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The dual effect of in-situ addition of anionic surfactants, sodium octyl sulfate (SOS), sodium dodecyl sulfate (SDS) and sodium
tetradecyl sulfate (STS) on the microstructure and electrochemical properties of electrolytic manganese dioxide (EMD) produced from
waste low grade manganese residue is discussed. X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM),
BET-surface area studies, thermogravimetry-differential thermal analysis (TG-DTA) and Fourier transform infrared spectroscopy
(FTIR) were used to determine the structure and chemistry of the EMD. All EMD samples were found to contain predominantly
γ-phase MnO2, which is electrochemically active for energy storage applications. FESEM images showed that needle, rod and flower
shaped nano-particles with a porous surface and platy nano-particles were obtained in the case of EMD deposited with and without
surfactant respectively. Thermal studies showed loss of structural water and formation of lower manganese oxides indicating high
stability of the EMD samples. The cyclic voltammetry and charge – discharge characteristics implied the presence of surfactants
enhances the energy storage within the MnO2 structure. Addition of the surfactant at its optimum concentration greatly increased
the EMD surface area, which in turn improved the cycle life of the EMD cathode. EMD obtained in the presence of 25, 50, 25 ppm
of SOS, SDS, and STS respectively showed an improved cycle life relative to the EMD obtained in the absence of surfactant. EMD
obtained without surfactant showed a capacity fade of 20 mAh g−1 within 15 discharge-charge cycles, while surfactant modified
samples showed stable cyclic behavior of capacity 95 mAh g−1 even after 15 cycles.
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Global demand for new energy materials and energy storage de-
vices is increasing rapidly and in parallel with the quest for alter-
native energy resources. Substantial research and development effort
continues to be invested in the synthesis of an economically viable,
ecofriendly storage device from a natural source. Among the various
energy storage devices, alkaline rechargeable batteries have become
the ultimate choice for energy storage systems in the portable electron-
ics market as well as electric transport systems.1–3 Worldwide research
and development programs in this area have been underway for more
than a century,2 with most attention focused on Zn-Mn, Ni-Cd, Ni-Fe,
Ni-Zn, Ni-MH, and Li-ion rechargeable systems.4 Among these, Zn-
Mn alkaline batteries have held a strong position in the battery market
for many decades.

Manganese dioxide, used as the active material in Zn-MnO2 batter-
ies, can be prepared both by chemical synthesis (chemical manganese
dioxide, CMD) or electrochemical deposition (electrodeposited man-
ganese dioxide, EMD) methods. Adequate primary Mn resources are
available from which manganese dioxide can be produced, but the
rapidly growing demand for manganese/manganese oxide has made
it increasingly important to develop processes for economic recovery
of manganese from low-grade manganese ores and other sources.5 In
order to fulfill the escalating demand of EMD for its application in
rechargeable batteries and super capacitors, production of EMD from
secondary resources is of great importance.

Polymetallic nodules are a rich source of many metals, and explo-
ration of manganese nodules has been carried out at various locations
around the world for a number of decades. Mn leach residue and
Mn cake are two waste products obtained during the extraction of
Cu, Ni, Co, and Zn. Battery grade EMD has been successfully pre-
pared from Mn cake.6,7 Attempt has also been made to prepare battery
grade EMD from manganese sulfate solution obtained from Mn leach
residue8 which is a waste material obtained during the processing of
Mn nodules.9 The present authors have also compared the suitability
of EMDs obtained from manganese cake, leach residue and synthetic
solution as battery materials and found that EMDs obtained from
secondary sources gave better performance over the synthetic one.10
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Purity and quality are two important factors governing the electro-
chemical activity of EMD. EMD as electroactive material has found
applications in primary as well as rechargeable alkaline batteries due
to the purity of the predominantly γ-phase MnO2. Although its use
in alkaline batteries dates back about 40 years, there remains a tech-
nology drive to improve its rechargeability.11–16 Low production cost,
low environmental impact, high redox potential, high rate capability,
better relative performance over a wide temperature range, and long
storage life15,17–19 are distinct features of pure EMD. In improving the
quality of EMD, surfactants play a role by modifying the microstruc-
ture, which in turn affects the electrochemical activity of the EMD.
Although use of surfactants during electrodeposition may not be new,
their use during production of EMD, and consequent effect on EMD
structure and performance, remains to be fully explored. It has also
been demonstrated that surfactants can play a role in promoting crys-
tal growth and aggregation, facilitating the efficient transport of redox
ions, a prerequisite for any energy storage material such as EMD.

