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A new and facile route has been demonstrated to improve the
stability of metal oxide hollow spheres by reforming the carbon/
metal-sulfide core/shell template. Unlike the traditional tem-
plate methods, we first prepared a layer of metal-sulfide contin-
uous phase on the surface of carbon spheres with a microwave
irradiation technique, and then performed the calcinations to
obtain desired metal-oxide hollow spheres. The significant ad-
vantage of this method is that the hollow spheres so obtained
exhibit superior resistance to distortion, collapse, and shrinkage.

I. Introduction

IN recent years, inorganic hollow nanostructures have been
receiving enormous attention due to their novel physicochem-

ical properties and potential applications in catalysis, artificial
cells, lightweight fillers, low dielectric constant materials, acous-
tic insulation, and photonic crystals, as well as delivery and
controlled release of drugs, biomedical diagnosis and therapy.1–3

A variety of chemical and physicochemical procedures have
been employed for the design and fabrication of hollow struc-
tures, such as chemical vapor deposition,4 layer-by-layer
technique,5,6 sacrificial-core/templated engaged replacement re-
action,7 microemulsion/phase separation procedures,8 polymer/
surfactant micellar templating method, etc.9,10

The most-applied method is to use colloidal carbonaceous
polysaccharide microspheres which are usually prepared from
glucose under hydrothermal conditions at 1601–1801C as hard
templates.11–13 The surface of the carbon spheres is hydrophilic
and has a distribution of –OH and C5O groups.11 Upon dis-
persion of the carbonaceous microspheres in metal salt solu-
tions, the functional groups on the surface layer can bind metal
cations through coordination or electrostatic interactions. How-
ever, in the process of removing carbon by calcination to yield
the metal oxide hollow spheres, there is considerable shrinkage,
e.g., from approximately 5–1 mm in diameter,12 resulting in col-
lapse of the hollow spheres during heat treatment. It is therefore
still a challenging task to search for new strategies for the large-
scale synthesis of hollow metal oxide nanospheres with rigid,

stable shells, and low-shrinkage after the removal of core
templates.

In this study, we demonstrated a new approach to improve
the shell rigidity and reduce shrinkage of metal-oxides hollow
spheres. The strategy used to obtain monodispersed hollow
metal oxides (e.g., Fe2O3, Mn2O3, ZnO) spheres can be de-
scribed into three steps: (1) the adsorption of metal ions onto
carbon spheres hydrophilic shell; (2) microwave irradiation of in
the presence of thioacetamide (C2H5NS, TAA) in a microwave
refluxing system, resulting in C/sulfide core-shell composite
spheres; (3) calcination of the composite spheres in air at
5001C for 3 h, to remove the carbon core and covert the as-
prepared sulfide composite spheres into oxides hollow spheres.
Compared with the samples obtained without microwave irra-
diation, i.e., directly calcinated after the step of surface-layer-
absorption, the quality of hollow spheres have been obviously
improved, which show intact hollow structures (not distortion
or collapse) and low shrinkage.

II. Experimental Procedure

In a typical procedure, 3.96 g of glucose was dissolved in 40 mL
of distilled water forming a clear solution. The solution was
sealed in a 50 mL autoclave with a Teflon seal, maintained at
1801C for 8h, and finally black products were obtained. The
products were collected through centrifugation at 5000 rpm for
20min, and then by three cycles of centrifugation–washing–
redispersion with distilled water or ethanol. The as-prepared car-
bon spheres were dried in an oven at 801C for more than 6 h.11

