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In this paper, a novel route to synthesize manganese oxide
(MnO2) hollow urchins by a reactive template of carbon
spheres is described. The formation process of the MnO2 hol-
low urchins and the mechanism for the removal of the carbon
spheres are suggested. The results of scanning electron mi-
croscopy and transmission electron microscopy indicate that
MnO2 shows a hollow-urchin structure with an average dia-
meter of 1.5 µm and with cavities that are about 250–500 nm
in diameter. The X-ray diffraction pattern indicates that the

Introduction

The ability to synthesize hollow structures possessing tai-
lored properties, such as higher specific surface area, poros-
ity, lower density, or good permeation, is a topic of intense
research activity in modern materials science. Particularly,
considerable research interest has been focused on hollow
metal oxides due to their potential applications as catalysts,
adsorbents, sensors, photonic crystals, drug-delivery carri-
ers, biomedical diagnosis agents, lightweight fillers, acoustic
insulators, and chemical reactors.[1–6] Among the currently
available fabrication methods, template-assisted synthesis,
which uses different precursors as templates including poly-
styrene spheres,[7] spheres silica,[8] carbon,[9] liquid drop-
lets,[10] micelles,[11] and microemulsion droplets,[12] is an ef-
ficient, controllable, and conventional route to prepare such
materials. However, the removal of the template suffers
from the drawbacks of high-temperature processing, special
equipment and conditions, and tedious procedures such as
calcination, wet chemical etching, and galvanic replace-
ment, which results in disorder or destruction of the meso-
structures and this can even affect the chemical structure of
the as-prepared product. Therefore, research on controlling
the morphology of order and pure hollow metal oxides by
using only a convenient and green method has been needed
in nanochemistry and nanotechnology.
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as-prepared hollow urchins are γ-MnO2. It has a high
Brunauer–Emmett–Teller surface area of 110 m2 g–1 and a
mesoporous structure. In addition, the magnetic properties
of the γ-MnO2 hollow urchins are investigated. This method
opens a way to obtain different morphologies of metal oxides
by changing the morphologies of the reactive carbon tem-
plate.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Recently, a novel reactive template method was reported
where polyaniline with octahedral and nanotubular mor-
phology was obtained by using cuprous oxide and manga-
nese oxide, respectively, as reactive templates.[13,14] In com-
parison to conventional template methods, this new method
does not require additional dissolution nor a calcination
process to remove the template cores, which reduces the
number of processing steps.

Carbon, which possesses various morphologies, such as
nanorods, spheres, and nanotubes, has been used as a very
useful template to synthesize nanomaterials. For example,
mesoporous spheres of metal oxides were synthesized by
using mesoporous carbon atoms.[15] Hollow metal oxide
nanofibers with a hierarchical architecture were synthesized
by using activated carbon fibers as templates.[16] However,
the post-treatment to remove the carbon template requires
calcination of the carbon templates at high temperatures.
To the best of our knowledge, no report has appeared con-
cerning carbon as a reactive template to synthesize metal
oxides with a hollow morphology. It is conceivable that if
carbon with different morphologies could be used as a reac-
tive template, metal oxides with corresponding morpho-
logies would be prepared easily by this method, which is
very significant for the rational control of the morphology
and size of the materials and their chemical and physical
properties.

As an important transition-metal oxide, manganese diox-
ide is one of the most attractive inorganic materials, because
of its special physical and chemical properties and wide ap-
plications in catalysis, ion-exchanges processes, molecular
adsorption, biosensing, magnetic applications, and espe-
cially its use as a cathode for batteries.[17–21] The properties
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of MnO2 are greatly affected by morphology, surface area,
and the pore-size distribution. Thus, several techniques
have been developed for the preparation of MnO2 with con-
trolled morphologies, including MnO2 nanowires, nano-
rods, nanotubes, microspheres structures, etc.[22–26] Suib
and coworkers reported a self-assembly synthesis of γ-
MnO2 mesoporous hollow nanospheres, which are com-
posed of porous γ-MnO2 hexagonal nanoflakes.[27] A solu-
tion-based catalytic route was promoted to synthesize vari-
ous α-MnO2 hierarchical structures and β-MnO2 nanorods
by Xie and coworkers.[28] However, the development of fac-
ile, mild, and effective methods for creating hollow MnO2

nanomaterials with controllable sizes and morphologies is
a new challenge faced by us.

