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Abstract A series of c-MnO2 with Mn4? cation vacancy

fraction 1.5 \ x \ 2.3 was prepared via chemical synthesis.

X-ray diffraction (XRD) revealed high degree of microt-

winning (Tw [ 70%) and de Wolff disorder (0.32 \ Pr

\ 0.35) in the prepared samples. Thermal analysis showed

four-stage decomposition corresponding to the removal of

physical water, chemisorbed water, formation of Mn2O3

and Mn3O4, respectively. The chemical composition and

physical properties of the prepared samples were expressed

in terms of Ruetschi’s cation vacancy model for MnO2. The

discharge behavior in 9 M KOH was governed by homo-

geneous solid-state reduction wherein protons and electrons

were simultaneously inserted into MnO2 lattice. Their

electrochemical behavior was also studied by performing

cyclic voltammetry in 9 M KOH. An attempt was made to

correlate obtained energy density as a function of proton

transfer rate during the discharge process.

Keywords c-MnO2 � Mn4? cation vacancy �
Microtwinning � Chemical composition � 9 M KOH

1 Introduction

c-MnO2 is the most common positive electrode material

used in dry cell due to (i) its ability to sustain relatively high

discharge rates for prolonged periods of time; (ii) an abun-

dance of the raw materials necessary for synthesis; and (iii)

the low cost of production [1]. Structurally, it belongs to a

large family of closely related compounds whose physical

and chemical properties can be varied significantly by

changing the preparative conditions [2]. Ever since the

discovery of chemically synthesized c-MnO2 (Glemser;

1939), its structure and chemical composition have become

major areas of research. They are mainly known for a great

variety of X-ray diffraction (XRD) patterns, which reveal

structural disorder due to chemical defects induced during

the synthesis [3]. In 1959, de Wolff [4] proposed that the

great diversity in XRD patterns of c/e-MD is produced by a

regular intergrowth of pyrolusite structural blocks in an

initial ramsdellite network. de Wolff model successfully

accounted for many features in the XRD patterns of chem-

ically synthesized manganese dioxides (CMD). However, it

could not explain those of synthetic forms prepared by

electrodeposition (EMD), which typically contain 6 broad

lines, compared to the 14 in synthetic ramsdellite. Pannetier

[5] explained such broadening of specific reflections, as well

as the occurrence of an apparently hexagonal structure on

the basis of twinning of the orthorhombic ramsdellite lattice

on the 021 and/or 061 planes. A new structural model [6]

allows the diffraction patterns of the c-MnO2 to be analyzed

by considering two types of defects: Pr, intergrowth of

pyrolusite structural blocks in the ramsdellite network (de

Wolff disorder), and Tw, microtwinning of this interspersed

structure. These defects influence the electrochemical

properties of c-MnO2 to certain extent [7].

Besides the structural disorder, c-MnO2 is known for

non-stoichiometric compositions MnOx wherein x \ 2 [6]

and always contains water or, protonic species [8]. Based

on their theory, Coeffier and Brenet [9] formulated the

following composition for c-MnO2:
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ðMnO2Þ2n�3ðMnOOHÞ4�2nðH2OÞm
where n and m are composition parameters determined by

classical chemical analysis. A major step in the chemical

understanding of c-MnO2 was achieved by Ruetschi [10],

when he demonstrated that chemical composition, density,

and several other parameters could be explained by assuming

non-stoichiometry based on Mn4? cation vacancy model.

His theory yielded following formulation:

Mnð1�x�yÞ
4þMny

3þ(xOð2�4x�yÞðOHÞ4xþy

where h denotes Mn4? cation vacancy, x is the fraction of

Mn4? missing from the MnO2 lattice resulting in Mn

vacancies, and y is the fraction of Mn4? replaced by Mn3?.

This model gives a good account of itself in predicting and

correlating some of the crucial physical properties such as

structural/combined water, density, electronic conductivity,

proton transfer rate, and electrochemical activity with

Mn4? vacancies [11]. However, except few workers [11–

14], the model has been less attempted for explaining

electrochemical activity of c-MnO2.

