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Abstract: Hollow spheres of elemental antimony (Sb) with good crystallinity, high contrast and thin wall were prepared in the
solutions of poly(ethylene glycol) (PEG) and oleic acid(OA) associations at the refluxed temperature. The complexes of Sb** with
tartaric acid were used as precursors, which can avoid the hydrolysis of SbCl; and the resulting impurity of products. The average
diameter and thickness of the as-prepared hollow sphere are about 300 nm and less than 20 nm, respectively. The formation of hollow
spheres depends on the template function of PEG and OA associations, which can be confirmed through the theoretical analysis and
results of control experiments. The specific surface area reaches 34.669 m?/g.
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1 Introduction

The preparation of hollow spheres in the nanometer to
micrometer scale is of particular interest due to their
specific structure and wide applications in artificial
cells[1], light-mass structured materials[2,3], catalysts[4],
controlled release capsules of drugs, cosmetics and
dyes[1, 5], and so on. These characters origin from the
unique properties of hollow spheres, such as the low
density, mechanical stability, large specific area and
surface permeability. Up to date, a large number of
substances, including metallic elements[4, 6—8], metal
chalcogenides[9, 10], organic-inorganic hybrids and
organic polymer[11,12] have been fabricated into hollow
spheres through various approaches. The conventional
method for preparing inorganic hollow spheres is
through the layer-by-layer(LbL) coating process[13],
which usually needs a sacrificial template (e.g. polymer
latex particles or silica spheres). In addition,
microemulsions[14], block copolymers[15], liquid-
droplets[9], vesicles[10, 16] and resin spheres[17] can
also be used as templates for the formation of hollow
spheres, including inorganic and organic substances.

Although many methods have been developed during
the last years, the progress in the preparation of hollow

spheres of metallic and semi-metallic elements is very
little except the reports on those whose potentials are
lower than that of hydrogen (e.g. copper, silver and
gold)[6-8]. But hollow structures of metal elements are
important  catalysts, sensors and substrates in
surface-enhanced Raman scattering(SERS) and optical
materials[7]. The difficulties for obtaining their hollow
structures are partly attributed to their high potential,
instability at atmosphere or strong hydrolysis tendency of
their precursors (such as SbCl; and BiCly). The
above-mentioned difficulties prevent the homogeneous
reduction of metallic ions in moderate conditions,
whereas severe experimental conditions (e.g. high
temperature and strong acidity/alkalinity) will cause the
collision of the assembled structures of some applied
templates. So, the most important things for obtaining
the hollow spheres of such metallic elements are to find
appropriate precursors and stable templates.

Recently, the associations of polymer and surfactant are
found to be a promising template for the production of
nanomaterials with specific morphologies. Water-soluble
polymers interact strongly with surfactants in aqueous
solutions. The surfactants associating with the polymer
chains form micellar aggregates at a critical association
concentration (cac), which is often
considerably lower than the critical micellar concentra-
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tion (cmc) of the surfactant in pure water[18—21]. Since
the synthetic effect and some complicated patterns can be
contributed by the supermolecular associations of
water-soluble polymers and anionic/cationic surfactants,
various nanostructures, including hollow spheres,
nanowires, nanorod junctions and monodispersed
quantum dots can be obtained facilely and rapidly in
some researches[7, 18—24].

Various methods, including the protection by inert gas
and coordination, can be applied in the reaction
involving some unstable precursors. As for some
precursors with a strong hydrolysis tendency in the
aqueous solution, they can be turned into water-soluble
ions through the formation of complexes with
appropriate ligands. For example, the precipitation of
antimony oxychloride (SbOCI) can be avoided if SbCl;
is dissolved in the aqueous solution of tartaric acid.

In the present paper we report an improved
aqueous-chemistry process, which allows to synthesize
submicrometer-scaled hollow spheres of antimony with
the Sb*" complexes and associations of poly(ethylene
glycol) (PEG) and oleic acid(OA) as precursors and
templates, respectively.

