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(57) ABSTRACT 

A catalyst, active layer, and cathode for metal air and other 
air-assisted cells and methods of producing these are dis 
closed. The cathode produced comprises a substantially 
unoXidiZed carbon support With a manganese or other oxide 
catalyst. The support maintains its inherent Water repellency, 

(21) Appl, No,: 10/357,757 conductivity and active sites. The cathode is therefore 
capable of sustaining signi?cantly high currents for pro 
longed duration, at higher operating voltages, enabling the 

(22) Filed: Feb. 4, 2003 extension of metal air technology for higher poWer devices. 
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MANGANESE OXIDE BASED CATALYST AND 
ELECTRODE FOR ALKALINE 

ELECTROCHEMICAL SYSTEM AND METHOD OF 
ITS PRODUCTION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of US. patent 
application Ser. No. 10/066,938, ?led Feb. 4, 2002, the text 
of Which is incorporated herein by reference. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] Not applicable. 

BACKGROUND OF THE INVENTION 

[0003] The present invention relates generally to the fab 
rication of carbon-based air cathodes loaded With manga 
nese or other oxides for metal air cells, air-assisted alkaline 
cells and fuel cells, and in particular, relates to the prepa 
ration of manganese based oxides for such cathodes. 

[0004] Traditional metal-air batteries are usually disk-like 
in appearance and are therefore referred to commonly as 
button or coin cells. Other con?gurations, including cylin 
drical metal air cells, are knoWn and are applicable to the 
invention described herein. Metal air cells are disclosed in 
several patents including US. Pat. No. 5,721,065 issued 
Feb. 24, 1998, assigned to Rayovac Corporation, and 
entitled “LoW Mercury, High Discharge Rate Electrochemi 
cal Cell,” and US. Pat. No. 6,197,445 issued Mar. 6, 2001, 
assigned to Rayovac Corporation, and entitled “Air Depo 
lariZed Electrochemical Cells,” the disclosures of Which are 
both incorporated by reference herein as if set forth in their 
entirety. 
[0005] Of the potential metal-air battery candidates, Zinc 
air has received the most attention because Zinc is the most 
electropositive metal, and is relatively stable in aqueous and 
alkaline electrolytes Without signi?cant corrosion. In a Zinc 
air battery, the anode contains Zinc and, during discharge, 
oxygen from the ambient air and Water from the electrolyte 
are converted at the cathode to hydroxide, the hydroxide 
oxidiZes the Zinc at the anode, and Water and electrons are 
released to provide electrical energy. 

[0006] In metal-air batteries, a reactive metallic anode is 
electrochemically coupled to a carbon-based air cathode 
through a suitable alkaline electrolyte. As is Well knoWn in 
the art, the air cathode is typically a sheet-like member 
having a surface exposed to the atmosphere (air) and a 
surface exposed to an aqueous electrolyte of the cell. During 
operation, oxygen from the air dissociates and is reduced at 
the cathode, While metal of the anode is oxidiZed, thereby 
providing a usable electric current ?oW through the external 
circuit betWeen the anode and the cathode. Metal air cells 
achieve very high energy densities, as the air cathode is very 
compact yet has essentially unlimited capacity. Because 
most of the volume is available for the anode active material, 
a metal-air cell can provide more Watt-hours of electromo 
tive force than a typical “tWo-electrode cell” of similar siZe, 
mass and anode composition that contains both anode- and 
cathode-active materials in approximately equal amounts 
inside the cell structure. 
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[0007] A stable gas/liquid/solid interface is important to 
effective discharge of metal air cells. Conventionally, the air 
cathode includes a substrate-supported active layer and an 
air diffusion layer. The active layer comprises a mixture of 
a carbon support, one or more ?ne particle catalysts on the 
support, and a polymeric binder/Waterproo?ng agent such as 
polytetra?uorethylene (PTFE). The active layer is adhered 
or laminated to a metallic current-collecting substrate. The 
substrate is typically a cross-bonded screen having nickel 
metal strands Woven therein, or a ?ne-mesh expanded metal 
screen. The air diffusion layer usually includes one or more 
pure hydrophobic membrane layers laminated to the air side 
of the active layer. Some metal air cells for high current 
drain applications employ a dual layer Which includes a 
passive, hydrophobic barrier layer betWeen the active layer 
and the air diffusion layer. This additional layer makes 
processing complex and expensive because it has to be 
fabricated separately then bonded to the active layer. 

