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Abstract Manganese oxide/carbon nanotube (CNT)

composite films on graphite were prepared by growing

CNTs on the substrate using chemical vapor deposition

(CVD), followed by immersion in an aqueous solution of

potassium permanganate. The CVD growth created favor-

able conditions for deposition of the oxide on the electrode,

and an aligned porous structure of the composite films,

which originated from the CNT growth, could be managed.

Electrochemical behaviors of the CNT and the composite

films for supercapacitors were studied in 1 M Na2SO4

solution. While the oxide deposition in the CNT films was

identified as contributing to capacitance enhancement, it

was also found that a mild heat treatment could improve

performance of the composite films.

Introduction

Supercapacitors are energy storage and conversion devices

that have a higher energy density than conversional

capacitors, and a larger power density than batteries. There

are two mechanisms to perform the energy storage and

conversion: separation of electronic and ionic charge at the

electrode/electrolyte interface and faradic redox reactions.

The operation based on charge separation generally needs

electrode materials of large surface area to provide the so

called double-layer capacitance. Porous carbon materials,

such as activated carbon, carbon aerogel, carbon nano-

tubes, etc., have been widely used and studied [1–3]. For

electrochemical redox reaction operation, certain metal

oxides, and conducting polymers are usually utilized as the

active materials because of their high pseudo-capacitance

[4, 5].

Among various metal oxides, manganese oxide (MnOx)

is one of the most promising candidates for pseudo-capaci-

tance, owing to its high-specific capacitance, abundance

of manganese, low cost, and environmental friendliness.

However, a major challenge from using the oxide in sup-

ercapacitors is its low electrical conductivity. To overcome

this disadvantage, various approaches have been under-

taken, such as engineering MnOx with specific nanostruc-

tures [6, 7] or synthesizing MnOx composites with

conducting materials [8–11]. When utilized to form com-

posites, carbon materials in their various forms, for example,

mesoporous carbon, exfoliated graphite, and particularly

carbon nanotubes (CNTs), can significantly increase elec-

trochemical performance of MnOx. It is the good electrical

conductivity and porous structure of CNTs that contribute

to the electrochemical improvement. The MnOx/CNT

composites are typically interesting for applications as

positive electrode materials, coupled with activated carbon

as a negative electrode material to form asymmetrical

supercapacitors.

Chemical vapor deposition (CVD) is a known method of

producing aligned CNT films that can reach millimeter

scale thickness on certain substrates [12–15]. Using the in

situ grown CNTs to make composite films, unique struc-

tures may be achieved. There have been only limited

studies on using CNTs grown on electrically conducting

substrates to form MnOx/CNT composite films for sup-

ercapacitors [16–20]. Since electrochemical performance

of MnOx/CNT is not only determined by morphology and

distribution of MnOx in the composites but also the origin

and texture of the carbon frame work, there is a need to

investigate the composite films made using directly grown
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CNTs. In addition, this approach may avoid employment of

polymer binders that may introduce unnecessary charge

transfer barriers at particle–particle and electrolyte–elec-

trode interface to affect study.

The most studied way to prepare the composite films

using the in situ grown CNTs is electrodeposition of MnOx

into the CNT films [17–20]. However, successful electro-

deposition of the oxide deep into the CNT films requires

that the CNT films are not dense and are very thin. For low

packing density and vertically aligned CNT films, their

diameter has to be sufficiently large to resist collapse from

the aligned structure [20]. In addition, oxidative treatment

may be required to improve wettability of the CNTs for

better deposition [20]. In this study, dense CNTs were

grown on a graphite substrate by CVD, and the composite

films were prepared by simple immersion of the CNT films

in a potassium permanganate solution.

Permanganate has a history of use as an oxidizer in the

manufacture of organic chemicals. The primary redox

reaction for permanganate is given as MnO4
- ?