2 Experimental

2.1 Preparation of hollow antimony microspheres

Antimony chloride(SbCly), tartaric acid(C4HgOg),
PEG(M,=10 000) and oleic acid(OA) were all used
without further treatment. A 0.01 mol/L aqueous solution
of potassium borohydride (KBH4) was obtained by
dissolving 0.026 g KBH, in 50 mL deionized water. A
typical experimental process was as follows. 1 g PEG
and 0.5 mL OA were dissolved in 100 mL H,O in a
conical beaker and this solution was sonicated for 20 min
to ensure OA be dispersed homogeneously. Then, 0.002
mol SbCl; was put into the above solution and white
antimony oxychloride (SbOCI) precipitated quickly,
which could be resolved by the addition of 2 g C,HOs.
Afterward, the solution was heated and refluxed at 100
‘C for 30 min and 0.01 mol/L KBH, solution was
dropped into the conical beaker. The solution turned into
gray gradually, indicating the formation of Sb element.
After the titration, the solution was kept reflux for 3 h.
The final gray precipitation was separated from the
solution by centrifugation at a speed of 3 000 r/min, and
then washed with distilled water and n-hexane
repetitively to remove the remained PEG and OA, and
then dried in vacuum at 40 ‘C for 5 h.

2.2 Characterization of hollow antimony micro-
spheres
The X-ray powder diffraction(XRD) pattern of the
as-prepared product was recorded on a Rigaku D/max yA

rotation anode diffractometer using Ni-filtered Cu K,
radiation. Transmission electron microscopy(TEM) and
selected area electronic diffraction(SAED) examinations
were carried out on a Hitachi Model H-800 microscope,
using an accelerating voltage of 200 kV. The field
emission scanning electron microscopy (FE-SEM)
images were taken on a JEOL JSM—-6700F microscope.
The specific surface area of the product was measured by
BET adsorption (Micrometric Instrument Co. ASAP
2000 series) in a nitrogen atmosphere.

3 Results and discussion

3.1 Morphology and structure of synthesized Sb

hollow spheres

X-ray diffraction was used to characterize the phase
and the crystallographic structure of the as-prepared
product. The diffraction pattern of product is shown in
Fig.1. All the reflections in the pattern can be indexed as
rhombohedral Sb with the lattice parameters a=0.431 nm
and c=1.118 nm, which are close to the reported data
(Joint Committee on Powder Diffraction Standards,
JCPDS files No. 35—732). Meanwhile, the XRD pattern
shows that the product is well crystallized and no
impurities such as Sb(OH)CI and/or SbOCI are detected.
The good crystallinity is attributed to the high reaction
temperature (about 100 ‘C). The high purity of the
as-prepared products is because that the precipitation of
Sb(OH)CI can be avoided when SbCl; is treated with
tartaric acid. The combination of Sb®* complexes with
the reducing agent of KBH, leads to the conversion of
Sb** complexes to Sb without other side reactions.
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Fig.1 XRD pattern of product

Fig.2(a) shows that Sb nanocrystals are hollow
spheres in structure, which can be learned from the
strong contrast between the dark edge and pale center.
The resolved average diameter for hollow Sb spheres is
about 300 nm. The TEM and FE-SEM observations of
broken hollow spheres, as shown in Figs.2(b) and (c),
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Fig.2 TEM images of hollow antimony microspheres(a) and broken hollow antimony microspheres(b), FE-SEM image of hollow

antimony microspheres(c), and SAED pattern of hollow antimony microspheres(d)

further confirm the hollow nature of the product. Fig.2(d)
shows the corresponding selected area electronic
diffraction(SAED) pattern of hollow spheres, which
indicates the good crystallinity of the products, consist
with the result of XRD.

Although some fine particles are adsorbed on the
surface of hollow spheres, they can be removed easily
through the repetitive centrifugal separation. First, the
hollow spheres were dispersed in absolute alcohol and
the obtained suspension was centrifugalized at the speed
of 5 000 r/min. Then, the supernatant liquid was
discarded and the collected precipitation was

re-dispersed in absolute alcohol for further centrifugation.