In view of this situation, a series of samples belonging to

c-MnO2 family with different cation vacancy fraction have

been synthesized by chemical method. A structural

description of XRD patterns on the basis of de Wolff dis-

order and microtwinning is presented. Physical properties

and chemical composition are explained in light of Ruet-

schi’s model. Their electrochemical behavior has been

studied by recording discharge profile and cyclic voltam-

metry in 9 M KOH.

2 Experimental

2.1 Materials

Industrial grade MnSO4 (Mn content = 33%) was procured

from Navrang Chemicals Industries, Nagpur, India. Liquor

ammonia (30%) and HNO3, HCl, H2SO4, EDTA, and oxalic

acid, were of MERCK (AR) grade. Thymolphthalein com-

plexone, KOH, graphite were of Sigma-aldrich (AR) grade.

2.2 Synthesis

MnO2 has been synthesized by O2-oxidation of industrial

grade MnSO4 in the presence of NH4OH. One hundred

grams of MnSO4 was dissolved in 400 ml of double-distilled

water. The resultant solution was stirred for 30 min at room

temperature. Insoluble impurities were removed by filtra-

tion. Liquor ammonia was added into the filtrate till pH of

mixture is 10, to precipitate manganese hydroxide. The

Mn(OH)2 precipitate was filtered and washed with the dis-

tilled water till the filtrate showed pH 7. The obtained

precipitate was suspended in 200 ml water and oxygen was

passed through suspension for 18 h at the rate 4 L min-1 at

different temperatures viz. room temperature (27 �C), 40,

60, and 80 �C. It was further subjected to disproportionation

in conc. nitric acid. The MnO2 obtained by O2-oxidation at

different temperature(s) i.e. RT, 40, 60, and 80 �C are,

henceforth designated by the acronyms MDO-O-RT, MDO-

O-40, MDO-O-60, and MDO-O-80, respectively. All the

samples were dried at 110 �C for 1 h and cooled in a

dessicator.

2.3 Structural characterization

The XRD patterns of the synthesized samples were recor-

ded using PANalytical diffractometer (Philips, Holland)

with Cu Ka radiation. The scans were recorded in 2h range

15–80�. FTIR for the prepared MnO2 samples were

recorded on Shimadzu spectrophotometer in the frequency

range of 400–4,600 cm-1. The morphology of each sample

were examined with a JEOL scanning electron microscope.

2.4 Thermal analysis

Differential thermal analysis (DTA) and thermogravimetry

(TG) was carried out in inert atmosphere using Perkin

Elmer Diamond Instrument. The temperature range was

from 25 to 1,000 �C with heating rate of 5 �C min-1.

2.5 Chemical analysis

Total Mn content was estimated by complexometric titra-

tion against EDTA [15]. Available oxygen in terms of %

MnO2 was determined by redox titration against stan-

dardized KMnO4 [16].

2.6 Electrochemical activity

The electrochemical activity of the prepared samples was

evaluated by recording discharge profile in 9 M KOH

electrolyte solution at constant current of 1 mA and con-

stant resistance of 100 X at 27 �C (room temperature). The

experimental cell consisted of a zinc anode strip (50 9

10 mm) and the cathode consisting of 0.1 g of the syn-

thesized MnO2 dispersed in 0.4 g of graphite powder

wetted with 0.5 ml of electrolyte (9 M KOH solution) and

carboxymethyl cellulose binder. For discharge profile at

100 X, cathode mixture consisted of 0.5 g MnO2 dispersed

in 0.5 g graphite powder. The cathodic ingredients were

pressed in a cylindrical Teflon container (50 mm height

and 20 mm diameter) with a spiral platinum wire at the

bottom for electrical contact at a pressure of 100 kg cm-2

(Fig. 1). A circular, perforated, Teflon disc was placed over
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the compressed mixture for ionic transfer and to avoid

diffusion of cathodic mixture into the electrolyte media.