8H? ? 5e- ? Mn2? ? 4H2O. With excess permanganate,

Mn2? can be oxidized subsequently as 3Mn2? ? 2MnO4
-

? 2H2O ? 5MnO2 (s) ? 4H?, leading to formation of

manganese oxide. More recently, permanganate solutions

were used to purify CNTs, typically from amorphous car-

bon, with formation of manganese oxide that was usually

removed by washing with the acids [21–23]. In this study,

instead of removing the manganese oxide, its presence on

CNTs was used to construct the aligned MnO2/CNT com-

posites. The electrochemical behavior of the composite

films prepared was studied for supercapacitors, however, the

composite films could also be interesting for other electro-

chemical devices.

Experimental

Graphite strips (K Technology, Langhome, PA) of size

30 9 5 9 1 mm3 were cut for use. Prior to CNT growth,

the graphite strips were electrodeposited with catalyst in an

aqueous bath containing 10 mM iron and an additive. A

tube furnace (Lindberg) that had a control over three

heating zones was utilized to heat a quartz tube reactor of

22 mm diameter. During CVD process, the samples were

kept at 800 �C in the reactor. A quartz boat carrying 0.05 g

ferrocene powder was placed in front of the samples where

temperature was about 150 �C. Acetylene (10 mL/min),

hydrogen (30 mL/min), and argon (500 mL/min) were

introduced into the quartz tube for the growth at atmo-

spheric pressure. The thickness of the CNT films ranged

from about 1–30 micrometers, dependent on the time of

growth, which were between 1 and 10 min. The CNTs had

an average diameter about 25 nm as determined from

images taken with a scanning electron microscope.

Before deposition of MnOx, the CNT/graphite samples

were immersed in 25% HNO3 for 6 h to clean the catalyst

impurity. Deposition of the oxide was implemented by

immersing the CNT/graphite samples into 100 mL, 0.1 M,

pH 8.3 aqueous solution of potassium permanganate (99%,

Fisher Scientific) that was maintained at 70 �C by an iso-

thermal water bath.

Morphology of the MnOx/CNT was examined by

Hitachi S-4800 high-resolution scanning electron micro-

scope (HRSEM), operated at 15 kV. Elemental composi-

tion of the deposits was analyzed by an energy-dispersive

X-ray spectrometer (EDS). The samples were characterized

by X-ray diffraction (XRD) using a diffractometer (Rigaku

Ultima III) with nickel-filtered Cu–Kb radiation (k =

1.5406 Å). The diffraction patterns were taken at room

temperature in the range of 10 \ 2h\ 80 using step scans.

Raman spectra were acquired using a Renishaw RA 100

Raman analyzer (1800 L/mm grating) in a backscatter-

ing geometry at room temperature in the range of

300–2000 cm-1. The excitation source was a He–Ne laser at

wavelength of 525 nm (1.96 eV). All spectra were collected

with seven accumulations of 25 s each to gain a high signal/

noise ratio. The measured spectra were analyzed using the

Wire 2.0 software from Renishaw.

The electrochemical behaviors of the composite films

were investigated by cyclic voltammetry (CV), and elec-

trochemical impedance spectroscopy (EIS) techniques

using a CHI 660C electrochemical working station (CH

Instrument, Inc.) and a PARSTAT 2273 electrochemical

system (Princeton Applied Science). All experiments were

carried out in 1 M Na2SO4 aqueous solution at room

temperature. A three-electrode system was employed, with

a graphite strip as the counter electrode and Ag/AgCl (in

3 M KCl) as the reference electrode.

Results and discussion

Film characterization

SEM images for a CNT film about 25 lm thick are shown

in Fig. 1a–d. The CNT film was immersed in the KMnO4

solution for 60 min (Fig. 1b) and 720 min (Fig. 1c, d). As

it can be seen, the CNTs were approximately aligned and

perpendicular to the substrate, giving a porous structure

that was favorable for access of the electrolyte. The

immersion treatment did not cause collapse of the CNTs.

The gaps between the CNTs were reduced at long

immersion times due to deposition of the manganese oxide.

