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Applicability of four recent models to the discharge
behaviour of different phases of MnQ, in alkaline and
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Manganese dioxides belonging to different crystalline phases were discharged in 9M KOH and
5M NH,Cl + 2M ZnCl, at a constant current of 1 mA 0.1 g. These phases were characterized by
X-ray diffractometry and chemical analysis. Four different models were tried for their applicability to
the discharge behaviour of these phases. Almost all the four models successfully predict the values of
the oxyhydroxides in the first half of the reduction range 0 < r < 0.5, but fail to do so in the second
halfi.e. 0.5 < r < 1. The only exception to this is the model (Model 2) of Maskell, Shaw and Tye.
This model yields, by far, the best match with the experimental data in acidic/neutral electrolyte.
In alkaline electrolyte, however, even this model fails to account satisfactorily for the observed
potentials in the lower half of the reduction. This failure could perhaps be explained as due to the
formation of a new phase at about MnO, ¢ (r ~ 0.8). The cation vacancy model of Ruetschi predicts
most of the physical properties rather well but the match of the theoretical potentials with the

experimental values is poor, specially in the lower half.

1. Introduction

The present investigation was undertaken with a view
to evaluating critically some of the theoretical models
proposed recently [1-4] to account for the observed
variations in the open circuit voltage of the
(MnO,), _,(MnOOH), system.

Coleman [5] was probably the first to attempt a
comprehensive theoretical model for the observed
potential changes during the electrochemical reduc-
tion of MnQ,. Later Johnson and Vosburgh [6] real-
ized the importance of oxyhydroxide as the primary
reduction product and proposed the following empiri-
cal formula

0 MnO,]
E E° + 0.073 log Mn,0.] (1)
Scott [7] followed by Kornfeil [§] proposed that the
rate determining process in the cathodic reduction
was the diffusion of protons in the y-MnO, lattice.
Neumann and Roda [9] suggested the following for-
malism for the reduction of y-MnO,.

MnO, + H* + ¢ == MnOOH 2)
They proposed the following expression for the poten-
tial:
aQ-—-r )(ano2

r®Punoon

RT
E = E° + 71n (3)

Kozawa and Powers [10, 11], replaced the activity
term in the equation by mole fractions i.e. Xy,0, and
Xunoon - The curves thus obtained, however, showed
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insufficient rate of fall of potential compared with the
observed values [12, 13].

It was Tye [14] who obtained a better representation
by using ionic mole fractions. Subsequently Tye and
co-workers [2, 3] developed a statistical basis for the
thermodynamics of the solid solutions y-MnO,/
6-MnOOH. The spatial correlation coefficient which
they had introduced earlier [15] was put on a firm
footing. They also found thermodynamic and other
evidence for the presence of two solid solutions on
either side of mid-reduction point [16].

Atlung and Jacobsen [1] also used a similar
approach in which the inserted protons and electrons
are not assigned to discrete chemical compounds.
Instead their statistical distribution on the available
sites (for protons) or bands (for electrons) in the
lattice was considered to be the basis of an analytical
expression for the potential,

RT | —r e
E E+Fn . 7

4)

This model was, however, meant for the discharge
behaviour in a strong alkaline medium.

The latest model of Tye [3] introduces yet another
adjustable parameter, y, in order to obtain the best
match with the experimental data.

All the above models, however, have one common
feature, i.e. they are concerned with the discharge
behaviour only. They do not take into account other
physical properties. To that extent one could say that
these models have a limited applicability, In fact, it is
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Table 1. Chemical analyses of the samples used in this work

Sample % Y% X in % Tap density
MnO, Mn MnO,,, Combined H,0 ‘y’ 200 taps
gem ™3
1C8 90.2 61.77 0.9229 2423 1.667
CMD-1 91.33 60.36 0.9563 2.928 1.470
CMD-2 90.93 60.02 0.9576 2.939 1.515
0 87.19 56.86 0.9691 4.424 1.478
é 83.67 57.68 0.9167 3.105 1.250
IC4 88.75 59.88 0.9367 2.883 2.272
EMD 88.38 59.61 0.9370 3.880 2.000
AMD 82.41 55.68 0.9354 2.869 1.390

Ruetschi’s [4] model which incorporates not only the
discharge behaviour but also relevant physical proper-
ties such as density, structural/combined water,
proton transfer rate and electronic conductivity. It,
therefore, appears to be the only model known so far,
which could have larger scope and therefore, a greater
degree of applicability. It is, therefore, prima facie, a
holistic model. In view of the foregoing discussion of
the above models, it was felt that their applicability
{1-4] had to be rigorously tested and critically
evaluated in the light of the work carried out in this
laboratory.

2. Experimental details
2.1, Methods of preparation

(i) Chemical manganese dioxide. The procedure of
Fernandes et al. [17] was slightly modified to obtain a
product of higher density. The NaClO, was added in
small portions over a period of 1h. The sample is
labelled as CMD-2.

