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Abstract

Deconvolution of the electrolytic manganese dioxide (EMD) discharge curve has indicated the presence of a number
of energetically different reduction processes. This has been used to determine the contribution of each reduction
process to the total discharge. Using step potential electrochemical spectroscopy (SPECS), the i-t data were
modelled as the sum of the discharge of the individual reduction processes. From this, A� D for each reduction
process as a function of degree of discharge was determined. The maximum A� D values for each process ranged
from 2.3 · 10)2 to 4.0 · 10)4 cm3 s)1/2 g)1 values are consistent with previously reported values for A� D, although
in this case we have determined values for the entire compositional range.

1. Introduction

There are numerous primary and secondary battery
systems currently available to the consumer. Those that
employ the alkaline Zn/MnO2 chemistry are extremely
popular, due mainly to the various advantageous
physico-chemical and electrochemical properties of the
alkaline manganese dioxide electrode. Despite this
consumer popularity, and the extensive research efforts
that have gone into understanding this electrode system
to date, much of the fundamental understanding of the
alkaline manganese dioxide electrode remains unclear,
due primarily to the extremely complex interplay
between material structure and electrochemical behav-
iour.
Manganese dioxide can exist in many structural forms

[1–3], although the basic building block for all of these is
the [Mn(O2),OH),H2O)6]

z+ octahedral unit which can
be arranged during synthesis to form a range of tunnel
or layered structures. Two of the more basic structural
varieties are those of pyrolusite (b-MnO2) and ramsd-
ellite, which are tunnel structures in which the tunnel
size is either 1 · 1 or 1 · 2 octahedral units. While these
are idealized material structures, in reality it is quite
common to encounter manganese dioxide samples that
are intergrowths between the more basic structures. One
such example is that of c-MnO2, which in general terms
can be considered as a microscopic random intergrowth
between the ramsdellite and pyrolusite forms [4]. Addi-
tional structural complexity in c-MnO2 arises as a result
of the presence of partially reduced manganese ions
(Mn3+ instead of Mn4+), cation vacancies, structural
water [5–7] and microtwinning [8], the presence of which

is still a matter for debate [9]. c-MnO2 is the form used
in the alkaline manganese dioxide cathode.
In an aqueous alkaline environment c-MnO2 is widely

[8, 10–17] believed to reduce via proton and electron
insertion into the structure; i.e.,

MnOOHr þ DH2Oþ De� $MnOOHrþD þ DOH�

ð1Þ
where r corresponds to the mole fraction of hydrogen
(H+/e) pair) in the starting material (r is �0.1 in a
typical unreduced c-MnO2) and D is the added extent of
reduction. The extent to which this solid state interca-
lation process occurs has been found dependent on the
alkaline electrolyte concentration [18]. In concentrated
electrolytes (e.g., 9 M KOH) solid state reduction occurs
until r+D � 0.8, at which time Mn(III) dissolution can
occur [16, 18]. In less concentrated electrolytes solid
state reduction can occur for the entire discharge; i.e.,
r+D � 1.0 [18].
As indicated in Equation (1), the proton originates

from decomposition of a water molecule at the manga-
nese dioxide/electrolyte interface, while the electron
comes from the external circuit and enters the manga-
nese dioxide particle via the conductive network in the
electrode. The activity gradient thus established between
the surface and bulk of the manganese dioxide particle
provides the driving force for mass transport which
ultimately leads to the protons and electrons being
distributed uniformly throughout each particle. Exper-
iments [19] have demonstrated that proton diffusion
through the c-MnO2 structure is rate limiting, compared
to electronic diffusion, for the majority of discharge; i.e.,
r+D < 0.8 in Equation (1).
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While this reduction process may seem straightfor-
ward, it is complicated substantially by the inherent
structural complexity of the c-MnO2, as mentioned
above. This has been demonstrated in a number of
previous studies into the electrochemical behaviour of
the manganese dioxide electrode, where the authors
have identified a number of reduction processes which
they have variously ascribed to the reduction of Mn(IV)
ions in surface sites, near defect sites, ramsdellite
domains and pyrolusite domains [8, 15–17, 20–22].
While confirmation of these assignments needs to be
made, these structural variations influence the rate at
which mass transport through the structure can occur.
There have also been numerous studies reported in the