After 720 min, the CNTs were solidly glued together and

individual CNTs could only be seen at a torn part of the
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film (Fig. 1c). Examination at bottom, middle, and upper

parts of the composite films proved that the deposition

occurred uniformly. Figure 2 shows the variation of MnOx/

CNT mass ratio as a function of immersion time. A mass of

MnOx four times more than that of the original CNTs could

be deposited in a 720 min immersion time.

Figure 3 shows the XRD patterns taken for a CNT film

grown on the graphite substrate, and its composite film

prepared by immersion deposition. The sharp peaks at

26.6o, 54.8o, and 71.6o in the pattern of the CNT-grown

graphite strip were identified to be from the substrate, with

(002) plane of CNTs also contributing to the peak density

at 26.6o. The broad diffuse peak around 45o was contrib-

uted by (100) and (101) of the CNTs. With an immersion in

the potassium permanganate solution for 720 min, the

peaks at 54.8o and 71.6o almost disappeared, while that at

26.6o was considerably weakened, indicating substantial

deposition of the product. Owing to lack of clear new

peaks, the product was likely amorphous in structure or

poorly crystallized. EDS measurement revealed that Mn,

O, and K were the major elements in the deposit, while C

was detected for the CNTs (Fig. 4). The atomic ratio of

O/Mn was in range of 1.8–2.5.

Figure 5 shows the Raman spectra of a CNT film at dif-

ferent stages of the MnOx deposition. Prior to the immersion

deposition, peaks from the CNTs were seen typically at 1350

(D-band) and 1593 cm-1 (G-band). Immersion for a time as

short as 10 min gave a peak at 574–578 cm-1, a shoulder at

640 cm-1 and two small peaks at 407–413 cm-1 and

501–505 cm-1. Increasing the immersion time to 60 min

increased these peak and shoulder intensities. Further

immersion in the solution up to 720 min resulted in not only

substantial enhancement of peak density due to more

deposition of the product, but also expansion in the band

range and variation in shape. These spectra agree with

Fig. 1 Cross section images of a CNT film and its MnOx/CNT composites: a prior to MnOx deposition, b after MnOx deposition for 60 min,

c after MnOx deposition for 720 min, d the low magnification image of (c)

Fig. 2 Variation of MnOx/CNT weight ratio as a function of

immersion time
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general Raman scattering patterns of manganese oxide in

that scattering at about 640 cm-1 could be related to sym-

metric stretching vibration (Mn–O) of MnO6 groups, and the

peaks around 574–578 cm-1 could be associated with

Mn–O stretching vibration in the basal plane of MnO6 sheet

[24–27]. These peaks were different from those of potassium

permanganate, showing no the presence of the permanga-

nate in the film except for its reduced product.

The peak density ratio of the D-band over the G-band of

the CNTs, ID/IG, determined based on peak area, varied

with the time of immersion deposition. Prior to the

immersion treatment, ID/IG was 1.72. With 10 min

immersion deposition, the ratio was significantly reduced

to 1.20. This indicates that at the early stage of the

immersion deposition, the oxide was formed primarily by

oxidation of amorphous carbon in the CNT film. At

immersion deposition time of 60 min, the profile of the two

peaks was close to that of 10 min deposition, but the

D-band peak started to rise again relative to the G-band

peak (ID/IG = 1.38). This trend was more obviously shown

for an extended immersion time of 720 min (ID/IG = 1.79).

The relative rise of D-band peak starting from 60 min was

considered to be correlated with defects in graphitic layers

of the CNTs induced by the oxidant. This indicates that

further deposition of the oxide would be from oxidation of

the graphitic CNTs after consumption of amorphous

carbon.

The presence of amorphous carbon might be beneficial

for preparing the composites. First of all, significant pres-

ence of amorphous carbon on the walls of the CNTs should

lead to considerable deposition of the manganese oxide

before the CNTs were effectively attacked. Take the

reaction of forming MnO2 as an example, 4MnO4
- ?