(i) o-MnO, {18]. 89.5 g of commercial MnO, were
slowly added with constant stirring to 1.41 of con-
centrated HCl and cooled to 8°C. The unreacted
MnO, was filtered off and the filtrate was poured into
12.51 of distilled water and the resulting product was
filtered, washed, and then digested in 40% HNO, at
45°C for 5h. The method for o-MnO, preparation was
taken from McKenzie [18] but the sample obtained
was with a low % of available oxygen (% MnQO,)
therefore, the residue was digested at 45°C with
40% HNO; for 5h. The residue was filtered, washed
and dried around 60°C for five days. The sample is
labelled as o-MnQ,.

(iif) Synthetic birnessite or 6-MnO, [19]. 150g of
MaBr were dissolved in 31 of distilled water containing
30ml of acetic acid. The solution was heated to boil-
ing. To this hot solution 300 ml of 2% KMnO, was
slowly added with constant stirring. The precipitate
was boiled for 5min and kept for 24 h at room tem-
perature. The residue was digested in 0.5N HNO, for
20 h at 40°C. The product was filtered, washed, dried
and preserved. The sample is labelled as synthetic
birnessite.

(iv) Electrolytic manganese dioxide (EMD) with Pb
clectrodes [20]. 500ml of 0.5M MnSO, - 4H,0 in

0.5M H, SO, was heated to maintain a temperature of
95°C. It was electrolysed using lead electrodes by
passing a direct current of 1Adm?® for 3h. The
deposited MnQ, on anode was detached from the sur-
face, washed, dried and stored as earlier. The sample
is labelled as EMD.

2.2. Determination of combined water

About 1g of the sample was accurately weighed in a
silica crucible and heated at 110°C for 1h, cooled in
a desiccator and then weighed. This dried sample was
further heated for 2h at 300°C in a furnace. It was
next cooled in a desiccator and weighed again. From
the loss in weight at 300° C the percentage of com-
bined water was calculated.

2.3. Density determination

(i) Pycnometric density and tap density were deter-
mined by employing methods given in [21] and [22].

(i) XRD density [4] was calculated by using the
relation

D

It

molecular weight/V,
where,

v x 6.02 x 10%
z

vV, =

The densities so calculated are presented in Table 2.

All the samples were duly characterized by chemical
analyses (Table 1), X-ray diffractography and infrared
spectroscopy [23]. The lattice parameters, crystallo-
graphic density and pycnometric densities are pre-
sented in Table 2. IC4 and IC8 were used as the
reference samples.

2.4. The discharge characteristics

(1) The discharge characteristics of the samples were
investigated using two different electrolytes: 9 M KOH
and 5M NH,Cl + 2M ZnCl,. The cell assembly
used was similar to that employed by Fernandes et a/.
[24]. In the case of 9M KOH, the cathode mix was
0.1 g of MnO, sample and 1 g of graphite (IC1) wetted
with 0.5ml of 9M KOH. In the latter case the cathode
mix was as foliows: 0.1 g of MnO, with 0.5 g of acetyl-
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Table 2. Lattice parameters, XRD and pycnometric densities of the different MnO, polymorphs

Sample Crystal Lattice parameters (nm) Cell XRD density gecm ™3 Pycnometric
phase volume - density
a b ¢ (nm)’ A* BT gem 3
y=20 y>0
IC8 v 0.4434 0.8524 0.2934 0.1109 5.2985 5.0890 4.9996 4.6668
CMD-1 Y 0.4413 0.8783 0.2894 0.1122 5.2816 4.9530 4.8670 4.6370
CMD-2 y 0.4411 0.8888 0.2874 0.1127 5.2590 4.9320 4.8460 4.6520
Rho 0 0.4524 0.9188 0.2842 0.1181 5.1020 4.6000 4.5450 3.7600
Delta é 0.2928 0.2928 0.7207 0.0535 5.5246 5.2290 S.1541 3.8700
IC4 Y 0.4430 0.8610 0.2909 0.1110 5.3253 5.0480 49592 4.5250
EMD y 0.4434 0.8577 0.2926 0.1112 5.3680 4.9630 4.8750 4.5080
AMD Y 0.4604 0.7587 0.3095 0.1081 5.4676 5.0590 4.9582 4.9600

* By using MW calculated on the basis of Brenet’s formula (MnO, )y, _;(MnOOH),_,, mH,0.
T By using MW calculated on the basis of Ruetschi’s formula Mn{", ., - Mn3* - O5 ., - OHig, )y

{ Pycnometric density in vacuum with kerosene at 40°C.

ene black (IC2) wetted with 1 ml of the electrolyte. The
reference electrodes used were (Hg/HgO) in the for-
mer and the standard calomel electrode (SCE) in the
latter. The cell was discharged by passing a current of
I mA, through a zinc counter electrode. The tempera-
ture of the cell was maintained at 28° C throughout.
The initial voltage of the cell (open circuit voltage,
OCYV) was first determined and then the cell was dis-
charged for 5h. The potential changes (closed circuit
voltage, CCV) were manually recorded every half
hour on a digital multimeter. The cell was allowed to
recuperate for 16 h to determine the OCV at 5mAh
discharge. The cell discharge was continued further
for 8h per day. The cell was run until the cut off
voltage of — 0.4V against Hg/HgO and zero V against
SCE was reached in the case of alkaline and acidic/
neutral electrolytes respectively.

