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The effect of non-ionic surface active agents (surfactants) Triton X-100 (TX-100) and Tween-20
(Tw-20) and their role in potassium intercalation in electrolytic manganese dioxide (EMD)
produced from manganese cake has been investigated. Electrosynthesis of MnO2 in the absence
or presence of surfactant was carried out from acidic MnSO4 solution obtained from manganese
cake under optimized conditions. A range of characterization techniques, including field
emission scanning electron microscopy, transmission electron microscopy (TEM), Rutherford
back scattering (RBS), and BET surface area/porosity studies, was carried out to determine the
structural and chemical characteristics of the EMD. Galvanostatic (discharge) and potentio-
static (cyclic voltammetric) studies were employed to evaluate the suitability of EMD in com-
bination with KOH electrolyte for alkaline battery applications. The presence of surfactant
played an important role in modifying the physicochemical properties of the EMD by increasing
the surface area of the material and hence, enhancing its electrochemical performance. The
TEM and RBS analyses of the discharged EMD (c-MnO2) material showed clear evidence of
potassium intercalation or at least the formation of a film on the MnO2 surface. The extent of
intercalation was greater for EMD deposited in the presence of TX-100. Discharged MnO2

showed products of Mn2+ intermediates such as MnOOH and Mn3O4.
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I. INTRODUCTION

THE intense interest in manganese oxides for energy
applications is driven by the low cost and non-toxicity of
these materials when compared with nickel and cobalt
oxides. The rich chemistry and diverse crystalline
structures of MnO2 offer a versatility that allows its
use in a range of applications.[1] Of the different types of
MnO2, such as natural manganese dioxide (NMD),
chemical manganese dioxide (CMD), activated manga-
nese dioxide (AMD), and electrolytic manganese diox-
ide (EMD), EMD is most widely applied in battery
industries.[2,3] EMD is composed predominantly of the
c-phase and may be produced cost effectively with low
environmental impact. EMD has a high redox potential,
high rate capability, long storage life, and better
performance over a wide temperature range relative to
its nickel and cobalt counterparts.[4–8]

It is anticipated that over the next decade, the pricing for
high purity EMD will increasingly be affected by the
demand for lithium-ion batteries containing cathodic

material derived from EMD. This rechargeable battery
has quickly become the technology of choice in the cordless
power tool industry and is being increasingly applied in the
electric vehicle (EV) and hybrid electric vehicle (HEV)
industries. The EV and HEV battery markets will likely
expand rapidly over the next few years, and this will
translate toattractive returns forhigh-endEMDproducers.
An estimated two billion manganese versions of lithium
primary (non-rechargeable) batteries and half a billion
lithium manganese secondary (rechargeable) batteries are
produced per annum, with growth rates in excess of 10 and
20 pct, respectively.[9] This increasingdemandgives rise to a
need for high purity EMD from alternative sources.
Numerous reports are available regarding the synthesis of
EMD (c-MnO2) from various manganese ores[10–14] and its
role as a cathode in alkalineZn-MnO2 systems,[3,4,8,15]while
the possibility of producing EMD from low grade and
secondary manganese resources has not been fully ex-
plored. Production of EMD from a range of sources will be
necessary to meet future escalating demand.
In this context, we have produced battery grade

EMD, in the presence of surfactants, from manganese
cake, a side product obtained during the processing of
manganese nodules.[16] Surfactants play a significant
role in modifying the growth pattern (and hence the
physicochemical properties) of electrodeposits through
adsorption on the MnO2 electrode surface.[17] Surface
adsorption of surfactants influences the kinetics of
electron transfer through blocking of active sites and
also affects electrostatic interactions between electroac-
tive species in the electrolytic bath. Consequently,
addition of organic surfactants to the electrolytic bath
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affects the morphology and mechanical properties of
electrochemically deposited material, leading to altered
electrochemical behavior of materials. Use of surfac-
tants during preparation of materials for battery appli-
cations has been widely reported in the literature.[17–23]

Surfactants may be used during chemical co-precipita-
tion,[18,19] liquid co-precipitation,[20] as well as electro-
chemical deposition methods.[21,22] Ghaemi et al.[22]

have reported improved charge/discharge cycle behavior
of EMD prepared in the presence of t-octyl phenoxy
polyethoxy ethanol (Triton X-100). The absence of this
surfactant was found to produce EMD unsuitable for a
rechargeable battery application. EMD prepared in the
presence of cetyltrimethylammonium bromide (CTAB)
or sodium n-dodecylbenzenesulfonate (SDBS) has also
been reported and found suitable for battery applica-
tions.[23] The positive effect of use of CTAB and SDBS
on the performance of Zn-MnO2 alkaline batteries has
been reported earlier.[23] Triton X-100 is reported[21] to
offer the best improvement in capacitance behavior of
EMD, possibly due to strong adsorption of the surfac-
tant, resulting in an increase in specific capacitance of
the energy storage device.

