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a b s t r a c t

Manganese dioxide nanofibers with length ranged from 0.1 to 1 �m and a diameter of about 2–4 nm were
prepared by a chemical precipitation method. Composite electrodes for electrochemical supercapacitors
were fabricated by impregnation of slurries of the manganese dioxide nanofibers and multiwalled carbon
nanotubes (MWCNTs) into porous nickel foam current collectors. In the composite electrodes, MWCNT
formed a secondary conductivity network within the nickel foam cells. Obtained composite electrodes,
containing 0–20 wt.% MWCNT with total mass loading of 40 mg cm−2, showed a capacitive behavior in
the 0.1–0.5 M Na2SO4 solutions. The highest specific capacitance (SC) of 155 F g−1 was obtained at a scan
Nanofibers
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N
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rate of 2 mV s−1 in the 0.5 M Na2SO4 solutions. The SC increased with increasing MWCNT content in the
composite materials and increasing Na2SO4 concentration in the solutions and decreased with increasing
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. Introduction

Porous nickel foams are in high demand for applications in
ickel–cadmium [1,2], nickel–metal hydride [1–4], nickel–zinc [5],

ithium ion [6] batteries and electrochemical supercapacitors (ESs)
7]. In the batteries and supercapacitors, nickel foams are used as
igh surface area current collectors, containing highly accessible
ctive material within their conducting light weight web, which
rovides structural strength.

Electrodes are produced by pasting a slurry of active material
nto a porous nickel foam, followed by impregnation, drying and
alendering. The high porosity and large pore size of nickel foams
llow for easy impregnation of the active material slurry into the
orous current collectors. However, the increase in foam poros-

ty resulted in reduced conductivity [1]. This problem has been
ddressed by the use of conductive additives, which formed a sec-
ndary conductivity network [1] within the nickel foam cells. The
ddition of nickel filaments [1] or carbon nanotubes [8] to the active
aterial enabled enhanced conductivity for high power applica-
ions. The use of nickel foam current collectors for batteries allowed
he fabrication of advanced electrodes [1–3] with lower internal
esistance, better electrolyte access to active material and improved
lectrochemical performance.
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The use of nickel foams for electrochemical storage devices
as continued to expand to new applications, such as ES [9–12].
anganese dioxides with various crystalline structures are promis-

ng active materials for ES [13–20]. Thin manganese dioxide films
xhibited SC of ∼700 F g−1 [21,22]. However, the SC decreased
ith increasing film thickness due to the low conductivity of
nO2. Many successful efforts have been made in the area of the

abrication of composite materials and devices, where higher con-
uctivity has been achieved by the use of carbon black, carbon
anotubes and other conductive additives [23–29]. The values of
C reported in the literature are usually in the range between 100
nd 250 F g−1 for the material loadings of 0.4–0.5 mg cm−2 [30,31].
C of 72 F g−1 in 0.1 M K2SO4 electrolyte was reported for composite
anganese dioxide–acetylene black electrodes with material load-

ng in the range of 10–40 mg cm−2 [27]. Manganese oxide–carbon
anotubes–acetylene black composites with material loading of
0 mg cm−2 showed a SC of 204.8 F g−1 in 1 M Li(Ac)–1 M MgSO4
olutions [28]. The SC was calculated from a discharge curve at very
ow discharge rate using the mass of manganese dioxide and car-
on nanotubes, without the mass of acetylene black and binder.
owever, obtained electrodes showed low cycling stability com-
ared to excellent cycling stability reported in Ref. [27]. In another

tudy [29] manganese oxide–carbon nanotubes–acetylene black
omposites with material loading of 10 mg cm−2 were prepared. In
his approach manganese dioxide coatings were formed on carbon
anotubes by reduction of KMnO4. The manganese oxide–carbon
anotubes–acetylene black composites showed a SC of 250 F g−1 in

http://www.sciencedirect.com/science/journal/03787753
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M KOH electrolyte. However, the control of the amount of MnO2
n the composites prepared by this method presents difficulties.

