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PROCESS POR PRODUCING MANGANESE DIOXTDR

The invention ralates to a process for production
of manganese dioxide, particularly for use as a cathode active
material in electrochemical cells.

Manganese dioxide is commonly employad as a cathode
active material in commercial batteries. Such manganese dioxide

has been derived from naturally ococurring manganese djioxide
(NMD) and synthetically produced manganese dioxide which
includes electrolytic manganese dioxide (EMD) and chemical
manganese dioxide (CMD). NMD has a high impurity content and

cannoet be employed in alkaline or lithium cells.

EMD is typically manufactured by direct electrolysis of

" manganese sulfate and sulfuric acid. It's high purity and high

density make gamma wmanganese dioxide desirable for use as a
cathode active material in alkaline and lithium cells.

The features of the product of the invention will be better
appreciated with reference to the follpwing figures:

Fig. 1A is an electron photomicrograph showing the Mno,
particles—from-the process of the invention carried out at slow
rate of heating of reactants.

| Fig. 1B is an electron photomicrograph of the particles in
l._!’ig. A enlarged to show the filament-like surface protrun.tons.

Fig. 2A is an: olactron photomicrograph showing szaller sized
~_ MnO, paz-ticles zron the process of the invention carried out at

" zast rate. of heatinq of the reactants.
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Manganese di oxide is commonly enpl oyed as a cathode. active material in

conmerci al batteries. Such nanganese di oxi de has been derived from

naturally occurring marbqgr@?gf di oxi de (NVMD) and synthetically produced
manganese di oxi de V\piug!pcwgpc udes el ectrol yti c nanganese di oxi de ( EMB)e %:&85/32
cheni ¢t Entdfitse 76X 'dé (@MD). NVD has a high inpurity content and ke
cannot be enployed in al kaling or lLithiumcells. S EMDis typically
manufactured by direct electrolysis of manganese sulfate and sul furic acid.

Its high purity and high density make gama mapganese di oxi de desirgbie fir
use as a cathode Bigi v2Bnisecanaplagtuoraphatonierograph, £ Fha particles in

Pig. 2A enlarged to show the filament-like surface protrusions.

Fig. 3A is an clectrén photonicrbg;aph of EMD particles (prior
art).

Fig. 3B is an electron photomicrograph of the EMD. particles

in Fig. 3A enlarged te show the characteristically irregqlar
particle shape and smooth surface structure.

Fig. 4A is an electron photomicrograph of EMD particles
coated with MnO, produced by the process of the invention
(P-CMD) .

Fig. 4B is an electron photomicrograph of coated EMD
particles in Fig. 4A enlarged to show the filament-like surface

protrusions.

Fig. 5A is an electron photqnicrogmph of prior art
chemical manganese dioxide (CMD) particles.

?ig. 5B is an electron photomicrograph of the particles in
Fig. SA enlarged to show surface features.

Fig. 6A is a graphical plot of the voltage profile (voltage
versus service hours) in an-alkaline AA cell at 3.9-chm constant——
load, comparing performance of the P-CMD with conventional EMD,

Fig. 6B is a graphical plot of the voltage profile (voltage
versus milli amp-hour per gram MnO,) in a flooded alkaline cell
at 0.3 nilli-anp/cn’ current drain rate, comparing performance
of the P-CMD with conventicnal EMD.
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The features of the product of the invention will be better appreciated

with reference to the follow ng figures: Fig. 1A is an electron

phot oni crogr aph show gytghd4 MnJ err] particles fromthe process of the

i nvenht Bfgg carsd ed Quiacat. Sl ow rate of heating of reactants. 449; Bp34LE ¥ 32
is an al ectron photom crograph of the particles in Fig:> 1A enlarged to show
the filanment-1ike surface protru5|ons Fig. 2A'is an el ectron

photom crograph showi ng snmaller sized MhiJerr] particles fromthe praocess

of the invention carried out at fast rate of heating of the reactants.
Fig. 7A is a graphical plot of the voltage profile (voltage

versus milli amp-hour per gram MnQ,) in a lithium cell at 0.17
milli-amp/cn’® current drain rate comparing performance of P-CMD
with conventional EMD.

Fig. 7B is a graphical plet of the voltage profile (voltage
versus milli amp-hour per gram MnO,) in a lithium cell at 1.0
milli-amp/cn® current drain rate, comparing performance of P~CMD
with conventional EMD. '

Fig. 8A is a graphical plot of the voltage profile (voltage
versus milli amp-hour per gram Mn0,) in a lithium cell at 0.17
milli-amp/cn’® current drain rate, comparing performance of P=CMD
with conventional CMD (WSLi).

Fig. 8B is a graphical plot of the voltage profile (voltage
versus milli amp-hour per gram Mn0,) in a lithium cell at 1.0
- milli-amp/ca® ourrent drain rate, comparing performance of the
MnO, product of the invention (P-CMD) with conventional CMD

(Wws1i).

The present invention involves a process for production of
battery grade chemical manganese dioxide (CMD). P-CMD when used
in electrochemical cells, particularly alkaline and 1lithium
cells, provides these cells with higher capacity and energy

___density per gram than are obtainable from the same cells
employing electrolytic manganese dioxide (EMD). The process of
the invention allews for greater control of properties such as
density, surface area and particle size than is possible with
present processes for the manufacture of conventional forms of
EMD or CMD. The process of the invention therefore allows for
production of high purity CMD which can be nade to have
properties more nearly optimal for a given electrochemical cell
type. _ The nigh density of our MnQ, product is compnrable to
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Fig.*2B is an-el ectron. photonizcr ograph of the particles in Fiig. 2A enlarged -

fo show the filament-1ike surface protrusions. Fig. 3Ais an
el ectron photon crograpds @§34EMD particles (prior art). Fig. 3Bis

an ergctr
Show the
structure.

&

Fig. 4A is an el ectron photonicrograph of EVMD partjcles

coated with M err] produced by the process of the invention (P-CMD).

that obtained from electrolytic manganess dioxide (EMD), yet the
surface area of each MnO, particle is greater than that cbtained
from conventional EMD and CMD processes. The high useful
surface area of each particle allows for better perfermance,
particularly in lithium cells _conéain:lng Mno,. By "useful"
surface area we refer to the surface arsa which is accessible to

the electrolyte.

The process of the invention for production of battery grade
manganese dioxide is carried out principally by reacting an
agquecus solution of manganese sulfate with sodium

peroxodisulfatae.,

The reaction may be represented as follows:

MnSO, + Na,8,0, + 2K,0 = MnO, + Na,80, + 28,80,  (I)
When an agueous solution of manganese sulfate (MnSO;) is reacted
vith sedium peroxodisulfate (Na,5,0,), a gamma crystal structure

* of Mno, is directly obtainable as a reaction product in the fornm

of a precipitate. The MnO, precipitate tends to form spherical
particles having filament-like protrusions emanating outwardly
from each particle surface and@ are substantially uniformly
distributed over the partiéle surface. The term "filament-like®
as used herein shall be construed as including thin, elongated,
protruding structures such as but not limited to filaments,
hairs, needles and fibers. The "filament-like" protrusicns are

.phet om, graek:aph of the EMD particles in Fig. 3A enlargedstegas:# Aok
aracteristically 1 rregular particle shape and snoot h surface

characterized by a length to width ratio between about_ 2:1 and _ _

20:1, typically between about 3:1 and 10:1, wherein the width
and length refer to those portions of the protrusions which are
visible from the particle surface. The average length of the
"filament-like" protrusions is typically between b.a to 1 micron
and the average width is typically between 0.1 to 0.3 mieron.
These dimensions are measurable at a magnification of about
40,000 times actual size. The "filament-like" protrusions
result in high surface area of the MnO, particle. The Mno,
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Fig. 4B is an el ectron photom crograph of coated EMD particles

in Fig. 4A enlarged to show the filanment-1ike surface protru5|ons

Fig. 5A is an el ectron {gbhd8®m cr ogr aph of migsl&étmﬂﬁee“i\ manganese

oL e T

particles of the invention as above described may be referred

to in the specification drawings and clains as P-CMD.

Unlike the well known Sedema process as disclosed in U.S
patent 2,956,860, the present invention permits the average
particle size and density of the MnO, product to be altered by
regulating the rate of the above reaction (I). This can be

. accomplished by simply controlling the amount or rate of heat

supplied to the reaction. Unlike the Sedema process the present
reaction does not require a -catalytic MnO, substrate for
receiving the MnO, product. In fact no catalyst is required and
the Mn0, product forms into denss, discrete particles without the
need of a substrate material. However, it has been discovered
that the reaction mixture can be seeded with almost any

nonreactive solid material including metals and such material.

will act as a substrate for the P-CMD. That is, the MNno,
reaction product will precipitate directly on the solid

* material.

It has been discovered that the above reaction mixture can be
seeded with particles of electrolytic manganese dioxide (EMD)
and the MnO, reaction product will deposit directly on the EMD.
This results in a very high density hybrid gamma MnO, whose outer
surface comprises a P-CMD coating having filament-like
protrusions and high surface area, while the overall particle

. shape and_interior structure is that characteristic off EMD.

This hybrid form of MnO, can advantageously be used as cathode
active material in electrochemical cells, particularly alkaline
or lithium cells. It is especially attractive for use in
lithium cells, since the exposure of the EMD particles to E,50,

during the reaction of the invention, leaches out small anocunts
of sodium that is trapped within the EMD particles. This

reduces the amount of sodium impurity in the P-CMD product, .

wvhich is particularly advantagecus if it is tec be used as

449 8934;# 8/32
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Fig. 5B is an el ectron photom crograph of the QaI‘_LJ_CLE—S -+-n Fig. 5A enl arged

t'o show surface features. Fig. 6A7i's a grar h|c QI ot of the voltage
profile (voltage versud4$dfid ce hours) |mhla‘ﬁleﬁﬂ cell at 3.9 ohm

const gni,-boad, oscoMpasidegLiper f or mnce of t onvent i onal 44EM934: # 8732
Fig. 6B is a graphical plot mfz t he vol tag age versus mlti

anp- hour per gram Mg err]) i'n a flooded aI |ne ceII at 0.3 .

mlli-anp/cnierr] current drain rate, corrparlng per f or mance of the P-CMD

wth conventi
profile (volt

at.0.17 mlli-ddedovdred | thatr ¢he dreaction cnixtyure carea

TR potitve mitiad 40 DGR LA ) £ DR, KiahHhan

wsly- Ged

i convent| B cronuihd o by biRak factighed. | B Bk Chae

the MnO, reaction product will dcposit directly onto the surface
of these particles to form a hybrid particulate material which
may also be used as cathode active material in electrochemical

cells.

The above reaction (I) may typically be carried out in a
temperature range between about 30 and 100° ¢, preferably betwaen
70 and 90° C. The reaction (I) is preferably carried out in a
temperature range between about 70° ¢ and 80° ¢ when the intended
use of the P~-CMD is as a cathode active material in an alkaline
cell, and between about 80 and 90° C when the intended use is as
a . cathode active naterial in a 1lithium cell. (For end
application of the P-CMD in alkaline cells it is preferable to
keep the final temperature below 85° C in order to obtain a ganma

' Mno, product with higher running veltage and capacity than EMD.)

