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Summary

A literature survey indicated that the properties such as electrical
conductivity, magnetic susceptibility, thermal decomposition temperature
and water content influence the activity of manganese dioxides.

Infrared spectroscopy is considered as a convenient analytical tool
with which to characterize the various crystal phases of the dioxides. Increas-
ing attention has also been given to predicting the potentials of the system
(MnO,),_,. MnOOH, during electrochemical reduction with a view to
understanding the observed discharge characteristics.

Further, attempts are being made to correlate the activity of the
dioxides with their structural features.

1. Introduction

There has been a phenomenal rise over the years in the consumption
of manganese dioxides for use as the active cathode material in MnO,-
based dry cells. Rechargeability of the MnO, cathode has greatly increased
its industrial potential. In this review the electrochemistry of the dioxides
is discussed with special emphasis on recent developments in the field, in
particular the solid state properties. '

2. Solid state properties

2.1. Electrical conductivity

Not much has been published on the electrical conductivity of man-
ganese dioxides. A substantial part of the available literature is confined
to pyrolytic f-MnO, and electrolytic y-MnO,; other MnQO, polymorphs
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have not been studied adequately. This is probably due to the experimental
difficulties involved in dealing mainly with powders instead of monocrystals
[1]. Pellets of MnO, powder are difficult to form and conductivity studies
are usually done within the press-tool. Manganese dioxide is known to be
a semiconductor with specific conductivities ranging from 107° to 103
(22 cm)™! [2]. The conductivity increases with temperature and follows the
relation o0 = A exp(—B/T) [3].

Bhide and Damle [3] investigated the properties of naturally occurring
pyrolusite from various sources, some of these samples being massive and
possessing crystal orientation. They studied both d.c. and a.c. conductivities
and observed an anomaly in the dielectric constant of the samples at about
50 °C. This was ascribed to its ferroelectric behaviour and was discussed in
relation to its crystal structure. Certain manganese minerals show a de-
creased conductivity in the order pyrolusite > psilomelane > manganite [4].

Wiley and Knight [5] carried out detailed conductivity studies on
massive -MnO, obtained by pyrolysis of Mn(II) nitrate. They reported
activation energy values in the range 0.19 - 0.096 eV at —55 to 140 °C and
140 to 190 °C respectively. Room temperature resistivities varied between
20 and 70 £ cm in the case of pressed pellets and between 0.14 and 1.0
2 cm for in situ samples. This difference was attributed to strong inter-
particle bonding in the latter hard pyrolytic samples. They also found a
change in the slope of the plot of log resistivity as a function of T~ ! between
115 and 130 °C which is believed to be due to loss of water; it is known that
the resistivity of manganese dioxide powder increases with increasing water
content [6, 7]. _

Klose [8] reported an activation energy of 0.044 eV for pyrolytic
$-MnO, which was ascribed to oxygen acting as a donor, but this was not
proved conclusively.

Das [9] and Bhide and Dani [10] were some of the earliest to publish
results on pyrolusite. From the signs of the thermal e.m.f. and the Hall
constants, they concluded that manganese dioxide is an n-type semiconduc-
tor with low mobility carriers. On the other hand, MnO, is also reported to
be a p-type semiconductor [111].

Brenet and co-workers [12-14] studied the effect of dopants such
as Li*, Th** and Cr** on the semiconductivity of pyrolytic -MnO, and
reported a general increase in the conductivity. Brenet [15], on the basis
of an energy level diagram, also gave an explanation for the semiconductivity
of 3-MnO,.

Foster et al. [16] studied the temperature dependency of the d.c.
conductivity and the thermal e.m.f. using thermally treated samples of
an electrodeposited microcrystalline y-MnO,. In their investigations they
invoked the hopping model of Honig [17] wherein the charge carriers are
electrons probably ionized from donor sites caused by oxygen deficiency.
They also found an increased conductivity in an oxygen environment due
to the adsorption of oxygen by the MnO, which enhances the electron
mobility. They also pointed out that the surface layers of the MnO, powder
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particles, whose composition may substantially differ from the bulk compo-
sition due to thermal treatment, considerably affect the results of the
measurements.

Preisler [2] carried out conductivity studies which excluded surface
effects with a view to investigating the role of combined water within the
Y-MnO, crystal structure. With electrolytic manganese dioxide (EMD)
and fibrous EMD obtained under different experimental conditions, Preisler
observed an exponential increase in specific conductivity as the water
content decreased. From the semilogarithmic relation between thermo-
electric voltage and d.c. conductivity it was concluded that, for both (-
and y-MnO,, the concentration of the conducting electrons was far below
the degeneration limit. This observation was found to be consistent with
the measured activation energies. It was further suggested that the water
content influences the electronic band structure by successfully deforming
the rutile structure of §-MnO, and hence the Mn—Mn distances within the
lattice.

Recently Euler [18] reviewed the factors which affect the measured
conductivity of compressed powders. These include the exponential in-
fluence of pressure, the anomalous exponents for several materials, the
absence of any correlation with density, unexpected effects of particle
size, the influence of rate of application of pressure and the laws predicting
the behaviour of mixtures. McBreen [19], following the method of Glicks-
man and Morehouse [20], studied the variation of conductivity with
pressure of a number of manganese-oxygen compounds. He plotted the
resistivity as a function of the pressure and showed that the electrochem-
ically active y-MnO, has a much lower conductivity than the inactive §-
MnO,. Similar observations were made earlier by Pons and Brenet [21].
They showed that the resistivity of the manganese dioxides and the activa-
tion energy associated with semiconductivity increased in the order - <
€- < ¥v-MnO,. Kirchhof [22], using compressed manganese dioxide powders,
showed that the pressure dependence of conductivity can be described by
a simple exponential equation of the type o-=Dp™", where 7v is the ex-
ponent of the pressure, determined experimentally, and D is a constant.
For synthetic manganese dioxides the value of v is generally low, while for
natural MnO, it is high. The values for EMD lie in between. This result is
complemented by the earlier investigations [23, 24]. Kirchhof {22} further
showed that the particle shape (as determined by scanning electron micros-
copy) varies with particle size and that the exponent of the pressure, which
relates the specific conductivity, also included a part determined by the
particle shape.

Euler and co-workers [25 - 27], reported detailed studies on the Hall
effect, conductivity, thermal e.m.f. and magnetoresistance. They confirmed
that both solid $-MnO, (natural pyrolusite) and the powder exhibit n-type
conduction. The Hall mobilities reported [25] were 0.16 - 0.38 cm?/V s
(powder 8-MnO,), 0.56 and 300 cm?/V s (solid ore samples from Caucasus
and India respectively). Solid fragments of MnO, exhibited higher resistivi-
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ities ranging from 1.9 to 15 k§2 cm. Further, according to Euler et al.,
the carrier density varied between 2 X 10'® to 2 X 10!” cm™3. They also
reported that the Hall coefficient Ry of the powder increases exponen-
tially with increasing magnetic field, Ry = B*. According to them, this
behaviour could be best explained by assuming that 8-MnO, behaves as a
mixed semiconductor exhibiting both n-type and p-type conduction,
probably by surface recombination or scattering of the carriers on the
surface of powder particles. This, however, is a special case of a powder
prepared from the solid samples.

The influence of mixtures of fine and coarse grained powders was
also studied in relation to battery technology [28]. The effect of factors
such as the matching of plates, the influence of inactive areas of the
surface, of porosity and of plate thickness have all been discussed in
relation to performance limits of primary and secondary batteries [29].
Euler [30] explained the mixing rules in connection with powder mixtures:
thus, if a solid body is furnished with an ever-increasing number of randomly
arranged pores, at a critical porosity, the body becomes water- or gas-
permeable. A powder mixture consists of at least one less conducting species
(the sponge) and one better conducting species (the pores). At a critical
composition, conducting chains (clusters) are formed and the conductivity
rises steeply or inversely. This explanation forms the basis of the ‘percola-
tion’ theory [31, 32] and the ‘effective medium’ theory [32 - 34]. Euler
[26] has successfully used these theories to evolve a model to explain and
predict the limits of the utilization of a binary mixture consisting of a good
and a bad electronic conductor, e.g. carbon and MnO, as used in a dry cell.
The electronic conductivity of such a mixture and the value of its conduc-
tivity can be computed as a function of the composition of the mixture and
the value of the conductivity of each powder. For MnO,/carbon black
electrodes in dry cells the limitation of the electrochemical yield can be
predicted. Its quantitative value depends on the number of electric contacts
per particle. Here, Euler has made an assumption that the co-ordination
number is similar to the number of current carrying contacts of each of the
individual particles. On this basis, he has suggested that 2, that is the co-
ordination number, for MnO,/carbon black electrodes is approximately
30, and for Pb and PbO, is 8.

In view of the fact that carbon black forms chains in the composite
mass of MnO,/carbon black in dry cells, higher co-ordination numbers are
to be found (up to z = 32). The critical volume of carbon black, therefore,
lies below 10 vol.%. During discharge there is a change in the electronic
conductivity owing to a decrease in the co-ordination number. As large
amounts of Zn(NH,),Cl; needles or crusts of Zn(OH), or ZnO are
formed, the co-ordination number may decrease substantially. It may,
therefore, be expected that the decrease in the electronic conductivity of
the active masses will be one of the factors limiting the discharge capacity.

