
ARTICLE IN PRESS
0022-4596/$ - se

doi:10.1016/j.jss

�Correspond
E-mail addr
Journal of Solid State Chemistry 180 (2007) 276–283

www.elsevier.com/locate/jssc
Nanosized aluminum nitride hollow spheres formed through a
self-templating solid–gas interface reaction

Jie Zhenga,�, Xubo Songa, Yaohua Zhanga, Yan Lia, Xingguo Lia,b, Yikang Puc

aThe State Key Laboratory of Rare Earth Materials Chemistry and Applications, College of Chemistry and Molecular Engineering,

Peking University, Beijing, 100871, China
bCollege of Engineering, Peking University, Beijing, 100871, China

cDepartment of Engineering Physics, Tsinghua University, Beijing, China

Received 31 July 2006; received in revised form 29 September 2006; accepted 16 October 2006

Available online 21 October 2006
Abstract

Nanosized aluminum nitride hollow spheres were synthesized by simply heating aluminum nanoparticles in ammonia at 1000 1C. The

as-synthesized sphere shells are polycrystalline with cavity diameters ranging from 15 to 100 nm and shell thickness from 5 to 15 nm. The

formation mechanism can be explained by the nanoscale Kirkendall effect, which results from the difference in diffusion rates between

aluminum and nitrogen. The Al nanoparticles served as both reactant and templates for the hollow sphere formation. The effects of

precursor particle size and temperature were also investigated in terms of product morphology. Room temperature cathode luminescence

spectrum of the nanosized hollow spheres showed a broad emission band centered at 415 nm, which is originated from oxygen related

luminescence centers. The hollow structure survived a 4-h heat treatment at 1200 1C, exhibiting excellent thermal stability.

r 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Materials with hollow structures exhibit distinct physical
properties from their solid counterparts and they are
advantageous in many application areas such as structural
materials [1,2], catalysis [3,4], surface plasmon devices [5,6],
gas storage [7], sensors [8] and drug delivery [9]. Controlled
synthesis of nanosized hollow spheres has attained much
research interest during the last decade. Nanosized hollow
spheres of metals [3,10,11], oxides [8,12–14], semiconduc-
tors [15–18] and polymers [19–22] have been synthesized.
Amongst the various strategies to synthesize hollow
spherical structures, utilizing a sacrificed template is the
most popular method. To date, a large variety of template
materials have been reported including polystyrene beads
[21,23], silica spheres [3], carbon spheres [8,15], colloidal
metal nanoparticles [10,11], emulsions [19], vesicles [22,24],
e front matter r 2006 Elsevier Inc. All rights reserved.
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liquid droplets [5] and even gas bubbles [18]. Materials with
layer structure such as BN [25], MoS2 [26] and NiCl2 [27]
spontaneously form hollow structure by bending their
layers at suitable conditions. Hollow structures could also
be formed by self-assembly or orientation attachment of
nanoparticles [12,13,28]. Recently, a method to convert
solid nanoparticles into hollow spheres by interface
reactions and diffusion based on the nanoscale Kirkendall
effect was also developed [29,30].
Gourp III nitrides including AlN, GaN and InN are

important semiconductor materials for electronic and
optical device applications. AlN is especially attractive
for its mechanical hardness, excellent thermal conductivity
and endurance to high temperature and chemical corro-
sion, which make AlN a promising material for harsh
environment performance. During the past a few years,
AlN nanomaterials with various morphologies have been
synthesized, such as nanotubes [31], nanowires [32],
nanobelts [33], and nanotips [34,35]. However, the synth-
esis of nanosized hollow spheres of AlN and other nitrides
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Fig. 1. (a) X-ray diffraction (XRD) pattern of Al nanoparticles

synthesized by HPMR. (b)–(f) XRD patterns of Al nanoparticles after

heating in 50% NH3 at different temperature for different time spans: (b)

1000 1C, 30min; (c) 800 1C, 3 h; (d) 1000 1C, 3 h; (e) 1200 1C, 3 h and (f)

1000 1C, 3 h followed by 1200 1C, 4 h.
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are still challenging. There are only very few reports on the
synthesis of nanosized group III hollow spheres at present
[15–17].