The current work evaluates the use of Triton X-100
along with Tween-20 on EMD produced from a
secondary source. The difference in chemical structure
observed (detailed in results and discussion section) for
the two non-ionic surfactants (TX100 and Tw20)
intrigued to investigate their role in EMD for energy
storage devices. To the best of our knowledge, no work
has been reported on the suitability for rechargeable
battery applications of EMD from manganese cake
prepared in the presence of the above mentioned
surfactants. Most of the reported literature on EMD
material in aqueous solutions is based on the well-
known protonation or lithiation mechanisms.[24–28] In
this work, TEM imaging and Rutherford back scatter-
ing analyses gave intriguing insights suggesting that the
potassium ion may be intercalated in the c-MnO2

structure. The extent of intercalation depends on the
type of surfactant used. The influence of these two
surfactants on the structural, morphological, and elec-
trochemical characteristics of the EMD produced from
purified manganese sulfate solution obtained from
manganese cake was thus investigated. This work not
only examines the suitability of these two surfactants in
improving the electrochemical activity of MnO2 material
but also opens a new possibility for utilization of a
secondary source to produce an energy material.

II. EXPERIMENTAL

A. Materials and Methods for Producing EMD

Electrolytic manganese dioxide (EMD) was produced
from purified MnSO4 solutions obtained from manga-
nese cake at an anodic current density of 200 Am�2 in a
glass cell, as reported in our previous work.[16] Purified

MnSO4 solution was obtained after leaching of manga-
nese cake, followed by two stages of purification.[16,29]

All EMD samples were prepared with in situ addition of
a calculated (as per critical micelle concentration)
quantity of surfactant to the electrolytic bath containing
50 g dm�3 MnSO4 and 25 g dm�3 H2SO4. The critical
micelle concentrations (CMC) of Triton X-100 (TX-100,
SLR) and Tween-20 (Tw-20, SLR) are 0.02 and
0.01 wt pct, respectively. EMD samples prepared from
0 t, 5 t, 10 t, 15 t, and 30 t cmc values of TX-100 (where
t denotes CMC) have been labeled EMD0, EMDTX5,
EMDTX10, EMDTX15, and EMDTX30, respectively. Sim-
ilarly the EMD produced from the electrolytic bath
containing 10, 15 t, and 30 t CMC of Tw-20 has been
labeled EMDTw10, EMDTw15, and EMDTw30, respec-
tively. The electro-synthesized EMD was scraped off
from the anodic substrate after the deposition and
washed thoroughly with deionized water before drying
in an oven. The dried mass was ground and sieved
through a 53-lm mesh to obtain EMD powder. The
resultant product in powder form was washed repeat-
edly with de-ionized water, until the sample was sulfate
free. The EMD powder was finally dried and cooled in a
desiccator and subjected to physical and electrochemical
characterization.

B. Structural, Thermal, and Microscopic Analyses

X-ray diffractograms were recorded for the resultant
EMD powders using PANalytical diffractometer (PW
1830, Philips, Japan)withCuKa radiation, k = 1.5418 Å.
The scans were recorded in 2h range 15 to 80 deg. BET
surface area and pore size analysis were carried out using
Quantachrome (Autosorb-iQ) Surface area analyzer. Dif-
ferential thermal analysis (DTA) and thermogravimetry
(TG) (Perkin Elmer Diamond) of the EMD samples were
carried out under an inert atmosphere over a temperature
range between 303 K and 1273 K (30 �C and 1000 �C)
with a heating rate of 278 K (5 �C) min�1. The surface
morphology of the EMD samples was determined using
field emission scanning electron microscope (FESEM,
ZEISS: SUPRA55). Fourier transform infrared (FT-IR)
spectra were recorded on a Nicolet 6070 spectrophotom-
eter in the frequency range 400 to 4500 cm�1. The
morphology and interplanar spacings of the products
formed before and after discharge were determined by
transmission electron microscopy (TEM) coupled with
energy dispersive analysis (EDS) using a JEOL 2010F
TEM model operated at 200 kV. TEM specimens were
prepared by grinding a small fragment of material scraped
from the pressedpellet undermethanol and dispersing on a
perforated carbon support film. Specimens were examined
at liquid nitrogen temperature in a cooling stage, to reduce
beamdamage and contamination effects. Rutherford back
scattering analysis (RBS) was used in conjunction with
proton induced X-ray emission (PIXE) to determine the
concentrations of elements such as O, C, Na, Ni, Co, Mn,
and P. The RBS and PIXE measurements were made
simultaneously on an ion beam accelerator using a
2.6 MeV proton beam at ANSTO facilities.
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C. Electrochemical Characterization

