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Abstract

Two-probe electrochemical impedance spectroscopy measurements were carried out on the electrolytic manganese
dioxide electrode in concentrated KOH electrolytes under a variety of experimental conditions. These included
varying the electrode thickness and compaction pressure, electrolyte content and concentration, degree of
manganese dioxide reduction and the presence of TiO2 (anatase) as an additive. The overall electrode impedance
was found to decrease when thin electrodes, prepared under high compaction pressures, with an excess of
electrolyte, were used. The impedance of the EMD/electrolyte interface was also minimized when 5.0 M KOH was
used as the electrolyte. This correlates with a maximum in electrolyte conductivity. The electrode impedance also
increased as the degree of EMD reduction was increased, as was expected. Under these experimental conditions the
electrode impedance increased in the presence of TiO2 (anatase), which has negative implications for its commercial
use. This conclusion was reached despite the differences in experimental conditions between this work and in
commercial applications. An equivalent circuit was also derived and used as an aid in interpreting the impedance
data.

1. Introduction

Manganese dioxide is the most common positive elec-
trode materials used in portable power sources. Its
widespread use is a direct result of a unique combination
of its electrochemical, chemical and economic properties
[1], including (i) its ability to sustain relatively high
discharge rates for prolonged periods of time; (ii) an
abundance of the raw materials necessary for synthesis;
and (iii) the low cost of production, despite the fact that
production of primary alkaline Zn–MnO2 cells may
require up to 10 times the energy of its expected output.
Commercial alkaline Zn–MnO2 cells are predominantly
limited to primary applications; however, in recent years
a rechargeable alkaline Zn–MnO2 cell has been deve-
loped and marketed [2].
The power generation reaction the manganese dioxide

cathode undergoes is

MnOOHr þ DH2Oþ De� $ MnOOHrþD þ DOH�

ð1Þ

where 0Oðrþ DÞO1. Equation 1 represents a homoge-
neous, solid solution process involving proton and
electron insertion through the manganese dioxide-elec-
trolyte interface, into the manganese dioxide structure.

Once inserted, the protons and electrons diffuse away
from the surface, into the bulk of the manganese dioxide
[3–11]. Equation 1 represents the manganese dioxide
reduction mechanism for the majority of the composi-
tion range 0Oðrþ DÞO1. However, towards the later
stages of reduction, when, for example, ðrþ DÞP0:8,
increasing strain within the MnOOHr+D solid solution
(due to proton insertion and Mn4+ reduction to Mn3+)
causes a structural collapse to a more stable structure
[12]. This stage of the reduction is heterogeneous in
nature.
The purpose of this study was to investigate the

behaviour of the manganese dioxide electrode, parti-
cularly the manganese dioxide-electrolyte interfacial
behaviour, under a wide variety of experimental condi-
tions. Specifically, the effects of (i) electrode thickness;
(ii) electrode compaction pressure; (iii) manganese
dioxide oxidation state; (iv) electrolyte concentration;
(v) electrolyte availability; and (vi) the presence of
additives (TiO2 (anatase)) were investigated. While (i)–
(v) are standard electrode variables, the presence of TiO2

(anatase) in the manganese dioxide cathode has been
shown to lead to a service improvement for cells using
these cathodes [13–15]. This work will shed light on the
role that TiO2 (anatase) plays in improving manganese
dioxide discharge performance.
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2. Experimental

2.1. Manganese dioxide samples

The starting manganese dioxide sample used in this
work was supplied by Eveready Battery Company, Inc.
It was prepared by electrolytic deposition onto a
titanium anode from a hot, acidic (H2SO4) MnSO4

solution (EMD), and had an average composition of
MnO1.95, as determined using the potentiometric titra-
tion method described by Vetter and Jaeger [16].
A partially reduced manganese dioxide (REMD) was

prepared by immersing �10 g of the original EMD in
100 cm3 of anhydrous 2-propanol at room temperature.
After 7 days the suspension was filtered and the solid
vacuum dried at room temperature. The REMD sample
had an average composition of MnO1.70.