oreover, the use of carbon nanotubes for the reduction of KMnO4
sually results in the degradation of the carbon nanotubes due to
he loss of carbon and formation of soluble carbonates [32]. The
arbon loss and degradation of carbon nanotubes usually results
n reduced conductivity. In this case conductive additives, such as
cetylene black are necessary in order to improve the electrode per-
ormance [29]. The SC values for the composite materials [27–29]
re far from the theoretical SC of ∼1370 F g−1 [30] and reported
xperimental SC for thin films [21,22]. The capacitance of MnO2 is
elieved to be predominantly due to pseudocapacitance as a result
f redox processes associated with the surface adsorption of cations
r incorporation of cations into the oxide structure [33,34]:

nO2 + C+ + e− ↔ MnO2C (1)

where C+ = Li+, Na+, K+, H+. The development of ES requires the
se of active materials with high surface area. Therefore, man-
anese dioxide nanofibers and carbon nanotubes with large surface
rea-to-volume ratio are of special interest for ES [35].

The goal of this work was the fabrication and investigation of
omposite electrodes containing manganese dioxide nanofibers
nd carbon nanotubes. In the approach described below, man-
anese dioxide nanofibers with high aspect ratio were prepared
y a simple and low cost method. Composite electrodes contain-
ng two different types of fibrous materials were prepared using
ickel foams as current collectors. We presented the results of elec-
rochemical testing of the composite electrodes for applications in
S.

. Experimental procedures

Manganese dioxide nanofibers were prepared by a chemi-
al precipitation method described in a previous investigation
36]. The nanofibers showed poorly crystallized cryptomelane
tructure, and contained adsorbed water. The chemical com-
osition was described by the formula K0.14MnO2+y, the mean
xidation state of Mn was found to be 3.7 [36]. MWCNT were
rovided by Arkema. Aqueous suspensions of manganese diox-

de nanofibers and MWCNT were prepared using sodium dodecyl
ulphate (Aldrich) as a dispersant. Prior to mixing together, the
uspensions of manganese nanofibers and MWCNT were stirred
nd then ultrasonically agitated during 30 min. Mixed suspensions
ere stirred, washed with water and ultrasonically agitated during
0 min. INCOFOAM® substrates with a volumetric porosity of 95%
ere made by Inco using carbonyl technology [1]. The procedure

or the slurry preparation and impregnation of the INCOFOAM® was
imilar to that described in a previous investigation [1]. The total
ass of manganese dioxide and MWCNT in the composite elec-

rodes was 40 mg cm−2. The impregnated INCOFOAM® was roller
ressed to ∼20% of initial thickness in order to achieve final porosity
f 30% [1].

Electron microscopy investigations were performed using a JEOL
010F transmission electron microscope (TEM) and a JEOL JSM-
000F scanning electron microscope (SEM). Capacitive behavior of
he composite electrodes was studied using a potentiostat (PAR-
TAT 2273, Princeton Applied Research) controlled by a computer
sing a PowerSuite electrochemical software. Electrochemical
tudies were performed using a standard three-electrode cell con-

aining 0.1–0.5 M Na2SO4 aqueous solution, degassed with purified
itrogen gas. The counter electrode was a platinum gauze, and the
eference electrode was a standard calomel electrode (SCE). Cyclic
oltammetry (CV) studies were performed within a potential range
f 0–1.0 V versus SCE at scan rates of 2–100 mV s−1. The specific
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ig. 1. (a and b). TEM images at different magnifications of the manganese dioxide
anofibers prepared by a chemical precipitation method.

apacitance (SC) was calculated using half the integrated area of
he CV curve to obtain the charge (Q), and subsequently dividing the
harge by the total mass (m) of the composite material impregnated
nto nickel foam, and the width of the potential window (�V):

= Q

m�V
(2)

. Results and discussion

Fig. 1(a and b) shows TEM images of manganese dioxide
anofibers. The diameter of the manganese dioxide nanofibers
repared by the chemical precipitation method [36] was 2–4 nm
nd length 0.1–1 �m. Some nanofibers formed bundles, which
ontained several individual nanofibers (Fig. 1b). In the previous
nvestigation [36], 0.05–0.16 mg cm−2 films prepared by elec-
rophoretic deposition on stainless steel foils, showed a capacitive
ehavior in a voltage window of 1 V. It was found that manganese
ioxide nanofibers formed a porous fibrous network, which was
eneficial for the electrolyte access to the active material. How-
ver, the SC decreased with increasing film thickness due to the
ow conductivity of the nanofibers.