The pellet preparation, cell arrangement, and all other
conditions and parameters were identical to those of our
previous work.[29] For cyclic voltammetric (CV) experi-
ments, a standard three-electrode cell was used. For this
purpose, EMD was used as the working electrode. The
counter electrodewas a zinc foil, whichwas separated from
the main electrolyte (9 MKOH) 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
with a slow scan rate of 50 lV/s. For the galvanostatic
experiments the applied discharge current was 20 mA
with a cut-off voltage (COV) of 0.9 V, while the applied
charge current was 40 mA with a cut-off voltage of 1.9 V.
The discharge capacities were recorded for up to 15 cycles.
The galvanostatic measurements were carried out using a
BITRODE deep cycle battery tester (LCN1-25-24, USA).

III. RESULTS AND DISCUSSION

A. Electrolysis

The current efficiency (CE) and energy consumption
(EC) of electrodeposited EMDprepared in the presence of
TX-100 and Tw-20 surfactants are given in Table I. In the
absence of surfactant as additive in the bath, 89 pctCEwas
observed. With the introduction of a small amount of
surfactant (TX-100), the CE slightly increased to 89.5 pct
with slight decrease in EC from 1.65 to 1.64 kWh kg�1.
With an increase in the concentration of TX-100, the
current efficiency decreased, and an increase in energy
consumption was observed, while with the addition of ten
times theCMCofTw-20, theCE increased to 98 pct, while
EC decreased from 1.65 to 1.46 kWh kg�1 during elec-
trolysis. This suggests strongadsorptionof the additives on
the electrode surface, as suggested by Ghaemi et al.[22]

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

At anode:Mn2þ þ 2H2O!MnO2 þ 4Hþ þ 2e� ½1�

At cathode: 2Hþ þ 2e� ! H2: ½2�

At the anode, the formation of MnO2 does not take
place in a single step; rather, Mn3+ as an intermediate

species is first formed[24,26,30–32] together with some solid
intermediates such as MnOOH(s) and Mn2O3(s). Being
unstable in acidic solution,[2] the Mn3+ ion undergoes a
disproportionation reaction forming Mn4+ and Mn2+.

Mn2þsol !Mn3þads þ e� ½3�

2Mn3þads !Mn4þads þMn2þsol : ½4�

During the electrodeposition process, Mn3+ ions may
be trapped in the MnO2 lattice, possibly resulting in
defects in the crystal structure.[22] Adsorption of surfac-
tants at the substrate/electrolytic solution interface may
inhibit the rate of Eq. [3] due to the blocking of the
active growth sites, thereby allowing electrodeposition
preferentially on the crevices. The electron/ion transfer
kinetics depends largely on the degree of surface
coverage of the electrode due to mechanical blocking
that is caused through electrostatic interactions.[33,34]

Coverage of the electrode surface may change the
electrical double layer characteristics and thus affect
the interfacial energy, dielectric constant, potential, and
current distribution at the electrodes, resulting in
modified crystal growth. Hence, organic surfactants
may play a crucial role in facilitating the formation of
compact deposits with greater surface area. However,
the effect of surfactant concentration should be well
understood. Higher concentrations may lead to irregular
morphology owing to higher ohmic potential drop and
electrode overvoltage.[35]

B. Structure and Function of Surfactant in the Solution

Surfactants lower the surface tension of a liquid as
well as liquid–liquid interfacial tension or liquid–solid
interfacial tension. Surfactants are amphiphilic mole-
cules with both hydrophilic and lipophilic moieties. The
adsorption and desorption of these amphiphilic mole-
cules at the solid liquid interface were possible in this
work with the given applied potential range. Critical
micelle concentration (CMC) is the concentration of a
surfactant above which micelle formation occurs. The
existence of micelles does not preclude the existence of
individual surfactant molecules in solution. Further
addition of surfactant after reaching the CMC will
ultimately increase the no. of micelles. The structure of a
material electrodeposited in the presence of a surfactant