The cell was activated with 10 ml of electrolyte. The total

cell assembly was allowed to equilibrate for 1 h at its open-

circuit potential before measurement of continuous dis-

charge till cutoff voltage 0.7 V (for 1 mA 0.1 g-1) and

0.6 V (for 100 X 0.5 g-1), respectively.

2.7 Cyclic voltammetry

Cyclic voltammetry of MDO-O-80 was carried out with a

three-electrode setup comprising the MnO2-containing

Platinum working electrode and a Hg/HgO/9 M KOH

reference electrode and Platinum wire auxiliary electrodes.

The electrochemical cell was controlled and data were

collected by Autolab Potentiostat-Galvanostat using the

cyclic voltammetry software option. Voltammogram were

recorded between -800 and 400 mV at 2 mV s-1 in 9 M

KOH solution. MnO2-containing working electrode was

prepared according to the procedure described elsewhere

[17].

3 Results and discussion

3.1 X-ray diffraction analysis

Figure 2 presents XRD spectra of the prepared manganese

dioxides. A typical poor quality c-MnO2 pattern with small

number of broad and diffused peaks is observed. de Wolff [4]

proposed a structural model for explaining XRD patterns of

c-MnO2 on the basis of pyrolusite and ramsdellite structure.

He described c-MnO2 as a random intergrowth of pyrolusite

blocks in ramsdellite matrix. Using parameter Pr, i.e. de

Wolff disorder, he successfully accounted for line shifts and

broadening for lines 110 and 130. However, his model could

not explain coalescence of lines h21/h40 and h02/h61, which

are not affected by de Wolff disorder. Pannetier [5] explained

it on the basis structural defect; microtwinning. They put

forward a model [6] to analyze XRD patterns of c-MnO2 on

the basis of Pr and Tw. The XRD patterns of MnO2 prepared

in this study are classified under ‘‘type III’’ c-MnO2 as per the

model [6]. The samples show high microtwinning (Tw [
70%), which results in coalescence of lines 221/240 and 061/

002. Such patterns can no longer be indexed with an ortho-

rhombic unit cell. Ignoring the presence of first line i.e. 110

in orthorhombic Pbnm indexing, they are to be indexed with

a hexagonal cell with parameters ah = 2.78 and ch = 4.43 Å

[6]. This type of cell was proposed by de Wolff et al. [18] for

EMD samples called as e-MnO2. Recent reports [19, 20]

describe e-MnO2 as a MnO2 polymorph with hexagonal

Fig. 1 Cross section of Teflon sample holder used for electrochem-

ical activity Fig. 2 XRD pattern of MnO2 samples prepared at different temperatures
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symmetry with unit cells ah = 2.80 and ch = 4.45 Å, and

space group P63/mmc. The structure is same as that of NiAs-

type unit cell, with Mn4? cations randomly occupying 50%

of the octahedral positions of the hexagonal-close-packed

(hcp) oxygen sublattice. Using Rietveld refinement, EMD

has been described as comprising of e-MnO2, ramsdellite and

pyrolusite phases. de Wolff disorder (Pr) is calculated from

the displacement of peak 110 from orthorhombic position

after correction for shift due to microtwinning. The obtained

values are given in Table 1. The calculated lattice parame-

ters (Table 1) are in good agreement with the values reported

earlier [6, 7, 18].

3.2 FTIR analysis

Figure 3 presents FTIR spectra of the manganese dioxides

prepared in this work. FTIR is a useful tool in locating the

presence of hydroxyl groups and water molecules. All the

prepared samples exhibit a well resolved peak at

*3,400 cm-1, which indicates O–H stretching vibration

[21–23]. A strong absorption band at *1,620 cm-1 is

associated with O–H bending vibration due to the water of

crystallization [21]. The broad absorption band in the fin-

gerprint region 600–400 cm-1 confirms the formation of

c-phase, whereas absorption band at 1,100 cm-1 is attrib-

uted to the presence of hydrogen bonding and/or MnO2

stretching mode [13].

