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Abstract The partial coverage of manganese oxide

(MnO2) particles was achieved on the surfaces of

multi-walled carbon nanotubes (MWCNTs) through

a facile hydrothermal process. These particles were

demonstrated to be alpha-manganese dioxide

(a-MnO2) nanocrystallites, and exhibited the appear-

ance of the whisker-shaped crystals with the length of

80–100 nm. In such a configuration, the uncovered

CNTs in the nanocomposite acted as a good conduc-

tive pathway and the whisker-shaped MnO2 nanocrys-

tallites efficiently increased the contact of the

electrolyte with the active materials. Thus, the highest

specific capacitance of 550 F g-1 was achieved using

the resulting nanocomposites as the supercapacitor

electrode. In addition, the enhancement of the capacity

retention was observed, with the nanocomposite losing

only 10% of the maximum capacity after 1,500 cycles.
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Introduction

The use of manganese oxides (MnO2) for electro-

chemical energy storage has continued to expand to

new applications, most recently to the field of electro-

chemical capacitors (Chou et al. 2008; Devaraj and

Munichandraiah 2008; Estaline Amitha et al. 2009;

Pang et al. 2000). The increasing worldwide interest in

this area is based primarily on the anticipation that

MnO2 will ultimately serve as a low-cost alternative to

disordered hydrous RuO2 which provides extremely

high specific capacitance as high as 760 F g-1;

however, it has several drawbacks, such as its being

relatively expensive and toxic, that limit its commer-

cialization of supercapacitors employing this material.

MnO2 appears to be a promising electrode material for

supercapacitors, because of its high theoretical capac-

itance capacity in the range 1,100–1,300 F g-1 cou-

pled with the low cost and environmental-friendly

nature (Ma et al. 2004; Pang et al. 2000; Toupin et al.

2004; Xu et al. 2009).

Several groups have reported that, when MnO2 is

formed as the thin film with tens of nanometers

thickness on planar current collector, anomalously

high gravimetric capacitances (*700–1,380 F g-1)

can be observed (Ma et al. 2004; Pang et al. 2000;

Toupin et al. 2004). Maintaining the MnO2 thin film

at the nanometer scale or coating in close proximity

to the current collector could overcome the limitation

of the poor electronic conductivity of MnO2 (10-5–

10-6 X-1 cm-1), and also reduce the distances for
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the solid-state transport of insertion cations (Toupin

et al. 2004). Therefore, it is very important to develop

a facile and effective method to achieve high

usability and dispersibility of MnO2 in the compos-

ites. One effective solution is combining the proper-

ties of MnO2 and carbon nanotubes (CNTs) with

large surface area and low resistance to enhance to

performance of the electrodes. Because the pseudoc-

apacitive reaction of MnO2 is a surface reaction,

MnO2/CNTs composites with MnO2 thin film at the

nanometer scale have been demonstrated to offer

high specific capacity and good high-rate capability

(Chen et al. 2007; Fan et al. 2006, 2008; Ma et al.

2008; Xie and Gao 2007).

In this study, the partial coverage of the low-

dimensional crystallites of MnO2 on the surfaces of

multi-walled carbon nanotubes (MWCNTs) was

prepared through a facile hydrothermal process. In

such a configuration, it is expected that the uncovered

CNTs in the nanocomposite could act as an efficient

conductive pathway, the covered CNTs could serve

as a high effective current collector and a substrate

for the MnO2, and the low-dimensional crystallites of

MnO2 with large surface area could efficiently

increase the contact of the electrolyte with the active

materials, thus making such nanocomposites with

unique microstructure very promising for electrode

materials for supercapacitor.

Experimental section

Commercial MWCNTs (purity C 95 wt%, 20–40 nm

in diameter, 5–15 lm in length, CVD method,

Shenzhen Nanoharbor Co.) were added in saturated

potassium permanganate solution, and the resultant

suspensions were subsequently adjusted with hydro-

chloric acid until the pH decreased to around 1. After

treating under low power ultrasonic irradiation for

6 h at 70 �C, the mixture was transferred to hydro-

thermal kettle, and allowed to dwell in the oven for

6 h under 140 �C. The system was then naturally

cooled down to room temperature when the reaction

was finished. The obtained product was filtered,

washed thoroughly with deionized water to remove

the remaining ions until the pH reached to 7, and then

dried in a vacuum at 100 �C.