In this paper, we describe a simple and rapid carbon-
based reactive template method to synthesize bulk quanti-
ties of manganese oxide hollow spheres with urchin-like
morphology. We find that carbon spheres can be oxidized
in ammonium persulfate (APS) and AgNO3 solution, which
suggests that carbon spheres as a reactive template can be
removed during the reaction at room temperature. Mean-
while, the formation mechanism, structural characteristics,
and magnetic properties of the resulting manganese oxide
hollow urchins are investigated. The Brunauer–Emmett–
Teller (BET) specific surface area of the as-prepared γ-
MnO2 is 110 m2 g–1. This special high BET surface area of
the hollow urchin structure provides the possibility of ef-
ficient transport of electrons in Li batteries. The most im-
portant aspect of our work, we think, is that this technology
provides a general method to prepare structured oxides.

Results and Discussion

A typical scanning electron microscopy (SEM) image of
carbon spheres produced by the hydrothermal treatment of
a glucose/water solution without additives is shown in Fig-
ure 1. The diameters of the carbon spheres are about 200–
500 nm. The surfaces of the synthesized carbon spheres are
hydrophilic and functionalized with OH and C=O
groups,[29] so the functional groups in the surface layer are
able to bind metal cations through coordination or electro-
static interactions.

Figure 1. SEM image of carbon spheres obtained from the hydro-
thermal treatment of glucose.

Figure 2a shows the Fourier transform infrared (FTIR)
spectrum of the carbon spheres. A broad absorption band
at 3370 cm–1 is attributed to the hydroxy group. The bands
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at 1710 and 1620 cm–1, which are attribute to the C=O and
C=C vibrations, respectively, support the concept of aroma-
tization of glucose during hydrothermal treatment. In the
FTIR spectrum of the MnO2 hollow urchins (Figure 2b),
the above-mentioned bands have disappeared, indicating
that the carbon spheres were removed during the reaction.
The absorption bands at 470–710 cm–1 are assigned to the
Mn–O stretching vibration of γ-MnO2.[30,31]

Figure 2. FTIR spectra of carbon spheres (a) and MnO2 obtained
from a typical reaction (b).

Figure 3 shows the X-ray diffraction (XRD) pattern of
MnO2 synthesized under the typical reaction conditions
(APS 6 molL–1 and AgNO3 0.0177 molL–1) at room tem-
perature for 48 h. Notably, all the strong sharp diffraction
peaks can be indexed as the pure orthorhombic phase of γ-
MnO2 with cell constants a = 6.36 Å, b = 10.15 Å, c =
4.09 Å, which are consistent with the values in the literature
(JCPDS Card, No. 14–644).

Figure 3. Typical XRD pattern of the as-prepared γ-MnO2 hollow
urchins.

Figure 4 shows the SEM and the transmission electron
microscope (TEM) images of γ-MnO2 obtained under
the typical conditions (APS 6 molL–1 and AgNO3

0.0177 molL–1) at room temperature for 48 h. Figure 4a
shows that large-scale urchin-like microsphere structures
with an average diameter of 1.5 µm were prepared. More-
over, these urchins exhibit interesting hollow structures. The
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cavities with diameters of about 250–500 nm can be clearly
seen from Figure 4b. To clarify the structures, a high-magni-
fication image of an open urchin sphere is shown in Fig-
ure 4c, and it more clearly confirms the morphology of the
cavity in γ-MnO2. The shell of the structure consists of
nanorods with diameters of about 25 nm and lengths in the
range 100–500 nm (Figure 4d). Moreover, energy-dispersive
spectroscopy (EDS) reveals that the hollow urchins are
formed by Mn and O only with an atomic ratio of 1:2, as
shown in Figure 4e. Elemental carbon cannot be detected
in the resulting product, revealing that all of the carbon
spheres were oxidized and no residue is present in the final
products. These results indicate that hollow, urchin-like
MnO2 can be formed by using carbon spheres as reactive
templates in the presence of APS and AgNO3. Moreover,
the carbon spheres template does not need to be removed
after completion of the reaction, which simplifies the pro-
cedure. The morphology of the γ-MnO2 hollow urchins is
further investigated by TEM (Figure 4f). A visible dark–
bright contrast between the boundary and the center of the
spheres proves that these spheres are hollow spheres. The
annular selected-area electron diffraction (SAED) pattern
(Figure 4f, inset) indicates that the γ-MnO2 hollow urchins
are polycrystalline.

Figure 4. SEM and TEM images of MnO2 hollow urchins synthe-
sized by a reactive template route with a solution of APS
(6 mol L–1) and AgNO3 (0.0177 molL–1). (a) Panoramic SEM im-
age, (b) magnified SEM image, (c) typical open hollow urchins of
the product, (d) high-magnification SEM image of the MnO2 hol-
low urchins, (e) EDS of the hollow urchins, (f) TEM image of the
MnO2 hollow urchins. Inset shows the corresponding SAED
pattern of the MnO2 hollow urchins.