literature focused on mass transport within the manga-
nese dioxide electrode. These studies have used a variety
of characterization techniques from conventional elec-
trochemical methods such as chronoamperometry [24],
chronopotentiometry [23–25] and impedance spectros-
copy [26], to various chemical techniques including
leaching studies [27], isotope exchange [28], and nuclear
magnetic resonance spectroscopy [29]. In all of these,
the objective was to extract a diffusion coefficient for
mass transport (D), or the term A�D, where A is the
electrochemically active surface area. For all of these
experimental efforts, only one has reported the diffusion
coefficient as a function of depth of discharge [23], and
no research efforts have been reported where a variety
of structurally different c-MnO2 samples have been
examined.
As a result of these studies, diffusion coefficients for

proton transport in manganese dioxide have been
reported to range from 10)8 to 10)19 cm2 s)1 [30].
Clearly with this level of variation, no one experimental
method can be identified as a superior technique, nor
can the absolute diffusion coefficient be determined.
However, if each of these diffusion coefficients are
combined with the surface area used in their respective
analysis, then irrespective of the technique, the resultant
A�D values all fall within an order of magnitude of
10)3 cm3 s)1/2 g)1 [30]. These two observations clearly
indicate that the choice of electrochemically active
surface area almost totally accounts for the variation
observed in the quoted D values. Two general
approaches are apparent in the literature when selecting
an appropriate surface area; i.e., either (i) the BET
surface area, taking into account the surface area
associated with pores accessible to the adsorbate, or
(ii) the geometric surface area, based essentially on the
macroscopic particle geometry. In reality, the true
electrochemically active surface area probably lies
somewhere between these two extremes; however, the
precise contribution from each is yet to be determined.
Another important point about the reported (or

calculated from literature work) A�D values is that
while they are more consistent, they reflect only the
kinetic behaviour of the starting c-MnO2. As mentioned
above, there is no indication in the literature as to how
A�D varies with degree of discharge, and consequently

whether either or both A and D change as a function of
discharge. In this work we make use of data from a
combination of electrochemical techniques (step poten-
tial electrochemical spectroscopy and linear sweep
voltammetry) to extract kinetic A�D data for the
various processes occurring during c-MnO2 reduction.

2. Experimental

2.1. Sample description

The starting c-MnO2 used in this work was a commercial
electrolytic manganese dioxide (EMD) provided byDelta
EMD Australia, Pty Limited. It was prepared by elec-
trolysis of a hot (� 98 �C), acidic solution ofMnSO4 (acid
to Mn molar ratio �0.4), resulting in deposition of the
EMD onto a titanium anode. Following deposition, the
EMD was mechanically removed from the anode, milled
to a )105 lm powder, neutralized and washed to remove
any entrained electrolyte, and then dried at � 110 �C
before being ready for use. Using standard analytical
techniques [5, 31, 32], the O/Mn ratio of this sample was
determined to be 1.96 with a surface water content of
1.72%, and the BET surface area using N2 as the
adsorbate at 77 K was 32 m2 g)1.

2.2. Electrochemical cell preparation

The working electrode was prepared by lightly grinding
together the manganese dioxide sample (0.200 g), Timc-
al SFG6 graphite (2.000 g) and 37 wt% KOH (0.370 g)
using a mortar and pestle. After 5 min of mixing, the
composite was stored in an airtight container overnight
to equilibrate before being used.
The electrochemical cell used is shown schematically

in Figure 1. Cell assembly involved placing the amount
of sample mixture corresponding to 0.020 g of
manganese dioxide into a Teflon-lined C-size battery
can. The sides of the Teflon sleeve were brushed down to
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Fig. 1. Schematic diagram of the electrochemical cell.
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remove attached particles and three separator papers
were placed on top of the sample. A stainless steel piston
was then inserted into the can and used to compress the
sample mixture (under 1 tonne) to form a compact
electrode within the cell. After compaction, the piston
was removed from the cell and replaced with a perfo-
rated Perspex separator disc and a cylindrical stainless
steel counter electrode. The chamber was then filled with
�15 ml of 9 M KOH electrolyte and the Perspex cap
inserted. The cell was then mounted between the cover
and baseplate, on top of the brass current collector, and
held in place with three securing bolts that were each
tightened to a torque of 0.75 nm to ensure a uniform
pressure. A Hg/HgO reference electrode was inserted
into the completed cell, which was then left to equili-
brate for one hour prior to discharge.