Surfactants are commonly used in the preparation of various elec-
trode materials by a number of different techniques, such as chemical
co-precipitation20,21 and liquid co-precipitation,22 in addition to elec-
trochemical deposition methods.23,24 Ghaemi et al.24 have reported
that electrolytic MnO2 prepared in the laboratory in the absence
of surfactant does not have properties appropriate for battery appli-
cations. On the other hand, the electrochemical behavior of EMD
prepared in the presence of surfactants—namely, t-octyl phenoxy
polyethoxyethanol (Triton X-100), cetyltrimethylammonium bromide
(CTAB), or sodium n-dodecylbenzenesulfonate (SDBS)—is suitable
for battery applications.25 The effect of quaternary amines on the
electrochemical behavior of EMD was discussed in our previous
work.26 Recent literature27,28 reports the effect of sodium dodecyl
sulfate (SDS) on the supercapacitive behavior of EMD. For the first
time, we reported in our recent work29 the K intercalation behavior of
EMD modified by Triton X-100. Due to the rising demand for EMD,
continual efforts are underway to find alternative sources from which
EMD can be produced with better electrochemical performance.

The present work reports the performance and properties of EMD
produced from low grade manganese leach residue in the presence of
anionic surfactants sodium octyl sulfate (SOS), sodium dodecyl sul-
fate (SDS) and sodium tetradecyl sulfate (STS). Mn leach residue is
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obtained during ammoniacal leaching of manganese nodule,10 and is
usually considered as waste and discarded. Surfactants possess a long
chain hydrophobic group attached to a hydrophilic head group, which
can adsorb on the electrode surface and influence the mechanism of
redox processes. Ionic surfactants in aqueous solution may be classi-
fied as cationic or anionic; the sodium salts of higher fatty acids such
as SOS, SDS, and STS are classed as anionic surfactants. The critical
micelle concentrations (CMC) of the surfactants30,31 SOS, SDS, and
STS are 133, 8 and 2 mM, respectively. The aim of the present study
is to investigate the influence of three different anionic surfactants and
their dual role on materials and electrochemical properties.

Experimental

Materials and methods for producing EMD.— Electrolytic man-
ganese dioxide (EMD) was prepared from purified aqueous man-
ganese sulfate solutions obtained from low grade Mn leach ore/residue
containing 44 gdm−3 Mn and 22 gdm−3 H2SO4 at an anodic cur-
rent density of 200 A m−2 in a glass cell. Purified MnSO4 solution
was obtained after leaching followed by two stages of purification
of low grade Mn ore/residue.9 The experimental set-up was outlined
in our previous work.7 Homologous surfactants SOS, SDS and STS
(Fig. 1) were added at different concentrations into the electrolytic
bath during electrolysis. EMD samples prepared from 0, 10 25, 50
and 100 mgL−1 of SOS, SDS and STS are labeled EMD0, EMDSOS10,
EMDSOS25, EMDSOS50, EMDSOS100, EMDSDS10, EMDSDS25, EMDSDS50,
EMDSDS100 and EMDSTS10, EMDSTS25, EMDSTS50, and EMDSTS100 re-
spectively. The anodic oxidation of Mn2+ to MnO2 was carried out
on a lead (Pb) anode placed in parallel to a stainless steel (SS) cath-
ode. All experiments were carried out at around 90◦C for 4 h. The
dried mass of deposited material was ground and sieved through a
53-μm mesh to obtain EMD powder. The resultant product in powder
form was washed repeatedly with deionized water until the sample
was sulfate free. The EMD powder was finally dried and cooled in a
desiccator and subject to physical and electrochemical characteriza-
tion. Morphological characterization was performed on EMD flakes
scraped from the anodes. These were washed with deionized water
before analysis.
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Figure 1. Molecular structures of the surfactants.