3.3 SEM

SEM images of synthesized MnO2 samples are presented in

Fig. 4. The particles are irregular and random in shape.

Samples exhibit porous morphology with agglomerating

tendency forming a cluster.

3.4 Thermal analysis

The thermogravimetric analysis of the prepared samples

(Fig. 5) shows a typical c-MnO2 behavior with weight loss

comprising of four different stages [24]. The first stage is

from room temperature up to 110 �C represents physically

bonded water and the second stage is from 110 to 400 �C

and represents chemically bonded water. The weight loss in

Table 1 Lattice, Pr and Tw

parameters obtained from XRD

measurements

a represents the lattice

parameter for hexagonal crystal

symmetry of c-MnO2. The

calculated lattice parameters ‘a’

and ‘c’ have been compared

with those from reported

literature values

Sample code Crystal

phase/typea
a (Å) c (Å) Cell

volume (cm3)

Tw (%) Pr

MDO-O-RT c/III 2.804 4.443 30.255 [70 0.32

MDO-O-40 c/III 2.799 4.482 30.412 [70 0.32

MDO-O-60 c/III 2.797 4.447 30.135 [70 0.34

MDO-O-80 c/III 2.798 4.461 30.252 [70 0.35

[6] c/III 2.78 4.43 – [70 –

EMD [7] c/III 2.774 4.419 29.443 [70 0.37

EMD [7] c/III 2.775 4.424 29.510 [70 0.31

CMD [7] c/III 2.778 4.463 29.827 [70 0.44

[18] c 2.80 4.45 30.210 – –

Fig. 3 FTIR spectra of MnO2 samples prepared at different

temperatures
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the temperature range 150 to 400 �C, the weight loss rep-

resents the removal of structural water [25, 26]. All the

structural water present in the form of OH ions is associ-

ated with either Mn4? vacancies (x) or Mn3? (y) in the

network of MnO2. Removal of this structural water while

heating causes healing out of cation vacancies and the

oxidation of Mn3?–Mn4?. Thereby, Mn cations jump into

vacant lattice positions and protons associated with

vacancies diffuse to the surface of the crystal, where they

combine with surplus O2- to form water, which then

evaporates [10]. The third stage weight loss occur in the

range 400–600 �C, which is due to the formation of Mn2O3

and the last stage weight loss i.e. from 600 to 800 �C

represents the transformation from Mn2O3 to Mn3O4 [27,

28]. The percentage weight loss over different temperature

ranges is listed in Table 2. The weight loss over different

temperature ranges is consistent for all samples except

MDO-O-40.

Figure 6 presents DTA curves of the prepared samples.

MDO-O-60 and MDO-O-80 show broad endotherms cor-

responding to structural water removal. All samples exhibit

endothermic peak *480 �C corresponding to the thermal

decomposition reaction MnO2 ? Mn2O3 [29]. An addi-

tional shoulder-like endothermic peak at *460 �C corre-

sponds to the decomposition of MnO2 to Mn5O8 and

Mn2O3 [30] according to the reaction:

7MnO2 ! Mn5O8 þMn2O3 þ 1:5O2 ð1Þ

Further heating results in the decomposition of Mn2O3

to Mn3O4 at *800 �C. Slight shift in the temperature can

Fig. 4 SEM images of the

prepared MnO2 samples

Fig. 5 TG curves of MnO2 samples prepared at different temperatures

Table 2 TG data of the synthesized MnO2

Sample code Percentage weight loss for temperature range (�C)

40–110 110–300 300–400 400–600 600–1000

MDO-O-RT 2.96 4.17 1.97 8.30 7.64

MDO-O-40 3.64 2.98 1.99 11.62 2.74

MDO-O-60 4.33 6.32 1.80 8.31 8.14

MDO-O-80 3.17 3.88 2.26 8.74 7.02
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be attributed to the experimental variations such as particle

size, crystallite size, and porosity etc. [31].