2.2. Electrode preparation and the electrochemical cell

Electrodes were prepared by thoroughly mixing man-
ganese dioxide either EMD or REMD and electrolyte
using a mortar and pestle. Light grinding was used so as
not to alter the particle size distribution. Manganese
dioxide electrodes used in cells are typically prepared
with �5–10% of graphite to enhance the electrical
conductivity of the electrode. However, for this study,
graphite was excluded from the blackmix so that our
experiments could focus on the interaction between
manganese dioxide, electrode additive and the electro-
lyte.
A schematic diagram of the electrochemical cell is

shown in Figure 1. An appropriate amount of blackmix
(0.5–3.0 g) was placed between the pistons. The Teflon�

and stainless steel sleeves surrounding the electrode were
used both to constrain the electrode and to prevent
direct electrical contact between the pistons, which also
acted as current collectors. The blackmix was then
compressed by the pistons to form the pellet electrode.
This part of the cell was then mounted between the
cover and baseplate using a uniform and constant
pressure (0.3 N m torque on each nut).

2.3. Apparatus

Impedance spectra were measured between 60 kHz and
0.1 Hz using a Solartron Instruments 1255 Frequency
Response Analyzer and 1287 Electrochemical Interface
controlled by ZPLOT software. A 5 mV sinusoidal
voltage was used and scans were conducted in triplicate
to ensure reproducibility.

2.4. Numerical analysis

Modelling of experimental EIS data was carried out
using complex non-linear least squares regression
(CNLS) as described by Boukamp [17, 18]. It involved
simultaneously fitting the real and imaginary compo-

nents of the impedance, predicted from the equivalent
circuit, using the expression

S ¼
X
i

wi½fZ 0
i � Z 0

iðxÞg
2 þ fZ 00

i � Z 00
i ðxÞg

2� ð2Þ

where S is indicative of the divergence between exper-
imental and predicted data, Z�

i ¼ Z 0
i þ jZ 00

i is the mea-
sured data set, Z�

i ðxÞ ¼ Z 0
iðxÞ þ jZ 00

i ðxÞ is the predicted
data set, and wi is a weighting factor inversely propor-
tional the square of the modulus of the measured data
set; i.e.,

wi ¼
1

jZ�
i j

2
ð3Þ

The fitting procedure involved optimizing the equivalent
circuit parameters such that S is minimized.

3. Results and discussion

3.1. Physicochemical processes and electrical equivalent
circuits

The equivalent circuit for the manganese dioxide elec-
trode system must be based on a physical picture of the
electrode [19]. On a microscopic scale the electrode is
composed of randomly oriented manganese dioxide
particles, with electrolyte filling the interstitial spaces
between the particles. Manganese dioxide is very porous
(BET surface area 10–100 m2 g)1), so we also expect
electrolyte to be present in these pores. The assumptions

Fig. 1. Schematic diagram of the electrochemical cell.
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are that there is a continuous path of manganese dioxide
and electrolyte between the current collectors, and that
the interstitial spaces within the electrode are filled with
electrolyte. This depends on the conditions under which
the electrode was prepared; e.g., in an electrode with a
relatively high proportion of electrolyte, all interstitial
and pore spaces are filled and each manganese dioxide
particle is covered with electrolyte, thus inhibiting
electronic conduction through the electrode. Alterna-
tively, in a relatively dry electrode, the ionic conduction
path is limited. Assuming that both conduction paths
are present, they will operate in parallel.

3.1.1. Current collector/electrode interface
At this interface charge transfer can occur between the
stainless steel current collector and either the manganese
dioxide or electrolyte. The contact between current
collector and manganese dioxide is assumed to be
electronic and of low resistance. Given the small
sinusoidal perturbation used here (5 mV RMS), no
faradaic charge transfer can occur between the current
collector and the electrolyte. However, a non-faradaic
double-layer capacitance can be established. Charge
transfer from the current collector to the manganese
dioxide and electrolyte occur in parallel.

