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Effect of surfactant on high capacitance of galvanostatically deposited MnO2
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Manganese dioxide has been galvanostatically deposited on stainless-steel substrate from an aqueous
acidic solution of manganese sulphate (1 M) in presence of a surface active agent (surfactant), namely,
sodium lauryl sulphate (SLS), for supercapacitor applications. The deposits have been developed under
different conditions of SLS and their specific capacitance is measured by cyclic voltammetry (CV) and also
by galvanostatic charge/discharge cycle. The oxide film (�0.1 mg cm�2) anodized from the manganese
solution at 2.0 mA cm�2 has shown the highest specific capacitance of 255.8 F g�1, at scan rate of
10 mV s�1. It is observed that the capacitance increased by about 40% compared to the oxide prepared
in the absence of SLS. Improved specific capacitance is due to the effect of the surfactant molecules in
the deposit, causing high surface area of the deposit. The deposit is found to display good cycleability,
even up to 1500 cycles. The structure and surface morphology of the deposits have been studied by
means of X-ray diffraction (XRD) analysis and Scanning Electron Microscopy (SEM). XRD study reveals
that crystallinity of the deposit with SLS remains unchanged, both are amorphous in nature. The surface
area of the deposit is found to increase considerably due to the effect of SLS, as evident by SEM study.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Growing environmental concerns and fast depletion of fossil
fuels have created great interest in studying alternative energy
sources. Electrochemical capacitors (ECs) also known as superca-
pacitors or ultracapacitors, have become alternative energy storage
systems for applications involving high power requirements for a
short duration such as camera flash equipment, pulsed light gener-
ators, fire/smoke alarms, backup power source for computer
memory, purification of salt water, etc. [1–6].

The supercapacitors have high power and energy density, very
long cycle lives, short charge time, high safety and high efficiency
[5,7,8]. Based upon their charge-storage mechanisms, supercapac-
itors can be classified into two types of capacitors: (i) the non-fara-
dic electric double layer capacitors (EDLCs), in which the
capacitance arises from the charge separation at an electrode–elec-
trolyte interface and (ii) the faradic pseudo-capacitors (PC), where
the capacitance arises from the redox reactions of the electrochem-
ically active material [9,10].

The most widely used active electrode materials are carbon
(EDLCs) [11–13] conducting polymers [14,15] and both noble and
transition-metal oxides (PC) [1,2,7,9,16–19]. Until now, one of
the best electrode materials for electrochemical supercapacitor is
ruthenium oxide [16,20,21]. However, it has the inherent disad-
vantage of being both expensive and toxic, which has limited its
ll rights reserved.
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commercial use. Recently, the natural abundance and low cost of
manganese oxide, accompanied by its satisfactory capacitive
behaviour in mild electrolytes and environmental compatibility,
have made it one of the most promising electrode materials for
supercapacitors. The preparation methods of manganese oxide
for supercapacitor applications include thermal decomposition,
co-precipitation, sol–gel processes, physical vapour deposition,
hydrothermal synthesis and anodic/cathodic deposition. It has
been confirmed that the preparation methods and/or condition
could significantly affect the material characteristics of the ob-
tained manganese oxides, and thereby their pseudo-capacitive per-
formance [22].

Generally, the physical and morphological properties of electro-
deposited materials depend on the experimental conditions used
for their preparation, which include the presence of foreign mole-
cules in the electrolyte. Surfactants possess a polar head group
attached to a long chain aliphatic non-polar tail. The head group
can get adsorbed on the electrode surface and, therefore, can influ-
ence the double layer properties, kinetics and mechanism of elec-
trochemical processes [1,23].

In this paper, the manganese dioxide was deposited galvano-
statically, by the electrolysis of an acidic solution of MnSO4�H2O.
Oxidation of Mn+2 ions results in a deposit of MnO2, which gener-
ally possess a c-crystallographic structure or is amorphous in
nature [1,23–25]. The product formed at the cathode is usually
the hydrogen gas due to the reduction of H3O+ ions [26]. From
literature, a nanostructured MnO2 deposited on stainless-steel by
electro oxidation method generally shows the capacitance in the
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range of 70–160 F g�1, using manganese sulphate solution as elec-
trolyte [27,28]. The aim of the present study is to electrochemically
deposit MnO2 in the presence of a suitable surface-active agent and
to evaluate the electrodes for capacitor properties. Accordingly,
MnO2 electrodeposited in the presence of sodium lauryl sulphate
(SLS) has shown that the specific capacitance varies in the range
of 200–255.8 F g�1 against 155.4 F g�1 obtained for MnO2 depos-
ited in the absence of SLS.
Fig. 2. Dependence of specific capacitance of MnO2 on the scan rate.
2. Materials and methods