We reported here a facile method to produce nanoscale
AlN hollow spheres with high yield by heating Al
nanoparticles in an ammonia atmosphere, in which the
Al nanoparticles served as both precursors and templates.
The products were well characterized by X-ray diffraction,
high resolution transmission electron microscopy and
cathode luminescence (CL) spectroscopy. The influences
of precursor particle size and reaction temperature on
product morphology were investigated. A mechanism
based on the nanoscale Kirkendall effect was proposed to
interpret the hollow sphere formation. The nanosized AlN
hollow spheres exhibited a blue CL emission and high
thermal stability, indicating their potential applications as
luminescence materials and high temperature structural
materials.

Ma et al. [17] reported the nanosized AlN hollow spheres
fabricated in a similar method very recently. The results of
the two researches were compared in our manuscript. Most
of our results were consistent with that of Ref. [17]. The
differences were analyzed and discussed.

2. Experimental section

Aluminum nanoparticles were synthesized by hydrogen
plasma metal reaction (HPMR) [36]. An aluminum ingot
(purities 499.99%) was melted and evaporated by arc in a
1:1 mixture of argon and hydrogen. The evaporated Al
condensed into nanoparticles when leaving the hot plasma
area and were transported into a filter for collection by
circulate pumping. The arc voltage and current were 25V
and 200A, respectively. The chamber pressure was kept at
600Torr. The Al nanoparticles were passivated with a
mixture of argon and air to prevent the particles from
burning before removing from the collector.

The synthesis of nanosized AlN hollow spheres was
carried out in a horizontal quartz tube furnace. About 0.1 g
Al nanoparticles were loaded in a ceramic boat which was
placed in the center of the tube furnace. The system was
first evacuated to 0.6 Pa and then flushed with 99.99% Ar
three times to remove oxygen and moisture. The system
was then filled with Ar to 1 atm and was heated to 1000 1C
at 20 1Cmin�1 under a constant Ar flow of 100 standard
cubic centimeters per second (sccm). When the furnace
temperature reached 1000 1C, the gas flow was switched to
a mixture of 25 sccm Ar and 25 sccm NH3 (99.99%). The
system was maintained in that condition for 3 h before it
was allowed to cool down to room temperature in a pure
argon flow. The powder in the ceramic boat turned from
black to gray. It was collected for further characterization.

The crystal structure and phase purity of the product
were characterized by X-ray diffraction (XRD, Rigaku D/
max-2000 diffractometer, CuKa). The morphology of the
product was observed by a transmission electron micro-
scopy (JEOL-JEM 200CX). The microstructure of the
product was studied on a high-resolution transmission
electron microscopy (Philips Tecani F30). The specific
surface area and pore size distribution were measured with
a surface area and pore size analyzer (SA3100) with
nitrogen as absorbate. CL spectra were collected on a
Monocl cathode luminescence detector (Gatan Co.)
equipped on an environmental scanning electron micro-
scope (FEI Quanta 200F) at 15 kV acceleration voltage at
room temperature.

3. Results and discussion

Fig. 1a is the XRD pattern of the Al nanoparticles
synthesized by HPMR. The diffraction peaks can be
indexed as the face centered cubic phase Al (JCPDS 04-
0787). Though a protective layer of oxide is supposed to be
formed around each particle during the passivation
process, no peaks corresponding to oxide or other
impurities are detected, suggesting that the oxide phase is
probably amorphous. No significant peak broadening is
observed. These features indicate that the Al nanoparitcles
are of high purity and good crystallinity.
Fig. 2a is a typical TEM image of the Al precursors. The

particles are spherical in shape with relatively broad size
distribution ranging from 10 to 150 nm. The specific
surface area of the Al nanoparticles is 48.3m2 g�1.
Assuming all particles to be identical spheres, the average
particle diameter was calculated to be 46 nm, in good
agreement with TEM observation.
Fig. 1b and d are the XRD patterns of the products with

nitridation duration of 30min and 3 h, respectively. The
diffraction peaks of the fully nitridated product (Fig. 1c)
are indexed as the wurtzite aluminum nitride (JCPDS
25-1133). The cell parameters of the AlN nanosized hollow
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spheres were calculated to be a ¼ 3.108 Å and c ¼ 4.974 Å,
slightly smaller than that of the bulk sample. The low peak
located at 45.51 indicates the existence of a small amount of
Fig. 2. (a) A transmission electron microscopy (TEM) image of Al

nanoparticles synthesized by HPMR. (b, c) Low magnification TEM

images of AlN nanosized hollow spheres. (d) The TEM image of the same

area as that in (c), but the sample hold was tilted by 201. (e) A high

magnification TEM image of a single AlN nanosized hollow sphere. (f) A

typical SAED pattern of an as-synthesized hollow sphere.

