
E
n

J
a

S
b

a

A
R
R
A
A

K
O
C
C
E

1

m
s
t
s
s
t
i

o
l
p
a
b
f
m
t
n
t
o
m
a
ˇ

0
d

Journal of Alloys and Compounds 505 (2010) 163–167

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

xcellent catalytic and electrochemical properties of the mesoporous MnO2

anospheres/nanosheets

ian-Hua Chenga, Guang Shaob,∗, Hui-Juan Yub, Jie-Jun Xua

Key Laboratory for Pollution Control and Ecological Restoration in Regions of Industrial Clusters, College of Environmental Science and Engineering,
outh China University of Technology, Guangzhou 510006, People’s Republic of China
School of Chemistry and Chemical Engineering, Sun Yat-Sen University, Guangzhou 510275, People’s Republic of China

r t i c l e i n f o

rticle history:
eceived 21 April 2010
eceived in revised form 22 May 2010

a b s t r a c t

In this paper, we report the successful synthesis of mesoporous MnO2 nanospheres composed of
nanosheets via a facile hydrothermal route without any template. The phase and morphology of the
products were characterized by means of X-ray diffraction (XRD), scanning electron microscopy (SEM),
ccepted 29 May 2010
vailable online 11 June 2010
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and transmission electron microscopy (TEM). The reaction time played an important role in the forma-
tion of mesoporous MnO2 nanospheres. The obtained nanospheres showed superior catalytic ability in
the degradation reaction of an aqueous solution of Rhodamine B (RhB) in the presence of H2O2. Electro-
chemical measurements predicted that the mesoporous MnO2 nanosphere-modified electrode showed
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. Introduction

Over the past decade, nanomaterials with well-controlled size,
orphology, and chemical composition have been the focus of

cientific research, due to their unique chemical/physical proper-
ies and potential applications in electronics, photonics, chemical
ensing, and biological imaging [1–6]. These materials have been
uccessfully synthesized, offering great opportunities to investigate
heir novel electronic and optical properties for deep fundamental
nsights into materials science.

Among the various metal-oxide semiconductors, manganese
xide (MnO2) has attracted much attention because of its particu-
ar physical and chemical properties and because it possesses great
otential as a selective heterogeneous catalyst [7], an adsorbent [8],
nd an electrochemical supercapacitor [9]. Composite electrodes
ased on the MnO2-modified carbon powder proved to be useful
or detection of H2O2, ascorbic acid and nitrite ions [10]. Recently,

uch effort has gone into the investigation of MnO2 nanostruc-
ures because of their promising applications in high performance
anodevices [11–13]. Compton and coworkers [14] have reported
he �- and �-MnO2 nanorods produced significantly lower limits

f detection and greater sensitivity towards H2O2 than the MnO2
icroparticles, which was likely attributed to an increased surface

rea. But the different surface or structural energies of these ˛- and
-MnO2 nanorods may also play a role as suggested by the slightly
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s for the reduction of H2O2 in alkaline medium, which might have wide
analysis.

© 2010 Elsevier B.V. All rights reserved.

lower limit of detection found at the ˇ-MnO2 nanorods compared
to the ˛-MnO2 nanorods [14].

Until now, various nanostructures of MnO2 have been
synthesized by different methods. Suib and coworkers [15]
reported a self-assembly synthesis of �-MnO2 mesoporous hollow
nanospheres, which are composed of porous �-MnO2 hexagonal
nanoflakes. Xie and coworkers [16] promoted a solution-based cat-
alytic route to synthesize various ˛-MnO2 hierarchical structures
and ˇ-MnO2 nanorods. Wang and Li [17] synthesized 1D, nanos-
tructured ˇ-MnO2 using a hydrothermal method and obtained
single crystal nanorods in a small scale.

Mesoporous materials have attracted much attention for their
potential application as catalysts, adsorbents and sensors, as well
as nanoreactors for making other novel nanostructured materials.
In addition, numerous preparation methods have been proposed,
such as sol–gel techniques [18], hydrolysis [19], polyglycol-assisted
routes [20], inorganic and organic templates [21], ultrasonic meth-
ods, [22] and co-precipitation [23].

In this paper, mesoporous ˛-MnO2 nanospheres composed
of nanosheets with average diameters of 800 nm were obtained
through a simple hydrothermal route without any template. The
optical and electrical properties of the ˛-MnO2 nanomaterials were
also investigated.

