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Summary 

This review 1s concerned with the synthesis of manganese dioxide by 
chemical methods and by the activation of natural ores. Chemical synthesis 
usually mvolves thermal oxidation of Mn(I1) (nitrates or carbonates), du- 
proportionation of Mn3+ compounds, oxidation of Mn(II) salt solutions 
by oxidizmg agents such as chlorates, persulphates, ozone, etc , or the reduc- 
tion of permanganates The Mn(II) salts are usually obtained by chemical 
treatment of manganese ores. Low-grade ores require enrichment and sep- 
aration from materials such as clay, silica, phosphorus, Fe and other un- 
desirable heavy metalhc impurities. Electrochemically active manganese 
dioxides are also obtained by the activation of manganese ores which m- 
volves suitable acid treatment of the reduced ores. X-ray diffraction studies 
of the dioxides indicate different crystallme forms: (Y, /3, y, 6, E and rams- 
delhte. Of these only /3-MnO, (pyrolusite) and ramsdelhte are considered to 
be true MnOz modifications, the other crystalhne vaneties are apparently 
non-stoichiometnc intergrowth structures of the former and are fundamen- 
tally P-Mn02. This is produced by the crosshnkmg of the MnO, octahedra 
which formed as a consequence of the hexagonal close-packing of the 02- 
ions, with the Mn4+ ions occupying half of the octahedral sites. 

1. Introduction 

The Zn/Mn02 “dry” cell has been well developed since its mtroduction 
by Leclanche [l] and different versions are available today. 

The MnO, electrode has been extensively reviewed over the past thirty 
years or so [2 - lo]. Batteries Vol 1, Manganese Dloxlde, edited by Kordesch 
[ll], brought together for the first time the developments m both acidic 
and alkaline Zn/Mn02 “dry” cells m 1974. The development of pnmary 
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batteries has received further attention from Cahoon and his co-workers 
[ 12, 131 and from Tye [14]. Several volumes [ 15 - 181 are also available 
covermg the mvestlgations of prominent workers m the field. Kozawa [19] 
has briefly reviewed the properties of Mn02 as a typical solid-phase redox 
system. Takahashi [20] emphasizes MnOz powder technology m the dry 
battery industry and also discusses the problem concernmg carbon for dry 
cell batteries [21] Kordesch and Gsellmann briefly reviewed the alkaline 
Zn/MnOz cell [ 221 The manufacture of MnOz has been reviewed by Koshiba 
[ 231, Braker [ 241, Kobayashi and Kozawa [25] and Preisler [26]. Buzowa 
and Sobolev [ 271 discussed the structure, specific surface area, water 
content and electrical conductivity of MnOz An earlier review of the activa- 
tion of MnO? for dry batteries was published by Talpade et al [ 281. Fatiadi 
[29] gave a great number of references m his review on the use of active 
MnOz for oxidation m organic chemistry 

The present review is believed to be Justified as methods of synthesis, 
especially non-electrolytic ones, have not been adequately dealt with m any 
of the above-mentioned works It is also felt that there is a need for a com- 
prehensive treatment of the sohd state and electrochemical aspects of man- 
ganese dioxide m view of recent developments m the field. 

2. Chemical synthesis 

Various mvestigators have synthesized manganese dioxide by different 
chemical reactions. The y-MnOz crystal phase is the one which has received 
most attention as it is sought after m the battery industry on account of its 
very high electrochemical activity. Minor structural variations wlthm the y 
phase can lead to wide differences m activity. Various crystallographic forms 
of MnOz, such as a[, /3, y and 6 phases, have been synthesized and the same 
reaction can be employed to obtam any one of these phases by mampulatmg 
the reaction conditions. Details of synthesis of the electrochemically active 
y crystal phase of MnOz have usually been patented. 

Electrolytic methods of synthesizing manganese dioxide are not dis- 
cussed here as the literature concerned has been extensively reviewed 
elsewhere [lo, 11, 23 - 261. It IS usually prepared [20] by electrolytic 
oxidation of MnS04 (0.7 - 1.2 mol/l) at about 90 “C! with an anode current 
density of between 0.7 and 1.2 A/dm’ and either graphite, Pb or Ti as the 
anode material. 

2 1 Thermal decomposztlon of Mn(II) nltrates 
The synthesis of the well-crystalhzed stomhlometrlc /3-Mn02 or “pyro- 

lusite” by thermal decomposition of manganous nitrate is well known 
[30 - 391. The method generally mvolves heatmg the nitrate m a muffle 
furnace at about 180 “C for 48 hours An early worker m the field was 
Nossen [40] who synthesized Mn(NO& from a low-grade ore followed by 
decomposition of the nitrate (200 - 300 “C) by the use of heated au and 
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recycling of the by-products Subsequently, many workers [41 - 461 em- 
ployed the above reaction to produce electrochemically active manganese 
dioxides and there are a number of patents [47 - 501 Welsh [ 501 sprayed 
Mn(NO& aqueous solutions contammg alkahne earth and alkali metal 
nitrates to form droplets or sheets of solution which pa&ally decomposed 
to form MnOz and NOz. The solution contammg MnOz is recombmed with 
the nitrate solution, sprayed, and fully decomposed to MnO,. Faber [51] 
reports the formation of r-MnOz by decomposmg Mn(NO& m a current 
of hot an at 150 - 200 “C MnOz having a high electrochemical activity is 
prepared by microwave heating of pure Mn(NO,),*6H,O [52]. Manganese 
dioxides doped with foreign cations such as Li(I), Cr(III), Th(IV), V(V), and 
Mo(V1) have also been synthesized [53 - 561 by thermal decomposition of 
Mn(I1) nitrate m the presence of small amounts of nitrates of the Li, Cr and 
Th cations and vanadates or molybdates for V and MO. Valand [ 571 reported 
that MO-doped P-Mn02 m Zn/HzS04/MnOz batteries and MnO*, obtained by 
heatmg Mn(NO& m the presence of a small amount of Moos, improved the 
discharge performance of Zn/HzS04/MnOz reserve prnnary batteries. These 
batteries are among the ones m which 6 N - 8 N HzS04 is used as an electro- 
lyte. The cathode is a lead or lead alloy which is coated with a mixture of 
MnOz, graphite and carboxymethylcellulose, zmc metal sheet being used 
as an anode. 

2.2 Oxzdataon of manganous hydroxide 
Many workers have synthesized manganese dioxide by the oxidation 

of Mn(OH), m the presence of air and Clz [ 58 - 651. Wadsley [66] and Buser 
[67] bubbled air or oxygen through a mixture of manganous hydroxide 
and sodium hydroxide. This gave intermediate products of uncertam identity 
which were converted to bvnessite or 6-Mn02 by prolonged oxrdation 
McKenzie [39] recommends bubbling O2 for 5 hours through a 2 htre solu- 
tion at 5 “C contammg 0.4 mol MnS04 and 5.5 mol KOH. The 6-Mn02 
thus obtamed is black m colour and contams 9% potassium. It can be trans- 
formed to cryptomelane by boiling m a solution contammg a hmited con- 
centration of K+ ions. Beley and Brenet [68] reported the synthesis of a 
6-Mn02 havmg a high catalytic and electrochemical activity after treatment 
m an acid medium of Mn304, the latter having been obtamed by bubbling 
of oxygen through Mn(OH), to oxidize it. Active MnOz has been prepared 
by other workers [69,70] followmg a snmlar method of oxidation of 
manganous hydroxide. MnOz of high electrochemical activity was also 
obtamed by passmg oxygen under pressure (0.5 MP) through a 200 ml 
solution of 0.2 manganous acetate at 220 “C for 3 - 6 hours, followed by 
rapid cooling [ 711. Shiramoto [ 721 synthesized active MnOn by mixing 300 
ml of 1 M aqueous MnS04 with 300 ml of 8% NaOCl. 