Fig. 3. (a) The dependence of shell thickness with cavity diameters. (b) The ca

Data was collected from 150 hollow spheres from different TEM images.
crystalline oxide, which best matches the Al5O6N phase
(JCPDS 48-0686). The oxide phase probably comes from
the crystallization of the amorphous surface oxide layers at
elevated temperature. The appreciable peak broadening in
the XRD pattern of the nitridated products suggests a
decrease in grain size after nitridation. Fig. 1b shows the
coexistence of diffraction peaks from AlN and Al,
indicating incomplete conversion within 30min.
Fig. 2b–d are TEM images of the nanosized AlN hollow

spheres. The particles exhibited lighter contrast in central
parts and darker in peripheries, as shown in Fig. 2b and e.
When the TEM sample holder was tilted, the light central
areas did not vary, as shown in Fig. 2c and d. These
evidences confirm that the obtained products are hollow
spheres. The diameters of the hollow cavities range from 15
to 100 nm, comparable to the size of the Al precursors. The
typical shell thickness is around 10 nm. From the magnified
image of a single hollow sphere (Fig. 2e), the shell is
polycrystalline and is composed of densely packed fine
nanocrystals. The size of the shell forming nanocrystals is
around 10 nm, in consistence with the appreciable broad-
ening peaks in the XRD pattern. The grain boundaries
between these particles are rather obscure, indicating their
coalescence at high temperature. Fig. 2e is a typical selected
area electron diffraction (SAED) pattern of a single hollow
sphere. The diffraction rings further confirm that the
sphere shell is composed of polycrystalline wurtzite AlN.
Fig. 3a shows the dependence of shell thickness with

cavity diameter of the obtained hollow spheres. The shell
thickness exhibits an approximately linear increase with the
cavity size. The cavity size distribution suggests that the
diameter of most hollow spheres (74%) ranges from 10 to
60 nm.
The specific surface area of the hollow spheres was

measured to be 36.1m2 g�1, much less than that of the Al
precursors. We expected an increase in specific surface area
because both XRD and TEM results indicate appreciable
grain size reduction after nitridation, and the formation of
hollow spheres creates additional inner surfaces. The
paradox can be explained as the aggregation of small
nanoparticles. According to our TEM observations, the
vity diameter distribution of the obtained AlN nanosized hollow spheres.
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shell forming nanocrystals are densely packed. Some
smaller hollow spheres also aggregate because of the high
reaction temperature. These aggregated particles do not
contribute much to the specific surface area even though
they are small.

The microstructure of the obtained nanosized hollow
spheres was further studied by HRTEM. Fig. 4a is an
HRTEM image of the shell. The shell forming nanocrystals
exhibit well resolved lattice planes, suggesting the high
quality crystallinity of the shell. The distance between
adjacent lattice planes is 0.266 nm, consistent with that of
the (100) planes of the wurtzite AlN. Energy dispersive
X-ray spectra (EDS) were collected at arbitrarily chosen
positions of the shell. A typical spectrum is shown in Fig.
4b. Except the main components Al and N, small amount
of oxygen is also detected, consistent with the XRD result.
The low carbon peak comes from the carbon membrane of
the TEM gird. Fig. 4c is the Al concentration profile
recorded along the diameter of a nanosized hollow sphere.
The apparently lower Al concentration in the central part
further confirms the hollow nature of the particle.

