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a b s t r a c t

An aqueous route through MnO4
�/Mn2 + reaction under mild conditions was used to synthesize a-MnO2

nanorods. The morphological and structural evolution of a-MnO2 nanorods during their growth were

tracked by Powder X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron

microscopy (TEM) and BET analysis. The crystallization of a-MnO2 nanorods was found to proceed

through three steps: (1) Amorphous or poorly ordered nuclei formed first. (2) Then hollow nanoshperes

consisting of g-MnO2 nanorods formed via the Ostwald ripening process. (3) The hollow nanospheres

broke down and the g-MnO2 nanorods finally transformed into the a-MnO2 nanorods with increasing

temperature or reaction time. The phase transformation from g-MnO2 to a-MnO2 nanorods was

accomplished by a short-range rearrangement of MnO6 octahedra. In addition, the performance of the

MnO2 materials as a catalyst was evaluated in the aerobic oxidation of benzyl alcohol, showing that

their catalytic activities were mainly dependent on their BET surface areas.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Nanometer-sized materials have exhibited extraordinarily differ-
ent electronic, magnetic, catalytic, optical, and other properties from
those of their corresponding bulk materials [1]. Rational synthesis of
such materials with controllable crystal structures, morphologies and
sizes is very important because the properties of the materials can be
tuned with flexibility [2,3]. Among various routes to obtain such
materials, aqueous route is a promising one since it provides versatile
control over the nucleation/growth process through many operational
parameters [4,5]. Moreover, it is very attractive owing to its low
environmental impact, simple operation and low cost.

Recently, manganese dioxide (MnO2) has attracted growing
interest due to its structure flexibility and potential applications
in many areas [6–8], such as energy storage [9] and redox
catalysis [10]. In fact, most studies on the synthesis of the MnO2

nanomaterials are focused on structural and morphological
control and involve aqueous precipitation [11–13]. Therefore,
three dimensional (hierarchical e-MnO2) [14], two dimensional
(birnessite-type d-MnO2 layered manganese oxides) [15,16] and
one dimensional (tunnel-based frameworks: cryptomelane-type
a-MnO2, g-MnO2, pyrolusite b-MnO2) nanostructures [17–20]
have been developed. However, because of the polymorphs of the
MnO2, the synthesis control for the preparation of single phase
ll rights reserved.
MnO2 is still a big challenge even though some pure crystalline
phases were prepared by varying the synthesis parameters. Thus,
understanding the nucleation and crystallization mechanisms for
the synthesizing single phase MnO2 under aqueous conditions is
expected to have both academic and industrial significance for the
improved control of crystal structures, morphologies and sizes of
MnO2 nanostructures.

The reaction between the MnO4
� and Mn2 + in aqueous solution

has been proven to be a versatile route to the synthesis of MnO2

nanostructures because it provides many experimental para-
meters to modify the reaction pathway [5,21–23]. In this work,
we report the synthesis of the a-MnO2 nanorods via an aqueous
route through MnO4

�/Mn2 + reaction at low temperature (r95 1C)
in the presence of the excess amount of Mn2 +. The morphological
and structural evolution during growth of the a-MnO2 nanorods
were tracked by XRD, SEM, TEM and BET analysis. The phase
transformation mechanism for g-MnO2 to a-MnO2 nanorods was
discussed. The catalytic activity and selectivity of the obtained
MnO2 products were also evaluated in the aerobic oxidation of
benzyl alcohol.
2. Experimental details

2.1. Synthesis of a-MnO2 nanorods

Analytical grade MnSO4 �H2O (8.50 g) and KMnO4 (3.43 g)
(MnSO4 to KMnO4 mole ratio=2.3) powders were ground together

www.elsevier.com/locate/jssc
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for 1 h in an automatic mortar at room temperature. Then, two
sets of experiments were performed as follows:

In the first set of experiments, the mixed powder was
transferred to 200 mL distilled water in a beaker under continuous
electromagnetic stirring at three different temperatures (room
temperature, 60 1C or 95 1C). Then, another 100 mL of 1 M H2SO4

solution was added to the beaker. After reaction for 17 h, the
precipitates were filtered and rinsed with distilled water and
ethanol to remove any chemical species possibly remaining in the
final products. The resultant products were then dried in an oven
at 70 1C overnight.

