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MnO; nano hollow sphere was prepared by liquid co-precipitation with different concentrations of
cationic surfactant CTAB. The morphology and structure of the prepared MnO, were investigated by
X-ray diffraction (XRD), scanning electron microscopy (SEM), infrared spectroscopy (FT-IR) and low tem-
perature nitrogen adsorption. It was revealed that the obtained manganese dioxide was a-MnO, and
the particle size of samples was between 100 and 300 nm. As evidenced by the cyclic voltammetry and
galvanostatic charge/discharge test, 0.014 mol/L was found to be the optimum impact concentration of
CTAB. The MnO, synthesized under optimum conditions showed the specific capacitance 178 F/g at the
current density of 500 mA/g and its BET area is 229.8 m?/g, compared to the 126 F/g and 178.4m?/g of
the MnO, synthesized without surfactant.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Supercapacitor is a new energy storage device with high charg-
ing and discharging efficiency, long cycle life, predictable and easily
monitored electrical behavior, low sensitivity to temperature and
high power density [1]. Therefore, supercapacitor has been applied
and shows potential application in communications, transporta-
tion, consumer electronics, aviation and so on. Depending on the
charge storage mechanism, the supercapacitors can be classified
into two categories: electrochemical double layer capacitor (EDLC)
and pseudocapacitors. The EDLC has a lower specific capacitance
than an optimal pseudo capacitor, because the redox pseudoca-
pacitance can be generated not only on the electrode surface but
also within the electrode. The pseudocapacitance is charged by
chemisorptions of working cation of the electrolyte at a reduced
complex at the surface of the electrode [2]. In recent years, metal
oxides such as RuOy [3], NiO [4] and CoO [5] and MnO, [6] have
been investigated intensively for pseudocapacitor. Among these
metal oxides, manganese oxide is the most promising candidate for
supercapacitor electrode because of its low cost, favorable pseudo-
capacitive characteristics and environmentally benign nature [7].
There are a lot of reports about the manganese oxide used as the
electrode material of supercapacitor. Staiti and Lufrano [8] devel-
oped and electrochemically investigated a hybrid supercapacitor
based on manganese oxide, activated carbon and polymer elec-
trolyte. The specific capacitance of hybrid supercapacitor was 48 F/g
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(192 F/g as a mean one electrode capacitance), in which that of
the positive electrode was 384 F/g of MnO, and that of negative
electrode 117 F/g of carbon. Vargas et al. [9] prepared briniest-type
MnO, nanowires by direct reaction of NaMnO4 with ethanol under
hydrothermal conditions, specific capacitance of the nanowires is
191F/g. Dubal et al. [10] used a facile chemical bath deposition
(CBD) technique for the preparation of Mn304 thin films at room
temperature, the Mn3 0,4 films when used in supercapacitor exhib-
ited specific capacitance of 284 F/g in 1 M Na,SO4 electrolyte.

It is well-known that manganese dioxide can exist in differ-
ent structural formations, such as a-, -, y- and d-types [11]. For
the a-MnO,, the octahedron MnOg into a close-packed hexago-
nal, it is generally believed that there are some large ions, such
as K*, Ba%*, in the (2 x 2) tunnel, which play a role in stabilizing
the tunnel structure. In 3-MnO,, the basic structural unit octahe-
dral MnOg form the (1 x 1) tunnel, the gap area of (1 x 1) tunnel
is small, it is not conducive to diffusion of ion. 8-MnO, is a kind
of crystalline compounds with layered structure. In y-MnO,, the
crisscross growth of (1 x 1) tunnel and (2 x 2) tunnel form a close-
packed hexagonal structure [12]. The electrochemical performance
of MnO, strongly depends on its particle size, morphology, crys-
talline structure and bulk density. Thus, the study of manganese
oxide electrode materials focus on how to change its morphol-
ogy to improve its electrochemical performance. Surfactant was
widely used for preparation of various electrode materials due to
its special properties. Li et al. [13] prepared a-MnO, nanorods by
chemical precipitation in the presence of surfactant. The specific
capacitance of the a-MnO, electrode has reached to 166.2 F/g at
a current density of 200mA/g in a solution of 1M Na;SO4, how-
ever, the concentration of CTAB not been studied in this paper.
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Fig. 1. XRD patterns of MnO; prepared at different concentrations of CTAB (Page 5).