It has been shown experimentally that the conductivity of a compact
block of MnO, is higher than that of a thin film or loosely packed MnO,
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[35]. Electrical conductivity studies using electrolytic y-MnO, [36] indicate
that films of v-MnO, have a low conductivity compared to powders. This
is associated with different structural properties and contactability of the
oxides. Several modifications of battery-grade MnO, were studied [37]
to determine the electrical conductivity and activation energy as a function
of the pH, potential and water content. There are also reports on thermal
e.m.f. measurements [38] of -, -, - and 6-MnO, polymorphs. Albella
et al. [39] studied the conductivity and activation energies of pyrolytic
MnO, layers obtained by thermal decomposition of Mn(NO;),-6H,O in
different atmospheres and discussed the results in relation to density, grain
size and crystal structure. According to them, the energy of the donor levels
produced by oxygen vacancies (n-type conduction) with respect to the
bottom of the conduction band can be obtained from the slope of the log
resistivity versus 1/T curve. The value obtained in one case was 0.015 eV.
The high temperature (i.e. higher than the decomposition temperature)
treatment of MnO, resulted in an increase in the activation energy and
resistivity. These results, they suggested, indicate that 5-MnO, is a compen-
sated semiconductor with electrons and holes as carriers, the hole concen-
tration increasing with thermal treatment. The proportion of both types
of carriers in MnO, is probably related to the ratio of the concentrations of
Mn(III) and Mn(IV) which cause the donor and acceptance levels respec-
tively. Syed et al. [40] have also reported studies on the temperature de-
pendence of the electrical conductivity of pyrolytic 8-MnO,. Euler and Helsa
[41] investigated the electrical characteristics of a highly hydrated battery-
grade MnO, powder obtained as a by-product of sachharin manufacture; the
sample contained about 10 wt.% water and 7.5% KOH and was believed
to be a poor crystalline form of a §-MnO,. Its conductivity was found to
be highly dependent on pressure, with a considerable rise in transverse
electric fields. They inferred that an appreciable part of the conductivity
resulted from the water content, water probably forming a film between the
grains. While they did not report any Hall effect measurements, it was
stated to be an n-type conductor. The activation energy was reported to be
0.53 eV and found to indicate a very steep temperature dependence. Mueller
[42] reported on studies of the variation of electrical conductivity of MnO,
powder under pressure in a transverse electric field. He observed a slight
increase in conductivity with increasing electric field and a more marked
increase with increasing pressure. Recently, Euler [24] observed a general
decrase in conductivity of a ¢-MnO, with increasing water content. The «-
and $-MnO, samples, however, did not follow the rule. Brenet and Faber
[43] reported a new low pressure method for powder conductivity measure-
ments. They observed that the resistivity decreased with temperature but
grain size had little effect. Their activation energy values agree well with
other reported values. The following sequence for the conductivity of
samples was observed: (chemical, ozone) < (electrochemical) < (chemical)
< (chemical, precipitated) < 8-MnO,. These results were discussed in relation
to the electrochemical activity and combined water content of the samples.
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They observed that the better the conductivity the worse was the electro-
chemical reactivity and the lower was the water content. Extending their
studies to PbO, powders and PbO,-MnQO, powder mixtures they have pro-
posed a schematic model for the conductivity mechanism in proton-contain-
ing semiconductor structures which uses (MeOg), octahedral structures,
in every case one positive partner moving and electrons transferring or
hopping into the fixed molecular structure.

2.1.1. Summary of electrical conductivity

Electrical conductivity measurements of manganese dioxides are im-
portant both from the point of view of fundamental structural investigations
and electrochemical behaviour.

There seems to be a general consensus that the manganese dioxide is
a mixed conductor wherein both electrons and holes participate in the
conduction mechanism [25, 39]. The band structure of the dioxide, how-
ever, is not well understood and, therefore, it has not been possible to
correlate the activation energy and the band gap. It would also be interesting
to conduct thermal e.m.f. studies which could throw light on the nature of
the second-order transition (para- to antiferromagnetic) between 76 and
84 K.

There also exist close correlations between the powder conductivity,
thermal behaviour, water content and electrode potential. Hence, there
is a need for further investigation in this field.

2.2. Magnetic properties

The study of the magnetic properties of various compounds of man-
ganese has evoked considerable interest [44 - 50]. Both the methods of
Faraday [51] and Gouy [562] have been used to measure the magnetic
susceptibilities. Manganese dioxides are known to be paramagnetic owing
to the presence of three unpaired electrons in the 3d orbitals of an Mn**
ion. Amiel et al. [48] studied the magnetic properties of different forms of
manganese dioxides (naturally occurring and artificially prepared) and
found that magnetic susceptibility measurements could be used to identify
the different MnO, polymorphs. Selwood et al. {49, 50, 53] identified and
characterized various forms of manganese dioxides and observed the follow-
ing sequence in the order of magnitude of the paramagnetic susceptibility
values [53]: 6-> a-> v->3-MnO,, the actual values lying in the range
25X 107¢-45X107® at 25 °C. Recently, Parida et al. [54] observed the
order to be 8-> y- = a- > -MnQO,. Bhatnagar et al. [47], from their studies
on a -MnO, obtained by thermal decomposition of Mn(II) nitrate, observed
that reciprocal susceptibility varies almost linearly with temperature. The
variation follows the Curie—Weiss law and a Néel temperature of 84 K has
been observed by Bizette and Tsai [55]. Grey [56] reports on defects in
magnetic susceptibility of the dioxides on the basis of an appreciable differ-
ence in atomic moments, viz. 2.86 ug observed and 3.88 ug derived from
the spin-only relation for three unpaired electrons. He interpreted this on
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the basis of Pauling’s explanation of interatomic forces [57] in the first
transition series wherein the interaxial 3d orbitals are involved in forming
secondary cation-to-cation bonds and only 2.4 of the d electrons remain
unpaired on the Mn** ion. Such secondary bonds, according to Brenet [58],
would be of less significance in y-MnQO, than in 3-MnO, and are compatible
with the closest Mn- - -Mn approach, i.e. 2.87 A [59]. The high susceptibility
of active manganese dioxides could be due to the lengthening of Mn—O
bonds [60] or a diminished paramagnetic neighbourhood [50]. The
dispersed forms of MnO, are considered to be good examples of magnetic
dilution and are expected to obey the Curie-Weiss law. In 8-MnO,, as in the
case of other crystalline transition metal oxides, interactions could occur
between the paramagnetic neighbours, resulting in deviation of the Weiss
constants; the latter could be attributed to Heisenberg exchange effects
[61], whereby —A = 2Jz8(S + 1)/3k where J is the exchange integral (varia-
tions in J are ignored); z is the co-ordination number of the equidistant
paramagnetic neighbouring ions, S is the vector sum of the spin moments
and is Boltzmann’s constant.

On the basis of the general diagram of a rutile type of structure, e.g.
TiO, [62], Brenet [63] gave an energy level diagram for a §-MnO,. Although
there is an obvious analogy between the two, in the latter case, however,
an increase in the e, levels has to be visualized to allow for the mobility of
the charge carriers. According to Goodenough [64], the spontaneous atomic
moment approached the spin-only value of uy, = 3ug. In view of the fact
that t; one-electron and t;, orbitals are half-filled according to the same
model, all cation—cation, i.e. Mn—Mn and Mn—-O,-Mn, interactions should
be antiferromagnetic as a result of the following equation:

4S2J%; (half-half) = —2b%/u

This creates a competitive ferromagnetic compling between c-axis
near neighbours and between corner and body-centred cations. Earlier,
Yoshimori [65] had proposed a spiral screw type of structure to explain the
new type of antiferromagnetic spin arrangement, wherein the spins screw
along the fourfold crystalline axis. Three exchange integrals are assumed
in this model, J;, J, and J;. It has been shown by Yoshimori that the first
two interactions act in an antiferromagnetic way (J,> 0, J,> 0). In such
a situation, three types of spin systems are possible. The stability conditions
for the screw type of structure with a pitch of 7/2 seem to be realised in
polianite/pyrolusite, i.e. J5/J;, =1.60 and J3/J; = 0.31. Neutron diffraction
measurements [66] have confirmed the existence of a spiral spin configu-
ration with a screw periodicity of 3.5, the spins lying in the 001 planes.
On lowering the temperature to near the Néel temperature (85 K), below
which antiferromagnetism is observed, the c-axis of MnO, expands, leading
to a distortion which can be correlated to the spin direction [67]. The
spiral magnetic structure of MnO, [68] has been discussed by Osmond [69]
in terms of superexchange interactions coupled with t,—t,, interactions.
Although magnetic susceptibility measurements confirm the Néel temper-
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ature [65] of about 84 K, neither of these measurements, nor the neutron
diffraction data, provide a reliable value for the atomic moment. The model
given by Goodenough [64], based on localized t; one-electrons and b, <
bg, however, calls for an intra-atomic exchange splitting of the states of
a-spin from those of B-spin at each cation. The stoichiometric MnO, is,
therefore, predicted to be a semiconductor with an energy gap between
the a-spin #* and 0* bands, similar to the gap found in LaRbO; (i.e. 0.2
eV). The conductivity data which are surveyed in this review, however,
do not appear to be consistent with the model proposed by Goodenough
in the case of 8-MnO,. The confusion is worse in the case of y-MnO, as this
structure is easily contaminated by H* ions which are electron donors to
the o* band. A few electrons in the o band of MnO, may exhibit transport
anomalies at the Néel temperature.

On the basis of magnetic susceptibility measurements of the cathodic
reduction products of MnO, at various stages of discharge, Ghosh and
Brenet [70] suggested the following successive stages through which the
reduction proceeds: y-MnO, — lattice dilation - y-Mn,0; > MnOOH - Mnj
O, Similar studies were earlier reported by Selwood et al. [53, 71] but
their interpretation, that MnO, reduces to Mn,05, was found to be untenable
[70]. The studies of Labat and Gabano [72], however, seem to support
Brenet’s investigations. Recently, Brenet and co-workers [73, 74] deter-
mined the magnetic susceptibilities of I.C. MnO, samples at various temper-
atures and from the values of Curie’s molecular constant thus determined
they could evaluate the parameters y, 2z, § and m in their modified formula
of the dioxides, viz. (MnO,),, (MnOOH),, 6Mn(OH), and mH,0. They
found that the values of y correlate well with the discharge capacity of the
samples determined earlier [73]. Recently, Fernandes et al. [75] determined
the room temperature magnetic susceptibilities of chemically precipitated
manganese dioxides and observed the following sequence in decreasing order
of their susceptibilities: ~-> (a, v)- > a- > -MnO,. Although the actual
values more or less conform to the values reported by earlier workers, the
order is slightly at variance with that reported by Selwood et al. [53].
It was also observed that, within a particular crystal phase (« or ), Na*-
containing samples have higher values of susceptibility than those containing
K*. The linear relationship observed between the intensity I of the 100
X-ray peak and the susceptibilities was discussed in terms of the changing
electron density in the hkl planes and the 3d orbitals. An interesting correla-
tion was observed between I, x and catalytic as well as electrochemical
activity, suggesting a structural transition y-— (v, @)- > @-MnO,. In the
studies by Fernandes et al. [76, 77] on Fe3*-doped chemical manganese
dioxides, increased susceptibility was associated with increased Fe3* content
within a particular crystal phase, with a corresponding increase in the
catalytic activity. An unusually high value for an Fe3*-containing («, %)
crystal phase could not be explained, neither on the basis of an increased
Fe3* impurity content nor on the basis of the above order of the x values,
and was attributed to its slightly unusual X-ray diffraction data. It is believed
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that even very subtle structural variations, such as those indicated by
changing intensities of particular X-ray diffraction peaks, could affect
the magnetic susceptibilities of manganese dioxides.