[0008] It is generally understood that a tWo-step oxygen 
reduction process occurs in metal air cells. The process 
requires diffusion and dissolution of oxygen gas and elec 
trochemical reduction. A tWo-electron reduction at the car 
bon support surface produces peroxide ions. The peroxide 
ions are subsequently reduced in a catalytic step facilitated 
by the oxide catalyst such. 

[0009] The entire composite electrode structure must have 
high electronic conductivity to ensure effective collection of 
the current and to reduce ohmic resistance. Without this, an 
undesirable voltage drop results. In addition to ohmic volt 
age drop, kinetic (reaction rate dependent) and mass transfer 
polariZation can also reduce the cell voltage. For example, 
Without sufficient available oxygen reduction sites or cata 
lyst, a voltage drop due to kinetic limitations can occur. 
Insufficient catalyst alone can sloW the catalytic step and 
cause peroxide accumulation, leading to a loWer voltage. At 
high current densities, the cathode is generally under mass 
transfer control, meaning that mass transport becomes the 
rate determining step. Hence poor mass transport of reac 
tants (e.g. oxygen) or products, Which can be caused by loW 
cathode porosity or by excessive Wetting of the electrode, 
signi?cantly increases polariZation and reduces operating 
voltage. Generally, as the current demand increases during 
operation, it is believed that the reaction front moves out 
Ward toWard the air side of the cathode, and more of the 
cathode surface area participates in the reaction. The liquid 
electrolyte can ?lm over or ?ood the cathode surface, 
thereby blocking air access and reducing the active (avail 
able) three-phase interfacial area for reaction. It can even 
tually break through to the air side of a structurally de?cient 
electrode and puddle betWeen the cathode and the laminated 
hydrophobic barrier layer. A commonly used term for this 
condition is “cathode ?ooding.” The net result of all these 
phenomena is that the electrode cannot sustain the current 
density resulting in premature battery failure. Wetting 
through of the cathode by electrolyte is further detrimental 
since the electrolyte is corrosive and leakage can cause 
damage to expensive components. 

[0010] If the carbon support and the entire electrode 
structure become too hydrophilic for any reason, Wetting 
through of the cathode and performance degradation as 
noted above cause premature failure. 

[0011] In a conventional metal air cathode, one can com 
pensate for a loss in conductivity by adding conducting 
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carbon black. One can also vary, Within limits, the amount 
of the hydrophobic binder in the active layer and the 
processing conditions to maintain a cathode having a hydro 
phobic character. HoWever, an increase in the amount of the 
binder can undesirably reduce the electrode porosity and the 
number of carbon sites available for reaction. This hinders 
effective mass transport, Which is critical at high current 
densities. Furthermore, using more binder increases the 
material cost of the electrodes. 

[0012] As neW high poWer, high current density devices 
raise performance expectations, the requirements for sus 
taining oxygen reduction over the life of the battery are 
becoming more demanding. 

[0013] It is therefore a goal of air cathode design to 
increase oxygen reduction and reduce polariZation from all 
sources. For example, attention has already been directed to 
the catalyst support, the catalyst particles, and on the cath 
ode layer structures employed. The carbon support must 
have sufficient sites for the oxygen reduction reaction. This 
depends strongly on the type of carbon, as Well as its surface 
area and surface functionalities. These attributes can depend 
upon the starting materials used to produce the carbon 
support and the method of its manufacture. 

[0014] Also, inexpensive highly active, ?ne organic and 
inorganic catalyst particles should be Well distributed 
throughout the carbon support to ensure rapid and effective 
consumption of all the peroxide produced to ensure high 
operating voltage. HoWever, the choice of materials is 
limited because the catalyst must not only have a high 
oxygen-reducing activity, but must also Withstand the cor 
rosive environment of an electrochemical cell. The avail 
ability, cost and environmental or toxicological effects of the 
materials also have a bearing on the suitable choice for 
large-scale use of the material in practical systems for 
consumer applications. 