Zhou et al. [14] employed non-ionic surfactant F127 to enhance the
mesoporosity of carbon aerogel (CA) for electric double layer capac-
itor application. Jiang et al. [15] synthesized nanostructured MnO,
by co-precipitation in the presence of Pluronic P123 surfactant. The
nanostructured MnO, with optimized synthetic conditions gave a
large pseudocapacitance of 176 F/g. Zhao et al. [16] used surfactant
N-methylpyrrolidone (NMP) assisted electrochemical deposition
of a-cobalt hydroxide for supercapacitors, the as-prepared o-
Co(OH), shows better electrochemical performance with specific
capacitance of 651F/g in a potential range of —0.1 to 0.45V. Wu
and Wang [17] prepared nickel oxide film with open macropores
by anodic deposition in the presence of surfactant CTAB, it shows
a very high capacitance of 1110F/g at a scan rate of 10mV/s. B.
Senthilkumar et al. [18] prepared polythiophenes (PTs) by chem-
ical oxidative polymerization method in presence and absence of
three different (cationic—CTAB, anionic-SDS and non-ionic-Triton
X-100) surfactants using FeCls as oxidant. The PT prepared with
TRITRON X-100 exhibited higher specific capacitance of 117 F/g
compared to 78 F/g of surfactant free PT by the cyclic voltamme-
try test. From these reports we can see that there have been many

reports about surfactant used in preparing supercapacitor electrode
materials. However, the influencing mechanism of the surfactant
concentrations has not been full understood. In this study, we pre-
pared manganese dioxide by the liquid co-precipitation method.
This is the first report on using different concentrations of cationic
surfactant CTAB to control the structure of manganese dioxide and
the influence of residual surfactants on the electrochemical prop-
erties of materials.

2. Experimental
2.1. Synthesis of manganese dioxide and preparation of electrode

The starting materials for MnO, preparation included analytical-grade potas-
sium permanganate (KMnO4), manganese sulfate (MnSO4-H,0) and de-ionized
water (DW). First, a specific amount of hexadecyl trimethyl ammonium bromide
(CTAB) was solved in DW under continuous stirring. Then 20 ml 0.4 M manganese
sulfate solution was added to the CTAB solution. After complete mixing,30 ml1 0.18 M
potassium permanganate solution was added drop by drop under stirring. After
continuous magnetic stirring for 12 h, as-prepared MnO, was collected by centrifu-
gation and vacuum filtration, washed with de-ionized water and ethanol, dried at
80°C for 12 h, subsequently resulting in black powder. The products prepared using
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Fig. 2. FT-IR spectra of MnO, synthesized with different weights of CTAB (Page 6).
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Fig. 3. Galvanostatic charge/discharge profiles of MnO, prepared at different
weights of CTAB at the current density of 500 mA/g (Page 6).

different CTAB dosages are denoted as sample A (0g), B (0.05g),C(0.1g), D (0.2g),
E (0.3g), F(0.4g) and G (0.8 g). As for electrode fabrication, the as-prepared MnO,,
conducting agent graphite and binder (60 wt% PTFE) were mixed by weight ratio of
85:10:5. Then, an appropriate amount of ethanol was added into the mixture and
stirred into a paste. The paste was smeared into a 1cm? area foam nickel mesh.
Subsequently, the mesh was dried in air at 90°C for 4 h to remove the solvent and
finally was pressed under the pressure of 10 MPa to keep good adherence between
the electrode material and the nickel mesh current collector. The fabrication process
for carbon electrode is the same to MnO, electrode.

2.2. Structural characterization

The crystalline phase of sample was tested by Bruker AXS D8 ADVANCE X-ray
diffractometer with Cu K, radiation (A =1.5406 A). Diffraction data were collected
in the 20 range from 10° to 90°, the generator current was 200 mA and the gen-
erator voltage was 40 kV. Fourier transform infrared (FT-IR) spectra of the samples
were recorded on a Bruker Tensor 27 spectrometer using KBr as dispersing medium.
The morphology of the obtained manganese oxide powder was observed using a
Philips XL-30 field emission scanning electron microscope (FESEM). The BET surface
area of sample was measured by low temperature nitrogen adsorption apparatus
(sorptomatic 1990, American Thermal Power Corporation).