2.1. Electrodeposition of MnO2 films

The electrolytic solutions were freshly prepared from distilled
water. Analytical grade reagents (MnSO4�H2O, C12H25NaOSO3, and
Na2SO4) were used in the present study. An aqueous solution of
1 M MnSO4�H2O in 0.15 M H2SO4 was prepared. A rectangular
PVC cell containing 100 cm3 electrolyte was used for deposition.
For the deposition of MnO2 in the presence of the surface active
agent, the required quantity of SLS was added, followed by a thor-
ough stirring of the electrolyte to obtain a clear solution. Experi-
ments were carried out using different amounts of SLS up to
5 g l�1 in the electrolyte, but at 5 g l�1 SLS concentration, no clear
deposition was observed. There was no much difference in capac-
itance up to 0.8 g l�1 SLS, at 1 g l�1 it shows maximum capacitance.
The variation of capacitance with SLS concentration is shown in
Fig. 1. Since the appropriate amount of SLS was found to be
1 g l�1, a majority of the studies were carried out at this concentra-
tion. All depositions were carried out under the same conditions of
stirring without purging, to maintain a mass transport steady-
state. Anodic deposition was carried out on pre-cleaned stainless
steel (SS, grade-304) panels of (10 � 3.0 � 0.1 cm) size with ex-
posed area 7.5 cm2. An identical, stainless steel panel was used
as cathode. The electrolytic deposition of MnO2 was carried out
galvanostatically at a current density of 2 mA cm�2 for 5 min, using
high precision power source (N6705A, Agilent Technologies). All
depositions were carried out under identical conditions of pH,
1.2 ± 0.1; temperature, 30 ± 2 �C; and time, 5 min, for comparison
purposes. Subsequent to deposition, the electrode was separated
from the cell, rinsed with distilled water, dried at 150 �C, and
weighed.

Electrochemical data were obtained with a potentiostat/galva-
nostat (Gamary, G750) and, in order to obtain the mass of MnO2
Fig. 1. Dependence of specific capacitance of MnO2(s) on the concentration of SLS in
1 M MnSO4 solution.
films, a balance (Mettler Toledo, AL54 CEN315) was used. Electro-
chemical characterisation was done in a three electrode configura-
tion cell, having 0.1 M aqueous solution of Na2SO4 as the
electrolyte. The MnO2 coated SS was used as a working electrode.
CV measurements were performed between 0.0 V and 0.9 V (vs.
Saturated Calomel Electrode) at scan rates from 10 to 150 mV s�1.
It was clear from Fig. 2, as scan rate increases, capacitance de-
creases. As counter-electrode, a 10 cm2 platinum sheet was used.
The powder X-ray diffraction (XRD) patterns of the samples were
recorded using JEOL JDX-8P diffractometer using Cu Ka
(k = 1.5418 Å) as source. The surface morphology of electrodepos-
ited MnO2 images was recorded using a JEOL JSM-6380LA Scanning
Electron Microscopy (SEM).

2.2. Electrochemical characterisation

The specific capacitance (Cs, in Farad, F) was calculated using
half the integrated area of the CV curves to obtain the charge (Q,
in Coulomb, C), and subsequently dividing the charge by the mass
of the deposit (m, in grams, g) and the width of the potential win-
dow (DV, in Volts, V), using the following equation

Cs ¼ Q=mDV ð1Þ
Fig. 3. X-ray diffraction patterns of bare SS and galvanostatically deposited MnO2

and MnO2(s) (2 mA cm�2).
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Galvanostatic charge/discharge cycling was carried out at con-
stant current density 0.5 mA cm�2. Obtained charge/discharge
curves were used for the calculation of Cs (F) from the following
equation

Cs ¼ I=ðdV=dtÞm ð2Þ

where dV/dt (V/s) is the slope of the linear discharge curve, and I
(mA cm�2) is the current density.

3. Results and discussion

The electrochemical preparation of MnO2 from an aqueous
solution contained Mn+2 salts has been extensively studied and re-
ported. The reaction occurs according to,
Fig. 4. SEM images of (a) MnO2, (b) MnO2(s) and (c) MnO2(s) magnified films
deposited galvanostatically at current density of 2 mA cm�2.
Mnþ2 þ 2H2O!MnO2 þ 4Hþ þ 2e� ð3Þ

MnO2 thus formed usually deposits as a film on the anode
[1,23,26,29]. A large variety of studies on electrodeposition of
MnO2 from acidic electrolytes has been reported [9,24]. These
studies have been carried out using an inert electrode such as Pt.
However it is imperative to employ an inexpensive substrate in-
stead of an expensive Pt group metal for a cost-effective applica-
tion. For this reason, in the present study, SS was used as the
substrate for the deposition of manganese oxide. Ni can be also
used as substrate [23]. The advantage of using SS over Ni substrate
is that, in acidic medium Ni undergoes oxidation and hence under-
goes corrosion. In this work, the experimental setup used for depo-
sition of MnO2 was simple two electrode system, but the values
obtained for capacitance and cycle lives were quite good. A mixed
acidic aqueous solution of 1 M MnSO4�H2O + 0.15 M H2SO4 was
used with increasing amounts of SLS from 0 to 5 g l�1. Generally,
electrolytic manganese dioxide (EMD) was deposited in acidic elec-
trolytes consisting of a Mn+2 ions, using an inert electrode as an-
ode. The oxides deposited from a solution in absence and in
presence of SLS surfactant are hereafter referred to as MnO2 and
MnO2(s), respectively.

