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Abstract
In this work, we report on large-scale synthesis of a-MnO 2 nanorods by the polyol route based on a simple redox
reaction using an organic reducing agents potassium permanganate (KMnO 4) and polyethylene glycol (PEG). The
as-synthesized amorphous MnO 2 is converted into crystalline form on annealing at temperature of 600 °C. The
formation of MnO 2 nanorod-like morphology is confirmed with scanning electron microscopy complemented with
high-resolution transmission electron microscopy. The nanorods measure about 50 – 200 nm in length and 50 nm
in diameter. The electrochemical lithium intercalation and de-intercalation of nanorods are performed by means
of galvanostatic charge-discharge cycling. The initial discharge capacity of nanorod a-MnO 2 is found to be about
214 mAh/g -1 with reasonably good rate capability.
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I. Introduction
Nanotechnology has attracted intense research interest
with regard to both its fundamental scientific significance
and applications owing to the superior properties of nanotechnology components compared to corresponding
bulk counterparts 1 – 4. Building blocks on nanoscale such
as nanotubes, nanowires, nanobelts, and nanorods have
been identified for the next generation of nanodevices in
the field of microelectronics and optoelectronics 5 – 7. In
recent years, it has been observed that nanomaterials play
an important role in achieving high-energy and high-power-density rechargeable Li-ion batteries essential to meet
future energy demand 8. Most commercial Li-ion batteries
use LiCoO 2 as electrode material on account of its superior electrochemical performance. However, the high cost
and toxicity of Co prevent its successful commercialization 9, 10. Against this background, research has been focused on lower-cost and environmentally friendly alternative materials such as manganese oxides. Manganese dioxide, MnO 2, is used in lithium secondary batteries 4, 11 – 14,
supercapacitors 15 – 17 catalysts 18, biosensors 19, 20 and
molecular adsorption 21 owing to its structural flexibility,
excellent chemical and electrochemical stability, ecological and economical compatibility, and high abundance in
nature. MnO 2 exists in different structural forms, that is
*
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a, b, c and d types, etc. depending upon the spatial arrangement of basic octahedral unit MnO 6 11.
It is generally recognized that the kinetics of Li + intercalation/deintercalation are mainly controlled by the diffusion rate of Li + in the solid matrix. Nanostructured materials are expected to offer high specific capacity, and rate
capability owing to their high aspect ratio and smaller diffusion path length for Li + transport compared to larger
particles 8. Particularly, the narrow diameter (or width) of
1-D nanostructures provides a much shorter Li + diffusion
path to enhance the electrochemical properties. In order to
develop high-performance nanoscale devices, it is essential
to develop convenient synthesis strategies that yield new
nanostructured materials with controlled morphologies,
crystallographic forms and distinctive performance. Until
now, the investigation of the 1-D nanostructured MnO 2 as
electrode materials has remained limited, despite the fact
that the shape and size of the material are generally known
to influence the properties of the electrodes, and in turn
their performance.
MnO 2 has often been prepared by means of (i) oxidation of Mn(II) with oxidant and (ii) reduction of MnO 4 with reductant. As fruit of the intensive research activities devoted to this topic, many synthesis methods have
been developed for 1-D manganese oxide. For instance,
nanowires were obtained with electrochemical step-edge
decoration and hydrothermal techniques 22 – 23. Many researchers have prepared 1-D nanorods of MnO 2 by sol-
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gel, hydrothermal and low-temperature liquid phase comproportion methods 20, 24. It is well known that MnO 2
transforms to Mn 2O 3 and Mn 3O 4 at higher temperatures,
which is an obstacle for rechargeable Li-ion cells. It is always desirable to prepare dehydrated a-MnO 2 as cathode
material for efficient intercalation and deintercalation of
lithium in the tunnels. In this report, we demonstrate the
large-scale preparation of MnO 2 nanorods based on the
reduction of KMnO 4 with PEG at a high temperature.
II. Experimental
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MnO 2 (Fig. 1b). All the diffraction lines were indexed on
the basis of the tetragonal phase (space group I4/m) of
a-MnO 2 (JCPDS 44 – 0141). The morphology of the obtained a-MnO 2 is shown in the FESEM images in Fig. 2.
Amorphous oxides exhibited highly clustered granules of
varying size between 30 and 50 nm as seen in Fig. 2a. The
formation of nanorods of the a-MnO 2 was clearly seen upon sintering of the as-synthesized MnO 2 at 600 °C. A magnified SEM image indicates that the individual nanorods
have a size of about 50 – 200 nm in length and 50 nm in diameter (Fig. 2b).