2.3. Electrochemical characterization

All the electrochemical measurements concerned were carried out in
0.5MK,S04 aqueous electrolyte using a three-electrode system. Carbon and sat-
urated calomel electrode (SCE) were used as counter electrode and reference
electrode, respectively. Cyclic voltammetry (CV) were performed within a poten-
tial range of 0-0.9V versus SCE at a scan rate from 5mV/s to 100mV/s on
the CHI 660B electrochemical workstation (Chenghua, Shanghai China). Constant
current charge and discharge tests were also conducted at current densities
from 300 mA/g to 5000 mA/g between 0V and 1.0V versus SCE. Electrochemical
impedance spectroscopy (EIS) analyses of the MnO, electrode were determined
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Fig. 4. Cyclic voltammograms of MnO, at different scan rates: (a) sample A and (b)
sample C (Page 7).

with the AutoLab-PGSTAT30 electrochemical workstation, AC amplitude of 5mV
being applied in a frequency range of 0.01-10° Hz.

3. Results and discussion
3.1. X-ray diffraction patterns and FT-IR spectra of samples

Fig. 1 shows the XRD patterns of MnO, prepared at different con-
centrations of CTAB. The figure shows the addition of surfactant
CTAB in the preparation process has no effect on the crystalline
phase of MnO,, the intensity of all samples XRD peaks are weak
and severely broaden, which indicate a small degree crystalliza-
tion of samples and a typical amorphous structure [19]. MnO,
material with this structure is more suitable for the supercapac-
itor electrode material [20]. The amorphous structure is conducive
to proton de-embedded and embedded rapidly, result in a rapid,
reversible chemical absorption/desorption or oxidation-reduction
reaction in the electrode surface or within the bulk phase, and then
generate pseudocapacitance. This will not cause serious deforma-
tion of the structure of the electrode material and does not affect
on the performance of electrode [21]. Comparison of the diffrac-
tion peak at 260 =37.2° matches a-MnO, according to a standard
JCPDS card (44-0141). It confirms that the obtained manganese
oxide is main microcrystalline «-MnO,_The tunnel of a-MnO, can
accept cations with radius up to 0.15 nm, such as K*, NH4 *, etc. these
cations play a role in stabilizing the structure. The y-MnO, and 8-
MnO, with smaller tunnel can only accept a small radius particle
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Fig. 5. The AC impedance curves of MnO, prepared at different weights of CTAB
and the equivalent circuit diagram of electrode: Cy, equivalent ideal capacitors; Rs,
equivalent series resistance; R, faraday resistance of electrode (Page 7).

such as H* ions. When a solution exists K*, NH4*, etc., it can induce
the formation of a-MnO, [22].

Fig. 2 gives the FT-IR spectra of the obtained MnO,. At the
wave number of 3400 cm~, there are the H-O-H stretching vibra-
tion and bending vibration absorption peak. The absorption bands
observed at 1425 cm~! and 1630cm™! are usually ascribed to the
hydroxyl of physically adsorbed water or crystal water in the sam-
ples. The broad absorption bands at 400-800 cm™! are attributed
to the characteristic peak of MnOg octahedron of a-MnO; [23-25].
The FT-IR spectra of MnO, prepared at different concentrations of
CTAB have no significant difference. There is no absorption peak of
other organic functional groups found in the FT-IR spectra.

3.2. Electrochemical properties of the MnO, electrode

The galvanostatic charge/discharge profiles of MnO, prepared at
different adding amount of CTAB at the current density of 500 mA/g
were determined in an electrochemical window of 1.0V, as shown
in Fig. 3. It can be observed the charge/discharge profiles of the
sample shows an isosceles triangle shape and the potential-time
relationships are all approximately linear, which indicates that
the MnO, electrodes have regular capacitive behaviors and good
cycling stabilities. There is a significant voltage drop at the very
beginning of discharge process due to the system resistance.

According to the formula of specific capacitance:

N
T mAV

where I is the current of charge/discharge, tis the time of discharge,
AV is 1.0V, and m is the mass of active materials in the working
electrode [26-28]. Table 1 shows the specific capacitance of the
seven samples at the current density of 500 mA/g.

Generally speaking, the specific capacitance decreases with the
increase of current density for all seven samples, while the decrease
tendency varies from different samples. Sample C with 178 F/g at
the current density 500 mA/g shows the highest capacitance among
all seven samples, which is larger than sample A by 41.3%. When the
current density increases from 300 mA/g to 5000 mA/g, the capac-
itance of sample C decreases from 197 F/g to 80 F/g, dropping by
59.4%. By contrast, the other samples dropped by 77.8% (A), 67.9%
(B), 72.5% (D), 76.8% (E), 77.1% (F), 69.0% (G) respectively. These
results indicate the optimum concentration of CTAB is 0.014 mol/L.