2.3. Infrared spectroscopic studies

Parodi {78] in 1937, was one of the earliest to report the infrared
spectrum of $-MnO,, but he could not explain all the observed results. Even
today the available literature on the characterization of MnO, polymorphs
by infrared studies seems to be inconclusive. Infrared spectra of pyrolusite
[79 - 81] and other manganese minerals [82 - 84] have been published by
various workers. The structural changes in manganese dioxides after heat
treatment at various temperatures have also been studied [85-87] by
means of their infrared spectra, while Valetta et al. [88] studied the effect
of various impurities. McDewitt and Baun [89], from their studies of the
effect of crystallite size, reported that the characteristic band of pyrolusite
only becomes apparent after fine grinding. Henning and Strobel [90]
tabulated the characteristic infrared absorption frequencies of MnO, Mn;O,,
Mn,0; and MnO, and a collection of infrared spectra of different manganese
oxides was published in 1965 [91]. More recently, Yanchuk and Povarennyk
[92] presented the infrared absorption spectra and characteristic absorption
frequencies of a large number of manganese oxides such as pyrolusite, rams-
dellite, nsutite, birnessite, cryptomelane, hollandite and romanéchite.
Infrared, spectral studies of the oxygen in manganese oxide have also been
reported [93]. Faber [94] presented infrared absorption frequencies for
1.C.1 (v, electrolytic), 1.C.8 (v, chemical), I.C.11 (p, chlorate method), and
for v and « forms obtained by disproportionation of Mn,0; in H,SO,.
Infrared absorption curves for the I.C. MnO, samples have been compiled
by Kozawa [95]. White and Roy [96] observed that the broad band of
pyrolusite at 606 cm™! splits into four ill-defined components. From a semi-
theoretical analysis they found that the frequency factor (defined as F = »?
M/z 25, where P is the main M-O stretching frequency, u is the reduced mass
of the metal-anion pair and z,z, is the product of the effective charges of
the cation and anion) is inversely proportional to the cube of the M-O
distance. Faber [87] studied a number of infrared spectra of different types
of manganese dioxides, especially those which had been chemically pro-
duced. He observed that ramsdellite shows characteristic absorptions of «
and p forms of MnO,: the absorption at 1100 cm™' shown by a-MnO,,
however, is missing in the ramsdellite spectrum. In his study of the infrared
spectra of manganese nodules recovered from French and German sources,
he observed very strong absorption at 3200 cm™! and 1620 cm™! due to
H,0. A prominent absorption at 1080 cm™! was attributed to the possible
presence of Mn,;0,.

Brenet and Faber [97] believe that the infrared frequency data,
especially the shifts in the Mn-O absorption frequency, are related to
catalytic and electrochemical activity. The infrared spectra can also be
used to distinguish between the various crystalline phases of MnO, [94, 97].
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Very recently, in a systematic investigation of chemically precipitated
Mn(IV) oxides, Fernandes et al. [98] distinguished between «, ¥ and («, y)
mixed crystal phases on the basis of the infrared absorption frequencies and
the shape of the absorption bands. An interesting observation was the
changing shape of the 700 cm™! absorption band (which is quite prominent
for «). It is reduced to a broad shoulder for the (o, y) mixed crystal phase
and to a slight bend or almost disappears for y-MnQ,. Infrared spectra
also help in locating the presence of OH groups, which are known to be
present in active dioxides, as well as H,O molecules, which may be present
as bound water within the crystal structures [99 - 101], by virtue of their
characteristic absorptions around 3400 cm™! and 1620 cm™!. These are
attributed to the O—H stretching and bending vibrational modes respectively.
The apparent absence of absorption around 1620 cm™! in the ®-MnO,
samples was attributed to possibly different linkages of these OH groups
in the o-MnO, crystal lattice with the consequent quenching of the O-H
bonding vibrational mode or possible reduced degrée of freedom [98].
Narita and Okabe [102] observed infrared absorption frequencies at 440 -
620, 1050, 1280, 1510, 1630 and 3400 cm™! in hydrous manganese
dioxides. The three additional absorption bands at 1050, 1280 and 1510
cm™! were believed to be associated either with the O—H bending vibration
combined with the Mn atom, or with the bending vibration of the OH
group containing alkali; the latter interpretation was on the basis of the
correlation between combined water and K,O content of the samples. The
intensity of these bands decreased with decreasing pH of the medium in
which the samples were precipitated. Chang [103] attributed the broad
absorption band at 3200 cm™! in fibrous EMD to hydrogen bonding in the
sample.

Recent high resolution infrared spectral measurements carried out
by Potter and Rossman [104] provided information on the structure and
H,0 content of various Mn(IV) oxide phases. The presence of bound water
in ramsdellites was clearly observed in their spectra. Spectra of heat-treated
nsutites indicated possible concentrations of randomly distributed pyrolusite
domains with rising temperature. These studies also showed that:

(a) birnessite has a layer structure,

(b) synthetic buserites and birnessites have analogous layer structures,

(c) the shift from the 10 A to 7 A spacing in the X-ray diffraction is
caused by water loss rather than by a structural rearrangement of the
[MnOg] framework, and

(d) natural todorokite is a valid mineral (not a mixture of buserite and
its decomposition products birnessite and manganite).

2.4. Thermoanalytical investigations

Manganese dioxides have been extensively studied by thermoanalytical
methods, including thermogravimetry (TG), differential thermogravimetry
(DTG) and differential thermal analysis (DTA). On heating, the dioxides
follow the reaction sequence [105]
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I II III
Mn02 — Mn203 — Mn304 ——>MnO

and it is generally agreed that the transformation temperatures in air for
reactions I and II are around 550 °C and 950 °C, respectively [106, 107].
There are, however, conflicting interpretations of the endothermic peak in
DTA between 1160 and 1230 °C. Dollimore [108, 109] attributed it to
reaction III, but it has been shown to be reversible on cooling [110, 111]
and is believed, by some, to be due to a polymorphic transformation of
tetragonal Mn;0, to a cubic ¥ form [112]. The latter interpretation was
apparently confirmed by Tinsley and Sharp [105], whose X-ray analyses
of samples heated to 1300 °C showed the presence of Mn3;0,4 only. On the
other hand, samples heated to 1500 °C in nitrogen and cooled in nitrogen
showed the presence of MnO only. An exothermic peak for reaction III
is to be expected, therefore, between 1500 and 1600 °C in nitrogen [105].
The effect gaseous environments, such as air, oxygen, nitrogen and
argon, have on the decomposition temperatures, especially for the reaction
MnO, = Mn,03, has been studied by various workers [113 -116]. It is
generally observed that the decomposition temperature is higher in oxygen
and lower in inert gases. The shift to higher temperatures and the increase
in sharpness of some decompositions when carried out in an atmosphere
of the evolved gas was already known. Garn [117] explained it on the basis
of complete, or at least partial, reversibility of the decomposition process
and consequent application of the law of mass action. Reversibility is con-
sidered by some workers to be the reason for the unsuitability of an oxygen
environment for investigations of partially reduced manganese dioxides
[118,119]. Low peak decomposition temperature has also been ascribed
to the fineness of the MnQO, particles [120]. Manganese dioxides, however,
are usually sufficiently porous [121 - 124] for the surface to be independent
of the particle size, which should not, therefore, have an effect on the decom-
position temperature, as was observed by Freeman et al. [116]. The latter
also observed that the temperature was not affected by changes in the rate
of gas flow in the range 1 - 4 litres per hour. Thermal investigations under
reduced pressures (50 mmHg), however, lowered the decomposition temper-
atures to about 430 and 840 °C for reaction I and II, respectively. Thermo-
dynamic considerations [125] indicate that the various decomposition tem-
peratures depend on the partial pressure of oxygen, whereas the temper-
ature of the polymorphic transformation will not be affected. Brenet et al.
[126] studied the kinetics of thermal decomposition of a-, 8- and 7-
manganese dioxides and determined the corresponding activation energies.
From a study of the oxygen pressures generated in reactions I and II,
Matsushima and Thoburn [127] evaluated the enthalpy changes of these
reactions. Kozawa [128] calculated the enthalpies of formation of
manganese dioxides from the changes in their decomposition temperatures.
Koshiba and Nishizawa [129] calculated the desorption enthalpies in the
range 54 - 180 kJ (mol H,0)™! from the differential thermograms. Recently
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Sato et al. [130] observed that a disordered EMD decomposes at a lower
temperature than a better crystallized EMD.

TG and DTA are dynamic techniques and the thermograms obtained,
therefore, depend upon the precise conditions and the environment
employed [131, 132]. It follows that little is to be gained by comparison
with previously published thermograms [116]. The first systematic thermal
study in conjunction with X-ray analysis was reported by McMurdie and
Golovato [133] who identified various crystalline phases of MnO,. Thermal
analysis has also been employed for the characterization of manganese oxide
minerals [134 - 1836] and for identifying mineral phases where X-ray and
optical methods fail [137]. It has been observed that pure ramsdellite
changes to pyrolusite at 500 °C and that psilomelane-like minerals exhibit
a broad exothermic effect in the range 800 - 1000 °C [134]. Various types
of natural and synthetic Mn(IV) oxides have been characterized by DTA
and the activation energies for the decomposition processes have been
reported [138, 139]. Investigations of manganese dioxides by simultaneous
TG/DTG and DTA have been found to be very informative [140]. Man-
ganese dioxides obtained by the thermal decomposition of MnCO,4 [141]
and Mn(NOj),, when thermally investigated under various environments
[142 - 146] such as nitrogen, oxygen, continuous vacuum, nitrous oxide
or water vapour, are known to produce reduced oxides of varying composi-
tion. §-MnO, obtained by reduction of sodium or potassium, permanganates
with MnCl, [147] showed a broad endotherm between 20 to 250 °C due to
water loss, followed by an exothermal structural rearrangement process,
although they retained the same X-ray pattern. Decomposition temperatures
around 500 and 900 °C were obtained for reactions I and II respectively.
The thermal behaviour with respect to the decomposition temperature of
an electrolytic MnO, has also been discussed in relation to the way in which
it was prepared [148].

TG and DTA studies of hydrous manganese dioxides, including synthetic
§- and y-MnO,, have been reported [102] which indicated that their thermal
characteristics are influenced by the K:Mn molar ratios. The thermal
behaviour of Mn(IV) oxides should, therefore, be interpreted in relation to
their K* content. The hydrous MnO, samples (K:Mn molar ratio 0.1 - 0.3)
showed an exothermic peak at 450 °C which was believed to be due to the
transformation to a-MnQO,. This peak became larger and sharper at the molar
ratio of 0.125. The thermogram of some of these samples showed a loss of
combined water up to about 900 °C which is confirmed by infrared spectros-
copy.