Physical characterization.— X-ray diffractograms were recorded
for the EMD powders using PANalytical diffractometer (PW 1830,
Philips, Japan) with Cu Kα radiation. The scans were recorded in
the 2θ range 15–80◦. The surface morphology of the EMD samples
was determined using field emission scanning electron microscope
(FESEM, ZEISS SUPRA 55). BET surface area and pore size anal-
ysis was carried out using Quantachrome (Autosorb-iQ) surface area
analyzer. To measure the tap density, 2 g of each of the EMD samples
was placed in a small graduated measuring cylinder and repeatedly
tapped (200 times) using a tap density tester. The density of the pow-
der showed a little change with the number of tappings, which was
finally recorded as the tapping density of the powder. Fourier transform
infrared (FT-IR) spectrographs were recorded on a Nicolet 6070 spec-
trophotometer in the frequency range 400–4500 cm–1. Differential
thermal analysis (DTA) and thermogravimetry (TG) (Perkin Elmer
Diamond) analysis were carried out under inert atmosphere over a
temperature range of 30 to 1000◦C with a heating rate of 5 ◦C min−1.

Electrochemical characterization.— The pellet preparation, cell
arrangement and all other conditions and parameters remain as per
previous reported work.7 The EMD active material was first mixed
with 20 wt% graphite powder and with 5 wt% polyvinyl alcohol as a
binder and then pressed (pressure of 12 t) into a disc with a diameter
of 20 mm. An electrochemical cell was constructed with the disc as
the cathode, metallic Zn as the anode (equal mass to that of cathode).
Initially, the cell assembly was allowed to equilibrate for 1 h at its open
circuit voltage (OCV). The electrolyte was 9 M KOH. The applied
discharge current was 20 mA (C/15 rate) with a cut-off voltage of
1.0 V. The applied charge current was 40 mA (C/7.5 rate) with a cut-
off voltage of 1.6 V. The discharge capacities were recorded for up to
20 cycles. The galvanostatic measurements were carried out using a
BITRODE deep cycle battery tester (LCN1-25-24, USA).

For cyclic voltammetric (CV) experiments, a standard three-
electrode cell was used. For this purpose, EMD samples prepared
in the presence of different concentrations of SOS, SDS and STS as
anionic surfactants were used as the working electrode. The active ma-
terial was pressed on to a disc of Pt gauze. On the other side of a disc,
a layer of graphite powder was also pressed to enhance the conduc-
tivity. The MnO2 side of a disc was exposed to the KOH electrolyte
through a Teflon barrel. The exposed area was 0.5 cm in diameter.
The counter electrode was a zinc foil, which was separated from the
main electrolyte (9 M KOH) by means of a porous frit to avoid the
spallation of zinc inserted into the MnO2. Mercury-mercury oxide
(Hg/HgO) served as the reference electrode. Reported potentials are
relative to Hg/HgO. The working electrode was cycled between 0.2
and – 0.6 at 35 μV/s scan rate. On each occasion the potential scan
started at 0.2 V, moving initially in the cathodic direction.

Results and Discussion

Electrolysis.— The electrochemical parameters, current efficiency
(CE) and energy consumption (EC), of electrodeposited EMD pre-
pared with and without surfactants are given in Table I. The surfactant
free bath yields EMD with a CE of 94% and energy consumption
of 1.640 kWh kg−1, and with the introduction of surfactant the CE
increases to a maximum level before decreasing on addition of excess
of surfactant. The increase in CE suggests strong adsorption of the ad-
ditives on the electrode surface.24 It is worth noting that during EMD
deposition at high temperature, hydrogen gas liberated at the cathode
carries acidic mist to the air, which is hazardous to health and may
cause damage to the environment, particularly at an industrial scale of
EMD production.32 Therefore an attempt has been made33 to reduce
the hydrogen evolution and the energy consumption by using a Pt/C
gas diffusion electrode as the cathode during EMD production. Surfac-
tant addition to the electrolytic bath causes formation of a froth which
covers the solution interface and minimizes hydrogen evolution and
the release of acid mist; this is thus an added advantage of the use of
surfactant. The energy consumption also reduces to 1.353 kWh kg−1
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Table I. Effect of additives on the electrodeposition parameters of
electrolytic manganese dioxide (EMD) from low grade Mn residue.