2.3. Discharge regime

Separate cells were prepared from the same composite
electrode mixture for the linear sweep voltammetry and
step potential electrochemical spectroscopy (SPECS)
experiments. In the SPECS experiments, sequential
10 mV cathodic steps, with a 2 h rest period after each
step, were applied from the open circuit voltage of the
cell until discharge was complete (<)0.4 V vs Hg/
HgO). The resulting current after each step was
recorded as a function of time. Linear sweep voltam-
metry was also performed at a rate of 1.39 lV s)1,
corresponding to the same discharge rate as the SPECS
experiments, also from the open circuit voltage of the
cell to )0.4 V. All experiments were conducted at a
temperature of 22±1 �C.

3. Results and discussion

Transient techniques in electrochemistry have been used
extensively to examine kinetic features of the system
under study. Of particular use in the study of solid
intercalation electrode systems are techniques such as
the potentiostatic [33, 34] or galvanostatic [35] intermit-
tent titration technique (PITT or GITT, respectively) in
the sense that they provide both thermodynamic and
kinetic information about the electrode system under
study. Step potential electrochemical spectroscopy
(SPECS) can be considered as an alternative name for
a PITT experiment. The basis of these experiments is
that they fractionally discharge the electrode under
study by the application of either a small potential step
or current pulse, and then monitor either current flow or
voltage change, respectively. Interpretation of the tran-
sient current or voltage signal allows for a kinetic
analysis of the system since these can be related back to
the physical processes occurring in the electrode. If the
transient signal is monitored for a sufficiently long time
it will reach an equilibrium value; i.e., zero current or
constant voltage. Determining the conditions under
which these equilibrium values occur, as a function of

depth of discharge, thus provides us with the requisite
thermodynamic data.
In terms of the manganese dioxide electrode, PITT or

SPECS has been used previously by a number of authors
[8, 21, 36–42]. One of the great advantages of this
technique, of particular relevance to the study of the
manganese dioxide electrode, is that by judicious choice
of the voltage step size, individual processes occurring
within the electrode can be resolved [8]. With at least
three individual processes occurring during homoge-
neous reduction, a small step size is necessary to obtain
unbiased data.
In terms of the kinetic (i)t) data arising from each

voltage step, conventional analysis to determine a
diffusion coefficient (i)t)1/2) [43] has been shown to be
only appropriate for very short time periods after the
potential step [36], thus indicating the inherent com-
plexity of the system in terms of both a physical model
and possible contributions from multiple reduction
processes. In the search for an appropriate kinetic
model, Hong et al. [21] compared linear semi-infinite,
spherical, and double plane models for their i)t data.
They found the double plane model described the step
potential discharge of EMD most closely; however,
none of the models fit the experimental data particularly
well. The models could be made to fit the early stages of
the step, with later stages poorly described, or vice versa.
Despite the fact that they used a relatively small voltage
step (15 mV), and hence expected good resolution, the
poor fit of their models suggests that there might be
contributions from multiple processes occurring.
As has beenmentioned, anumber of previous studies [8,