2 3 Dlsproportlonatwn of Mn(III) compounds and oxldatwn with ozone 
Mangamte (y-MnOOH) is known to undergo a disproportionation reac- 

tion m HN03 leading to the formation of y-MnOz [73]. Mnz03 and Mns04 
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also undergo dlsproportlonatlon reactions m the presence of Cl?, HCI, HN03, 
and HzS04, usually, leadmg to r-MnOz. 

This reaction has been mvestlgated m detll by Brenet and co-workers 
[ 74 - 851. Purol [86] reports studies on the kinetics of the dlsproportlona- 
tlon of MnzOs m sulphurlc acid. 01 and y forms of MnOz are obtained by 
the reaction of Mnz03 with dilute or moderately concentrated acids such as 
H,S04, HC104 or HOAc-HNO, muctures and also m the presence of various 
cations [51, 87, 881. A 6-MnOz having an electrochemical activity as high 
as y-MnOz 1s obtained by the treatment of Mn304 with excess of 2.33 M 
H,S04 at 25 “C [ 891 Glovanoh and co-workers [ 90 - 921 obtained 7-MnOl 
by dlsproportlonatlon of Mn304 m excess of HN03. They observed that 
prolonged standing or bollmg of the y-MnOz m excess acid leads to crystalh- 
zatlon and subsequent nucleation to /3-Mn02 [92]. With little acid, the solid 
product of the reaction of Mn304 with HNO, 1s y-MnOOH. Ramsdelhte 
1s reported to have been synthesized by the oxldatlon of natural or synthetic 
grout&e, z e a-MnOOH [ 93,941. 

Faber et al [95] produced y-MnOz of high electrochemical actwvlty 
by adding HC104 (20%, 40 “C) to Mnz03, followed by heating for 1 hour at 
90 “C. They have also synthesized an active MnO? by the treatment of a 
finely divided manganous salt with an HClO,-HNO, mixture followed 
by heating between 150 and 250 “C [96] Faber and Brenet [51,95] 
produced a highly active y-MnO, by oxldatlon of manganous perchlorate 
(20%) with ozone at 50 “C. The process can be modified to get cr-MnOz 
by adding catlons (0.5% - 5%) such as K+, Ca*+ or NH,+, whose radu are 
larger than that of Mn4+, to the solution. 

2 4 Manganous carbonate 
Many workers have synthesized highly actlve Mn02 by air oxldatlon 

of MnCO,, usually m the temperature range 260 - 280 “C [97 - 1031. Most 
of these methods are patented. MnO obtained by thermal decomposltlon of 
MnC03 has to be oxidized to Mn02 by using 10% sodmrn hypochlorlte 
solution m the pH range 4 - 5 [ 1041. Manganese dloxlde having a large 
surface area, and useful as a catalyst, 1s made by reacting an aqueous MnC03 
suspension with NaOCl as oxldlzmg agent [105]. Mn02 of high actlvlty 
was also obtained by thermal decomposltlon of MnC03 m au at a pressume 
of 5 atm (0.5 MP) [106] 

A unique MnO, IS Sedema’s Faradlser “M” (Mn02, 90.45%, “tap 
density”*, 1.63 g/cm3), obtamed by thermal oxldatlon of a dense MnCO,, 
which 1s obtained by the decomposltlon of manganese ammomum carba- 
mate. The carbamate was first prepared by leaching reduced ore w&h am- 
monium carbamate (the “Dean process”) [ 1071. The reactions involved may 
be summarized as follows [ 1081: 

*“Tap density”, IS defined as the apparent den&y of a powder loosely compacted 
m a graduated cylinder before the volume IS determmed 
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heat 
MnO, (natural ore) _ Mn?Os 

ONHe 

/ 
o-Y-NH2 

/ 0 
Mn203 + 0 = C - Mn 

\ 

+ H,O?- MnCOsJ + NH40H 

\ 
NH2 ONHe 

ammonium Mn-ammomum 
carbamate carbamate 

A smter 
MnC03 - Mn02 

or noduhze 

The Faradlser “M” is claimed to be suitable for hght load, low voltage 
cells. Recent reports [107a], however, also indicate that Faradiser “M” 
is suitable even for heavy dram apphcations - so much so that the present 
quality of Faradlser “M” seems to offer a reliable alternative to electrolytic 
manganese dioxide (EMD). In the U S it is used exclusively for Mg/Mn02 
cells [108]. Welsh [ 1091 has similarly obtained MnCOs by leachmg MnS04 
with ammomum carbamate between 65 and 68 “C to mamtam the oxidiz- 
ability to MnCO,. The carbonate obtained is oxidized to crude Mn02 in 
air The Mn02 is further enriched by the use of sodium chlorate m acid 
medium. 

Tanabe [llO] synthesized catalytic manganese dioxide (CMD) (I C 5) 
by the oxidation of MnCOs at 300 “C This Mn02 1s not desirable m a 
battery owing to its comparatively low density (1.23 g/cm’) which is attnb- 
uted to the use of low density MnC03. The latter was synthesized by adding 
drops of Na2C03 to MnS04 at about 80 “C and stirrmg for 60 - 90 mm. 
Tanabe et al [ill, 1121 also reported obtammg an improved Mn02 by 
mitially synthesizmg a dense MnC03. A natural ore was reduced to MnO 
by heating. The MnO was then converted to the manganese ammomum 
carbamate which, when heated to 79 ‘C, produced the densest MnCOs. 
The latter was oxidized to crude MnO, either by treatment with 50% wet O2 
at normal pressure and at 300 “C for 10 hours to give 85.6% Mn02 of “tap” 
density 1.76 g/cm3, or by treatment with 50% wet air at normal pressure and 
at 300 “C for 6 hours for a 77.8% Mn02 of “tap” density 1.76 g/cm3. The 
crude Mn02 was then enriched by reactmg it with NaClO, m the presence 
of a small excess of H2S04 and with added MnC03. After 1 hour at 95 “C 
enriched Mn02 (91.4%, “tap” density 2.31 g/cm3) was obtained. The 
product was found to be suitable for Intermittent hght discharge. It is also 
believed that with a proper choice of electrolytic solution and cathode mix 
the product could be used at a higher discharge rate with a much improved 
intermittent discharge performance [ 1123. 
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2 5 Oxtdamg agents such as chlorates, bromates and persulphates 
Active manganese dioxides can be synthesized by the oxidation of 

manganous salts using oxidizmg agents such as sodium chlorate or bromate 
and ammomum perchlorate or persulphate [85, 113 - 1161 Giovanoh et al 
[117] synthesized crystals of y-MnOz by oxidizmg MnS04*H20 (100 g m 
4 L Hz0 with 0.2 L 2 N HNOs, heated to between 55 and 85 “C) by the slow 
addition of 225 g ammomum persulphate Crystalhte growth is enhanced by 
heating the mitially needle-like crystals m 2 N HNOs under reflux. 