3C ? 2H2O ? 4MnO2 ? 3CO2 ? 4OH-. Each gram of

carbon would produce about ten grams of the oxide. Since

physical properties, including electrical conductivity of

CNTs, are inversely affected by their defects and damages,

the proper presence of amorphous carbon would possibly

lead to sufficient formation of the manganese oxide while

protecting the CNTs from significant damage. Second, the

presence of amorphous carbon in the depth of a CNT film

might contribute to the uniform deposition of the oxide

across the film thickness because of its lower oxidation

resistance compared to the more graphitic carbon of CNTs.

Increasing immersion deposition time to 60 min

increased peak and shoulder intensities of the manganese

oxide (Fig. 5). Further immersion deposition up to 720 min

resulted in not only substantial enhancement of peak den-

sity due to more deposition of the oxide, but also an

expansion in the band range, indicating subtle change in

the oxide, which could possibly result from a shift of the

reductant from amorphous carbon to more graphitic CNTs

that brought an alteration in valance ratio of manganese in

the product.

Electrochemical behavior

The cyclic voltammograms (CV) recorded in 1 M Na2SO4

for a CNT film and its composite film prepared by

Fig. 3 XRD patterns of a CNT film on graphite and its composite

counterpart

Fig. 4 EDS spectrum of a MnOx/CNT film
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deposition for 60 min in 1 M KMnO4 are shown in Fig. 6.

As it can be seen, the immersion deposition gave the CNT

film a significant increase in current. The current of a

graphite strip subjected to the same immersion treatment is

also shown. The graphite strip had significantly lower

current compared to the CNT and the composite films. It is

concluded that the CNTs created more favorable conditions

for deposition of the manganese oxide, i.e., availability of

much larger surface area, existence of amorphous carbon,

and possible lower oxidation resistance of the CNTs than

the graphite strip.

For the as-prepared composite film, its current in the CV

deviated from ideal rectangular shape. However, the heat

treatment in air at 200 �C could significantly improve the

electrochemical behavior, with its current shape being

more rectangular and an increase in current value (Fig. 6).

The result that current could be increased by the heat

treatment is different from the case of a sole film of

manganese oxide, where both decrease in the amount of

hydrates and change in the valence states of manganese led

to a reduction in current value [28]. For the composite

films, effectiveness of the heat treatment was not only

temperature related but also time dependent, with an

optimized time about 60 min and a temperature at 200 �C.

Figure 7 shows Nyquist plots of EIS spectra recorded

for a CNT film and its as-prepared and heat-treated

composites. EIS measurements were carried out at open

circle potential with a sinusoidal signal of 10 mV. At high

frequency the impedance plots intersect with the real axis

indicating Rs, which is a combination of ionic resistance,

electronic resistance, contact resistance with the substrate,

and connection resistance to the instrument. Rs of the

CNT film was 4.58 X cm2, but it was increased to

6.58 X cm2 with deposition of the oxide. Apparently, the

non-conducting nature of the manganese oxide and

reduction of the pore volume in the film contributed to the

increase of Rs. Heat treatment at 200 �C for a time as

short as 10 min was effective to reduce the value of the

composite film back to 6.24 X cm2, but the largest drop

in Rs (5.46 X cm2) was reached for a heating time of

60 min. Further extending the time raised Rs again, and

for 120 min it was 7.02 X cm2. The improvement in CV

of the composite film by the heat treatment was conse-

quently associated with a possible change in contact status

of MnOx with the CNTs and the substrate that brought the

above resistance difference.

At low frequencies, the Nyquist plot of an ideally polar-

izable capacitance should be a vertical line, while an

inclined behavior can be related to electrode inhomogeneity

Fig. 5 Raman spectra of a CNT film and its composites made using

the immersion deposition for 10, 60, and 720 min. That of KMnO4 is

given for comparison

c
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such as pore distribution. In Fig. 7, the CNT film had a slope

closest to vertical in the low frequency region, where

deposition of the manganese oxide caused more deviation in

the slope. The heat treatment for 60 min significantly shifted

the slope toward the vertical axis. This indicates that the heat

treatment for the composite film affected its electrochemical

properties by additionally changing pore distribution and

size.