Surfactant

Additive
conc.

(mgL−1)

Current
efficiency

(%)

Energy
Consumption
(kWhkg−1)

BET Surface
area (m2 g−1)

Nil 94 1.640 100

SOS 10 99.5 1.370 107.001
25 100 1.353 126.13
50 98.5 1.446 115.917
100 95 1.455 109.68

SDS 10 98 1.419 99.17
25 92 1.583 115.679
50 89 1.594 130.492
100 88.8 1.598 94.54

STS 10 96 1.548 101.61
25 96.5 1.540 124.529
50 97.5 1.532 122.864
100 93 1.590 103.29

at 25 ppm of SOS in the electrolyte against the energy consumption
of 1.640 kWh kg−1 for surfactant free electrolyte.

In general, the electrodeposition of manganese dioxide34 from an
acidic sulfate solution proceeds through the following reactions:

At Anode: Mn2+ + 2H2O → MnO2 + 4H+ + 2e− [1]

At Cathode: 2H+ + 2e− → H2 [2]

MnO2 does not form at the anode in one single step. Initially Mn2+ is
formed in solution and is converted to an intermediate species, Mn3+,
in its solid phase. This intermediate species finally gives rise to solid
Mn4+ phase in the form of MnO2 while some Mn2+ ions still remain in
the solution phase.35,36 When surfactants are present in solution, they
may inhibit the formation of Mn3+ intermediate species in solution by
adsorbing at the substrate/electrolytic solution interface. Surfactant
molecules may also block active growth sites, thereby allowing elec-
trodeposition preferentially on crevices.37 The electron/ion transfer
kinetics mostly depends on the degree of coverage of the electrode
by surfactant due to either mechanical blocking or through electro-
static interactions.38,39 Coverage of electrode with surfactant causes
changes to the electrical double layer characteristics, which influ-
ence the interfacial energy, dielectric constant, potential and current
distribution at the electrodes, ultimately resulting in modified crys-
tal growth. Surfactants can significantly reduce surface tension and
surface energy of nano-particles. The steric effect of long surfactant
molecular chains can prevent them from agglomerating28,40 hence, the
organic surfactants play a crucial role in facilitating the formation of
compact deposits with greater surface area. To the best of our knowl-
edge, no systematic work has been done on the reported range of
anionic surfactants and their dual role in promoting the material and
electrochemical characteristics of the EMD material.

Structural characterization.— XRD patterns of EMD samples pre-
pared at different concentrations of SOS, SDS and STS as anionic
surfactants are shown in Fig. 2. All the EMD samples show weak,
broad peaks indicating a small degree of crystallisation and a typi-
cal amorphous structure. The diffraction peaks can be indexed to an
orthorhombic phase of γ-MnO2 with lattice constants: a = 8.70 Å,
b = 2.90 Å and c = 4.41 Å. These cell parameters are in good agree-
ment with the standard values (JCPDS card no. 65–1298; a = 9.27 Å,
b = 2.87 Å, c = 4.53 Å). The peaks at 2θ values of ∼22◦, 37.2◦,
∼42◦, ∼56◦, ∼68◦ correspond to the 110, 021, 121, 240/221, 002/061
crystal planes of γ-MnO2, respectively. Addition of surfactant to the
electrolytic bath had no significant effect on the crystalline phase of
EMD.

Figure 3 shows the FTIR spectrum recorded for the EMD sam-
ples with or without surfactant at different frequency range. The peak
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Figure 2. X-ray diffractogram of EMD samples.

detected in the finger print region of 400–600 cm−1 confirms the
formation of γ-MnO2. The broad peak located at about 760 cm−1

is assigned to the characteristic peak of MnO6 octahedron, while the
transmission band at 1100 cm−1 can be attributed to the MnO2 stretch-
ing mode and/or O-H bending vibrations41 associated with hydrogen
bonding, indicating the presence of bound water molecules.42,43 The
strong band at ∼1630 cm−1 can be attributed to O-H bending vibra-
tions associated with the water of crystallization43 and a broad band at
∼3400 cm−1 is due to OH stretching vibrations.42,43 A weak band is
observed at ∼1400 cm−1 indicating O-H stretching vibrations.44 FTIR
data indicates that SOS, SDS and STS addition at the concentrations
used in this study has no significant effect on EMD structure and
composition. The absence of the characteristics peaks of the organic
functional groups of the surfactants suggests that there is no residual
surfactant present after the washing procedure.43