Julian [118] was one of the first to suggest that manganese dioxide 
could be obtained by oxidation of manganese salts. The reaction was usually 
carried out m a strong HNOs medium and at temperatures between 60 and 
80 “C. Gruner [119] obtained an amorphous MnOz by the addition of 
KClOs to pure Mn(NO& m mtric acid. On repeating the above experiment, 
however, he found that a pyrolusite was formed m place of the amorphous 
material. Gruner, therefore, expressed the view that there was no way of 
predictmg which oxide the above reaction would produce Cole et al [ 1201, 
however, were able to obtain pure cryptomelane (a+MnO*) by the same 
method as used by Gruner, VU by the action of HNOJ and KClOs on MnS04 
and by heating the resultmg amorphous substance at 400 “C. Welsh [113] 
prepared MnO? of high electrochemical acitivlty by chlorate oxidation and 
has patented the technique Various combmations of catalytically active 
manganese dioxides and chlorate oxidized manganese dioxides have been 
found to give exceptionally good battery performance [ 1211. Recently, 
Desai [122] determined the optlmum conditions necessary for complete 
oxidation of manganous salts by potassium chlorate. Brooks [123] has 
reported the synthesis of a y-Mn02 having high electrochemical activity by 
NaClO, oxidation of Mn(NO& m HNOs. 

The KClOs oxidation of Mn(NO& m a solution of HNO, and HzS04 
has been studied by Kanoh et al [124,125] who suggested a mechanism 
for the reaction. In an HNOJ solution the reaction is controlled by condi- 
tions that accelerate the oxidizmg action of ClOs- and a 7 phase is obtamed. 
In a solution contammg H2S04, the reaction rate IS determmed by the 
disproportionation of Mn3+ and cx-MnO, contammg 6% K m its crystal 
structure is obtained Both r- and a-MnO, are found to show relatively 
good discharge performance m neutral solutions. Recently, Fernandes 
et al [126] reported detailed mvestlgations of the chlorate reaction which 
IS mvolved m the synthesis of manganese dioxides by KC103 and NaClO, 
oxidation of both MnClz and MnSO, m concentrated HNO, at 100 “C. 
In all cases a-MnO, was obtained when MnS04 was used. With MnCl*, a 
y phase was obtained only when KC103 was added m small amounts A 
mixed (o, 7) crystal phase was obtamed when only one lot of the required 
KC103 was added. A 7 phase is preferably obtained with NaCIO,. The o 
and ((u, y) mixed crystal phase types exhibit exceptionally high catalytic 
activity. The y-MnO, samples show excellent discharge performance m 9 M 
KOH solutions [127]. Welsh [ 1281 reports the synthesis of a special MnOz 
for batteries by NaCIOj oxidation of MnSO+ MnOz with improved dis- 
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charge performance was also obtained by heating a 50% aqueous NaOH 
solution m an autoclave at 180 “C and at 5 atm (0.5 MP) [129]. 

2 6 Reductwn of permanganates 
r_MnO, has been synthesized by reducmg permanganates in a boiling 

MnS04 solution [116,130,131]. Catalytically active MnO, has been made 
by reducing alkaline KMn04 with MnS04 [132] Certain gel forms of MnOz 
are formed by the controlled reduction of acidified NaMn04 and KMn04 
with MnOS4 solution [116]. cr-MnOz is obtained by the decomposltlon of 
permangamc acid solution or by the action of H202 on KMn04 or by adding 
dilute MnS04 to a dilute KMn04 solution [133]. The addition of HCl to 
boiling KMn04 solution also gives cw-MnOz [134] and it 1s reported that a 
brown precipitate of K+ contammg cll-MnOz, and havmg excellent discharge 
capacity, 1s synthesized by the addition of 6 N HCl to a 0 1 M bolllng KMn04 
solution [ 1351. Berg et al [ 1361 have synthesized active MnOz by spraying 
permangamc acid over a heated (150 - 200 “C) granite slab. 6-Mn02 1s pro- 
duced by the reduction of KMn04 with hydrochloric acid [137] or with 
HzOz [138], and Maxwell and Thlrsk [139] obtamed 6 and (Y forms of 
MnO, by adding drops of HCl to bollmg permanganates of (K, Ca and Ba. 
McKenzie [39] has reported the synthesis of a brown blrnesslte (6-Mn02) 
with a potassmm content of 9.5% by adding drops of two moles of concen- 
trated HCl to a bollmg solution of 1 mole of KMn04 m 2.5 htres of water. 
The formation of actlve MnOz by the reduction of permanganate with 
sodmm tetrahydroborate if a weak alkahne medium has also been reported 
[140]. 

The synthetic Mn(IV) oxide prepared by reducing KMn04 m an alkaline 
solution IS usually hydrous MnOz contammg large amounts of chemically 
bound water [141]. Hydrous MnO, sultable for use m batteries 1s obtamed 
as a by-product m several chemical mdustrles (the manufacture of sacchar- 
me, vltamms, etc.) where KMn04 1s used as an oxldlzmg agent [142,143]. 
Narlta and Okabe [144] synthesized hydrous MnOz by reducmg alkaline 
KMn04 with HzOL, K2S03, and KNOz as well as by dlsproportlonatlon of 
K,Mn04 solution. Mehta and Baxl [145] synthesized hard granular hydrous 
manganese dioxide havmg good ion-exchange properties by reduction of 
KMn04 vvlth KI or MnS04 m an alkahne medium 

Hunter [146] reported the synthesis of a new crystal form of X-Mn02 
by the treatment of L&lnZ04, a spmel-type material, with an aqueous acid. 
It has a structure related to the spmel, with most of the Ll removed from the 
tetrahedral sites. The conversion 1s accompanied by lattice contraction. 
Accordmg to a Japanese patent (Jpn Appl, 55-100224, (31 Jul. 1980)), 
LlMn204 having a spine1 structure can be made by heating a murture of LIZ- 
CO3 and MnO, (m a ratio Mn:Ll= 2:l) at 800 - 900 “C. The A-Mn02 was 
reported to exhibit a discharge performance superior to a heat-treated EMD 
Mlyake [ 1471 explained and summarized the procedures for mterconverslons 
among various MnO, polymorphs ((11, /3, y, 6) with relevant references. 
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2 7 Summary of chemacal synthesrs 
Faradiser “M” is considered to be the best chemical manganese dioxide 

which can compete with electrolytic manganese dioxide m the battery m- 
dustry. 

There seems to be plenty of scope, however, for synthesizmg chemical 
manganese dioxides by employing various chemical reactions, taking into 
consideration the followmg crucial factors: 

(1) economics of the process, 
(u) synthesis of the y crystal phase, 
(m) high “tap” density. 
The methods with which to obtain the dioxides that satisfy the above 

criteria are usually patented. 

3. Ennchment and leaching of manganese ores 

The leaching of MnO, ores 1s usually concerned with the conversion 
of the dioxides to Mn(I1) salts such as MnSO,, MnCl,, MnCO,, Mn(NOs)z 
by suitable chemical treatment. Since a crude ore contams inclusions such 
as clay and other minerals, it is Funfled by flotation, washing, magnetic 
separation, etc., before being converted mto Mn(I1) salts. The salts are 
further purified to remove undesirable metallic impurities such as Fe, Al, Co, 
Nl, Cu, etc., usually by a series of pH adlustments [148]. The content of 
heavy metals which can be tolerated m dioxides for battenes is roughly as 
follows [108]. As, Sb, MO, Sn, Ni, Co, Cu, Ge, etc., less than O.OOl%, and 
Fe less than 1%. 