2. Experimental
2.1. Preparation of the mesoporous MnO2 nanospheres

All chemicals used in the experiment were of analytical grade and were used
without further purification. In a typical procedure, 0.1 g of KMnO4 and 1.0 mL of
5% H2SO4 solution were added to 30 mL of deionized water under magnetic stirring

dx.doi.org/10.1016/j.jallcom.2010.05.169
http://www.sciencedirect.com/science/journal/09258388
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mailto:shaog@mail.sysu.edu.cn
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o form the precursor solution. The solution was transferred into a stainless steel
utoclave (50 mL capacity) and kept at 160 ◦C for 10 h and then cooled to room tem-
erature naturally. The resultant precipitate was collected, washed with distilled
ater, absolute ethanol, and acetone thoroughly, and finally dried under vacuum at

0 ◦C for 10 h.

.2. Characterization of the as-prepared MnO2 nanospheres

The phase and crystallography of the products were characterized by a Shimadzu
RD-6000 X-ray diffractometer equipped with Cu K� radiation (� = 0.15406 nm).
scanning rate of 0.05◦ s−1 was applied to record the pattern in the 2� range of

0–80◦ . The scanning electron microscopy (SEM) images were taken with an S-
800 field emitting scanning electron microscopy (FESEM). Transmission electron
icroscopy (TEM) images were captured with a JEOL-2010 transmission electron
icroscope, using an accelerating voltage of 200 kV. Brunauer–Emmett–Teller (BET)

itrogen adsorption–desorption was measured by using Micrometrics ASAP-2020
ccelerated surface area and porosimetry system.

The optical properties of the products were investigated by a UV–vis spectropho-
ometer (Shimadzu U-4100). A small amount of MnO2 nanospheres was dispersed in
thanol for UV–vis absorbance spectroscopy measurement in the wavelength range
etween 200 and 800 nm.

.3. Catalytic activity of the as-prepared mesoporous MnO2 nanospheres

The catalytic experiment was carried out by adding 100 mg of prepared ˛-MnO2

anosphere catalyst to 100 mL of aqueous Rhodamine B (RhB) solution with an initial
oncentration of 10 mg/L. The suspension was magnetically stirred for an hour in
arkness to establish an absorption/desorption equilibrium of RhB. Subsequently,
mL of 30% H2O2 solution were added and the mixture was allowed to react at room

emperature under continuous stirring. At given intervals, 2 mL of the suspension
ere extracted and subsequently centrifuged at a rate of 9000 rpm for 5 min. UV–vis

bsorption spectra of the supernatant were then measured using a Shimadzu U-4100
V–vis absorbance spectroscope.

.4. Electrocatalytics of the mesoporous ˛-MnO2 nanospheres

The electrochemical measurement was performed on a CHI 620B Electrochem-
cal Workstation with a three-electrode system consisting of an Ag/AgCl reference
lectrode, a platinum wire as a counter electrode and a bare or modified glassy car-
on electrode (GCE) as a work electrode, employing a scanning rate of 100 mV/s and
rest time of 2 s. Prior to the experiment, solutions were purged with nitrogen for
0 min to remove oxygen. The MnO2/GCE used as a working electrode was fabricated
s follows: mesoporous ˛-MnO2 nanospheres (0.01 g) were added to 5 mL of N, N-
imethylformamide (DMF) under ultrasonic irradiation to get a MnO2 suspension.
CE (˚ = 2 mm) was polished with 0.05 �m of alumina slurry and washed with 30%
itric acid, ethanol, and water in an ultrasonic bath for a few minutes. After washing
ith sonication, the GCE was coated with 10 �L of ˛-MnO2 suspension, and dried

t room temperature.

. Results and discussion

The crystal structure and phase composition of the prod-
cts were first characterized using X-ray powder diffraction

XRD). Fig. 1(curve a) shows the X-ray diffraction analysis of
he as-prepared MnO2 nanospheres. All peaks were indexed
o a tetragonal ˛-MnO2 single crystal structure [space group:
4/m (87)] (JCPDS card. No. 44-0141) with lattice constants of
= 0.9782 ± 0.0009 nm and c = 0.2871 ± 0.0006 nm. No peaks of any

Fig. 2. SEM images of mesoporous ˛-MnO2 with nanospheres/nanosheets
Fig. 1. (a) The XRD patterns of mesoporous ˛-MnO2 nanospheres/nanosheets and
(b) MnO2 nanoparticles obtained for 2 h at 160 ◦C.

other phase were detected, which indicated the high purity and
crystallinity of the final product.

