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Abstract: Nanostructured MnO,/CNT composite was synthesized by a soft template approach in the presence of Pluronic P123
surfactant. The product was characterized by X-ray diffraction, thermogravimetric and differential thermal analyses, Fourier
transformed infrared spectroscopy and high-resolution transmission electron microscopy. The results show that the sample consists of
poor crystalline a-MnO, nanorods with a diameter of about 10 nm and a length of 30—50 nm, which absorb on the carbon nanotubes.
The electrochemical properties of the product as cathode material for Li-MnO, cell are evaluated by galvanostatic charge-discharge
and electrochemical impedance spectroscopy (EIS). Compared with pure MnO, electrode, the MnO,/CNT composite delivers a much
larger initial capacity of 275.3 mA-h/g and better rate and cycling performance.
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1 Introduction

Rechargeable lithium batteries have long been
considered an attractive power source for wide
applications, ranging from portable electronics to
large-scale application such as plug-in hybrid vehicles
[1-3]. Various transition metal oxides have been widely
studied as electrode materials for rechargeable lithium
batteries because of their high theoretical capacity, safety,
environmental benignity, and low cost [4—7]. Among
transition metal oxides, manganese(IV) oxide is one of
the most attractive electrode materials for lithium
batteries with environmental friendliness, low cost, and
natural abundance [8-9]. However, its potential
application in rechargeable lithium batteries is limited by
its poor electrical conductivity and large volume
expansion during repeated cycling processes [8].
Nanostructured morphologies of these electrodes with
controlled crystallinity have been designed to overcome
some of these challenges [10—11]. MnO,/CNTs
nanocomposite [12], MnO,/VACNTSs [13]
nanocomposite, graphene oxide-MnO, nanocrystals [14]
and polythiophene/MnO, nanocomposite [15] were
prepared to improve their capacitive properties. One-
dimensional (1D) [16] and three-dimensional (3D) [17]

nanostructured MnO, were always synthesized by
template method. Template synthesis [18] is a simple and
versatile method widely used to obtain nanomaterials and
porous structures.

In this study, to combine the merits of template
synthesis and the excellent electrical conductivity of
CNTs, a-MnO,/CNTs nanostructure was constructed and
prepared by soft template synthesis. Its electrochemical
performances in rechargeable lithium batteries were
investigated.

2 Experimental

2.1 Synthesis of MnO,

MnO,/CNT composite was prepared by a template
method in de-ionized water at room temperature. 0.03 g
block copolymer P123 was dissolved in 10 mL
de-ionized water and mixed with 10 mL 0.4 mol/L
MnSQ, and carbon nanotubes (the theoretical content in
the final product is 5%). After being stirred for 12 h, 20
mL solution containing stoichiometric KMnO4 was
added dropwise to the above-mentioned solution and
stirred constantly for 24 h. The precipitate was filtered
and washed several times, and then dried at 80 °C for 12
h. Finally, the samples were annealed at 350 °C for 6 h
to exclude the sample for TGA measurement. For
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comparison, the MnO, was synthesized without addition
of CNTs.

2.2 Characterization

Crystal structure of the manganese oxide was
identified by X-ray powder diffraction (D/MAX-IIIC)
with a Cu K, target. Morphology was examined using a
scanning electron microscope (JEOL, ISM—6360LV) and
a high-resolution transmission electron microscope
(JEOL, JEM-3010). Fourier transformed infrared
spectroscopy analysis was carried out on a Bruker
Equinox55 spectrophotometer (AVATAR360 Nicolet).
Thermogravimetric analysis was conducted in N,
atmosphere at a heating rate of 10 °C/min on a thermal
analyzer (TGA/SDTAS851°, METTLER TOLEDO).