The morphology and microstructure of the result-

ing nanocomposites were characterized by a S-4800

(Hitachi) field emission scanning electron micros-

copy (SEM) , H-800 (Hitachi) transmission electron

microscopy (TEM), and JEM-2010 (JEOL) high

resolution SEM. The chemical composition was

analyzed by energy dispersive spectroscopy (EDS)

attached to SEM, and the crystal structure was

determined on a RIGAKU D/Max-2550 PC X-ray

diffraction instrument. The specific surface area

(BET method) was determined by nitrogen adsorp-

tion–desorption isotherms using Quantachrome

NOVA-2000 sorption analyzer.

Electrodes for supercapacitor were prepared by

pressing the resulting nanocomposites into the nickel

mash current collector under 5 MP and 100 �C for

30 min. The cyclic voltammogram was recorded on a

CHI 1000A electrochemical working station (CH

Instrument, Inc.) in 1 M Na2SO4 aqueous solution

using a Pt wire as the counter electrode and Ag/AgCl

as the reference electrode. All electrochemical exper-

iments were carried out at room temperature. The

specific capacitance obtained from the current–volt-

age curves could be calculated according to the

following equation: C = i/sm, where ‘i’ was the

average current, ‘s’ was the potential sweep rate, and

‘m’ was the mass of each electrode.

Results and discussion

Figure 1a clearly shows that the partial coverage of

the MnO2 particles was successively achieved on the

surfaces of MWCNTs during the hydrothermal pro-

cess. It is found that the MWCNTs pretreated in

saturated potassium permanganate solution remained

in long tubes, while some long exposed tubes and

tube ends can also be observed, which would lead to

the decrease in the electrical resistivity of the

nanocomposite. Figure 1b shows further that the

MnO2 particles on the surface of CNTs formed

whisker-like microstructures with the length of 80–

100 nm. Furthermore, the selected area electron

diffraction pattern for whisker-shaped MnO2 particles

displayed only two diffraction rings as shown in

Fig. 1c, which indicated the existence of the nano-

crystalline microstructure of MnO2. The chemical

composition for the nanocomposites were further

characterized using EDS attached to the SEM, which

revealed that the nanocomposites contain the ele-

ments manganese, carbon, oxygen, and less than
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8% wt/wt potassium probably located within the

tunnel of MnO2 nanocrystallites (Chen et al. 2007).

It is well known that the CNTs dispersed in an

aqueous solution containing MnO4
- ions can act as a

reducing agent as well as a substrate for MnO4
- ions,

and promote the reduction process (Ma et al. 2007;

Xie and Gao 2007). It is reasonably believed that the

oxygen-containing functional groups can act as

nucleation centers for the growth of MnO2 nanocrys-

tallites. During hydrothermal process, the MnO4
- in

the solution were first deoxidized to Mn2? which

were then adsorbed to the surfaces of the MWCNTs

with oxygen-containing functional groups, such as

carboxyl groups, through electrostatic attraction, and

it in situ oxidized to low-dimensional MnO2 nano-

crystallites (Xie and Gao 2007). Interestingly, it is

found that the partial coverage of whisker-shaped

MnO2 nanocrystallites was achieved on the surfaces

of the MWCNTs treated the acidic solution of

potassium permanganate under ultrasonic irradiation,

and almost no MnO2 nanocrystallites could be grown

on the perfect surfaces of the MWCNTs (Fan et al.

2010), which provided an evidence supporting that

the oxygen-containing functional groups could act as

nucleating centers to grow the MnO2 nanocrystallites.

Although whisker-shaped a-MnO2 nanocrystallites

possess high aspect ratio and high surface area, which

can contribute to the increase of the interface area

between the active material and electrolyte, it is

shown that the BET surface area is slightly increased

from 52.772 m2 g-1 for MWCNTs to 55.591 m2 g-1

for the resulting nanocomposites.

X-ray diffraction patterns of the MWCNTs and the

resulting nanocomposites are shown in the Fig. 2.

