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Manganese dioxide—carbon nanotube nanocomposites for electrodes
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Electrodes for electrochemical supercapacitors were fabricated by cathodic electrodeposition of MnO, on carbon nanotubes
(CNTs), which were grown by chemical vapour deposition on stainless steel meshes. The MnO,~CNT nanocomposites were char-
acterized by scanning electron microscopy, transmission electron microscopy, cyclic voltammetry and impedance spectroscopy. The
electrodes showed excellent capacitive behaviour in the 0.5 M Na,SOy electrolyte, with specific capacitance of 356 F g’1 at a scan

rate of 2mV s~ L.
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MnO, has been considered as a promising elec-
trode material for electrochemical supercapacitors (ESs)
because of its low cost and excellent capacitive perfor-
mance in the aqueous electrolytes [1-3]. The charging
mechanism of MnQO, is described by the following reac-
tion [4,5]:

MnO, + B* +¢~ < MnO,B (1)

where B¥ = Li", Na™, K™, H". Eq. (1) indicates that the
large surface area and high ionic and electronic conduc-
tivity of the electrode material are necessary in order to
utilize the high theoretical specific capacitance (SC)
(1380 F g ') of MnO> [3]. Impressive progress has been
achieved in the fabrication of fine MnO, powders with a
large surface area [6-8]. Different types of manganese
dioxides have been investigated, including amorphous
and nanocrystalline phases [1,9,10]. Thin MnO, films
[11,12] exhibited an SC of ~700 F g~'. However, the
SC decreased with increasing film thickness due to the
low conductivity of MnO,. The values of SC reported
in the literature [13,14] are usually in the range between
100 and 250 F g~ .

Recent studies highlighted the influence of the elec-
trode porosity on the electrochemical performance
[15-17]. The porous structure of MnQO, is beneficial for
the ion (B™) access to the surface of this material. Fur-
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thermore, many successful efforts have been made in
the area of the fabrication of composite materials, where
improved electronic conductivity has been achieved by
the use of CNTs and other conductive additives [18-21].
Significant interest has been generated in application
of electrochemical methods for the fabrication of
MnO,—CNT composite electrodes. CNTs were deposited
on platinized silicon wafers and then impregnated with
MnO, using anodic electrodeposition [22]. The anodic
electrodeposition method was based on the use of Mn*"
species, which were oxidized in the anodic reaction:

Mn*" + 2H,0 — MnO, + 4H" + 2¢~ (2)

In another study [23], Mn hydroxide was deposited
cathodically from the Mn>' solutions on the CNTs
formed on the graphite substrate and converted to
MnO, after annealing in air at 350 °C. It should be noted
that anodic electrodeposition from the solutions of Mn*"
salts offers the advantage of room-temperature process-
ing. However, anodic electrodeposition of MnO, on
stainless steel and other low-cost metallic substrates pre-
sents difficulties, related to the anodic oxidation and dis-
solution of the substrates. As a result of the anodic
dissolution of the substrates, the precise measurement
of the mass of the deposited MnO, and the calculation
of SC present difficulties [24]. This problem was addressed
by the use of Ta substrates [24], which were stable in the
MnSOQOy solutions during anodic electrodeposition. CNT
arrays [24] were grown on the Ta substrates by the
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chemical vapour deposition (CVD) method. The CNTs
grown directly on the Ta current collectors of ESs offered
the advantage of low contact resistance, which was
important for the fabrication of efficient ESs with high
charge—discharge rates. Another advantage of this ap-
proach was binder-free processing, since the use of binder
for the fabrication of composite electrodes results in in-
creased resistance and reduced SC [24].

The problem related to anodic oxidation and dissolu-
tion of metallic current collectors can be avoided using
the cathodic electrodeposition method, which we devel-
oped in our previous investigations [16,17,25]. In this
method, MnO, films were obtained by cathodic reduc-
tion of Mn’" species from KMnO,4 or NaMnQy solu-
tions, using the following reaction:

MnO,~ + 2H,0 + 3¢~ — MnO, + 40H" (3)

The films were obtained on stainless steel substrates
and exhibited capacitive behavior in the Na,SOy electro-
lyte. The goal of this investigation was the fabrication of
composite MnO,—CNT ceclectrodes using the cathodic
electrodeposition method. CNTs were grown by the
CVD method on the stainless steel mesh substrates
and impregnated with MnO, by cathodic electrodeposit-
ion from KMnOy, solutions.

The microstructure of CNTs formed on the current
collectors is important for the fabrication of MnO,—
CNT electrodes. According to Zhang et al. [24], the elec-
trodeposition of MnO, on the dense arrays of parallel
CNTs, formed on the flat Ta foil substrates, presented
difficulties due to the limited ion access to the CNT sur-
face and electrical shielding effect of the dense arrays of
conductive CNTs. Zhang et al. reported that MnO, par-
ticles with a nanoflower microstructure formed only at
the junctions of the individual CNTs.