The increase in conductivity can be achieved by the use of con-

uctive additives. Moreover, high surface area current collectors,
uch as INCOFOAM®, enable better utilization of active mate-
ials [1]. It was suggested that composite materials containing
anganese dioxide nanofibers and MWCNT had an advantage of

mproved contact between two different fibrous materials com-
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Fig. 2. SEM image of MWCNT.

ared to composites of spherical particles of the same mass. The use

f MWCNT as conductive additives has benefits of high surface area
nd low percolation threshold. According to the manufacturer, the
verage diameter of the MWCNT used in this study was ∼15 nm and
ength ∼0.5 �m (Fig. 2). The slurry containing two different fibrous

aterials was used for the impregnation of the INCOFOAM® (Fig. 3).

t
s
t
t

ig. 4. (a, b and c). SEM images of a composite electrode, containing 15 wt.% of MWCNT. (
Fig. 3. SEM image of INCOFOAM®.

Fig. 4 shows SEM images of impregnated and roller pressed elec-

rode. The SEM images at different magnifications of the electrode
urface showed porosity (Fig. 4a and b). The SEM image of the frac-
ure of the electrode (Fig. 4c) indicated that active material filled
he voids in the nickel foam.

a and b) Surface at different magnifications and (c) fracture. Arrows show Ni foam.
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of 50 mV s . The increase in SC can be attributed to increasing
ig. 5. CVs for the composite electrode, containing 15 wt.% MWCNT, tested at scan
ates of (a) 2 mV s−1, (b) 5 mV s−1, (c) 10 mV s−1, (d and e) 20 mV s−1 in (a–d) 0.5 M
nd (e) 0.1 M Na2SO4 solutions.

Electrochemical testing in the 0.1–0.5 M Na2SO4 solutions
evealed capacitive behavior of the composite electrodes. Fig. 5
hows typical CVs at different scan rates. The box shape of the
Vs and the increase in current with increasing scan rate indicated
ood capacitive behavior in the 0.5 M Na2SO4 solutions (Fig. 5a–d).
owever, the comparison of the CVs obtained at the scan rate of
0 mV s−1 in the 0.5 and 0.1 M Na2SO4 solutions (Fig. 5d and e)
howed a smaller area of the CV obtained in the 0.1 M Na2SO4 solu-
ions, which was related to lower SC. Moreover, the CV shape in the
.1 M Na2SO4 solutions deviated significantly from the ideal box
hape. The difference can be attributed to the lower conductivity of
he 0.1 M Na2SO4 solutions and diffusion limitations in pores of the
omposite electrodes. This result is in a good agreement with the
xperimental data shown in Fig. 6. Higher SC was obtained in the
.5 M Na2SO4 solutions compared to the 0.1 M Na2SO4 solutions for
he samples of the same mass and composition. Therefore, further

esting was performed in the 0.5 M Na2SO4 solutions. The highest
C of 155 F g−1 was obtained at a scan rate of 2 mV s−1 in the 0.5 M
a2SO4 solutions. The SC decreased with increasing scan rate for
lectrodes of fixed composition as shown in Fig. 6. The decrease

ig. 6. SC vs. scan rate for composite electrodes containing 15 wt.% MWCNT tested
n (a) 0.1 M and (b) 0.5 M Na2SO4 solutions.

c
p
f
t

F
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ig. 7. CVs at a scan rate of 10 mV s−1 for composite electrodes containing (a) 0 wt.%,
b) 10 wt.% and (c) 20 wt.% MWCNT tested in the 0.5 M Na2SO4 solutions.

n SC with increasing scan rate can be attributed to the diffusion
imitations in pores.

Fig. 7 shows the influence of active material composition on
he capacitive behavior of the electrodes. For manganese dioxide
lectrodes, the relatively small area of the CV indicated poor capac-
tive behavior. The SC at a scan rate of 2 mV s−1 was only 22 F g−1

nd decreased rapidly with increasing scan rate (Fig. 8). It should
e noted that the same material deposited electrophoretically as a
.05 mg cm−2 film [36] showed a box shape CV and a SC of 412 F g−1.
he difference can be attributed to different material loadings and
nsulating properties of the manganese dioxide. This result indi-
ated that the conductivity of the Ni foam is insufficient at such
aterials loadings. The additional conducting network, provided

y MWCNT, improved the capacitive behavior of the composite
lectrodes. The composite electrodes containing MWCNT showed
ox shape CVs (Fig. 7). The electrodes, containing 10 and 20 wt.%
WCNT, showed SC of 145 and 150 F g−1, respectively, at a scan rate