For a complete view of the mechanism of removal of the
carbon spheres as a reactive template, oxidant-dependent
evolutions of morphology were investigated by SEM. Fig-
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ure 5 displays the SEM images of the product that was syn-
thesized under the condition of 4 molL–1 of APS and
0.0118 molL–1 of AgNO3. A low-magnification image (Fig-
ure 5a) clearly exhibits that the synthesized product pos-
sesses a sphere-like structure with a diameter of 1–2 µm.
However, the surfaces of the spheres are significantly rough
and possess a number of pores. From a high-magnification
SEM image, we can clearly see the porous structure. More-
over, there are some small carbon spheres in the pores (as
marked with white arrowheads in Figure 5b). Figure 5c dis-
plays a representative open sphere with a porous structure.
The diameter of the pores is about 200 nm, which is con-
sonant with the diameter of the carbon template as shown
in Figure 1. In addition, small carbon spheres with smooth
surfaces can be clearly seen in the pores. Obviously, the car-
bon template cannot be removed entirely owing to the lack
of an oxidant. The EDS also shows that the porous spheres
are mainly composed of Mn and O elements. However, a
small amount of C is left (Figure 5d), which is consistent
with the above result estimated from the SEM image.

Figure 5. SEM images of porous spheres synthesized by a reactive
template route with a solution of APS (4 molL–1) and AgNO3

(0.0118 molL–1). (a) Low-magnification SEM image, (b) high-mag-
nification SEM image of the product, (c) typical pores of the prod-
uct, (d) EDS of the as-prepared porous spheres.

In order to verify the above results, we added carbon
spheres into an APS solution in the presence of AgNO3

and stirred the solution for 2 d. We found that the solution
became transparent. However, if AgNO3 is not introduced
into the APS solution, under the same conditions the car-
bon spheres keep their morphology. This suggests that the
carbon spheres can be removed in the mixed solution of
APS and AgNO3. As early as 1901, Marshall found that
the oxidation of manganous ions could be carried out in
the presence of silver ions as catalyst. Ordinarily, the oxi-
dation of manganous ions by persulfate is very slow, but
the silver-catalyzed reaction is remarkable. Investigation of
the catalytic effect of silver ions on the reduction of peroxy-
sulfates showed that the mechanism consists simply in the
slow oxidation of the silver ions to the trivalent state and in
subsequent rapid reaction between the oxidized silver and
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manganous salt to form manganese oxide and univalent sil-
ver.[32–34]So, the possible mechanism for the removal of car-
bon spheres can be expressed by Equations (1), (2), and (3)
[E(Ag3+/Ag+) = 1.89 V, E(S2O8

2–/SO4
–) = 2.6 V, E(SO4

–/
SO4

2–) = 2.43 V, E(CO2/C) = 0.207 V].[35–38]

S2O8
2– � 2SO4

– (1)

2SO4
– + Ag+ � SO4

2– + Ag3+ (2)

2Ag3+ + C + 2H2O � 2Ag+ + CO2 + 4H+ (3)

From the above results, the formation process and
mechanism can be suggested and concluded as follows: (1)
Production of colloidal carbon spheres, which serve as a
reactive templates, are first prepared from glucose starting
materials under hydrothermal conditions. The surface of
the carbon spheres is hydrophilic and functionalized with
OH and C=O groups. (2) Mn2+ cations are adsorbed from
the solution onto the surface layer of the carbon spheres
through electrostatic interaction. (3) With the addition of
APS and AgNO3 solution, MnO2 grows on the surface of
the carbon spheres by a homogeneous catalytic route,
whereas carbon spheres are oxidized, which results in the
final MnO2 hollow or porous, urchin-like spheres. We de-
duce that we can control the size of the inner pore through
the size of the carbon spheres (Scheme 1). It is reasonable
to deduce that various hollow structures of metal oxides
with different morphologies could be produced by utilizing
diverse reactive carbon templates.

Figure 6 shows the N2 adsorption and desorption iso-
therm and the BJH (Barret–Joyner–Halenda) pore-size dis-
tribution curve (inset) of the γ-MnO2 hollow urchin
spheres. This kind of isotherm indicates that the γ-MnO2

hollow urchins belong to the mesoporous family with the
average pore-size distribution of 17 nm. The BET specific
surface area of γ-MnO2 calculated from N2 adsorption at
77.4 K is 110 m2 g–1.

Scheme 1. Schematic illustration of the mechanism of formation of the hollow or porous, urchin-like γ-MnO2 spheres synthesized by the
carbon spheres reactive template method.
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Figure 6. N2 adsorption–desorption isotherm and BJH pore-size
distribution plot (inset) of γ-MnO2 hollow urchins.