Table I. Effect of the Surfactants TX-100 and Tw-20 on Current Efficiency (CE) and Energy Consumption (EC) during Electrode-
position of MnO2

Surfactant
Amount
in CMC CE (pct) EC (kWh kg�1) BET Surface Area (m2 g�1) Open Circuit Voltage (V)

Nil 89 1.65 101.908 1.550
TX 10 t 89.5 1.64 125.843 1.605

15 t 87 1.74 173.982 1.578
30 t 70 2.07 114.685 1.482

Tw 10 t 98.3 1.46 146.971 1.548
15 t 95.7 1.58 152.525 1.508
30 t 85.8 1.72 133.188 1.480
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can be related to the micelle population. With an
increase in the concentration of surfactant (from 10 to
30 t in the current study), a different morphological
pattern may be created in the diffusion layer of the
electrode.[33] Surfactant adsorbed to charged surfaces
may arrange in bilayers called admicelles, forming a
molecular layer with head groups down on the surface
and a second layer with head groups facing the
solution.[36] The CMC values reported for non-ionic
surfactants Tw-20 and TX-100 are 8.5 9 10�4 and
9.2 9 10�4 M, respectively.[37] The surfactant with low-
er CMC implies higher adsorbed amounts. Hence, to
make a comparative study of the effect of surfactants on
the electrochemical processes, the two non-ionic surfac-
tants (Tw and TX) with different chemical structures
were chosen.

In the case of TX-100, the hydrophobic aromatic
hydrocarbon is oriented toward the solution.[34] With an
increase in surfactant concentration (beyond the CMC),
surfactants may assume a range of conformations
including the interweaving of hydrophobic chains of
adjacent molecules and the formation of admicelles.[38]

The underlying mechanism of adsorption is an attrac-
tion between the oxygen atoms in polyoxyethylene
groups of TX-100 or Tw molecule and the Mn+2

species, forming Mn+2-TX and Mn+2-Tw pairs, respec-
tively. These pairs will be affected by surfactant con-
centration and will influence the electrodeposition of
MnO2. Hence, the concentration of surfactant should be
limited to a particular value, above which there will be
undesirable consequences in terms of physical and
electrochemical characteristics of deposited EMD.

C. Structural Characterization

Figure 1 shows the X-ray diffraction (XRD) patterns
of EMD samples prepared at different concentrations of
surfactants. The diffraction patterns show in situ addi-
tion of either surfactant to the electrolytic bath had no
significant effect on the crystalline phase of c-MnO2. The
peak intensity for all samples is weak, with peak
broadening indicating a typical amorphous quality to
the deposit. All of the diffraction peaks can be indexed
to an orthorhombic phase of c-MnO2 with lattice
constants: a = 8.70 Å, b = 2.90 Å and c = 4.41 Å.
This is in good agreement with the standard values
(JCPDS card no. 65-1298; a = 9.27 Å, b = 2.87 Å,
c = 4.53 Å). The peaks at 2h values of ~22, ~37.2, ~42,
~56, and ~68 deg correspond to the 110, 021, 121, 240/
221, and 002/061 crystal planes of c-MnO2, respectively.

The FTIR spectra recorded for the EMD samples in
the presence and absence of surfactant (Figure 2) show
significant IR peaks at different frequency ranges. The
broad absorption band detected in the finger print
region of 400 to 600 cm�1 confirms the structural
vibrations occur in MnO6 octahedral in c-MnO2 struc-
ture.[39] The absorption band at 1100 cm�1 can be
attributed to the MnO2 stretching mode and/or O-H
bending vibrations[39] associated with hydrogen bond-
ing, indicating the presence of bound water mole-
cules.[40,41] The strong absorption band at ~1630 cm�1

can be attributed to O-H bending vibrations associated

with the water crystallization,[40] and a broad absorption
band at ~3400 cm�1 is due to OH stretching vibra-
tions.[40–43] Additional peaks at 968 and 1025 cm�1 are
attributed to Mn-O-H structural vibrations in agree-
ment with the spectral features reported by McBride.[44]