3.1.2. Bulk manganese dioxide
Charge transport here is entirely electronic (RM). The
impact of inter-particle contacts is determined by
electrode preparation. With a relatively high proportion
of electrolyte, electronic conduction between particles
would be inhibited by the electrolyte coating each
particle; i.e., electronic to ionic charge transfer has to
occur. Conversely, when there is a lack of electrolyte,
charge transport through the electrode may be entirely
electronic.

3.1.3. Bulk electrolyte
With a small AC signal no faradaic charge transfer
reactions can occur between the current collector and
the electrolyte. Nevertheless, non-faradaic double-layer
charging at the current collector–electrolyte interface
can be represented by a capacitance (C�

DL). Charge
transport along the tortuous electrolyte path is entirely
ionic, and can be represented by a resistance (RE).

3.1.4. Manganese dioxide-electrolyte interface
With only manganese dioxide and electrolyte present in
the cell, charge transfer at this interface depends on both
the forward and reverse reactions in Equation 1. The
sinusoidal voltage applied to the cell ensures different
potentials within the electrode, although no net charge
transfer occurs. Hence, those regions within the elec-
trode at relatively negative potentials will be reduced,
and correspondingly those at more positive potentials
will be oxidized.
In terms of equivalent circuit elements, the faradaic

processes at this interface can be represented by the
series arrangement of a charge transfer resistance for

proton insertion or extraction (RCT), and an impedance
to mass transport in the manganese dioxide or electro-
lyte [20]. The use of a Warburg impedance (diffusion
limited with semi-infinite boundary conditions [21, 22])
is questionable due to the porous nature of manganese
dioxide, meaning that diffusion fronts will likely meet
within the solid. Therefore, we propose to use a general
constant phase angle impedance (ZCPE) [23, 24]; i.e.,

ZCPE ¼ rx�m cos
mp
2

� �
� j sin

mp
2

� �n o
ð0 < m < 1Þ

ð4Þ

where r and m are the CPE pre-factor and exponent,
respectively.
For a smooth planar electrode, non-faradaic charging

of the electrode surface gives rise to the classical double-
layer capacitance (CDL). However, for rough or porous
electrodes, in which the AC signal penetration is
comparable to the depth of the pores, an ionic current
is developed within the pores that opposes the electronic
current within the solid, leading to a situation best
interpreted by a RC transmission line [25]. A semi-
infinite, uniform RC transmission line can be represen-
ted by a Warburg impedance. However, for rough and
porous electrodes, the RC transmission line is non-
uniform and so a more general constant phase angle
impedance is required (Z 0

CPE; Equation 4). Therefore, the
non-faradaic processes that occur can be represented by
the series arrangement of CDL and Z 0

CPE. This represen-
tation has been used previously to describe the imped-
ance behaviour of the LixCoO2 [26] and LixTiS2 [20]
electrodes, which are solid state ion insertion electrodes
similar to manganese dioxide. The equivalent circuit for
the interface can therefore be represented by the parallel
arrangement of the faradaic and non-faradaic circuit
elements (Randles-type circuit [22]).
Essentially, there are three charge transport paths

operating in parallel through the electrode; i.e., (i) a
electronic path through the manganese dioxide particles
(RM); (ii) an ionic path through the electrolyte (RE and
C�
DL); and (iii) a charge transfer path involving the

manganese dioxide/electrolyte interface. An additional
resistance (R) is in series with the interfacial impedance
to take into consideration charge transport in either the
solid or electrolyte before an after transfer. The resul-
tant equivalent circuit for the manganese dioxide elec-
trode is shown in Figure 2a.