2.3 Electrochemical measurement

The as-synthesized products were employed as
cathode active materials for rechargeable lithium-ion
cells. The MnO,/CNT or MnQO, electrode was composed
of 75% (mass fraction) active material, 15% carbon
black (containing 5% CNTs) and 10%
polytetrafluoroethylene (PTFE). The mixture was
pressed into Al foil. The electrodes were dried at 120 °C
in a vacuum furnace for 24 h. The coin cells were
assembled using MnO, or MnO,/CNT as working
electrode, lithium metal foil as the counter, and 1 mol/L
solution of LiPF¢ in 1:1 (V/V) mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC) as
electrolyte, and a Celgard 2400 membrane was used as
separator.

Electrochemical performance was investigated
using the Land 2001A battery measurement system
(Wuhan, China). All the laboratory-made Li-MnO, cells
were charged and discharged at a rate of 30 mA/g
between 3.5 and 2.0 V vs Li/Li". EIS tests were
conducted by PARSTAT 2273 electrochemical system in
the frequency range of 1 MHz—1 mHz, with perturbation
amplitude of 5 mV.

3 Results and discussion

3.1 Structure analyses

Figure 1 shows the typical TG-DTA behavior of the
synthesized manganese oxide. A mass loss of 16% at
temperatures higher than 550 °C has been detected. The
apparent mass loss (about 9%) from room temperature to
200 °C can be assigned to the loss of absorbed water and
crystalline water [19], corresponding to endothermal
peaks around 100 °C and 200 °C, respectively, in the
DTA curve. The synthesized MnO, decomposes rapidly
to form Mn,O; at temperatures beyond 500 °C [19], and
there is a corresponding sharp endothermal peak at
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Fig. 1 Typical TG-DTA behavior of synthesized manganese
oxide

about 520 °C in the DTA curve.

Figure 2 shows the XRD patterns of the products
after being annealed at 350 °C for 6 h. The samples were
poorly crystallized with broad peaks at 37.1° and 42.6°,
indicating the formation of «-MnO, (JCPDS No.
44—0141). There are no diffraction peaks of Mn,O;. This
confirms that MnO, does not decompose to Mn,O; at a
temperature of 350 °C or below, which is in good
agreement with the TG-DTA result. The broad diffraction
peaks of the sample indicate that its particle size should
be small.
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Fig. 2 XRD patterns of as-synthesized products

The FTIR spectrum of the MnO,/CNT is shown in
Fig. 3. The broad peak around 2 940 cm ™' is attributed to
stretching vibration of H—O—H and the weak peaks at
about 1 080 cm ', 1 540 cm ' and 1 602 cm ' are
assigned to bending vibration of the O—H group,
relating to the presence of trace absorbed and crystalline
water molecules occluded in the solid during the
synthesis of the material [17]. The peak at 513 cm ' can
be assigned to the Mn—O bending vibration of a-MnO,
[20—21], which is related to the vibration of MnOg
octahedron. No peak of P123 was observed, which
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Fig. 3 FTIR spectrum of as-prepared MnO,/CNT

suggests that the surfactant can be completely removed
by washing.

3.2 Morphology characterization
HRTEM images of MnO,/CNT are presented in
Fig. 4. It can be seen that agglomerated MnO, particles

Fig. 4 HRTEM images of MnO,/CNT: (a) TEM images of
MnO,/CNT; (b), (c) HRTEM images of MnO,

with an average size of 50—150 nm were attached to the
CNTs. The adjacent MnO, nanorods are 10 nm in
diameter and 30—50 nm in length (Fig. 4(c)), which are
mixed together irregularly. The effect of surfactant P123
in this study can be speculated as follows. Mn*" first
coordinates with the surfactant to form Mn*"-P123
complex. When the Mn*" is oxidized by KMnO,, the
MnO, particles grow along the surfactant chains,
forming nanorods. These nanorods pile up and form clew
shapes, which can be seen in Fig. 4(a).

