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Abstract In this paper, different crystallographic types
and crystal morphologies of MnO, nanomaterials have
been selectively synthesized by a simple hydrothermal
route. -MnQO, nanowires, and y-MnQO, hollow hierarchical
spheres have been prepared by a sodium dodecyl ben-
zenesulfonate (SDBS)-assisted hydrothermal treatment
method. The as-synthesized samples were characterized by
XRD, SEM, TEM, and HRTEM. Furthermore, the obtained
different kinds of MnO, nanostructures were found to
exhibit favorable photocatalytic activity in organic dyestuff
such as methyl orange, showing potential applications in
photocatalysis. And the results showed that y-MnO, hollow
micro-spheres exhibited superior photocatalytic activities
to o-MnO,.
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1 Introduction

Nanostructures have aroused great attention not only for
their fundamental scientific significance but also for the
many technological applications that derive from their
fascinating properties, superior to the corresponding bulk
counterparts [1, 2]. One-dimensional (1-D) nanostructured
and constructing hierarchical structures materials have
been intensively investigated as building components in
fabricating the next generation of microelectronic and
optoelectronic devices because they can be employed
as both building units and interconnections [3—-10]. 1D
nanostructures formed by self-assembled are desirable not
only in fundamental research but also in future nanodevice
design and fabrication. Because of easily controllable
reaction condition and the relatively abundant reactant
sources, hydrothermal route might provide many options for
large-scale production of nanomaterials with special mor-
phology. And large quantities of inorganic materials
including metals, chalcogenides, and metal oxides/hydrox-
ides are obtained in nanoscaled forms through this route
[11-13].

In particular, manganese oxides have attracted much
attention for their physical and chemical properties and
wide applications in catalysis, ion exchange, molecular
adsorption, biosensor, and energy storage in secondary
batteries [14-21]. It is well-known that manganese dioxide
can exist in different structural formations, such as
o-, -, 6-, and y-types, when the basic structure unit
(namely, the [MnOg] octahedron) is linked in different
ways. Therefore, much effort has been directed toward the
preparation of low dimensional MnO, nanostructures with
different morphologies, such as rods, wires, tubes [22-27].

Although there were numerous reports on the catalytic
activities of different MnO2 crystal structure [28-32], yet
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no unanimous conclusion was reached even now. In this
paper, we report a simple hydrothermal method to syn-
thesize different manganese dioxide nanostructure under
different conditions, and employed them as photocatalysts
in the degradation of methyl orange.

2 Experimental section

All chemicals were of analytical grade and were directly
used without any treatment. The commercial MnO, powder
was purchased from Shanghai Reagent Company. A series
of parallel experiments were carried out by altering the
reaction parameters such as heating temperature, reactant
concentration, and reaction time. In brief, the synthesis
process could be described as follows: MnSO4-H,O
(1.5 mmol), and KMnO,; (1 mmol) were mixed with
15 mL deionized water, followed by an addition of sodium
dodecyl benzenesulfonate (SDBS) (0.05 g) to form a deep-
red opaque solution immediately, which were vigorously
stirred and then transferred to a 23 mL Teflon-lined auto-
clave. The autoclave were sealed and heated in an oven at
160-180 °C for 2-12 h and then were allowed to cool to
room temperature. The resulting products were collected,
washed repeatedly with distilled water and absolute ethanol
to remove the possible residues, centrifuged, and dried
under vacuum at 60 °C for 4 h. We can obtain the product
at 160-180 °C for 6-12 h. And the optimal reaction
conditions for the growth of the nanowires were at 160 °C
for 6 h.

In another experiment, the precursor of manganese was
changed into MnCl,-4H,O so that the influence of the
product morphology and polymorphic formations could be
investigated. The synthesis of y-MnO, was carried out on
the basis of the previous work of Li’s group [22, 23]. In a
typical synthesis of y-MnO,, 0.6 g of MnCl,-4H,O and
0.3 g of KMnO,4 were mixed with 15 mL of distilled water
and stirred to form a homogeneous mixture after adding the
surfactants, which were then transferred into a 23 mL
Teflon-lined stainless steel autoclave and heated at 160 °C
for 6 h. The products were collected, washed, and dried
and to obtain the y-MnO, of hollow micro-spheres. In
addition, according to the above procedure, some experi-
ments were made in the absence of SDBS, no any hollow
nanostructure was obtained.

The powder X-ray diffraction (XRD) pattern was mea-
sured on a Rigaku D/max 2500 X-ray diffractometer
(Cu Ko radiation, A = 0.154178 nm). Field-emission SEM
(FE-SEM) images were taken using JEOL JSM-6700F
microscopes operated at the accelerating voltages of
10 kV. Transmission electron microscope (TEM) per-
formed on a Hitachi model H-800 transmission electron
microscope (TEM) at an accelerating voltage of 200 kV,

and high-resolution transmission electron microscope
(HRTEM) (JEOL-2011) operated at an acceleration volt-
age of 200 kV. For the sake of convenience, all FE-SEM
images are briefly called SEM images later.

