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Abstract

Sb2O3 fibrils and tubules with lengths of up to several millimeters and diameters of nanometers to submicrometers

were achieved by using Sb2S3 nanopowders as starting material. The synthesis can be ascribed to a vapor–solid process

where metal catalyst was neither adopted during the synthesis, nor observed at tips of fibrils or tubules. Sb2O3 fibrils

and tubules with lateral dimensions in nano- or submicron-scale may show enhanced catalytic and flame retardant

performances. � 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

The discovery of carbon nanotubes and semi-
conductor nanowires has initiated an exploding
research field in which enormous efforts have been
invested due to their fundamental significance to
the study of size- and dimensionality-dependent
chemical and physical properties [1–3]. During the
past decade, a wide variety of nanowires have been
successfully synthesized, including semiconductors
(Si [4], GaN [5], ZnO [6], InP [7], etc.), metals (Au
[8], Ag [9], Bi [10], etc.), superconductors (Pb [11],
MgB2 [12], etc.), and insulators (B [13], etc.). There
are many synthetic mechanisms to produce nano-
wires, among which vapor–liquid–solid (VLS)
mechanism is the most extensively explored case
where metal particles are employed as catalysts and

generally an alloy droplet presents on the growth
tip of each nanowire [14]. Solution–liquid–solid
(SLS) mechanism [15], vapor–solid (VS) mecha-
nism [16,17], and oxide-assisted growth mechanism
[18] have also been adopted to synthesize various
nanowires. Recently, Sb2O3 nanorods have been
synthesized by using microemulsion [19] and tem-
plating carbon nanotubes [20] by several groups,
however, very long Sb2O3 fibers and tubes have
never been reported. In this Letter, we demonstrate
an alternative approach to the synthesis of Sb2O3

fibrils and tubules with diameters of several tens to
hundreds of nanometers and lengths of up to sev-
eral millimeters by the VS method.

2. Experimental

Sb2S3 powders (ca. 50 nm), obtained via a direct
reaction of SbðNO3Þ3 and Na2S in aqueous solu-
tion, were used as starting material. The self-pre-
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pared Sb2S3 powders were loaded in a ceramic
boat and placed in the middle of a ceramic tube in
a horizontal furnace, and a silicon wafer was lo-
cated downstream in the ceramic tube. The fur-
nace was heated to 773 K in 3 min and held at this
temperature for 90 min. High-purity argon was
used as carrier medium at a constant flow rate of
80 sccm during the heating process. After cooling
down of the furnace, lots of light yellow fluffy
materials were observed on the silicon wafer,
which were examined with scanning electron mi-
croscopy (SEM), transmission electron micros-
copy (TEM), energy dispersive X-ray spectroscopy
(EDX), X-ray diffraction (XRD), and X-ray pho-
toelectron spectroscopy (XPS).

3. Results and discussion

Themorphology of the as-synthesized product is
shown in the SEM image (Fig. 1a). The Sb2O3 fi-
brils and tubules are fairly straight with diameters
typically in the range of 50–350 nm and lengths of
up to several millimeters. Particles and platelets are
observed occasionally while fibrils and tubules are
the dominant products. Two tubules with outer
diameters of 140 nm (upper left) and 60 nm (lower
right) are indicated in Fig. 1b with the tube open-
ings marked by arrowheads, respectively. Tubes
with broken tips (Fig. 1b) and platelets with par-
tially closed tubular structures (Fig. 1c) are also
observed, suggesting the formation of tubules from
bending of platelets as will be discussed later. Sev-
eral fibrils are also displayed in the same image. To
further examine the crystalline structure and crys-
tallography of the products, TEM was performed.
In Fig. 2a, a Sb2O3 tube with outer diameter of 120
nm and wall thickness of 50 nm is shown. One 80-
nm-diameter Sb2O3 fibril is shown in Fig. 2b, and it
is noticed that this fibril is smooth and straight. The
selected area electron diffraction (SAED) pattern
(inset) further demonstrates the single crystallinity
of this nanofibril. As should be note here, although
Sb2O3 has a melting point higher than 700 K, it
seems not very stable under the illustrating of high-
energy beams in TEM, henceforth high-resolution
image of the Sb2O3 fibrils and tubules could not be
obtained.