0.01 mol of metal salts (Fe(NO3)3 � 9H2O, Mn(CH3COO)2 �
4H2O, and ZnCl2) were added into a round bottom flask and
dissolved in a solvent containing 10 mL of ethanol and 10 mL of
distilled water, which produced a clear solution. In order to ar-
rive at the saturated extent of adsorption, the key strategy was
the introduction of a weak polarity solvent (ethanol) to modu-
late the electrostatic repulsions between metal nanoparticles in
an aqueous solution. Twenty-five milligram of the as-prepared
carbon spheres were added into the above solution and well
dispersed into the above solution with the assistance of sonica-
tion for 10 min. So far, the metal ions were absorbed into the
shell of carbon spheres, and we call this solution as ion-absorbed
template, after maintained at 601C for 12 h and the products
were collected by centrifugation. To remove possible superflu-
ous cations and anions, the obtained products were washed with
ethanol and distilled water three times, and then dried at 801C
for 4 h. Then, 20 mL of the above-mentioned ion-absorbed
template suspension, and 0.01 mol of TAA were placed in a
microwave refluxing system irradiated at 300 W for 30 min,
which resulted in C/sulfide composite spheres. After collected by
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centrifugation, the products were washed with ethanol and dis-
tilled water three times, before dried at 801C for 4 h. The final
metal oxide hollow spheres were obtained after calcination at
5001C in static air for 3 h. By comparison, the dried products of
above ion-absorbed template were directly calcined at 5001C in
static air for 3 h and the as-prepared metal oxide hollow spheres
were obtained without sulfidation process.

Powder X-ray diffraction (XRD) measurements of the sam-
ples were performed with a Philips PW3040/60 X-ray diffracto-
meter (Eindhoven, the Netherlands) using CuKa radiation at a
scanning rate of 0.061/s. Scanning electron microscopy (SEM)
was performed with a Hitachi (Tokyo, Japan) S-4800 scanning
electron microanalyzer with an accelerating voltage of 15 kV.
Transmission electron microscopy (TEM) was conducted at
200 kV with a JEM-2100F ( JEOL, Tokyo, Japan) field emis-
sion machine. Samples for TEM measurements were prepared
for TEM by dispersing the products in ethanol and placing
several drops of the suspension on holey carbon films supported
by copper grids.

III. Results and Discussion

The reactions occurring in the process of microwave irradiation,
which result in carbon/metal-sulfide composites, are believed to
be the following14:

First, C2H5NS reacts with H2O to form CH3(NH2)C(OH)-
SH via microwave irradiation (Eq. (1)), which further hydro-
lyzes releasing H2S according to the following reaction

CH3CSNH2 þH2O! CH3ðNH2ÞCðOHÞ � SH (1)

CH3ðNH2ÞCðOHÞSHþH2O
! CH3ðNH2ÞCðOHÞ2 þH2S (2)

Then, H2S readily reacts with Mn1 (M5Fe, Mn, and Zn) to
produce M2Sn (Eq. (3)). In the end, the redundant organic had
been washed off with distilled water and ethanol

nH2SþMnþ !M2Sn þ 2nHþ (3)

The calcination process was done in air, and the sulfur would
convert to SO2 after calcination. It can be expected that during
the calcination of M2Sn in air, the following oxidation reaction
occurs according to the following equation

2M2Sn þ 3nO2ðgasÞ ! 2M2On þ 2nSO2ðgasÞ (4)

Obviously, two gaseous species are involved here: one is oxygen
as a reactant, and the other the sulfur dioxide as a by-product.15

In addition, carbon is also oxidized to CO2 by oxygen in air.13

Figure 1 displays the XRD patterns of the final hollow-struc-
tured oxides obtained using C/sulfide composite spheres as the
templates after calcination at 5001C for 3 h. These samples
demonstrate metal oxide phases of Fe2O3 (JCPDS no 89-2810),
Mn2O3 (JCPDS no 41-1442), and ZnO (JCPDS no 89-0511),
corresponding to the respective initial C/sulfide composite
spheres templates. No other impurity phase was detected in
any of these hollow spheres. The average size of Fe2O3, Mn2O3,
and ZnO nanocrystals, calculated using the Debye–Scherrer
equation based on the full-width at half-maximum of the
diffraction peak, were 4.1, 18.2, and 4.6 nm, respectively.