After the reaction is conpietq, the MnO, precipitate is collected
and rinsed with distilled water until it has a pH of 7. It may

" then be dried at room temperature if its intended use is as a

cathode active material in an alkaline cell. Alternatively, it
may be dried at elevated temperature for more thorough drying,
it its intended use is as cathode active material in a lithium
cell. The resulting dry gamma MnO, has a high purity and low
sodium content of less than about 500 ppm. . The dry P=CMD
contains at least 95% gamma MnO, in particulate form. (No other
crystalline forms of MnO, have been detected in the dry P-CMD
of the invention, but 95% is the limit of resoclution of the x-
ray diffraction analysis employed for Mn0,.) Every MnO, particle
made by the process of the invention, when observed betwesn 200
and 2000 times actual size, appears to have filament~like
protrusions radiating outwardly from the particle surface and
these protrusions appear to be uniformly distributed around the
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MiQerr]) in a lithiumcell at 1.0 nilli-anp/cnferr] current drain rate,
conparing performance of P-CVMD with convent | onal END. - Fig. BAis a

graphi cal plot of the 4481§33¢e profile (voITfx Replacddi  anp- hour per
gram4wggegrr7] 3o i N @ukddehi um cel | at 0.17 mc,l , ] current 4¢h 8283£: 810732,

conpar.i ng perfor mancesof P-CMD with (WBLi ) .

Fig. SB is a graphical plot of the voltage profile (voltage versus mlli
anp- hour per gram Mi(err]) in a lithiumcell at. 1.0 mlli-anp/cnferr]
current drain rate, conparing performance of the MngJerr] product of the .

et o (P- iuhh'“"e‘]&l Olm. tJ ]2 mﬁc‘d u ggﬁéﬁ%m cal ly be
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particularly petal vasuayl, if desired. This treatment is preferred if the

end use of the MnO, is as cathode active material in lithium
cells. The heat treatment is well known, a suitable heat
treatment process being disclosed in U.S. patent 4,921,689,

It has been determined that varicus properties of the Mno,
product can be altered and controlled by controlling the rate
at vhich the reaction mixture is heated. In general a denser
P-CMD is cbtained if the reaction is carried ocut at a slower
rate, e.g., 1f the riactien temperaturs is increased at a slover
rate., In a slower reaction individual particles of Mno, have
time to grow to form larger, more compact particles. In a
faster reaction, e.g. produced by faster increase of the
reaction temperature, the individual particles of the P-CMD do
not have sufficient time to grow to form larger particles.

" Therafore the individual particles are smaller and less compact.
They have a fluffier appearance and lover average density than
particles obtained from a slower rate of heating.

A sufficiently slow reaction rate to provide a pP-CMD product
bulk density of about 15 to 32 g/in’ (0.9 and 2 g/cn’) SAD (Scott
Apparent Density) is obtained if the aq‘ucoun reaction mixture of
MnSO, and Na,5,0, is maintained at an initial temperature of about
50°_C for about .18 hours and then slowly increased at “nearly

constant rate for between about 5 and 10 hours until a final
temperature of between about 70 to 90° C is obtained. The

reaction mi% may then be left to stand for about 1 hour a¢ this
final reaction temperature, to obtain a maximum vield, typically
about 70% of the stoichiometric amount of MnSO, converted to P-
CMD. 1In this manner battery grade P-CMD can be obtained having
densities comparable to or even higher than the density of
electrolytic manganese dioxide (EMD) which typically is at a
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lithi.umcells, provides these cells with higher capacity and energy density
per gramthan are obtainable fromthe same cells enploying el ectrol yt| c
manganese di oxi de (EMD)49 §384 process of t h@hisBheetrifas Been Béplagwds f or 411

cont rol, o{ p;ggertl,ﬁ,%@éigh as density, surf ﬂm m "Hmirtlcle sf’ﬁgeetgﬁ
lon

I's p055| *bie with pr esent prd);,:esses for the conventi onal
forms of EMD or CVD. The process of the inven erefore allows for
production of high purity CVMD which can be made to have properties nor e

nearly optine fof Be9abahe 5 €898 g7k Ctils ' ¥8%1. "%/ en®) sAD (scott
Apparent Density). 1In general a bulk dcnlity of the P-CND
between about 15 and 32 g/in® (0.9 and 2 g/cm’) can be achieved
by heating the aqueous solution of MnSO, and Na,8,0, from an
initial temperaturs batween about 40° ¢ and 70° C for a period
during reaction at an average rate of less than about 7° C per
hour for at least 5 hours, typically between about 1° € per hour
and 7° € per hour for at least 5 hours.

A sufficiently fast reaction rate to achieve a P-CMD
prcduct bulk density of between about 8 to 15 g/cw’ (0.5 to 0.9
g/cn’) (Scott Apparent Density) is obtained if the agueous
reaction mixture of MnSO, and Na,8,0, is heated at about constant
rate from room temperature so that a final temperature of
between 70 and 830° C is achieved in about cne to twe hours. The
reaction mixture may be left to stand for about one hour at this
final temperature, to obtain a maxinmum yield, typically about
- 70% of the stoichiometric amount of manganese in MnSO, converted

to Mn0,, In general a bulk density of the Mno, product between

about 8 g/in® and 15 g/in® (0.5 and 0.9 g/cm®) can be achieved by

heating the aquecus solution of MnSO, and Na,8,0, from an initial

temperature between about 30° C and 100° C for a period during

reaction at an average rate greater than 7° C per hour for less

than about 5 hours, typically between about 7° C and 20° ¢ per
. hour for less than about 5 hours.

It has been determined that the stoichiometric y:leld of Mno,
can be dramatically increased to about 95% by slowly addi ng a

suitable alkaline base slowly to the reaction mixture. Aas the
reaction proceeds the bhase reacts with the H,80, as it forms,
thereby improving the reaction kinetics and ultimate yield of
MnC,. A preferred base is Li,C0;. Alternative bases can be
employed to react with the H,80, to produce the same increase in
yield of MnO,. Such compounds include Na,C0O,, LiOH, NaOH and MgoO.
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-3- high density of our Mh(Jerr] product is conparable to that obtained
ffonlelectrolytlc manganese di oxi de (EMD), yet the surface area of each

Mg err] particle is grﬂgtglfut han t hat obtai ned from conventi onal EMD and

CMVD processes The surface area of each particle allows#ffopesei#12/52

Ry
better4 b?ar‘fsorn'&nce parti cuI{arJ y in lithiumcells contdihing MQ err]. By
"useful" surface area we refer to the surface area which'is accessible to
the él ectrol yte. The process of the invention for production of

Pattery grade o rYaltinate i “of *tiie Mnd, product in lithium cells it would

be preferred to add compounds such as Li,CO; and LiOH to the
reaction mixture to increase yield. PFor ultimate use of the Mno,
product in alkaline cells it would be preferred to add Na,COy or
NaOH to the reaction mixture. If such compounds are added, they
should be added slowly to the reactiocn mixturse to prevent the p
of the mixture from abruptly increasing to a pH greater than
about 3.

The MnO, reaction product of the invention takes the form of
discrete particles having a spherical shape and gamma
crystalline structure. The particle size of the P-CND can also
be controlled by varying the rate at which the reaction nixture
is heated. 1If the reaction mixture is heated to produce a
constant rate of increase in temperature theén the MnO, particle
size distribution will be uniform, that is, there will not be
much variance in the dianeter of individual Mno, particles. 1If

- the reaction mixture is slowly heated at constant rate, e.g., of
between about 1° C and 7° C for at least 5 hours, the Mno, product
will take the form of relatively large uniform spherical
particles as above mentioned. If the reaction mixture is
rapidly heated at a fast constant rate, e.g., between about 7°
C per hour and 20° C per hour for less than about 5 hours, the
P-CMD product will tend to take the form of relatively small
spherical particles. If the reaction mixture is initially
heated at a slow constant rate of temperature increase and later
at a fast constant rate of temperature increase, the reaction
product will contain a distribution of both large and small Mno,
particles. '

The following examples illustrate the method of preparation
of battery grade MnO, by the the process of the invention. All
parts are parts by weight unless specified otherwise.

- ——
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out principally by reacting an aqueous sol uti on of manganese sulfate with

sodi um per oxodi sul f at e. The reaction may be represented as

follows: MhSOerr] + NdgebbidS[err]Jerr] + 2Herr]O = Mgerr] +

Na[ ef L] SCkenklost 2Hpetact S err] (1) Wen an aqueous sol ution of nantfinga$é:#13/32
sul fate (MiSQ err]) is reacf@ w th sodi um peroxodi sul fate
(Naf[err]S[err]derr]), a garmm crystal structure of Mierr] is directly

obtai nabl e as a reaction product in the formof a precipitate. The M{J err]

precipitate tgnds to form spherical particles having filanment-Iike
protrusioens é ' utwardly fromeach particle surface and are

substantial |y urifigh rdensity rgimieMnOs 18 hpreparéd| bystheaproctss (6f "the
"filament-1ike" as._wsed herejn shall be construed as 1ncluding thin,

el ongat ed, prgm’ﬁﬁﬁ:ﬁ“s“ué? DB uch as but not linited to filanents,
hairs, needles 120 g of MnSO, H,0 is dissolved in 1800 ml of distilled water.

Then, stoichiometric amount of Na,8,0, (169 §) is added to the
clear pinkish solution to form a reactant sclution. While
stirring, the temperature of the solution is raised over a
- period of about 2 hours from room temperature (20° C) to 50° ¢
and is maintained at a temperature of 50° ¢ overnight (about 18
hrs) while continually stirring. This enhances the nucleation
process. The reaction proceeds according to reaction (I) above
referenced. The clear pinkish solution slowly turns brewn and
then eventually turns & black color as more MnO, is precipitated.
After the 18 hour period the solution is heated from about
50° C to produce a constant rate of temperature increase of about
25° ¢ per hour for about 1 hour to a temperature of about 75° C
" and is maintained at 75° C for about 3 hours. The solution is
- then heated at constant rate of about 10° C per hour for about
1 hour to a temperature of 85° C and maintained at 85° ¢ for 1
hour. The solution is again heated at a constant rate 30° C per
hour for about 1/2 hour to a temperature of about 100° ¢ and
maintained at 100° ¢ for about 1 1/2 hours at which time the run
is ended. The pH of the solution at the end of the run is less
than 0.5. The solution is then cooled to room temperature (20°
C} in about one hour. The solution is filtered and the solid
MnO, is continually rinsed with distilled water until the
filtrate stream has a neutral pH of about 7. The resulting
black powder is dried at 100° C to drive off surface water. The
overall yield of P-CMD is 41 g or 67%.0f theoretical yialA.
The resulting product is battery grade MnO, at least 95% of
.which is verified by x-ray diffraction to be of the gamma
crystalline structure. (No other type Mno, crystalline structure
was detected, the 95% threshold being the limit of resolution of
the_ x-ray diffraction analysis.) The P-CMD product has a high

———
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and fibers. The "filanent-like" protrusions are characterized by a |l ength.. .
to width ratio between about 2:1 and 20:1, typically between about 3:1 and
10:1, wherein the w dth] ga?gw ength refer to those portions of the

protrusions which are v‘}s e fromthe particle surface. The averagees|sBgisisa a2z
of thé 21198 ARt - | i REA“H¥ot resi ons is typically between:0.3 to 1 micron and
the average width is typically between 0.1 to 0.3 mcron. These di nensi ons

are rmeasurable at a magnification of about 40,000 tinmes actual size. The
"filament-1ike" protrusions result in high surface area of the Mi(Jerr]

T e o' PN QiR bE°ASRuS! 13 G/ LAY (L1 Py’ 0RD {paoteagpupantc
UEI i ke the welDensdity).Sedm@lactrons m%ongsmslmlnm@%p %i:"i. 9552553’
the present | Qygnt Tl Snblih ENFRAE AN hha! 2851 AMeRRiters bpherital
vherrl prOd%ﬁr;E:ﬁ%%tggg :—Eﬁ&m particles (e.g. particle 10) is shown in
Fig. 1A taken at 199X magnification. The filanent-like (e.q.
hair-like) protrusions 15 emanating from the surface of each
spherical particle are clearly visible in FPig. 1B, which shows
an individual particle at 2,030X magnification. By comparison
the electron photonicrograﬁhs of the commercial battery grade
CMD (WSLi) particles are shown in Figs. SA and 5B, which are
taken at 202X and 2060X magnification, respectively. (The WSLi
brand of CMD is available from Sedema, a division of Sadacem,
5.A., Terte, Belgium.,) It is clear from Figs. 5A and 5B that
representative particles 70 do not exhibit filament-like
protrusions characteristic of the ¥n0, product of the invention

(Figs 1A and 1B).