f 2 mV s−1. It is important to note that the improvement in capaci-
ive behavior with increasing MWCNT concentration was especially
vident at higher scan rates (Fig. 8). The increase in MWCNT content
rom 10 to 20 wt.% resulted in increase in SC from 61 to 118 F g−1

t a scan rate of 20 mV s−1, and from 32 to 79 F g−1 at a scan rate
−1
onductivity of the composite materials and changes in the com-
osite microstructure associated with increasing MWCNT content
rom 10 to 20 wt.%. Recent studies showed that MWCNT can reduce
he aggregation of nanoparticles of active material, inducing bet-

ig. 8. SC vs. scan rate for composite electrodes containing (a) 0 wt.%, (b) 10 wt.%
nd (c) 20 wt.% MWCNT tested in the 0.5 M Na2SO4 solutions.
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ig. 9. Charge–discharge behavior at a current density 50 mA cm−2 for a composite
lectrode containing 20 wt.% MWCNT in the 0.5 M Na2SO4 solution.

er distribution of the particles in the netlike MWCNT structure
37]. Reduced agglomeration of the particles resulted in improved
lectrochemical performance of the composite electrodes.

The increase in scan rate has a direct impact on the diffusion of
ons, since at high scan rates ions approach only the outer surface of
he electrode material [38]. The MWCNT content in the composite
lectrodes is an important factor controlling electronic conductivity
f the materials. The investigation of NiO–MWCNT composites [39]
howed the enhancement in the conductivity and SC for MWCNT
ontent higher than the percolation limit of 10 wt.%. The inves-
igation of manganese dioxide–MWCNT composites [40] showed
hat the 10–15 wt.% MWCNT additive increased the SC from 0.1 to
40 F g−1. It was found that MWCNT generated an open mesoporous
etwork which facilitated the electrolyte access to the active mate-
ial. Moreover, extended polarization window was achieved in the
anganese dioxide/MWCNT composites [40]. The study [40] high-

ighted the advantages of MWCNT compared to other conductive
dditives and showed improved capacitive behavior at a scan rate of
mV s−1. Our testing results indicate that significant improvement

n capacitive behavior can be achieved at higher scan rates when
WCNT are used as conductive additive for the fibrous manganese

ioxide active material and using INCOFOAM® current collectors.

he microstructure and composition of the composite electrodes
an be further optimized by the variation of materials loading, elec-
rode thickness, porosity and MWCNT content in the composites.

Fig. 9 shows charge–discharge behavior of the composite elec-
rode at a current density of 50 mA cm−2. The discharge curve is

ig. 10. Nyquist plot for complex impedance Z* = Z′ − iZ′ ′ of the composite electrode
ontaining 20 wt.% MWCNT in the 0.5 M Na2SO4 solution.
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early linear, however initial voltage drop was observed, which
an be attributed to electrode resistance. Fig. 10 shows complex
mpedance of the electrode in the frequency range of 100 mHz
o 70 kHz. The equivalent circuit for electrochemical supercapac-
tors was discussed in detail by Conway [41]. The high frequency
alue of the real part of complex impedance has been used for
he estimation of equivalent series resistance which was found
o be ∼0.5 � cm2. It is suggested that the further optimization of
lectrode composition and microstructure will result in reduced
esistance and improved capacitive behavior.

. Conclusions

Composite electrodes for electrochemical supercapacitors, con-
aining two different fibrous materials, were fabricated by
mpregnation of slurries of the manganese dioxide nanofibers and

WCNT into porous nickel foam current collectors. The composite
lectrodes with total mass loading of 40 mg cm−2 showed a capaci-
ive behavior in the 0.1–0.5 M Na2SO4 solutions. Testing in the 0.5 M
a2SO4 solutions showed higher SC compared to the SC in the 0.1 M
a2SO4 solutions. MWCNT improved electrochemical performance
f the electrodes by forming a secondary conductivity network
ithin the nickel foam cells. The SC increased with increasing
WCNT content in the range of 0–20 wt.%, showing more distinct

ffect at higher scan rates, and decreased with increasing scan rate.
he highest SC of 155 F g−1 was obtained at a scan rate of 2 mV s−1

n the 0.5 M Na2SO4 solutions.
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