(i) The manganese oxyhydroxide potentials.
We have used the expression E (against SHE) +
0.0592 pH as this eliminates differences arising due to
pH only. This was done in the light of the method
suggested by Holton and co-workers [25]. The poten-
tial of the Hg/HgO electrode in 9M KOH solution
(against SHE) at 25°C has the following form:

E,

T

= E° — 0.0296 logay,o — 0.0592pH

where E® = 0.926 at 25°C, aH,0 and pH are cal-
culated from the concentration of the electrolyte and
thus, the potential of the Hg/HgO electrode (Ey)
becomes 0.933 — 0.0592pH. The manganese oxy-
hydroxide potential (against SHE) was obtained
by adding the potential of the reference electrode
(Hg/HgO) (determined by the method given above) to
the potential recorded against the Hg/HgO electrode.
We have, of course, chosen the experimental value
of Hg/HgO as 0.936 which has been reported by
Ruetschi et af. [26], using 34% KOH.

The models employed for comparison with the
empirical data are as follows:

Maodel 1, Atlung and Jacobsen [1].
Model 2, Maskell, Shaw and Tye [2].

Model 3, Tye [3].
Model 4, Ruetschi [4].

3. A brief description of the models employed

As mentioned in the Introduction, Atlung [12] showed
rather conclusively that even the improved relation-
ship
o RT . Xy Xooo
E = E'+ 7 In B, Ko )
was inadequate for the successful predictions of the
observed potentials. Curves obtained on the basis of
(5) showed an insufficient rate of fall of the potential.
It was Tye [14] who proposed that each ion Mn'*,
Mn*t, O?~, OH'~ be considered as separate com-
ponents of the mixture so that its activity is propor-
tional to mole fraction. Thus

27
—ti»'_‘x/l‘\/{n“+ XOZ*

AMnooH = 27XMn3+X02—X0H1~

(6)
(M

Atlung and Jacobsen’s equation (4) is sensitive to
the influence of the electronic term and from this the
following equation was derived

2R
E° + —;ln

OMn0, =

1—r
r

E =

®

This agrees well forr < 0.5 butnot forr > 0.5. They,
therefore, modified equation (8) and it takes the
following form:

oy 2RT (= (0 + o)

F r(1 + or)

E = ®)

Some of the basic postulates used by Maskell, Shaw
and Tye [2, 3], while developing their rigorous statisti-
cal thermodynamic model for the electrochemical
reduction of MnQ, are as follows:

(i) There is a spatial independence of the proton
electron pair when (1 — r) moles of MnO, and r moles
of MnOOH come together.

(ii) The oxyhydroxides formed during reduction
have disordered forms of ramsdellite and groutite.



DIFFERENT PHASES OF MnO, IN ALKALINE AND ACIDIC/NEUTRAL ELECTROLYTES 65

(iif) Whether the reduction takes place by proton
filling or electron filling, there are two ways each in
which either of these processes can occur.

The potential of such a system with respect to SHE
takes the following form:

1 RT, 11—+~
E, = F(G](\}/fnoz — Gimoon) + F In

(10)

Equation (10) had to be modified to account for the
observed potentials in the middle of the range. The
modified equation is as follows:

1 RT
E, = ?(G&noz - Gg{nOOH) - T

(= ol 0l — rfe)
T T A -

(11)

where

(1 =200 — 2r + 2A)'7)

o]
i

and
Jo = {1 = [1 = 2r(1 — N]2})2r

This equation, according to the authors, gave better
agreement with the experimental data than equation
(10) but the deviations of the theory from the experi-
mental data in the middle region had still to be
accounted for. The non-symmetrical case was, there-
fore, considered and the average free energy com-
puted. The quadratic equation in f,, thus, takes the
following form:

Jo = {1 = [1 =51 — ]} )2r

and therefore, the expression for the potential is given
as follows:

| RT
E, = F(G!(\)/Inoz - G]?/InOOH) - T

n (L= Tl Wl (= 1f)' r
P~ 7 = )0 =)

where p = (1 — 21)/2(1 — §2)'7].

The symmetrical equation (11) was found to fit
the experimental data more closely than the non-
symmetrical one (12). And yet the agreement of the
former with the observed potentials was not as satis-
factory as it ought to have been.

Maskell et al. [2], therefore, carried out further
refinement by taking into account two important fac-
tors:

(i) That the mixing is not ideal.

(ii) That there are two different solid solutions, one
between MnO,-MnO, ;s and other between MnO, ,s—
MnO, ;.