3 1 Enrrchment of low-grade manganese ores 
Low-grade ores can be enriched by foam separation, polygradient 

magnetic separation, gravity separation, reversed flotation, selective floc- 
culation techniques, etc. [149 - 1571 to remove impurities such as CaO, 
SiOZ, P and other The removal of alkali metal and alkaline earth impuntles 
has also been reported [158]. SiOZ and AIZO, can be removed from Mn 
ores by heating the ores with alkali, followed by additions of small amounts 
of powdered lime, and allowmg the suspensions to equilibrate for 2 days 
at room temperature [ 1591. Lean manganese ores and hmes have been 
enriched by various workers [160 - 1641 with mtnc acid, SO2 and HzS04 
Kanungo and Sant [165,166] reported the dephosphonzation of the 
phosphorus-rich manganese ores of Central India (ground 100 mesh par- 
ticles) by selective leaching between 30 and 70 “C for 2 hours m dilute 
mineral acids (HCl, HN03, H,S04). Seventy to ninety percent of the phos- 
phorus was removed and all acids were found to be equally effective. Some 
ore samples only responded to treatment to remove the phosphorus after 
being heated to between 700 and 900 “C. It has also been reported m an 
Indian patent [167] that the phosphorus content m manganese oxide 
ores could be reduced by heating the ore with Na&!Gs and water at 200 “C 
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for 30 mm and at 800 “C for 90 mm, followed by repeated leaching m 
bollmg water. Phosphorus removal was also achieved by heating the ore 
with NaS04 for 1 hour at 950 “C and leaching it for 30 mm at 80 “C with 
a sohd:hquid ratio of 1:3 [168]. Several studies of phosphorus removal 
techniques have been reported [169 - 1771, but details are not available. 
Recently, Fomm [176] reviewed the enrichment and dephosphonzation of 
manganese ores m the Nrkopol and Chlatura Basins. 

3 2 Preparatwn of Mn(II) salts for syntheses of manganese dloxldes 
Manganous sulphate is usually prepared by leaching the ores with 

sulphunc acid [ 178 - 1831 The powdered ore is heated with HZS04 at 
900 “C for 30 mm, cured for 48 hours, dried m a muffle furnace at 550 “C 
for 8 hours, cooled and leached with water and, finally, filtered. Most of 
the Fe is removed by treatment with Na&O, and the filtrate is recrystalhzed 
to obtain MnS04 [178,123]. Almassy et al [179] leached the ore with 
concentrated HzS04, then treated the salt with NaOH and used air for 
oxidation to obtam MnOz of good electrochemical activity. Mamhci et al 
[181] reduced a low-grade Mn ore with dissociated ammonia or methane 
at 900 “C, followed by leaching with HzS04 at 40 “C. Demurya and Agladze 
[183] leached their ore with aqueous HzS04, precipitated Fe and Al from 
the solution, and electrolysed the resulting solution. Factors affecting the 
sulphuric acid leachmg efficiency have also been studied [184 - 1861. Ore 
which has been pre-reduced at 1000 “C with pure graphite powder has been 
shown to leach better [ 1861. MnS04 can also be obtained by treating the 
ores with SO* gas m H2S04 and other sulphate compounds [187 - 1951. 
Yousef and co-workers [189] reported the enrichment of a low-grade Mn 
ore by suspending the pulverized ore m water at 40 “C through which was 
passed an SO,-NO mixture. It was then leached with water m a CO,-au 
mixture. The Mn(I1) salt obtamed was oxidized with (NHJ&O, to obtain 
y-MnOz of high electrochemical activity. 

Some workers [148,196, 1971 used (NH&SO, for leaching the ores 
to produce MnSO+ Piggo and Peslgan [148] roasted a 200 mesh low-grade 
ore with (NH&SO4 at 500 “C for 2 hours. The MnS04 obtamed was leached 
with water and Fe, P and GO, were removed by a series of pH admstments. 
The use of FeS04 for leachmg ores has also been reported [ 198,199]. 
Astoff [198] produced MnS04 by digesting an ore (MnO?, 38.5%; Fe*Os, 
20.8%, SiOZ 26.9%, A1203 6.5%) with aqueous FeSO, for 30 mm at 90 “C 
The MnS04 was then separated from the msoluble Fe(OH), by filtration and 
MnSO,*H,O was obtamed by crystalhzatron of the filtrate. Das and co- 
workers [199] mvestigated the optimum conditions for FeSO, leaching of 
the low-grade ores of Orissa, India. The effect of acid additions during FeS04 
leaching of the ore was determined. They also reported [200] the produc- 
tion of MnS04 from ferromanganese slag (28% Mn) and from a low-grade 
ore (40% Mn). Leachmg by agents such as diluted HzS04, FeS04, FeSO,- 
HzS04 mixtures or (NH&S04-FeS04 mixtures was followed by electrolysis 
of the MnS04 solution to give y-MnOz. Some workers have also reported 
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the production of potassium manganates from ores [201, 2021. Tanabe et al 
[203] describe the production of MnCOs by the treatment of pyrolusrte 
with CO2 m a patent, but there is no evidence that it works. After removmg 
lmpuntles such as Fe, Al, Co, NI, Cu, etc. by treating the MnCO, with 
(NH&SO4 and NasCO,, the punfled MnCOs was decomposed to MnOz 
of high electrochemical actmlty. 

MnClz is usually prepared by leaching the ore with concentrated hydro- 
chlonc acid [ 178, 204, 2051. Swmkels et al [204] then treated the MnClz 
with Cl2 (evolved m the leaching step) to precipitate impunties, while 
preclpltatmg Mn02 by mamtammg the pH at 0.5 with the addition of a base. 
Carbon black was added dunng the MnOz preclpltatlon to improve the 
performance of the product m batteries. The factors affectmg the efficrency 
of the leaching of a low-grade ferrugmous Mn ore with concentrated HCl 
were also discussed [206] Manganous nitrate can be obtamed by leaching 
the reduced ore with mtnc acid [ 178, 2071. MnO? of high electrochemical 
activity was produced by the thermal decomposition of Mn(NO& prepared 
by leaching the ores with nitrous or mtnc acids [208 - 213 J. The salient 
feature of the Welsh process 1s leaching of MnOz ore slurry by a parallel 
stream of gaseous nitrous oxldes, thus avoiding the formation of HNOs 
as NOz gets oxldlzed with excess MnOz. The other character&c feature 1s 
the decomposition of Mn(N03)2*mH20 melt by heating the melt under 
vigorous agitation. This prevents the scaling of MnOz on the walls of the 
vessel. 

4. Activation of manganese ores 

Most of the natural Mn03 ore deposits are inactive and require actlva- 
tlon treatment before bemg used as active cathode materials m dry cells. 
A number of workers 1214 - 2161 mtroduced different methods for the 
actlvatlon of ores. It 1s usually carried out by the disproportlonatlon method 
[75,217,218] which mvolves the reduction of MnOz to MnzOs by heat 
treatment, sometunes m the presence of a reducmg agent such as graphite 
or carbon black. MnzOs, on treatment with dilute mineral acids such as 
HzS04, HNO, etc., undergoes a dlsproportlonatlon reaction to yield elec- 
trochemlcally active MnO, and Mn(I1) salt m the corresponding acid. The 
factors affecting the efficiency of the dlsproportlonatlon process and the 
nature of the MnO, product obtained have also been determmed [219] 
The disproportlonatlon process is known to be a reversible one [220], and 
therefore the acid treatment is one of the key factors which determines 
the nature and yield of the final product. In general, it has been found 
[218 - 2231 that msuffrcrent quantity of HzS04 favours the formation of 
MnOOH, while hot concentrated H2S04 tends to produce Mn,(SO&. 