Surface morphology.— Addition of the surfactant during elec-
trodeposition plays a vital role in modifying the structure of EMD
by controlling the nucleation and growth mechanism through
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Figure 3. FTIR spectra of a) EMD0, b) EMDSOS25, C) EMDSDS50, d)
EMDSTS25, and e) EMDSTS50.
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Figure 4. FESEM images of the EMD samples in the absence and presence
of various concentrations of SOS as anionic surfactant.

adsorption, which in turn influences the stability and rechargeability
of EMD.24,45 Fig. 4 shows the FESEM images of the EMD samples.
For EMD0, particles exhibited platy growth oriented randomly in
all directions relative to the axis perpendicular to the anode, forming
a net-like deposit. In the presence of SOS tube-like particles with
pointed and flat tip for EMDSOS25 and EMDSOS50 respectively are
formed. With increasing SOS concentration (i.e, for EMDSOS100), an
irregular morphology of agglomerated particles with the occasional
appearance of tube-like orientations was observed. When SDS was
employed during electrosynthesis of EMD, a porous structure with
narrow needle like particles was obtained for EMDSDS10 (Fig. 5a),
however at 50 ppm concentration of SDS (i.e, for EMDSDS50),
narrow needle like particles within a size range of 50–100 nm were
observed (Fig. 5b). EMDSDS100 showed (Fig. 5c) platy morphology
with randomly oriented particles to produce a net-like appearance.
Deposits obtained in the presence of STS shows quite different
morphology (Fig. 5e–5f) than those obtained in the presence of SOS
and SDS. EMDSTS25 produced nano-sized rod-type grains with sizes
in the range of 10–20 nm perpendicular to the anode surface, with
some agglomeration evident. The EMD obtained in the presence of
50 ppm STS (EMDSTS50) consisted of nano-sized petal-like structures
arranged in a random fashion, giving a highly porous structure, while
the EMD obtained in the presence of 100 ppm STS (EMDSTS100) con-
sisted of nano rods stacked at random. Thus the presence of all these
anionic surfactants resulted in very highly porous nano materials.

BET surface area and porosity analysis.— Subsequent to FESEM
studies, BET surface area analysis and pore size distribution studies
were carried out by N2 adsorption–desorption measurements to gain
further insight into the structural behavior of EMD prepared in the
presence and absence of anionic surfactants. The nitrogen adsorption–
desorption isotherms are shown in Fig. 6a–6d. Both unmodified and
modified EMD samples had typical type IV adsorption–desorption
isotherms with H2 type hysteresis loops characteristic of mesoporous
materials, with loop shifting to a higher relative pressure on approach-
ing P/P0 = 1, indicating a large number of mesopores. The isotherms
agree well with the determined pore diameters of 4.172, 3.824, 3.836
and 3.817 nm for EMD0, EMDSOS25, EMDSDS50 and EMDSTS25 respec-
tively with corresponding pore volumes of 0.1385, 0.1105, 0.1311 and
0.1281 cm3 g−1. The amount adsorbed gradually increased at lower
relative pressures and then increased sharply at higher relative pres-
sures. The pore size distribution curves (insets of Figs. 6a–6d) confirm
that more intense peaks with ordered pores are formed in case of sur-
factant modified EMD samples. The BET surface areas of the EMD
samples were found to be 100, 126.13, 130.492, 115.679 and 124.529

m2/g for EMD0, EMDSOS25, EMDSDS25, EMDSDS50 and EMDSTS25 re-
spectively, confirming the increase in surface area facilitated by the
presence of surfactants. The tap densities for the EMD samples in
the absence and presence of surfactant are found to be in the range of
1.8–2.0 and 2.4–2.8 g/cm3 respectively. The high tap densities for sur-
factant assisted EMD are related to the porous structure with enhanced
effective active sites for redox mechanism to occur.46