Example 2: :

Lower density gamma MnO, is prepared by the process of the
invention as follows:

The P-CMD is made in a similar manner as described in example
1, except that rate of heating is faster leading to smaller size
and less dense particles. Specifically, the same nethod of

preparation and conditions as in exanple 1 are employed except
the reactant solution is heated from 50° C to 100° C at rate of
about about 17° C-per hour—for a period of less -than S5 hours,
narmely about 3 hours. Figures 2A and 2B are alectron
photomicrographs of the resulting MnO, product. The product
sanple represented in Figs. 2A and 2B had a bulk density of-
about 8.7 g/in’ (0.53 g/cw’) (Scott Apparent Density) and is at
least 95% gamma Mno,.

The filament-like (e.g. hair-like) surface protrusions 20 and
25 of the individual particles may be seen in Figs. 2A and 2B,
respectively. The P-CMD particles as described in this example
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regulating the rate of the above reaction (I). This can be acconplished by
sinmply controlling the ambunt or rate of heat supplied to the reaction.

Unl i ke the Sedena procgdstdiMe present reaction does not require a c}a% ae{gﬁ;i#?a/az

I\/hq el n]-subsbhs at e;duakcatecei ving the Mi(Jerr] product. .Ln fact no ca
is required and t he NhCIerrr product forns into dense, discrete particles
wi thout the need of a .

may be used as cathode active materisl in elsctrochemical cells,
particularly alkaline and lithium cells, If intended for use in
lithium cells the gamma MnO, may be heated at a tenperature
between about. 300~-400° ¢, typically for about 6 hours at 350° C
or 32 hours at 300° C to convert the gamma MnO, to gamma-beta
crystalline structure and to evaporate any residual moisture

entrapped within the MnO, particles.

Example 3¢ |
P-CMD is produced in a manner similar to that described in
Exanple 1 except that Li,CO; is added to the reaction mixture in
order to increase the yield of Mn0,. 583 g of MnSO, H0 is first
dissolved in 8 liter of distilled water in a 12 liter round
bottom flask. Then stoichiometric amount of Na,5,0, (822 g) is
added to the slightly pinkish solution. The solution is heated
at a constant slow rate for 6 hours from room temperature (20°
C) to 55 °C. Then 23 g of Li,CO; is then slowly added and the
. solution is maintained at a temperature of about 55° C for 18
hours while continually mixing. An additional 69 g of Li,CO; is
added after the 18 hour period and the solution is heated at a

constant rate of about 6° C per hour for about 2.5 hours up to
a temperature of 70° ¢. Another 36 g of Li,C0, is then added and
the solution is heated at a constant rate of about 5° C per hour
for 2 hours up to & temperature of about 80° C. The solution is
then heated at a reduced constant rate of about 3.3° C per hour
for 3 more hours up to a temperature of 90° C. _The solution—
temperature is held for about 18 hours and then cooled in about
1 hour to room temperature (20° C). P=CMD is recovered and dried
in the manner described in example 1. The yield of MnO, is 270
g or 90% of the theoretical yield. At least 95% of tha MnG,
product is verified by x-ray diffraction to be gamma Mno,, The
bulk density of the P-CMD is measured as 20 g/in’ (1.2 g/ca’)
(Scott Apparent Density). This P-CMD product can be heat
treated as in Example 1 whereupon it becones -particuiarly
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-4- substrate material. However, it has been discovered that the reaction
m xture can be seeded with al nost any nonreactive solid material including
netal s and such naterlalqqu'mdl act as a substrate for the P-CVMD. That is,

t he Mlqgrgg]”r@gact i.eraeeduct will precipitate directly on the soli4#e 6834i818/32
mat eri al ® It has begn. di scovered that the above‘ reaction m xture

can be seeded with particles of el ectrol yti c manganese “di oxi de (EMD) .and
the M err] reaction product will deposit directly on the EVMD. This

results in a ver | h denS|ty hybri d gamma %err r ,surface
conpri ses a P—!}l%t £oF masi a8 3 cathode pckive ma iﬂ\g{] 3%%&151! aellisce
area, while the overal I particle shape and interior structure is that

characteristic of EMD. This hybrid formof MidJerr] can
) ]

This example denonitratu the use of EMD part.icl“ as a
substrate for the precipitation of MnO, made in accordance with

the invention.
120 g of MnSO, ﬂ,o is dissolved :I.n 1.6 liter of distilled

water in a 2 liter beaker by stirring. 120 g of Na,5,0, and
20 ¢ of EMD (from Kerr-McGes) Are thon added to the slightly
pinkish clear solution.

The heating regimen is as follows. The whole mixture is first
heated from room temparature (20° C) to 835° ¢ in about 2 hours
and held at this temperature for 18 hours while continually
nixing. The whole mixture is then heated slowly at constant
rate for about 5.5 hours to a temperature of 75° C. Then the
whole mixture is heated for another hour at constant rate to a
temperature of 100° C. Thereupon the mixture is cooled to room

* temperature (20° C) in absut 1 heur.

The hybrid Mn0, product is rinsed with distilled water until
neutral. Then it is filtered and dried at 100° C to remove
surface water. The total yield of hybrid !llnt)z product is 60 g
and its bulk density is 24 g/in (1.5 g/om ) (Scott Apparent
Density). The hybrid MnO, product contains about 67 wt% of the
deposited gamma MnO, and 33 wt$ END,

The MnO, product consists of gamma 1nO, deposited uniformly
over the surface of the individual EMD particles to form a
hybrid MnO, product. Each particle of the hybrid Mno, product
retains the overall irregular shape of the EMD particle, but
exhibits a surface formed of uniformly distributed £ilament-like
protrusions characteristic of the gamma MnO, made in accordance
with the process of the invention. Representative electron
Photomicrographs of the hybrid MnO, particles are shown in Figs.
4A and 4B. By way of comparison Pigs. 3A and 3B are elactron
photomicrographs of the EMD particles. These figures clearly
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advant ageously be used as cathode active material in electrochem cal cells,
particularly alkaline or Iithiumcells. It is especially attractive for use
in lithiumcells, si ncd49kﬁé3‘bxposure of the EMD particles to Herr]SQ err 1 745;
duri'ng-{hesneast i onoofacelre i nyention, |eaches out snall amounts of £5aP it
that is trapped within the END~part|cI es. This reduces the amount of sodium

i mpurtty in the P-CMVMD product; which is particularly advantageous If.at is

to be used as cathode active material in lithiumcells. It has also been

gt aphi e or o R SHIEC s R8atME "ahapal AAC SR mhedach HE] dhefl B

product will deawkiclel refigy @k o showsuthacovaralicshaps tof! eacho Kybrid

o P L SRS, 0B 46 °(EE N HigRReIBhEIOR OF! (4R, pines

typical ly be cxotuak),ouasi resenbbing athec shapec cf-tthenEMDoparticles, e.g.
particle 50 (Fig 3A). However, as may be seen from Fig. 4B, the
surface features of each hybrid MnQ, particle exhibit filamente
1ike protrusions, e.g. protrusions €5, emanating from and
uniformly covering the surface of each hybrid particle. This is
the result of the deposition of the gamma MnO, of the present
process énto the EMD particles. An advantage of this hybrid is
that it has higher surface area than EMD, but yet also has high
bulk density. It is also cheaper to manufacture than an
equivalent weight of gamma ¥MnO, produced by the process of the
invention. The hybrid MnO, so produced can be used as cathode
active naterial in electrochemical cells. If heat treated
before application, e.g. as in Example 1, it can be employed as
cathode active material in lithium cells.

. Exanmple 5: :
This example demonstrates the preparation of high density p-
CMD specifically for use as cathode active material in alkaline

cells.
583 g of MnSO, H,0 are dissolved in 8000 ml of distilled water
contained in a 12 1liter round ‘bottom flask. Then,

stoichiometric amount of Na,8,0, (822 g) is added to the
clear pinkish solution. The solution is heated from room — -

temperature (20° C) to 50° C in about 2 hours. The solution is

then slowly heated from 50° C to 65° C over a period of eight
hours and maintained at a temperature of 65° ¢ for 18 hours while
continually satirring. The reaction proceeds according to
reaction (I) above referenced. The o¢lear pinkish solution
slowly turns to a brown and then eventua.lly black color as more
MnO, is deposited. Following the 18 hour period the solution is
then tinally heated alowly at about a constant rate from 65° ¢
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30 and 100[err]C, preferably between 70 and 90 C. The reaction (1) is ’
preferably carried out in a tenperature range between about 70[err] C and

80 C when the intendeddfidibf the P-CVMD is as a cathode active mat gri al, s a2
an al kal i;pe ,cel |, abghdaet ween about 80 and 90 C when the intended Use is as

a cathode active material i f:a lithiumcell. (For end fapplication of the
P-CND in alkaline cells it i§ preferable to keep the fi'nal tenperature

below 85 C in order to obtain a gamma M err] product w th higher running

| tage -and bé Vo't PR | t
vol tage -an cegfgb Yo !V 4 peritid ¥F WigntcasuraD | Thé ofSletion 16 cooled

Mnd err] . preci ate is co wth distilled water until it

has a pH of 7to! Toomy temperatursi {20a:C) odm aboutr At houx. iThei gavmacMndge
S 0 S P BRdikh LT e Rsed s Bt g gt mbshtsoi by
use i s as cat besitinually rinsing:with diuttugdn\u&m: mﬁr thel filtrate has
ger Anler . BaicPal b 7Y, 1N SORMELA i e st o
form (No oth¢n dchestprecesding raxasplescits rdrive coffcsunface: water. The
resulting product is battery grade MnO, which is verified by x-
ray diffraction to be of the gamma crystalline structure. The
Mno, product has a high bulk density of about 28 g/in’ (1.7 g/cn’)
SAD (Scott Apparent Density). (For usage in an alkaline cell,
the MnO, product of the invention preferably should exhibit a

high SAD, preferably of at least 25 g/in® (1.5 q/m’) which in
turn has been found to result in a high load voltage and
capacity.)
Persormance Tegta:

- Exapple §: :

The P-CMD product of the invention (P-CMD) is evaluated for

. its electrochemical performance in an AA cell. The performace

of the P-CMD as cathode active material in an alkaline AA cell
is shown in figure 6A and compared to conventional EMD cathode

active material (from Kerr~McGee Corp.)} for the same type cell.
It is clear that P~CMD exhibits a slightly higher running
voltage and a greater capacity (amp-hrs) than obtainable for the
same cell using EMD as cathode material. The P-CMD product is
believed to be the first CMD that exhibits better performance
in alkaline cells than EMD.