3.3 Electrochemical characterization

Electrochemical properties of the as-synthesized
a-MnO, nanostructures were investigated in rechargeable
Li-MnO, cells. Figure 5 shows the first discharge
behaviors and cycling performances of the
laboratory-made Li-MnO, and Li-MnO,/CNT cells. Both
of the Li-MnO, and Li-MnO,/CNT cells show a flat
plateau in the voltage of 2.8 V in the first discharge
curves, and the discharge capacities reach 223.4 mA-h/g
and 275.3 mA-h/g (The capacity of CNTs is excluded
from the electrode in this work), respectively. These
values are much higher than those of a-MnQO, nanofibers
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Fig. 5 First discharge curves of MnO, and MnO,/CNT
electrodes in Li-MnO, cells (a) and discharge capacities of
MnO, and MnO,/CNT over the first 25 cycles (b) (Voltage:
3.5-2.0V, current rate: 30 mA/g)
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fabricated by combining template-based method and
sol-gel chemistry [22], which delivered a first capacity of
183 mA-h/g and a stabilized capacity of 134 mA-h/g after
10 cycles.

The synthesized MnO,/CNT also exhibits favorable
cyclic stability, and retains a considerable capacity of
203.0 mA-h/g after 25 cycles. The a-MnO, delivers a
first discharge capacity of 223.4 mA-h/g and retains only
102.9 mA-h/g after 25 cycles, indicating 54% loss of
capacity. But we also can see from Fig. 5 that the
discharge capacities of the second cycle are much lower
than those of the first one. This is likely due to the fact
that a fraction of the lithium ions inserted during the
initial discharge becomes locked within the crystal
structure of MnO, for lattice stabilization purpose [22].

The rate performances of the MnO, and MnO,/CNT
electrodes were also investigated, their discharge curves
and cycling performance are shown in Fig. 6. The
discharge capacity of MnO, and MnO,/CNT electrodes
at the current rate of 200 mA/g in the range of 3.5-2.0 V
are 166.1 mA-h/g and 200 mA-h/g, respectively. After 10
cycles, the capacity retention ratios of MnO, and
MnQO,/CNT electrodes are 57.5% and 81.5%. The MnO,/
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Fig. 6 Discharge curves of MnO, and MnO,/CNT electrodes (a)
and their cycling performance (b) at 200 mA/g in range of
3.5-2.0V

CNT electrode exhibits excellent rate capability and
capacity retention.

The enhanced electrochemical performances of the
0o-MnO,/CNT can be ascribed to nanorods structures and
improved conductivity by inducing highly conductive
CNTs. The poor crystalline a-MnO, nanorods might
possess high surface areas [22], to provide more active
sites for the contact between electrode material and
electrolyte [23], shortening Li" diffusion distance. The
conductive CNTs can facility electron transport to the
MnO, nanorods, and the unique geometric nanostructure
and electrical properties of CNTs significantly promote
the dispersion of MnO, nanorods with strong interaction
[24]. So we can conclude that the a-MnO,/CNT
nanostructrue is beneficial to faster diffusion kinetics and
decreases electrode polarization.

Figure 7 presents typical Nyquist plots of MnO, and
MnO,/CNT electrodes obtained before the first discharge.
As can be seen from Fig. 7, the MnO,/CNT electrode has
a much smaller charge transfer resistance than the MnO,
electrode, which indicates that CNTs improve the
electrical conductivity of MnO, electrode. The smaller
charge transfer resistance is also a contributor for the

enhanced electrochemical performances mentioned
above.
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Fig. 7 Electrochemical impedance results of a-MnO, and

MnO,/CNT electrodes

4 Conclusions

1) MnO,/CNT nanocomposite was successfully
synthesized by soft template method, and its application
for rechargeable lithium batteries was studied.

2) The products have poor crystalline characteristics,
and the adjacent nanorods are fused to each other
irregularly to form spherical-like agglomerations. The
MnO, nanorods are absorbed on CNTSs in the MnO,/CNT
composite.

3) The MnO,/CNT electrode delivers a much larger
discharge capacity and better cyclic stability and rate
capability than pure a-MnO,.
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