The four weak, broad peaks situated at 2h values of

approximately 11.77�, 25.54�, 36.88�, and 65.5� can

be attributed to the (110), (220), (400), and (002)

diffraction of the a-MnO2 (Ma et al. 2007; Subrama-

nian et al. 2005; Xu et al. 2007), respectively. It is

noted that the (110) plane for the composite dif-

fracted at 11.77� has an interplanar distance of 7.51

angstroms; however, following the JCPDS card, the

(110) plane has interplanar distance of 6.92 ang-

stroms. The difference between the theoretical and

the experimental results may be related to the small

size of the MnO2 particles. It is known that nano-

meter-sized materials have greater interplanar dis-

tance than the bulk ones. In addition, the absence of

peaks with high diffraction intensities (such as (200)

and (310)) together to the presence of others

Fig. 1 Typical TEM

images of MnO2/MWCNTs

(a) and (b) at different

magnification, and

the corresponding ED

pattern (c)
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crystalline peaks in the XRD diffractogram illustrated

in Fig. 2 is an indicative which amorphous and a-

MnO2 particles coexist in the composite. The capac-

itance properties are due to intercalation/deintercala-

tion of protons or cations in MnO2, thus the large

200 9 2 tunnels existing in the crystalline lattice of

a-MnO2 are expected to be very useful for capaci-

tance studies (Devaraj and Munichandraiah 2008; Xu

et al. 2007). In addition, four weak peaks located at

2h values of approximately 26.5�, 42.4�, 54.7�, and

77.4� are characteristic of graphite in MWCNTs,

corresponding to the (002), (100), (004), and (110)

reflection planes, respectively (Xie and Gao 2007).

The supercapacitive properties of the resulting

nanocomposites were evaluated by cyclic voltammetry

at the scan rate of 2, 5 and 10 mV s-1, respectively.

Figure 3 shows clearly the rectangular and symmetric

current–voltage characteristics of the excellent sup-

ercapacitor. Moreover, with the increase of the scan

rate, current–voltage curves were still symmetric,

indicating stable charge–discharge characteristics at

high scan rate. The corresponding specific capacitance

at the scan rate of 2, 5, and 10 mV s-1 were calculated

to be 555, 550, and 480 F g-1, respectively. The

excellent supercapacitive properties of the resulting

nanocomposites can be attributed to their unique

microstructure. It is well known that the values of

capacitance are strictly connected with the nature and

surface of the electrode/electrolyte interface. On the

one hand, the anchoring of whisker-shaped a-MnO2

nanocrystallites on surface of MWCNTs can obviously

increase the effective contact of the electrolyte and the

active materials. On the other hand, CNTs in the

nanocomposite can provide highly effective conduc-

tive pathway to provide more effective electrical

transport from the active materials to the current

collector.

Figure 4 shows the influence of the cycle numbers

on the current–voltage curves at the scan rate of

5 mV s-1. The capacitance loss of the resulting

nanocomposites after 1,500 consecutive cycles is less

than 10% and then maintaining stable, which can be

attributed to the good electrochemical stability of the

electrode. The improvement in the performance of

the electrode benefits from the stable microstructure

through anchoring whisker-shaped MnO2 nanocrys-

tallites onto the surface of MWCNTs and the

presence of facile transport pathways in the

Fig. 2 The XRD patterns of the MWCNTs and MnO2/

MWCNTs nanocomposite

Fig. 3 The current–voltage curve of the MnO2/MWCNTs

nanocomposite at various scan rates

Fig. 4 The current–voltage curve of the MnO2/MWCNTs

nanocomposite as a function of the cycle number
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nanocomposites. The long-term stability further

proves that the resulting nanocomposite is a good

candidate as a material for supercapacitor electrodes.

Conclusions

In this study, alpha-manganese dioxide nanocrystal-

lites anchored on MWCNTs were achieved through a

facile hydrothermal reaction route. The highest

specific capacitance of 550 F g-1 at the scan rate of

2 mV s-1 was obtained by using such nanocompos-

ites as supercapacitor electrode, and moreover the

enhancement of the capacity retention was observed,

just losing 10% of the maximum capacity after 1,500

cycles and then maintaining stable. The excellent

supercapacitive properties of the resulting nanocom-

posites were attributed to their unique microstructure

and a large tunnel cavity in the a-MnO2 crystal

structure, in which the uncovered MWCNTs in the

nanocomposites acted as a good conductive pathway

to facilitate electron transport from the active mate-

rials to the current collector, and the whisker-shaped

a-MnO2 nanocrystallites with large surface area could

obviously increase the effective contact of the elec-

trolyte and the active materials. Such nanocomposites

with unique microstructure have been demonstrated to

be excellent candidate electrode materials for high-

performance supercapacitors.
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