P~CMD is evaluated for its performance in a flooded alkaline
cell. This cell utilizes conventional gzinc anode and KOH
electrolyte and paper separator as employed in commercial
alkaline cells. The flooded cell is in the shape of a disk of
same diameter as that of a Duracell AA cell, The flooded cell
is cathode limited, thus excess electrolyte (1.5 g) and excess
zinc (5.6 g) are used in order to evaluate the intrinsic
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in the dry P-CVD of the invention, but 95%is the limt of resolution of
the x-ray diffraction anal ysis enployed for Mn(Jerr].) Every
MiJ err] particle nmadd4by9the process of the invention, when
‘4—11—95 17:08 ; DURACELL o~ ~~
€ L

i
-

448 89343418/

[~4

32
v

performance of the Mn0, product (0.17 g) as cathode active
material. The flooded cell is fabricated by first pouring a
nixture of MnO, powder, graphite and KOE (60 wt$ MnO,, 34.5 wtt
graphite and 5.5 wt$ KOH) into the bottem of an empty AA size
nickel coated stainless steel can which is open at one end and
closed at the other. . The MnO, powder is then compacted into a
disk-like shape. A paper separator is then placed on top of
the MnO, disk. The separator is then £illed with the KOH
electrolyte and the remaining volume of the can then filled with
a zinc slurry. The cpen end of the can is covered with a
stainless steel cap. The cap is in electrical contact with the
zinc slurry through a nail penetrating from the cap into the
slurry.

Two flooded cells are made as above described, but with one
containing P-CMD as cathode material and the other containing
conventional battery grade EMD (f{rom Kerr-NcGee Co.)} as cathode
material. The performance of the two cells are compared at a

. current drain rate of 0.3 nilli.-amp/cn' and the results shown in

Figure 6B. It may be seen from the voltage profiles raported
in Figure €B that the performance of the flooded alkaline cell
utilizing P-CMD is superior to that employing the EMD.

Example 8: '

The P-CMD product obtained by the process described in
example 3 is heated at about 350° C for about six hours to
convert the gamma Mn0O, to a gamma-beta phase.

A coin shaped cell is fabricated utilizing a cathode-active—- -
material prepared by mixing ¥no,, graphite and
polytetrafluorcethylene binder in a weight ratio of 6:3:1. The
cathode nixture is compacted by press molding it onto a
stainless steel mesh and spot welding it onto a steel case.which
forms the positive slectrode. The positive electrode containing
the cathode material is immersed in a conventional lithium salt
electrolyte composed of lithium hexafluorophosphate (LiPF)
dissolved in propylene carbonate and dimethoxyethane organic

This Sheet Has Been Repl

llllll Illl" i Illl o

REPLACED -




observed between 200 and 2000 ti nes actual size, appears to have

ftlament-like protrusions radiating outwardly fromthe particle surface and
these protrusions appepyy ga%4be unifornly distributed around the particle
surface. The, P-CMD, sa,pheduced may subsequently be heaf, freated in4se 8934 #20/32
convehtiohal  mannef to convgbt.it to a gamm-beta vari ety if desired. This
treatment is preferred if thé‘end ‘use of the M{Jerr] is as cathode active
material in lithiumcells. The heat treatnment is well known, a suitable

't has been dePITRER: | optayt cepvaREiant) | Gndl ?ﬁé%%?ér???mauemaﬂ'

be altered andlithiuml Iporah}oraher aind ngrqm:lc aselventsi csuch c ascapr

e T P hohiy b S G, A4S, o bkt
thereof can also be used. Excess amount of lithium is employed
for the negative slectrode. The negative electrode is formed by
press melding a lithium foil onto a stainless steel mesh which
in turn is spot welded to a steel case. A separator composed of
a non-woven cloth is applied over the lithium foil. The
positive electrode is assembled over the negative electrode with
the separator therebetween. The asgsembly is performed in an
argon filled dry chamber. The entire assembly is filled with
the liquid electrolyte and then sealed by crimping the edge

of the cell.
Two lithium coin-shaped cells made in the above nmanner are

discharged down to 1.2 volts with current drain ,
rates of 0.17 and 1 milliamp/cu?, respsctively. The resulting
voltage profiles for these cells using P-CMD are shown in
. figures 7A and 7B for drain rates at 0.17 and 1 milliamp/em?,
respectively. Each figure also shows comparative woltage
profiles obtained for a like cell at same current drain rates,
but instead using conventional EMD cathode active material (from
Kerr-McGee Corp.) which is heat treated and press molded for use
in the lithium cell. As may be seen fronm the figures, P-CMD
exhibits a greater capacity (milliamp<hr/g) than the EMD. The
capacity improvement of the P-CMD over that of EMD at current
drain rates of 0.17 and 1 milliamp/cm® are about 20% and 28%, .
respectively. The P-CMD, thus, shows performance improvement
over EMD in lithium cells, particularly at the higher current -
rates,

- Example 9: .

' The same tests are performed as in example 8 using the coin-
shaped lithium cells assembled, as above described, except that
the performance of the P-CMD is compared to that of CMD. The

I
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Is increased at a slower rate. In a slower reaction individual particles of
MhJ err] have tirre to growto formlarger, nore conpact particles. In a

faster reaction, gb3¢ed by faster increase of the reaction
tenperature,, toge |%1R%( yal partlcl es of the P-CMD do not have sufkécieep:#21/32
time 1o grow to for ar gerg. partl cles. Therefore the 1nd| vi dual particles

are smaller and | ess conpaci” They have a fluffier app€&€arance and | ower
average density than particles obtained froma slower rate of heating.

A sufficientl c duc ul ensi ty
of about .15 tngg?ﬁfg H {&%ﬂf&?ﬁcﬂ?éﬂ‘fﬁlw ERBW g
Density) is offoxi spdcificuseciedithiunciceddsy xture of MiSJerr] and
Na[err]S[err]Jerr] is maintained at an initial tenperature of about
50[err] C for about 18 hours and then slowy increased at nearly constant

rate for betweerfwxbooinSshapedlithiun cells sre prepared as in example 8 but
with one cell containing Sedema CMD and the other containing the
P-CMD as cathode active material. The voltage profiles for
these two cells are given at current drain rates of 8.1% and 1.0
nilliamp/cn® as illustrated in figures 8A and 8B, respectively.
As can bs seen from these figures, the P-~CMD has significantly
greater capacity (milliamp~hr/g) than the Sedema CMD at the
current drain rates tested.

Although the present invention has been described with
reference to specific embodiments, it should be recognized that
variations are possible within the scope of the invention.
Therefore, the invention is not intended to be limited to
specific embodiments, but rather is defined by the claims and
» equivalents thereof. |
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final ‘tenperature of between. about 70 to 90 Cis obtained. The reaction m x
may then be left to stand for about 1 hour at this final reaction

tenperature, to obt al n myield, typically about 70% of the
stoi chionetric _anoun Eﬁé& err] converted to P-CVD. In this manngks sss4;#22/32

battery? grady ’ I9’9CIVD' e @bt ai ned having densities conpar able to or even
hi gher than the densi ty of el ‘ectrol yti ¢ manganese di oxi de (EI\/D) whi ch
typically is at a |level of about 25 to 28 g/linferr] (1.5 to 1.7 g/crerr])
SAD (Scott Apparent Density). In general a bulk density of the P-CMD

bet ween about WHATuLS dB8] (0.9 and 2 g/cnferr]) can be achieved by
heating the aqueous solution of MiSOerr] and NaJerr]S[err]Jerr] froman
initial tenperature between about 40 C and 70[err] C for a period during
reacti on at an ayerage prbeess |fors mirmufacture ©f gammiomanganesé dioxide

lhce);;ts,5tthfg!é&pl}%.\ﬁ?figouhﬁkeaﬂC per hour a.md 7[err] C per hour for at
a) reacting MnSO, and Ka,8,0, in a solution to produce a
reaction product mixture comprising a precipitate of gamma MnO,;
b) removing the gamma MnO, precipitate from said reaction
product mixture; and
c) drying said precipitate.

€

2. The process of claim 1 wherein the gamma MnO, precipitate
is comprised of bai'ticles characterized by filament-like
protrusions radiating outwardly gfrom the surface of said
particles. ‘

3. The process of claim 2 wherein the filament-like
protrusions are visible at a magnification between about 200 and
- 2,000 times actual size.

4, The process of claim 1 wherein the solution is
characterized by an agueous solution and said agqueous solution
during step a) is heated to a temperature between about 30° C and
100° C.

5. The process of claim 4 and further characterized by
.bringing the temperature of said aqueocus solution to between 40

and 70° C and then raising the temperature thereof during a
period of at least 5 hours at an average rate of less than 7° ¢
per hour, whereby the bulk density of the resulting gamma Mno,
will be between 15 and 32 g/in’ (0.9 and 2 g/cn’).

L
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(Scott Apparent Densitdd} §934 obtai ned i f the aqueous reaction mxtur QJ #23/3
MSd er 1], .apd.Nal ergkdzet r] Jerr] is heated at about ,gQnstant rat e*f

room

. A sufficiently fast reaction rate to achieve a P-CMD product
bul k density of between about 8 to 15 g/cnferr] (0.5 to 0.9 g/cnferr])

errperature so t hat aﬂ'?‘nal tenperature of between 70 and 90 Cis
achieved in about one to two-hours. The .

- 6« The process of claim & and further characterized by
bringing the temperature of said aguecus solution to between 30

and 100° ¢ and then raising the tenperature thereof during a

period of less than 5 hours at an average rate of greater than
7° ¢ per hour, whersby the bulk density of the resulting gamma
MnO, will be between 8 and 15 g/in’ (0.5 and 0.9 g/cz’).

7. The process of claim 1 further comprising adding a
compound reactive with H,80, to said solution during or prior to

step a) to increase the yield of MnO,, wherein said compound is -

selected from the group consisting of Li,CO;, Na,CO;, LiOH, NaOH
and. MgO. '

8. The process of claim 1 further comprising adding carbon
particles to said solution during or prior to step a), vherein
the carbon particles are selected from the group consisting of
graphite and carbon black and wherein the MnoO, precipitate

- deposits on the surface of the carbon particles.

9. The process of claim 1 further comprising adding

electrolytic MnO, (EMD) particles to said solution during or

prior to step a), wherein the Mn0, precipitate deposits on the
surface of the EMD particles.

10. A hybrid MnO, material comprising gamma MnO, deposited on
the surface of electrolytic manganese dioxide (EMD), wherein

N

Wy i

said gamma MnO, material has filament-like protrusions radiating
outwardly from its surface, said protrusions being visible at a
magnification between about 200 and 2,000 times actual size.

e
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reaction mxture may be left to stand for about one hour at this final

t-enper at ur e,

to obtain a maximumyield, typically about 70% of the

stoi chionetric anount ‘ﬂ g@pganese in l\/hsq err] converted to MnJerr]. In

general a bul k densgj the M err] product between about 8 g/i nfeepjs:#24/32
.and 15147%nieft] ( %XEQ{

an d,O .9 g/cnferr]) can be achieved by heating the

aqueous sol ution of I\/hSCIeH‘] and Na[err]S[err](err] froman initial
t enperature between about 30[err] C and 100[err] C for a period duri ng

reaction at an average rate reater than [err er hour for less t
about 5 hours, tl,']sn cahlbym FP‘L’-’SHE f%

t han about 5

co.oF o ton o
stoi chionetri c y| erri{tcan eﬁ?am&t | ca y I ncreaseq to about 9%%

by sl owy addcw.‘e-um aﬂ graph

"!qu r MRQ [AeRRS

¢ AnG SATbONORLYcK ) YHATe TAmRA Xp

As the react i gy QEQ0r Hae tﬂ!aﬂiﬁé—lmtﬁt&mm rhatat Shy coutwaraly tron
fornms, therebi/tl nprovi ng t

s surface, nid protrusions being visible at a zagnification
betwean about 200 and 2,000 times actual size.

