip. (c and d) The
corresponding EDS spectra obtained from the catalyst and the NW stem,
respectively. (e) [011] zone axis HRTEM image of a TaC NW. (f) The
corresponding FFT diffraction pattern obtained from (e).

EDS spectrum (Fig. 6d) from the NW stem shows that the wire
contains C and Ta only. No O signal can be detected. The typical
[011] zone axis HRTEM image (Fig. 6e) and the corresponding
FFT diffraction pattern (Fig. 6f) of the NW show that the NW is
a single crystal with the growth direction along [100] of cubic
TaC.

The fifth sample is NbC, a typical interstitial carbide with high
melting point (3610 °C), high hardness, high toughness and
Young’s modulus, excellent chemical stability, and good wear
resistance. NbC also exhibits high conductivity with a normal
resistivity of 4.60 mQ cm™' and superconductivity at 12 K.***5
SEM image (Fig. 7a) reveals that the product consists of
tremendous amounts of straight NWs with the length over 10
pm. Similar to the TiC and TaC NWs, the NbC NWs are single
crystalline and grow along [100] direction of cubic NbC, as
shown in Fig. 7b and c. Fig. 7d is a low magnification EFTEM
image of a NbC NW with a catalyst nanoparticle on the tip.
Fig. 7e is a zero-loss EFTEM image indicating the morphology
of the catalyst in Fig. 7d. Fig. 7f, g, h and i are the corresponding
C, Fe, Ni, and Nb maps, respectively. Fig. 7j is the EDS spectrum

Nb

L

20 (KeV) 30 40

Fig.7 (a) Typical morphology of the NbC NWs from SEM observation.
(b) [001] zone axis HRTEM image of a NbC NW. (f) The corresponding
FFT diffraction pattern. (d) Low magnification EFTEM image of a NW
with a catalyst nanoparticle on the tip. (e) Zero-loss image indicating the
morphology of the catalyst. (f), (g), (h), and (i) Respective C, Fe, Ni, and
Nb maps. (j) The EDS spectrum obtained from (e).

obtained from the whole region in Fig. 7e. The C mapping
(Fig. 7f) demonstrates that the C atoms distribute both in the
catalyst and in the stem. The Fe (Fig. 7g) and Ni (Fig. 7h)
mappings show that Fe and Ni are rich only in the catalyst part,
indicating that Fe and Ni are primary components of the catalyst
nanoparticle. The Nb mapping (Fig. 7i) demonstrates that the
Nb atoms mainly distribute in the stem, indicating that the NW
contains C and Nb only.

In addition to the regular pure carbide compounds, some
complex solid solution carbide NWs can also be synthesized via
this bamboo based carbothermal method. Cubic Ti Nb,_,C
NWs were chosen as the sixth sample to demonstrate the
extensive applicability of the bamboo. A representative TEM
image (Fig. 8a) shows that the product consists of NWs with
a diameter ranging from 80 to 110 nm and the length larger than
1 um. Most of these NWs are straight, as shown in Fig. 8a and b.
Some curved Ti,Nb;_,C NWs can also be found (Fig. 8a). The
[001] zone axis HRTEM images (Fig. 8c and d) and the corre-
sponding FFT diffraction pattern (Fig. 8e) reveal that the
Ti, Nb;_,C NW is single crystalline. Different from the NWs of
pure carbide compounds such as TiC, TaC, and NbC with [100]
growth direction, Ti,Nb;_,C NWs have a growth direction
approximately parallel to [210]. Fig. 8f is a zero-loss EFTEM
image showing the morphology of the NW with a catalyst
nanoparticle. Fig. 8g, h, i and j are corresponding C, Ti, Fe, and
Nb maps, respectively. Fig. 8k is the EDS spectrum obtained
from the whole area of Fig. 8f. The C (Fig. 8g), Ti (Fig. 8h) and
Nb (Fig. 8j) maps demonstrate that the C, Ti, and Nb atoms
distribute both in the catalyst and in the stem, indicating that the
Ti, Nb;_.C solid solution NWs can be obtained using bamboo as
both the carbon source and the template. The background
signals of C mapping come from the C film coating on TEM
grids. The Fe mapping (Fig. 8i) shows that Fe is rich only in the
catalyst part.

The last example is cubic Ta,Nb;_,C, which is a new super-
conducting material.** A typical TEM image (Fig. 9a) shows that
the product consists of abundant NWs with a diameter ranging
from 60 to 140 nm and the length larger than 1 um. Different
from N'Ws of other pure carbides such as B4C, TiC, NbC, and
TaC, which are straight in morphology and smooth in surface,
some Ta,Nb; ,C NWs exhibit intriguing morphological

T.. Cu
Cu [ifel Nf
10 (KeV) E 20

Fig. 8 (a) Typical morphology of the Ti.Nb;_,C NWs from TEM
observation. (b) TEM image of a single NW. (c) The corresponding low
magnification HRTEM image of (b). (d) High magnification HRTEM
image from the rectangular area in (c). (¢) The corresponding FFT
diffraction pattern obtained from (d). (f) Zero-loss image, indicating the
morphology of the NW with a catalyst nanoparticle. (g), (h), (i), and (j)
Respective C, Ti, Fe, and Nb maps. (K) The EDS spectrum obtained
from (f).
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Fig. 9 (a) Typical morphology of the Ta,Nb;_,C NWs from TEM observation. (b) EFTEM image of a single NW with a catalyst particle on the tip.
(c), (d), (e), (f), and (g) Respective C, Fe, Ni, Nb, and Ta maps obtained from the rectangular area in (b). (h) The EDS spectrum obtained from area (c).
(m) The bright field TEM image of the NW attached to a catalyst particle. (i), (j), (k), (1), and (n) Corresponding HRTEM images from different areas

marked by the arrows in (m).

