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Abstract

Single-crystal and uniform aluminum borate (Al4B2O9)-coated aluminum oxide nanowires have been synthesized in high purity

and in large yield via a reaction of metal aluminum with boron oxide in the presence of carbon nanotubes (CNTs). The aluminum

oxide nanowires exhibit a well-crystallized one-dimensional structure with diameters ranging from 50 to 70 nm, and the Al4B2O9

have a coating thickness of about 1–5 nm. CNTs play a crucial role in the formation of the important ceramic nanowires, by

providing a platform to grow the composite structure. The growth mechanism was proposed by the detailed microscopy

observations.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

One-dimensional nanomaterials are currently being
researched throughout the world due to their unique
applications in fabricating nanoscale electronic, photo-
nic, electrochemical, electromechanical, and sensing
devices [1–4]. Carbon nanotubes (CNTs) have been the
most important research topic pointing to these
applications and have also been widely used as the
precursor for other important nanomaterials with one-
dimensional morphology [5]. Great efforts have been
put into the synthetic researches on CNTs in bulk
quality [6]. Therefore, there has been the widespread
interest in the fabrication of novel one-dimensional
nanoscale materials with improved properties by dec-
orating CNTs in the fashion of filling, coating [7–9],
template reaction or substitution reaction [10,11].

Aluminum oxide is an important structural ceramic
material due to its high strength, elastic modulus,
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thermal stability, and low density [12,13]. There have
also been interests for the Al2O3-based composites in
order to enhance its toughness. Many investigations
have demonstrated that it is possible to toughen the
ceramic matrix by implanting various materials having
higher toughness. Recent researches have indicated that
the strength and ductility of nanostructured ceramics
and nanoscale whiskers are greatly superior to those on
the micrometer or bulk scale. For example, the strength
of SiC nanowires is a factor of 2 times the best
previously observed SiC whiskers in micrometer dia-
meter [14,15]. Therefore, nanowires or nanotubes made
of SiC are very useful to reinforce the ceramic by
constructing SiC–Al2O3 composites. However, nanos-
cale SiC is prone to be oxidated at high temperatures,
resulting in a marked degradation of strength and
toughness [16,17]. There have thus been many investiga-
tions on BN-based composite one-dimensional nano-
wires, due to the excellent chemical and thermal stability
of BN nanotubes [18]. The process of producing
composite nanowire structure BN–Al2O3 is difficult
and the costly price is also a consideration for
commercial applications.
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Aluminum borate whiskers are one of the traditional
ceramic materials at the cheap prices with enhanced
mechanical properties, high melting point and stability
in oxidizing environments [19]. With these character-
istics, aluminum borate nanowires may have potential in
oxidation-resistant reinforced composites. Free-standing
nanowires made of aluminum borate have been synthe-
sized by several groups [20–22]. If the aluminum borate
could be synthesized in a composite form, coating on the
Al2O3 nanowires, the expected one-dimensional compo-
sites would have considerable potential for a wide range
of applications due to the mechanical properties
enhancement as a result of the shape-specific and
quantum-size effects.

Here we report a simple method to synthesize the
aluminum borate-coated aluminum oxide with the
composite structure in a high yield by using CNTs as
templates for the first time. Structural analysis and
growth mechanism of the composite nanowires are
discussed in the present paper.
Fig. 1. XRD patterns of the product washed with water and heated at

700 1C in air (top), followed by treating with dilute hydrochloric acid

solution (bottom). Al remnant was fully removed by the acid

treatment. The peak positions of Al2O3 and Al4B2O9 are marked by

their indices, and shown in the top and bottom of the figure,

respectively.
2. Experimental

Multi-walled CNTs were prepared by metal catalytic
decomposition of ethylene and hydrogen in a traditional
chemical vapor deposition system, in the presence of the
nanoscale alumina supported iron catalysts. The cata-
lytic growth yields CNTs with a typical diameter of
�20 nm. The product contains a small amount of
catalyst impurities. The CNTs used in this study were
further purified by refluxing the as-synthesized nano-
tubes with concentrated HNO3 solution for 2 h, then
washing with distilled water, vacuum drying in an oven
at 60 1C for 12 h.