In the second set of experiments, the mixed powder was
transferred to 200 mL distilled water in a beaker under continuous
electromagnetic stirring at room temperature. Then, another
100 mL of 1 M H2SO4 solution was added to the beaker. The
reaction at room temperature was kept for 0.5 h. After that, the
reaction system was immediately transferred to 95 1C water bath
with a condensator for different reaction times. After reaction, the
treatment of the products was the same as described above.
2.2. Characterization

The X-ray powder diffraction (XRD) analysis of the products
was performed on a PAnalytical X’pert Pro X-ray Diffractometer
equipped with Cu-Ka radiation (l=1.54178 Å), operating at 40 kV
and 40 mA. The morphologies of the products were observed by a
Fig. 1. SEM images of the MnO2 materials prepared at (a) 60 1C and (b) 95 1C with

a constant reaction time of 17 h.
field emission scanning electron microscope (FESEM, JEOL JSM-
6700F) with an accelerating voltage of 5 kV. Prior to the SEM
observation, the samples were sputtered with a thin layer of gold
to reduce the charging effect. Electron micrographs of the
products were taken using a TEM (TEM, JEOL-2100F) with an
accelerating voltage of 200 kV, equipped with a Bruker energy
dispersive X-ray spectroscopy (EDXS). The TEM samples were
prepared by dropping an acetone dispersion of the different
products onto a copper grid coated with a holey amorphous
carbon, followed by drying in a vacuum desiccator. The BET-
specific surface area was determined by N2 adsorption at 77 K
using a Micromeritics ASAP 2000 system after the sample was
degassed in vacuum at 130 1C overnight.
Fig. 2. TEM images of the MnO2 materials prepared at (a) 60 1C and (b) 95 1C with

a constant reaction time of 17 h (the inset is a HRTEM image of single a-MnO2

nanorod).
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2.3. Catalytic activity test

For a typical procedure of the alcohol oxidation, toluene
(10 mL) and benzyl alcohol (1 mmol) were first added to a 25 mL
round-bottomed flask containing 0.05 g catalyst. The mixture was
then stirred under reflux at 110 1C with air bubbling. The air was
controlled by a mass flow controller with a flow rate of 10 mL/
min. After reaction for 2 h, the reaction mixture was cooled down
to room temperature. The filtrate was analyzed using a gas
chromatography/mass spectrometry (GC/MS).
3. Results and discussion

3.1. Morphological and structural evolution of a-MnO2 nanorods

Fig. 1 shows the SEM images of the MnO2 materials prepared
by an aqueous reaction between MnO4

� and Mn2 + at different
temperatures with a constant reaction time of 17 h. The
morphology of the MnO2 materials synthesized at room
temperature has been reported in our previous work [24,25],
which showed aggregated hollow nanospheres consisting of
nanorods interwined together. With the reaction temperature
was increased to 60 1C, the product obtained was still made up of
hollow nanospheres with diameter of about 300–900 nm. These
hollow nanospheres tended to break up. As shown in the inset of
Fig. 1a, both the length and diameter of the nanorods increased
when compared with those of the product obtained at room
temperature. When the reaction temperature was further
increased to 95 1C, the hollow nanospheres in the product
totally disappeared. Instead, only regular nanorods were
observed in the product. The diameter and length of the
obtained nanorods are about 10–20 nm and 1–3mm,
respectively. Several bundles consisting of a few nanorods were
observed. The same results were observed in TEM
characterizations, as shown in Fig. 2. With the temperature
increasing, the length and diameter of the nanorods increased.
Moreover, when the temperature increased to 95 1C, the HRTEM
image (inset of the Fig. 2b) of a single nanorod indicated that the
nanorod was uniform and crystalline; the lattice spacing of
0.304 nm is consistent with that of a-MnO2 (310) plane, indicating
the formation of the a-MnO2 structures. These results illustrate
10 20 30 40 50 60 70 80 90

In
te

ns
ity

 (a
.u

.)