The impedance frequency behavior was studied using

the complex model of the capacitance [29, 30]. The com-

plex capacitance is expressed as follows:

CðxÞ ¼ C0ðxÞ � jC00ðxÞ ð1Þ

where C0(x) is the real part of the complex capacitance.

The low frequency value of C0(x) corresponds to the

capacitance of the electrode at low scan or charge/

discharge rate. C00(x) is the imaginary part of the

complex capacitance, and it stands for the energy

dissipation by an irreversible process that leads to a

hysteresis. C0(x) and C00(x) are given by,

C0ðxÞ ¼ �Z 00ðxÞ=ðx ZðxÞj j2Þ ð2Þ

C00ðxÞ ¼ Z 0ðxÞ=ðx ZðxÞj j2Þ ð3Þ

where Z0(x) and Z00(x) are the respective real and imagi-

nary parts of the complex impedance Z(x). x is the angular

frequency and it is given by x = 2pf.

Figures 8 and 9 show the variation of C0(x) and C00(x)

with frequency. As it can be seen, deposition of the man-

ganese oxide in the CNT film enhanced the real and

imaginary parts of the complex capacitance. When the

frequency was increased, C0(x) decreased and at high

frequency the supercapacitor behaved like a pure resis-

tance. The change of C0(x) with the frequency might

depend on many parameters, such as the porous structure of

the electrode, the electrode thickness, and the nature of the

electrolyte. Corresponding to the energy dissipation, C00(x)

changed with the frequency but passed through a maxi-

mum. Compared to the as-prepared composite film, the

heat treatment at 200 �C for 60 min, increased the value of

C0(x) at low frequency, and in the plot of C00(x) versus

frequency it shifted the peak to a higher frequency.

Fig. 6 Cyclic voltammograms of a CNT film, its as-prepared MnOx/

CNT composite, and the composite film heat treated at 200 �C for

60 min, in addition to that of a graphite strip that experienced the

same immersion deposition in the KMnO4 solution. Electrolyte 1 M

Na2SO4, scanning rate 5 mV/s

Fig. 7 Nyquist plots of a CNT film, its as-prepared composite, and

the composite treated at 200 �C for 10, 60, and 120 min. Deposition

of MnOx was performed in 1 M KMnO4 for 60 min

Fig. 8 Real capacitance versus frequency for a CNT film, its

as-prepared composite, and the composite heated at 200 �C for

60 min. Deposition of MnOx was performed in 1 M KMnO4 for 60 min
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The relaxation time constant s0, s0 = 1/f0, which is a

figure of merit of a supercapacitor, can be determined from

the plots of C0(x) and C00(x) versus frequency. For the real

part of the complex capacitance, the relaxation time con-

stant can be calculated from the frequency corresponding

to the half of the maximum value of C0(x). Moreover, the

value of s0 can also be determined from the frequency

where the imaginary part of the complex capacitance goes

through a maximum. Deposition of the manganese oxide in

the CNT film resulted in considerable increase of s0 from

1.2 s for the CNT film to 20.0 s for the as-prepared com-

posite film. The heat treatment at 200 �C for 60 min,

however, shifted s0 to a lower value of 17.7 s, giving some

improvement.

Conclusions

The CNTs films directly grown on the conducting substrate

by CVD created a possibility for preparing the MnOx/CNT

composite films simply by immersing the CNT films in the

aqueous solution of KMnO4. By oxidizing the carbon

impurities and the CNTs, MnOx could be significantly and

uniformly deposited in the CNT films. In addition to being

a source of reductant, the CNTs provided surface area,

mechanical support and pores for MnOx deposition. The

composite films so formed could preserve the aligned

porous structure which originated from the CNT growth.

The aligned porous MnOx/CNT composite films were

amenable to heat treatment at a mild temperature. This led

to improvements in the electrochemical performance of the

films for supercapacitors, including larger current value,

more rectangular shape in CV, and reduction in the

relaxation time constant. With such a porous and aligned

structure, contact resistance of MnOx with the CNTs and

the substrate, as well as pore distribution and size, could be

positively altered by the heat treatment, resulting in the

improved electrochemical properties.
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