The SEM and TEM images of as-prepared Fe2O3, Mn2O3,
and ZnO hollow spheres obtained by calcining C/sulfide com-
posite spheres were shown in Fig. 2. These images further reveal
that the samples are highly uniform spherical hollow structures
and the sphere shell is made of aggregated metal oxide nano-
particles. The Fe2O3, Mn2O3, and ZnO hollow spheres exhibit
diameters of around 388, 410, and 338 nm, respectively. From
the TEM micrographs (inset), it can be seen that the hollow
spheres are well-defined, though there are some rough edges on
the surface. Similarly to what was seen in the SEM images, the
shell of the hollow spheres is composed of aggregated nanopar-
ticles of the metal oxides, which result in an inherent porosity of
the shell.

For comparison, the SEM and TEM images of the metal
oxide hollow spheres, obtained directly from calcining the sur-
face-layer-absorption of carbon spheres at 5001C for 3 h, were
presented in Fig. 3, showing poorly defined structured with col-
lapsed, fractured, and distorted spheres. Moreover, the images
reveal a considerable shrinkage of the hollow structures after
calcination treatment. The diameters of metal oxide hollow
spheres prepared with and without microwave irradiation indi-
cate that the new microwave-assisted route could half the
shrinkage of the sphere after calcining.

To understand the effect of microwave irradiation on the
sulfidation process of the surface of carbon spheres, TEM im-
ages of the as-prepared C/sulfide composite spheres irradiated
with microwave at 300W for 30 min were shown in Fig. 4. These
results indicate that the continuous phase of metal sulfide was
successfully formed into the surface layer of carbon spheres. The
process is based on reacting a metal sulfide shell which is
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Fig. 1. XRD patterns of hollow spheres calcined for 3 h at 5001C after
microwave-assisted sulfuration process.

Fig. 2. SEM and TEM images of metal oxide hollow spheres obtained by calcined C/sulfide composite spheres template at 5001C for 3 h: (a and b)
Fe2O3 hollow spheres; (c and d) Mn2O3 hollow spheres; (e and f) ZnO hollow spheres.
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adsorbed on the surface of a carbon sphere to the respective
metal oxide. So, the size of metal-oxide crystals is small owing to
the small size of intermediates (metal-sulfides). The processing
method described in this work has resulted in smaller crystal/
grain sizes and has effectively improved the stability of the hol-
low spheres. In addition, compared with the traditional template
methods, a layer of metal-sulfide continuous phase was pro-
duced on the surface of carbon spheres with effect of microwave
irradiation route. The continuous phase layer will reduce me-
chanical impact force in the process of calcination which con-
verted carbon into CO2. Consequently, the final as-prepared
hollow spheres were not easy to distort or collapse, and under-
went lower shrinkage.

IV. Conclusions

In summary, this work has demonstrated a simple and new
method to prepare the metal oxide hollow spheres. Compared
with the traditional template methods, the new route produces
first a layer of metal-sulfide continuous phase on the surface of
template via microwave irradiation. The significant advantage
of this method is manifested by the well-defined, stable, and
robust metal oxide hollow spheres prepared which is accompa-
nied by a substantial reduction in shrinkage during synthesis.
This size reduction may be a reason for better stability and bet-
ter resistance to collapse during calcining. This method employ-
ing the technique of microwave irradiation is by no means
limited to Fe2O3, Mn2O3, and ZnO discussed in the paper and
can be extended to synthesis of other metal oxide hollow spheres
with well-defined structures. This facile method may also offer
an alternative route to prepare mixed metal oxide hollow nano-
structures toward improved physical and chemical properties for
potential application in ceramic science.
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Fig. 3. SEM and TEM images of hollow spheres obtained after calcination metal-ions absorbed carbon spheres at 5001C for 3 h: (a and b) Fe2O3

hollow spheres; (c and d) Mn2O3 hollow spheres; (e and f) ZnO hollow spheres.

Fig. 4. TEM images of the as-prepared C/sulfide composite spheres via microwave irradiation route. (a) FeSx; (b) MnS; (c) ZnS.
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