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Birnessite flower-like and a-type tubular MnO, nanostructures were selectively synthesized through
simple decomposition of KMnO4 under hydrochloric acid condition by controlling reaction temperature
using a microwave-assisted hydrothermal method. The as-prepared samples were characterized in detail
by various techniques including X-ray diffraction, field emission scanning electron microscopy, transmis-
sion electron microscopy, high-resolution transmission electron microscopy, Fourier transform-infrared
spectroscopy, and Raman scattering spectroscopy. While the growth of flower-like birnessite-MnO,
might follow a widely accepted Ostwald ripening process, we proposed a formation mechanism of the
nanotubular «-MnO, based on our evidence, which was assembly of nanorods through an “oriented

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Synthesis of nanostructured materials with controlled shape,
architecture, and size is of importance to ensure their property per-
formance in various device applications, such as optics, magne-
tism, mechanics, and electronics [1]. Among various synthesis
approaches, solution-based wet chemical methods feature the vir-
tue of multiplex routes, and high output, templates, surfactants,
and complexing species have been applied to control size and
structure of the products [2-4]. However, these methods usually
imply complex and costly procedures, which are not versatile or
environmental friendly.

Recently, microwave irradiation has been increasingly applied to
replace conventional heating methods in material synthesis and sam-
ple digestion since it provides a selective, fast, and homogenous heat
that significantly reduces processing time and cost [5-7]. Combining
the microwave irradiation with wet chemical methods such as hydro-
thermal or solvothermal techniques required temperature and pres-
sure for nanostructure growth can be rapidly achieved, which leads
to enhanced kinetics of crystallization and promotes the formation of
new phase of product [8]. In this case, nanomaterials with novel struc-
tures and architectures are expected to be generated. Up to now, differ-
ent kinds of nanomaterials have been synthesized via a microwave-
assisted route, including NiO [9], ZnO [10], Fes04 [11], WOs [12],
Co304 [13]
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Manganese dioxide (MnO,) nanostructures exhibit distinctive
physical and chemical properties and have wide applications in
molecular/ion sieves [14], catalysts [15], sensors [16], and energy
storage [17]. It is known that the properties of nanostructured
MnO, highly depend on the crystal structure, dimension, and mor-
phology [18]. Various MnO, nanostructures such as nanoparticles
[19], nanorods/nanofibers [20], nanowires [21], and nanotubes
[22] have been prepared by sol-gel [23], precipitation [24], reflux
[25], thermal deposition [26], and hydrothermal [27] techniques.
As a direct and one-step wet chemical route, hydrothermal method
has been prevalently employed in synthesizing MnO, nanostruc-
tures. For example, Wang et al. reported a selected-control low-
temperature hydrothermal method of synthesizing 1D MnO, nanos
tructures through the oxidation of Mn?* by S,03",MnO;, or ClO~
[28,29]. Cheng et al. synthesized 2D hexagram-like and dendrite-
like hierarchical MnO, nanostructures by decomposition of
Mn(NOs), solution with or without nitric acid [17]. Yu et al. obtained
3D urchin shaped and clewlike MnO, nanostructures in the presence
of AI>* or Fe** under hydrothermal condition [30]. However, these
conventional hydrothermal methods require prolonged reaction
time for more than 12 h, even for several days. Recently, micro-
wave-assisted hydrothermal method (MA-HM) was employed to
synthesize octahedral molecular sieves (OMS-2) nanomaterials,
and the samples possess better catalytic activity for cinnamyl alco-
hol oxidation than their conventional counterparts [31]. But to the
best of our knowledge, synthesis of MnO, nanotubes by MA-HM
has not been reported previously.

Herein, we demonstrate a facile rapid procedure to fabricate
MnO, nanostructures through the decomposition of KMnO4 under
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hydrochloric acid condition by MA-HM. 3D hierarchical nanostruc-
tures and 1D nanotubes of MnO, with different crystallographic
forms were selectively obtained by controlling the reaction param-
eters. The growth mechanism was studied and discussed in detail
based on detailed observations in different growth stages. This
synthetic route requires no templates, catalysts, or organic
reagents, which promises large-scale production of nanostructured
MnO, with controlled structure and size.

2. Experimental procedure

All the chemicals used in this experiment were of analytical
grade from Sigma-Aldrich Company and used without further
purification. In a typical synthesis, 1.5 mmol of KMnO,4 was added
to 20 ml deionized water to form a homogeneous solution. 0.5 ml
of HCl (37 wt.%) was then added dropwise into the solution under
magnetic stirring. After stirring for 20 min, the obtained solution
was transferred to a 100 ml Teflon-lined ceramic-walled vessel.
The autoclave was sealed and heated to different reaction temper-
atures (100, 140, and 180 °C) with the same holding time of 25 min
in an Anton Paar Synthos 3000 microwave synthesis system. After
the autoclave was cooled down to room temperature, the sample
was collected by centrifugation and washed with deionized water
and absolute ethanol several times to remove the impurities, and
dried in air at 80 °C for 12 h.