In previous investigations [26,27] it was shown that
relatively low density CNT arrays can be formed by
CVD. As an extension of the previous investigations,
the CVD method was utilized for the CNTs growth on
stainless steel meshes and the formation of porous
CNT microstructures. The formation of CNTs on thin
wires of the stainless steel meshes offered additional ben-
efits. In this case, the growth of parallel CNT arrays can
be avoided. Moreover, the high surface area of the cur-
rent collectors, containing CNTs grown on meshes, was
beneficial for the ion access during electrodeposition of
MnO, from the KMnOy, solutions and testing of the
MnO, deposited on the current collectors in the Na,SOy4
solutions.

The microstructures of the CNTs and MnO,~CNT
nanocomposites were investigated using a JEOL JSM-

7000F scanning electron microscope and a Philips
CMI10 transmission electron microscope. Capacitive
behaviour of the MnO,—CNT nanocomposites was stud-
ied using a potentiostat (PARSTAT 2273, Princeton
Applied Research) controlled by a computer using a
PowerSuite electrochemical software. Electrochemical
studies were performed using a standard three-electrode
cell containing 0.5 M Na,SO, aqueous solution, de-
gassed with purified nitrogen gas. The surface area of
the working electrodes was 1 cm?. The counter electrode
was a platinum gauze, and the reference electrode was a
standard calomel electrode (SCE). Cyclic voltammetry
(CV) studies were performed within a potential range
of 0-0.9 V vs. SCE at scan rates of 2-100 mV s~ '. The
SC was calculated using half the integrated area of the
CV curve to obtain the charge, and subsequently divid-
ing the charge by the mass of MnO, and the width of
potential window. Impedance spectroscopy investiga-
tions were performed in the frequency range of
0.1 Hz-100 kHz at a voltage of 5mV. Simulations of
the impedance behaviour were performed on the basis
of the equivalent-circuit models using ZsimpWin 3.10
commercial software.

Figure 1 shows typical scanning electron microscopy
(SEM) images of CNTs grown on the stainless steel
mesh substrates. The SEM images at different magnifi-
cations (Fig. 1a and b) indicated that CNTs were ran-
domly oriented and formed a porous network. The
CNTs totally cover the wires of the meshes and have a
length of about 10 um. Transmission electron micros-
copy (TEM) studies (Fig. 1c) showed that the diameter
of multiwalled CNTs is about 70-80 nm.

The use of meshes as substrates and porous micro-
structure of the randomly oriented CNTs offered the
advantage of improved access of MnQO, ions to the
CNT surface compared to the dense arrays of vertically
aligned parallel CNTs [24] formed on the foil substrates.
The cathodic electrodeposition was performed from
aqueous 20 mM KMnO, solutions using 10 x 10 mm
substrates at a constant current of 8 mA. The deposition
mechanism, kinetics of deposition, structure and com-
position of the MnO, formed by cathodic electrosynthe-
sis were described in the previous investigations
[16,17,25]. Figure 2 shows the SEM images of the elec-
trodes after cathodic electrodeposition. Similar to the
literature data on anodic electrodeposition, we observed
enhanced deposition at the CNT junctions (Fig. 2a).
However, SEM images indicated that MnO, particles
were also deposited on individual CNTs and CNT bun-
dles (Fig. 2b). The SEM image at higher magnification
showed that particle size of MnO, was in the range of

Figure 1. (a and b) SEM images at different magnifications of CNTs on stainless steel mesh and (¢) TEM image of individual CNT.
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Figure 2. (a—c) SEM images at different magnifications of MnO,—CNT nanocomposites.
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Figure 3. (a) CVs at scan rates of 20, 50 and 100 mV s~! for the MnO,~CNT nanocomposites on stainless steel mesh and (b) SC vs. scan rate for the
MnO,-CNT nanocomposites. The variability in data between samples prepared under similar conditions was in the range of +5%.

30-50 nm. This is in a good agreement with the results of
the previous investigations [16,17], which showed the
formation of nanostructured MnO, by the cathodic elec-
trodeposition method.

Figure 3a shows CVs for MnO,—CNT nanocompos-
ites at different scan rates. The box-shape CVs at differ-
ent scan rates showed good capacitive behaviour. It is
suggested that the porous structure of the MnO,~CNT
electrodes (Fig. 2) was beneficial for the electrolyte ac-
cess to the active material, whereas CNTs provided im-
proved electronic conductivity. Turning again to Eq. (1),
it should be noted that the improved electrolyte access
to the active material and good electronic conductivity
of the CNT support enabled relatively high SC. The
SCs calculated from CVs at different scan rates are
shown in Figure 3b. The MnO,—-CNT nanocomposites
with a film mass of 120 um cm 2 exhibited an SC of
356 Fg~! at a scan rate of 2mVs~!' and an SC of
230 F g~ ! at a scan rate of 100 mV s~ .