(b)

(a)

2θ (°)

Fig. 3. XRD patterns of MnO2 materials prepared at (a) 60 1C and (b) 95 1C with a

constant reaction time of 17 h. (m) a-MnO2; (�) g-MnO2.
that the growth of nanorods was strongly dependent on the
reaction temperature, and a higher reaction temperature
promoted the fast growth of the nanorods.

Fig. 3 shows the XRD patterns of MnO2 products synthesized at
different reaction temperatures with the reaction time of 17 h.
The crystal structure of the MnO2 product synthesized at room
temperature was reported as pure g-MnO2 in our previous work
[22,23]. When the reaction temperature was increased to 60 1C,
Fig. 4. SEM images of the MnO2 materials prepared at 95 1C with different reaction

time after stirring at room temperature for 0.5 h: (a) 0.5 h; (b) 2 h; (c) 17 h.
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both g-MnO2 and a-MnO2 phases were detected in the product,
and the diffraction peaks of the a-MnO2 became more sharp and
intense, implying that a gradual transformation from g-MnO2 to
a-MnO2 crystallites started. When the reaction temperature was
increased to 95 1C, only a-MnO2 diffraction peaks were detected
in the product. This reveals clearly that g-MnO2 nanorods
transformed completely into a-MnO2 nanorods, suggesting that
a higher reaction temperature is favorable to form a-MnO2

nanorods.
Figs. 4 and 5 depict the SEM and TEM images of the products

prepared by an aqueous reaction between MnO4
� and Mn2 + at a
constant reaction temperature of 95 1C with different times after
stirring the solution at room temperature for 0.5 h. The early stage
of the reaction (0.5 h) yielded hollow nanospheres of MnO2

materials with diameter of about 300–800 nm consisting of short
nanorods. A broken nanosphere in the inset of the Fig. 4a can
strongly support that the nanospheres were hollow. At the same
time, some nanorods compactly grew out from the surface of the
hollow nanospheres. These nanorods grew in length and size as
the reaction time increased. When the reaction time was
increased to 2 h, seeing Fig. 4b, urchin-like nanospheres started
to appear. And the hollow structure was tended to break up which
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Fig. 6. XRD patterns of MnO2 materials prepared 95 1C with different reaction time

after stirring at room temperature for 0.5 h: (a) 0.5 h; (b) 2 h; (c) 17 h. (m) a-MnO2;

(�) g-MnO2.

Fig. 7. SEM and TEM images of the MnO2 product prepared at room temperature

for 7 days.
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might be caused by the increase of the length and size of the
nanorods, as can be seen in the inset of the Fig. 4b. After reaction
for 17 h, the aqueous reaction yields aggregated nanorods with
diameter and length about 10 nm and 1mm. The results clearly
elucidate that an increase in the reaction time leads to collapse of
the hollow nanospheres, and formation of nanorods.

The XRD patterns of the products prepared by an aqueous
reaction between MnO4

� and Mn2 + at 95 1C with different times
after stirring the solution at room temperature for 0.5 h were also
measured, and are shown in Fig. 6. After stirring the solution at
room temperature for 0.5 h, the XRD pattern in Fig. 6a indicated
that the initial precipitates were poorly ordered. When the
reaction system was kept at 95 1C for 0.5 h, the characteristic
diffraction peaks of g-MnO2 appeared, indicating that a higher
reaction temperature promoted the growth of MnO2 nanorods,
seeing Fig. 6b. After reaction for 2 h, a mixture of g-MnO2 and a-
MnO2 were detected, as shown in Fig. 6c. This indicated that a
phase transformation from g-MnO2 to a-MnO2 nanorods started
to occur. After reaction for 17 h, all the diffraction peaks of the g-
MnO2 disappeared and all the diffraction peaks detected can be
indexed to a-MnO2, implying a complete phase transformation
from g-MnO2 and a-MnO2, as shown in Fig. 6d. All the results
demonstrate that an increase in reaction time promoted the phase
transformation.

