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Abstract

Aluminum nitride (AlN) porous-shell hollow spheres with diameters ranging from 2 to 3 mm and porous-shell thickness of about

120 nm were successfully prepared via a facile combustion synthesis route in the presence of polytetrafluoroethylene (PTFE), in which

porous-shell was composed of a large number of irregular nanoparticles. These synthesized spheres were characterized by X-ray

diffraction (XRD) and field emission scanning electron microscopy (FESEM) measurements. The possibility of the reactions of PTFE

with Al particles was also investigated by thermogravimetry-differential scanning calorimetry (TG-DSC). It was found that PTFE was

not only an active agent for the nitridation of Al particles, but also a structure-directing agent for the formation of this hollow structure.

Based on the experimental results, a possible model for the growth of AlN porous-shell hollow spheres was proposed.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Hollow micro/nanospheres of inorganic materials are a
new class of materials and have attracted immense interest
owing to their unique properties and potential applications
in catalysis, light filter, waste removal, energy storage and
microvessels for drug delivery [1,2]. As one of the most
popular semiconductor nitrides, aluminum nitride (AlN)
has aroused great attention for its potential applications in
electronic, light- and field-emission devices [3,4]. Recently,
many efforts have been devoted to synthesis and assembly
of micro/nanostructured AlN to improve its performance
in currently existing applications. Up to now, various AlN
micro/nanosturctures such as nanowhiskers [5,6], nanor-
ods [7–9], nanobelts [10], nanotubes [11], nanobrushes
[12,13] and micro/nanoflowers [14,15] have been prepared
by different methods. However, there are few literatures on
the preparation of AlN hollow micro/nanostructures. Ma
et al. prepared polycrystalline AlN hollow nanospheres
through a self-template synthesis approach with Al nano-
particles precursor [16]. Zhang et al. fabricated AlN hollow
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nanospheres by a chemical vapor deposition reaction
between AlCl3 and NH3 [17]. To the best of our knowl-
edge, the preparation of AlN hollow micro/nanostructures
via a combustion synthesis route has not been reported.
Herein, we demonstrated that AlN hollow spheres with
porous-shell could be fabricated by a facile combustion
synthesis process. Furthermore, a possible mechanism for
the formation of the hollow structures was proposed.
2. Experimental procedure

The starting materials were Al powders (spherical particles,
2–3 mm) with the oxygen content of about 0.35 wt%, AlN
powders (hollow structures, self-prepared by the same proce-
dure as this work) as diluent and polytetrafluoroethylene
(PTFE, (C2F4)n) powders. In a typical procedure, Al, AlN
and PTFE powders were mixed lightly in mortar with a weight
ratio of 28:64:8, and the molar ratio of Al and AlN powders
were fixed as to 4:6. After sieving to disperse any large
agglomerates, 20 g of the powder mixture was transferred into
a porous graphite crucible and ignited under a nitrogen gas
pressure of 0.2 MPa.
Phase purity of the synthesized powders were examined by

X-ray diffraction (XRD, X-Pert Pro) with Cu Ka radiation at
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a scanning rate of 0.21/min. Morphologies of the powders
were observed using a field emission scanning electron
microscopy (FESEM, Hitachi S4800). Thermogravimetry-
differential scanning calorimetry (TG-DSC, SDT Q600) of
the reactants was carried out from 50 to 1300 1C in N2

atmosphere.

3. Results and discussion

Fig. 1 shows a typical XRD pattern of the as-synthesized
product. All the diffraction peaks can be indexed to the
hexagonal wurtzite structure of AlN crystal (JCPDS No.
Fig. 1. XRD patterns of the as-synthesized AlN product.

Fig. 2. FESEM images of (a, b) AlN porous-shell hollow spheres with dif

(c) a single hollow sphere and (d) the surface of the spheres.
25-1133). No characteristic peaks of impurities were
detected in the pattern. The sharp diffraction peaks
indicated the good crystallinity of the product.
Fig. 2(a) and (b) shows FESEM images of the as-

synthesized AlN hollow spheres. The diameter of these
spheres was about 2–3 mm, similar as the diameter of the
Al powders. This indicated that the Al powders were acted
as a template for the growth of AlN hollow spheres.
Interestingly, some spheres exhibited broken sites and
exposed their hollow interiors, which provided direct
evidence that the AlN spheres had a hollow structure, as
shown in the inset of Fig. 2(b). A FESEM image of a single
hollow sphere is shown in Fig. 2(c). It can be clearly
observed that the shell of hollow sphere was porous and
composed of a large number of nanoparticles. These
nanoparticles were irregular and their size was in the range
of 30–120 nm, and the thickness of the shells was about
120 nm (Fig. 2(d)).
Our experimental results suggested that the use of PTFE

may play a key role in the formation of the AlN porous-shell
hollow spheres. To clarify this point, several parallel experi-
ments with different amount of PTFE or none of it were
performed and the results are exhibited in Fig. 3. We found
that without PTFE additive, the combustion cannot be
triggered. When the amount of PTFE was increased up to
4 wt%, a large number of hollow spheres with closed shells
was obtained (Fig. 3(a)), and the thickness of the closed
shells was about 400 nm (Fig. 3(b)). With the amount of
PTFE further increased to 12 wt%, the sphere-like particles
were nearly disappeared and replaced by many fibrous
particles (Fig. 3(c)). XRD pattern indicated that the product
ferent magnifications (inset of (b): a hollow sphere with broken shell),



Fig. 3. FESEM images of the AlN products synthesized with the addition of 4 wt% PTFE (a, b), 12 wt% PTFE (c) and its XRD pattern (d), respectively.

