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A Rational Self-Sacrificing Template Route to -Bi,O; Nanotube Arrays
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Arrayed B-Bi,O3; nanotubes (NTs) were synthesized for the
first time through a rational “self-sacrificing template” route,
simply by oxidizing the precursor metallic bismuth NT arrays
in air at 200-220 °C for 14-18 h. XRD, TEM, and HRTEM
characterizations show that the prepared B-Bi,O; samples are
all phase pure and the B-Bi,O; NTs have uniform diameters

of approximately 3—6 nm and lengths up to several micro-
meters. The optical absorption and photoluminescence (PL)
characteristics of the prepared samples were investigated.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

The discovery of carbon nanotubes (NTs) in 1991 has
lead to a fruitful and growing interest in NTs for both basic
and application-oriented industrial research.l!! Over the
past years, various template-directing synthetic methods
have been used to generate tubular forms of different ox-
ides. For example, template-assisted soft chemistry routes
have lead to the synthesis of VO, TiO,,’l and SiO,*
NTs; pre-structured materials (including carbon NTs and
polymer fibers) have been employed as structure-directing
templates for tubular forms of SiO», Al,Os, V5,05, TiO,,[!
MoOs, RuO,,"1 ZrO,,[® and SnO,;®! porous aluminum ox-
ide and polymer membrane templates for NTs or ordering
arrays of oxide NTs!!'%! have also been used.

Bismuth trioxide (Bi,O3) and various bismuth-containing
materials are very important in modern solid-state technol-
ogy, owing to their peculiar physical properties (electrical,
optical, and excellent ionic conductivity, etc.). They are
widely used in gas sensors,['!l optoelectronic devices, optical
coatings, transparent ceramic glass manufacturing,!'?! cath-
ode ray tubes,[') as catalysts for the soft oxidation of hydro-
carbons,l' and so on. This special interest explains the
great effort devoted to the investigation of Bi,O; poly-
morphs over the last years.

Bi,03 shows four main structures that are denoted by a-,
B-, v-, and 8-Bi,03."”7 Among them, the tetragonal -
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Bi,O3, which has a distorted defect-fluorite structure, is a
metastable phase at ambient conditions, and usually trans-
forms into the stable monoclinic a-Bi,O5 at about 870 K.
The formation of the tetragonal B-Bi,O; is observed at
about 920 K on cooling the high-temperature cubic-phase
6-Bi,O3, although several synthetic procedures for ob-
taining these materials at relatively low temperatures have
been reported.['4~16]

Recently, we have developed an aqueous chemical route
to synthesize bamboo raft-like bismuth NT arrays at room
temperature.!’l Herein, we also report on a novel “self-sac-
rificing template” approach for the synthesis of crystalline
tetragonal B-Bi,O; NT arrays, by oxidizing the precursor
bismuth NT arrays directly in air at 200—220 °C. To the
best of our knowledge, this is the first time that a method
for the synthesis of B-Bi,O; NTs has been reported.

Results and Discussion

Figure 1 shows a typical XRD pattern of a prepared
sample. All the intensive and sharp reflection peaks can be
indexed to a pure tetragonal phase (space group: C4b2)
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Figure 1. Typical XRD pattern of the prepared B-Bi,O; samples
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of crystalline B-Bi,Os. The calculated cell constants are a =
10.94 A and ¢ = 5.64 A [the root mean square value (RMS)
is 1.5 X 104 and are in good agreement with the literature
values of @ = 10.93 A and ¢ = 5.62 A (JC,PDS 74—1374).
This XRD pattern indicates that the oxidization of metallic
bismuth is complete and phase-pure crystalline B-Bi,O3
products can be obtained under the present synthetic con-
ditions.

The morphologies and the size of the prepared samples
were characterized by TEM. As shown in Figure 2 (see a,
b, and c), a significant amount of the sample dispersed on
the TEM copper grids exhibited nanotubular morphology,
although other block-like morphologies also appeared. All
of the B-BiO; NTs are straight with uniform diameters of
approximately 3—6 nm and lengths up to several mi-
crometers. Most of them are also surprisingly aligned to-
gether, side by side, along the axial direction, in a similar
way to that of the precursor metallic Bi NT arrays, to form
bamboo raft-like NT arrays. This phenomenon suggests
that the precursor bismuth NT arrays may serve as self-
sacrificing templates and maintain their original tubular
morphology in the oxidizing process. The SAED pattern,
of a “bamboo raft”, indicates the crystalline nature of the
NT array (see a, the inset of Figure 2). The concentric dif-
fraction rings could be indexed outwards as [110], [311],
and [400] diffractions of tetragonal B-Bi,Os. Figure 2 (d)
shows a representative HRTEM image of a section of a
“bamboo raft”. The lattice fringes are perpendicular to the
axial direction of the NTs; the fringe spacing is about 7.8 A,
close to the interplanar spacing of the [110] lattice planes
of the tetragonal B-Bi,Os. This means that the axial direc-
tion of the NTs is along the normal direction of the [110]
lattice planes of the tetragonal B-Bi,Os.