3.2. Modelling of the experimental impedance data

A typical example (Nyquist plot) of the impedance
response of the manganese dioxide electrode (60 kHz to
0.1 Hz) is shown in Figure 3. The data in this figure is
for an EMD electrode containing �10% (w/w) 9 M

KOH as the electrolyte, compressed under 2.3 · 103 kg.
In this frequency range (60 kHz to 0.6 Hz) the imped-
ance consists of a very depressed and distorted semi-
circular arc. Distortion of the semi-circle, particularly at
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high frequencies, may be due to the presence of another
overlapping semi-circle. At a frequency of 0.6 Hz the

imaginary component of the impedance begins to
increase, most probably due to diffusional processes
within the electrode. In subsequent Nyquist plots, the
�Z 00 axis will be expanded so that any trends in the data
will be more evident.
The experimental EIS data were then modelled to the

equivalent circuit (Figure 2a) using the CNLS tech-
nique. From this it became apparent that a number of
simplifications to the equivalent circuit could be made
(Table 1). RM can be omitted since it made essentially
no change to the parameters or the sum of squares of the
residuals (SSR). Furthermore, it was found that m
tended towards zero in this and other series of impe-
dance data. The relatively narrow frequency range used
here precludes its inclusion and significance in the
equivalent circuit, and so m was set equal to zero,
meaning the interfacial impedance is a pure resistance.
The resultant simplified equivalent circuit is shown in
Figure 2b. R1 and R2 take into consideration the effect
that RM has on RE and R, respectively. A comparison
between experimental and predicted impedance data is
shown in Figure 4. The divergence was minimal
(<±2%) over the frequency range studied.

3.3. Electrode variables

3.3.1. Electrode thickness
The relationship between impedance and electrode
thickness was determined for all electrodes examined
in this study. As shown in Figure 5, increasing the
electrode thickness increases the overall impedance. This
is also reflected in the equivalent circuit parameters
(Table 2a).
R1, RCT, R2 and CDL have intrinsic values that are

functions of either electrode thickness or interfacial
area. Increasing the electrode thickness proportionately
increases the EMD/electrolyte interfacial area. There-
fore, R1, R2 and RCT should increase, and CDL should
decrease. Determining intrinsic equivalent circuit pa-
rameters from this data is difficult due to the tortuosity
of the electrolyte path, and also because of our
uncertainty associated with the electrochemically active
surface area of EMD. To elaborate further, conven-
tional methods of measuring surface area (e.g., BET
isotherm) require extreme sample pre-treatment which
degrades EMD performance. Furthermore, the typical
adsorbate (N2) is very different to the adsorbed electro-
lyte species present in aqueous systems (H2O).
Changes in impedance with electrode thickness also

allow for determination of electrode resistivity, as well
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Fig. 2. (a) Original and (b) simplified equivalent circuit.
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Fig. 3. Typical impedance response for EMD: 6. �10% 9 M KOH;

compaction pressure 2.3 · 103 kg; electrode thickness 0.200 cm; fre-

quency range 60 kHz to 0.1 Hz.

Table 1. Equivalent circuit parameters during equivalent circuit development

RM RE C�
DL RCT r m CDL r¢ m¢ R SSR

/W /W /lF /W /W s)m /lF /W s)m¢ /W

Original 15,400 26.4 1.03 14.2 19.2 0.134 815 115 0.432 3.7 0.003

#1 – 26.4 1.03 14.2 19.1 0.134 815 115 0.432 3.7 0.003

#2 – 21.6 1.11 30.2 0 0 1740 144 0.472 4.0 0.006
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as any interfacial resistance between the current collec-
tors and the electrode. At high frequencies, capacitor

and constant phase angle element impedance tends to
zero, implying a pure resistance. Therefore, using the
fitted equivalent circuit parameters, the high frequency
intercept with the Z¢ axis (Z 0

HI) is

Z 0
HI ¼

R1R2

R1 þ R2
ð5Þ

and then expressed as a function of electrode thickness
(l) [27]; i.e.,

Z 0
HI ¼ q

l
A
þ RC ð6Þ

where q is electrode resistivity (W cm), A is electrode
area (cm2) and RC is the current collector–electrode
contact resistance (W). Plotting Z 0

HI vs l gives a straight
line with slope q/A and intercept RC. With an electrode
area of 1.27 cm2, q was determined to be �60 W cm,
while RC was �2 W. This is consistent with the data
reported previously by Xia et al. (�102 W cm) [28], the
variation being explained by a different compaction
pressure and EMD oxidation state.