Brenet and Grund [149] could distinguish between inactive pyrolusite,
chemical and electrolytic manganese dioxides by thermogravimetry. They
related the differences in catalytic and electrochemical activity to the
differences in decomposition temperature and, thus, to the differences in
their crystal structures [150]. Fishburn and Dill [145] reported that the de-
composition temperature of MnO, to Mn,0; increased in the following
order: electrolytic MnO, and activated ores < battery active p(y) ores <
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pyrolusite B-ores. Lee and his collaborators {116, 151] studied the thermal
decomposition of both natural and synthetic manganese dioxides and related
the peak decomposition temperature of the MnO, to Mn,0; transformation
to their electrochemical activity. According to their studies, a low peak
decomposition temperature indicates high battery activity. They also ob-
served a good correlation between peak decompositon temperature and
crystalline type, thus confirming the findings of Fishburn and Dill [145]
and refuting the suggestions of Glemser et al. [152) that thermogravimetric
analysis cannot differentiate MnO, modifications. Recent studies of
Fernandes et al. [75] indicated that chemically precipitated a-MnO, samples
decompose to Mn,0; at slightly lower temperatures than the corresponding
v-MnO, samples, although the former have much less electrochemical
activity.

The above conclusions of Freeman et al. [116] appear, therefore, to
be valid within a particular crystal phase type. Fernandes et al. [75] also
observed that within « or vy crystal phases, low peak decomposition tem-
perature is associated with high electrochemical activity. It may be men-
tioned here that there are earlier reports [153] of cryptomelanes decompos-
ing at a higher temperature than pyrolusite to form either a- or y-Mn,O;.

A flattish split endotherm in the DTA (temperature range 500 - 570 °C)
observed by Varma [154] for MnO, - Mn,0; transformation in an electro-
lytic MnO, containing co-deposited ‘Fe is attributed to the simultaneous
occurrence of endo- and exothermic processes of the type observed by
Paulik et al. [155]. The endothermic process is believed to be associated
with rupture of valence forces between the MnO, complex and Fe. The
exothermic process could be due to formation of an iron oxide with its
subsequent dissolution in Mn,O; to form a solid solution resulting in a new
compound of high heat resistance. The latter fact is apparently confirmed
by the fact that it decomposes to Mn;O,4 at a higher temperature than in
the case of Mn,0; obtained from electrolytic MnO, containing Fe. Brenet
suggests the determination of the percentage of ionic and covalent bonds
between cations and oxygen to explain the observed results. Recently, a
similar effect has been observed by Fernandes [77] in chemically precip-
itated Mn(IV) oxides belonging to « and +y crystallographic forms with Na*,
K* and Fe® incorporated in their lattice. While no explanation was
attempted for the origin of this type of endothermic peak, it appeared that
only relatively large amounts of Fe3* in the y-MnO, lattice, and the presence
of Na* ions in the a-MnO, lattice, are responsible for the observed effect.

Thermal investigation of the water content in manganese dioxides has
received tremendous attention over the years. Water content is probably the
one factor which is directly or indirectly responsible for the complexities
of chemical/electrochemical reactivity and thermodynamic stability of the
various MnO, phases. Water, in the form of neutral molecules or hydroxyl
groups, seems to be responsible for the crystal lattice variations and con-
sequent changes in electrical conductivity, electrode potential, etc. Recently,
Preisler observed a linear relation between the electrode potential and the
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combined water with a break during the y— § transition [156]. As early
as 1928, Jegge [157], and later Sasaki and Kozawa [158], emphasized the
importance of H,O in active dioxides. A decrease in the discharge capacity
was observed by Sasaki and Kozawa [159], Fukuda [160] and Drotschmann
[161] as the water content fell. Droschmann [162] claimed that the electron
acceptability depended on the degree of hydration in addition to lattice
distortion. Water is also known to help proton migration in the lattice [150,
163]; Glemser et al. confirmed the presence of OH groups in manganese
dioxides by DTA measurements [152, 164], infrared {165] and magnetic
resonance spectroscopy [152, 166] and the absence of OH groups in rams-
dellite and in $-MnO, [164], thus supporting the observation of Brenet
and co-workers [126]. Tvarusko [167] determined the water content of
various types of manganese dioxide (natural, electrolytic, chemical and
hydrous) equilibrated in an atmosphere of 75% relative humidity by heating
them to temperatures of 110, 235 and 400 °C. The total water content
varied from 1%, for a highly crystalline §-MnO,, to 20% in the case of almost
amorphous, synthetic hydrous MnO,. Electrolytic MnO, has a lower total
water content than chemical MnO,, but this is reversed for the constitutional
water which is released between 110 and 400 °C [167]. Water released below
110 °C is that which is physically adsorbed. The dependence of the water
content of MnO, on its type, origin and preparative conditions is well estab-
lished [167 - 170]. The water lost at 110 °C decreases according to the
series: natural ore < electrolytic < chemical < synthetic hydrous manganese
dioxide [170]. Studies of Amlie and Tvarusko [171] indicated that the com-
bined water is surface dependent. The studies of Tye [172], however, lead
one to believe that the OH groups are uniformly distributed throughout the
bulk of the solid. In y-MnO,, Mn3* and OH™ ions exist in dissociated form,
while in other varieties MnOOH remains in an undissociated state.

Lee et al. [173,174], by a systematic temperature programmed de-
sorption (TPD) technique, identified three types of water:

(I) Physisorbed molecular water was released at around 100 °C and was
probably due to water firmly hydrogen-bonded to the underlying surface
hydroxyls.

(II) A second type was associated with the irreversible loss of water
between 160 and 250 °C and which could be partially resolved into two
components [174]. The first component (Ila) appeared to have been orig-
inally held in the bulk of the oxide while the amount of the second compo-
nent (IIb) was directly related to the overall oxidation state of the oxide
and was attributed to the removal of water by condensation of hydroxyls.

(II1) This type appeared between 320 and 360 °C and was poorly resol-
ved in near vacuum, nitrogen or water vapour environments. It was clearly
resolved only in oxygen.

-Activation energies of desorption were evaluated for types I, IT and III
and a model consistent with these obervations was proposed. A better insight
was provided by thermal investigations of y-MnO,, and some reduced forms,
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in oxygen [175,176]. These samples were represented by the general
formulae (1 —x)MnO,:xMnOOH where x = 1 signifies groutite «-MnOOH.

The TG/DTG studies of Lee et al. [176] in an oxygen environment
with samples in the compositional range 0.11 <x < 0.35 indicated an
increased type I water with x. It was ascribed to the presence of additional
hydrogen-bonded water adsorption, following the increase in surface hydro-
xylation which accompanies chemical reduction. There was a general
decrease for type II from x =0.11 to x = 0.14. Type IIb, which featured
more clearly in the range x = 0.18 - 0.35, was believed to follow a Brouillet
mechanism [119] involving endothermic dehydroxylation of the oxyhy-
droxide component of (1 —x)MnQO,xMnOOH with simultaneous exo-
thermic oxidation in accordance with the overall reaction

4AMnOOH + O, — 4MnO, + 2H,0

The dependence of type II water on x at values x > 0.5 was thought to
follow a different mechanism involving the formation of an intermediate
corundum phase which was less susceptible to oxidation and formed in
accordance with the following reactions:

2MnOOH —— Mn,0,(corundum) + H,0

2Mn203 + 02 I 4Mn02

The latter reaction explains the accompanying absorption process observed
in the DTG curves. X-ray diffractive traces at x > 0.5 (which suggest a
solid solution limit) indicated the formation of an oxyhydroxide which did
not exactly conform to the groutite structure. The anomalously high mag-
netic moments at x > 0.5 were attributed to orbital contributions following
structural reorganization and consequent distortion of octahedral sym-
metry. The latter was probably an implication of Jahn—-Teller distortion
leading one to think that there was a solid solution in the range x = 0 - 0.5.

At high oxygen pressures, type III was found to be resolved into two
components in the temperature range 300 - 400 °C. Type Illa was ascribed
to a vy & MnO, phase transition, probably accompanied by a crystallographic
shear defect in the newly formed pyrolusite lattice. The IIIb water could
be a consequence of the reaction:

(0]
Mn(OH), —> MnO, + 2H,0

The observed decrease in type III water with increasing levels of initial
chemical reduction may mirror the reductions [176]

Mn(OH), + H* + e~ —> MnOOH + 2H,0

Mn(OH), + 2H* + 26~ —> Mn(OH), + 2H,0

The formation of MngOy from groutite reported by earlier workers
[177] could not be observed, but a subsequent investigation by the same
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group [178] in an argon atmosphere confirmed the presence of Mn;Osg,
which could have been formed by the reaction

4 — bx

(1 —2)MnO,-xMnOOH —> %Mnsos + %Hzo + MnO,

Miyazaki [179], in his mass spectrometric studies of water released
from samples heated under vacuum, observed the evolution of three main
gases, H,0, O, and CO,, with water release occurring predominantly at
temperatures 100, 200 and 300 °C, analogous to types I, II and III, respec-
tively, as reported by Lee et al. [173]. Types I and II, II and III, and III were
found to be the predominant types of waters in chemical, electrolytic and
natural MnO, samples, respectively. The type present was governed by the
kinetics of formation of the particular type of MnO,, e.g. the high reaction
rate of formation of chemical MnO, reduced types II and III in the crystal
lattice compared to the other samples. Superiority in discharge performance
is attributed to the combined effect of water types II and III vis-d-vis the
relative oxygen mobility in the MnO, lattice. The high oxygen pressure and
greater percentage of types II and III are believed to be responsible for the
superiority of the electrolytic manganese dioxides.

The thermogravimetric method cannot usually be used for measure-
ments of water loss as it is indistinguishable from oxygen evolution, es-
pecially at higher temperatures. Although this drawback was overcome by
mass spectrometric measurements [173, 174, 179] the data were not so
precise and the heating rates were usually too high for equilibrium to be
reached. Yoshimori et al. [180] recently evaluated the water contents of
some I.C. MnO, samples by a coulometric method which was believed
to ensure a more precise and accurate determination of micro-amounts
of water, without the use of reference materials [181 - 183]. The data ob-
tained were discussed in relation to Erday’s classification of water contents
[184]. They concluded that the water is of two types:

(i) loosely bound water removed around 100 °C, and believed to be
present in the fine pores;

(ii) strongly bound water, thought to be possibly due to dehydroxyla-
tion of OH groups adhering to the pore walls.