The magnetic properties of the γ-MnO2 hollow urchins
were determined with a Quantum Design MPMS-5 SQUID
magnetometer. Figure 7a shows the magnetization versus
temperature (M–T) curve of the as-obtained γ-MnO2 hol-
low urchins at an applied field strength of 1000 Oe. The
M–T curve in the low-temperature region shows a strong
concave nature without showing any distinct magnetic
phase transition. The inverse of the magnetization of the γ-
MnO2 hollow urchins is shown in the inset of Figure 7a. A
typical Curie–Weiss behavior is observed above 100 K.
Least-squares fit of the linear portion of the curve above
100 K gives a negative Weiss temperature (θ) for γ-MnO2

hollow urchins. The value of θ is –178.6 K. Considering the
large increase in the magnetization below 50 K and the
large negative value of the Weiss temperature, it can be con-
sidered that the γ-MnO2 hollow urchins are ferrimagnetic.
To further substantiate this deduction, the magnetization as
a function of field H was measured at 2 K. A nearly linear
M–H curve (Figure 7b) reveals that the γ-MnO2 hollow ur-
chins are paramagnetic, but they are not truly paramagnetic
at this temperature. A small deviation from the expected
paramagnetic behavior is observed for higher fields in the
2 K region. This is possible if the sample is a mixture of
major paramagnetic and minor ferrimagnetic phases.
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Figure 7. (a) Magnetization vs. temperature curve of the as-ob-
tained γ-MnO2 hollow urchins at an applied field of 1000 Oe, (b)
magnetization vs. applied magnetic field strength of the as-obtained
γ-MnO2 hollow urchins at 2 K.

Conclusions

We developed a novel and facile carbon-based reactive
template method to fabricate manganese oxide hollow
spheres with an urchin-like morphology on a large scale. In
comparison to reported conventional template methods, the
carbon spheres template method does not require ad-
ditional dissolution or a calcination process to remove the
template after reaction, because it can be oxidized and re-
moved in APS and AgNO3 solutions. The formation
mechanism of the γ-MnO2 hollow urchins was investigated.
We suggest that this method will open a way to explore
the preparation of metal oxides with various morphologies
through diverse morphologies of the reactive carbon tem-
plate.

Experimental Section
Materials: All chemicals were of analytical grade and used as pur-
chased without further purification. Glucose, APS, MnSO4·H2O,
and AgNO3 were all supplied by the Beijing Chemical Factory.

Preparation of Template Carbon Spheres: The colloidal carbon
spheres (CCSs) were prepared according to the literature.[29] Glu-
cose (4 g) was dissolved in water (40 mL) to form a transparent
solution, which was placed in a 40-mL Teflon-sealed autoclave and
heated at 160 °C for 4–20 h. A black or dark-purple precipitate was
washed with water or ethanol, respectively. The final carbon
spheres were obtained after oven drying at 80 °C for more than
4 h.

Preparation of Manganese Oxide Hollow Urchins: A typical synthe-
sis of γ-MnO2 hollow urchins was performed as follows: The car-
bon spheres were dispersed into a MnSO4 solution (0.04 , 50 mL)
and ultrasonicated for 40–80 min to allow uniform adsorption of
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the manganese ions on the surface of the carbon spheres. Then,
solutions of APS (10 mL, 6 mmol) and AgNO3 (0.0177 mmol) were
added into the above mixture, and the solution was magnetically
stirred for 2 d at room temperature. The black solid precipitate was
filtered off, washed with distilled water and absolute ethanol several
times, and then dried under vacuum at 60 °C for 3 h.

Characterization: FTIR spectra were obtained with an Alpha-Cen-
tauri 650 spectrometer. XRD patterns of the as-prepared samples
were recorded with a Japan Rigaku Dmax 2000 X-ray dif-
fractometer with Cu-Kα radiation. A scanning rate of 4° min–1 was
applied to record the pattern in the 2θ range of 3–90°. SEM
equipped with energy-dispersive spectroscopy was performed with
a XL-30 ESEM FEG scanning electron microscope operated at
20 kV with gold sputtered on samples. A Hitachi H-800 TEM op-
erating at 20 kV accelerating voltage was used for TEM analysis.
N2 adsorption–desorption isotherms were performed with a Micro-
meritics NOVA-1000 apparatus with nitrogen as the analysis gas.
The pore diameter and the pore-size distribution at the shell were
determined by the BJH method. Magnetic measurements were per-
formed with a Quantum Design MPMS-5 SQUID magnetometer.
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