Figure 2 (see e) shows the typical optical absorption spec-
trum of a prepared B-Bi,O; sample, along with the PL of
the same sample (A, = 291 nm). The band edge is found
to be around 3.90 eV (318 nm) and it shifts to much higher
energy than that of the bulk bandgap at 2.58 eV.l!3] The
material also exhibits photoluminescence. A Stokes shift is
observed; such effects have been attributed to either band-
edge emission or shallow-trap emission in recent publi-
cations.[8]

Here, the use of precursor metallic bismuth NT arrays is
crucial to the formation of B-Bi,O; NT arrays. The reaction
between the precursor metallic bismuth and oxygen in air
can be simply formulated as:Bi (NT arrays) + O, (in air)
— B-Bi,O3 (NT arrays)

In this reaction, the precursor metallic Bi NT arrays may
serve as ‘“‘self-sacrificing templates” which maintain their
original tubular morphology in the oxidizing process, thus
resulting in the formation of the B-Bi,O3 NT arrays.

The materials and experimental conditions have signifi-
cant effects on the formation of the B-Bi,O3; NT arrays. Un-
der similar experimental conditions, almost no Bi,O; is
formed after oxidization (24 h) by using commercial Bi
powder (about 200 mesh) instead of the precursor metallic
Bi NT arrays. On the other hand, the relatively low melting
point of metallic Bi (273.1 °C) greatly limited the selection
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Figure 2. Typical TEM images (a, b, ¢c), HRTEM image (d), UV/
Vis absorption, PL spectra (e) of theprepared B-Bi,O3 samples and
FESEM 1image (f) of the Bi precursor

of reaction temperature for our experiments. When the reac-
tion temperature is below 160 °C, a mixture of 3-Bi,O3; and
unreacted metallic Bi was detected by XRD . When the
reaction temperature was above 240 °C, a great deal of
block-like and a small amount of tube-like B-Bi,O3; was ob-
served by TEM. This phenomenon can be simply explained
as follows: the precursor metallic Bi NTs may have a lower
melting point than the bulk Bi due to the well-known small-
size effects. When the experimental temperature (above 240
°C) is close to the melting point of the Bi precursor, local
melting and aggregation of the precursor may occur before
oxidization, which may further result in the formation of
block-like B-Bi,Os. Based on the results mentioned above,
we believe that the ratio of the NTs in the final B-Bi,O3
products can be greatly affected by varying the temperature
of thermal oxidization of the Bi precursor. Thus, the opti-
mal experimental temperature we selected is 200—220 °C.
Under these conditions, the precursor metallic Bi NT arrays
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may keep their origin tubular morphology during oxidiz-
ation, and once the B-Bi,O; NTs are formed, the tubular
morphology of B-Bi,O3 could be kept due to its thermal
stability, which is higher than that of the Bi NTs.

Conclusion

In summary, we have presented a simple self-sacrificing
template route for the synthesis of B-Bi,O; NT arrays, by
oxidizing the precursor Bi NT arrays. The prepared p-Bi,O3
samples are all phase-pure and stable at room temperature.
This method requires no complex apparatus or technique
and the conditions are much more mild, which makes it
possible to produce B-Bi,O; NTs on a large scale. The pre-
sent study supplies a novel route to synthesize phase-pure
B-Bi,O3, enlarges the family of oxide NTs, and may provide
a facile method for the synthesis of other one-dimensional
oxide nanomaterials.

Experimental Section

Reactions and Conditions: All reagents used in our experiments
were analytically pure, purchased from Shanghai Chemicals Co.
(China), and used without further purification. The precursor met-
allic bismuth NT arrays were prepared following a prodecure found
in the literature,['” as shown in Figure 2 (see f). A high proportion
of the precursor sample exhibits 1D morphology with lengths from
several hundred nanometers to several micrometers. TEM obser-
vations show that the 1D morphology is in fact present as nanotub-
ular arrays (special TEM images and descriptions have been shown
in our previously published paper).!'”? Then, an appropriate
amount of the prepared precursor bismuth powder was transferred
into a ceramic boat. The boat was placed into the center of a tem-
perature-controlled electrothermal oven (DHG-9076A) in which
the temperature was previously kept at 200—220 °C (dry air), and
maintained for 14—18 h. After the reaction was complete, the boat
was taken out and the yellow powder obtained was immediately
sealed in a small glass bottle filled with anhydrous alcohol to pre-
vent direct contact with carbon dioxide in air (see Figure 3). The
samples were characterized by X-ray powder diffraction (XRD),
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Figure 3. Typical XRD pattern of a prepared B-Bi,O; sample ex-
posed directly to air for about two hours (the triangle represent [3-
Bi,03, the circle represent Bi,0,CO3)
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which was recorded on a Japan Rigaku Dmax-yA X-ray powder
diffractometer with graphite-monochromatized Cu-K, radiation
(A = 1.54178 A). Transmission electron microscopy (TEM) images
and high-resolution transmission electron microscopy (HRTEM)
images were obtained with a JEOL-2010 transmission electron
microscope, employing an accelerating voltage of 200 kV. Field-em-
ission scanning electron microscope (FESEM) images were taken
on a field-emission microscope (JEOL JSM-6700F, 15 kV). UV/Vis
absorption spectra were recorded on a Shimadzu UV-2401PC UV/
Vis spectrophotometer. Photoluminescence spectroscopy was car-
ried out on a Shimadzu RF-5301PC spectrofluorophotometer with
an Xe lamp at room temperature.
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