3. Electrochemical properties

3.1. Cathodic reduction mechanism

Manganese dioxides are used extensively as active cathode materials
in Leclanché or alkaline Zn/MnO, cells. Electrochemically the cells may
be represented as:

()
Zn(s)

(+)

Electrolyte | MnO,, C
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The nature of the cell reaction depends on the nature of the electrolyte and
also on the discharge conditions [185]. Thus, for a Leclanché cell,

2MnO;, + 2NH,Cl + Zn — 2MnOOH + Zn(NH,),Cl, 1)
for a zinc chloride cell,
8MnO, + 8H,0 + 4Zn + ZnCl, —> 8MnOOH + ZnCl,- 4Zn(0OH), (2)
and for an alkaline cell,
2MnO, + H,0 + Zn —> 2MnOOH + ZnO (3)

It is thus seen that MnOOH is the major cathode reduction product in all
Zn/MnO, cells and represents the end of one-electron exchange. This is
confirmed by X-ray diffraction studies [186 - 188], which indicate that
the oxyhydroxide has a crystal structure similar to that of the mineral,
groutite (-MnOOH). Brenet and co-workers [189 -190] showed that,
on the initial reduction of y-MnQO,, the basic crystallographic structure does
not change but only expands as OH (r=1.53 A) and Mn3" (r=0.62 A)
take the place of 0%~ (r=1.4 A) and Mn** (r = 0.52 A) ions. Progressive
dilation of the structure of y-MnO, with reduction is confirmed for cathodic
reduction in NH,CI [188, 191], in NH,Cl/ZnCl, [186], in alkaline electro-
Iytes (187, 192 - 194], and during chemical reduction [195 - 197]. Potential
measurements have also confirmed that the reduction takes place in a
homogeneous phase [172, 198 - 200].

Kozawa and Powers [201] suggested that the cathodic reduction
takes place by the incorporation of protons and electrons into the MnO,
lattice:

MnO, + H,0 + ¢~ —> MnOOH + OH" (4)

The protons originate from the water molecules adsorbed from the solution
onto the surface of the manganese dioxide and not from the OH groups of
the combined water. The above mechanism hints at a mobile equilibrium
with the positions of Mn** and Mn3* ions constantly changing by electron
exchange and the protons constantly attaching themselves to different
oxygens.

From eqn. (4) it can be shown that the changes in electrode potential
are governed by the factor

RT In(@mno,/@Mno0n)

where R is the gas constant, T the absolute temperature and a the activity
of the compounds involved.

As the reduction takes place in a homogeneous phase, the activity
terms progressively decrease during discharge. This is the reason for the
characteristic sloping of the discharge curves of MnQO, cathodes [185]
(see Fig. 1). If the products were to exist as separate phases, then their
activities would have remained unchanged and thus a constant potential
would have been observed throughout the discharge (Fig. 1(b)).
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Fig. 1. Schematic semi-ideal discharge curves of MnO, in (a) 9 M KOH and (b) 5 M NH,4-
Cl + 2 M ZnCl, solutions. R, = range of discharge capacity of a commercial alkaline Mn-
03/Zn cell; R, = range of discharge capacity of a commercial Leclanché or zinc chloride
cells,

Kozawa [202] explained that in the curve of Fig. 1(a) (obtained in
alkaline electrolyte), region a to b, in the first step, corresponds to
homogeneous reduction with no change in the lattice structure. The region
b to ¢ corresponds to homogeneous reduction with possible slight deteriora-
tion in the lattice structure, while the region ¢ to d (second step) corre-
sponds to heterogeneous phase reduction:

MnOOH + H,O + ¢ — Mn(OH), + OH" (b)
This takes place by a dissolution—precipitation mechanism [203], as follows:

MnOOH — [Mn(OH),]” + e~ — [Mn(OH),]>~ —> Mn(OH),

initial electrochemical final
solid- reduction at solid-
phase graphite surface phase
dissolution precipitation
process process

The solubility of Mn(II) and Mn(III) ions was found to increase rapidly
with increasing KOH concentration owing to the formation of complex ions
with OH™, e.g. [Mn(OH),]?~ [204]. This explains the increasing depth of
discharge of the heterogeneous phase reduction step with the increase in
KOH concentration. A similar effect is also observed in the presence of a
complexing agent such as triethanolamine (TEA). KOH concentration,
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carbon content of the cathode mix and MnO, particle size were found to
have no effect on the homogeneous phase reduction step [205]. Since the
second step proceeds through dissolved Mn(III) ions followed by reduction
on the graphite (carbon) surface, its discharge depth increases when the
quantity of graphite in the cathode mix is increased. The particle size of
MnO, also has a similar effect on the second step [205 - 207]. ,

In the NH4Cl/ZnCl, electrolyte, the portion a' to b’ of Fig. 1(b) corre-
sponds to homogeneous reduction (eqn. (4)). The only difference from
the curve in Fig. 1(a) is the concentration polarization due to the pH change
of the electrolyte. Since OH™ ions are released, the pH of the solution tends
to increase. The second step, b’ to ¢’, in addition to eqn. (4) is due to the
heterogeneous phase reaction

MnO, + 4H* + 26 —> 2H,0 + Mn?* (6)

Equation (4) for the homogeneous phase reduction limits the useful
discharge capacity of practical cells (a to c of Fig. 1(a) and a’ to b’ of Fig.
1(b)) [202].

Whether or not the end-product MnOOH of the first step is equivalent
to MnO, s or to MnO, ¢ is controversial. In alkaline solution Kozawa and
Powers [201, 208] suggest MnO, 5, while others [193, 209] report the end-
member to be MnO, . The latter could perhaps be stable in an alkaline elec-
trolyte by the incorporation of K* ions from KOH [209]. The compound
Mn;Oyg, equivalent to MnO ¢, has been synthesized [210 - 211].

There are also conflicting reports about the states of reduction between
MnO, ;s and MnO,s [212]. Extra lines appear in the X-ray diffraction
pattern which are difficult to assign owing to the diffuse nature of the
spectrum. The compounds proposed include y-Mn,O; [189], manganite,
i.,e. v-MnOOH [189, 213, 214], and groutite, i.e. a-MnOOH [195, 199].
Gabano and co-workers [195] suggested that the structure reorganizes at
MnO, 75 from 7y-MnO, to ramsdellite-groutite. The tendency for the dif-
fraction pattern to become diffuse at this mid-point under certain conditions
[186, 215] supports this argument. Maskell and co-workers [212, 216],
in an extensive investigation using X-ray diffraction techniques on chemical
and electrochemical reduction of y-MnO,, drew the following conclusions:

(1) The chemical or electrochemical reduction of —MnQ, proceeds
via a single phase over the complete range MnO, - MnO .

(2) The end-member, MnO, 5, has been named —MnOOH to distinguish
it clearly from groutite.

(3) Accepting the de Wolff model {217] for ~MnO, then —MnOOH is
an intergrowth structure of groutite with microdomains of manganite.

(4) Between MnO, ;s and MnO,, oxyhydroxide is metastable and
—MnOOH slowly precipitates as a separate phase in aqueous solution, prob-
ably by a dissolution—precipitation mechanism.

(5) In the range MnO, - MnO, ;s an electron entering the structure is
delocalized between two adjacent Mn** jons.
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(6) In the region MnO, 45 - MnO, 5 an added electron displaces a shared
electron and the two electrons are associated with individual cations forming
Mn3* ions.

Not all of the polymorphs of manganese dioxide undergo homogeneous
phase reduction in the range MnO, - MnO, ;. Bode et al. [197] and, very
recently, Fernandes et al. [218] reported a very narrow range of composi-
tions (MnO, - MnO, ;) for the homogeneous reduction of $-MnO,. Bell
and Huber [209] suggested that homogeneous reduction is also possible in
the range MnO, g - MnO, . Using 8-MnO, obtained by the heat treatment
of electrolytic ¥v-MnO,, Kozawa and Powers [208] found that a homoge-
neous reduction occurs over the entire range MnO, - MnQO, 5. The results of
Fernandes et al. [208] indicated that, for «-MnQ,, the single-phase reduction
occurs up to around MnO, g,, and that this range of composition increases
with the increase in y-MnO, domains within the o form. The discharge curves
for o, 8 and v forms of manganese dioxides obtained from various sources
have been recently reported by Kanungo and co-workers [219].

The role of the new concept “one-phase solid redox system”’ typified
by MnO, in physical chemistry and electrochemistry has been repeatedly
emphasized by Kozawa [220]. This is especially valid in the light of the
reports of some other compounds, such as RuO,*xH,0 [221], MoQ; [222],
TiS, [223], and possibly other sulphides and oxides [224] which behave
similarly. The concept is useful to explain the catalytic and electrochemical
properties of these oxides which, otherwise, could not be satisfactorily
explained.

3.2, Calculated and observed potentials

Considerable attention has been given to predicting the electrode
potentials of the system MnO,-MnOOH [201, 208, 225]. Calculations of
Neumann and v. Roda [226] indicated widely differing activity coefficients
for MnO, and MnOOH at various stages of discharge. Kozawa and Powers
[201, 208] replaced the activity terms in the expression

RT a

E=E%+ —_|n MmOz 7
F @MnOOH

by mole fractions Xmno, and Xmnoou which can be calculated from the

stoichiometry of the solid solution. The curves thus obtained, however,

showed insufficient rate of fall of potential when compared with the ob-

served values [208, 227, 228]. Tye [172] obtained a better representation
by using ion mole fractions:

XMn‘“'XOz-
4X\mn3+Xou~

RTIn

where
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27
aMno, = _4—XMn4+X02_ (7a)
and
amnoon = 2TXmn3+X o2~ Xou (7b)

on the assumption that the solid-phase redox system represents an ideal
ionic solution. Interestingly, the converse is found to be true for §-MnO,.
Tye also argued that the MnOOH is undissociated in -MnO, and fully
dissociated in a y-MnO,, i.e. the constituents of MnOOH have no indepen-
dent existence. Assuming (MnOOH), equivalent to a mixed oxide
(MnO,), _ ,(MnOOH),, Atlung and Jacobsen [229] obtained the relation

s RT 1—r
E=E°+— In
F

r

for the reduction
MnOOH, + §H* + 8¢~ —> MnOOH, , ;

where 0<r<1 and 8§ »0; r is considered as an independent variable.
Plots of the open-circuit voltage E —E, -5 as a function of r, however,
showed large deviations from the observed curves. Atlung and Jacobsen
therefore attempted to explain the discharge mechanisms using a novel
approach. They considered MnO, to be an “insertion electrode” analogous
to the intercalation electrode, e.g. Li/TiS,, in which the inserted protons
and electrons are not assigned to discrete chemical compounds like MnOOH.
Instead, their statistical distribution on the available sites (for protons)
or bands (for electrons) in the lattice was the basis for deriving an analytical
expression for the potential:

p=pr + L 10T K
F r F

(8)

where u. is the electrochemical potential for the insertion of an electron in
the MnOQ, lattice. In eqn. (8), E is sensitive to the influence of the electronic
term and from this the following was derived:

0 2RT 1—r
E=FE"+ — In
F

9)
r
This gave good agreement for r < 0.5, but not for r > 0.5.