D. Thermal Analysis

Thermodynamic stability as well as electrical conduc-
tivity of manganese dioxide are strongly governed by the
presence of water molecules in the crystal lattices; the
water content causes a variation in the crystal lattice
with a consequent effect on electrical conductivity. The
water content enhances the transportation of active
ionic species and consequently increases the specific
capacitance of manganese dioxide.[45] Hence to deter-
mine the role of thermal stability, thermal analysis
(TGA and DTA) was carried out for all EMD samples
(Figures 3(a) and (b)). Release of physisorbed water
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below 383 K (110 �C) is observed for all samples. The
mass loss in the region of 383 K to 573 K (110 �C to
300 �C) is due to removal of chemically bound water
associated with c-MnO2. This is followed by mass loss in
the temperature range 673 K to 873 K (400 �C to
600 �C) and 873 K to 1173 K (600 �C to 900 �C), which
indicates thermal decomposition resulting in the forma-
tion of Mn2O3 and Mn3O4, respectively.

[46,47] Among
the doped and undoped sample, the mass loss during
this step is substantially higher for EMDTX30, EMD0,
and EMDTw30. However, EMDTX15 and EMDTw15

showed quite stable behavior on thermal analysis
throughout the temperature range.

Differential Thermal Analysis (DTA) shown in
Figure 3(b) indicates that all EMD samples in this work
show a sharp intense peak around 100 �C corresponding
to the loss of physisorbed water. A broad endo peak at
~543 K (~270 �C) for EMDTX30 and at 578 K (305 �C)
for EMD0 corresponds to the removal of all the
structural water. This peak was absent in other EMD
samples. The sharp endo peak observed at (833 K)
560 �C for EMD sample corresponds to the thermal

decomposition of MnO2 to Mn2O3,
[48] and is insignif-

icant in case of EMDTX15 (at ~768 K (~495 �C) and
EMDTw15 (at ~770 K (~497 �C)). Endo peaks observed
~1173 K (~900 �C) attributed to the decomposition of
Mn2O3 to Mn3O4. From the TG and DTA data, it may
be concluded that the more significant water loss in the
early stage of heating for EMDTX30, EMDTw30, and
EMD may be due to a loose structure with a greater
quantity of interlayer water. This corresponds to the
instability in the structure responsible for the deteriora-
tion of these EMD samples during reduction–oxidation
in battery applications. However, EMDTX15 and
EMDTw15 showed less intense peaks, suggesting that
bound water molecules responsible for the electrochem-
ical activity of EMD are more strongly bound in these
EMD samples, imparting structural stability to the
material.

E. Surface Morphology

Surfactants may play an important role in modifying
the structure of EMD by controlling the nucleation and
growth mechanism during electrodeposition[49] pro-
cesses, which in turn impinge on the stability and
rechargeability of EMD.[22] The presence of surfactant
in the solution strongly affects the particle size of EMD
material. In this work, smaller grains have been formed
in both EMDTX15 and EMDTw15 samples (Figures 4(a)
and (b)) relative to those obtained from EMD produced
in the surfactant-free bath. However, with increase in
surfactant concentration (in EMDTX30 and EMDTw30),
the grain size increases. All the EMD samples consist of
particles with an angular shape having a rough surface.
On magnifying the surface of the EMD grain, it was
observed that EMD0 seems to consist of nanopores,
while EMDTX15 and EMDTX30 show fibrous- and spike-
like growth, respectively. EMDTw15 consists of spherical
nanoparticles in the range of 300 nm with an agglom-
erated form.

F. Surface Area and Pore Size

Surface area and porosity play significant roles in
controlling the electrochemical activity of EMD. Sur-
face area reached a maximum at 15 t for each of the
surfactants (Table I) for the EMD produced in this
work. Pore size distribution of the EMD samples was
carried out to evaluate its effect on rate capability of
EMD produced in the presence of surfactant. All EMD
samples showed isotherms of type-IV pattern with
strong hysteresis behavior. The adsorption–desorption
isotherm as well as the shape and position of the
hysteresis loop were affected by the morphology and
specific pore size.
Figure 5 shows the nitrogen adsorption–desorption

isotherm of the doped (presence of surfactants) and
undoped (absence of surfactants) EMD samples. The
hysteresis loops obtained for both EMD0 and EMDTX30

are a hybrid of type H2, H3, and H4; however,
EMDTX15, EMDTw15, and EMDTw30 show the behavior
of H2 type hysteresis loop with a higher surface area
relative to the EMD0 and EMDTX30. The wide hysteresis
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loop indicates that all the EMD samples are predom-
inantly composed of mesopores. Mesopores with radius
of 1.87 to 1.97 and 1.68 to 1.95 nm are obtained for
EMDTX15 and EMDTw15, respectively, versus EMD0