The powder X-ray diffraction (XRD) patterns were recorded by a
Inel multipurpose diffractometer (MPD) system with CuKo radia-
tion (4 = 1.54060 A) operated at 30 kV and 20 mA. The morphology
of the synthesized samples was determined by a Hitachi S-4800
field emission scanning electron microscope (FESEM) operated at
5 kV. Transmission electron microscopy (TEM) images were taken
by a Philips CM 10 microscope operated at 80 kV. High-resolution
transmission electron microscopy (HRTEM) and selected area elec-
tron diffraction (SAED) were characterized by a JEOL 2010 FEG
microscope operated at 200kV. Fourier transform-infrared
(FT-IR) measurements were carried out by the KBr method using
a Nicolet 6700 FT-IR spectrometer. FT-IR spectra were recorded
in the transmittance mode over the range of 400-4000 cm™~' by
averaging 16 scans at a resolution of 4 cm~!. Raman scattering
(RS) spectra were collected on a HORIBA Scientific LabRAM HR Ra-
man spectrometer system equipped with a 532 nm laser. A laser
energy filter value of 2 was applied, which prevents decomposition
of the samples. The spectra were taken between 100 and
1000 cm ™! in a backscattering configuration at room temperature.

3. Results and discussion
3.1. Structure and morphology characterization

The phase purity and crystal structure of MnO, were examined
by XRD. Different crystal structures can be achieved by controlling
the reaction temperatures. As shown in Fig. 1a, all the diffraction
peaks of the XRD pattern for the sample prepared at 100 °C can
be indexed to the birnessite-type MnO, (JCPDS No. 80-1098),
which has a lamellar structure and the interlayer distance of
MnOg octahedra layers is 0.73 nm. The broaden peaks with low
intensity observed in XRD pattern suggest that the sample is in
poor crystalline state with a short-range crystal form. In particular,
the relative intensities of the (001) planes are lower than those in
the standard JCPDS data, which suggests that the layers of MnOg
octahedra are not perfectly oriented [32]. In contrast, the sample
prepared at 140 °C (Fig. 1b) can be attributed to the tetragonal
phase o-MnO, (JCPDS No. 44-0141), and the XRD pattern with
sharp and intense peaks indicates a good crystallinity for the o-
MnO,.
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Fig. 1. XRD patterns of the products prepared at (a) 100 °C and (b) 140 °C in 25 min.

MnO, with different crystal structures exhibited significantly
different morphologies. Fig. 2 shows the SEM images of birnes-
site-type and o-MnO,. As shown in Fig. 2a, the birnessite-type
MnO, sample is composed of uniform flower-like microsphere
nanostructures with a diameter of 200-400 nm. The high-magnifi-
cation images reveal that the microsphere consists of crumpled
nanosheets about 10 nm in thickness (Fig. 2b). By comparison,
the «-MnO, shows typical fibrous shape nanostructures with a
length of 2-6 um (Fig. 2c). The images at higher magnification
(Fig. 2d) reveal that they have tubular structures and the diameter
is about 100 nm.

The interior structure of the flower-like microsphere nanostruc-
tures was further characterized by TEM and HRTEM. Fig. 3a shows
core-corona architecture of the birnessite-type MnO,, which is
similar to the previous report [33]. From the TEM image, it can
be seen clearly that the nanosheets in the corona are grown per-
pendicularly/parallel from the core. The selected area electron dif-
fraction (SAED) pattern (inset in Fig. 3a) of a typical microsphere
indicates that it is polycrystalline. The HRTEM image (Fig. 3b) indi-
cates that the corona is composed of thin sheets crystallized in the
birnessite structure with a d-spacing about 0.6 nm. The distance is
lower than the d-spacing between the (001) planes (0.73 nm),
which is due to the dehydrating under the electron beam. It is no-
ticed that the distance between nanosheets is not even and there
are some dislocations along the nanosheet direction (red! dash cir-
cle in Fig. 3b), indicating the poor orientation of the (001) planes,
which agrees with the XRD result.

Fig. 3c and d show the TEM and HRTEM images of the a-MnO,
nanotube structures. As shown in Fig. 3¢, the o-MnO, nanotubes
have relatively uniform outer diameters ranging between 80 and
100 nm, and the wall thickness is about 20 nm. The SAED pattern
(inset in Fig. 3c) reveals the single-crystalline nature of the
o-MnO, nanotubes. The lattice fringes in Fig. 3d show that the
interplanar distance perpendicularly to the rod axis is 0.29 nm,
which agrees with the d value of (001) planes of a-MnO,. There-
fore, the nanotubes grow along the [001] direction. The TEM and
HRTEM results are consistent with XRD data, confirming the
mono-phase and good crystallinity of the «-MnO, nanotubes.