In view of the above the potential is expressed dif-
ferently:

X

(12)

1 RT
Iy, = F(G](\}/lnoz - GI(\)anOH) - —F_'

% In (l - l’f;“)p(i‘fm)p(}" - U(‘m)(lip)r _ p__d
(I =7 — )P0 — 1) F
(13)

where d is the enthalpy term. If the non-symmetrical
case is considered, as before, the potential takes the
following form:

1 RT
E, = _F(GI(\)/InOZ - GRAHOOH) -

F
(L = o Pt P e — rfi )0 _pd
(1 — r — i )0P(T — p) F

(14)

In the latest simplified model, Tye [3] proposes the
introduction of a new parameter r'[r' = (r — »)/(1 — y)
where y is the amount of inactive MnOOH in 1 mol of
original unreduced starting material]. Incorporating
this change, he proposed the following relation for the
electrode potentials against SHE, which is valid over
the entire homogeneous reduction range 0 < " < 1.

Model A

x In

E =

Gr(\)qnoz — Gimoon n 2RT1n (1 - r’>
F F v

3
_23RT

= (1s)

For the upper half of the reduction range, any one of
the following separate equations hold good:

Model B

_ 2((;1?/1:30z - Gl(\)/!nOOHO_S) RT
B F F
0.5 — {1 — ) 23RT
I — 1
X In = 7 pH  (16)
Model C/Model D
2(G184n02 - GIQ/InOOHoj) 2RT
B F F
S = 2.3RT
«in 02 =) 23RT 17

¥ F

Ruetschi’s [4] model could briefly be summarized as
follows. The y/e-MnO, lattice is composed of O*~,
OH'", Mn**, Mn**t and vacancies. The struc-
tural water which is present is associated with [@
vacancies or Mn®" ions. Neither the vacancy nor the
protons associated with Mn’" are mobile. The
protons, however, can execute jumps to adjacent O?~
ions under the influence of fresh protons when Mn**
are being reduced to Mn’*. Surface chemisorbed
water is present in the form of OH'~ groups. The
surface is presumed to consist of a ‘continuous layer of
Mn** vacancies’. Two surface vacancies are equiv-
alent to one interior vacancy. Based on the above
postulates Ruetschi recommended the following for-
mula for y/e-MnO,:

Mnft, - Mn}* - Of ., - OHl;

(4x+y)

where x represents the fraction of Mn** ions missing
in the Mn** sublattice, y is the fraction of Mn** ions
replaced by Mn’*. The free energy of vacancy for-
mation determines the electrode potential difference
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Fig. 1. Discharge curves at a constant current of 1mA/0.1g in 9M KOH.
between a vacancy free oxide and cation deficient and for only pyramidal available sites:
oxide. For electrochemical reduction of a single phase, RT. 1 — x —
the electrode potential difference is obtained by AG, E, = E; + a3 in X7y
with respect to y. At constant y the potential is depen- Y
dent on x and is given by RT 1 — px —
s Pl s 4 @1
X F y

. 14(AG)

E w1 —xF dy

b4

(18)

for the small value of x, the electrode potential
depends linearly on x and consequently on water con-
tent. Equation (18) is, therefore, expressed as

_ %H,0 1 d(AG,)
4 F dy

E

14

(19)

Yo

Applying the method of statistical thermodynamics
and limiting the discussion to the configurational par-
tition function, the cation vacancy model leads to the
following situation. At a fixed vacancy fraction x,
there are in total (I — x)Mn** sites available for
the distribution of yMn** ions. For each configur-
ation, y protons can be distributed independently into
(2 — 4x)0* sites if all O sites are equally available.
On the other hand they can distribute themselves into
{1 = px + »)O* sites if only pyramidally coor-
.dinated sites are available during reduction. Neglect-
ing interaction terms, the electrode potential ex-
pressions were given as follows:

For equally available sites:

RT

Fn

2 —

] — x —
E Lo Xy

7

Ey’0 +

+ E_]jln 4x
F

-7 (20)

4. Results and discussion

It will be observed from Figs. 1-3 that in almost all
the cases the potential remains more or less constant
from r ~ 0.8 tor =~ 1in alkaline electrolyte. Holton,
Maskell and Tye [25] reported recently a constant
potential after MnQ,, corresponding to r ~ 0.8 to
r ~ 1. This constant potential range is attributed, by
them, to the formation of Mn,;0, from y-MnOOH.
The horizontal potential range observed in the case
of -MnO, samples of ours, however, is not as pro-
nounced as the one obtained by them [25]. The ¢- and
8- MnQO,, clearly indicate a much larger range of
this horizontal potential. The hypothesis of Tye
and co-workers, therefore, seems to be tenable especi-
ally in the light of partial conversion of y-MnO, to
5-MnO, which in turn is converted to Mn; O, through
y»-MnOOH. Whereas they have studied the potentials
of the various oxyhydroxides by reducing MnO,
chemically [25], this particular study involves gal-
vanostatic reduction. The deviation of the horizontal
potential observed here from the one which is observed
by Holton et al. [25], does not seem to be very signifi-
cant. The dramatic, or abrupt, fall of potential from
MnO,, to MnO,4 corresponding to r =~ 0.63 to
r ~ 0.78 is also seen in the case of our y-MnO,
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Fig. 4. Calculated and experimental curves of: (A) CMD-2; (B) EMD; (C) ¢-MnO,; (D) synthetic birnessite (6-MnQ,); (O) experimental,
(a) calculated (@ = 0.25); (O) calculated (@ = 0.47) both from equation (9).