Fig. 4. The TG-DSC curves of the reactants with the weight ratio as the

typical procedure.
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synthesized with the addition of 12 wt% PTFE was nearly
pure hexagonal AlN phase with a trace of AlF3 (JCPDS No.
44-0231) impurity, as shown in Fig. 3(d).

Fig. 4 shows the TG-DSC result of the reactants with
the weight ratio as the typical procedure. The minimum
endothermic peak at 322 1C was the phase change of PTFE
from solid to liquid. An abrupt weight loss of about 8% at
the temperature of 500–600 1C could be attributed to the
decomposition of PTFE. However, no corresponding
endothermic peak was detected and an exothermic peak
at 583 1C was observed. This should be caused by the
reaction between PTFE and the oxide shell (Al2O3) of the
Al particles [18,19]. The reaction can be expressed as
follows:

Al2O3(s)þ3(C2F4)n(g)-4nAlF3(s)þ6CO(g) (1)

which was a strong exothermic reaction with DH=�1373
kJ/mol, and therefore the endothermic decomposition of
PTFE was compensated. Peak at 658 1C corresponded to
the melting point of Al particles. Then, the weight gain
started at 820 1C because of the nitridation of the Al
particles. A strong exothermic peak at about 1025 1C
indicated the combustion synthesis could be triggered.

On the basis of the experimental results, the effect of
PTFE on the formation of AlN porous-shell hollow
spheres can be explained, and a possible growth mechan-
ism is illustrated in Fig. 5. Firstly, nitridation of the Al
particle was activated in the presence of PTFE because it
can peel off the Al2O3 shell surrounding the Al particle
(Eq. (1)). Then, the nitridation occurred rapidly at the
surface of the Al particle via a direct nitridation pathway:

Al(l)þN2(g)-2AlN(s) (2)

which was a strong exothermic reaction (DH¼�657 kJ/
mol) and emitting a large amount of heat to melt the Al
core. This was in agreement with the DSC result in Fig. 4.
Due to the low solubility of nitrogen in Al particle, the
direct nitridation and supersaturation of Al particle with
nitrogen led to the multiple nucleation of AlN crystals on
the surface of the Al particle [20]. Therefore, an AlN
porous-shell surrounding the molten Al core was formed.
The addition of PTFE to starting materials offered an
alternative reaction pathway for the nitridation of the



Fig. 5. A possible growth mechanism for the formation of AlN porous-shell hollow spheres by combustion synthesis.
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outwardly diffused Al atoms, which involved spontaneous
fluorination–nitridation sequences [18]. The encountered
reactions can be described according to the following
reactions along with Eqs. (1) and (2):

4nAl(l)þ3(C2F4)n(g)-4nAlF3(s)þ6nC(s) (3)

2AlF3(s)þN2(g)-2AlN(s)þ3F2(g) (4)

2Al(l)þ3F2(g)-2AlF3(s) (5)

As a result, the inner Al core was gradually evacuated,
and finally the AlN porous-shell hollow spheres were
obtained. Actually, many gray powders were observed in the
combustion chamber after the reactions. XRD result (not
shown here) indicated that these powders were hexagonal AlN
phase, and carbon phase could not be detected, which might
be due to the limitations of the measurement technique.
Remarkably, addition of appropriate amount of PTFE was
very important for the formation of AlN porous-shell hollow
spheres. If PTFE was not enough, the Al core tended to react
with N2 via a direct nitridation route to form a thicker and
closed shell, as shown in Fig. 3(a) and (b). For the addition
of excess PTFE, most of the Al core was nitrided by
the spontaneous fluorination–nitridation sequences, which
strongly promoted the AlN fibers growth [18]. However, the
filled N2 gas was not enough for the complete nitridation of
the formed AlCl3, and therefore the impurity phase was
detected in the product, as shown in Fig. 3(d).

4. Conclusions

In conclusion, we have demonstrated a facile combus-
tion synthesis route for preparing AlN porous-shell hollow
spheres in the presence of PTFE. The possible formation
mechanism of the as-synthesized AlN hollow structures
was proposed. It was found that PTFE was not only an
active agent for the nitridation of Al particles but also a
structure-directing agent for the formation of the hollow
structures. This simple synthesis route required no expen-
sive and precise equipment, will offer great opportunities
for the scale-up fabrication of hollow structure materials.
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