Many workers [224 - 2321 have reported the synthesis of electro- 
chemically active manganese dioxides by the actlvatlon treatment. Most 
of these are patents. Rosettl [226] reported the synthesis of MnOs of hgh 
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electrochemical activity by roasting pyrolusite m the presence of carbon, 
quenching the hot reduced mass m water, then treating it with an acid such 
as 10% H,SO+ The treatment of finely divided ore with 15% HzS04 at 50 - 
60 “C followed by washing with soft water and drying, also produces active 
MnOz [ 2291, as does the roasting of pyroluslte at 600 ‘C, followed by acid 
leachmg [ 2301. Takahashl et al [ 233, 2341 studied the actlvatlon treatment 
and reported the optimum conditions for activation [ 1091. They crushed 
inactive MnOz ore to less than 100 mesh, heated It for 4 hours at 700 “C 
and then leached it m 1 htre of hot dilute H2S04 (1:9) at 90 “C for 30 mm. 
The activated ore was neutralized m a 5% aqueous solution of bicarbonate 
(contammg 2% of NH,&1 as a peptlzation mhlbitor), washed m hot water, 
and dried at 70 - 80 “C (yielding 55.6%). 

Uetam et al [235] roasted an African ore at 650 - 750 “C m a rotary 
kiln to get MnzOs which was leached m hot dilute HzS04 to obtam active 
Mn02. The product (AMD) was tested m a practical ZnClz cell. Its efficiency 
was found to be equal to that of I.C.l (EMD) on mternnttent discharge and 
was higher than that of EMD on 2 and 10 a contmuous discharge. Never- 
theless, these results do appear to be surpnsmg. The discharge duration of 
the AMD, however, was 60% - 80% of that of an EMD cell because of its 
low packmg density Komiyama [236] also reported synthesis of an actlv- 
ated MnOz by a similar procedure He found that its overall discharge 
performance was close to that of EMD m NH&l and ZnClz battenes. 

5. X-ray diffraction studies 

There is abundant literature on the charactenzatlon of the manganese 
dioxides by the X-ray powder diffraction technique (Table 1). It involves 
the ldentlfication and location of manganese, oxygen and hydroxyl ions m 
the umt cells. A detailed bibliography 1s readily available m two papers by 
Bums et al [237, 2381 and m some of the reviews cited earlier [ 5 - lo], 
as well as m the work of Ettel and Veprek-Slska [239] This will not, there- 
fore, be reproduced here. 

5 1 General structural features 
Flelscher and Richmond [240], Brenet and Heraud [241] and Cole 

et al [ 1201 used X-ray powder diffraction to characterize a large number of 
manganese dioxides obtamed by vanous methods, and the crystal phases 
such as (Y, /3, y, 6, and e and their subtypes were identified. Most of the 
arnbrgurtles mvolved m the nomenclature have been resolved and classifmd 
by Tauber [242]. Nye et al [243] were probably amongst the fust to 
provide a basis for descnbmg the crystal structure of the dioxides by tracing 
their genesis to Mn-0. OH type compounds on the basis of a compositional 
diagram of the manganese-oxygen-hydroxyl system The structures are 
believed to mvolve hexagonal close packing of the oxygen and hydroxyl 
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TABLE 1 

Typical X-ray powder dIffractIon data for CY-, p-, y- and 6-manganese dloxldes 

cz-MnOz [ 2551 /.%Mn02 [ 2551 Chemical y-MnO? y-MnOz 
Tetragonal Tetragonal I2491 (ASTM 14-644) 

Orthorhomblc Orthorhomblc 

hkl d Ill0 hkl d 1110 d hkl d Ill0 

110 6 938 S 

200 4 901 VS 

220 3 467 VVW 

310 3 109 WS 

410 2 393 WS 

301 2 148 s 

510 1 928 uvw 

411 1 830 S 

511 1633 w(W 
540 1 537 W 
601 1427 W 

110 

101 

200 

211 

220 

002 
310 
301 
112 1 

202 

3 084 w 

2393 s 

2 189 ww 

1623 s 

1557 w 

1435 w 
1398 ww 

1306 s 

1204 ww 

a=981ii a = 4 428 A 
c = 2 853 II b = 2 878 A 

3 930 110 3 96 
2 624 130 2 60+ 
2 430 021 2 42 
2 346 111 

100 
60 

140 

2 328 040 2 32+ 80 

2 225 200 

2 133 
2 064 
1 863 
1642 
1609 
1 497 
1 426 

80 
40 

80 
60 
10 
60 

1361 

121 2 12 
140 2 05+ 
131 
221 1637 
240 1 605+ 
151 1 486+ 
002 1422+ 
161 
061 1320+ 40 

a=445A 
b = 9 305 A 
c=285ii 

s = sharp, v = very, w = weak, br = broad 
+In electrolytic MnOz, the lmes marked + are missing 

ions with half of the octahedral sites occupied by Mn4+ and some Mn3+ 
ions. Consequently, octahedra form m which the Mn4+ ion is surrounded 
by six 02- hgands with an average Mn-0 distance of 1.88 A [238]. The 
hydroxides tend to form sheets of edge-sharmg co-ordmation octahedra 
and the oxides tend to form chains of edge-sharmg octahedra [243]. 
Reasons for hexagonal close-packed oxygen and the straight chains are not 
very clear and MnO, could, conceivably, exist also with cubic close-packed 
layers as well as kinked chains of octahedra [244]. It is doubtful whether 
the X-ray diffraction pattern of fine MnOz powder could be used to detect 
such structures if they were present, for example, locally m “active” MnOP 
Further, a careful look at the X-ray data of the MnOz phase reveals that 
the lines at 2.40 a and 1.42 A are present m most of the phases as well 
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Electrolytic MnOz 
12911 
Orthorhomblc 
- 

d III, 

y-MnOz, chlorate 
method [ 2551 
Orthorhomblc 

d III, 

Hexagonal 

hkl 

6-Mn02 [ 2561 
Hexagonal 

hkd d Ill0 

4 10 100 4 075 Nbr) 101 1070 
1150 

2 43 100 2 405 W 301 
2001 

2062 

2131 

2 13 80 

1 64 80 3152 1411 Nbr) 

1389 W 340 
140 60 

2 112 s 

1627 S 

400 

330 
2251 1496 vvw 

7 183 Nbr) 
3 006 vvw 

2 553 ww 

2 429 s 

2 169 ww 

a=4432A a=975A a=b=6022A 

b = 10 75 A b=975ii c = 12 505 A 
c= 2 706 zfi c = 4 628 ii 

as m naturally occurrmg mmerals havmg the same phase. These lines are 
representative of diffraction from atomic planes of hexagonal close- 
packed oxygen contammg Mn4+ ions in octahedral co-ordmation with 
oxygen, m which the [MnOJ octahedra share edges The 2.40 A and 1.42 A 
spacmgs, therefore, correspond to the (lOi0) and (1120) planes of the 
hexagonal close-packed system [ 2451. The Mn-Mn intermetalhc distance 
across the shared octahedra is 2.84 - 2.88 A, and this dimension (or multiples 
of it) commonly appears m the cell parameters of Mn(IV) oxides. 