In addition, XRD is also performed to examine
the crystalline structure and phase purity of the
Sb2O3 fibrils and tubules. In Fig. 3, all the peaks in
the XRD pattern can be readily indexed to the
cubic phase of Sb2O3 with lattice constant of 1.14
nm that is consistent with the standard value
(JCPDS 5-0543, a ¼ 1:152 nm). It is surprisingly

Fig. 1. SEM images of Sb2O3 tubules. (a) Morphology at low-

magnification. (b) High-magnification image of Sb2O3 fibril and

tubular structures, with arrowheads marking the openings and

the broken tips of the tubules. (c) Broken-bamboo-shaped tu-

bule.
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noticed that no phases of SbxSy are present in the
final product. To further prove this, XPS and
EDX were carried out to investigate the compo-
sition and valence state of the element in the
product. Fig. 4a is an overall element analysis and
no sulfur element is detected in several batches of
the similarly prepared products. It can be found

out that O and Sb elements are present at an
atomic ratio of 1.72–1, which agrees well with the
EDX data (Fig. 2c) within experimental error. The
valence state of Sb in the product is confirmed as

Fig. 3. XRD pattern of the product. All the peaks can be

readily indexed to a cubic Sb2O3 phase.

Fig. 4. (a) XPS spectrum of the product shows only O, Sb, and

C, without S being detected. (b) The two Sb 3d peaks further

prove that Sb is in Sb3þ state rather than Sb5þ state.

Fig. 2. TEM images. (a) One 120-nm-diameter Sb2O3 tubule

with wall thickness �50 nm. (b) One 60-nm-diameter Sb2O3

fibril. (Inset, SAED pattern of this Sb2O3 fibril taken along

[0 1 1] zone axis clearly demonstrates the single crystallinity of

the product.) (c) EDX spectrum shows only O, Sb, and Cu,

without evidence of S being detected.
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Sb3þ rather than Sb5þ based on the fact that the
binding energies obtained from Fig. 4b (Sb 3d5=2

529.8 eV and Sb 3d3=2 539.2 eV) are characteristic
values of Sb3þ instead of Sb5þ which peaks at
higher energies [21].
Since neither metal particles are present at the

tips of either fibrils or tubules (see Figs. 1 and 2),
nor metal catalyst was adopted in this synthesis,
the well-known VLS growth mechanism could be
ruled out as the appropriate mechanism in this
synthesis. Instead, on the basis of the present re-
sults and the literatures [16,17], VS mechanism
might be responsible for the growth of the Sb2O3

fibrils and tubules. The growth may involve three
steps proposed as follows.
Firstly, in the high temperature zone, Sb2S3

evaporates and decomposes [22],

Sb2S3ðgÞ ! 2SbSðgÞ þ 1=2S2ðgÞ ð1Þ

SbSðgÞ ! Sbþ SðgÞ ð10 Þ

Secondly, SbO and Sb vapor are transported to a
lower temperature zone by Ar and solidifies locally
on the silicon wafer to form nuclei.
Thirdly, with the presence of O2 in the furnace

(O2 could come from the leakage of the furnace,
considering that the Si wafer was thoroughly
treated with HF solution prior to use and the high-
purity of Ar we employed), SbS (Sb as well) mol-
ecules are oxidized to give Sb2O3 [23],

SbSðgÞ þO2ðgÞ ! Sb2O3ðsÞ þ SO2ðgÞ

SbðgÞ þO2ðgÞ ! Sb2O3ðsÞ
ð2Þ

the Sb2O3 molecules grow on the nuclei as fibrils or
platelets. The fibrils are believed to form according
to helical dislocation growth model of VS mecha-
nism, which is evidenced by the round tapering tip
of the Sb2O3 fibril shown in Fig. 2b. However, the
growth of tubules may involve bending of the
platelets, which has already been well documented
to account for the growth of various nanotubes
such as carbon [1], WS2 [25], and MoS2 [26].
Considering the inherent chain type as well as
pseudo-two-dimensional structure of Sb2O3 [23],
and recalling the partially closed, broken bamboo
like structure in Figs. 1b and c, the formation of
Sb2O3 fibrils and tubules via VS mechanism under

appropriate experimental conditions is both plau-
sible and feasible.

4. Conclusion

In summary, we have synthesized Sb2O3 fibrils
and tubules via a VS growth mechanism. It is well
known that Sb2O3 can be used as an effective
catalyst in photochemistry individually or com-
bined with other oxides and is also widely em-
ployed as efficient flame retardant [21,24]. With the
reduction of the lateral scale, especially with a
hollow inner structure, this kind of materials may
demonstrate much better catalytic performance.
Further study on the growth mechanism at atomic
scale and catalytic properties is under way.
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