samples but the fall is of a slightly lower order,
i.e. approximately 180 mV. This is not surprising if it
is kept in mind that the potentials observed were
under forced reduction (galvanostatic reduction).
(The addition of graphite or acetylene black could
have some influence on the discharge curve as well.)

The applicability of Model 1 was reported earlier
[27]. Tt was, however, felt that Model 1 ought to be
tested more extensively and the results juxtaposed with
those obtained with the other Models for comparison.

The potentials of the oxyhydroxide system as a
function of reduction parameter r of the MnO,
samples presented in this work were calculated with
the help of equation (9). CMD-2 gave an excellent
agreement with Model 1 up to r >~ 0.8 witha = 0.25
(Fig. 4A). On the other hand an earlier attempt of ours
to apply this model with & = 0.25 for both IC8 and
CMD-2 was not very satisfactory. In fact it was with
a = 0.47 that the observed potential curves had given
a much better fit. The preparation of CMD-2 was
similar to A, of our earlier publication [17]. However,
the procedure was slightly modified to get a material
of higher density. The addition of NaClO; was done
slowly over a period of time (1h). This procedure
seems to have changed it slightly in terms either of less
disorder in the structure or in the intergrown a or f§
domains (021 line happens to be the 100 intensity line
in this case as against 221 line in the case of erstwhile
A, sample). It appears, therefore, that homogeneous

phase reduction range does change slightly even with
a slight change in the method of preparation or with
miniscule changes in cell-design and/current density.
The observed potential curve of IC8 also matches with
the theoretical values computed with o = 0.25 (not
shown). In short, all the cases of MnO, considered
here seem to yield a reasonable agreement with Model
1 until » ~ 0.8 and deviate, either marginally or sub-
stantially, only from this point onwards.

The EMD prepared by the method identical to the
one adopted for IC4 also gave a good agreement with
the theory (Fig. 4B).

The §-MnQO, according to Giovanoli [28] is not a
true MnO, modification but a cognate member of the
manganate family; the true name being synthetic
birnessite. The most marked deviation from the
theoretical value is observed in this case. This further
vindicates the proposition of Giovanoli that the struc-
ture of §-MnO, is altogether different from the
y-MnO, family. Further, it will be seen that none of
the models discussed here (Figs. 4D, 6C) seems to fit
the observed discharge behaviour of this particular
variety. The failure of 6-MnO, to fit any one of the
theoretical models should not be surprising. A com-
parison of Figs. 4C, 4D reveals the substantial devi-
ation from the theory. But the type of deviation
observed in the case of g-MnO, is of degree and not of
kind, whereas the deviation shown by 6-MnO, seems
to be both of kind and degree.
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4.1. Maskell, Shaw and Tye Model 2 equation (13)

4.1.1. Alkaline electrolyte. As indicated in an earlier
section the potentials of the oxyhydroxide system in
the case of CMD-2 in alkaline medium were calcu-
lated using equation (13) and compared with the
experimental values (see Fig. 5SB). There seems to be a
considerable difference between the calculated and the
observed potentials (OCV). Further, even the profile
shows a pronounced deviation, specially in the lower
half, i.e. 0.5 < r < 1. This certainly cannot be attri-
buted to an experimenal error as this behaviour has
also been reported by other workers [29]. Fig. SA and
5B clearly reveal the divergence of the experimental
data from the Model 2 values in the lower half in the
case of IC8 and CMD-2. If —10kJ is assumed to be
the enthalpy change due to the mixing of type A and
type B protons, then the theoretical curve in the lower
half falls below, in fact approximately by about 70—
80mV, and this corresponds better with the observed
potential. This is the case with electrolytic MnO, (also
see Fig. 6A).

The ¢ and 6-MnO, do not fit in any case as is
amply evident from the OCV curves (see Fig. 1) them-
selves. The closer correlation with the experimental
curves when — 10kJ is chosen for the lower half only
implies a drop in f with increase in r values. This
means that either a substantial number of protons
must be switching from type B to type A and not
merely a few moles, assuming that the proton filling
mechanism holds or some other processes leading to
enthalpy change take place. It is rather surprising that
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Fig. 5. Plots of £, — F~ ‘(GMno Gimoon) against r for the
symmetrical case according to equatlon (13), d value (O) F2.5kJ,
(®) —10kJ; (O) 9M KOH, (a) 5M NH,Cl + 2M ZnCl, of: (A)
IC8; (B) CMD- 2, (C) IC4.

a more negative d-value is required to be used to get
a better fit in the lower half. So, prima facie, it seems
to be the electronic delocalization mechanism and not
hydrogen bonding that operates in the MnO, 5~
MnO, s range. Holten and co-workers [25] reported
the emergence of y-MnOOH as a separate phase at
about MnO, ;. This, we feel, could be one of the
reasons for the deviation of the observed OCV curve
in alkaline medium.