3.2. Growth and phase transformation of a-MnO2 nanorods

Based on the morphological and structural evolution studies, it
was observed that the formation of a-MnO2 nanorods from the
redox reaction between KMnO4 and MnSO4 involves three
processes, i.e. nucleation, growth of g-MnO2 crystallites and
subsequently phase transformation from g-MnO2 to a-MnO2.
Usually, the MnO2 crystallization proceeds through two steps: a
disordered [26] or layered [17,27] manganese oxide precursor is
formed, followed by an aging process to form the final product
with ordered structure. When the mixture of KMnO4 and MnSO4

after grinding was added into water, the color of the reaction
solution changed immediately into light brown, and darken,
indicating that the nucleation started. Recently, Suib et al. [27]
used in situ synchrotron XRD to investigate the morphological and
structural evolution of manganese oxide during hydrothermal
synthesis. They observed that the MnO6 sheets connected to each
other in the early moments of the reaction to form ramsdellite
structures in acidic conditions. Gao and coworkers [13] also used
in situ synchrotron XRD to study the morphological and structural
evolution of b-MnO2 nanorods and they found that the g-MnO2

firstly appeared in the acidic environment. This indicated that the
early stage of aqueous reaction between MnO4

� and Mn2 + mainly
yields the g-MnO2. Considering the reaction environment in our
process, our results agreed with their findings. This also can be
explained by the stability of the polymorphs of the MnO2. g-MnO2

is less stable than the a-MnO2 and b-MnO2. Based on the
observations above, we found that the growth of the a-MnO2

crystallites could be promoted by either increasing the reaction
temperature (Fig. 1a) or extending the reaction time (Fig. 5a), in
which the former process is dominant. This is also supported by
the results of reaction at room temperature for 7 days, as shown
in Figs. 7 and 8. The morphology and crystal structure of the
product are similar to those of the sample prepared at 95 1C with
0.5 h after stirring the solution at room temperature for 0.5 h,
demonstrating that the reaction temperature is dominant.
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Moreover, the formation mechanism of the g-MnO2 hollow
structures synthesized at room temperature has been reported as
an Ostwald ripening process in our previous work [23]. With the
increase in reaction temperature and reaction time, both the
length and diameter of the nanorods increase significantly. These
observations supported a nucleation-dissolution-crystallization
mechanism instead of a rolling mechanism [17]. Although Wang
and Li [17] proposed that the formation mechanism of birnessite
nanotubes was rolling of ill-defined sheets under hydrothermal
conditions, however, such reaction intermediates were not
observed in our low-temperature synthesis because the precursor
is not enough ordered to form lattice fringes when they were
observed by HRTEM. In other words, during the aqueous reaction,
the shorter g-MnO2 nanorods may re-dissolve into the solution
phase due to an acid-etching effect [27], and the longer ones will
grow much longer owing to their anisotropic growth behavior
[17,27,28]. The formation of the three-dimensional hollow g-
MnO2 nanostructures seems in harmony with this assumption.
However, the final nanorods not only have longer length but also
larger diameter. This means that the longitudinal growth is
accompanied with lateral growth. Given the higher impact of
temperature on longitudinal growth of the nanorods, growth
along with the nanorod axis may proceed by another mechanism.
The dissolution-crystallization process is temperature dependent
because rising temperature increases the solubility of the Mn
species, which is in agreement with the length increase of the
nanorods with temperature increase. Cassaignon et al. [29]
Table 1
Aerobic oxidation of benzyl alcohol using manganese dioxides as catalysts.

Sample Synthesis condition BET surface area, m2/g

MnO2 60 1C, 17 h 89

MnO2 95 1C, 17 h 50

MnO2 25 1C, 0.5 h, 95 1C, 0 h 198

MnO2 25 1C, 0.5 h, 95 1C, 0.5 h 130

MnO2 25 1C, 0.5 h, 95 1C, 2 h 89

MnO2 25 1C, 0.5 h, 95 1C, 17 h 64

MnO2 25 1C, 7 days 92

Reaction conditions: 1 mmol benzyl alcohol, 10 mL toluene, 0.05 g catalyst, T=110 1C a

a Turn over frequency based on substrate per mol MnO2 per h.
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Fig. 8. XRD pattern of the MnO2 materials prepared at room temperature for 7

days. (m) a-MnO2; (�) g-MnO2.
reported that highly acidic media promoted the growth stage by
increasing the solubility of Mn species but also limit the growth
stage via proton chemisorption stabilizing the surfaces. Thus,
stabilization by proton adsorption occurred and it has great
impact on the final nanorods morphology by limiting the long-
itudinal growth. The lateral growth is then believed to be another
mechanism.