3.5 Chemical composition and formulae

The results of chemical analyses are depicted in Table 3. The

high percentage of available oxygen in all cases indicates

that prepared samples can be used as cathode materials for of

high drain discharge cell. Based on chemical composition

data, the formulae are expressed in the format proposed by

Brenet [32] which is as follows:

ðMnO2Þ2n�3�ðMnOOHÞ4�2n�mH2O ð2Þ

where the number of neutral water molecules m in the

crystal lattice was calculated from the percentage of

combined water (y), using the relation:

m ¼ 91yþ 2nð900� yÞ � 3600

18ð100� yÞ ð3Þ

where y is the percentage of the combined water,

determined from weight loss occurred during TG

between temperature 25 and 300 �C. Fraction of Mn3?

ions ‘n’ is determined by the relation:

n ¼ 3þ x

2
ð4Þ

where x in MnO1?x is the ratio of reducible Mn to the total

Mn and is calculated using the relation:

x ¼ 0:632�%MnO2

%Mn
ð5Þ

Ruetschi proposed a cation vacancy model [10] to explain

the physical and electrochemical properties of ‘c- and

e-manganese dioxides. Accordingly, the general formulae of

active manganese dioxides, i.e. (MnO2)2n-3(MnOOH)4-2n�
mH2O can be represented by:

Mnð1�x�yÞ
4þ�Mny

3þ�Oð2�4x�yÞ
2þ�OHð4xþyÞ

1� ð6Þ

where x is the fraction of Mn4? missing from the MnO2

lattice resulting in Mn vacancies; y is the fraction of Mn4?

replaced by Mn3?. The parameters ‘x’ and ‘y’ in the above

equation are related to the Brenet’s parameters ‘n’ and ‘m’.

The relation between Brenet’s formula and Ruetschi’s

formula is as follows:

x ¼ m

2þ m
ð7Þ

y ¼ 4ð2� nÞ
2þ m

ð8Þ

Ruetschi’s model could briefly be summarized as

follows. The c/e-MnO2 lattice is composed of O2-, OH1-,

Mn4?, Mn3?, and h vacancies. The structural water, which

is present, is associated with h vacancies or Mn3? ions.

Fig. 6 DTA curves of MnO2 samples prepared at different temperatures

Table 3 Chemical composition, reactivity and formulae of the prepared manganese dioxides samples

Sample

code

MnO2 (%) Mn (%) x in

MnO(1?x)

Combined water

(y) (%)

Neutral water

molecules (m)

Fraction of

Mn3? ions (n)

Formula

(MnO2)(2n-3)�(MnOOH)(4-2n)�mH2O

MDO-O-RT 90.78 60.33 0.95 7.64 0.373 1.976 (MnO2)0.951�(MnOOH)0.049�0.372H2O

MDO-O-40 86.65 61.07 0.90 11.18 0.549 1.948 (MnO2)0.897�(MnOOH)0.103�0.548H2O

MDO-O-60 83.99 61.38 0.86 11.84 0.572 1.933 (MnO2)0.865�(MnOOH)0.135�0.572H2O

MDO-O-80 90.75 61.10 0.94 8.30 0.404 1.970 (MnO2)0.939�(MnOOH)0.061�0.404H2O
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Neither the vacancy nor the proton associated with Mn3? is

mobile. The protons, however, can execute jumps to

adjacent O2- ions under the influence of fresh protons

when Mn4? ions are being reduced to Mn3?. Surface

chemisorbed water is present in the form of OH1- groups.

The surface is presumed to consist of a ‘continuous layer of

Mn4? vacancies’. Two surface vacancies are equivalent to

one interior vacancy. Based on these postulate Ruetschi

recommended the above formula for c/e-MnO2. For the

prepared samples, the vacancy fraction value varies from

0.157 to 0.222 in MDO-O-RT and MDO-O-60, respectively

(Table 4). Consequently, the y value of Ruetschi which

represents Mn3? in MnO2 is found to vary between 0.041 to

0.105 in MDO-O-RT and MDO-O-60, respectively.

This model explains several physical properties of

manganese dioxides such as density, structural water con-

tent, proton transfer rate, theoretical maximum electro-

chemical capacity, etc.