3 Results and discussion
3.1 Composition of the product

The crystal phase of the samples was analyzed by powder
X-ray diffraction. Figure 1 shows the XRD patterns of two
representative products. All the diffraction peaks in Fig. 1a
can be indexed to tetragonal symmetry. The lattice con-
stants and deviation are calculated using the values of 2
theta and diffraction planes via minimizing the sum of
squares of residuals in 2 theta. to be a = 0.9784 +
0.0014 nm and ¢ = 0.2846 4+ 0.0008 nm, which are in
good agreement with the reported data for the pure phase
of a-MnO, (JCPDS No.44-0140, a = 0.9782 nm and
¢ = 0.2853 nm). From this pattern, it can be seen that the
obtained o-MnO, products are of high purity and good
crystallinity.

The XRD pattern in Fig. 1b confirms the formation
of y-MnO,. The lattice constants are calculated to be
a = 0.6367 £ 0.0013 nm, b = 1.0134 £ 0.003 nm, ¢ =
0.4099 £ 0.0019 nm, which are in good agreement with
the reported data for the pure phase of y-MnO, (JCPDS
No. 14-0644, a = 0.636 nm, b = 1.015nm, and ¢ =
0.409 nm). Meanwhile, the peaks of curve b are shown
broader, implying smaller crystalloid. The result shows the
crystalloid of y-MnQO, is not as good as that of «-MnO,.
The XRD analysis results are similar to that reported in the
literature [22-25].

The chemical reaction involved in our present hydro-
thermal synthesis may be briefly described as:

Intensity

(300)

Fig. 1 XRD patterns of the as-synthesized a «-, and b y-MnO,
nanostructures
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SDBS

3MnSO4 + 2KMnO4 ——— 50 — MnO, + K,SOq4
+ 2H,S0, (1)
SDBS
3MnCl, + 2KMnO4 + 2H,0 ——— 5y — MnO,
+ 2KCl + 4HCL. (2)

As can be seen in the above equations, the related
reactions are quite simple: MnO, have been synthesized by
reactions of KMnO, with the assistance of SDBS with
different Mn source. The coexisting ions might play an
important role in determining the crystal structure of
MnO,. There are various examples in the solution
synthesis: In Li et al.’s work, MnSQO4 reacted with
(NH4)»S,05 to obtained S-MnO, in the hydrothermal
reaction at 120° for 12 h, while «-MnO, was prepared by
adding ammonium sulfate to their reaction system [33]. In
the synthesis of CdS nonmaterial, cadmium chloride as
starting material may tend to produce o-CdS [34], while
cadmium sulfate to f-CdS [35].

As a result, we have obtained large-scale production of
MnO, nanostructure with different morphologies for
practical application by changing precursor (Fig. 2).
Hence, we can easily control the reaction system to syn-
thesize manganese dioxide with desired crystals.

3.2 Morphology characterization

The morphologies of the MnO, powders obtained were
examined by SEM, TEM, and HRTEM microscopy.

Fig. 2 a and b SEM image of
the obtained 1-dimensional
«-MnQO;; and ¢ and d SEM
image of the obtained
0-dimensional y-MnO2
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Figure 3 shows the SEM images of the as-synthesized 1-D
o-MnO, nano- and micromaterials which were synthesized
using MnSO, and KMnOy, as reactants at 160 °C for 6 h.
The SEM images of the as-prepared MnO, clearly reveal
the presence of a large quantity of nanowires. «-MnO,
single-crystal nanowires with diameters 40-50 nm and
lengths ranging between hundreds of nanometres and
several micrometers (Fig. 3b, ¢). Due to the influence of
SDBS, Some of nanowires align well to present a form of
coaxial nanorops or coiled together (Fig. 3b).

3.4 y-MnO,

The hollow urchins of y-MnO, were fabricated on a large
scale when manganese sulfate was changed into manga-
nese chloride (Fig. 4). Hollow interiors can be created via
Kirkendall effect [36] after a reaction time of about 6 h,
and the ripening process was confirmed by tracking the
crystallization and morphology of the product at different
reaction stages. In order to investigate the formation
mechanism of MnO, hollow micro-spheres, some com-
parative experiments were carried out at 1 and 6 h keeping
the otherwise experimental conditions unchanged. The
results show that the product synthesized at 160 °C for 6 h,
could be indexed to y-MnO, (Fig. 1b). And the product
obtained from 1 h was only nanoparticles.

Under hydrothermal condition, «-MnO, nanowires
were obtained via adding surfactant. These nanowires

u.\: )
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Fig. 3 SEM images at different
magnifications of a-MnO,
nanowires synthesized using
MnSO,4-H,0 as manganese
precursor at 160 °C for 6 h

Fig. 4 a Panoramic SEM
image, b and ¢ magnified SEM
image; and d typical open
hollow urchin of the product
obtained at 160 °C for 6 h

were longer and coalescent in this experiment. But the
hollow wurchins of (-MnO, were synthesized using
MnCl,-4H,0 without SO,>~ existence. In this experi-
ment, the surfactant SDBS is the reason of the formation
of this hollow urchin shapes. In addition, some experi-
ments were made in the absence of SDBS. There were
nanowires and nanorods presence, but no any hollow
nanostructure was obtained.