The morphology of the resulting sample was investigated
by SEM. Fig. 2 shows the SEM images of the product pre-
pared under hydrothermal reaction. The MnO2 sample consisted
of nanosphere/nanosheet nanostructures with about 90% ration
(Fig. 2a). The nanospheres were uniform, with diameters of 800 nm.
High-magnification SEM image (Fig. 2b) clearly revealed that the
nanosheets in the corona were grown from the nanospheres in the
core, and the surface of the nanosheet was very smooth.

Fig. 3 shows the TEM image of the prepared MnO2 samples,
revealing the nanosphere/nanosheet-like morphology features.
Each nanosphere had a uniform width of 800 nm, which was con-
firmed by the SEM results.

To understand the growth process of the mesoporous ˛-MnO2
nanospheres, a series of parallel experiments was performed and
the results were checked with SEM. In the absence of H+, with other
conditions remaining unchanged, it was found that mesoporous
MnO2 nanospheres could not be obtained. From the experimen-
tal results, it was determined that the presence of an appropriate
amount of H+ played a crucial role in the growth of mesoporous
˛-MnO2 nanospheres.

To understand the growth mechanism of the mesoporous
MnO2 nanospheres accurately, it was necessary to investigate the
morphology evolution of the intermediates involved in the for-
mation. Fig. 4a and b shows the SEM images of the products

obtained after reaction for 2 and 5 h, respectively. After reaction for
2 h, the product was nanoparticles with diameters of 50–100 nm
(Fig. 4a). Moreover, the XRD pattern (Fig. 1, curve b) could be
assigned to metastable monoclinic ˇ-MnO2 (JCPDS card No. 24-

morphology: (a) at low magnification, and (b) at high-magnification.



J.-H. Cheng et al. / Journal of Alloys and Compounds 505 (2010) 163–167 165

0
w
t
p
(

f
ˇ
ˇ
e
m
f
a
h
b
w

a
p
p
o
p
a
c

Fig. 5. N2 adsorption–desorption isotherms and Barret–Joyner–Halenda (BJH) pore
size distribution plots (inset) of the mesoporous ˛-MnO2 nanostructure under
hydrothermal reaction for 10 h.

F
n

Fig. 3. TEM image of the mesoporous ˛-MnO2 nanostructure.

735). With an extension of the reaction time to 5 h, nanospheres
ere formed. As shown in Fig. 4b, nanosheets began to grow from

he centers of the spheres. Eventually, the product evolved into
ure nanospheres/nanosheets with uniform diameters of 800 nm
Fig. 2).

Based on the time-dependent experiments, we proposed the
ormation mechanism. At the beginning, the reaction produced
-MnO2 nanoparticles directly. Under hydrothermal conditions,
-MnO2 nanoparticles partially dissolved in the solution and gen-
rated free ˇ-MnO2 molecules. When the concentration of ˇ-MnO2
olecules was high enough, ˇ-MnO2 molecules recrystallized and

ormed crystalline ˛-MnO2 molecule nuclei. These nuclei self-
ssembled to form nearly amorphous spheres. Afterward, the
eterogeneous growth of nanosheets on the cores was exhibited
y the intrinsic layered crystal structure. The formation mechanism
as consistent with the previous report [24,25].

Such nanospheres/nanosheets possess a mesoporous structure,
s evidenced by the nitrogen-sorption experiment (Fig. 5). The
roduct of the mesoporous ˛-MnO2 nanospheres had a wide,

orous diameter distribution with a central pore-size distribution
f ca. 36.2 nm, which was probably caused by the two kinds of
orous architecture in the products: one within the microspheres
nd the other from the interspaces of the constituent nanoparti-
les. In addition, the surface area of the mesoporous ˛-MnO2 was

ig. 4. SEM images of the samples prepared after hydrothermal reaction for (a)
anospheres/nanosheets.
Fig. 6. UV–vis absorption spectrum of the mesoporous ˛-MnO2

nanospheres/nanosheets.

20.2 m2/g. Such mesoporous structure provides efficient transport
pathways to their interior voids, which is critical for delivery, cat-
alyst, and other applications.

Fig. 6 shows that the absorbance spectroscopy of the ˛-MnO2

nanospheres exhibited prominent features at ca. 490 nm, slightly
blue-shifted in comparison to the value of bulk MnO2. As the opti-
cal property of materials can be modulated by changing the size
and nanostructures, the ˛-MnO2 nanospheres will be used in new

2 h and (b) 5 h, showing the morphological evolution of the ˛-MnO2 with
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ig. 7. (a) UV–vis spectral changes of RhB solution with reaction time in the presen
s-prepared MnO2 nanostructure as catalyst.

pplications or to enhance the performance of currently existing
evices.