5 2 Pyroluslte/ramsdelbte the true MnO, modlfzcatwns 
The fundamental structure for describmg the crystal forms of the 

various crystalhne phases 1s that of pyrolusite or &MnOz [238] (Fig. 1). 
The [MnO,] octahedra share edges to form smgle chams extending along 
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the c-axis mth Mn-Mn mternuclear distance, 2.87 A, as a common cell 
parameter The chams are cross-linked with nelghbourmg chams by the 
corner shanng of oxygen atoms of adJacent octahedra. The /3-Mn02 is des- 
cribed as a rutlle structure [246,247], but the ideal rutlle structure IS never 
met; the [MnO,] octahedra are distorted m such a way that the three co- 
planar 120” Mn4+-0 bonds are preferred to the single 90” and the two 
135” angles which would exist if all octahedra were regular [243,244,248]. 
The net result appears to be a lattice expansion m the c-dlrectlon and a 
contraction m the other two. For each MnOz there are four empty tetra- 
hedral ates, half of them sharing two faces with two Mn4+ octahedra and 

b 

(A) Pyrolustte p-MnO2 

b 

(B) Ramsdelllte 

I I Ill II I 

(Cl Nsutlte yMn02 

b 

representative nsuttte 

pyrolusite 0 ramsdellite 0 

Fig 1 Crystal structures of the manganese dioxides In each case, schema marked a rep- 
resent (001) proJectlons of the [MnOb] lmked octahedra and those marked b represent 
three-dimensional represent&Ions of the same In Fig l(C), a, a’ and a” represent (001) 
projections of pyroluslte, ramsdelhte and mtergrown pyroluslte and ramsdelhte domains, 
respectively 
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the other half sharmg only one face [ 2441. In general, the overall lmkmg of 
the [MnO,] octahedra determines the particular crystal phase of MnO, 
[ 2381. Ramsdelhte, a dimorph of pyrolusite [240], 1s built of alternating 
double chams of linked octahedra which are further cross-linked to adJacent 
double chains through corner sharmg of oxygen atoms and departs from 
stolchiometry more than does /3-MnO*. It is rare m nature and its chemical 
synthesis is patented [ 1151, although some earlier reports claim its synthesis 
by oxidation of synthetic groutite [ 94,951 

5 3 Nsutlte or the y-MnO,group 
This group 1s non-stoichiometnc with Mn3+ replacing Mn4+ and with 

OH- replacmg O*-, right up to the end member MnOOH. It is, therefore, 
difficult to recognize one particular variety or member of this group solely 
on the basis of routme X-ray mvestigations. The composite influence of 
crystallite size, intergrowth lattice disorder and partial substitution of 
Mn4+ by Mn3+ may produce a wide variety of X-ray patterns within the 
same group of compounds. These factors are also responsible for the asym- 
metnc and selective lme broadening. From detailed analysis of some line-rich 
y-Mn02 patterns, de Wolff [249] has shown that the position of the sharper 
lines 1s m perfect accordance with a ramsdelhte type of lattice. Certain 
broad lines, however, are shifted away from the positions consistent with 
the sharper lines m the same pattern. Both the anomalous broadening 
and the shift are satisfactorily explamed on the basis of a structural model 
consistmg of randomly alternatmg layers of ramsdelhte and pyrolusite 
units. In view of this random structural Intergrowth, regular periodiclty 
or a superlattice is not apparent. Such lattice disorder causes nsuhtes and 
synthetic y-MnO, phases to have extensive defects and vacancies as well as 
to be non-stolchiometnc and impure [250] These factors, together with 
the small crystalhte sizes of natural and synthetic phases, give rise to a 
variety of X-ray powder diffraction lines, as well as the observed asym- 
metnc and selective lme broadening for nsuhtes. 

de Wolff’s model [249, 2511 briefly assumes a diaspore matrix with 
random slices of one unit cell thickness of the i-utile type-structure. 
According to de Wolff and Giovanoh and co-workers [251, 2521, however, 
electrolytic MnO, does not belong to this group and they were the first 
to interpret EMD as e-MnO,. Further, they are of the opmion that rams- 
delhte, z e purely diaspore-type Mn02, without intergrowth, cannot be 
produced electrolytically. According to Preisler [253], there should be two 
OH groups for every eight Mn4- ions. If this is the case, the models pro- 
posed by Bystrom as well as by de Wolff appear to be inadequate This 
conclusion is supported by the log of the conductivity being mversely 
proportional to the water content of the manganese dioxides If the elec- 
trons are transported by a hoppmg mechamsm between nelghbounng man- 
ganese orbitals, the d.c. conductivity should decrease if the mteratomic 
spacing between the Mn ions is increased by lattice expansion m the direc- 
tion of the current. This is caused by the incorporation of additional oxygen 
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m the form of OH groups. On heating, the OH groups become detached 
and the domams of pyroluslte randomly distributed wlthm the sample would 
re-appear The now shorter Mn-Mn distances ~111 result m an mcreased 
probability of tunnellmg, and thus explam the mcreased conductlvlty with 
the progressnre increase m the pyroluslte domams. These observations of 
Prelsler are apparently supported by the X-ray diffraction studies on fibrous 
electrolytic MnOl of Freund and co-workers [254], wherem It 1s proposed 
that y-MnOz consists of two pyroluete-type cells homed m the a/b plane 
contammg one additional OH- ion m the centre. On the basis of an ortho- 
rhombic unit cell, the lattice parameters evaluated were a = 4.85, b = 8.90 
and c = 2.80 ii. They also described the structure m terms of a super cell 
with the same a and b values as above but with c = 8.4 a The observation 
that EMD does not match the X-ray data of y-Mn02 was first made by these 
workers. 

Panda et al [255] are apparently not satisfied with the above observa- 
tions of Prelsler and co-workers [253, 2541, especially with regard to their 
assumption of an orthorhomblc unit cell for y-MnOz which should contam 
two manganese, eight oxygen atoms and one OH group [254]. Care has to 
be taken, however, when mterpretmg the presence of a &MnOZ peak m the 
X-ray diagram of EMD, which can sometunes be found EMD may contam 
P-MnO, as a discrete phase and not associated with the electrochemical 
formation of EMD It can be ascribed to the presence of MnS04 and HzS04 
at high solution temperatures. 

Panda et al [255] mvestgated y-manganese dioxides from various 
sources and characterized them by chemical analysis, pycnometrlc density 
measurements and unit cell volumes based on crystal lattice parameters 
They observed a ddference of one formula unit (MnOz*xH,O) per umt cell 
between the emplrlcal formula obtained from chemical analysis and the one 
derived on the basis of an orthorhomblc unit cell. They explamed the 
X-ray patterns of powdered y-MnOz on the basis of a hexagonal crystal 
system Even the lme at (Ihkl = 3.1 ii, which could not be explained on the 
orthorhomblc system, could be on the basis of the hexagonal crystal class 
Whether or not r-MnOz can be indexed on the basis of an orthorhomblc 
or a hexagonal system still remams unresolved. In this context, it needs to 
be pomted out that Glovanoh [256] demonstrated the presence of the 0 
lme m a y-MnOz sample. The dhkr = 3 1 .& line, therefore, need not neces- 
sarily be explamed away d the presence of p mlcrodomams 1s confumed. 

5 4 The y-Mn02group 
It 1s mterestmg to note that electrolytic manganese dioxide (EMD) 

1s not a y-MnOz, as 1s usually assumed, but consists of a hexagonal close- 
packed lattice of 02- ions m which half the octahedral sites are almost 
filled at random by Mn4+ ions, unplymg that some face-shared [MnO,] 
octahedra may occur m EMD. de Wolf et al, m 1978 [251], made this ob- 
servation after mvestlgatmg the oriented texture patterns of an EMD syn- 
theslzed by Prelsler [253]. The EMD IS referred to as e-Mn02. Glovanoh 
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[256] reported that e-MnOz is also obtained by the oxidation of acidified 
Mn(NO,), solution with ozone. Accordmg to him [257], the face-sharing 
octahedra cannot be occupied by Mn4+ ions as it would result m an extreme- 
ly short Mn-Mn distance. This would imply a strong cation-cation repulsion. 
In the E direction, therefore, there is a regular alternating sequence (-full- 
empty-full-empty-) of these sites while each layer is itself randomly filled. 
This feature produces a diffuse reflection m the region of 4.22 A, and is 
often confused with the 110 reflection of y-MnO?, although it is clearly 
displaced. e-MnO? is referred to as a thermodynamically metastable state 
as it is easily recrystalhzed to y-MnOz m hot 2 M nitric acid [257]. Although 
disordered, EMD has no amorphous portions and is formed only under the 
particular conditions of high current density, fast nucleation and limited 
growth, 1 e when there is no chance of reachmg thermodynamic equihbrmm. 