Subsequently, Maskell et al. [230] independently showed that, by
introducing a spatial correlation coefficient,

_ RT 1—
E=E%+y —In r

(10)

the observed potential E, corrected for pH, agreed well with the observed
values.
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In deriving this expression Maskell et al. considered Mn**, Mn3*, 0%~
and OH  to be thermodynamically independent with the protons and
electrons having independence of position and motion in their movements
across the lattice of the dioxide. According to them, when there is no
spatial correlation of the protons and electrons, ¢ takes the value of 2 and,
therefore, eqn. (10) reduces to

oL 2RT 1—r
E=E°+ —mn
F

r

This is identical with egn. {Q\ which was for an alkaline medium, w

2433 A3 ARalTaaval &l Wawad vviialll

eqn. (11) was for a neutral or acld electrolyte.
Atlung and Jacobsen [229], however, derived a slightly modified ex-
pression which fits the experimental data rather well:

o 2RT 08—r
E=F +——F-‘—ln

(12)
r

although egn. (13), given below, completely reproduces the measured
potentials:

s . 2RT [1—(1+r)y]'*®
E=E°+ In (13)
F r(l +ar)®

where « is a term introduced to account for the number of sites not available
for proton insertion. The value of « is obtained from the relation
1
11—«

where rp., is the value at the end of homogeneous reduction and is obtained
from the observed discharge curve. Subsequently, however, Fernandes et al.
[218] observed discharge curves which indicated that Atlung and Jacobsen’s
result is not universally applicable. A slight change in the structure, such as
an increase in the number  of defects, can change the electronic term in
particular. The number of allowed sites can also vary, for example with the
amount of intergrown § or 6 domains [231].

Earlier, Tye [172] was able to account quantitatively for potentials
at low degrees of y-MnO, reduction. The underlying assumption was that
Mn(III) in the parent y-MnO, was inactive towards the potential-determining
reaction. Subsequently, Maskell et al. [232] provided thermodynamic
evidence indicating that the inactive Mn(III) may be equivalent to r = 0.06 -
0.08 in MnOOH, [230, 232]. According to them, it may be either due to
small amounts of a separate phase such as Mn,O; or to some structural
disorder resulting in certain Mn atoms being in a co-ordination unfavourable
to the quadrivalent state. Following up this work with a statistical thermo-
dynamic approach to the oxyhydroxide potentials of the system y-MnO,-
8-MnOOH, Maskell and co-workers [233, 234] obtained a good correlation
between the observed and the theoretical potentials.

Tmax =
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Preisler [235] attempted to explain the lowering of the electrode
potential of EMD upon heat treatment from a thermodynamic approach,
wherein the electrode potential was based on the galvanic cell:

Pt|H,(pu, = 1)| H*(aq)I|H*(aq)| MnOOH|MnO,| Pt

For the overall cell reaction, MnO, + %Hz = MnOOH, for which the Nernst
equation in the Vosburgh form is

aMn4+

E =E°+0.059 log + 0.059 pH
aMn3+

where

E°=—AG/F

Preisler explained the potential changes of heat-treated EMD by making use
of the above equation in differential form:

dE° 1 md(AG)
dm F dm

where m is the mole concentration of combined water in MnO,. This high-
lights the importance of combined water in the electrode potential studies.

Tye [185] also found that the observed open-circuit potentials of the
Zn/MnO, cells deviated (by less than 120 mV) from the calculated values
based on the Gibbs free energies of the reactants and products. This was
not surprising as it is not possible for the reactants and products of a
homogeneous-phase redox system to have a unit activity coefficient. Eva-
luation of the activity terms of the MnO,-MnOOH system using eqns.
(7a) and (7b) gave good agreement between the observed and the calculated
values. It should be noted that no deviations were observed for cell systems
such as Ag,0/Zn where the reactants and products remain as heterogeneous
phases through the discharge process.

3.3. Potential-pH relations

Although water is consumed in alkaline Zn/MnO, cells during discharge,
the pH of the electrolyte remains unchanged. The pH does change, however,
during the discharge of Leclanché types of cell, in accordance with the
potential-determining relation

MnO, + H,0 + ¢ — MnOOH + OH™
By the Nernst equation, it follows that, at 25 °C,

E=E —0.0502log ion | n*"] 0.0592 pH
= — U, (0] — U,
€ M P

This implies that the potential of MnO, should decrease by 59.2 mV
per unit increase in pH. Slopes of E vs. pH curves numerically greater than
59.2 mV pH™! observed by various workers [236 - 240] could be attributed
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to ion-exchange properties of MnO, [241 - 243]. This was confirmed by
Benson et al. [244] and could explain the change in slope.

According to Kozawa [242], water molecules physisorbed on the
manganese dioxide surface are the sites for ion exchange.

The equation implies a steady rise in pH with increasing ion exchange
and with the associated increase of OH™ concentration at the MnO, surface
[243, 244]. That the pH response is governed by the surface characteristics
was also confirmed by Kozawa’s studies [245] of heat-treated manganese
dioxide having a surface layer of lower oxide.

Recently, Caudle et al. [246, 247] showed that acid-treated 3-MnO,
had a potential response very close to the theoretical value of 59 mV pH™!
in the absence of Mn?* ions, ostensibly removed by acid treatment. The same
slope was also obtained for dioxides in the absence of all cations except
H*, when cation exchange is not possible. Further, in the presence of Mn?*,
the pH response was again about 112 mV pH™!, close to the theoretical
value. Kozawa [248] obtained a 120 mV pH™! slope for potential studies
in dilute NH,Cl or HCI solution at low pH, while a 60 mV pH™! slope was
obtained for ZnCl, solution even at low pH (0 - 5). Unfortunately, no
explanation was found for the discrepancy.

Very recently, Tari and Hirai [249 - 251] showed that two different
slopes are obtained in the case of synthetic 5-MnO, in the pH ranges 3 - 7
and 7-9. Attempts to remove Mn3* ions (which, by disproportionation,
give rise to Mn?* ions in the electrolyte, thus causing a steeper slope) by
acid treatment were unsuccessful. In the presence of ZnCl, and (C,H;).-
NC1O,, however, the pH response was 60 mV pH™! in the pH range 4 - 7.
If NH,Cl-HC] was used, the pH response changed from 75 to 100 mV
pH™! in the pH range 1 - 2.5, which is due to the disproportionation reaction
of Mn3*. Their conclusion was that the presence of supporting electrolytes
such as ZnCl, and (C,H;s)sNCIO, inhibits the disproportionation reaction
and thus a slope close to the theoretical value was obtained. In their studies
of I.C. MnO, samples (v and ) in NH,CI solution [252] they observed that:

(a) each E vs. pH relation was composed of two straight lines of differ-
ent slopes, and

(b) the equilibrium acid base point coincided fairly well with the pH
value at which the slope changed.

3.4. Discharge characteristics of Zn/MnQO, cells in different types of electro-
lytes

In Leclanché cells it was found that the concentration of NH,Cl
controls the nature of the product, Zn(NH,),Cl, or ZnCl,* 4Zn(OH), [253 -
255] (egns. (1) and (2)), the latter being a monohydrate [256, 257]. The
compositional changes in reactants and in products, as well as changes in
potentials and in pH, occurring during cathodic reduction in Leclanché-
type batteries have been summarized by Tye [258] (see Fig. 2). The changes
are considered to occur in three stages. Initially, A - B, Zn(NH,),Cl, is
formed by consumption of NH,CI, the concentration of which is maintained
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Fig. 2. Calculated composition and potential changes during slow discharge of Leclanché

cells.

at its original value by shifting the saturation equilibrium NH,Cl(s) = NH,-
Cl (dissolved) to the right. In the second stage, B - C, when all solid NH,Cl
is used up, the ammonia complex formation decreases the NH,C] concen-
tration, resulting in a gradual rise in the pH of the solution. In the final
stage, C-D, the rise in pH results in the formation of ZnCl,> 4Zn(OH),

by consumption of ZnCl, and H,0.

The potential of the zinc electrode, which remains constant in the
beginning, rapidly falls in the middle stage due to a shift to the left of the

equilibrium

Zn?* + 4C" == ZnCl,*~
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as the NH,Cl concentration falls [259]. During discharge hetaerolite, ZnO-
Mn,0,, is yet another major compound to be identified, but the conditions
of its formation and the stage of discharge at which it can be formed are
still not clear. McMurdie et al. [255] showed that if the pH of a solution
containing manganous ions and dissolved zinc species is increased in the
presence of MnQ,, hetaerolite is formed by the reaction:

MnO, + Mn?* + Zn** + 2H,0 —> ZnO-Mn,0; + 4H*

This reaction buffers the solution in the pH range between 4 and 5, which
is lower than the pH values (5.5-6.5) at which Zn(NH3)Cl, and ZnCl,*
4Zn(OH), are precipitated. The net effect is the gradual dissolution of the
latter with the subsequent regeneration of ZnCl, and NH,Cl [185]. Thus,

ZnCl,-4Zn(OH), + 8H* + 8CI~ —> 5ZnCl, + 8H,0
is followed by the dissolution of Zn(NH3),Cl,:
Zn(NH;),Cl, + 2H* + 2C1~ — ZnCl, + 2NH,Cl

Mn?* jon formation in the electrolyte during discharge seems to be a pre-
requisite for hetaerolite formation; the former can be obtained from the
reaction

MnOOH + H,0 + e~ —> Mn?* + 30H"

The above equation suggests that for hetaerolite formation during discharge
the average value of r in MnOOH, should approach unity. This condition
is usually satisfied after the end of one-electron reaction or at high current
drains during the early part of discharge when the rate of proton diffusion
in the MnO, lattice cannot keep up with the rate of formation of MnOOH
at the MnO, surface. Recently, Uetani et al. [260] suggested the following
reaction to account for the overall changes occurring during discharge of
zinc chloride/Leclanché cells:

8MnO, + 4Zn + (I + 6n)ZnCl, + 8(I + n)H,0

4nMnO, + 8IMnOOH + 4nMnCl, + (I + 2n)ZnCl, 4Zn(OH), + 4mMn,04° ZnO

where (I+m +n)=1, n is evaluated from the knowledge of Mn?* formed
in the electrolyte at a particular stage of discharge and m can be obtained
from the amount of hetaerolite formed. It was found that /, m and n take
different values during discharge and are different for electrolytic, chemical
and natural manganese dioxide. In this way the relative discharge charac-
teristics of different types of manganese dioxide could be readily under-
stood.