The mixture of Al and B2O3 with the weight ratio of
1:3 was homogenized with an agate pestle and mortar.
The mixture was used as an initial reactant, which was
placed in a quartz crucible and was then covered by the
purified CNTs. The crucible was placed in the center of
a sintered alumina tube held in a traditional resistance-
heating horizontal furnace. Argon was flowing during
the overall reaction period as a transport gas to
maintain the inert atmosphere of reaction system. The
furnace was heated to reach 1000 1C and held for 90min.
After reaction, the reaction gas was shut off and the
furnace was cooled to room temperature naturally.

Upon completing the reaction, the original product
was converted into a gray rigid shell. The product was
physically scrapped from the crucible and washed with
distilled water at the temperature of about 60 1C several
times to remove the residual B2O3. In order to eliminate
the residual CNTs, the product was further heated at
700 1C in air for 1 h.

The product was examined by means of X-ray
diffraction (XRD, D/max-rB, Cu Ka radiation) analysis
at room temperature. The overview of the sample
morphology was checked by scanning electron micro-
scopy (SEM, JSM-6700F, JEOL). The sample was also
ultrasonically dispersed in CCl4 solution and was then
transferred onto a copper grid covered with holey
carbon for transmission electron microscopy (TEM,
JEM-2100F, JEOL) equipped with the system of energy-
dispersive X-ray (EDX) analysis.
3. Results and discussion

Fig. 1 (top) shows the XRD pattern of the product
after purification by washing with water and heating in
the ambient atmosphere, indicating that the remnant
reactants like incompletely reacted CNTs and boric
oxide were fully removed. The sharp diffraction peaks
shown in the pattern can be well assigned to cubic Al,
corundum a-Al2O3 and orthorhombic Al4B2O9 in their
peak positions. The residual reactant Al could also be
removed by treating the product with a dilute hydro-
chloric acid solution, confirmed by the XRD diffraction
measurement shown in Fig. 1 (bottom). We also noticed
that, although the observed diffraction patterns of
aluminum oxide and aluminum borate in peak positions
are consistent with the patterns from the counterpart
bulk materials (see JCPDS 83-2081 and JCPDS
29-0010), their peak intensities exhibit considerable
difference between the present XRD patterns and the
patterns of bulk materials. The ideal intensity ratio of
Al2O3 corundum between (012) and (113) is about 0.7,
whereas the measured ratio in this study is smaller than
0.4. The intensity from (113) diffraction is obviously
enhanced. This phenomenon has also been observed for
GaP nanorods [23] and Al2O3 whiskers [24], which was
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Fig. 2. Commonly observed SEM images of the product after the

purification: (a) free-standing and twisted nanowires, (inset) a high-

magnification image of this type of nanowires; and (b) hedge-like

nanowires grown from an aggregated lump.

Fig. 3. (a) Typical TEM images of the composite nanowires; wool-like

materials could be easily observed during TEM observation;

(b) individual nanowire having the non-cylindrical fragment-like

ending and the corresponding EDX spectrum.
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attributed to preferential growth of wire-like structure.
As a result, the present Al2O3 crystal should have a
preferential epitaxial axis perpendicular to (113) plane.
The intensity ratio between (111) and (220) of Al4B2O9

was �0.6, whereas the ratio is only �0.15 observed in
the bulk counterpart, indicating a texture structure with
an epitaxial axis.

Fig. 2 shows the typical SEM images of the product
after the purification, indicating that the product is the
free-standing nanowires with uniform diameter of
50–70 nm and typical length of several tens of micro-
meters (Fig. 2a). However, some curvy nanowires could
also be found clearly from the SEM image as shown in
Fig. 2b, which grow radiantly from some irregular
particles. EDX measurements for the particles show the
presence of Al, B and O in the particles.

TEM observation allows us to confirm the uniformity
and the cylindrical morphology of the synthesized
nanowires. A low-magnification TEM image of the
product is shown in Fig. 3a. Besides the wire-like
nanowires, wool-like aluminum borate was also found
from TEM observation. The wool product should result
from the aggregated lump shown in the SEM image,
implying that the aggregates were dispersed fully in the
process of preparing TEM sample using the ultrasonic
dispersion method. We also noticed that all nanowires
have the non-cylindrical fragment-like morphologies at
their ends, no other elements except Al, B and O can be
observed. Shown in Fig. 3b is its chemical composition
examined by EDX technique, indicating that the tip
ending and the nanowire contain Al, B and O with the
same Al/O molar ratio of �2.0/2.8. In fact, chemical
composition analyses for the large amount of the
nanowires show that the Al/O ratio is basically constant,
ranging from 2.0/2.8 to 2.0/2.5. This indicates that the
present nanowires should be made of Al4B2O9 and
Al2O3, as exhibited from XRD measurement.