with a pore radius of 1.58 to 1.96 nm. The pore size
diameters and distribution of all samples were calculated
using the Barrett–Joyner–Halenda (BJH) method. It
was also observed that with addition of surfactant, the

surface area of EMD increases markedly (Table I),
limited by a certain concentration (CMC value) of
surfactant, after which it decreases. EMDTX15 and
EMDTw15 show the highest surface area of 173.9 and
152.5 m2 g�1 in comparison with EMD0, which shows a
surface area of 101.9 m2 g�1. In general, EMD prepared
in the presence of surfactant shows a higher surface area
than that produced in the absence of surfactant. As

Fig. 4—a FESEM images of EMD0 (a1, a2), EMDTX15 (b1, b2), EMDTX30 (c1, c2). b FESEM images of EMDTw15 (d1, d2), EMDTw30 (e1, e2).

METALLURGICAL AND MATERIALS TRANSACTIONS E VOLUME 1E, SEPTEMBER 2014—231



reported by[50,51] charge transfer processes between the
electrolyte and the crystal phase can be affected by
micro/meso porosity, and a decrease in the pore size
may lead to reduction of accessible electrochemical
active sites. To support this fact, doped EMD samples
obtained in this work with high surface area as well as
with greater pore size show improved cyclic behavior
(discussed in the Section III–G) relative to ‘‘non-surfac-
tant’’ material, due to greater electrochemically accessi-
bility of sites available for proton diffusion inside MnO2

cathode.

G. Electrochemical Activity

The electrochemical behavior of the EMD samples was
characterized by potentiostatic (potential controlled) and
galvanostatic (current controlled) experiments. Cyclic
voltammograms of the doped and undoped EMD mate-
rials are shown in Figure 6. The cyclic voltammogram of
EMD0 (Figure 6(a)) is initiated in the cathodic region and
then reversed back to the anodic region before it finishes

at the starting potential. The CV is characterized by a
well-defined reduction peak (C1 = �0.390 V) and an
oxidation peak (A1 = �0.09 V) which is a fingerprint for
electron transfer processes corresponding to a redox
behavior suitable for energy storage and battery applica-
tions. For TX-added EMD, it is observed that the
cathodic and anodic currents in Figure 6(b) are higher,
and the reduction and oxidation peaks (at C1 = �0.450
andA1 = 0.030) have becomemore defined. The effect of
adding more TX (TX30) during electrodeposition of
EMDalso had an impact on the voltammogram shown in
Figure 6(c). The redox peaks have shifted to lower
potentials (at C1 = �0.430 and A1 = �0.025) with the
separation between the peaks reduced to 0.040 V, indi-
cating excellent reversibility. However, the area under the
peak for TX30 is less than that for TX15. Further
addition of TX did not influence the redox process (not
shown here). TX has both hydrophilic and lipophilic
groups so that when its concentration reaches or sur-
passes CMC, the surfactant tends to form micelles, and
the adsorption of Mn2+ ions would be comparatively

Fig. 4—continued.
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low. The effect of varying the concentration of TX-100 in
the EMD is clearly reflected in the voltammograms. The
EMD produced in the presence of surfactant contains
adsorbed surfactant molecules and thus has a higher
surface area to that of the bare EMD (undoped), resulting
in higher redox peak currents during the reduction and

oxidation of Mn2+/3+ reactions. In the case of the non-
ionic surfactant, Tw20, the voltammogram given in
Figure 6(d) does not reveal much influence of Tw in
terms of the peak intensities relative to EMD0. Although
the nature of crystallization is not altered due to the
presence of TX-containing EMD (as evidenced by XRD,
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Fig. 5—Nitrogen adsorption and desorption isotherms.
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Figure 1), the change in morphology and larger surface
area (Table I) was reflected in the electrochemistry,
suggesting a higher rate of nucleation when TX-100 is
present in the electrolyte.

The results of cyclic voltammetry for these studies
were also confirmed by galvanostatic charge/discharge
studies (Figure 7). As expected, the available discharge
capacity for the TX-added EMD showed 273 mAh g�1

(Figure 7(b)), while the surfactant-free EMD showed
just 170 mAh g�1 (Figure 7(a)), additional capacity of
38 pct. The difference in capacities between the various
concentrations of TX (Figures 7(b) to (c)) is negligible
(only 20 mAh g�1). On the other hand, non-ionic
surfactant (Tw) in Figure 7(d) showed only a slight
improvement of 181 mAh g�1 relative to EMD0. The
galvanostatic and potentiostatic results of this study
agree well.