15–17, 20–22] have demonstrated the existence of several
energetically different processes during EMD reduction.
Figure 2 shows a linear sweep voltammogram of our
EMD sample recorded at 1.39 lV s)1, corresponding to
the same discharge rate as our SPECS experiments. Each
individual process occurring during homogeneous reduc-
tion was resolved and characterized using the following
expression derived from the Nernst equation

dQ

dE
¼
� n2MF2

RT exp nF
RT E� E oð Þ
� �

1þ exp nF
RT E� E oð Þ
� � ð2Þ

where Q is the charge passed during discharge (C g)1), E
is the electrode voltage, Eo is the mean voltage for the
process, n can be regarded as an indicator of electrode
kinetics (large n implies a facile process, while a small n
suggests sluggish kinetics), M is the number of moles
associated with the particular process, and the remain-
ing symbols have their usual meaning. The method and
assumptions made during the derivation of Equation (2)
appear elsewhere [44]; however, for the sake of com-
pleteness, the main assumptions are that reduction is
homogeneous and occurs completely in the solid state,
the activities of H2O and OH) can essentially be
ignored, and that the potential of the solid is determined
by the mole fractions of Mn3+ and Mn4+. By solving
for n, M and Eo using least squares regression, six
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processes (each with their own individual n, M and Eo

values) were resolved over the voltammogram range.
While this number of processes exceeds the numbers
reported previously [7, 15–17, 20–22], it is in no way
unrealistic given the preponderance manganese dioxide
has for forming intergrowth structures [45]. Neverthe-
less, identifying the origin of these processes in terms of
material structure is still a topic for debate. Because the
deconvoluted peaks overlap, the total current that flows
must have contributions from multiple processes.
Figure 3 shows the contribution of each process to the
total current as a function of potential.
As with linear sweep voltammetry, SPECS data

should also be made up of contributions from these
processes. Therefore, Figure 3 also allows the estimation
of the contribution each process makes to the overall
current that flows after each potential step. Thus, the
overall SPECS curve can be modelled by treating it as
the sum of the curves for each process. Throughout this
analysis, a spherical model [21] has been assumed for
each process, as shown in Equation (3). A spherical
model was used because of recent TEM results which
showed that EMD morphology consists of approxi-
mately spherical grains [9].

i ¼ 2FADDC
a

X1

n¼1
exp � n2p2Dt

a2

� �
ð3Þ

where i is the current density (A g)1), A is the electro-
chemically active surface area of the sample (cm2 g)1), D
is the diffusion coefficient (cm2 s)1), DC is the change in
concentration over the potential step (mol cm)3), a is

the radius of a particle (cm), and t is time (s). The
boundary conditions used in the derivation of Equation
(2) are described in Ref. [21]. By combining these
variables to produce two fitting parameters, P1 and P2,
Equation (2) can be simplified to

i ¼ P1

X1

n¼1
exp �n2P2t
� �

ð4Þ

where

P1 ¼
2FADDC

a
and P2 ¼

p2D

a2
ð5Þ

Experimental discharge data can be fit with Equation
(3) by solving for P1 and P2 using least squares
regression. P1 and P2 are then used in Equation (6) to
calculate A� D. The particle radius does not need to be
determined as it is cancelled out in the division of P1

2

by P2.

A
ffiffiffiffi
D
p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P2
1

P2
� p

2FDC

� �2
s

ð6Þ

It was assumed that for each process, the diffusion
coefficient (D) and particle radius (a) remained constant,
and consequently that the P2 term also remained
constant.
The contribution to the total charge from each

process was determined by the area under the experi-
mental i)t data, multiplied by the fractional contribu-
tion of the specific process at the step potential given by
Figure 3. The experimental data was then solved for P1
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and P2 for all steps simultaneously with the areas
under each curve (i.e., the charge) for each process held
constant. Figure 4 shows typical results from three
different potentials. At high potentials (Figure 4(a)),
the discharge is made up of contributions from
processes A, B and C only. At mid-range potentials
(Figure 4(b)), the discharge is made up almost entirely
by process C, with processes A, B and D making small
contributions. At low potentials (Figure 4(c)), the
contributions by processes E and F have increased,
while process C has decreased. The sum of these
processes is in good agreement with the experimental
data with some deviation where the slope changes
rapidly (at �500 s).
Figures 5 and 6 show the calculated A� D for the six