The density was calculated using the relationship

d ¼ 54:94ð1� xÞ þ 32þ 1:008ð4xÞ
Vo

ð9Þ

where x is cation vacancy fraction and Vo unit cell volume

for c-MnO2 (Vo = 17.805 cm3). Introduction of vacancies

into the Mn4? sublattice, and associated substitutions of

4O2- by 4OH-, does not lead to a noticeable change in

lattice parameters. However, owing to loss of Mn4? ions

due to the formation of vacancies, the density decreases

with increasing vacancy fraction. The above expression is

plotted in Fig. 7 for y = 0. The results obtained are in

accordance with the model.

The total structural water content is expressed by the

formula:

%H2O ¼ 100� ½18:016ð4xþ yÞ�
2MW

ð10Þ

where MW is the molecular weight calculated using Eq. 6.

The structural water content (%) for the cases y = 0 and

y = 0.1 is plotted, as a function of cation vacancy ‘x’ in

Fig. 8. The linear relationship between structural water and

cation vacancy is in agreement with Ruetschi’s model. The

values are comparable with that calculated from weight-

loss in thermal studies. Combining results of Figs. 7 and 8,

the theoretical relationship between structural water and

density is experimentally verified. It is seen that density

decreases with increasing structural water content (Fig. 9).

The theoretical (maximum) electrochemical capacity deliv-

erable per unit weight (Cw) was calculated as follows [10]:

Cw ¼
ð1� x� yÞ26:8

MW
ðAh g�1Þ ð11Þ

where 26.8 in the theoretical mA h [11]. From Cw values,

percentage theoretical electrochemical capacity (%Cw) was

calculated using the relation:

%Cw ¼
Cw � 100

0:308
ð12Þ

where 30.8 is the theoretical output of pure MnO2 [10]

(Note: x = 0 and y = 0; for pure MnO2). The calculated

values are plotted for y = 0 as a function of x in Fig. 10. It

demonstrates how theoretical maximum capacity decreases

with increasing vacancy fraction i.e. with increasing water

content. Thus, high percentage of structural water is

undesirable for as regards to capacity. However, certain

amount of it is necessary for a fast proton transfer rate for

effective electrochemical activity.

3.6 Electrochemical activity

Electrochemically, the quantity of electricity generated on

constant load to a certain end-voltage determines relative

activity. It not only depends on the quality of MnO2, but

Table 4 Correlation of physical and electrochemical properties of the prepared manganese dioxides samples

Sample

code

x (Ruetschi) y (Ruetschi) Mol.

Wt. (g)

Density

(g cm-3)

% H2O for

y = 0

(Ruetschi)

Cw (Ah g-1) Cw (%) Formula

Mn(1-x-y)
4?�Mny

3?�O(2-4x-y)
2-�OH(4x?y)

1-

MDO-O-RT 0.157 0.041 78.97 4.434 7.171 0.272 88.33 Mn0.801
4?�Mn0.041

3?�O1.330
2-�OH0.669

1-

MDO-O-40 0.215 0.081 76.05 4.268 10.199 0.248 80.51 Mn0.703
4?�Mn0.081

3?�O1.057
2-�OH0.942

1-

MDO-O-60 0.223 0.105 75.70 4.246 10.598 0.238 77.28 Mn0.672
4?�Mn0.105

3?�O1.004
2-�OH0.995

1-

MDO-O-80 0.168 0.051 78.42 4.402 7.725 0.266 86.64 Mn0.780
4?�Mn0.051

3?�O1.276
2-�OH0.723

1-
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Fig. 7 Density (gm cm-3) as a function of Mn4? vacancy fraction (x)
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also on the structural and dimensional features of the

cathode [33]. In this context, differences in the electro-

chemical reactivity of manganese dioxides can be easily

recognized by discharging them in 9 M KOH solution.

Since this method has added advantage of supposedly

being independent of cell fabrication factors [34], it has

been adopted in the present work.