Giovanoh [256] also investigated e- and y-MnO, by subJectmg them to 
mild topotactical reduction by the method of Gabano et al [258] which 
uses cmnamic alcohol m xylene for the chemical reduction X-ray analysis 
showed that y-MnOz reduced to a-MnOOH having a few microdomams of 
y-MnOOH m its matrix, while e-MnOz reduced to y-MnOOH. The latter 
fact was explained on the grounds that i-utile-type microdomams operate 
as nuclei for y-MnOOH when reduction occurs Conversely, under mild 
oxidation with dry air or 02, which ensures the topotactical nature of the 
reaction, o-MnOOH oxidized to y-MnOz and y-MnOOH to &Mn02. With 
strong oxidation /I-Mn02 was the product m both cases. During reduction, 
when almost half the reaction was over, Jahn-Teller distortion of the 
[Mn06] octahedra began to be observed owing to the mcreasmg number of 
Mn3+ ions which are formed [256]. The effect of heat treatment on EMD 
(e-MnOz) and CMD (y-MnOz) has also been studied [256, 2591 Giovanoh 
[ 2561 observed that EMD reacted very slowly to heat treatment, I e without 
formmg much /I-Mn02, compared to CMD This was beheved to be due to 
the possible presence of SiOZ m EMD, for which there IS a little evidence, 
which could suppress its nucleation to /3-MnO,, the role of S042- m this 
process, however, was not considered It was also observed [256, 2601 that 
EMD produced m chloride and sulphate baths has different properties The 
role of Cl- and SO2- m the process, however, is not understood. The 
absence of a peak of 8 = 14” (Fe Ka) m CMD, considered to have a y-Mn02 
structure, is still unexplained [ 260, 2611. 

The dimension of the tunnels (although whether it 1s a tunnel structure 
or a layer structure is a controversial pomt) m the Mn02 structures is rep- 
resented as [ 1 X l] for pyrolusite, [l X 21 for ramsdelhte, and so on for 
other structures depending upon the stacking of the [MnO,] octahedral 
chains around the tunnel mvolved [250], On the basis of the newly dis- 
covered mtergrowths of multidimensional tunnels m naturally occurrmg 
Mn(IV) oxides by high resolution transmission electromicroscopy 
(HRTEM) techmques [262], a revised nomenclature for Mn(IV) oxides was 
suggested [250] which, m general, was to use T(m, n). Thus, pyrolusite 
is T(1, 1) and ramsdelhte T(l, 2) so that +y-MnOz and e-Mn02 might be repre- 
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sented as T(l, l)-T(l, 2) mtergrowths. As n increases, a tunnel structure 
approaches a layer structure. Incoherent mtergrowths of bunches of unit 
cells containing simple and multidimensional tunnels lead to the trapping of 
mother liquors contammg H20, cations (Na+, K+) and anions (S04’-, NO,, 
ClO,) m large tunnels, defects and voids at gram boundaries. These gross 
structural imperfections explam why y-Mn02 and e-MnO, have such high 
water contents (typically 4 - 6 wt.% H?O), porosities and specific surface 
areas which cannot be accounted for given a rigid perception of the crystal 
structures [ 251, 2631. The HRTEM used to investigate multidimensional 
tunnels m natural dioxides, if applied to chemically and electrolytically 
synthesized manganese dioxides obtained from various sources, may give a 
better msight mto the subtle structural features of the dioxides [264]. 

5 5 The a-Mn02group 
The structure of o-Mn02 mvolves the cross-hnkmg of double chains 

of [MnOJ octahedra [238, 2651, resulting m tunnels of 2 X 2 dimension 
(Fig. 2). The structure is stabilized by the mcorporation of large cations, 
usually with radn up to 1.35 A such as K+, Ba*+, NH,+, mto the tunnels 

b b 

(A) Hollandlte cu-MnOz (6) Romanechlte (psllomelane) 

(D) Groutlte (Y-MnOOH 

(C) 7A-Na-Manganate (IV), projectron (010) 

Fig 2 Crystal structures of manganese dloxldes and oxyhydroxldes (a and b are as m 
Fig 1) 
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[ 2661. These tunnels, however, do not exist a przorl [ 2561, but are apparent- 
ly a consequence of simultaneous entry of the cation during the process 
of crystalhzatlon of the 01 phase. The reports [255,266,267] that cu-MnOz 
can also be obtained m the absence of such cations seem to be misguided 
as the authors concerned have apparently ignored the presence of NH4+ 
ions m the reaction medium [256]. For charge balance, some of the Mn4+ 
ions must be replaced by vacancies or lower valence cations of similar ionic 
radius. While the presence of cations can adversely affect the battery per- 
formance, there are reports of the synthesis of cx-MnO, havmg high electro- 
chemical activity, such as the one obtained by the action of HCl on KMn04 
[135]. 

Dubois [133] was probably one of the first to attempt a structural 
mvestigation of cr-MnOz obtained by the chemical reduction of KMn04. 
Richmond and Fleischer [268] and McMurdle [ 2691 later studied its 
properties and differentiated it from other MnO, polymorphs. The general 
formula for the (11 phases AZ_ Y B,_. Y Xi6 where A = large ions, e g K+, 
X = 02- or OH-, and B = small ions, e g Mn4+ [ 2701 or 3c < 1 m the general 
formula of the type A,MnsO,, [271] The general formula of the cu-MnO, 
was believed to be similar to that of the naturally occurrmg minerals crypto- 
melane (K+-containing phase) and hollandite (Ba2+-contammg phase) Then 
designation as cw-Mn02, however, was considered to be mcorrect by Giovanoh 
[256] as these do not have the required stoichiometry and cannot, there- 
fore, be regarded as a modification of Mn02 The structure of the mineral 
psllomelane (romanechite) mvolves the cross-lmkmg of double and triple 
chams of [MnOJ octahedra [243] with the mcorporation of Ba2+ and Hz0 
m the ratio 1.2 m the tunnels [272], although some Ba2+ sites are vacant. 
The Bystroms [265] indexed the minerals hollandlte and psilomelane on 
the basis of a monoclmlc unit cell with dimensions a = 9.9 ii, b = 2.87 A, 
c = 9.9 A and p = 90.6”. They indexed synthetic a-Mn02 on the basis of a 
tetragonal unit cell with the approximate dimensions a = b = 9 8 A, 
c = 2.85 A. Delano [273] and Maxwell et al [274] reported the existence 
of monochmc cryptomelane with a = 9.79 ii, b = 2.86 8, c = 9.94 A and 
c = 90.37”. Black, needle-like single crystals of cr-Mn02 were synthesized 
by heating a mixture of r-MnOOH and KOH for a week at 650 “C under 
a hydrostatic pressure of 1650 kg/cm ‘, followed by quenching at room 
temperature [267]. X-ray studies indicated that the cu-MnO, was mono- 
chmc with space group CZh3, having the longest axis of the crystal parallel 
to the crystal c-axis. The effect of several cations on the formation of (Y- 
Mn02 was studied after a-Mn203 and an acid mixture (3 N HOAc + 8 N 
HNO,) were reacted. It was observed that m the presence of NH,+, the (Y- 
MnO, showed a remarkable crystal growth [275]. Recent studies by Post 
et al [276] and by Burslll and Grzmic [277] indicated that there is a super- 
lattice ordering m hollandites which is incommensurate, z e the long-range 
perlodlclty unpressed on the substructure has no apparent spatial relation- 
ship to the substructure periodlcity. 
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5 6 The phyllomanganates or the so-called 6-Mn02 group 
Finely divided oxides of manganese having prominent diffractions near 