To obtain high quality hollow spheres, such processes
should be repeated at least three times. From the TEM
image one can see that there are a smoother wall and a
higher contrast between the pale center and dark edge
after such a process (Fig.3). Moreover, the thickness of
the edge is less than 20 nm, which is much thinner than
that obtained by the LbL process[13]. Hollow antimony
microspheres were also characterized by FE-SEM, and a
typical image is shown in Fig.3.

3.2 Formation mechanism of hollow antimony

spheres

The formation of hollow spheres is attributed to the
template function of PEG-OA associations, which is
schematically described in Fig.4. When oil-soluble oleic
acid is added into the transparent aqueous solution of
PEG, the color of the solution turns into cream white
after 15 min ultrasonic dispersion, which reveals that the
interactions between PEG chains and OA molecules
occur and PEG-OA associations are formed[22]. Because
of the presence of the hydrophobic OA, PEG-OA
associations exist in the form of oil-in-water droplets in
the solution. Such oil-in-water droplets should act as
templates for the development of hollow sphere
structures. Additionally, since the precursors for the
formation of hollow spheres are negative [SbO(C4H4O¢)]
rather than positive Sb®* (reaction 1 and 2), there is a
strong electrostatic  repulsion arising from the
interactions of anionic OA and [SbO(C,H4O¢)] ions.
And the electrostatic repulsion leaves [SbO(C4H4O4)]
ions to be dispersed in the outer of the oil-in-water
droplets. The reduction of them by KBH, allows Sb
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Fig.3 TEM image of hollow antimony microspheres after
repetitive wash run

g

nanocrystals to nucleate and grow near the periphery of
droplets and form hollow structure finally. Because the
electrostatic repulsion between [SbO(C4;H4O4)] ions
and anionic OA prevents the former from entering the
inner of the droplets and their reduction is limited in the
periphery of the droplets, the quality of the obtained
hollow spheres is obviously higher than that obtained
through an electrostatic attraction mechanism[7,10].
Furthermore, the results of controlled experiment provide
experimental evidence and further confirm the template
function of PEG-OA associations. When the templates
are replaced by PEG or OA,
morphologies of the products are irregular nanoparticles,

respectively, the

which are totally different from the hollow spheres
obtained in the presence of PEG-OA associations
(Figs.5(a) and (b)). They demonstrate that the formation
of hollow spheres needs the synergistic effect of PEG
and OA.
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Fig.4 Schematic description of growth process of hollow antimony microspheres
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Fig.5 TEM images of Sb prepared with PEG(a) and with OA as controlling agent(b)
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Hydrolysis of SbCls:

SbCl;+H,0—~HCI+Sb(OH)CI (insoluble) 1)
Complexing with C4H¢Og:
Sb(OH)CIH+C4HsOs—[(SbO)C,H4O6]Cl (soluble) 2)
Reduction by KBHy:

[(SbO)C4H,04]C1 —EBH: 5 gp 3)

3.3 Surface area characterization of hollow antimony

microspheres

The specific surface area of hollow spheres is
determined to be 34.669 m*/g according to the adsorption
and desorption isotherms, which is about two times as
that of carbon nanobeads whose diameter is close to that
of the as-prepared hollow spheres[25]. The larger
specific surface area of the hollow spheres in the present
study should be attributed to the existence of large
amounts of broken spheres, which lead to the increase of
the specific surface area.

4 Conclusions

The ultra-thin and well crystallized antimony
hollow spheres were prepared in the aqueous solution at
a refluxed temperature. The associations of PEG and OA
were the templates for the nucleation and growth of
hollow spheres and the Sb®" complexes were the
precursors. Without the synergistic effect of PEG and
OA, the product with irregular shape would be obtained.
The specific surface area of hollow spheres is two times
as that of carbon nanobeads because there are large
amounts of broken spheres in the products.
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