150nm
\

400nm

400nm

The morphologies of the products were observed by
SEM. Interesting morphologies and microstructures of
7-MnO, prepared by hydrothermal reaction for 6 h are
observed as shown in Fig. 4. The panoramic morphology
of y-MnO, is shown in Fig. 4a, which reveals that the
sample has a spherical morphology about 1 pm in diameter
(Fig. 4d). The high-magnification images (Fig. 4c) reveal
that the surface of the urchin-like sphere consists of
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Fig. 5 a TEM images of the
hollow urchin of y-MnO,; and
b HRTEM image from the
hollow urchin

numerous compactly growing nanorods, which indicates
that the nano-particles could gradually change into nano-
rods after hydrothermal reaction for 6 h. From the SEM
pictures (Fig. 4d), a few spheres with an interior cavity are
also observed, suggesting that the as-synthesized y-MnO,
spheres might show the hollow structure. As can be seen
from its overview, the samples consist predominantly of
hollow urchins with visible cavities (Fig. 4b). Hollow
urchins consist of the nanorods with the length of
40-100 nm.

The interesting morphology and microstructures of
7-MnO, were further studied using TEM. The TEM images
of Fig. 5a further confirmed that the y-MnO, was hollow
structure. Figure 5b displays the HRTEM image of the
hollow urchin of y-MnO,_ The lattice spacing of 0.39 nm
between adjacent lattice planes corresponds to the distance
between two (120) crystal planes. It shows clear lattice
fringes, which confirm the single-crystal of the y-MnO,. In
addition, the crystallites located in the inner cores, com-
pared to those in the outer surfaces, have high surface
energies and thus are easily dissolved. The inner cores
provided a MnO, source for the durative growth of the
nanorods outside, and then the nanorods grew at the
expense of the cores inside the spheres. As a result of this
process, the size of the crystal cores was reduced gradually
while the hollow volume was enlarged. Finally, the hollow
urchins were formed with complete depletion of the cores.
The Kirkendall effect was observed for those with a longer
reaction time (3—6 h), and the inner space of the spheres
was further increased.

3.5 Catalytic properties

High surface area seems to be an important factor in
determining the photocatalytic activity [37, 38]. Consid-
ering that the products which have high surface area
may contribute to photocatalytic activity, we used the
1-dimensional «-MnO, nanowires and O-dimensional
7-MnO, hollow micro-spheres as photocatalysts, and then
examined their photocatalytic activity by measuring the
photodegradation of methyl orange solution.

@ Springer

A suspension composed of nanostructured MnO, hollow
microspheres and 100 mL of methyl orange (10 mg/L)
were placed in a 100 mL beaker and irradiated with UV
light under continuous stirring. At 20 min intervals, ana-
lytical samples were drawn from the beaker and the methyl
orange concentration was analyzed using a UV-vis spec-
trophotometer at a wavelength of 465 nm. Figure 6 shows
the degradation rate of methyl orange over nanostructured
-MnO, hollow micro-spheres, «-MnO, nanowires or
commercial MnO,, which was the results of five experi-
ments. The mass of catalysts was 0.2 g for those three
MnO, materials. It is obvious that y-MnO, hollow micro-
spheres exhibited superior photocatalytic activities, indi-
cating that the hollow structures assembled by nanorods are
favorable for the enhancement of the photocatalytic per-
formance. Figure 6b shows the degradation rate of methyl
orange for «-MnO, nanowires. It is not as good as that of
7-MnQO,, but it is superior to commercial MnO, (Fig. 6¢).

The slopes of curves a, b and ¢ were calculated as
0.00462, 0.00281 and 0.00125, which shows the degrada-
tion rate ratio of y-MnO, hollow micro-spheres : «-MnO,
nanowires: commercial MnO,. is 3.7:2.3:1.

The y-MnO, and «-MnO, show good photocatalytic
activity. And the catalytic activity was also affected by the

0.6
—=—y-MnO, nanoparticles
| —8— a-MnO, nanowires {
—A— Commercial MnO
2
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Fig. 6 The degradation rate of methyl orange over different photo-
catalysts: a y-MnO, hollow micro-spheres, b z-MnO, nanowires, and
¢ commercial MnO,
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surface state of the catalyst because the reacting agent was
absorbed on the surface of the catalyst before the catalytic
reaction. The commercial powder is ;-MnO, with size of
200-300 nm, as confirmed by XRD pattern (Fig. S1) and
SEM image (Fig. S2), respectively. The largest size may be
the reason of its worst photocatalysis.

4 Conclusions

In conclusion, the «-MnO, single-crystal nanowires and
7-MnO, hollow micro-spheres were directly synthesized by
surfactant-assisted method. MnQO, crystal forms can be
synthesized by selected-control reaction conditions, and
their crystal phases were confirmed by XRD and TEM
measurement. This simple synthetic method can be easily
adjusted to synthesize «-MnQO, nanowires y-MnO, hollow
spheres with different crystal forms on a large scale. We
believe that this hydrothermal synthesis of surfactant-
assisted method has potential applications for the prepa-
ration of other metal oxides with nanostructure and
microstructure.
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