Except for some materials with layer structures which
are able to form hollow structures spontaneously, tem-
plates are usually necessarily employed to obtain hollow
structures. In our reaction system, no intentionally
template agents were introduced. Considering the compar-
able size of the aluminum nanoparticle precursors and the
obtained AlN hollow nanospheres, it is reasonable to
Fig. 4. (a) An HRTEM image of a shell section. (b) The EDS spectrum of an a

the diameter of an arbitrarily chosen nanosized hollow sphere.
conclude that the aluminum nanoparticles served as both
the precursors and templates in the reaction. Similar self-
templating effect of metal nanoparticles has already been
reported in the formation of other group III nitride hollow
spheres [16,17].
The wall thickness of our nanosized hollow spheres

increases linearly with the hollow cavity radius, as shown in
Fig. 3a. Assuming that the AlN hollow spheres are formed
via the Al nanoparticle templates, the linear dependence
could be explained. Based on the aluminum mass balance
between each spherical shell and the corresponding Al
nanoparticle precursor, we have

rAlN

4

3
pðrþ dÞ3 �

4

3
pr3

� �
AAl

AAl þ AN
¼ rAl

4

3
pr3,

where r is the radius of a precursor Al nanoparticle, d is the
shell thickness, rAl (or rAlN) is the density of Al (or AlN)
and AAl (or AN) is the molar mass of Al (or N),
respectively. Here, we assume that the cavity is a standard
sphere with identical size to that of the corresponding Al
precursor. After some simple algebra, we arrive at
d ¼ k(2r), where

k ¼
1

2
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AAl

rAl

rAlN
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" #
¼ 0:16.

The linear regression gives

dðin nanometerÞ ¼ 0:13ð2rÞðin nanometerÞ þ 2:9.
rbitrarily chosen nanosized hollow sphere. (c) The Al content profile along
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The fairly close results confirm the validity of our
simplified model and further support the assumption that
the Al nanoparticles served as templates in the reaction.

The self-templating effect of the metal nanoparticles only
explains the first step of the nanosized hollow spheres
formation. That is, a layer of nitride is formed at the
surface of a metal nanparticle. However, it does not tell
how the metal core is consumed and why the final product
is a hollow sphere instead of a solid particle. When the AlN
layer is formed at the surface of each Al nanoparticle
through the interface reaction, the Al and N atom have to
pass through the AlN layer by solid-state diffusion to meet
each other to form AlN. Aluminum was established to be
the dominant diffusion species in the Al–N diffusion couple
[37]. Therefore, there will be a net outward matter flux and
an inward vacancy flux for compensation due to the
outward diffusion rate of Al is much faster than the inward
diffusion rate of N. The vacancies accumulate at the center
of the nanoparticle, leading to the void formation. The
vacancy involved diffusion mechanism is known as the
Kirkendall effect which was first proposed by E. O.
Kirkendall in 1947 [38,39]. This effect has been known to
cause void formation for a long time. Its nanoscale effect in
leading the formation of nanosized hollow structures was
first emphasized by Yin et al. [29] in 2004. In their
experiments, cobalt nanoparticles reacted with sulfur
contained precursors in the solution. Nanoscale cobalt
sulfide hollow spheres were obtained due to the much faster
cobalt diffusion rate compared to that of sulfur. This effect
is also valid in solid–gas interface reactions. Solid cadmium
nanowires could be converted to CdS cylinder shells by a
heat treatment in H2S [30], which was a close analogy to
Fig. 5. A schematic illustration of the formation
our AlN nanosized hollow sphere formation process. Ma
et al. also attributed their AlN hollow sphere formation to
this effect [17]. However, due to the difficulty in manip-
ulating the samples with nanoscale size, the intermediate
phases of the nanoscale Kirkendall processes are insuffi-
ciently investigated at present. More experiment evidence
tracing the intermediated phases during the formation
process, for example, the in-situ TEM observation is
needed to better describe this mechanism. Hollow struc-
tures formed through the nanoscale Kirkendall effect
usually involve the self-templating effect of one precursor.
No additional template agents are needed, which makes
this approach an economic way to obtain hollow structures
compared to the popular method based on sacrificed
templates.
The hollow sphere formation process is illustrated in