3.3.2. Electrode compaction pressure
The effects of compaction pressure on electrode impe-
dance are shown in Figure 6, while the calculated
equivalent circuit parameters are shown in Table 2b.
This EIS data is based on a 0.200 cm thick electrodes,
interpolated from the available data. Clearly as the
compaction pressure was increased, the overall electrode
impedance decreased.
The compaction pressure effects the void space, and

hence the electronic and ionic conduction paths through
the electrode. At low compaction pressures, it is possible
that there are unfilled void spaces within the electrode.
These are essentially barriers to both ionic and elec-
tronic conduction, and hence increase electrode imped-
ance. Increasing the compaction pressure progressively
removes these voids, thus making a more complete ionic
and electronic path through the electrode. This is
consistent with the observed decrease in R1 and R2.
At low compaction pressures, the thin film of elec-

trolyte surrounding each EMD particle would inhibit
electronic conduction. However, as the pressure is
increased, electrolyte between particles is forced away,
thus bringing the EMD particles into closer contact,
hence lowering the inter-particle resistance (decreasing
R2). The electrolyte pushed away from the grain
boundaries would aid in filling the void spaces within
the electrode, thus enhancing the electrolyte connecti-
vity through the electrode (decrease R1). It has been
shown that, in the absence of electrolyte, the EMD
grain boundary resistance decreases as the compaction
pressure increases [29], further contributing to lowering
R2.
At the EMD/electrolyte interface a possible scenario

is that increasing the compaction pressure forces elec-
trolyte further into EMD pores, to a depth unattainable
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data: EMD + �10% 9 M KOH; compaction pressure 2.3 · 103 kg;

electrode thickness 0.200 cm; frequency range 60 kHz to 0.1 Hz.
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by capillary action. The resultant effect is an increase in
the EMD/electrolyte interface, causing an increase in
RCT and a decrease in CDL. An alternative scenario is
that increasing the compaction pressure causes the
EMD pore structure to collapse, thus forcing electrolyte
out of the pores and into the void space. This would
lower the EMD/electrolyte interfacial area resulting in a
decrease in RCT and an increase in CDL, as observed in
Table 2b. The majority of EMD surface area is asso-

ciated with pores and so if the total pore structure were
to collapse, a much larger change in RCT and CDL

should have been observed, suggesting that only a
partial collapse occurred. Electrolyte in the pores may
have provided some mechanical resistance to pore
collapse.
Figure 6 also shows that the EMD electrode imped-

ance tends towards a minimum value. As above,
increasing the compaction pressure progressively re-
moves all void spaces within the electrode. A compac-
tion pressure must be reached where there are no void
spaces remaining and at this point the EMD/electrolyte
interfacial area will have reached its optimum for
minimum impedance. It is presumed that at this
compaction pressure the EMD inter-particle resistance
will also be minimized.
The data in Figure 6 is for an electrode containing a

relatively low amount of electrolyte (�5%). However, as
the electrolyte content was increased, the changes in the
electrode impedance with compaction pressure were
much less. With more electrolyte, the void spaces would
be removed at lower compaction pressures because there
is more electrolyte present to occupy these spaces.