dhkl = 1.42, 2.44, 3.63 and 7.3 a have been obtained by alkaline oxidation 
of manganous hydroxide [278] as well as by the decomposition of perman- 
ganates with hydrochloric acid [ 1371. These are known as phyllomanganates 
or Mn(IV) oxides with layer structures containing infinite two-dimensional 
sheets of edge-shared [MnOJ octahedral and separated by 7 a or 10 A 
[256]. Intermediate layers may contam sheets of Hz0 molecules or OH- 
ions bonded to the [MnO,] octahedral layers by Zn’+, Cd2+, Mn’+, Na+, 
etc., ions Cation vacancies may exist m the sheets of edge-shared [MnO,] 
octahedra, and these Mn4+ vacancies may or may not be ordered Stackmg 
disorder between the octahedral layers and the random existence of Mn2+ 
vacancies with different cations adjacent to them are reported to be charac- 
teristic features of Mn(IV) oxides with layer structures [250]. It is also 
reported that these compounds readily scavenge divalent metal ions, to 
exchange these against Na+ and Mn2+ ions and to incorporate the exchanged 
ions mto the lattice [256]. These phyllomanganates also occur m nature. 
The 10 a phyllomanganates known as buserites are the hydrates of 7 .& 
phyllomanganates or the blmessites. Rehydration of the former does not, 
apparently, occur [256]. To name these oxides as 6-Mn02 is considered to 
be mcorrect, as they are not true modifications of Mn02 [256]. There 1s 
no general consensus, however, on their nomenclature, although many of 
the mvestigations were reported earlier on [67, 73, 90,139, 278 - 2861. 

The natural as well as the synthetic forms of these oxides contam less 
than the stoichiometlnc proportion of oxygen Buser et al [67] recom- 
mended that the particular phase be called “manganous mangamte” or 
S-Mn02, depending upon whether the 0:Mn ratio was less than or greater 
than 1.9 They attributed the different diffraction patterns of some 
members of this group to the disordermg of the structure when the Mn2+ 
ions in the mtermediate layer of manganous mangamte were oxidized, 
thus removmg the Mn(OH), sheets and the periodic&y of the basal planes. 
Bricker [281], however, suggested that the presence or absence of the 
basal planes is a function of particle size. He recommended that the name 
“manganous manganite” be dropped and 6-MnOz alone be retamed. 
Giovanoh et al [284] showed, on the basis of high resolution electron 
diffraction and X-ray diffraction techniques, that certam synthetic “man- 
ganous mangamte” phases, reported by earlier workers, contain sodium 
like natural bvnessites The analytical formula recommended by them is 
Na&n 14027. 9H20. They named this sodium manganous(I1, III) manganate- 
(IV), believed to have an orthorhombic superlattice. Giovanoh et al [285] 
also suggested that the synthetic birnessite group, by analogy with the 
nsutite group, consists of an infinite number of varieties with one and the 
same crystal lattice. 

Recently, R.G. and V. M. Burns [250] classified these oxides (bnnes- 
sites and busentes), among others, with respect to their chemical formulae, 
crystal I class, space group, lattice cell parameters, and other structural 
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features. Accordmg to Burns and Burns [ 2381, the 6-Mn02 phase is generally 
considered to be a disordered variety of blmessite. Its X-ray patterns, how- 
ever, contam only two broad diffuse lines at about 2 40 A and 1.42 & 
with little or no suggestion of the lines at 7 0 - 7.2 a and 3 5 - 3.6 A, which 
are diagnostic basal plane reflections for bu-nessite. Recent extended X-ray 
absorption fine structure (EXAFS) measurements on bunessites and buser- 
ites yielded details of Mn4+ site vacancies and co-ordmation environments 
for cations Cu2+, Ni2+, etc., situated adjacent to these vacancies [287, 2881. 
These measurements showed that the cations are bound m the bunessite 
structure and are not randomly absorbed on external surfaces of the micro- 
crystal&es. The subtle distmction between tunnel and layer structures in 
Mn(IV) oxides seems to be governed by the relative magnitude of the values 
of 3t m the system K,MnO, and Na,Mn02 where x Q 1. Thus the potassium 
Mn oxide with 3c = 0.25 (cryptomelane, lsostructural with cr-Mn02) has a 
tunnel structure, whereas x = 0.70 corresponds to a layer structure m 
which K+ ions lmk sheets of [MnOJ octahedra 6 25 A apart [289]. 
The content of co-ordmated water and unto-ordmated hydrate water, 
as well as the presence of Mn2+ and/or Mn3” ions, seem to hmit the 
usefulness of the phyllomanganate group of Mn(IV) oxides to the bat- 
tery industry [ 2561. They are usually characterized by a high voltage 
but a short life [237]. These can, however, be transformed to r-MnO, 
by heat treatment or by being digested m HN03 under reflux conditions 
and m the absence of K+ ions. A 7 A phyllomanganate having an analytical 
composition Mn,01,*5H20 can be synthesized by the careful leaching of 
Na+ ions with dilute HN03, which also mcludes oxidation of the remammg 
Mn2+ ions to Mn3+ [256]. This oxide can be topotactically reduced to 
y-MnOOH by the use of cmnamic alcohol m xylene. 

The oxyhydroxides of manganese are also considered as unportant 
compounds in the crystal chemistry of manganese dioxides, they are the 
mam products of the electrochemical reductron of the dioxides, and are 
also considered to be present as MnOOH groups. cu-MnOOH (grout&e) 
is known to be isostructural with ramsdelhte and consists of double chains 
of linked [Mn(O, OH),] octahedra [238,290] m which hydrogen bonding 
also plays a significant role. It is considered to be the dommant reduction 
product of y-Mn02. Mangamte (y-MnOOH) 1s usually the reductron product 
of pyrolusite. Feitknechtite (/.?-MnOOH) is obtained by the oxidation of 
pyrochroite, I e Mn(OH)2 [ 2381. 

5 7 Summary of X-ray dlffractaon 
Further mvestlgation could be drrected towards the determmatron 

of exact amounts of discrete @Mn02 m r-Mn02 phases. What exactly dis- 
tmguishes a chemical y-Mn02 from an electrolytic Mn02 1s still not clear. 
According to Giovanoh (personal communication), however, there is no 
fundamental drfference between CMD and EMD, but y-Mn02 exists m an 
infinite number of varieties, both synthetic and natural, and EMD is one 
of them. CMD can also have many different appearances m crystal growth, 
shape, order/disorder, etc. 
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6. Conclusion 

Research on the synthesis of manganese dioxides continues to evoke 
considerable interest, mamly due to its ever-mcreasmg demand m the battery 
industry as an active cathode material. Increasing importance is given to the 
chemical synthesis of the dioxides as a substitute for the relatively expensive 
electrolytically synthesized dioxides which are almost exclusively used at 
present for high quahty dry cells. Although highly active chemical manga- 
nese dioxides have been synthesized by various workers, they have not 
found much favour with the battery manufacturers on account of their 
comparatively low tap density and also relatively low open-circuit voltage 
m alkaline manganese dioxide batteries. The above factors, as well as the 
cost of manufacture, should be taken mto consideration m future research 
on the chemical synthesis of manganese dioxides 
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