.1. The photocatalytic degradation property of mesoporous
nO2 nanospheres

Previous work showed that metal semiconductors with certain
orphology might be good catalysts for degradation of organic

ompounds. In order to investigate the catalytic property of the
s-prepared ˛-MnO2 nanospheres, we measured the optical prop-
rty changes of some organic dyes, such as RhB. The characteristic
bsorption of RhB at � = 552 nm was chosen to monitor the catalytic
egradation process. Fig. 7a shows the absorption spectrum of an
queous solution of RhB for various times. The absorption peak at
= 552 nm diminished gradually as the visible light irradiation time

ncreased, and completely disappeared after about an hour. No new
bsorption bands appeared in either the visible or the ultraviolet
egion. Fig. 7b (curve 1) shows that the relationship of ln CRhB vs.
eaction time is nearly linear, and the slope is 0.03571 ± 0.00211.
o the reduction rate of RhB may be expressed as

= 0.03571C2
RhB

For comparison, a contrast experiment was performed. In the
bsence of MnO2 nanospheres, the peak intensity decreased only
lightly. Fig. 7b (curve 2) shows the degradation of RhB with H2O2
0.01 M) in the absence of catalyst. Even at high concentration, the
egradation activity was slow. The above facts indicate that the
s-prepared ˛-MnO2 nanospheres/nanosheets have good catalytic
egradation activity on some organic dyes.

A Fenton-like reaction is one of the effective advanced oxida-
ion processes for wastewater treatment, and Fenton systems can
nly work efficiently under highly acidic conditions. This limits
urther application of traditional Fenton processes in wastewater
reatment [26,27]. MnO2 is able to act as a Fenton-like catalyst for
2O2 decomposition. From the above results, we found that the
esoporous ˛-MnO2 nanospheres/nanosheets have a high Fenton

xidation activity on RhB at pH = 7.
As for the catalytic mechanism of the decomposition, the

esoporous ˛-MnO2 nanospheres/nanosheets played an impor-
ant role. Effective catalysts with an intermediate redox potential

alue of the donor–acceptor partner helped electron trans-
er and acted as an electron relay system [28]. Owing to the

esoporous nanosphere/nanosheet nanomaterials, the MnO2 cat-
lysts were provided with a large surface-to-volume ratio, which
ade the whole decomposition of RhB dye take place fast and

ffectively.
Fig. 8. CVs of H2O2 in 0.1 M NaOH solution with scan rate of 50 mV s−1: (a) ˛-
MnO2/GCE, (b) bare GCE and 1 mM H2O2, and (c) ˛-MnO2/GCE and 1 mM H2O2.

3.2. Electrochemical property of the mesoporous ˛-MnO2
nanospheres/nanosheets

Cyclic voltammetry (CV) was performed to characterize the
electrochemical behaviour of MnO2 nanospheres. Fig. 8 shows
the electrochemical response of MnO2-modified electrodes to
1 mM of H2O2 in a 0.1 M NaOH solution. MnO2 was electro-
chemically inactive in the basic solution (curve a). However, on
adding H2O2 to the 0.1 M NaOH solution, two obvious cathodic
peaks appeared at −0.46 and −0.92 V at the ˛-MnO2-modified
GCE in the forward scan, and another cathodic peak appeared at
−0.53 V in the reverse scan (curve c). The observed voltammetric
behaviour of solution phase redox couples at mesoporous �-MnO2
nanospheres/nanosheets modified electrode surfaces reflects the
thin layer finite diffusion effects [29–32]. Moreover, when the
unmodified GCE was measured in 0.1 M NaOH solution containing
1 mM of H2O2 (curve b), the cathodic peak currents were low. This
phenomenon implies that the as-prepared products could improve
the electron transfer between H2O2 and the GCE. The mesoporous
MnO2 nanosphere/nanosheet structure could increase the number
of active sites for adsorption, which would contribute to the high
catalytic activity for the reduction of H2O2.
4. Conclusions

In summary, mesoporous ˛-MnO2 nanosphere structures with
diameters of ca. 800 nm were successfully synthesized under
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ydrothermal conditions without any template. The reaction time
ight play a key role in the process of crystal growth. The as-

repared products exhibited superior catalytic activity for the
egradation of RhB in the presence of H2O2, and the mesoporous ˛-
nO2 nanostructures showed good electrocatalytic properties for

he reduction of H2O2 in alkaline medium. The modified electrode
as quite stable and had good reproducibility, which allows for
ide applications in bioelectroanalysis, capillary electrophoresis,
iniaturized total analysis systems, and other fields.
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