Thermal analysis.— Thermal analysis (TG and DTA) is an im-
portant tool to determine the structural stability of MnO2 in terms
of its water content, as water content in MnO2 causes a variation in
the crystal lattice, with consequent effects on electrical conductivity
and electrode potential.11 Among the three different types of water
molecules associated with γ-MnO2,47 Type I water corresponding to
physisorbed molecular water, is removed below 110◦C. As observed
in Fig. 7, there is greater weight loss in this region for surfactant mod-
ified EMD than the surfactant-free EMD, due to the higher surface
area. Type II water, dissociatively chemisorbed water and strongly
bound micropore water, is removed below 270◦C. Type III water is
present as hydroxyl groups in the interior of the lattice and is removed
at around 300◦C. The weight loss corresponding to these two types
of water is comparatively less for surfactant-modified EMD samples
than the unmodified samples. This is followed by the weight loss in
the temperature ranges between 400–600 and 600–900◦C, which may
be attributed to the formation of Mn2O3 and Mn3O4, respectively.48–50

The weight loss in the range of 400–600◦C is more prominent for
surfactant-free EMD than the surfactant modified EMD samples.

Figure 7b presents the DTA thermograms of the EMD samples.
EMD0 shows an endo peak below 100◦C and a broad endo peak below
300◦C, due to the continuous removal of types I, II, and III water.
Note that the endo peak observed below 300◦C for EMD0 is less
prominent in surfactant modified EMD samples. The sharp endo peak
corresponding to the formation of Mn2O3 is prominent for surfactant-
free EMD relative to the surfactant modified EMD samples. This in

EMDSDS25 EMDSDS50

EMDSDS100 EMDSTS25

EMDSTS50 EMDSTS100

Figure 5. FESEM images of the EMD samples in the presence of various
concentrations of SDS and STS as anionic surfactants.
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Figure 6. Nitrogen adsorption and desorption isotherm of EMD samples in the presence of various concentrations of anionic surfactants.

turn strongly supports the observation made by thermogravimetric
analysis, indicating higher stability of the surfactant modified EMD
samples when compared with unmodified one.

Electrochemical activity of EMD.— The electrochemical perfor-
mance of the EMD samples was characterized both by galvanostatic
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Figure 7. TG (left) and DTA (right) plots of EMD samples in the presence
of various concentrations of anionic surfactants. Intensity of the y-axis is
normalised.

(charge-discharge) and potentiostatic (cyclic voltammetry) techniques
to identify suitability for energy storage applications. The galvanos-
tatic technique involves the battery-type (charge – discharge) charac-
teristics while imposing a constant current and evaluation of storage
capability over a number of cycles. The EMD samples were subject
to discharge first and were then charged in 9 M potassium hydroxide
aqueous solutions. The redox processes that occur during charge-
discharge have been discussed in our previous work.10,29 The electro-
chemical reactions that takes place at the EMD electrode in aqueous
electrolyte is the electron-proton mechanism corresponding to the in-
sertion of H+ accompanied by reduction of Mn sites (Mn4+ is reduced
to Mn3+) in MnO2.51

The discharge behavior of EMD samples obtained with and with-
out surfactants is shown in Fig. 8, 9 and 10. The discharge capacity
of 267 mAhg−1 was obtained for the surfactant-free EMD (EMD0)
against a reported discharge capacity of 160 mAhg−1 in the absence
of additives.52 However, on continuous charge-discharge cycling the
capacity faded gradually to a discharge capacity of 20 mAhg−1 within
15 cycles, after which a sudden fall in discharge is observed due to
capacity failure. The charge storage mechanism in MnO2 is a single
phase proton insertion originating from the water of the KOH elec-
trolyte introduced into the ionic lattice of the MnO2 corresponding to
a redox process.51 The structural irreversibility of MnO2 during suc-
cessive cycling is well reported in the literature.51,53,54 The products of
the materials produced after discharge are electrochemically inactive
phases birnessite (δ-MnO2), hausmannite (Mn3O4), and manganese
oxy hydroxides (Mn(OH)2).54–56 These irreversible materials down-
grade the cycleability of Zn-MnO2 alkaline cells, while the presence
of Bi- or Ba- containing compounds in the electrolyte suppresses the
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Figure 8. Discharge capacities versus cycling behavior of EMD at different
concentration of SOS.