Fig. 5. First, an AlN layer is formed around the Al droplet
through interface reaction (Fig. 5b). Aluminum and
nitrogen atoms diffuse across the AlN layer to continue
the reaction and thicken the AlN shell. But the outward Al
diffusion is much faster, leading to the void formation in
the central area (Fig. 5c). The Al core is gradually
consumed and a spherical shell is formed (Fig. 5d), with
its cavity size close to that of the Al precursor nanoparticle.
Recently, the synthesis of AlN one-dimensional nano-

materials such as nanowires, nanoneedles and nanotubes
using conventional chemical vapor deposition technique
has been reported. Most of these reactions were carried out
around 1000 1C utilizing aluminum and ammonia as
reactants [32,34], which were very similar to our experi-
ment condition. However, no vapor transportation phe-
nomenon was observed in our experiment. The distinct
process of nanosized AlN hollow spheres.
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behavior could be attributed to the different particle size of
the aluminum precursor. Aluminum particles in our
experiment are as small as several tens nanometers. The
synthesis temperature was high above the melting point of
aluminum, at which the aluminum particles were actually
liquid droplets. Due to their higher mobility, liquid
droplets tend to aggregate to reduce the total surface
energy. Their function as templates is no longer valid once
aggregation takes place. However, the surface oxide layer
of particles could inhibit the aggregation even when the
particles are melted. Obviously, the inhibition is more
effective for small particles because the effect of grain
boundaries and surface species is more prominent for
smaller particles. Also, for an oxide layer with a given
thickness, smaller liquid droplets are easier to stabilize.
Both the above considerations indicate that small size
aluminum particles stand a larger chance to maintain their
function as templates at the reaction temperature. For
comparison, both the aluminum nanoparticles obtained
from HPMR and aluminum powder with grain size of
several tens mm were heated under a pure argon flow of
50 sccm to 1000 1C and maintained at that temperature for
2 h. After cooling down, the aluminum particles with large
grain size aggregated into one integrate metallic ball as
expected while the aluminum nanoparticles maintained
their dispersive powder form. Therefore, large grain sized
aluminum particles are not able to serve as templates for
Fig. 6. (a)–(c) TEM images of products obtained under various temperature, (a

after heat treatment in 50% NH3 atmosphere at 1200 1C for 4 h.
hollow sphere formation because of their aggregation at
the reaction temperature. Instead, a conventional chemical
vapor transportation and deposition process takes place.
The melted aluminum vaporizes, reacts with ammonia in
the gas phase, transports to the downstream with carrier
gas and deposits as aluminum nitride. In the case of
nanosized aluminum particles, the aggregation and the
evaporation of aluminum are effectively inhibited by the
surface oxide layers. When ammonia is introduced, an
interface reaction between Al and NH3 leads to the
formation of AlN nanosized hollow spheres.
Nanosized particles are also more advantageous in the

Kirkendall void formation. Hollow structures are able to
form only if vacancy accumulation and saturation occur. A
directional vacancy flow does not ensure vacancy accumu-
lation since vacancies can be annihilated at dislocations or
grain boundaries in bulk materials. While in the case of
spherical nanoparticles, the vacancies flow radically to the
center of a nanosized sphere and are confined by the
nanoscale spherical shells, which facilitates vacancy con-
densation and hollow structure formation [40].
The influence of the reaction temperature on the product

morphology is shown in Fig. 6. When the reaction
temperature is 800 1C or lower, nitridation is incomplete
(Fig. 1c) and the product morphology does not show
significant change to that of the aluminum precursor
(Fig. 6a). Temperature higher than 1200 1C leads to the
) 800 1C, (b) 1000 1C, and (c) 1200 1C. (d) A TEM image of hollow spheres
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Fig. 7. The cathode luminescence (CL) spectra of (a) the obtained AlN