It is worth noting that Al4B2O9 and Al2O3 were
detected simultaneously from individual nanowires.
High-resolution TEM examination gave the further
details for the crystalline structure of the aluminum
borate-coated aluminum oxide nanowires. The compo-
site nanowire structures were imaged by HRTEM, as
shown in Figs. 4a and b. Two different contrasts are
clearly visible in most of the individual nanowire. The
outer coating walls are Al4B2O9, and the cores with
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Fig. 4. High-resolution TEM images of composite Al4B2O9/Al2O3 nanowires: (a) a-Al2O3 corundum viewed along its ½0 1̄ 1� zone axis, (inset) SAED

patterns showing the orientation (102)AlBO/(012)AlO and the enlargement image from the circled area; (b) Al2O3 zone axis along [110], (inset) SAED

pattern with the orientation (311)AlBO/(001)AlO.
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darker contrast are Al2O3. After examining over 100 of
the one-dimensional structures, it was found that most
of the nanowires (over 90%) exhibit the composite
structure. We also observed that the thickness of the
outer layers has a wide distribution ranging from �1 to
�5 nm.

Fig. 4a shows a high-resolution TEM image of the
composite nanowire with coating thickness of �1 nm
and the corresponding selected area electron diffraction
(SAED) pattern. The SAED pattern can be indexed as
the mixture of ½0 1̄ 1� zone axis of Al2O3 and ½1̄ 0 2� of
Al4B2O9. The orientation relationship was (102)AlBO//
(012)AlO. The Al2O3 core has an interlayer spacing of
0.21 nm, which corresponds well to the interplanar
distance of the (113) planes. It is also noteworthy that
there are some stacking faults of atomic arrangement
between Al2O3 and Al2B4O9. Al2O3 nanowires thus
grow basically along [110] direction, also determined
using defocus technique. Fig. 4b shows the high-
resolution TEM image and SAED pattern from another
nanowire with coating thickness of �3 nm. The diffrac-
tion pattern from the top layer of Al4B2O9 can be well
accounted for by the [110] zone axis of Al2O3 and ½0 1̄ 1�
of Al4B2O9.

Comparing with the previous report about the
synthesis of aluminum borate nanowires [22], we believe
that CNTs used in this study are essential to the
formation of the composite nanowires. The formation
mechanism should involve in a vapor–solid reaction
process, and CNTs provide the platform to start
growing the composite structure. A possible growth
process will be discussed as follows. The following
reaction starts when heating B2O3 and Al at a high
temperature:

2Al ðlÞ þ B2O3 ðlÞ ! Al2O ðgÞ þ B2O2 ðgÞ: (1)

The generated Al2O vapors transfer and deposit onto
the surfaces of CNTs to form Al2O3 lumps, or form
Al2O3 nanowires along with CNTs, according to the
process

3Al2O ðgÞ ! Al2O3 ðsÞ þ 4Al ðlÞ: (2)

Once the nanowires are formed, this trend might be
maintained and Al2O3 nanowires would grow continu-
ously along the initially formed crystal directions.
Simultaneously, the vapor B2O2 reacts with Al2O or
Al2O3 to form Al4B2O9 crystal. At the same time, B2O2

gas can also be supplied by the chemical reaction

B2O3 ðlÞ þ C ðnanotubesÞ ! B2O2 ðgÞ þ CO ðgÞ: (3)

Therefore, the existence of CNTs avoids the forma-
tion of the glassy B2O3 in the product due to the
decomposition of B2O2 to B2O3 at low temperature
according to the reaction

3B2O2 ðgÞ ! 2B2O3 ðglassÞ þ 2B ðsÞ: (4)

B2O2 gas can escape and react with Al or its oxides,
forming Al4B2O9 coating at the surface of the as-grown
Al2O3.
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The diameters of the Al2O3 nanowires coated by
aluminum borate layers may be larger than those of the
starting CNTs due to the epitaxial growth discussed
above when the total reaction time is long and the
reactants are supplied continuously. This phenomenon
has been explained in the other works of synthesizing
nanowires via CNTs reaction [25,26].