processes as a function of potential and of degree of
reduction, respectively. Since the diffusion coefficient is
assumed to be constant for each process, the arch-like
shape exhibited by the curves can possibly be attributed to
changes in the electrochemically active surface area. Each
process can be thought of as a distribution of energetically
different sites about the peak potential. At the beginning
of the peak, only a small proportion of sites will be of the
required energy level to be reduced and hence only a
fraction of the total surface area is electrochemically
active. As most of the sites lie near the peak potential, the
electrochemically active surface area will reach a maxi-
mum.As the potentialmoves past the peak, fewer sites are
available and hence the active area decreases.
As mentioned before, the structure of EMD is quite

complex, and assigning a series of A�D values to a

particular component of the structure can be quite
prone to speculation rather than hard scientific facts.
Nevertheless, the higher voltage processes (A and B)
have been reported to involve reduction of Mn4+ ions
on or near the EMD surface, and/or near defects
within the structure. This assignment seems appropriate
given the anticipated higher potential energy of Mn4+

ions in these locations. The fact that process A has a
relatively high A�D value (maximum of
2.3 · 10)2 cm3 s)1/2 g)1) relates to the facility of the
diffusing species through these sites. For instance,
reduction of surface Mn4+ ions could involve lateral
or surface diffusion which would tend to be faster given
the ready availability of protons in the electrolyte at the
surface. Furthermore, reduction of Mn4+ ions near
higher energy structural defects such as cation vacan-
cies, could be expected to be a facile process due to the
fact that the cation vacancies can (at least conceptually)
enhance proton mass transport through the structure.
Process C, which is clearly the greatest contributor to
discharge capacity (51%), occurring at intermediate
voltages, has been assigned previously to the reduction
of Mn4+ ions located in ramsdellite domains within the
c-MnO2 structure. This process has a maximum A� D
value of 1.7 · 10)3 cm3 s)1/2 g)1 which is comparable
to literature values of � 10)3 cm3 s)1/2 g)1 [30]. The
processes occurring at lower voltages during discharge
tend to be substantially overlapped. Previously, the
processes occurring in this voltage range were assigned
to the reduction of Mn4+ ions in pyrolusite domains,
due to the high thermodynamic stability of this pure
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manganese dioxide crystal phase. However, with con-
siderable TEM evidence to suggest that there are other
manganese dioxide phases or domains present in EMD
[45], it is possible that they too are being reduced in
this lower voltage range. What is significant is that
while the maximum A�D for processes B, D and E are
relatively low (4.0 · 10)4, 4.6 · 10)4 and
4.8 · 10)4 cm3 s)1/2 g)1, respectively), process F has
an A� D value comparable with the fastest higher
voltage processes (1.8 · 10)2 cm3 s)1/2 g)1. Given that
the solid state reduction of pyrolusite is kinetically
slow, preferring instead to undergo reduction via a
dissolution-precipitation mechanism [46], this facile
lower voltage process may be associated with the
reduction of Mn4+ ions in larger tunnels within the
structure [45]. Alternatively, it may be an artefact
related to a change in the EMD reduction mechanism
away from solid state reduction. It has been shown that

at high degrees of discharge (r+D > 0.8 in Equation
(1)) corresponding to low electrode voltages, where the
Mn3+ activity in the solid increases, EMD, in a similar
fashion to pyrolusite, undergoes dissolution to form a
soluble Mn3+ intermediate [17]. Depending on the
electrode potential the soluble Mn3+ can either be re-
precipitated as a distinct solid Mn3+ species (relatively
high voltage), or reduced to Mn2+ which precipitates
almost immediately as Mn(OH)2 (low voltages). In this
latter case, the changing discharge mechanism may
have influenced the i)t measurement.

4. Conclusions

In this work, the A�D values for the processes that take
place during homogeneous reduction of EMD have been
calculated. The contributions of these processes to the
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total discharge were determined as a function of potential
by the deconvolution of a linear sweep voltammogram.
Using a spherical particle model to describe the discharge

of each process, the sum of these curves was fit to the
experimental data. Plots of A� D as a function of degree
of reduction show an arch-like shape that was attributed
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to changes in the electrochemically active surface area.
The determined values of A� D are also compatible with
previously reported data, although in this work we have
deconvoluted the homogeneous discharge into contribu-
tions from each individual process.
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