12. A hybrid MnO, material comprising gamma MnO, deposited
on the surface of ancther material vherein said gamma Mno,
paterial has filament-like protrusions radiating outwardiy from
its surfaces, said protrusions being visible at a magnification
between about 200 and 2,000 times actual size.

13. An electrochemical cell having MnO, cathode active
material in said cell, characterized in that at least 95% of
said MnO, material comprises gamma MnO, particles wherein said
gamma Mn0, particles have filament-like protrusions radiating

. outwardly from the surface of said particles, said filament-like

protrusions being visible at a magnification of between 200 and
2,000 times actual size.

14. An electrochemical cell having MnO, cathode active

material in said cell, characterized by said electrochemical

'cell having an anode comprising = lithium, and further

characterized by said MnO, material comprising gamma Mno,
particles having filament-like protrusions radiating ocutwardly

from the surface of said particles, said filamentelike

protrusions being visible at a magnification of between about
200 and 2,000 times actual size.

15. The electrochemical cell of claiam 14 wherein the gamma
. Mno, particles comprise at least 95% of sgaid Mno, material.

————— —
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reacti'on kinetics and ultimate yield of Mn(JQerr]. A preferred base is
Ll[err]CCIerr] Alterngygﬁ 4bases can be enployed to react with the
Herr]SJerr] to produ % sanme increase in yield of Mi(JQerr]. Such
conpofmds®s Aéi%de NEHREFFY XJerr], LiOH NaOH and MyQ.-For ultimate {#8 Po3fi #2682
the M err] product in |igtHium ceIIs it would be préferred to add

compounds such as Li[err]CJerr] and LiOHd to the reaction mxture to

i ncrease yield. For ultimate use of the MhJerr] product in alkaline cells

it woul d be pr L@/ r eTheo elegtrothemi ] cosi) cof Nelhinols hehagaotwmz.d by

enct | on m x 2P0 ETRRANES) BHE BRHERual g DAL SRR EritBoinly,

to a pH gr eaﬂdatrllhutauow:ﬁ the surface dhs ttlclnmnd)rtmr Qduehea{:-

and gamm cr 94k PERkRassRRr, BavibdChiknbEh b6 §$ﬂ€$vkﬂ§iﬁs BREFRa “abauE ]

2:1 and 20:1.
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controlled by varying the rate at which the reaction mixture is heated. |f

the reaction mxture |s£§a¢9&j to produce a constant rate of increase in
terrperature then the M ? particle size distribution will be uniform

that it &0 I | ch variance in the di ameger of individutf® 8834;#28/3:
I\/hqerr] particles. If the@actlon m xture is slowy tieated at constant

rate, e.g., of between aboul” 1[err] C and 7[err] C for at |east 5 hours,

the MndJerr] product will take the formof relatively large uniform

spherical particles as above nentioned. If the reaction mxture is rapidly
heated at a fast constant

WW
ARSTRACT OF IHE DISGLOSURE

The invention relates to the manufacture of manganese dioxide
by a chemical process. The resulting manganese dioxid'c_product
takes the form of particles characterized by filament-like
protrusions jutting out from its surface. The manganese dioxide
particles having such surface features can be manufactured by
reacting manganese sulfate with sodium peroxodisulfate in an

: aquecus solution. The process can be controlled to yield high
density manganese dioxide. The manganese dioxide formed in the
process can be deposited directly onte the surface of
electrolytic manganese dioxide (EMD). The manganese dioxide
product the is particularly suitable for use as a cathode active
material in electrochemical cells. |
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7 rate, e.g., between about 7[err] C per hour and 20[err] C per hour for.

| ess than about 5 hours, the P-CMD product will tend to take the form of
relatively small spheriddalggpprticles. If the reaction mxture is initially

heat e-ai-sa 5. & caopsiseni;, rate of tenperature increase and later at a fast
constant rate.of tenperatuyme increase, the reactionewoduct will cofffai®i*e27/22
di st¥ibution of both |arggiand small MQerr] parti (ﬁlfias '

————
———
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The followi ng exanples illustrate the nethod of preparation of battery- -
grade MhJerr] by the the process of the invention. Al parts are parts by

wei ght unI ess speci fi ed449t fa34Wi se. Exanpl e 1: Hi gh density gamm
I\/th epar quUQ_XCEtLBe process of the invention_as foll ows: 449 88343@28/32
g of rr H[err dgmssol ved in 1800 m of di st4 |l ed water. Then,
sto/,JuWC’Tmunt of Na[err]S[err]CIerr] (169 g) i-s added to the .clear

pi nkl hiagge&YRﬁPbc orma reactant solution. Wile stirring, the

terrp olution is raised over 2;;(6per| od of about 2 hours from

room t [err]C) to 50[err]C and is naintained at a tenperature

of 50 about 18 hrs) Wiile continually stirring This enhances

t he nucl eation process The reaction proceeds according to reaction (1)
above referenced. The clear pi nkl sh.sol ution sl owly turns brovvn and

["T1iis SHEET HAS BEEU'
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then eventually turns a black color as nore Mh(Jerr] is precipitated. After

the 18 hour period the solution is heated from about 50 C to produce a
constant rate of tenper#3ubBdi ncrease of about 25[err] C per hour for about )
1. hour 41:9-¢& immper atnuecmf about 75[err] C and is maintained at 75[ &f$|Beti #2873
for about 3 hours. The soldrion is then heated at constant rate-of about

10[ err] C per hour for -about 1 hour to a tenperature of 85 C and nai ntai ned

at 85[err] Cfor 1 hour. The solution is adn heated at a constant rate 30

C per hour for about 1/2 hour to a tenperature of about 100 C and

mai ntai ned at 100 C for about 1 1/2 hours at which tinme the run is ended.

The pH of the solution at the end of the run is less than 0.5. The solution

is then cooled to roomtenperature (20[err]C) in about one hour. The

solution is.filtered and the solid MQ2is contjnually rinsed wth distilled
water until the filtrate streamhas a neutral pH of about 7. The resulting

bl ack powder is dried at 100 Cto drive off surface water. The overall

yield of P-CMD is 41 g or 67% of theoretical yield.
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verified by x-ray diffraction to be of the gamra ructure.

other type M err] cry$t%ablidne structure was de t hr eshol d

bei ng the-dd o7 fosof Emsataiki gn of the x-ray diffr ) Thias PRe@h330/3:
produci has a hi gh bul k de.nsrty of about 3 g/i n[err] (1 4 g/cn{ err]) SAD

(Scaott Apparent 150

The resulting product is battery grade MQ err]ﬂaiShkdeﬁ&tBeg% V\Ihl ch IS
,fs

1.40
1.50

1.20

1.10
=

§100

g 0.0
0.80
0.70

0.60

0‘50 llllilllil.'l'|l|i-llll"lﬁl'lllll'lllllllll]l]ll[llll

00 10 20 30 40 S0 60 70 g 100

SERVICE HOURS FIGQ BA.

—t
s
llllllll'llllllllllllllllll

0-70 Illill'llllllIllllllIllllllIllllll]lllllT!]lllll'lllllll‘lllllllllll

0 3 70 105 140 175 210 245 280 315 350

- MILL AMP-
HAS B
: F“‘“ ssm 6B




sy I

-8- Density). An electron photom crograph represen»‘cat tve of tt thIS therr]

product is shown in Figs. 1A and 1B. The unlforni.hstgggemﬁaleenéie Yure of the
P-CMD particles (e.g. p#gitggdde 10) is shown in F| 199X

magni ¥ j gatdeop,.,dhe fﬂd@g@ﬂt-l i ke (e.g. hair-li ke) enmapatsb s #31/32
ffomthg surface of each spRerical particle are cl |5| le in Fig 1B,

whi ch, shows an i ndi vi dual t‘réau?t icle at 2, X magni f | cat I on. By corrparl son
t he -el ectron pham crogr aphs_of _the co :
particles are s n Figs. 5A and 5B, whi ch are taken at 202X and ZOFOX
magni fi cati on, ﬁp tively. (The WBLi brand of CMD is available from
Sedema, a divi Si Sadacem S. A, Terte, Belgium) It is clear from
Figs. 5A and 5B thaij representative particles 70 do not exhibit
filament-1ike piJgiQredsi ons characteristic of the Mhd err] product of th
i nvention (Figs 1A ahd 1B).
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Examl e 2: LE)Mi ty gamma Mh(err] 1s prepared by the process-

ok the invention as foll ows: The P- CMCrhisShead® Beem Raplagedri | ar manner

as described in exanpl ejyd,gggycept that rate of ster leading to
smal ey  size and | es5 . dense particles. Specifi met hodssobeas;#32/32
s 4-11-98 17:08 § LI .
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may “be Ee@Ah Figs. 2A and 2B, respectively. The P-CMD particl es as
described in this exanple may be used as cat hode active mate
sREHLACEMENJnBHEET i

el ectrochem cal cells, particularly alkaline and Iithium cel
for use i.n lithium ceIIs the ganma Mngerr] nay be heated at}a terrperature
bet weert about 300-400 C, typically fariabout 6 hours at 350[ r %?F 3§?
hours at 300[err] Cto convert the gamma Mh(Jerr] to gamrma-beth Q %e
t 1 ) i-ha

structure and to evapROEESSFOR PRODIIGINGMAIGARNESEDHEONEIE
M err] particles. Eiarrpl e 3. P-CMD I's produced ip a nmanner

simlar to that described in Exarrple 1 except that Li[err]
to the reactign mxture n order t | ncrease I el d,.of, . Mn( er 583
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Manganese dioxide is commonly employed as a cathode
active material in commercial batteries. Such manganese dioxide has been derived from naturally
occurring manganese dioxide (NMD) and synthetically produced manganese dioxide which
includes electrolytic manganese dioxide (EMD) and chemical manganese dioxide (CMD). NMD
has a high impurity content and cannot be employed in' alkaline or lithium cells.

EMD is typically manufactured by direct electrolysis of manganese sulfate and sulfuric
acid. It's high purity and high density make gamma manganese dioxide desirable for use as a
cathode active material in alkaline and lithium cells.

The features of the product of the invention will be better appreciated with reference to

the following figures:

Fig. 1A is an electron photomicrograph showing the MnO, particles from the process of
the invention carried out at slow rate of heating of reactants.

Fig. 1B is an electron photomicrograph of the particles in Fig. 1A enlarged to show the
filament-like surface protrusions.

Fig. 2A is an electron photomicrograph showing smaller sized MnO, particles from the
process of the invention carried out at fast rate of heating of the reactants.

Fig. 2B is an electron photomicrograph of the particles in Fig. 2A enlargéd to show the
filament-like surface protrusions.

Fig. 3A is an electron photomicrograph of EMD particles (prior art).

Fig. 3B is an electron photomicrograph of the EMD particles in Fig. 3A enlarged to show
the characteristically irregular particle sh_ape and smooth surface structure.

Fig. 4A is an electron photomicrograph of EMD particles coated with MnO, produced
by the process of the invention (P-CMD).
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solution. The solution is heated at a
-9- constant slow rate for 6 hours fromroomtenperature (29[ pr3 EEBtBIBS5
ferr]C. Then 23 g of Li[err]CJerr] is _

- 3

& 2

—

iy

Fig. 4B is an electron photomicrograph of coated EMD particles in Fig, 4A enlarged to
show the filament-like surface protrusions.

Fig. 5A is an electron photomicrograph of prior art chemical manganese dioxide (CMD)
particles. '

Fig. 5B is an electron photomicfograph of the particles in Fig. 5A enlarged to show
surface features.