3.3.3. Electrolyte content
The effects of electrolyte content on EMD electrode
impedance are shown in Figure 7, while the correspond-
ing calculate equivalent circuit parameters are shown in
Table 2c. This figure shows the impedance passing
through a maximum as the electrolyte content is

Table 2. Calculated equivalent circuit parameters

Variable R1 C�
DL RCT CDL r¢ m¢ R2 q RC s

/W /lF /W /lF /W s)m¢ /W /W cm /W

(a) Thickness (/cm) 0.107 63.9 0.058 30.0 1440 263 0.407 9.7

0.179 122.9 0.030 36.0 869 309 0.393 13.0

0.331 261.2 0.015 45.3 845 419 0.395 20.4

(b) Pressure (/103 kg) 0 847.5 0.007 66.2 393 780 0.358 19.4 89.1 4.7

0.5 289.3 0.011 52.7 445 538 0.375 14.4 68.1 2.7

1.4 188.9 0.016 39.9 517 374 0.377 13.2 61.9 2.6

2.3 166.4 0.019 37.2 576 303 0.375 13.4 59.9 3.1

(c) Electrolyte (/%) 0 444.0 1.5

1.37 2986 6 · 10)4 125.1 6 7 · 10)4 0.291 0 308

1.94 2118 1 · 10)3 108.5 22 2 · 10)4 0.216 0 316

4.79 149.5 0.029 55.3 659 353 0.348 16.9 140.1 4.8 4.8

9.97 20.6 1.150 30.5 1950 153 0.482 4.1 18.6 0.4 10.0

(d) [KOH] (/M) 1 121.2 0.046 40.0 1060 270 0.391 8.7 45.0 1.0

3 92.5 0.085 36.7 955 289 0.403 8.2 47.9 0.3

5 65.4 0.198 27.4 1520 99 0.369 5.7 29.8 0.7

7 47.2 0.487 29.8 1500 151 0.432 4.6 38.0 1.6

9 20.6 1.150 30.5 1950 153 0.482 4.1 18.6 0.4

(e) x in MnOx 1.95 149.5 0.029 55.3 659 353 0.348 16.9 140.1 4.8

1.70 506.8 0.029 136.8 1350 226 0.353 42.0 192.3 5.5

(f) EMD + TiO2 (anatase) (/%) 0 139.0 0.028 37.6 883 330 0.395 14.1 63.7 3.4

1.903 140.5 0.051 55.6 914 373 0.395 14.2 65.1 3.3

REMD + TiO2 (anatase) (/%) 0 506.8 0.029 136.8 1350 226 0.353 42.0 192.3 5.5

1.899 754.6 0.028 244.3 1420 278 0.353 46.3 219.5 6.0

Standard conditions: EMD, 0.200 cm thick, �5% 9 M KOH, compaction pressure 2.3 · 103 kg, frequency range 60 kHz–0.1 Hz.
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increased. The zero values of R2 for low electrolyte
electrodes indicate that the EMD/electrolyte interfacial
impedance is a pure resistance, and that R2 was not
necessary in the equivalent circuit since it was incorpo-
rated into the interfacial impedance. Unfortunately,
with R2 ¼ 0 an electrode resistivity could not be
calculated for these electrodes.
This figure also emphasizes the importance of the

electrolyte conduction path and the EMD/electrolyte
interface in determining the electrode impedance. At low
electrolyte levels (upto 2%) the electrode impedance
increased. Here, R1 is large since there is very little
electrolyte for a conduction path, implying purely
electronic conduction. Under such conditions, the elec-
trolyte that is present would be contained in pores and
as a thin film on the EMD surface, thus inhibiting the
electronic conduction path and raising the impedance.
The effect of low electrolyte levels on the EMD/
electrolyte interfacial impedance is reflected in the
relatively small value of CDL, which can be used as an
indicator of the EMD/electrolyte interfacial area.
The maximum impedance corresponds to the point

just prior to the formation of a complete ionic conduc-
tion path. After this point the electrolyte fully occupies
the EMD pores and completely coats the surface of the
EMD particles, thus providing an ionic conduction
path. The impedance decreases after this point since
another, more conductive, charge transfer path has been
formed. Further electrolyte addition fills any remaining
void spaces in the electrode, therefore decreasing the
tortuosity of the electrolyte path and hence decreasing
the electrode impedance (KOH electrolytes are more
conductive than EMD [28, 30]). Electrolyte tortuosity
(s) can be quantified using

s ¼ qa
qc

ð7Þ

where qa and qc are the actual and calculated electrolyte
path resistivities. Calculated s values are shown in
Table 2c. The tortuosity factor indicates the apparent
electrolyte path length through the electrode, and s ! 1
as the electrolyte content is increased.