formation of these materials.55,56 However, this is outside the scope
of this study. During the repeated cycling, the anodic Zn electrode, as
well as the MnO2 cathode, undergoes morphological changes, form-
ing dendrites that limit the rechargeability after modest utilization.57

The presence of ZnO and zincate complex ions, primarily Zn(OH)4
2−

on the surface inhibit the MnO2 reaction, promoting irreversible pas-
sivation, thereby lowering the attainable discharge capacity.58

EMD deposited in the presence of SOS at 25 ppm shows an initial
discharge capacity of 275 mAhg−1 with good cycling stability (Fig. 8),
and more stable behavior beyond 15 cycles than EMD0. The tube like
crystal with pointed ends yields a higher surface area for EMDSOS25,
resulting in better rechargeability than EMD0 with platy orientation
and lesser surface area. EMDSOS50, with its uniform tubular crystal
orientation also provides better reversibility than EMD0. Similarly
EMD prepared in the presence of SDS at 50 ppm shows an initial dis-
charge capacity of 265 mAhg−1 and good cyclic stability, relative to
EMD0, with continuous charge-discharge cycling. EMDSDS50 shows a
discharge capacity of 78 mAhg−1 after 20 cycles (Fig. 9). This is due
to the higher surface area for EMDSDS50 and the resultant nano needle
like structures. However, EMD SDS50 shows gradual loss in discharge
capacity with charge-discharge cycling due to higher concentration
of surfactant resulting in lesser surface area with anisotropic crystal
orientation.59 The surfactant molecules in the electrolytic bath favor
the adsorption process of Mn2+ ions at the electrode interface which
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Figure 9. Discharge capacities versus cycling behavior of EMD at different
concentration of SDS.
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Figure 10. Discharge capacities versus cycling behavior of EMD at different
concentration of STS.

precedes the redox process resulting in higher porous nature during
the preparation of MnO2. The electrodeposited MnO2 in the presence
of the surfactant possess high surface area relative to the material pre-
pared in the absence of the surfactant. These surfactant molecules can
form micelles that facilitate the insertion of protons into the MnO2

moiety.27 The presence of surfactants resulted in the formation of
compact deposits, having larger surface area with improved particle
to particle contact. EMD modified with STS shows the best cyclic sta-
bility at 25 ppm concentration. Although it shows an initial discharge
capacity of 262 mAhg−1, slightly lower than EMD0, EMDSTS25 inter-
estingly shows the most stable cyclic behavior after 9th cycle onwards
with discharge capacity of 95 mAhg−1 (retaining 35% of the initial
capacity) at the end of 20 cycles (Fig. 10). This may be due to the
nano grain like morphology of EMD particles within the range of 10–
100 nm. EMDSTS50 also shows good cycling behavior, which may be
attributed to the petal-shaped morphology. EMD samples with vari-
ous concentration of several surfactants used in this study show better
cyclic stability than the surfactant free EMD, indicating that these
anionic surfactants influence the electrochemical activity of the EMD
through a modification to morphology and a higher surface area. The
adsorption seems to be larger in the presence of anionic surfactant
(STS).60 According to our physical and electrochemical studies, bet-
ter deposition was obtained for EMDSTS as the surfactant with the
optimal concentration (25–50 ppm). At higher concentration of sur-
factants (>50 ppm), the increase in interfacial viscosity resulted in
irregular morphology comprising agglomerated nano-rod like struc-
ture. The major factor supporting the best performance of the capacity
retention for EMDSTS25 is related to the porous structure with regular
crystal growth. This may influence the penetration of electrolyte into
the voids and pores and eventually proton insertion within the MnO2

lattice. This suggests that surface activity of a surfactant is propor-
tional to its length of its tail group (Fig. 1) and inversely proportional to
its critical micelle concentrations (CMC)30 that governs the extent of
its role and cycleability retention. To get a complete picture, discharge
- charge characteristics for the cell Zn / EMDSTS50 using 9M KOH
as the electrolyte were investigated. The cell was galvanostatically
discharged first and then charged. The results are shown in Fig. 11.
During discharge, initially the voltage (1.6 V) dropped approximately
to 1.55 V and then gradually decreased to the cut-off voltage of 1.0 V,
equivalent to 265 mAh/g. On reversing the current, during the charge
process, there was a steep increase in potential and then an inflection
is seen at around 1.3 V. Finally, a plateau like curve is seen at 1.55 V
before the cut-off voltage at 1.6 V. The cell is found to be reversibly
charged with a coulombic efficiency of 91%. The voltage profiles
for the other two surfactants (SOS and SDS) showed quite similar
behavior without any significant difference in potential to that of STS.
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Figure 11. The first discharge - charge profile of Zn / EMDSTS50 cell using
9M KOH electrolyte.