nanosized hollow spheres and (b) AlN solid particles. The solid AlN

nanoparticles were synthesized in the same way except that the reaction

temperature was set to 1200 1C. The corresponding TEM image was

shown in Fig. 6c.
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formation of AlN solid particles with elongated shape
(Figs. 1e and 6c). The effect of temperature on the product
morphology can be understood as the balance of the
efficiency of diffusion, which caused hollow structure
formation according to the Kirkendall effect, and the
maintenance of the separated form of each nanoparticle,
which validates them as templates. Lower temperature
suppresses diffusion. Although the shape of the precursors
is retained, only solid particles are obtained. At higher
temperature, the mobility of liquid Al is enhanced, which
makes the destruction of template more probable. Even an
AlN layer is formed around the Al core, the mobile liquid
core makes the infancy of hollow structure fragile. Thus,
there exists an optimal temperature which best balances
these two facts (Fig. 6b). Similar to the effect of aluminum
particle size, the effect of temperature is also related to the
stability of templates. In brief, hollow spheres could be
formed only if the aluminum templates are stable at
temperature allowing effective diffusion to occur. The
criterion is of general applicability for hollow structure
formation according to the nanoscale Kirkendall effect.

In their recently published work, Ma et al. [17] reported
that AlN hollow spheres could be obtained at 1300 1C,
which is contradictory to our conclusions. The inconsis-
tence is originated from the difference in the experimental
approach. Unlike our procedure in which argon was used,
a reactive gas flow was kept through out their heating
process. They also raised temperature much slower than we
did (3 1Cmin�1). As a result, it took much longer time
when the temperature exceeded 1000 1C in their experi-
ment. Therefore, the AlN hollow spheres were nearly
completed when the reaction system entered the high
temperature zone. This procedure is equivalent to the
formation of AlN hollow spheres at medium temperature
(800–1000 1C) followed by the high temperature thermal
treatment. The following reaction at high temperature only
improved the purity and crystallinity of the hollow spheres
but did not destroy their hollow structure. To verify this
assertion, we raised the temperature to 1200 1C and kept
there for 4 h after the 3 h reaction at 1000 1C under the
same gas flow. The structure and morphology of the
product show no significant change, as indicated by the
XRD pattern (Fig. 1f) and the TEM image (Fig. 6d). We
could also conclude that the hollow structures are very
stable at high temperature once they are completely
formed. The AlN nanosized hollow spheres will be
promising high temperature structural materials for their
chemical stability, endurance to high temperature and
lower density if their mechanical strength can be further
testified.

The room temperature CL spectrum of our nanosized
hollow spheres shows a broad peak centered at 415 nm
(Fig. 7). The optical emission of AlN nanomaterials
reported in literatures exhibited similar board emission
bands, with maxima ranging from 400 to 500 nm [17,35,41],
originated from different trap-level states related to defects
or impurities. The emission band around 415 nm was
reported to be from oxygen impurity related luminescence
centers. The donor was assumed to be an electron trapped
on an oxygen impurity (ON

�), which substitutes for a
nitrogen atom on a regular lattice site. The defect structure
of the acceptor was established to be a hole trapped on an
ON–VAl complex [42]. Our nanosized AlN hollow spheres
contain a detectable amount of oxygen as indicated by
XRD and EDS. Therefore, the 415 nm emission of our
nanosized hollow spheres is very likely to be from oxygen
related luminescence centers, similar to that reported by
Schweizer et al. [42] and Trinkler et al. [43]. Compared to
the CL spectrum of solid AlN nanoparticles, the shoulder
at around 470 nm originated from nitrogen vacancies [35]
becomes less prominent in the spectrum of AlN nanosized
hollow spheres, indicating that the oxygen related emission
is the dominant mechanism for CL of our nanosized AlN
hollow spheres.

4. Conclusion

Nanosized AlN hollow spheres with cavity diameter
from 15 to 100 nm and wall thickness from 5 to 15 nm were
produced by a simple heat treatment of aluminum
nanoparticles in ammonia. The sphere shells of the
obtained hollow spheres are polycrystalline and are
composed of closely packed AlN nanocrystals with
wurtzite structure. The hollow structure formation me-
chanism can be explained by the nanoscale Kirkendall
effect in which aluminum nanoparticles served as both
reactants and templates. The formation of hollow spheres
requires that the aluminum templates are stable at
temperature allowing effective diffusion to occur. Thus,
nanosized aluminum precursors and a reaction tempera-
ture around 1000 1C are necessary. The AlN hollow spheres
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have a CL emission band centered at 415 nm at room
temperature originated from oxygen related luminescence
centers. The hollow structures exhibit high thermal stability
and may find applications as potential high temperature
structural materials.
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