Experimental data on the discharge products (com-
municated to the Journal of Power Sources) and the
OCYV curves reported here indicate that the homo-
geneous phase of the one-electron reaction ends at
about MnO,¢ ie. r ~ 0.8 and from this point
onwardsup tor =~ 1 the OCV takes a horizontal form
clearly indicating a beginning of the heterogenous
reaction from MnQ, ; onwards. If we assume this to be
the case then any mechanism that attempts to predict
the behaviour of the potential in the lower half should
take this factor into account. At this stage of the
argument, we do not know whether the improved
agreement of the observed potential with the theory
(when — 10kJ is chosen) is fortuitous or not.

4.1.2.In5M NH,Cl + 2 M ZnCl, electrolyte. Model 2
seems to fit the experimental data in acidic/neutral
medium far better than the one in the alkaline medium
in case of both CMD and EMD (see Figs. 5B, 6A).

Fig. 5B clearly reveals a far better correspondence
with theoretical values right up to r ~ 0.9. This
theoretical curve (Fig. 5B) was drawn with an enthalpy
mixing factor of —2.5kJ and + 2.5kJ on either side of
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the mid-reduction point. The reasonably successful
application of the model of Maskell and co-workers
[2] to both CMD and EMD in neutral/acidic electro-
lyte seems to suggest that structural variations, if any,
between p-CMD and y-EMD (EMD is reported to
have an ¢-MnO, structure i.e. NiAs type) [30] do not
play any significant role. Also the incorporation of
non-ideal mixing and consequently the inclusion of
the enthalpy factor (AH ) seems to be almost inevitable
if we are to get a realistic experimental match with the
theoretical values. The failure of equations (11) and
{12) to account for the observed potential-reduction
curve satisfactorily becomes obvious. Further, the
importance of the enthalpy mixing term becomes ail
the more obvious in Ruetschi’s model (Fig. 8) as the
calculated potentials deviate from the observed ones
by about 20—-30mV.

One curious thing that has emerged is this. In the
plot of OCV against r, in the case, not only of CMD,
but also other polymorphic modifications, the curve
does not have a classical S-shape. In fact the potentials
remain constant from about +0.35V (against SCE)
onwards. It appears, thercfore, that the observed
homogeneous reduction range ends a little earlier at
about r = 0.5 and nor » = 1. This has also been
observed by Kozawa [311. Maskell et al. [15] have
reproduced some of the experimental curves of Huber
and Bauer [32] and Neumann and Roda [9] of poten-
tial against r which are distinctly different from the
ones which are obtained in this work, but the experi-
mental conditions were quite different. On the other

02 0.4 0.6 08 10

Fig. 6. Plots of E, — F~'(Gyo, — Gimoox) 2gainst r for the
symmetrical case according to equation (13), d value (0) F2.5KkJ,
(@) —10kJ; (O) 9M KOH, () 5M NH,Cl + 2M ZnCl, of: (A)
EMD; (B) ¢-MnO, and (C) synthetic birnessite (5-MnO,).

hand, all OCV against r curves are very similar to the
ones reported by Kozawa [31]. The longer range of
constant potential observed in case of acidic/neutral
electrolyte, in all samples except o-MnO, indicates the
formation of some new phases or even heterolyte as
the potentials remain constant even beyond r = 1, i.e.
MnO; ;.

The OCV curve of o-MnQO, in acidic/neutral electro-
Iyte is a classical S-shaped curve. It is probably
because of this that both Model 2 (Fig. 6B) and
Model 4 (Fig. 10) yield a much better agreement with
the observed potentials in this case. This is all the more
surprising in view of the fact that ¢-MnQ, is a poorly
crystallized y-MnO,. The deviation of the observed
curve from r = 0.5 onwards is, therefore, understand-
able. In case of both IC4 and EMD, the experimental
fit with the theory is almost perfect up to r ~ 0.85.
The subsequent deviation is also marginal {Fig. 5C,
6A). On the other hand in the case of IC8 and CMD-2
the deviation from the theoretical curve begins around
r = 0.7 and is a little more pronounced. This has also
been reported by Maskell ez al. [2]. This deviation is
attributed by them to the formation of y-MnOOH at
that stage of the reduction. -MnO, discharge behav-
iour is a case by itself. The observed potential profile
is markedly different from the theoretical one (see
Fig. 6C).