The lowering of the open-circuit voltage with discharge of MnO,
batteries represents polarization or discharge over-potential. It is the
difference between the steady state open-circuit voltage obtained after
discharge and the closed-circuit voltage at the end of the particular discharge



27

period. In general, the potential drop is very large during the initial stage
of discharge and becomes smaller with increasing depth of discharge, when
the potential does not recover its initial value even after time is allowed
for recuperation. Neither the polarization due to the charge transfer process
at the oxide solution interface nor the concentration polarization due to the
pH change of the electrolyte alone could adequately account for the pola-
rization [261, 262] and it was attributed to the accumulation of the lower
oxide on the MnO, surface. It represents the concentration polarization
within the solid oxide [263]. Yoshizawa studied the decay and the growth
of polarization in acid, alkaline and neutral solutions [263, 264]. In acid
solution the MnOOH formed by the reaction MnO, + H* + e > MnOOH
was removed as fast as it was formed by the disproportionation process:

9MnOOH + 2H* == MnO, + Mn?* + 2H,0

The latter step was, therefore, the rate-determining one, as it then promoted
the diffusion of protons and electrons within the lattice. The rapid removal
of the lower oxide explained the constancy of the open-circuit voltage
during discharge in acid solution. The acid electrolyte batteries, therefore,
have very high discharge capacity which increases with acid concentration,
with the load (pressure) on cathode mixtures and at low discharge current
[265]. These merits are partly offset by dissolution of MnO, with increasing
acidity [266], especially during storage, and by the presence of carbon
which can act as a catalyst for MnO, dissolution [267].

In alkaline electrolyte, the hydroxyl ions generated by the charge
transfer reaction (MnO,+ H,0 +e - MnOOH + OH") are not removed
by a subsequent chemical reaction. However, the high mobility of hydroxyl
ions, both in electrical transference and concentration diffusion, means that
the concentration perturbation at the interface is very small [268]. There is,
therefore, a considerable growth of polarization. The decay of polarization
is brought about by the subsequent diffusion of protons into the lattice
which is the rate-determining step in alkaline solution. §-MnO, and Mn;0,
have been identified as the major discharge products at various depths of
discharge [269] and their presence at any stage of discharge depends upon
the type of MnQ; involved.

Recently, Kanoh et al. [270] studied the discharge characteristic of
o and v forms of MnO, (chemically precipitated) in aqueous solutions of
ZnCl, /NH,Cl (at various concentrations and containing some HCl) by both
continuous and intermittent discharge tests. The following reaction has been
proposed for the overall cathodic reduction process:

MnO, + (1 ——6)H20 +eHY+e” —
1eMn?* + 1eMnO,* + (1 — €)MnOOH + OH"

¢ denotes the rate of disproportionation contributed to the removal of
MnOOH and is determined as the ratio of Mn2* formed in the electrolyte
at an equilibrium state to the theoretical value obtained from the reaction
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MnO, + H,0 + e© —> 1Mn** + 1 MnO,* + 20H"

€ = 1 indicates that the reduction rate of MnO, by proton-electron insertion
corresponds to the formation rate of Mn?* by the above equation. The
changes of the value of € at various stages of discharge could explain the
observed nature of the discharge curves. In neutral solutions of NH,CI,
Yoshizawa [264] showed that the discharge over-potential is lowered by
disproportionation carried out by NH,' ions which act as proton donors.
Thus:

2MnOOH + 2NH,* = MnO, + Mn?* + 2NH, + 2H,0

The presence of Zn?* further lowers the over-potential. The process involves
the removal of NH; to form [Zn(NH,;),]?*, thus preventing the pH rise
which could occur by the reaction NH; + H,O = NH,' + OH™, and which
would otherwise have decreased the observed potential. Recently, Kozawa
and Powers [208] determined the polarization values of I.C. MnO, samples
both in 25% ZnCl, + 5% NH,CI solution and 9 M KOH solution at 1 mA
discharge currents. In the former solution, the magnitude of polarization was
almost twice that in KOH solution. The difference was found to be due to
the pH change in the fine pores whose structure was mainly responsible
for the observed magnitude of polarization [271]. At very low current
discharge (0.1 mA), however, the values of polarization are almost the same
in both types of solution [19]. Many times larger polarization values are
obtained in solutions of NH,Cl if they are poorly buffered. The buffer
capacity of the solutions can, however, be considerably increased by the
addition of 5% - 25% ZnCl, [272].

The increase in the open-circuit potential observed after washing the
MnO, powder with 9 M -10 M H,S0, at 80 - 95 °C for several hours is at-
tributed to the formation of manganate and the consequent existence
of the MnO,-MnO,*~ system [273].

3.5. Electrochemical activity

A manganese dioxide which gives maximum energy with as high a cell
voltage as possible is the most electrochemically active [218]. Many physical
and chemical properties such as electrical conductivity, porosity, MnO,
content, surface area, electrode potential, etc. have been measured and
discussed in terms of dry cell performance. The combination of these factors
which renders a given sample of MnO, most active, however, has been in
question for years [219]. Brenet and co-workers in 1975 [73] were amongst
the earliest to attempt any meaningful correlations between these factors.
They established the importance of a large number of pores with mean
radii between 15 and 24 A as well as the existence of large amounts of OH
groups in highly active dioxides. Subsequently, Kanungo et al. [219], in a
similar study, suggested that the activity of an MnO, is determined by the
type of OH groups present and the mobility of oxygen in the MnO, lattice.
Voinov [274] explained the relative superiority of the y-manganese dioxides
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compared to the o and § forms on the basis of the proton insertion in the
tetrahedral sites of the hexagonal close-packed oxygen layers. The presence
of some of the tetrahedra which share no faces with the octahedra in a
diaspore-type structure (y-MnO,, ramsdellite) was believed to favour proton
diffusion (from the tetrahedral site to the other via an intermediate octa-
hedral site). This effect is reinforced by lattice distortions which occur in a
diaspore-type structure. Such an interpretation may be visualized as a simple
diffusion of MnOOH or protons into the interior of the lattice, as was first
recognized intuitively by Coleman [275].

The diffusion of MnOOH limits the capacity of MnO,-based batteries.
The diffusion of protons and electrons in electrodeposited MnQO, is con-
sidered to be sufficiently fast for the manganese oxyhydroxide surface not
to approach saturation in MnOOH until the bulk composition approaches
MnOOH, ie. until the capacity yield is close to 100% [276]. High current
drains can lead to rapid surface saturation with- MnOOH with no comple-
mentary compensation by diffusion into the interior. The diffusion process
is facilitated by an increase in the surface area, which may explain some of
the correlation between the battery activity of a dioxide and its surface
area {75,277]. Studies of Yoshizawa [263] indicated that the discharge
capacity of EMD samples increased with the increasing intensity of the
dii10 X-ray peak. Recent studies of Fernandes et al. [75] showed that the
electrochemical activity of the manganese dioxides is directly related to both
the intensity of the 100 intensity X-ray peak and the H* ion exchange
capacity of the OH groups. Fernandes et al. [75] also emphasized that
the various crystalline forms of MnO, and their intermediates, all similarly
prepared using the same chemical reaction, should be studied, so that a
theoretical model which could predict e priori the experimentally observed
behaviour of the dioxides could be evolved.

The practical evaluation of electrochemical (or battery) activity is as
complex a situation as the concept of activity itself; capacity depends
upon a number of factors such as:

(a) the type of battery, i.e. acid, alkaline or neutral electrolytes;

(b) structural and dimensional features of the cathode and its porosity;

(c) the quantity of the active dioxide which can be incorporated,
depending upon the battery size, and the ‘“‘tap” density* of the dioxides;

(d) the heat treatment, storage and shelf life, etc.

Another important aspect is how the MnO, battery is eventually used;
the capacity yield depends upon the type of discharge regime. Various
industrial specifications are in use, such as the American National Standard
[278] and the IEC (International Electrotechnical Commission) Recommen-
dation [279]. Some examples of the common discharge regimes, which de-
pend on the size and type of the cell concerned, for meaningful evaluatlon of
manganese dioxide dry cell batteries are as follows:

*“Tap" density is defined as the apparent density of a powder loosely compacted in
a graduated cylinder before the volume is determined.
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(1) Heavy duty 4 2 high intensity flash test (HIFT)
(e.g. motor) (15 min/h, 8 h/day)
58 2h/day
(2) Medium duty 10 2 4 h/day

(e.g. flash light)
4 Q light intensity flash test (LIFT)
(4 min/h, 8 h/day)
5 30 min/day

(3) Low duty 40 2 4 h/day
(e.g. transistor radio)

These tests are usually carried out by constructing dry cells. Due large-
ly to the efforts of Dr. Kozawa (Chairman of the 1.C. MnO, Sample Office,
Cleveland, Ohio, U.S.A.), a large variety of MnO, samples is available for
evaluation in fundamental research and as standards for comparison with
dioxides obtained from other sources. Various application tests carried out
with 1.C. MnO, samples confirmed the general superiority of the electro-
lytic manganese dioxides over the chemical ones, especially under heavy
duty tests [280, 281]. The former are also invariably used for alkaline
Zn/MnO, cells, mainly on account of their high open-circuit voltage [282],
though there are recent reports on chemical MnO, samples exhibiting high
open-circuit potentials in alkaline solutions [218]. Brenet et al. [283]
recently related the cation exchange properties of the dioxides to their elec-
trochemical activity. The observed deleterious effect of the divalent cations
on discharge capacity in heavy duty tests was attributed to the blocking of
pores for proton diffusion due to either —O—M—O— links across the pore,
or to proton repulsion at —O—M" linkage which can exist at the pore walls
by H* ion exchange of the OH groups. The less adverse effect of Zn?* is
due to its removal by complexing with ammonia in ZnCl,/NH,CI electrolyte
cells. It is also interesting to note that a mixture of active, or activated ores,
in combination with EMD or CMD exhibit synergistic effects, i.e. a higher
discharge performance than theoretically expected [218, 284, 285].

Fabrication of commercial-type dry cells for testing is difficult, time
consuming and requires a large amount of MnO,. Various laboratory
methods have been devised for rapid evaluation of the quality of the manga-
nese dioxides under simulated battery conditions. Recently Kanungo et al.
[219] reviewed some of the earlier methods. In general, they are of two
types:

(i) depositing a thin film of MnO, on a conducting electrode material
(such as graphitized .polythene, graphitized foil, platinum or gold foil) and
discharging it in a suitable electrolyte, usually NHCl and/or ZnCl,,
sometimes in the presence of additives [286 - 290] or incorporating the
cathode mix in a perforated lead foil and discharging it in H,SO, [291];
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(ii) mixing the MnO, with acetylene black or graphite and pressing it
into a pellet [240, 292 - 299].