Fourier transform-infrared (FT-IR) and Raman scattering (RS)
spectroscopy have been proved to be useful alternatives and/or
supplements to X-ray diffraction for structural characterizations
of materials [34]. Because they are sensitive to crystalline disorders
as well as different local structural properties, FT-IR and RS

! For interpretation of color in Figs. 1, 4-6, the reader is referred to the web version
of this article.
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Fig. 3. TEM (a and c) and HRTEM (b and d) images of the products prepared at (a and b) 100 °C and (c and d) 140 °C in 25 min. The insets of a and c show the corresponding
SAED patterns.

spectroscopy can yield more complete and reliable description of broadband appears at around 3442 cm™! for both samples, which
materials, and further confirm our samples. is caused by the absorbent of interlayer hydrates and some hydro-

The FT-IR spectra of the samples are shown in Fig. 4A. From the xyl groups not from hydrates but those directly bound to the inter-
spectra results of as-prepared samples, it can be observed that a layer metal ions. And the bands at 1635 and 1385 cm™! represent
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Fig. 4. FT-IR spectra (A) and Raman scattering spectra (B) of the products prepared at (a) 100 °C and (b) 140 °C in 25 min.

the vibration due to the interaction of Mn with surrounding spe-
cies, such as OH, O, H", and K*. The water molecules or cations
intercalated into the MnO, interlayer or tunnels were introduced
during the synthesis to build/maintain the structures [35]. It has
been reported that in hydrous MnO, samples, the peaks appear
at 1620 and 1280 cm™! [36]. The high frequency shift in our case
reveals the strongly bonded nature [37]. The FT-IR spectra results
in the region of 800-400 cm™! reveal information about MnOg
octahedra (inset in Fig. 4A). A major difference between the two
kinds of samples has been witnessed in this region. For birnes-
site-type MnO,, a broadband is present at 514 cm~! while four
weak bands are recorded at 668, 456, 434 and 416 cm ™', respec-
tively. The results are different from that of literatures, viz. the
band at 635, 583, 513, 477, and 423 cm™, respectively [38]. Espe-
cially, the band at 423 cm™! indicates the crystalline order of the
birnessite compound [34]. The distortion of MnOg octahedra is
due to the constitutional water in the sample [37]. Obvious differ-
ences can be observed for «-MnO,. Two dominant bands at 524
and 466 cm~! and five weak bands at 720, 668, 636, 431, and
416 cm™! are recorded, which are similar to those previously
reported for a-MnO, materials [39].

Fig. 4B shows the Raman spectra of birnessite-type and
o-MnO,. Three main contributions at 506, 565, and 648 cm™! are
detected for the birnessite-type MnO,. The Raman band at
648 cm~! can be viewed as the symmetric v,(Mn-0) stretching
vibration of MnOg groups, and the band at 565 cm™! is attributed
to the v3(Mn-0) stretching vibration in the basal plane of MnOg
sheets [40]. The v3(Mn-0) stretching frequency presents a shift
of 10 cm™! toward the low-frequency side, which is attributed to
the defect chemistry and the local disorder of the as-prepared
birnessite structure [34]. The Raman spectrum of «-MnO, nano-
tubes has several contributions at 180, 380, 483, 570, and
635 cm™~!. The low-frequency Raman band at 180 cm~! is assigned
to an external vibration that due to the translational motion of the
MnOg octahedra, while the Raman band at 380 cm™! is caused by
the Mn-0O bending vibrations. It is emphasized that the relative
intensities of two high-frequency Raman bands at 570 and
635 cm™! are correlated to the nature of the tunnel species [39].
Hence, the spectrum reflects the good crystallinity of the
o-MnO,, which is in agreement with the structural studies re-
ported above.

3.2. Growth mechanisms of MnO, nanostructures

The formation mechanism of the flower-like MnO, micro-
spheres has been widely accepted in the previous report for hydro-

thermal method [41]. We believe that the microwave-assisted
hydrothermal method has a similar mechanism. In brief, firstly,
large amount of nuclei form rapidly in a short time and then
self-assembly to form amorphous spheres. During the hydrother-
mal process, an Ostwald ripening process is carried out, in which
smaller particles dissolve while the bigger ones grow into sheet-
like particles with a lamellar structure. Finally, the sheet-like par-
ticles tend to curl and assembly to form a core-corona hierarchical
structure.

By contrast, several models have been suggested in terms of the
formation of metal or metal oxide nanotubes in a solution-based
process. Ye et al. proposed a curving followed by seaming of
molecular layers mechanism for the tube-formation process of
materials with layered structure [42]. Mo et al. suggested a tem-
plate-roll-growth and template-twist-join-growth mechanism for
the formation of Te nanotubes [43]. Wang and Li proposed a rolling
mechanism for the conversion from MnO, nanosheets to nanotubes
[28].Luo et al. proposed a tip-/end-etching process for the formation
of MnO, nanotubes [44]. However, no evidence is shown to support
these hypotheses in our system.