4.2, Tye Model 3 (15, 16)

The latest model of Tye [3], which we have touched
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Fig. 7. Plots of E (against SHE) + 0.0592 pH against » according
to equations (15, 16) (0) of Rho; (O) 9M KOH and (a)
5M NH,CI + 2M ZnCl,.

upon in section 3, identifies the end members of the
two solid solutions as MnOOH,; and MnQOH,
MnO, being the starting member in both cases. Earlier
it was thought that the solid solution ranges are as
follows:

(1) MnO, — MnOOH,;,

(ii)) MnOOH, ; — MnOOH
If the latter is taken to be the case then the double
S-shaped curve results. This is not the case in reality.
Hence the postulated change in the composition.

Our results in acid/neutral electrolyte indicate that
there is no perceptible difference in the theoretical
values derived from Model 2 or Model 3. We do not
observe any significant improvement in the experi-
mental match with Model 3. The internal differences,
however, in the values calculated from Model 2 and
Model 3 are not insignificant. But the fact remains that
satisfactory correlation with the observed potentials is
still elusive. Both the models seem to hold equally wel
in the first half and both deviate, significantly or
‘marginally from r ~ 0.85 onwards. It is only in the
case of p-MnO, that Model 3 yields a better agreement
than Model 2 in acidic medium (Fig. 7). The observed
curves in the alkaline medium, also, therefore, deviate
ro the same extent as they do in the case of Model 2.
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Fig. 8. Variation of electrode potential with » according to equation
(21) for p=2 (0) of CMD-2; (0) IMKOH and (2)
5M NH,Cl + 2M ZnCl,.

4.3. Ruetschi Model 4

This model, which is a bit larger in scope, attempts
to predict the electrode potentials based on Mn
vacancies. The inherent limitation of this model is
that it predicts the values only up to r = 0.8 as against
others which go right up to r = 1. On the other hand,
however, this model gives a good account of itself in
predicting and correlating some of the crucial physical
properties such as structural/combined water, pycno-
metric density, electronic conductivity, proton trans-
fer rate and electrochemical activity with vacan-
cies. In fact the experimental fit of some of the
observed values of these properties with those pre-
dicted by Ruetschi is exceptionally good. This is the
case with almost all y-MnO, samples i.e. IC4, IC8 as
well as EMD, CMD, AMD, ¢-MnO, and §-MnO,
prepared by us (Table 3).

The linear relationship between the structural water
and vacancy fraction, x, is shown in Fig. 11 (both with
y = O0andy = 0.1 where yis the fraction of Mn** ion
replaced by Mn®* ion). In a way y could be considered
as an equivalent of ry, i.e. initial MnOOH present in
virgin MnO,. It will be seen from Fig. 11 that even the
earlier samples from this laboratory [17] (Table 4)

Table 3. Correlation of physical and electrochemical properties of the manganese dioxides prepared in this work

Sample  m x y MW % H,0 % C, % C, Vv Density gem™ Pycnometric
® (nm)’ ' density
y=0 y=0I y=0 »y>0 gcm™
IC8 0.0806 0.03872 0.0741 84.97 1.642 2,702 98.44 10245 0.1109  5.089 4.999 4.667
CMD-1  0.1384 0.06472 0.0408 83.65 2.788 3.864 97.29 98.59  0.1122  4.953 4.867 4.637
CMD-2  0.1374 0.06428 0.0398  83.67 2.768 3.845 97.31 9821  0.1127 4932 4.846 4.652
Rho 0.2077  0.09405 0.0280 82.15 4.125 5.221 95.95 90.25  0.1187  4.600 4.545 3.760
Delta 0.1124  0.05320 0.0788 84.23 2.275 3.345 97.80 - 0.0535 5229 5.145 3.870
1C4 0.1095  0.05191 0.0600 84.30 2.218 3.217 97.85 101.06  0.1110 5048 4.959 4.525
EMD 0.1624  0.07510 0.0583  83.11 3.255 4.339 96.82 98.33  0.1112  4.963 4.875 4.507
AMD 0.1096  0.05195 0.0612 84.29 2.220 3.289 97.86 101.03  0.1081  5.059 4.958 4.960




72 BUQUI D. DESAIL R. A. S. DHUME AND V. N. KAMAT DALAL

+0-3
Model - &
EMD
+0.2 L
*Q -
T
>
T 00 t U
< o} 03
&
w®
Ly
t
)
—-0i
-0.2}-
-0-3

Fig. 9. Variation of electrode potential with r according to equation
(21) for p = 2 (0) of EMD; (O0) 9M KOH and (a) 5M NH,Cl +
2M ZnCl,.

follow the relationship remarkably well. The relation-
ship between theoretical electrochemical capacity C,,
(maximum) and the vacancy fraction x proposed by
Ruetschi is as follows:

c - (1 — x — y)26.80
v MW

(Ahg™)

where 26.80 is the theoretical mAh and MW is com-
puted from the following formula:

44 3+ - 1-
Mn(l_x,y)Mny O(Z—4x—y) OH(4X+,V)

Our results agree well with the values predicted by this
model (Fig. 12). Then again the relationship between
the relative proton transfer rate against vacancy frac-
tion x is shown in Fig. 13. Proton transfer rate P, is
defined as
P, = v[OH'"][0*"]

where v is a jump frequency.