It is known that MnO2 exists in several crystallographic forms
[30], and an oxide prepared by electrochemical oxidation in acidic
electrolytes, which is generally called the EMD, has either the c
Fig. 5. (a) CV curves of the MnO2, MnO2(s) and SS in 0.1 M Na2SO4 solution at 10 mV
s�1 scan rate, (b) charge–discharge curves at 0.5 mA cm�2.
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structure or amorphous in nature. In order to examine the effect of
the presence of surfactant in the solution, the XRD patterns of the
bare SS, MnO2 and MnO2(s) were recorded, is as shown in Fig. 3.
Since XRD pattern of bare SS, MnO2 and MnO2(s) were same and
no peak corresponds to any of the crystalline form of MnO2 [30].
Thus both, MnO2 and MnO2(s), are amorphous in nature. From
the SEM micrographs (provides morphological effect of surfactant
on surface) Fig. 4a and b, it is seen that the surface of MnO2(s) ap-
pears rough, suggesting the higher surface area than the smoother
surface of MnO2. The important aspect seen in these images is the
‘‘cracked mud’’ appearance of the films as clearly observed in
Fig. 4c at higher magnification. The cracking is the important fac-
tor, which enhances the cycle lives by facilitating the expansion/
contraction process [31].

The charge storage mechanism in MnO2, which has been previ-
ously reported [17], is due to a redox reaction, which also involves
insertion of cations from the electrolyte into the MnO2 lattice. The
kinetics of reversible insertion/extraction of the cation varies with
the electrolytes; a solution of 0.1 M Na2SO4 was the better electro-
lyte for all characterisation studies [23]. It was observed that the
insertion of cation also depends on scan rates, as scan rate in-
creases, capacitance decreases. At slow scanning rate, protons or
cations have enough time to arrive at the surface of MnO2 and to
insert into the voids in MnO2 lattice, and thus more charge can
Fig. 6. (a) CV for MnO2(s) at 25 mV s�1 in 0.1 M Na2SO4 for cycle life, (b) cycle life
data for MnO2 and MnO2(s) at 25 mV s�1 scan rate in 0.1 M Na2SO4.
be stored. At fast scanning rate, protons and cations may not have
enough time to intercalate into the voids, thus amount of charge
stored by intercalation was comparatively less. It was found that
the 1 g l�1 SLS in 1 M MnSO4�H2O shows maximum, appropriate
capacitance. Thus MnO2(s) electrodes prepared out of 1 M
MnSO4�H2O + 0.15 M H2SO4 + 1 g l�1 SLS electrolyte was used for
the characterisation studies. The results of cyclic voltammetry for
these studies were also confirmed by galvanostatic charge/dis-
charge studies.

Cyclic voltammograms in 0.1 M Na2SO4 of MnO2 and MnO2(s)

electrodes and also bare SS electrode, for comparison, are as shown
in Fig. 5a. There is no significant charge density on the bare SS elec-
trode, thus suggesting that the contribution of the substrate to the
measured capacitance of MnO2 or MnO2(s) is negligibly small. The
specific capacitance is (Cs) for MnO2 and MnO2(s) are 155.4 and
255.8 F g�1, respectively, at the scan rate of 10 mV s�1. Thus, there
is an increase of Cs by about 40% for MnO2(s) in comparison with
MnO2.

The electrodes were subjected to galvanostatic charge/dis-
charge cycling at current density of 0.5 mA cm�2 is shown in
Fig. 5b. The linear variation of potential during both charging and
discharging process is another criterion for capacitance behaviour
of material in addition to exhibiting rectangular voltammograms
[8]. There is a linear variation of the potential during charge and
discharge regions for both MnO2 and MnO2(s). The Cs values ob-
tained from the discharge data for MnO2 and MnO2(s) are 154.8
and 244.0 F g�1, respectively.

Both MnO2 and MnO2(s) electrodes were subjected to an ex-
tended cycle-life test with CV at 25 mV s�1 scan rate and the vari-
ation of specific capacitance with cycle number is shown in Fig. 6a.
It is seen that the specific capacitance of MnO2 is 153.8 F g�1 dur-
ing the initial stages of cycling. This value agrees with the studies
reported in the literature. There is a decrease in capacitance on cy-
cling and for MnO2(s), a Cs of 237.2 F g�1 is obtained during the ini-
tial cycles, it decreases to 220.7 F g�1 at 1500th cycle. The variation
of Cs with cycle number is shown in Fig. 6b.

4. Conclusion

In order to improve the specific capacitance, amorphous MnO2

has been electrodeposited from an acidic aqueous solution consist-
ing of SLS as the surfactant. The electrodeposited films of MnO2 in
the presence of the surfactant possess rough surface, and hence
surface area, in relation to the films prepared in the absence of
the surfactant, also surfactant may facilitate the insertion of cat-
ions into the MnO2 moiety. Cyclic voltammetry and galvanostatic
charge–discharge cycling experiments reveal that the Cs is higher
by about 40% due to the effect of SLS. It has been found that
1 g l�1 SLS in 1 M MnSO4�H2O solution is the optimum concentra-
tion for obtaining maximum Cs.
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