Fig. 6A is a graphical plot of the voltage profile (voltage versus service hours) in an
alkaline AA cell at 3.9 ohm constant load, comparing performance of the P-CMD with
conventional EMD.

Fig. 6B is a graphical plot of the voltage proﬁlé (voltage versus milli amp-hour per gram
MnO,) in a flooded alkaline cell at 0.3 milli-amp/cm® current drain rate, comparing performance
of the P-CMD with conventional EMD.

Fig. 7A is a graphical plot of the voltage profile (voltage versus milli amp-hour per gram
MnO,) in a lithium cell at 0.17 milli-amp/cm® current drain rate comparing performance of
P-CMD with conventional EMD.

Fig. 7B is a graphical plot of the voltage profile (voltage versus milli amp-hour per gram
MnO,) in a lithium cell at 1.0 milli-amp/cm? current drain rate, comparing performance of
P-CMD with conventional EMD. '

Fig. 8A is a graphical plot of the voltage profile (voltage versus milli amp-hour per gram
MnOQ,) in a lithium cell at 0.17 milli-amp/cm? current drain rate, comparing performance of
P-CMD with conventional CMD (WSLi).

Fig. 8B is a graphical plot of the voltage profile (voltage versus milli amp-hour per gram
MnO,) in a lithium cell at 1.0 milli-amp/cm?® current drain rate, comparing performance of the
MnO, product of the invention (P-CMD) with conventional CMD (WSLi).

The present invention involves a process for production of battery grade chemical
manganese dioxide (CMD). P-CMD when used in electrochemical cells, particularly alkaline and
lithiam cells, provides these cells with higher capacity and energy density per gram than are

~ obtainable from the same cells employing electrolytic manganese dioxide (EMD). The process of
the invention allows for greater control of properties such as density, surface area and particle
size than is possible with present processes for the manufacture of conventional forms of EMD or
CMD. The process of the invention therefore allows for production of high purity CMD which

can be made to have properties more nearly optimal for a given electrochemical cell type. The



then slowy added and the solution is nmaintained at a terrperatﬁbeﬂQfMENlﬁo&HEET
55[err] .C for 18 hours while continually m xing. An additionalf 69 ¢ of »
Liferr]CJerr] is added after the 18 hour period and the solfu io1“|3i 41 Zed
at a constant rate of about 6[err] C per hour for about 2.5fhgurs t&? ?%
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(Scott Apparent Density). This P-CVD product Can be heat treated as in

Exanpl e 1 whereupon it becones particularly suitable for use as

The process of the invention for production of battery grade manganese dioxide is carried
out principally by reacting an aqueous solution of manganese sulfate with sodium
peroxodisuifate.

The reaction may be represented as follows:
MnSO, + Na,S,0; + 2H,0 = MnO, + Na,SO, + 2H,S0, (I)
When an aqueous solution of manganese sulfate (MnSO,) is reacted with sodium peroxodisulfate
(Na,S,0,), a gamma crystal structure of MnO, is directly obtainable as a reaction product in the
form of a precipitate. The MnO, precipitate tends to form spherical particles having filament-like
protrusions emanating outwardly from each particle surface and are substantially uniformly
distributed over the particle surface. The term "filament-like" as used herein shall be construed as
including thin, elongated, protruding structures such as but not limited to filaments, hairs, ﬁeedles
and fibers. The "filament-like" protrusions are characterized by a length to width ratio between
about 2:1 and 20:1, typically between about 3:1 and 10:1, wherein the width and length refer to
those portions of the protrusions which are visible from the particle surface. The average length
of the "filament-like" protrusions is typically between 0.3 to 1 micron and the average width is
typically between 0.1 to 0.3 micron. These dimensions are measurable at a magnification of
about 40,000 times actual size. The "filament-like" protrusions result in high surface area of the
MnO, particle. The MnO, particles of the invention as above described may be referred to in the
specification drawings and claims as P-CMD.

Unlike the well known Sedema process as disclosed in U.S patent 2,956,860, the present
invention permits the average particle size and density of the MnO, product to be altered by
regulating the rate of the above reaction (I). This can be accomplished by simply controlling the
amount or rate of heat supplied to the reaction. Unlike the Sedema process the present reaction
does not require a catalytic MnO, substrate for receiving the MnO, product. In fact no catalyst is
required and the MnO, product forms into dense, discrete particles without the need of a
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for the P-CMD. That is, the MnO, reaction product will precipitate directly on the solid material.

It has been discovered that the above reaction mixture can be seeded with particles of
electrolytic manganese dioxide (EMD) and the MnO, reaction product will deposit directly on the
EMD. This results in a very high density hybrid gamma MnO, whose outer surface comprises a
P-CMD coating having filament-like protrusions and high surface area, while the overall particle
shape and interior structure is that characteristic of EMD. This hybrid form of MnO, can
advantageously be used as cathode active material in electrochemical cells, particularly alkaline
or lithium cells. It is especially attractive for use in lithium cells, since the exposure of the EMD
particles to H,SO, during the reaction of the invention, leaches out small amounts of sodium that
is trapped within the EMD particles. This reduces the amount of sodium impurity in the P-CMD
product, which is particularly advantageous if it is to be used as cathode active material in lithtum
cells. It has also been discovered that the reaction mixture can advantageously be seeded with
graphite or carbon black particles. In such case the MnO, reaction product will deposit directly
onto the surface of these particles to form a hybrid particulate material which may also be used
as cathode active material in electrochemical cells. |

The above reaction (I) may typically be carried out in a temperature range between about
30 and 100° C, preferably between 70 and 90° C. The reaction (Y) is preferably carried out in a
temperature range between about 70° C and 80° C when the intended use of the P-CMD is as a
cathode active material in an alkaline cell, and between about 80 and 90° C when the intended use
is as a cathode active material in a lithium cell. (For end application of the P-CMD in alkaline
cells it is preferable to keep the final temperature below 85° C in order to obtain a gamma MnO,
product with higher running voltage and capacity than EMD.) After the reaction is complete, the
MnO, precipitate is collected and rinsed with distilled water until it has a pH of 7. It may then be
dried at room temperature if its intended use is as a cathode active material in an alkaline cell.
- Alternatively, it may be dried at elevated temperature for more thorough drying, if its intended
use is as cathode active material in a lithium cell. The resulting dry gamma MnQO, has a high
purity and low sodium content of less than about 500 ppm. The dry P-CMD contains at least
95% gamma MnO, in particulate form. (No other crystalline forms of MnO, have been detected
in the dry P-CMD of the invention, but 95% is the limit of resolution of the x-ray diffraction
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about. 5.5 hours to a tenperature of 75 C. Then the whol e m xtju _
for another hour at constant rate to a tenperature of 100[err] {C. Thereupon
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The hybrid MiJerr] product is rinsed with distilled water udti]l neutral .
Then it isfiltered and dried at 100-(G t-0 renove surface watgqr. The total
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distributed around the particle surface. The P-CMD so produced may subsequently be heat

treated in conventional manner to convert it to a gamma-beta variety, if desired. This treatment is
- preferred if the end use of the MnO, is as cathode active material in lithium cells. The heat

treatment is well known, a suitable heat treatment process being disclosed in U.S. patent
4,921,689,

It has been determined that various properties of the MnO, product can be altered and
controlled by controlling the rate at which the reaction mixture is heated. In general a denser
P-CMD is obtained if the reaction is carried out at a slower rate, e.g., if the reaction temperature
is increased at a slower rate. In a slower reaction individual particles of MnO, have time to grow
to form larger, more compact particles. In a faster reaction, e.g. produced by faster increase of
the reaction temperature, the individual particles of the P-CMD do not have sufficient time to
grow to form larger particles. Therefore the individual particles are smaller and less compact.

They have a fluffier appearance and lower average density than particles obtained from a slower
rate of heating, ‘

A sufficiently slow reaction rate to provide a P-CMD product bulk density of about 15 to
32 gfin’ (0.9 and 2 g/cm*) SAD (Scott Apparent Density) is obtained if the aqueous reaction
mixture of MnSO, and Na,S,0, is maintained at an initial temperature of about 50° C for about 18
hours and then slowly increased at nearly constant rate for between about 5 and 10 hours until a
final temperature of between about 70 to 90° C is obtained. The reaction mix may then be left to
stand for about 1 hour at this final reaction temperature, to obtain a maximum yield, typically
about 70% of the stoichiometric amount of MuSO, converted to P-CMD. In this manner battery
grade P-CMD can be obtained having densities comparable to or even higher than the density of
electrolytic manganese dioxide (EMD) which typically is at a level of about 25 to 28 g/in® (1.5 to
1.7 g/em®) SAD (Scott Apparent Density). In general a bulk density of the P-CMD between
about 15 and 32 gfin® (0.9 and 2 g/cm®) can be achieved by heating the aqueous solution of
MnSO, and Na,S,0, from an initial temperature between about 40° C and 70° C for a period
during reaction at an average rate of less than about 7° C per hour for at least S hours, typically

between about 1° C per hour and 7° C per hour for at least 5 hours.
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A sufficiently fast reaction rate to achieve a P-CMD product bulk density af'between-"m*—-«——a——— -

about 8 to 15 g/em’ (0.5 to 0.9 g/cm®) (Scott Apparent Density) is obtained if the aqueous
reaction mixture of MnSO, and Na,S,0, is heated at about constant rate from room temperature
so that a final temperature of between 70 and 90° C is achieved in about one to two hours. The
reaction mixture may be left to stand for about one hour at this final temperature, to obtain a

- maximum yield, typically about 70% of the stoichiometric amount of manganese in MnSO,

converted to MnO,. In general a bulk density of the MnO, product between about 8 g/in® and 15
g/in® (0.5 and 0.9 g/cm’®) can be achieved by heating the aqueous solution of MnSO, and Na,S,0,
from an initial temperature between about 30° C and 100° C for a period during reaction at an

average rate greater than 7° C per hour for less than about 5 hours, typically between about 7° C

and 20° C per hour for less than about 5 hours.

It has been determined that the stoichiometric yield of MnO, can be dramatically
increased to about 95% by slowly adding a suitable alkaline base slowly to the reaction mixture.
As the reaction proceeds the base reacts with the H,SO, as it forms, thereby improving the
reaction kinetics and ultimate yield of MnO,. A preferred base is Li,CO,. Altemative bases can
be employed to react with the H,SO, to produce the same increase in yield of MnO,. Such
compounds include Na,CO,, LiOH, NaOH and MgO. For ultimate use of the MnO, product in
lithium cells it would be preferred to add compounds such as Li,CO, and LiOH to the reaction
mixture to increase yield. For ultimate use of the MnO, product in alkaline cells it would be
preferred to add Na,CO, or NaOH to the reaction mixture. If such compounds are added, they
should be added slowly to the reaction mixture to prevent the pH
of the mixture from abruptly increasing to a pH greater than about 3.

The MnO, reaction product of the invention takes the form of discrete particles having a
spherical shape and gamma crystalline structure. The particle size of the P-CMD can also be
controlled by varying the rate at which the reaction mixture is heated. If the reaction mixture is
heated to produce a constant rate of increase in temperature then the MnO, particle size
distribution will be uniform, that is, there will not be much variance in the diameter of individual
MnO, particles. If the reaction mixture is slowly heated at constant rate, e.g., of between about
1°C and 7° C for at least 5 hours, the MnO, product will take the form of relatively large uniform
spherical particles as above mentioned. If the reaction mixture is rapidly heated at a fast constant
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The following examples illustrate the method of preparation of battery grade MnO, by the
the process of the invention. All parts are parts by weight unless specified otherwise.