(1) Synthesis
All chemical reagents were purchased from Aldrich and
used as-received. Typically, 3.16 g KMnO 4 was dissolved
in 200 ml deionized water, and after complete dissolution, 20 ml PEG was added drop wise on vigorous stirring. The brownish-black colour precipitate confirmed
completion of the reaction. The obtained precipitate was
washed with deionized water several times and then rinsed
with ethanol. The resultant amorphous precursor was annealed to 600 °C, which yielded the dehydrated and highly
crystalline 1-D a-MnO 2 nanorods.
(2) Characterization
Powder X-ray diffraction (XRD) patterns of the synthesized products were recorded using a Philips XRD ‘X’
PERT PRO diffractometer with CuKa as a source. The
morphology and structural properties of the as-synthesized products were further investigated by means of field
emission scanning electron microscopy (FESEM, JEOL,
JSM 6700F) and high-resolution transmission electron microscopy (HRTEM, Tecnai). A Sartorius balance, model
CP22D-OCE, with 10 lg sensitivity was used to weigh the
electrodes and materials.
(3) Electrode preparation and electrochemical characterization
The electrochemical performance of the cathodes was
evaluated with CR2032 coin cells (cell components from
Hohsen Corp., Japan) fabricated with metallic lithium anode and 1 M LiPF 6 in ethylene carbonate (EC) and diethyl carbonate (DEC) electrolyte (from EM Industries
Inc.). The cathodes were fabricated by mixing 75 wt% active material, 20 wt% binder of conducting carbon and
5 wt% poly-tetrafluoroethylene (PTFE) with a few drops
of isopropyl alcohol, then rolling the mixture into thin
sheets, which were then cut into circular electrodes of the
size 0.64 cm -2. The cathodes and cell components were
dried at 110 °C overnight in a vacuum. Cells were assembled in an argon-filled glove box. A Celgard microporous
polypropylene film was used as the inter-electrode separator. An Arbin battery tester was used for galvanostatic
charge-discharge cycling.
III. Results and Discussion
The crystalline phase and purity of the sample were determined by means of powder XRD analysis. Fig. 1 shows
the powder XRD patterns of as-synthesized MnO 2 and
annealed MnO 2. The sample synthesized at room temperature was amorphous in nature as shown in Fig. 1a. Upon heat treatment at 600 °C, it formed highly crystalline

Fig. 1: Powder XRD diffraction patterns of (a) as-prepared MnO 2
and (b) annealed a-MnO 2 at 600 °C.