The reaction in our process could be described as follows:

Half reaction:

2C1" — Cl, + 2e” (E® = —1.3595 V)

MnO, +4H" +3e~ — MnO, + 2H,0 (E° = +1.695V)

Overall reaction:

2MnO; +8H" +6Cl" <= 2MnO; + 3Cl, + 4H,0

To understand the formation of the o-MnO, nanotubes, the
reaction under different periods of time was investigated. Fig. 5
shows the TEM images of three samples taken at different stages
of the reaction. When the reaction proceeded for 5 min, some
microspheres with core-corona architecture were produced with
a diameter about 1 um, and the thickness of nanosheets is about
10 nm (Fig. 5a). After 10 min, the microspheres tended to collapse
and some fibrous structures formed. From Fig. 5b, it can be seen
that three different types of fibrous structures formed: nanorod
with a diameter about 20 nm (Fig. 5d); bundle-like tube with a
diameter about 50 nm (Fig. 5e); and nanotube with a diameter
about 80 nm (Fig. 5f). As shown in Fig. 5e, the bundle-like tube con-
sists of nanorods about 16 nm in diameter, which is consistent to
the diameter of the single nanorod in Fig. 5d. Fig. 5f shows that
the nanotube has smooth surface but an uneven end, and the wall
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Fig. 5. TEM images of the products prepared in 5 min (a), 15 min (b, d, e, and f), and 25 min (c) at a reaction temperature of 140 °C.

thickness is about 20 nm. When the reaction time was prolonged
to 25 min, the nanotubes with a diameter of 80-100 nm formed
in majority (>85%) (Fig. 5c).

It has been reported that «-MnO, nanowires/nanorods tended to
assemble along lateral surface and form thick nanorods through an
“oriented attachment” mechanism under the hydrothermal condi-
tion since the formation of bundles could reduce the surface-to-vol-
ume ratio and the surface energy [45-48]. The exact mechanism for
the formation of tubular nanostructures in our case is still under
investigation. But we believe that two mechanisms, as shown in
Fig. 6, are responsible for the formation of the nanotubes: (a) a disso-
lution—crystallization process that converts less ordered precursors
into nanorods (from nanosheets to nanorods); (b) an “oriented
attachment” process that aggregates nanorods along the lateral
faces to form tubular products. The formation process of the MnO,
nanotubes can be described as follows: At the initial stage, the 3D
hierarchical architectures formed as described above; then, nano-
rods were produced because at higher temperatures (140 °C) ther-
mal energy is enough to overcome the activation energy required
for the conversion from nanosheets to nanorods [49]. Meanwhile,
some nanorods tended to assemble along their side surfaces to re-
duce the surface energy. The small gaps between nanorods were
filled rapidly due to coarsening during aging, which led to recon-
struction of boundaries and smoothing of the surfaces. That is the
reason why the nanotubes show a single-crystalline nature. Since
the growth along the length direction ([00 1] direction) was very fast
that the mass transport to the growing regions would lead to under-

(@)

(d)

Fig. 6. Schematic illustration of the formation stages of different shapes of the
MnO; nanostructures.

saturation of reaction species in the central portions of the growing
faces, {001} planes, and eventually resulted in the formation of
tubular structure having hollow interiors. Similar process has been
observed in the formation of Te nanotubes [50]. It is necessary to
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Fig. 7. SEM images of the product prepared at 180 °C in 25 min.

note that the dissolution-crystallization and “oriented attachment”
are two simultaneous processes in the crystal growth [51], the sep-
arated stages in Fig. 6¢ and d are illustrated just for the convenience
of explanation. In our experiments, it was found that morphology of
the product prepared at 180 °C was different from that prepared at
140 °C, showing a hollow needle-like structure, which was due to
the fast growth rate of the nanorods at the external wall of the nano-
tubes (Fig. 7). This further confirms the proposed growth
mechanism.

4. Conclusions

In summary, we report a facile microwave-assisted hydrother-
mal route for the synthesis of 3D hierarchical and 1D tubular
MnO, nanostructures. The crystal phase and morphology can be
easily tailed by adjusting reaction temperature. The formation of
MnO, nanotubes follows the dissolution-crystallization and “ori-
ented attachment” process. Compared to conventional heating
methods, the microwave-assisted hydrothermal approach features
rapid growth of nanostructured MnO, with controlled structure,
which is ideal for large-scale production. We believe that this study
not only provides a new growth scheme of MnO, nanotube forma-
tion but also gives a rational strategy in synthesis and design of
nanomaterials with complex architecture and novel properties.
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