Fig. 4 shows the CV curves of samples at different scan rates
from 5mV/s to 100 mV/s over the voltage range of 0.0-0.9 V versus
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Fig. 6. Cyclic performance of the MnO, electrode (Page 8).

SCE in 0.5 M K;SO4 solution. As shown in Fig. 4(a), with the increase
of the scan rates, the CV curve of the sample A quickly becomes a
deformed rectangle from the beginning relatively regular rectan-
gle, and finally into the oval. This coincided with the fact that the
specific capacitance of the sample decreases as the scanning speed
increases, the material presents a poor rate capability. However the
response current of the sample C increases correspondingly with
the scan rate increase, indicating that the sample presents good

180 A
7 1230
./ —B— Specific Capacitance | J
_ o S i -3 1220
o 160 |
=3
~ —4210 <+
54 o
=] . o
<
S 140 [ {200 E
= I5
o J190 @
=) ]
Q 9. 4
(9] -
& 120 J 1180
" -170
100 1 " 1 " 1 " 1 " ]
0.0 0.1 0.2 0.3 0.4

Mass of surfactant / g

Fig. 7. Influence of surfactant mass on the BET area and discharge capacitance (Page
8).
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Specific capacitance of MnO, prepared at different concentrations of CTAB at different current densities (Page 7).

Current density (mA/g)

Specific capacitance (F/g)

A B C D E F G

300 185 196 197 182 155 131 116
500 126 177 178 162 120 107 104
1000 88 134 146 120 90 80 81
2000 59 101 117 87 67 56 61
5000 41 63 80 50 36 30 36

capacitance performance and rate capability, and the electrode has

good dynamics [29].

Equivalent series resistance (ESR) is one of the important eval-
uating indicators of supercapacitor [30]. The equivalent circuit
diagram of electrode is shown in Fig. 5. The AC impedance curve

2.00um ¢

= L
1.00um ¢

at high frequency was an irregular semicircle, and this shows the
electrode process at high frequencies is under electrochemical
polarization control. The size of the semicircle diameter indicates
the size of electrode reactionresistance. Intercept of the curve in the
X-axis represents the equivalent series resistance of electrode. The

Fig. 8. SEM images of the obtained MnO; powder under different magnification (a and b) 5000x; (c and d) 20,000x; (e and f) 50,000x; (a, c and e) sample A; and (b, d and f)

sample C (Page 9).
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Fig. 9. TEM images of the obtained MnO, powder under different magnifications (a and b) 97,000x; (c and d) 59,000 (a and c) sample A; and (b and d) sample C (Page 9).
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Fig. 10. FT-IR spectra of samples with different degrees of washing (a), pure MnO,; (b), sample washed by deionized water and ethanol; (c), sample washed by deionized
water; (d), unwashed sample; and (e), pure CTAB (Page 10).
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line in the low-frequency part indicated that the electrode process
is under diffusion control. The speed of double layer formation on
the surface of the electrode materials can be characterized by the
slope of the line. The larger the linear slope is, the faster the electric
double layer formed [31,32]. It can be seen from the Fig. 5 that the
ESR of electrode decreases because of the surfactant CTAB added
generally, which is probably due to that the surfactant reduced
agglomeration of manganese dioxide particles and increased the
specific surface area of material.

The cyclic performance of electrode was investigated by the
charge-discharge test. 10 cycles of charge-discharge of the MnO,
electrode at the current density 500 mA/g are shown in Fig. 6. It can
be seen that the charge-discharge curve can maintain a good sym-
metry, the potential-t relationships on charge-discharge profiles
are all approximately linear. It have been calculated, after 10 and
500 cycles of charge-discharge, the specific capacitance decreased
by 1.3% and 10.1% respectively, compared to the initial capacitance.
After 500 cycles, the specific capacitance of electrode tends to sta-
bilization. This indicates that the electrode has regular capacitive
behavior and good cycling stability.

3.3. The relationship between the physical characteristics and
electrochemical properties of materials

The main charge storage mechanism of manganese dioxide in
neutral electrolyte is the embedding and desorption behavior of
electrolyte cation in the surface layer and bulk of manganese diox-
ide and related to the role of amount of hydrates on the electrolyte
cations diffusion [33]. So the specific surface area and pore struc-
ture of sample are important physical characteristics affecting its
electrochemical properties.