To investigate the role of the discharge mechanism in
the alkaline KOH electrolyte, the cathode material after
discharge was thoroughly washed with distilled water,
and the variation in crystal structure analyzed through
XRD before and after the electrochemical processes.
The XRD results are displayed in Figure 8. The XRD
pattern shows a peak at 2h = 27 deg with higher

intensity, corresponding to conductive carbon as an
additive in the cathode material to improve the conduc-
tivity. In addition to the parent MnO2 diffraction lines,
the evolution of new diffraction peaks corresponding to
MnOOH and Mn3O4 is seen in Figure 8. The diffraction
pattern obtained for EMD material prepared in the
presence or absence of surfactants shows the surfactants
did not influence the formation of the discharged
products. The product obtained is in accordance with
the well-known mechanism of c-MnO2 as an insertion
electrode in aqueous KOH electrolyte involves H+

insertion forming the manganese oxy hydroxides
(MnOOH) and manganese (III) oxide (Mn3O4).

[24–26]

The TEM images of the discharged material, on the
other hand, show a different but intriguing picture. The
TEM images of the cathode (c-MnO2) material prepared
in the presence of surfactants before and after discharge
are shown in Figure 9. The TEM image of the cathode
material before discharge (Figure 9(a)) showed the
parent MnO2 and carbon as additive, but after discharge
(for undoped; Figure 9(b)), the regions A and B
correspond to MnO2 with a small amount of potassium
(EDS analysis not shown here). For TX-added EMD,
Figure 9(c), all regions labeled A to E showed MnO2
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Fig. 6—Cyclic voltammograms of the EMD samples (a) containing no surfactant, (b) Triton (TX15), (c) Triton (TX30), and (d) Tween (Tw15).
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with a larger amount of potassium. For Tw-added
EMD, Figure 9(d), except the regions 3 and 4, all
regions are identified as K� free MnO2 suggesting only
a small amount of potassium ion is present. Almost all
the reported literature on MnO2 in alkaline electrolyte
describe either protonation[24–27] or lithiation[3,15,28] as
the mechanism involved during discharge but an
unusual observation of potassium ion insertion or as
surface film formation is evidenced in this study.
Interestingly, the extent of potassium ion increases with
TX-100 as the surfactant, and this conclusion is further
supported by Rutherford backscattering experiments,
discussed in the next section. The observed microscopy
results are in parallel with the cyclic voltammograms
and discharge behavior, indicating that the surfactant
facilitates K+ insertion.

A close inspection of Figures 7(a) and (d) reveals that
the discharge curves for surfactant-free and Tw-added

EMD materials exhibit a sharp drop in potential at
1.3 V, although the cells have been tested under identical
conditions. These curves in Figures 7(a) and (d) show
typical anodic limited behavior, suggestive of passiv-
ation of zinc on the surface of the MnO2 cathode. This
has been confirmed through the simultaneous PIXE and
RBS analyses of the EMD material before and after
discharge. A typical bar graph containing several steps
corresponding to elements such as K, Mn, Zn, and C is
given in Figure 10. The variation in the quantity of
manganese and carbon across the electrodes before and
after discharge appears to be fairly constant. However,
it is quite important to note the differences seen in the
concentrations of the potassium and zinc. For the
electrode before discharge, the concentrations of potas-
sium and zinc are nil, as is expected given there is no
potassium and zinc in the fresh sample. For the
discharged electrode, the concentration of potassium
ion is increased, particularly in the case of TX-100 as the
surfactant. This reflects the TEM microscopy analysis
and further supports the potassium intercalation. A
further notable point in the RBS analysis, in Figure 10,
is the high concentration of zinc for EMD0 and Tw30

electrodes. This shows that the zinc has been precipi-
tated on the cathode as Zn(OH)2, thus inhibiting further
electron transfer. Hence, the two cells are anode limited
with a sharp fall of potential as seen in the discharge
curve Figures 7(a) to (d).
The cumulative discharge capacities of the EMD samples