Example 1:

High density gamma MnO, is prepared by the process of the imvention as follows:

120 g of MnSO, H,O is dissolved in 1800 ml of distilled water. Then, stoichiometric
amount of Na,S,0, (169 g) is added to the clear pinkish solution to form a reactant solution.
While stirring, the temperature of the solution is raised over a period of about 2 hours from room
tem;ierattne (20° C) to 50° C and is maintained at a temperature of 50° C overnight (about 18 hrs)
while continually stirring. This enhances the nucleation process. The reaction proceeds
according to reaction (I) above referenced. The clear pinkish solution slowly turns brown 'and
then eventually turns a black color as more MnO, is precipitated. After the 18 hour period the
solution is heated from about  50° C to produce a constant rate of temperature increase of
about 25° C per hour for about 1 hour to a temperature of about 75° C and is maintained at 75° C
for about 3 hours. The solution is then heated at constant rate of about 10° C per hour for about
1 hour to a temperature of 85° C and maintained at 85° C for 1 hour. The solution is again heated
at a constant rate 30° C per hour for about 1/2 hour to a temperature of about 100° C and
maintained at 100° C for about 1 1/2 hours at which time the run is ended. The pH of the
solution at the end of the run is less than 0.5. The solution is then cooled to room temperature
(20° C) in about one hour. The solution is filtered and the solid MnO, is continually rinsed with
distilled water until the filtrate stream has a neutral pH of about 7. The resulting black powder is
dried at 100° C to drive off surface water. The overall yield of P-CMD is 41 g or 67% of
theoretical yield. ' '

The resulting product is battery grade MnO, at least 95% of which is verified by x-ray
diffraction to be of the gamma crystalline structure. (No other type MnO, crystalline structure
was detected, the 95% threshold being the limit of resolution of the x-ray diffraction analysis.)
The P-CMD product has a high bulk density of about 23 gfin® (1.4 g/cm®) SAD (Scott Apparent
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Exanpl e 5: Thi s exanpl e denonstrates the preparati NEGR :
deng})ty ‘P-CMVD specifically for use as cathode active materi aﬁgﬁs%eglﬂz IisﬁgET
cel ] s. 583 g of MnSO err] Herr]O are dissolved in{8900 m of
distilled water contained in a 12 liter round bottom flask} Thet® FEB 1997
stoichiongtric anount of Na[err]S[err]Jerr] (822 g) is addqed to the clear
pi nki sh solution. The solution is heated fromroomtenperatiure20Terr]C

to 50[ ' K olution i,S,.t sl oW y. heat ed f.rom,5
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according to reaction (1) above referenced. The clear pinkish solution
sl owl y ¥igr b taken at 9% magnificatioe nThe/ Blament-liky (sigabair-ble)protmssionsrlé emaditing | i s
deposi t gty LI Hfeatl SphbBodl GitticliSrd Qarly visible in Fig. 1B, which shows an
individual particle at 2,030X magnification. By comparison the electron photomicrographs of the
commercial battery grade CMD (WSLi) particles are shown in Figs. 5A and 5B, which are taken
at 202X and 2060X magnification, respectively. (The WSLi brand of CMD is available from

Sedema, a division of Sadacem, S.A., Terte, Belgium.) It is clear from Figs. 5A and 5B that

representative particles 70 do not exhibit filament-like protrusions characteristic of the MnO,
product of the invention (Figs 1A and 1B).

Example 2:

Lower density gamma MnO, is prepared by the process of the invention as follows:

The P-CMD is made in a similar manner as described in example 1, except that rate of
heatitig is faster leading to smaller size and less dense particles. Specifically, the same method of
preparation and conditions as in example 1 are employed except the reactant solution is heated
from 50° C to 100° C at rate of about about 17° C per hour for a period of less than 5 hours,
namely about 3 hours. Figures 2A and 2B are electron photomicrographs of the resulting 1.\/In02
product. The product sample represented in Figs. 2A and 2B had a bulk density of about 8.7 gfin’
(0.53 g/cm®) (Scott Apparent Density) and is at least 95% gamma MnO,,

The filament-like (e.g. hair-like) surface protrusions 20 and 25 of the individual particles
may be seen in Figs. 2A and 2B, respectively. The P-CMD particles as described in this example
may be used as cathode active material in electrochemical cells, particularly alkaline and lithium
cells. Ifintended for use in lithium cells the gamma MnO, may be heated at a temperature
between about 300-400° C, typically for about 6 hours at 350° C or 32 hours at 300° C to convert
the gamma MnO, to gamma-beta crystalline structure and to evaporate any residual moisture
entrapped within the MnO, particles.

Example 3:

P-CMD is produced in a manner similar fo that described in Example 1 except that Li,CO,
is added to the reaction mixture in order to increase the yield of MnO,. 583 g of MnSO, H,O is
first dissolved in 8 liter of distilled water in a 12 liter round bottom flask. Then stoichiometric

- amount of Na,S,0, (822 g) is added to the slightly pinkish solution. The solution is heated at a




the solution is then finally heated slowy at about a const aft RERIASEMERIMSHEET
65[err] Cto 80[err] C over a period of eight hours. The sol t|on |s cool ed
to reom.tenperature (20[err] C in about 1 hour. The gamma fnqt
Ls recovered by filtering the final solution and continuallyf{ri nS| ng W
distilked water until the filtrate has a neutral pH of about |7\ Fhe
resulting bl ack powder is dried as in-the preceedi ng exanpleg to dri ve of f

surface yabiait slow faté E5r6 Kdui‘@ﬁ:&h%éiﬁtted:ﬁerﬂﬁtet(%% b38eCMGke D3 k ofILE0, is

verified by x-ray diffraction to be of the gamm crystal line strudture. The

M er r | then slowly added and the solution is maintained at a temperature of about 55° C for 18 hours
while continually mixing. Axn additional 69 g of Li,CO, is added after the 18 hour period and the
solution is heated at a constant rate of about 6° C per hour for about 2.5 hoursup to a
temperature of 70° C. Another 36 g of LL,CO, is then added and the solution is heated at a
constant rate of about 5° C per hour for 2 hours up to a temperature of about 80° C. The solution
is then heatéd at a reduced constant rate of about 3.3° C per hour for 3 more hours up to a
temperature of 90° C. The solution temperature is held for about 18 hours and then cooled in
about 1 hour to room temperature (20° C). P-CMD is recovered and dried in the manner
described in example 1. The yield of MnO, is 270 g or 90% of the theoretical yield. At least
95% of the MnO, product is verified by x-ray diffraction to be gamma MnO,. The bulk density
of the P-CMD is measured as 20 gfin® (1.2 g/em®) (Scott Apparent Density). This P-CMD
product can be heat treated as in Example 1 whereupon it becomes particularly suitable for use as

a cathode active material in lithium cells.

Example 4:

This example demonstrates the use of EMD particles as a substrate for the precipitation of
MnO, made in accordance with the invention. '

120 g of MnSO, H,O is dissolved in 1.6 liter of distilled water in a 2 liter beaker by
stirring. 120 g of Na,S,0, and 20 g of EMD (from Kerr-McGee) are then added to the slightly
pinkish clear solution.

The heating regimen is as follows. The whole mixture is first
heated from room temperature (20° C) to 55° C in about 2 hours and held at this temperature for
18 hours while continually mixing. The whole mixture is then heated slowly at constant rate for
about 5.5 hours to a temperature of 75° C. Then the whole mixture is heated for another hour at
constant rate to a temperature of 100° C. Thereupon the mixture is cooled to room temperature
(20° C) in about 1 hour. _

The hybrid MnO, product is rinsed with distilled water until neutral. Then it is filtered
and dried at 100° C to remove surface water. The total yield of hybrid MnO, product is 60 g and
its bulk density is 24 g/in® (1.5 g/cm®) (Scott Apparent Density). The hybrid MnO, product
contains about 67 wt% of the deposited gamma MnO, and 33 wt% EMD. .

The MnO, product consists of gamma MnO, deposited uniformly over the surface of the
individual EMD particles to form a hybrid MnO, product. Each particle of the hybrid MnO,



- 11 - product has a high bulk density of about 28 g/i n[enr RERLAGEMENT SHEET |
g/cnferr}) SAD (Scott Apparent Density). (For usage in an 3l ' 1 -
the Mg err] product of the invention preferably should exhi byt 3#@}&8 Al
preferably of at |least 25 g/in[err] (1.5 g/cnferr]) which ijnjtu en
found to result in a high |oad voltage and capacity.) Perfqrnance. Tests.

Exanpl e 6: The P-CVD product of 10he invention (P- CN[P) i s eval uated

for its p%lo u%% rr:e(%a(.:nrxlse e%%tlerall irregular shape of the EMD particle, but exhibits a surface formed of

uniformly distributed filament-like protrusions characteristic of the gamma MnO, made in

accordance with the process of the invention. Representative electron photomicrographs of the
hybrid MnO, particles are shown in Figs. 4A and 4B. By way of comparison Figs. 3A and 3B are
electron photomicrographs of the EMD particles. These figures clearly show the irregular shape
and smooth surface of each EMD particle. Fig. 4A shows the overall shape of each hybrid
particle, e.g., particle 60 (at a magnification of 450 times actual), as resembling the shape of the
EMD particles, e.g. particle 50 (Fig 3A). However, as may be seen from Fig. 4B, the surface

- features of each hybrid MnO, particle exhibit filament-like protrusions, e.g. protrusions 65,
emanating from and uniformly covering the surface of each hybrid particle. This is the result of
the deposition of the gamma MnO, of the present process onto the EMD particles. An advantage
of this hybrid is that it has higher surface area than EMD, but yet also has high bulk density. It is
also cheaper to manufacture than an equivalent weight of gamma MnO, produced by the process
of the invention. The hybrid MnO, so produced can be used as cathode active material in
electrochemical cells. Ifhéat treated before application, e.g. as in Example 1, it can be employed
as cathode active material in lithjum cells.

Example 5:

This example demonstrates the preparation of high density P-CMD specifically for use as
cathode active material in alkaline cells.

583 g of MnSO, H,O are dissolved in 8000 mi of distilled water contained in a 12 liter
round bottom flask. Then, stoichiometric amount of Na,S,0, (822 g) is added to the
clear pinkish solution. The solution is heated from room temperature (20° C) to 50° C in about 2
hours. The solution is then slowly heated from 50° C to 65° C over a period of eight hours and
maintained at a temperature of 65° C for 18 hours while continually stirring. The reaction
proceeds according to reaction (I) above referenced. The clear pinkish solution slowly tums to a
brown and then eventually black color as more MnQ, is deposited. Following the 18 hour period
the solution is then finally heated slowly at about a constant rate from 65° C to 80° C over a
period of eight hours. The solution is cooled to room temperature (20° C) in about 1 hour. The
gamma MnO, product is recovered by filtering the final solution and continually rinsing with
distilled water until the filtrate has a neutral pH of about 7. The resulting black powder is dried
as in the preceeding examples to drive off surface water. The resulting product is battery grade
MnO, which is verified by x-ray diffraction to be of the gamma crystalline structure. The MnO,
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Example 6:

The P-CMD product of the invention (P-CMD) is evaluated for its electrochemical
performance in an AA cell. The performace of the P-CMD as cathode active material in an
alkaline AA cell 1s shown in figure 6A and compared to conventional EMD cathode active
material (from Kerr-McGee Corp.) for the same type 6e11. It is clear that P-CMD exhibits a
slightly higher running voltage and a greater capacity (amp-hrs) than obtainable for the same cell
using EMD as cathode material. The P-CMD product is believed to be the first CMD that
exhibits better performance in alkaline cells than EMD.