The phase transformation from g-MnO2 to a-MnO2 can be
explained by their structural similarity. It is well known that
MnO2 exists in polymorphs, such as a-, b-, e- and g-MnO2. They
are different in the way of the basic unit [MnO6] octahedra linked
[11]. The a-MnO2 structures are made of edge-shared MnO6

octahedra forming chains linked together by corners of MnO6

octahedra. This connectivity thus allows the formation of 1D
tunnel structures with X_X octahedra cross sections (X) (1, 2, 3, or
4). De Wolff [30] proposed that g-MnO2 is a ramsdellite
(2.3 Å�4.6 Å tunnel structure) matrix with randomly distributed
intergrowth microdomains of pyrolusite (2.3 Å�2.3 Å tunnel
structure), which are constructed of [MnO6] units with edge or
corner sharing. But the ramsdellite is metastable and will
transform into a-MnO2 or b-MnO2 with increasing temperature.
However, due to the mild reaction conditions in this study, b-
MnO2 cannot form. Therefore, the phase transformation from g-
MnO2 to a-MnO2 can be considered as the growth of a-MnO2 in a
ramsdellite matrix, which involves a collapse of the 1�2
framework and a subsequent short rearrangement of the MnO6

octahedra unit.
3.3. Catalytic activity

MnO2 materials have been used for allylic and benzylic
oxidations, and their catalytic activities depend on the prepara-
tions, compositions, crystal structures, and morphologies [31].
Here we used the MnO2 structures obtained under different
conditions as catalysts for aerobic oxidation of benzyl alcohol to
benzaldehyde to study the effect of the structure and morphology
on their properties, as shown in Table 1. It could be clearly seen
that these products are active for catalytic oxidation of benzyl
alcohol, giving the benzaldehyde as the main product. The MnO2

materials obtained at the early stage by room temperature
reaction for 0.5 h with highest BET surface areas of 190 m2/g
showed the highest catalytic activity. On the contrary, MnO2

materials synthesized by direct reaction at 95 1C for 17 h with the
lowest BET surface areas of 50 m2/g showed lowest catalytic
activity. In general, it is accepted that the catalytic activity of the
MnO2 materials was dependent on their structures, morphologies
and BET surface areas [31]. However, in our synthesis of MnO2

nanomaterials, with increasing the reaction temperature or
prolonging reaction time, the BET surface areas decreased
significantly. After fitting the TOF factor with the BET surface
Conversion, % Selectivity, % TOFa, h�1

75 499 0.33

44 499 0.19

95 499 0.42

81 499 0.36

71 499 0.31

59 499 0.26

53 499 0.23

nd pressure=0.1 Mpa; reaction time: 2 h; flow rate of air: 10 mL/min.
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areas, we found that the catalytic activity was inclined to be
linearly dependent on the BET surface areas, as shown in Fig. 9.
Thus, the BET surface areas mainly contributed to their catalytic
activities.
4. Conclusions

The morphological and structural evolution of a-MnO2

nanorods were tracked by XRD, SEM, TEM and BET. The crystal-
lization of a-MnO2 nanorods was found to proceed through three
steps: an amorphous or poorly ordered nuclei formed first, then
hollow nanospheres consisting of g-MnO2 nanorods formed
second via a Ostwald ripening process, and the hollow nano-
spheres collapsed, the g-MnO2 nanorods finally transformed into
the a-MnO2 nanorods by a short-range rearrangement of MnO6

octahedra. An increase in reaction temperature and reaction time
promoted the phase transformation from g-MnO2 to a-MnO2

nanorods. Increasing reaction temperature is more effective than
increasing reaction time in the phase transformation. The
catalytic activities of the MnO2 structures prepared under
different conditions in the aerobic oxidation of benzyl alcohol
were mainly dependent on their BET surface areas.
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