in the presence and absence of surfactant TX and Tw are
shown in Figure 11. The charge and discharge character-
istics enable evaluation of the suitability of the prepared
EMD as a battery material. In Figure 6, it was clearly
indicated that surfactant works up to an optimum level,
abovewhich an alteration in the cyclic behavior is observed.
Interestingly both surfactants employed in this work
showed their best performance at their 15 t (CMC 9 15)
value. EMDTX15 and EMDTw15 showed cumulative dis-
charge capacity of ~2213 and ~2242 mAh g�1 at 15th cycle,
respectively, against a cumulative discharge capacity of
~1300 mAh g�1 for EMD0 at 11th cycles which remain
constant so far.Thedischarge capacity of 280 mAh g�1was
obtained from the EMD0 against 170 mAh g�1 for the
reported values for EMD in the absence of additives.[52] The
initial discharge capacity, above and below which the
discharge capacity decreases, of 270 mAh g�1was observed
for EMDTX15, where as the initial discharge capacity of
EMDTw15 was 240 mAh g�1, somewhat less than the
EMDTw10 (275 mAh g�1). In spite of this, the EMDTX15

showed better cycling stability and higher cumulative
discharge capacity than EMD0, EMDTw10, and EMDTw30.
The available cumulative discharge capacity forEMD0after
10th cycles was quite low of ~1300 mAhg g�1, so the cycling
studies were halted well before the cut-off range. The
characteristic property of non-ionic surfactant is a tendency
to accumulate in electrolytic solution that enhances the
adsorption. In the case of TX, nucleation and growth of
electrodepositedMnO2grains in apreferential directionwas
promoted while favoring a high surface area of the deposit.
TX-100 renders the surfacemore hydrophobic and acts as a
molecular spacer[21,53] through the steric factor of the phenyl
ring,while theTwcounterpart is without a phenyl ring. This
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difference in structure observed for non-ionic surfactant led
a role for Mn deposition by facilitating uniform current
distribution resulting in Mn-TX complexes. Hence, the
presence of TX molecules facilitated the superior electro-
chemical performance of discharge capacity 275 mAh g�1.
The enhancement of cycle life in the presence of the two

surfactants may be attributed to the following: EMDTX15

offers high surface area with large pore size (mesopores)
with nanofibrous morphology (as per the FESEM images)
which decreases the solid state diffusion path length of
protons and electrons into and out of the bulk ofMnO2, as
happened in MnO2 films.[54] As explained before, the large
pore size facilitates the proton diffusion inside the MnO2

electrode, during charge–discharge cycling resulting good
cyclic stability. Second in terms of conductance, EMDTX15

consists of smaller particles with porous structures, and
EMDTw15 composedof sphericalnanoparticles (as shown in
FESEM image), which allow better contact with the

Fig. 9—TEM images of EMD (c-MnO2) samples (a) before and (b) after discharge containing no surfactant, (c) discharged Triton (TX30), and
(d) discharged Tween (Tw15).
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graphite powder. Thermal stability of EMDTX15 and
EMDTw15 is also responsible for the good cyclic behavior
ofEMDTX15 andEMDTw15 in comparison toEMD0,which
resists the capacity fading during charge–discharge cycling.

IV. CONCLUSIONS

EMD samples have been prepared from purified
manganese sulfate solution obtained from manganese
cake in the presence or absence of surfactants. The
surfactants played a role in the intercalation behavior. A
unique observation of potassium ion intercalation in
c-MnO2 structure is reported. From the present study,
the following conclusions can be drawn.

1. EMD samples prepared in the presence and absence
of surfactants show the characteristic peak of
c-MnO2 and are electrochemically active. Addition
of surfactant and surfactant type (either TX-100 or
Tw-20) has no significant effect on the crystal struc-
ture of EMD.

2. FESEM images indicate that presence of surfactants
in the electrolytic bath plays a key role in control-
ling the growth and nucleation of the deposited
material and hence modifies the structure accord-
ingly giving porous morphology to the material.

3. The presence of surfactant enhances the electro-
chemical activity of EMD, not only by modifying
the structure but also by increasing the BET surface
area and porosity of the EMD samples. EMD
doped with surfactants has good cycle life in spite
of a decrease in initial discharge capacity, relative
to surfactant-free EMD.

4. The presence of surfactant affects the thermal sta-
bility of the material and also brings mild changes
in spectroscopic analytics. There optimum concen-
tration of surfactant must be essential for the posi-
tive consequences in the performance and behavior
of the EMD.

5. TEM imaging and RBS analysis showed evidence
for potassium intercalation with the extent being
greater for TX-100 as the surfactant. The
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discharged product of the EMD material showed
evidence of protonation.
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