3.3.4. Electrolyte concentration
The effects of electrolyte concentration on the imped-
ance are shown in Figure 8a, while the equivalent circuit
parameters for this data are shown in Table 2d. Inter-
pretation of this impedance data is not straightforward,
since the electrolyte concentration can influence elec-
trode behaviour in a number of ways. Firstly, the
conductivity of aqueous KOH solutions has a maximum
of �0.55 S cm)1 at �6 M KOH [30]. Therefore, R1

should pass through a minimum as the electrolyte
concentration is increased. However, R1 decreased with
increasing KOH concentration, possibly due to R1

containing contributions from both RE and RM, in
which case, RM may be significant.
KOH concentration may also affect the EMD/elec-

trolyte interface. To examine this, RCT, CDL and ZCPE
0
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Fig. 7. Effect of electrolyte availability on the impedance of EMD:

9 M KOH; electrode thickness 0.200 cm; compaction pressure

2.3 · 103 kg; frequency range 60 kHz to 0.1 Hz. (h) 0%; ())
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were used to generate the interfacial component of the
impedance, as shown in Figure 8b. There is a clear
correlation between interfacial impedance and electro-
lyte conductivity, with the lowest interfacial impedance
corresponding to the highest conductivity electrolyte.
This results from the double-layer structure at the
interface and the amount of ‘free’ water molecules
available for charge transfer reactions.
This result also has implications on the performance

of manganese dioxide in alkaline cathodes. Discharge
efficiency is dependent on the rate of reduction and the
rate at which reduced species can diffuse away from the
particle surface. From before, there is an optimum
electrolyte concentration where the manganese dioxide
redox processes are the most facile. The exchange
current (I0) under these conditions, calculated using [31]

I0 ¼
RT

nFRCT
ð8Þ

where R is the gas constant, T is the temperature, n is the
number of electrons involved in the redox process and F
is Faraday’s constant, was found to be 9.4 · 10)4 A with
5 M KOH as the electrolyte.

3.3.5. EMD oxidation state
A typical example showing the effect of EMD oxidation
state is shown in Figure 9. The impedance of the
partially reduced EMD shows two distinct depressed
semi-circles, suggesting two different processes, each
with a different frequency dependency. If similar pro-
cesses are occurring in the unreduced EMD sample, then
reduction causes a change in the frequency dependence
of these processes. This figure shows that as EMD
oxidation state is lowered, the impedance increases
dramatically, as reflected in the equivalent circuit
parameters in Table 2e.
The degree of EMD reduction has been reported

previously [28] to have a significant effect on the solid

phase conductivity. These authors reported the conduc-
tivity to decrease from �10)2 S cm)1 at a composition
of MnO1.95, to �10)7 S cm)1 at a composition of
MnO1.55. The consequences of this decrease in electronic
conductivity would be an increase in the value of RM, or
in this work, R1 and R2, as was observed.
Oxidation state also has an effect on the EMD/

electrolyte interfacial properties. During homogeneous
EMD reduction, there must be sites available in the
EMD structure for the inserted protons and electrons to
be located (Equation 1). In partially reduced EMD, a
fraction of the insertion sites are already occupied.
Consequently, RCT should be larger for a partially
reduced EMD compared to an unreduced EMD simply
because access to insertion sites is somewhat limited.
Furthermore, because of an increased RCT, more charge
should be associated with double-layer formation.
Therefore, an increase in CDL was expected to occur
as the EMD was reduced.
The implications of this behaviour for commercial

EMD electrodes are that as reduction proceeds, proton
and electron insertion becomes less facile. Eventually an
electrode composition is reached where homogeneous
reduction is kinetically unfavourable, thus signifying the
end of useful life. Secondly, increasing the degree of
EMD reduction leads to an increase in EMD resistivity,
which in turn leads to an increase in the ohmic
polarization of the electrode. This again limits the
working cathode voltage, and in extreme cases, can
cause electrode failure.