Figures 11 and 12 presents discharge curves for the

prepared samples in 9 M KOH at 1 mA 0.1 g-1 and

100 X 0.5 g-1, respectively. The corresponding discharge

parameters are summarized in Tables 5 and 6, respectively.

At low current regime, MnO2 is reduced in two steps

(Fig. 11); whereas at high current regime, the second step

becomes less clear (Fig. 12). During the first step i.e. from

MnO2 to MnO1.5, the voltage decreases continuously,

producing an S-shaped curve. This stage is accompanied by

simultaneous insertion of protons and electrons into the

ionic crystal of MnO2. The concentration of Mn3? and

OH- ions in the lattice increases gradually, and MnO2 is

converted to MnOOH according to the reaction:

MnO2 þ Hþ þ e� ! MnOOH ð13Þ

The conversion takes place without any major change in

basic structure of host MnO2 and hence, the process is

homogeneous-phase reduction. The second step is from

MnO1.5 to MnO1.0, wherein the potential remains almost

constant during the major portion of the step. This step

consists of the following three consecutive stages: (i) dis-

solution of MnOOH (Mn3?) in form of complex ions such

as [Mn(OH)4]- into the electrolyte, (ii) reduction of

[Mn(OH)4]- to [Mn(OH)4]2- and (iii) precipitation of

Mn(OH)2 from saturated solution of [Mn(OH)4]2-. The

complete process is heterogeneous-phase reaction [35].

The sloping nature of discharge curve i.e. continuous

decay of voltage, during step 1, is due to the solid-state one-

electron reduction process according to Eq. 13. Since the

process involves the introduction of protons into the crystal

0
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Fig. 8 Structural water content as a function of Mn4? vacancy

fraction (x)
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Fig. 10 Theoretical electrochemical capacity per unit weight, as a

function of Mn4? vacancy fraction (x) for y = 0 (undischarged states)

Fig. 11 Discharge curves of the prepared samples in 9 M KOH at

constant current (1 mA 0.1 g-1)
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lattice, it occurs in a single phase whereby lattice expands

with increasing degree of reduction. The OH- ions, which

are incorporated into the lattice as a consequence of Mn4?

cation vacancies, acts as proton donors providing initial

concentration of protons for Eq. 13. The probability of

proton transfer is expressed as:

Pt ¼ m½OH�½O2�� ð14Þ

where m is the jump frequency, [OH-] represents concen-

tration of proton occupied sites and [O2-] the concentrations

of available, suitable empty sites for proton transfer. If these

concentration terms are expressed as number of ions per

molecular volume i.e. in terms of Ruetschi’s model

Pt ¼ m½4xþ y�½2� 4x� y� ð15Þ

In c-MnO2, two types of [O2-] and [OH-] sites can be

distinguished: the planar [O2-]pl, [OH-]pl and the pyramidal

[O2-]p, [OH-]p configuration with respect to the three next-

neighbouring Mn4? ions. Only the ‘pyramidal’ O2- are

suitable sites for proton uptake [36]. Thus, the rate of proton

transfer (Pt) in the c-MnO2 could be visualized as being

proportional to:

Pt ¼ m½OH�pl�½OH�p�½O2��p
¼ ð4� pÞx�ðpxþ yÞ�ð1� px� yÞ ð16Þ

This expression is plotted in Fig. 13 as a function of x,

for p = 2, and for several values of y as parameter.

Accordingly, for small values of x and y, the rate of proton

transfer increases with the cation vacancy fraction x and

OH- concentration y. x values greater than 0.25 could be

detrimental. They would correspond to very high structural

water contents [10, 12], and would produce lower

electrochemical activity.

The values of x for the prepared samples are in the range

0.15 \ x \ 0.22 i.e. within the specified range of x \ 0.25.

However, energy density has decreased after x = 0.17

(Fig. 14), contradicting to Ruetschi’s model. The energy

density of the prepared samples increases in order MDO-O-

80 \ MDO-O-RT \ MDO-O-60 \ MDO-O-40 (Table 4).