It is obvious from the Figs. 8, 9, 10 that Ruetschi’s
model is rather inadequate for successful prediction of

+0-3

102 -

+0-1 -

Eig. 10. Variation of electrode potential with r according to equa-
tion (21) for p =2 (0) of Rho; (O) 9IM KOH and (a)
5M NH,Cl + 2M ZnCl,.

observed potentials of the samples investigated here.
The only exception is ¢-MnO,. It is rather signifi-
cant that the discharge curve of this sample in acidic/
neutral electrolyte seems to fit this model reasonably
well. The profiles of the observed potentials in the case
of both neutral/acidic as well as alkaline electrolyte
deviate substantially in the lower half and in some
cases (Figs. 8, 9, 10) in the upper half as well. It is,
therefore, felt that the enthalpy mixing factor which
was taken into account by Tye in Model 2 has to be
incorporated in this model. The model thus refined
might conform to the experimental data with a greater
degree of exactitude than obtained so far.

The simpler equations presented in the refined
model [3] of Tye are also not satisfactory in view of
the lack of experimental match with the theoretical
values. In fact, even the profiles of the observed poten-
tials are different.

5. Summary

The potentials of the oxyhydroxides varying from

Table 4. Correlation of physical and electrochemical properties of some earlier samples [17]

Sample m x y MW % H,0 % C, % C, 14 Density gem™
(8 (nm)’

y=0 y = 0.1 y=20 y>0
A, 0.11 0.052 0.0285 84.29 2.23 3.29 97.86 98.41 0.113% 4914 4.83
A, 0.15 0.0698 0.0287 83.38 3.015 4.095 97.08 96.47 0.1139 4.861 4.778
A, 0.24 0.1071 0.0371 81.48 4.736 5.84 95.35 96.63 0.1093 4952 4.864
As 0.21 0.095 0.019 82.10 4.17 5.266 95.00 93.96 0.1142 4754 4.695
B, 0.16 0.074 0.035 83.17 3.20 4.289 96.88 94.63 0.1158 4.773 4.689
B, 0.213 0.096 0.026 82.05 4.21 5.313 95.86 94.36 0.1133 4.811 4.727
D, 0.301 0.130 0.765 80.32 5.831 6.950 94.25 80.56 0.1165 4,581 4.474
D, 0.245 0.109 0.0793 81.38 4.825 5.942 95.25 84.55 0.1135 4.763 4.655
D, 0.262 0.116 0.0670 81.05 5.14 6.25 94.95 84.57 0.1152 4.675 4,595
D, 0.547 0.215 0.0447 75.99 10.19 11.28 89.88 73.52 0.1191 4.240 4.122
Ds 0.4284 0.1764 0.0494 77.96 8.153 9.30 86.41 79.19 0.1156 4.479 4.403
Dy 0.145 0.067 0.056 83.50 2917 4.00 97.16 93.04 0.1181 4,679 4.601
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Fig. 11. Structural water content (%) as a function of Mn**
vacancy fraction x. (O) CMD; (00) EMD; (©) AMD.

r = rytor = 1 were calculated by using equations
9), (13), (14), (15), (16), (20) and (21) in both acidic/
neutral and alkaline electrolytes. These calculated
potentials were plotted against r the reduction par-
ameter. The observed potentials of all the samples
prepared in this work were also plotted similarly and
juxtaposed with the calculated ones in order to dis-
cover which model yields the best agreement. It has
been found that Model 2, represented by equation
(13), yielded, by far, the best fit with the experimental
data in acidic/neutral electrolyte, though not in alkal-
ine medium. The agreement between calculated and
observed potentials in the alkaline medium is, how-
ever, improved if an appropriate value of the par-
ameter d (enthalpy of mixing) is chosen. It has been
found that if d is chosen to be — 10kJ in the lower half
of the reduction range then the experimental fit with
the calculated potentials of CMD-2, IC4, EMD shows

Capacity {%)
3
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004 0-08 012 0-16 0-20 024
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Fig. 12. Theoretical electrochemical capacity per unit weight, C,,
and per unit volune C, as a function of Mn** vacancy fraction for
» = 0. C, (0) CMD, (0) EMD, (0) AMD; C, () CMD, (X))
EMD, (®) AMD.
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Fig. 13. Relative proton transfer rate as a function of Mn** vacancy
fraction x. (C) CMD, () EMD, (@) AMD.

some improvement. Simplified Model 3 does not seem
to yield any significant improvement in the calculated
potentials. The model proposed by Ruetschi needs
further refinement for its successful application to the
discharge behaviour of y/e-MnQO,. The case of §-
MnO, seems to belong to a different category alto-
gether.
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