Fig. 3a shows the typical TEM image of a-MnO 2
nanorods formation using the present approach and is
consistent with earlier observations. EDAX shown as an
inset in Fig. 3b indicates the presence of Mn, O and a trace
amount of K in the sample. The recorded FFT of a-MnO 2
confirms the crystalline nature of the individual rods as
seen in Fig. 3c. The clear lattice fringes are evident from
HRTEM image as seen in Fig. 3d. The interplanar spacing
between two fringes is 0.69 nm, corresponding to (110)
plane as observed in the XRD pattern.
In order to assess the electrochemical performance of
nanorods a-MnO 2, the fabricated electrodes were galvanostatically cycled between 1.5 and 4.3 V vs. Li +/Li.
The charge-discharge curves of the a-MnO 2 electrode
recorded at 23.6 mAg -1 are shown in Fig. 4. These twostage processes of lithium insertion and extraction of the aMnO 2 material were clearly explained in the literature 11.
First step of lithium insertion was attributed to a singlephase process in which lithium is inserted into an a-MnO 2
framework to form Li 0.5MnO 2. The second stage of lithium insertion occurred in Jahn-Teller-distorted Mn ions,
when the average manganese oxidation state reaches 3.5
in the electrode materials. In the present study, a-MnO 2
nanorod electrodes exhibited the initial discharge capacity
of about 214 mAh/g -1, which corresponds to 0.70 Li, and
maximum Li insertions occurred at higher voltage (≥ 2 V).
Recently, Kijima et al 25. have reported the discharge capacity of 230 mAh/g -1 for a-MnO 2 at a lower current
density of 10 mAg -1. The nanorods of a-MnO 2 with the
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Fig. 2: SEM images of (a) as-prepared amorphous MnO 2 nanoparticles and (b) crystalline a-MnO 2 nanorods after annealing at 600 °C.

Fig. 3: (a) TEM image of a-MnO 2 nanorods, (b) EDAX pattern of nanorods, (c) SAED ring pattern and (d) HRTEM image of single a-MnO 2
nanorod.
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present method offers the discharge capacity of 214 mAg -1
even at a high current density of 23.6 mAg -1. The value is comparable with the reported a-MnO 2 nanofibres.
Moreover, the obtained discharge capacity of nanorods is
much higher than that of bulk materials. It is well documented that c-MnO 2 demonstrates better electrochemical performance than a-and b-MnO 2 as cathode materials in batteries. However; the discharge capacity of the obtained a-MnO 2 nanorods in the present work is even higher than that of the c-MnO 2 commercial powders. Hence,
the as-synthesized 1-D nanostructured a-MnO 2 shows an
enhanced performance. To check the rate capability of
the a-MnO 2, the electrodes were subjected to charge discharge cycling at different current densities. The specific
capacity of nanorod electrodes against different C-rates is
shown in Fig. 5. On increasing the C-rate from 0.1 C-rate
to 0.2 C-rate, the initial capacity was reduced from 170 to
150 mAh/g -1 which is approximately 79 % and 70 % of
the capacity observed at 0.1 C-rate. Similar behaviour was
observed earlier with other electrode materials 26, 27. Cycle-life studies were performed with a-MnO 2 electrodes at
0.1 C-rate. The specific capacity of nanorods a-MnO 2 was
found to be 67 mAh/g -1 after 25 cycles, which corresponds
to 31 % of the initial capacity as shown in Fig. 6. Upon repeated cycling, the capacity reduces further to 40 mAh/g -1
after 50 cycles. This capacity loss is attributed to the fraction of lithium ions inserted during the initial discharge
becoming locked within the tunnels of MnO 2 for structural stabilization, inherent structural properties of MnO 2
and structural change from a-MnO 2 framework to a defect
rock salt structure. However, the capacity retention can be
improved by modifying the surface with ZnO and TiO 2
coating, which is currently being studied with the aim of
stabilizing capacity values and rate capability.
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Fig. 5: Specific capacity of a-MnO 2 nanorods versus different current densities.

Fig. 6: Discharge capacity of a-MnO 2 nanorods versus cycle number recorded in ambient conditions.

IV. Conclusions
The large-scale synthesis of MnO 2 nanorods was successfully demonstrated based on the simple redox reaction of KMnO 4 using PEG. Interestingly upon sintering at 600 °C, the amorphous MnO 2 was converted into a-phase without undergoing conversion into Mn 2O 3
at higher temperatures. Electrochemical studies revealed
that the initial discharge capacity of nanorod a-MnO 2 was
about 214 mAh/g -1 at 0.1 C-rate. These results indicate
the potential large-scale synthesis of MnO 2 with nanorodlike morphology as an efficient electrode material for Liion batteries.
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