In a previous investigation [16] it was found that the
45 pg em 2 film prepared by cathodic electrodeposition
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on stainless steel foil substrates exhibited an SC of
353 F g~ ! at a scan rate of 2mV s~ '. However, at a scan
rate of 100 mV s~! the SC was only 135 F g~!. The in-
crease in the film’s mass resulted in a significant reduc-
tion in the SC. The SC of a 100 ugem 2 film on a
stainless steel foil was 263 and 86 F g~ ! for scan rates
of 2 and 100 F g™, respectively [16]. The results of our
investigation indicate that the use of CNT-modified
stainless steel mesh substrates allowed a higher SC, espe-
cially at high scan rates. The improved capacitive behav-
iour of the MnO,—-CNT nanocomposites can be
attributed to their lower electrical resistance.

Figure 4a shows complex impedance data of the
MnO,—CNT nanocomposites. The equivalent circuit of
the ES included an RC transmission line, describing
the porous electrode [28]. C, elements represented dou-
ble layer capacitance and pseudo capacitance, whereas
R, elements represented electrolyte resistance in pores,
Faradaic resistance and equivalent series resistance of
the electrodes. Conway and Pell [29] described the
impedance of porous electrode using a five-element
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Figure 4. Nyquist plots of the complex impedance Z' =7 — i7" for (a) the MnO,~CNT nanocomposite and (b) MnO, with MnO, film mass of

120 pm cm 2

on a stainless steel mesh. The variability in data between samples prepared under similar conditions was in the range of +5%.
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(n=15) circuit. A constant phase element Q, describing a
“leaking” capacitor with microscopic roughness of the
surface and capacitance dispersion of interfacial origin,
was used in this investigation instead of a pure capaci-
tance C. Solutions resistance Rg is usually combined in
series with the RC transmission line. The equivalent cir-
cuits should allow an optimum representation of the
measured spectra with a minimum set of model param-
eters. Good agreement of simulated and measured volt-
age data (Fig. 4a) was found for the equivalent circuit
containing a transmission line with three RC (Q) ele-
ments. The high frequency value of the real part of com-
plex impedance has been used for the estimation of
equivalent series resistance, which was found to be
~0.4 Q.

In order to investigate the influence of CNT on the
resistance of the electrode material, manganese dioxide
films were deposited on stainless steel mesh. Figure 4a
and b compares the impedance data in the frequency
range of 0.1 Hz-100 kHz for the manganese dioxide
films of the same mass deposited on mesh substrates
with and without CNT. The results indicated that the
samples containing CNT showed significantly lower
resistance compared to the sample without CNT. More-
over, the manganese dioxide—-CNT composites prepared
by the combined electrodeposition—-CVD method on the
mesh substrates showed lower resistance and higher
capacitance compared to the manganese dioxide—CNT
films prepared by electrophoretic deposition on stainless
steel foils [30]. It is important to note that the electrode-
position method used in this investigation included elec-
trosynthesis of nanoparticles in situ in electrode reaction
from the KMnOQy solutions and film deposition. In con-
trast, the electrophoretic method [30] was based on the
use of suspensions of manganese dioxide nanoparticles.
The nanoparticles were charged and dispersed in the sol-
vent using alginic acid as a charging agent [30]. Electro-
chemical deposition offers the advantage of smaller
particle size and agglomerate-free processing of nanom-
aterials [31]. Another advantage of the method devel-
oped in this investigation compared to Ref. [30] is
related to the cathodic processing of manganese dioxide.
The SC of 200 F g~' for the composite MnO,~CNT
films deposited by anodic electrophoretic deposition
[30] was much lower compared to the SC of 356 F g~
obtained in this investigation for the films of similar
mass.

The results presented in this paper indicated that
MnO,—CNT nanocomposites have been successfully
prepared by CVD and cathodic electrodeposition tech-
niques. The CVD method enabled the CNT growth on
the stainless steel meshes. The porous microstructure
of CNTs formed on the meshes facilitated the access
of MnO,™ ions to the CNT surface during electrodepos-
ition. Moreover, the porous microstructure of the
MnO,-CNT nanocomposites was beneficial for the elec-
trolyte access to the active material during testing of the
nanocomposites as ES electrodes in the Na,SO, solu-
tions. As a result, the MnO,—CNT nanocomposites
showed good capacitive behavior, with the highest SC
of 356 F g~ ! at a scan rate of 2mV s™'. The nanocom-
posites prepared by CVD and cathodic electrodeposit-
ion techniques on low-cost stainless steel mesh

substrates can be considered as possible electrode mate-
rials for ESs.
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cial support of the Natural Sciences and Engineering
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