Example 7: |

P-CMD is evaluated for its performance in a flooded alkaline cell. This cell utilizes
conventional zinc anode and KOH electrolyte and paper separator as employed in commercial
alkaline cells. The flooded cell is in the shape of a disk of same diameter as that of a Duracell
AA cell. The flooded cell is cathode limited, thus excess electrolyte (1.5 g) and excess zine (5.6
g) are used in order to evaluate the intrinsic performance of the MnO, product (0.17 g) as
cathode active material. The flooded cell is fabricated by first pouring a mixture of MnO,
powder, graphite and KOH (60 wt% MnO,, 34.5 wt% graphite and 5.5 wt% KOH) into the
bottom of an empty AA size nickel coated stainless steel can which is open at one end and closed
at the other. The MnO, powder is then compacted into a disk-like shape. A paper separator is
then placed on top of the MnO, disk. The separator is then filled with the KOH electrolyte and
the remaining volume of the can then filled with a zinc slurry. The open end of the can is covered
with a stainless steel cap. The cap is in electrical contact with the zinc slurry through a nail
penetrating from the cap into the shury.

Two flooded cells are made as above described, but with one containing P-CMD as
cathode material and the other containing conventionai battery grade EMD (from Kerr-McGee
Co.) as cathode material. The performance of the two cells are compared at a current drain rate
of 0.3 milli-amp/cm® and the results shown in Figure 6B. It may be seen from the voltage
profiles reported in Figure 6B that the performancé of the flooded alkaline cell utilizing P-CMD is
superior to that employing the EMD.
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compacted by press molding it onto a stainless steel mesh and spot welding it onto 2 steel case
which forms the positive electrode. The positive electrode containing the cathode material is
immersed in a conventional lithium salt electrolyte composed of lithium hexafluorophosphate
(LiPF,) dissolved in propylene carbonate and dimethoiyethane organic solvents. Other
conventional lithium salt electrolytes such as lithium perchlorate and organic solvents such as
propylene carbonate, ethylene carbonate, dimethoxyethane and mixtures thereof can also be used.
Excess amount of lithium is employed for the negative electrode. The negative electrode is
formed by press molding a lithium foil onto a stainless steel mesh which in tur is spot welded to
a steel case. A separator composed of a non-woven cloth is applied over the lithium foil. The
positive electrode is assembled over the negative electrode with the separator therebetween. The
assembly is performed in an argon filled dry chamber. The entire assembly is filled with the
liquid electrolyte and then sealed by crimping the edge  of the cell '

Two lithium coin-shaped cells made in the above manner are discharged down to 1.2 volts
with current drain
rates of 0.17 and 1 milliamp/cm®, respectively. The resulting voltage profiles for these cells using
P-CMD are shown in figures 7A and 7B for drain rates at 0.17 and 1 milliamp/cm?, respectively.
Each figure also shows comparative voltage profiles obtained for a like cell at same current drain
rates, but instead using conventional EMD cathode active material (from Kerr-McGee Corp.)
which is heat treated and press molded for use in the lithium cell. As may be seen from the
figures, P-CMD exhibits a greater capac_:ity (milliamp-hr/g) than the EMD. The capacity
improvement of the P-CMD over that of EMD at current drain rates of 0.17 and 1 milliamp/cm® -
are about 20% and 28%, respectively. The P-CMD, thus, shows performance improvement over
EMD in lithium cells, particularly at the higher current rates.

Example 9:
The same tests are performed as in example 8 using the coin-shaped lithium cells

assembled, as above described, except that the performance of the P-CMD is compared to that of
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CMD. The CMD chosen is a commercially available CMD from Sedema intended for speciic
use in lithium cells.

Two coin-shaped lithium cells are prepared as in example 8 but with one cell containing
Sedema CMD and the other containing the P~-CMD as cathode active material. The voltage

- profiles for these two cells are given at current drain rates of 0.17 and 1.0 milliamp/cm?® as

illustrated in figures 8A. and 8B, respectively. As can be seen from these figures, the P-CMD has
significantly gre:ater capacity (milliamp-hr/g) than the Sedema CMD at the current drain rates
tested.

Although the present invention has been described with referencé to specific
embodiments, it should be recognized that variations are possible within the scope of the
invention. Therefore, the invention is not intended to be limited to specific embodiments, but
rather is defined by the claims and equivalents thereof.
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gamma Mh(Jerr] to a gamm-beta phase. A coin shaped cell i R&&%%EME@ SIHIEET
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comprising a precipitate of gamma MnO,;
b) removing the gamma MnO, precipitate from said reaction product mixture; and

c) drying said precipitate.

2. The process of claim 1 wherein the gamma MnO, precipitate is comprised of particles
characterized by filament-like protrusions radiating outwardly from the surface of said particles.

3. The process of claim 2 wherein the filament-like protrusions are visible at a
magnification between about 200 and 2,000 times actual size.

" 4. The process of claim 1 wherein the solution is characterized by an aqueous solution
and said aqueous solution during step a) is heated to a temperature between about 30° C and 100°
C.

5. The process of claim 4 and further characterized by bringing the temperature of said
aqueous solution to between 40 and 70° C and then raising the temperature thereof during a
period of at least 5 hours at an average rate of less than 7° C per hour, whereby the bulk density
of the resulting gamma MnO, will be between 15 and 32 g/in® (0.9 and 2 g/em’).

6. The process of claim 4 and further characterized by bringing the temperature of said
aqueous solution to between 30 and 100° C and then raising the temperature thereof during a
period of less than 5 hours at an average rate of greater than 7° C per hour, whereby the bulk
density of the resulting gamma MnO, will be between 8 and 15 g/in’ (0.5 and 0.9 g/em®).

7. The process of claim 1 further cdmpn'sing adding a compound reactive with H,SO, to
said solution during or prior to step a) to increase the yield of MnO,, wherein said compound is

selected from the group consisting of Li,CO,, Na,CO,, LiOH, NaOH and MgO. -
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| ithium coin-shaped cell's made in the above manner are di scharged down to
1.2 vol t graphiterand earbon blagk andwheneinsthe Mn®), precipitate depesits jon thy surfacs of/ the carbon
respecti ve“w}. The resulting voltage profiles for these cells using P-CVD
are showh? e?'igures 7A and 7B for drain rates at 0.17 and 1
mllianp/cnferr], respectively. Each figure also shows conparative vol tage
profiles obtained for a like cell at same current drain

9. The process of claim 1 further comprising adding electrolytic MnO, (EMD) particles

to said solution during or prior to step a), wherein the MnO, precipitate deposits on the surface of
the EMD particles. |

10. A hybrid MnO, material comprising gamma MnO, deposited on the surface of
electrolytic manganese dioxide (EMD), wherein said gamma MnQO, material has filament-like
protrusions radiating outwardly from its surface, said protrusions being visible at a magnification
between about 200 and 2,000 times actual size.

11. A hybrid MnO, material comprising gamma MnO, deposited on the surface of carbon
material selected from the group consisting of graphite and carbon black, wherein said gamma
MnO, material has filament-like protrusions fadiating outwardly from its surface, said prot;'usions
being visible at a magnification between about 200 and 2,000 times actual size.

12. A hybrid MnO, material cé'm;iﬁsing gamma MnO, deposited on the surface of
another material wherein said gamma MnO, material has filament-like protrusions radiating
outwardly from its surface, said protrusions being visible at a magnification between about 200
and 2,000 times actual size. .

13. An electrochemical cell having MnO, cathode active material in said cell,
characterized in that at least 95% of said MnO, material comprises gamma MnO, particles
wherein said gamma MnO, particles have filament-like protrusions radiating outwardly from the '
surface of said particles, said filament-like protrusions being visible at a magnification of between
200 and 2,000 times actual size.

14. An electrochemical cell having MnO, cathode active material in said cell;
characterized by said electrochemical cell having an anode comprising lithium, and further
characterized by said MnO, material comprising gamma MnO, particles having filament-like
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15. The electrochemical cell of claim 14 wherein the gamma MnO, particles comprise at
least 95% of said MnO, material.

16. The electrochemical cell of claim 14 characterized by the filament-like protrusions
being substantially uniformly distributed over the surface of said particles and the filament-like
protrusions having a length to width ratio between about 2:1 and 20:1.
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PROCESS FOR THE MANUFACTURE OF MANGANESE DIOXIDE '

ABSTRACT OF THE DISCLOSURE

The invention relates to the mimufacture of manganese dioxide by a chemical process.

The resulting manganese dioxide product takes the form of particles characterized by

~ filament-like protrusions jutting out from its surface. The manganese dioxide particles having
such surface features can be manufactured by reacting manganese sulfate with sodium
peroxodisulfate in an aqueous solution. The process can be controlled to yield high density
manganese dioxide. The manganese dioxide formed in the process can be deposited directly onto
the surface of electrolytic manganese dioxide (EMD). ‘The manganese dioxide product the is
particularly suitable for use as a cathode active material in electrochemical cells.

Figure 2B
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What is claimed is:

1. A particulate MnO, material wherein at least the majority of
the particles have filament-like protrusions of gamma MnO,
radiating outwardly from the surfaces of said particles, and
wherein said protrusions are visible at a magnification between
about 200 and 2,000 times actual size.

2. The particulate MnO, material of claim 1 in which said
particles consist essentially of gamma MnO,.

3. The particulate MnO, material of claim 1 in which the interior
of said particles comprises a substance other than gamma MnO,.

4. The particulate MnO, material of claim 1 wherein the interior
of said particles comprises electrolytic manganese dioxide (EMD).

5. The particulate MnO, material of claim 1 wherein the interior
of said particles comprises a carbonaceous material selected from
the group consisting of graphite and carbon black.

6. A hybrid MnO, material comprising gamma MnO, on the surface of
electrolytic manganese dioxide (EMD), wherein the gamma MnO,
material has filament-like protrusions radiating outwardly from
said surface.

7. A hybrid MnO, material comprising gamma MnO, on the surface of
a carbonaceous material, wherein the gamma MnO, material has a
filament-like procrusions radiating outwardly from said surface.

8. The hybrid MnO, material of c¢laim 7 wherein the carbonaceous
material is selected from the group consisting of graphite and
carbon black.

9. A hybrid MnO, particulate material comprising gamma MnO, on
the surface of particles, said gamma MnO, material having
filament-like protrusions radiating outwardly from the surface of
sald particles, said protrusions being visible at magnification
between 200 and 2,000 times actual size.

10. A hybrid MnO, material comprising gamma MnO, on the surface
of electrolytic manganese dioxide (EMD), wherein the gamma MnO,
material has filament-like protrusions radiating outwardly from
the said surface, said protrusions being visible at a
magnification between 200 and 9,850 times actual size.

11. A hybrid MnO, particulate material comprising gamma MnO, on
the surface of particles, said gamma MnO, material having
filament-like protrusions radiating outwardly from the surface of
said particles, said protrusions being vidible at magnification
between 200 and 9,850 times actual size.
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The invention relates to the manufacture of manganese dioxide by a chemical process.
The resulting manganese dioxide product takes the form of particles characterized by
filament-like protrusions jutting out from its surface. The manganese dioxide particles having
such surface features can be manufactured by reacting manganese sulfate with sodium
peroxodisulfate in an aqueous soludon. The process can be controlled to yield high densiry
manganese dioxide. The manganese dioxide formed m the process can be deposited directly onto
the surface of electrolytic manganese dioxide (EMD). The manganese dioxide product the is

s partcularly suitable for use as a cathode active material in electrochemical cells.

Figure 2B
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