Figures 12–15 show typical cyclic voltammograms of EMD sam-
ples in the absence and presence of surfactants. The scan was initiated
at 0.3 V moving in the cathodic (reduction) direction to –0.6 V and
then reversing it back to the starting potential through anodic (oxi-
dation) process. A pair of reduction (R at –0.41 V) and oxidation (O
at 0.002 V) peaks have been identified, corresponding to Mn4+/3+ re-
dox ions,61 for all the scans irrespective of the type and concentration
of surfactant used. However, the peaks are ill defined for the higher
concentration (100 ppm) of all surfactants used, (Figs. 13d, 14d, and
15d) suggesting an adverse effect on the MnO2 crystal structure. For
the surfactant free EMD (Fig. 11), and the lower concentration of sur-
factant (10 ppm) (Figs. 13a, 14a, and 15a), the areas under the peak
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Figure 12. Cyclic voltammogram of surfactant free EMD sample, potential
scanned at a scan rate of 35 μV/s.

are significantly less, implying the electrodeposited material lacking
morphology inhibits the trafficking of ions from the electrolyte.62

The EMD prepared in the presence of surfactant at concentrations
of 25 and 50 ppm show well-defined redox peaks. Among all the
surfactants studied, sodium tetradecyl sulfate (STS) shows cycling
stability and peaks increasingly defined peaks on multiple cycles. The
electrochemical studies suggest that the EMD material undergoes
electro-reduction and oxidation in aqueous KOH electrolyte with an
improved storage capability for STS as the surfactant. The optimum
concentration of surfactant was found to be between 25 and 50 ppm
in the electrolytic bath during electrolysis.
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Figure 13. Cyclic voltammogram of EMD samples at different concentrations of SOS (a) 10, (b) 25, (c) 50 and (d) 100 ppm, potential scanned at a scan rate of
35 μV/s. Cycle numbers are indicated in the figure. The term “R” and “O” denotes reduction and oxidation respectively.
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Figure 14. Cyclic voltammogram of EMD
samples at different concentrations of SDS
(a) 10, (b) 25, (c) 50 and (d) 100 ppm, poten-
tial scanned at a scan rate of 35 μV/s. Cycle
numbers are indicated in the figure. The term
“R” and “O” denotes reduction and oxidation
respectively.
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Figure 15. Cyclic voltammogram of EMD samples at different concentrations of STS (a) 10, (b) 25, (c) 50 and (d) 100 ppm, potential scanned at a scan rate of
35 μV/s. Cycle numbers are indicated in the figure. The term “R” and “O” denotes reduction and oxidation respectively.
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Conclusions

All the anionic surfactants influenced EMD crystal morphology.
Efficiency and energy consumption depends on the type and concen-
tration of surfactant used. The morphology of the electrodeposited
manganese dioxide (EMD) particles, in the absence and presence
of anionic surfactants, showed preferential adsorption of a surfactant
will delay the relative growth rates of MnO2 particles. The presence of
sodium tetradecyl sulfate (STS) as surfactant during EMD deposition
efficiently promotes both ion and electron transport in the host MnO2

matrix due to its nanostructured deposition, forming a highly porous
structure. Electrochemical studies of the electrodeposited EMD in the
presence of STS as a surfactant indicate it is a potential candidate
for use as electrode material in alkaline rechargeable batteries. The
dual role of surfactant, assisted in having nano aggregate particles and
trafficking the redox ions from the electrolyte to the host compound
while retaining the 35% of the initial discharge capacity after multiple
cycles. In the case of surfactant free EMD the capacity retention was
just 7% after multiple cycles.
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