3.3.6. Inclusion of TiO2 (anatase)
Figure 10a shows the typical effects of including TiO2

(anatase) on the impedance of the EMD electrode. At
high frequencies there is little difference between the
electrodes; however, at lower frequencies the differences
become more significant, with the electrode containing
TiO2 (anatase) having a larger impedance. The calcu-
lated equivalent circuit parameters (Table 2f) show that
including TiO2 (anatase) in an unreduced EMD elec-
trode (MnO1.95) leads to relatively small changes in the
physical properties of the electrode (R1, C�

DL and R2),
while the impedance of the EMD-electrolyte interface
was increased (RCT, CDL and Z 0

CPE). However, it has
been reported that the beneficial effects of TiO2 (ana-
tase) inclusion are only apparent during the latter stages
of discharge, when the EMD oxidation state is much
lower [13, 14]. Therefore, a similar comparison was
made using an electrode with partially reduced EMD
(MnO1.70). In this case, TiO2 (anatase) increased the
impedance, making it unclear what its inclusion does to
improve performance.
The above data suggests that TiO2 (anatase) inclusion

is detrimental for electrode performance. However,
these experimental conditions are not representative of
battery systems. For instance, the partially reduced
EMD was prepared by chemical reduction, and then
mixed with TiO2 (anatase) to form the electrode
material. However, commercially, TiO2 (anatase) would
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Fig. 9. Effect of EMD oxidation state on the impedance: �5% 9 M

KOH; compaction pressure 2.3 · 103 kg; electrode thickness 0.200 cm;

frequency range 60 kHz to 0.1 Hz. (h) EMD (�MnO1.95); ())

reduced EMD (�MnO1.70).
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be present in situ when EMD is being reduced. There-
fore, there is the possibility of chemical or physical
interaction leading to the observed performance im-
provements.
Another possibility is that during these EIS experi-

ments measurements were made under quasi-equilibri-
um conditions. However, the beneficial effects of TiO2

(anatase) were reported to occur under high discharge
rate conditions, with considerable electrode polariza-
tion. This implies that TiO2 (anatase) has a kinetic effect
on the EMD electrode. The specific nature of this effect
is unknown at this time; however, it may involve either
electrolyte management, lowering the electrode over-
potential or enhancing diffusional processes.

4. Summary and conclusions

Two-terminal electrochemical impedance spectroscopy
has been used to investigate the behaviour of EMD in
concentrated KOH electrolytes under a variety of

experimental conditions, including electrode thickness
and compaction pressure, electrolyte content and con-
centration, EMD oxidation state and the presence of
TiO2 (anatase) as an additive. The results from these
experiments were modelled using an equivalent circuit
derived from our understanding of the physical and
electrochemical processes occurring within the electrode.
The electrode impedance was lowered by decreasing

the electrode thickness, increasing the electrode com-
paction pressure and increasing the electrolyte content.
As expected, the electrode impedance was also less
before the EMD was reduced. The effect of KOH
electrolyte concentration on electrode impedance was
not straightforward. However, it was found that the
EMD/electrolyte interfacial impedance (based on the
equivalent circuit) was minimized when the most con-
ductive electrolyte was used. Including TiO2 (anatase)
increased the electrode impedance. These results have
implications on the behaviour of the alkaline EMD
electrode in commercial applications, where electrode
performance of the electrode will be enhanced when the
electrode impedance is minimized.
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