Fig. 7 shows the influence of surfactant dosage on the BET sur-
face area and discharge capacitance. With the increase of surfactant
dosage from 0.0 to 0.4 g, the BET area of samples increased from
178.4m?/g to 229.8 m2/g, and then decreased to 166.1 m?/g. The
varying tendency of specific capacitance is same to that of BET
surface area. The results obtained above indicated that samples
with larger specific area have higher specific capacitance, which
may be attributed to that the redox reaction of electrode mainly
occurs on the surface of material [34]. This also explained the addi-
tion of CTAB increased the specific surface area of sample, which
in turn increased surface redox reactions and the specific capaci-
tance. The MnO, synthesized under optimum conditions possesses
the BET surface area of 229.8 m2/g and also exhibits a high specific
capacitance of 178 F/g at the current density of 500 mA/g.

Fig. 8 gives the SEM images of the obtained powder under differ-
ent magnifications. Fig. 8a, c and e presents the sample C, Fig. 8d—f
presents the sample A. It can be seen from Fig. 8 that the synthe-
sized samples are irregular particles. Samples were also examined
by transmission electron microscopy. As can be seen from the TEM
images with magnification 59,000x and 97,000x shown in Fig. 9.
Sample A shows a solid spherical particle with very short burrs in
the surface compared to a hollow sphere with long burrs of sample
C. The particle size of samples ranges from 100 nm to 300 nm. The
burrs of sample C are longer and denser and the particles distribute
more evenly than sample A under the same magnification. The hol-
low structure of sample C may be the reason of its high specific
capacitance. The addition of surfactant CTAB can reduce agglomer-
ation of manganese dioxide particles and make it distribute more
evenly. This is mainly related to the formation process of man-
ganese dioxide crystal nucleus. In the absence of surfactant, the
reaction between potassium permanganate and manganese sulfate
generates crystal nuclei first, manganese dioxide nuclei grow as the
reaction continues, and ultimately irregular particles with coarse
surface forms. In the presence of surfactant CTAB, divalent man-
ganese ions and CTAB forms complex by the interactions between
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ions at the beginning, afterward manganese dioxide grows along a
specific direction, which is controlled by the surfactant [35,36].

3.4. The influence of CTAB residue

If the surfactant is not removed in the process of washing and
separation, what impact will be engendered on the performance
of material? We investigated the influence of residual surfactants
on the electrochemical properties of materials. The samples with
different washing degrees were tested by FT-IR, cyclic voltamme-
try and galvanostatic charge-discharge. The results are shown in
Figs. 10 and 11. At the wave number from 2850 cm~! to 2960 cm™~!
of the FT-IR spectra b-e, there are the stretching vibration peaks
of saturated hydrocarbons of ~-CH3 and —CH, attributed to the long
hydrocarbon chain of CTAB. It can be seen that the surfactant CTAB
cannot be completely removed in the washing process, this is not
consistent with the conclusions in the literature [15]. It can be
seen the CTAB residue makes the specific capacitance of mate-
rial decrease slightly from 168 F/g to 147 F/g in Fig. 11. Thus, from
the perspective of industrial applications, the prepared manganese
dioxide may not necessary need to be washed.

4. Conclusions
It is demonstrated in this paper that the surfactant CTAB has

certain impacts on the electrochemical properties of MnO,. The
obtained manganese dioxide is mainly composed of a-MnO,, the
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particle size of samples ranged from 100 nm to 300 nm. The MnO,
synthesized under optimum conditions (sample C) shows a specific
capacitance 178 F/g at the current density of 500 mA/g, which is
higher than the MnO, synthesized without surfactant (sample A) by
41.3%. The BET surface area of the optimized sample is 229.8 m2/g,
which is larger than sample A by 28.8%. The MnO, synthesized
under optimum conditions also has a good rate capability. The BET
surface area and SEM images of material indicate that the surfac-
tant introduced in the preparation process of MnO, can reduce the
agglomeration of manganese dioxide particles, make it distributed
more evenly and increase the BET surface area of sample. These
results indicate that surfactant CTAB can improve the electrochemi-
cal performance of MnO, electrode, and an optimum concentration
for CTAB does exist. The CTAB residue makes the specific capaci-
tance of material decrease slightly, and may not necessary need to
be washed.
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