characteristics such as curved and branched shapes (Fig. 9a).
EFTEM image (Fig. 9b) reveals that there is a catalyst nano-
crystal with facets on the tip of the NW, indicating the VLS
growth mechanism. Fig. 9c, d, e, f, and g are corresponding C,
Fe, Ni, Nb, and Ta maps, respectively. Fig. 9h is the EDS
spectrum obtained from the whole area in Fig. 9c—g. The element
maps (Fig. 9c-g) prove that the catalyst contains C, Ni, Fe, Ta
and a small quantity of Nb. The strong background signals of C
come from the TEM grid. The Nb (Fig. 9f) and Ta (Fig. 9g) maps
reveal that there is a continuous uniform distribution of Nb and
Ta in the NW stem, indicating that Ta,Nb,_,C solid solution
NWs have been synthesized. Fig. 9m is the bright field TEM
image of the NW with a catalyst nanocrystal.

Fig. 9i-1 and n are the corresponding HRTEM images from
different areas as indicated by the arrows in Fig. 9m. Fig. 9i
shows a clear interface between the catalyst (Facet 1) and the
NW. It can be found that the growth direction [100] is approx-
imately perpendicular to Facet 1. Abundant edge dislocations
and obvious lattice distortion can be observed in Fig. 9i, j and 1.
Compared with the pure defect-free NbC NWs, the dislocations
and obvious lattice distortion may result from the internal strain
caused by the slight difference in lattice spacing of Ta—C and Nb—

C. Fig. 9k is the HRTEM image of the other end of the interface
between the catalyst and the NW. The second facet (Facet 2) can
be found in Fig. 9k. Different from the NW (Part 1) connected
with Facet 1, the NW (Part 2) connected with Facet 2 has
different crystallographic orientation. Fig. 9n is the elongation of
Part 2. The [110] direction of Part 1 is parallel to the [100]
direction of Part 2. Abundant misfit dislocations can be found at
the interface between Part 1 and Part 2 (Fig. 9k). VLS is a well-
established process in catalyst-guided growth of NWs. During
the VLS growth of one dimensional nanostructures, the growth
behavior strongly depends on the crystallographic orientation of
the quasi-solid catalyst nanoparticle.*® The difference in the
growth direction of Part 1 and Part 2 may result from the
different precipitation behavior of Facet 1 and Facet 2.

In our experiments, it was found that the Ni and/or Fe catalyst
and the halide precursors played key roles in the growth of these
interstitial carbide NWs including TiC, TaC, NbC, Ti,\Nb,_,C,
and Ta Nb;_,C. Our control experiments, where no catalyst (Fe
and/or Ni) or halide precursor was introduced to the system,
showed essentially that no NW was obtained in the product.
Gaseous halide species such as TaOF; (g), TaFs (g), TaF, (g),
NbOF; (g), NbF4 (g), NbFs (g), TiOF; (g), TiOoF (g), TiF4 (g)
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and TiF; (g) were formed at the reaction temperature and must
be responsible for the transport of the corresponding transition
metals (TM) including Ti, Ta, and Nb. The following generic
reactions are expected to occur during the growth of these
interstitial carbide NWs:

TMO,Fy + 2C (g, 1) + Ni, Fe (1) — Ni, Fe (TM, C) (1) + yF (g) +
CO, (2) (6)

Ni, Fe (TM, C) (I) — TMC (s) + Ni, Fe (I) 7

All these reactions were not consecutive but probably occurred
simultaneously during the VLS growth of interstitial carbide
NWs. Ni and Fe have been proved to be high efficient catalysts
for CNTs, and accordingly Ni (1) and Fe (1) are known to solvate
C and TM. When the catalyst liquid nanoparticles Ni, Fe (TM,
C) supersaturate with TM and C, the NWs may precipitate and
grow up. Although some AC can be formed due to the incom-
plete pyrolysis of cellulose, they can be easily removed by air-
oxidation to get high purity carbide NWs.

Conclusions

We have demonstrated a generic bamboo-based carbothermal
method for preparing NWs of both covalent carbides (SiC and
B4C) and interstitial carbides (TiC, TaC, NbC, Ti, Nb;_,C, and
Ta, Nb;_.C). The use of natural nanoporous bamboo as both the
renewable carbon source and the template for the formation of
catalyst particles greatly simplifies the synthesis process. Based
on the structural, morphological and elemental analysis, a vola-
tile oxides and/or halides assisted VLS growth mechanism was
proposed. This bamboo-based carbothermal method has the
following unique advantages. First, bamboo with natural porous
microstructures can be used as both the template and the green
renewable carbon source, which can substitute the traditional
fossil-fuel based carbon sources. Second, this simple and
convenient carbothermal method, based on the outstanding
absorbing ability of bamboo, makes it easy to control the
component of NWs. Third, the raw materials are quite inex-
pensive and the entire synthesis process is cost-effective. The
yield is high and it is readily expandable for large-scale produc-
tion to meet the need of industry high throughput
manufacturing. Finally, the synthesis process is nontoxic without
producing hazardous waste. This bamboo based carbothermal
method can be generalized to other carbide systems, providing
a general, one-pot, simple, convenient, mass production, and
innovative strategy for the synthesis of carbide nanostructures.
These new carbide NWs possess great potential for applications
in nano-composites, nano-sensors, nano-electronic devices, and
superconducting circuits.
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