We speculate that the defects of Al2O3 nanowires are
one of the driving forces for the one-dimensional
growth. The presence of these defects at the tip areas
we observed in this study should result in the fast growth
of Al2O3 nanowires along a certain direction since
dislocations are known to play an important role in
crystal growth [27].
4. Conclusions

High quality of single-crystal structured aluminum
borate—aluminum oxide nanowires have been synthe-
sized by using CNTs as a reaction template. A possible
mechanism for the growth of the composite nanowires
was proposed based on the TEM and XRD examina-
tions. Considering the simplicity of the procedure, the
method described here is likely to be of interest to
commercial-scale production in order to find application
in metal reinforcing materials.
Acknowledgments

This work was supported by Fok Ying Tong
Education Foundation (Grant No. 91050) and National
Natural Science Foundation of China (Grant No.
50202007).
References

[1] M.S. Gudiksen, L.J. Lauhon, J. Wang, D.C. Smith, C.M. Lieber,

Nature 415 (2002) 617.

[2] X. Duan, Y. Huang, J. Wang, C.M. Lieber, Nature 409 (2001) 66.

[3] M.H. Huang, S. Mao, H. Feick, H. Yan, Y. Wu, H. Kind,

E. Weber, R. Russo, P. Yang, Science 292 (2001) 1897.

[4] S.J. Tans, M.H. Devoret, H. Dai, A. Thess, R.E. Smalley,

L.J. Geerligs, C. Dekker, Science 386 (1997) 474.

[5] S. Iijima, Nature 354 (1991) 56.

[6] C. Tang, X.X. Ding, Z.W. Gan, J.M. Gao, X.T. Huang, S.R. Qi,

Carbon 40 (2002) 2499.

[7] Q.Q. Li, S.S. Fan, W.Q. Han, C.H. Chen, W.J. Liang, Jpn.

J. Appl. Phys. 36 (1997) 501.

[8] B.C. Satishkumar, A. Govindaraj, E.M. Vogl, L. Basumallick,

C.N. Rao, J. Mater. Res. 12 (1997) 604.

[9] Y.J. Zhang, Q. Zhang, Y.B. Li, N.L. Wang, J. Zhu, Solid State

Commun. 115 (2000) 51.

[10] W.Q. Han, S.S. Fan, Q.Q. Li, Y.D. Hu, Science 277 (1997) 1287.

[11] H. Dai, E.W. Wong, Y.Z. Lu, S.S. Fan, C.M. Lieber, Nature 375

(1995) 769.

[12] G. Das, Ceram. Eng. Sci. Proc. 5 (1995) 977.

[13] Z.Q. Yu, W.W. Du, J. Mater. Res. 13 (1998) 3017.

[14] E.W. Wong, P.E. Sheehan, C.M. Lieber, Science 277 (1997) 1971.

[15] P. Kim, C.M. Lieber, Science 286 (1999) 2148.

[16] K.L. Luthra, J. Am. Chem. Soc. 71 (1988) 1144.

[17] G.C. Wei, P.F. Becher, Am. Ceram. Soc. Bull. 64 (1985) 298.

[18] C.C. Tang, Y. Bando, Appl. Phys. Lett. 83 (2003) 659.

[19] H. Scholze, Z. Anorg, Allg. Chem. 284 (1956) 272.

[20] R.Z. Ma, Y. Bamdo, T. Sato, Appl. Phys. Lett. 81 (2002) 3467.

[21] C. Cheng, C. Tang, X.X. Ting, X.T. Huang, Z.X. Huang, S.R. Qi,

L. Hu, Y.X. Li, Chem. Phys. Lett. 373 (2003) 629.

[22] Y.M. Liu, Q.Q. Li, S.S. Fan, Chem. Phys. Lett. 375 (2003) 632.

[23] C.C. Tang, S.S. Fan, M.L. de la Chapelle, H.Y. Dang, P. Li, Adv.

Mater. 12 (2000) 1346.

[24] V. Valcareel, A. Souto, F. Guitian, Adv. Mater. 10 (1998)

138.

[25] W.Q. Han, S.S. Fan, Q.Q. Li, W.J. Liang, B.L. Gu, D.P. Yu,

Chem. Phys. Lett. 265 (1997) 374.

[26] D. Zhou, S. Seraphin, Chem. Phys. Lett. 222 (1994) 233.

[27] R.Q. Zhang, T.S. Chu, H.F. Cheng, N. Wang, S.T. Lee, Mater.

Sci. Eng. C 16 (2001) 31.


	Large-scale preparation of aluminum borate-coated �aluminum oxide nanowires
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgments
	References