The lower energy density of MDO-O-40 and MDO-O-60

can be explained on the basis of high structural water

Fig. 12 Discharge curves of the prepared samples in 9 M KOH at

constant resistance (100 X 0.5 g-1)

Table 5 Discharge characteristics of MnO2 samples in 9 M KOH at constant current 1 mA 0.1 g-1

Sample code Open circuit

voltage (V)

Discharge time to

0.9 V cutoff (min)

Discharge capacity

(mA h 0.1 g-1)

Gravimetric energy

density (W h kg-1)a
Volumetric energy

density (W h L-1)a

MDO-O-RT 1.431 2280 41.38 104.25 256.80

MDO-O-40 1.487 1883 32.80 84.98 209.34

MDO-O-60 1.437 1359 36.23 88.73 218.57

MDO-O-80 1.428 2806 50.12 123.23 303.56

All calculations for 100 mg MnO2 sample
a Cutoff 0.7 V; based on obtained average operating voltage per cell

Table 6 Discharge characteristics of MnO2 samples in 9 M KOH at constant resistance 100 X 0.5 g-1

Sample code Open circuit

voltage (V)

Discharge time to

0.6 V cutoff (min)

Discharge capacity

(mA h 0.5 g-1)

Gravimetric energy

density (W h kg-1)a
Volumetric energy

density (W h L-1)a

MDO-O-RT 1.471 982 116.95 40.59 99.99

MDO-O-40 1.531 1315 168.60 62.88 154.90

MDO-O-60 1.465 1192 161.07 63.22 155.74

MDO-O-80 1.477 1453 177.79 63.31 155.96

All calculations for 500 mg MnO2 sample
a Cutoff 0.6 V; based on obtained average operating voltage per cell
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content (11.42 and 11.82%, respectively) and high values of

y content (0.041 and 0.081, respectively). The y value,

which signifies Mn3? content in the sample [7], results in

decreased electrochemical performance due to the forma-

tion of electrochemically inactive Mn(III) intermediate [13]

during the discharge process. MDO-O-RT and MDO-O-80,

on the other hand, show low values of combined water

content and y content (Tables 3 and 4), thereby showing

higher energy density as compared to other samples. Thus,

the cation vacancy fraction (x) and structural water content

and Mn3? content (y) determines the electrochemical

activity for the prepared samples [37].

3.7 Cyclic voltammetry

Figure 15 shows the cyclic voltammogram of MDO-O-80

in potential range -800 to 300 mV for first four cycles. As

described in earlier section, reduction of MnO2 in 9 M

KOH takes place in two steps. In voltammogram, homo-

geneous phase reduction shown by Eq. 13 takes place in

the potential region 200 to -300 mV. Upon cycling to

more negative potentials i.e. from -300 to -800 mV,

heterogeneous phase reduction of MnOOH to Mn(OH)2 is

observed through a well-defined peak(s) in region

-400 mV to -500 mV [17, 38, 39]. During oxidation

cycles, Mn(III) species are regenerated in region -300 to

0 mV, whereas the peak at 300 mV is due to the formation

of d-MnO2 from Mn(OH)2 [17, 38–40]. The shape and

peak potentials of cyclic voltammograms recorded agree

with data of composite electrodes recorded at 25 lV s-1

[38], at 2 mV s-1 [17, 39] and at 25 mV s-1 [40].

4 Conclusions

Chemical manganese dioxides containing structural disor-

der were prepared using industrial grade manganese sul-

fate. The merging of lines such as h21/h40 and h02/h61 in

the XRD patterns suggested heavy microtwinning defect

(Tw [ 70%), whereas the de Wolff disorder (Pr) was found

to increase with the reaction temperature. During discharge

process in 9 M KOH, the OH- associated with Mn4?

cation vacancy acted as a proton donor in the first stage of

process. The rate of proton transfer during this stage was

proportional to the Mn4? cation vacancy fraction. How-

ever, the energy density dropped with the increasing

vacancy fraction, which was attributed to the high amount

of structural water content and Mn(III) content associated

with the corresponding samples.
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