Each of the methods seems to have its own merits and demerits, espe-
cially with regard to the simplicity of fabrication and the reproducibility
of the results. Kanungo et al. [219] introduced a modified form of the
method of Appelt and Purol [292], which makes use of a flowing electrolyte
to flush the electrode during discharge.

The cell fabrication seems to be simple and is claimed to give repro-
ducible results. The method given by Kozawa [299] is also relatively simple
and involves discharging the cathode mix at 1 mA (0.1 g MnO,+1 g
graphite + 0.4 ml electrolyte) in 9 M KOH electrolyte. The cell voltages
could be measured either with reference to Hg/HgO or Zn electrodes. The
method has been used recently in a slightly modified form [218] and re-
producible results were obtained. Discharging in 9 M KOH solution has an
added advantage in that it involves no polarization due to pH change. The
‘intrinsic’ polarization, which is mainly concerned with the diffusion of
protons in the MnO, lattice, can be obtained directly. The relative merits
of different manganese dioxides are easily recognized. The main parameters
to be evaluated are:

(i) open-circuit voltate at 5 mA h discharge

(ii) polarization at 5 mA h discharge, and

(iii) discharge at 1.0 V cut-off [299].

Any interpretation of the results should however, take into considera-
tion the “tap” density of the dioxides as it may lead to an over-estimation
of the less dense manganese dioxides.

3.6. Rechargeability of alkaline MnO,/Zn cells

Kang and Liang [300] were amongst the earliest to attempt to recharge
alkaline MnO,/Zn cells. They showed that the efficiency of anode oxidation
is a function of the KOH cencentration: the efficiency decreases as the
KOH concentration increases from 1 M to 10 M KOH. The cwrrent density
used for the discharge ranged from 0.2 to 2 mA/cm? (of apparent surface
area) and did not affect the electrochemical behaviour.

Boden and co-workers also investigated the charge process of MnQO,
in alkaline electrolyte [301]. However, they kept the concentration of KOH
constant at 7 M and concluded that the electrode was rechargeable in the
early stage of discharge. The existence of an amorphous phase of MnO,
was also postulated, which reduces to Mn;0, at greater depth of discharge.
Once the Mn;0, formed, it was practically impossible to recharge. The
charge—discharge reaction they proposed is as follows:

MnO, + nH* + ne” — MnO, _ ,(OH),, (14)
or

MnO, + nH,0 + ne” —> MnO,_ , (OH),, + n(OH)" (15)
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The quantity of electricity discharged was found to be almost equal
to the amount needed to recharge above MnO, 55s. The diffraction peaks of
Mn;0, were detected from MnO,, onwards. Electrodes discharged to
greater depths (e.g. to MnO, ,5) showed a rapid rise of charge voltage and a
large amount of Mn,0,.

Ohira and Ogawa [302] determined the cycle life as a function of the
depth of discharge in 7 M KOH. They obtained 30 cycles at 30% depth of
discharge to —0.25 V against HgO. Miyazaki [303] explained the relative
charge-discharge behaviour of MnO, both in Leclanché and in alkaline
batteries and described the mechanism involving injection of K* and Zn?*
ions into the MnO, lattice. It is obvious that the rechargeability of alkaline
MnO, is far superior to that of Leclanché cells. McBreen [304] used cyclic
sweep voltametry for testing the rechargeability of MnQ, electrodes. He
showed the poor rechargeability of deep-discharged MnO,. Kordesch and
Gsellmann [305] delineated the criteria for the rechargeability of alkaline
MnO, batteries which are important to both battery technologists and
electrochemists. Some of these criteria are as follows.

(1) MNO, electrodes can only be discharged to one-third capacity
of 0.3 A h g"! in order to remain rechargeable.

(2) The rechargeability of Zn electrodes in alkaline electrolytes has
been established but gives satisfactory results only if its capacity is more
than twice that of the cathode. This does not seem feasible unless other
precautions are taken.

(3) The cells must be hermetically sealed and made safe for use under
abusive conditions without making the cost too great.

(4) The addition of good binders, improved technical strength and thin
layer structure are equally important.

(5) The collector should be coated with a conducting paint of MnQ,/
graphite.

(6) The upper voltage limitation on charge is important. On over-charge,
the soluble manganate Mn(VI) occurs, which constitutes a capacity loss
and leads to corrosion problems.

(7) In a rechargeable cell with a membrane separator, steps must be
taken for free oxygen movement in the anodic compartment so that ZnO
forms and prevents the pressure build-up beyond a safe limit.

Kordesch and Gsellmann also concluded that, with a relatively small
effort in cell design, the primary alkaline MnO,/Zn cells could easily be
converted to rechargeable ones. The benefits certainly outweigh the added
costs that will accrue. Both high and low temperature performance of
the MnO,/Zn cell is good, and therefore every effort should be made to
make it cost-effective.

Subsequently, Kordesch and co-workers [306] gave details of re-
chargeability and the optimum conditions necessary to get satisfactory
results. In order to determine dimensional changes of the MnO, (disc con-
traction and expansion), they used two types of electrode. One cathode
was mounted on a steel cap (such that it was confined), and the other
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on a flat plate with a slight pressure to ensure contact but freedom to
expand. Their results are shown in Fig. 3. It is obvious that the be-
haviour of a confined electrode was different from that of a free electrode.
Bulging and mechanical disintegration terminated one of the experiments
after four cycles, while the other continued, and appeared to reach equilib-
rium. A small loss of capacity was observed as cycling continued.

This experiment, according to the authors, explains why cylindrical
cells with sleeve cathodes (such as LR-20 LR-14, LR-16, alkaline MnO,/Zn
cells) are rechargeable until either the zinc or the separator fails. The failure
is not due to build-up of an insulating layer, but a mechanical disintegration
accompanied by a resistance increase. They carried out the subsequent
tests with a special cell assembly [307] to allow for these mechanical prob-
lems. One of the important conclusions was that the number of cycles
depended on the depth of discharge (DOD). The analytical expression given
by Voss and Huster seems to apply well to this relationship [308]:

log (No. of cycles) = (A —B) DOD (%)

When A = 3, and B = 0.04 and with a 35% DOD, the number of cycles was
39; for a 20% DOD, it was 128 (see Fig. 4).

It was also noticed that cycling led to the deposition of a material
which was a poor conductor. No correlation, however, was found between
the cycling data and the physical properties of 1.C. samples and their primary
discharge capacity at 35% depth of the one-electron discharge reaction. The
number of cycles obtained for various I.C. MnO, samples in relation to their
primary discharge capacity is shown in Table 1.

Kordesh and co-workers also reported [306] that with commercial
LR-14 MnO,/Zn alkaline cells built with the best I.C. samples, the re-
chargeability was as good as reported, and in some cases even better than
expected.

To incorporate the principle that commercial cells must be Zn-limited
to be fool-proof against discharge beyond the one-electron limit, it is possible
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TABLE 1

Number of cycles obtained for various I.C. MnO, samples in relation to their primary
discharge capacity

1.C. sample 1 2 3 4 5 8 9 10 11
No. of cycles 41 42 31 38 20 31 29 40 31
Primary discharge capacity 84 86 82 89 83 79 56 73 70

to redesign the cells with more MnO, than regular primary cells of the same
size. This could lead to a 15% - 25% range of depth of discharge, thus leading
to the higher cycle life of the MnO, electrode of 100 - 200 cycles. A re-
markable increase in charge—discharge characteristics has been observed
when MnO, is mixed with nickel oxyhydroxide [309].

Summary of electrochemical properties

Over the years many models have been proposed which could account
for the observed discharge behaviour of manganese dioxides both in acidic
and alkaline electrolytes. An elegant model, proposed by Atlung and
Jacobsen [229], seems, in the words of Tye [310], “to be rather unreal
though ingenious”. Further, Tye {311], in his quest for a better model,
has proposed a more realistic version which satisfactorily explains the
distinct change in potential versus r slope at the mid-reduction point. It
would be interesting to examine the applicability of the model to the dis-
charge characteristics of various electrochemically active MnO, polymorphs.

4. Conclusion

In spite of intensive research for more than a hundred years, the MnO,/
Zn battery system is still a “‘black art’’ in the words of Atlung and Jacobsen
[229]. There are several reasons for this. One of the important ones is that
the research work conducted by the industry is often either not published
or only published in a truncated form for commercial reasons. On the
academic side there is a general view that ‘“MnO, is a very complicated
material; one really cannot put one’s finger on all parameters, neither can
they be simplified or controlled reasonably enough; no single crystals could
be grown easily; ...”. The laws of nature do not seem to hold in any case.
As a result, these attitudes, and the problems that arose out of them, have
hindered the development of a comprehensive knowledge of MnO,/Zn
battery systems. As has been stated [75] no theoretical model has yet im-
merged enabling one to determine a priori the performance of a given MnO,
or the type of MnO, required for a particular battery system. Also, no theory
connecting all variables such as structure, surface area, pore size and shape,
particle size, pH~potential behaviour and hydroxyl groups present has yet
evolved. Largely due to the efforts of the 1.C. MnO, Sample Office of
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Cleveland, Ohio, U.S.A., in bringing together both battery technologists
and electrochemists, much progress has been made of late. Still, a great
deal needs to be done to successfully substitute experience and intuition by
a sound scientific knowledge so that battery-making does not remain a
“black art”.
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List of symbols

Activity

Magnetic induction

Electrode potential

Standard electrode potential

Sum of standard electrode potential and other constants
Potential corrected for pH

Electron

Faraday constant

Gibbs free energy charge

Intensity of 100 X-ray peak

Exchange integral

Exchange integral between nearest neighbours in (001)
direction

Exchange integral which acts between next-nearest neigh-
bours in (111) direction

Third exchange integral between (100) or (010) neigh-
bours

Boltzmann’s constant

Mole concentration of combined water in MnO,

Gas constant

Hall coefficient

Degree of reduction

Vector sum of spin moments

Absolute temperature
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Localized electrons having spin axis in (111) direction
Localized electrons having spin axis in (001) direction
Mole fraction

Co-ordination number

o, 8,7, 6, €, u, p Various MnO, polymorphs

A Weiss constant
U Reduced mass
UB Bohr magneton
Me Electrochemical potential for insertion of electron
Unn Atomic moment
b M-O stretching frequency
*, g* Antibonding orbitals
o Electrical conductivity
X Magnetic susceptibility
1/ Spatial correlation coefficient
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