[0015] Manganese oxides are knoWn to be suitable cata 
lysts for carbon-based air cathodes, and various methods are 
knoWn for producing oxide catalyst on the carbon support. 
Most methods react the carbon With a strong oxidiZing agent 
such as potassium permanganate (KMnO4) or silver per 
manganate (AgMnO4). The KMnO4 is reduced to MnO2, 
While the carbon is oxidiZed and eventually produces 
K2CO3. For example, US. Pat. No. 4,433,035 and US. Pat. 
No. 5,378,562 both disclose reducing potassium permanga 
nate With either carbon black or activated carbon to produce 
carbon based air cathodes loaded With manganese oxide. 
US. Pat. No. 3,948,684 teaches using KMnO4 and/or heat to 
deposit MnO2 catalyst on carbon, and also suggests that 
MnO2 production is facilitated by using H2O2 With the 
KMnO4. Both H202 and KMnO4 are strong oxidiZing agents 
that can rapidly oxidiZe the carbon surface. US. Pat. No. 
3,948,684 taught that the electrodes performed better When 
Mn(NO3)2 Was used. US. Pat. No. 4,433,035 describes 
using KMnO4 as an oxidiZing agent on carbon black While 
adding “uncatalyZed” carbon black, presumably to compen 
sate for the loss in conductivity. 

[0016] US. Pat. No. 5,378,562 describes using KMnO4 on 
carbon the room temperature to produce Mn+2. FIGS. 5 & 
6 in their patent shoW increase in impedance With increasing 
catalyst loading. While this method effectively produces 
Well distributed, ?ne particle MnO2, the cathodes Were 
developed exclusively for hearing aid battery development 
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Which required no more than 10 mA/cm2 at the time. At 
higher currents, these electrodes are prone to loWer conduc 
tivity 
[0017] Patent publication WO01/37358A2, entitled 
“Cathodes for Metal Air Electrochemical Cells” discloses an 
admixture of silver permanganate and carbon black, Wherein 
silver permanganate is reduced in situ by carbon black to 
form a manganese oxide/silver catalyst mixture supported 
on carbon, Which is used as cathode for oxygen reduction. 
FIG. 5 in their patent shoWs that 10% MnO2/C does not 
perform Well compared to 5% MnOZ/C, suggesting that high 
catalyst loadings are detrimental. 

[0018] Sol-gel processes have also been employed to 
produce MnO2 for metal air cathodes. Sol-gel chemistry in 
aqueous solutions is based on the hydrolysis and condensa 
tion of metal ions. Sols are colloidal suspensions of the 
reaction product that are typically nano-siZed. In a “true” 
sol, by virtue of the charge on the particles, the repulsive 
forces betWeen adjacent particles can keep them in suspen 
sion for long periods of Weeks to months. The particle siZe 
as Well as the agglomeration or “aging” of particles depends 
on the concentration of reactants and product in the liquid, 
the type of precursors used, the rate of reaction, pH, etc. 

[0019] According to Bach et. al., (J. Solid State Chem., 
88,325-333, 1990) to synthesiZe MnO2 using sol-gel tech 
niques, due to the lack of stable Mn(IV) precursors, one can 
use redox reactions to obtain MnO2 rather than the typical 
acid-base type reactions in sol-gel synthesis. Hence soluble 
inorganic precursors like KMnO4, NaMnO4, LiMnO4, 
AgMnO4 etc. can be reduced by appropriate organic or 
inorganic reducing agents to produce a sol, suspension, 
slurry or gel depending on the material and conditions used 
for the synthesis. The oxides produced from such loW 
temperature techniques generally produce largely amor 
phous materials as determined by X ray diffraction analysis. 
The manganese oxides produced typically have mixed 
valence states, although careful control of the molar ratio of 
reactants can ensure a mean oxidation state of +4 for the Mn 

oxide. The sols can also be treated With acids to promote the 
disproportionation of Mn3+ to Mn2+ and Mn“. The Mn2+ 
Which is soluble, can be Washed aWay, leaving largely Mn4+. 

[0020] French patent 2,659,075, also by Bach et al., 
entitled “Sol-gel Process for the Preparation of Manganese 
Oxide” discloses the fabrication of manganese oxide via the 
reduction of potassium permanganate solution With a car 
boxylic acid having four carbon atoms. This method pro 
duces a manganese (IV) oxide gel using fumaric acid as the 
reducing agent. It is claimed that the four-carbon nature of 
the reducing agent yields a gel, in Which the manganese 
oxide particles are suspended. The objective of the patent is 
to produce crystalline MnO2 for reversible intercalation of 
Li ions in a rechargeable Li battery. Hence the MnO2 gel is 
subjected to high temperature heat treatment (calcined) to 
produce the desired crystal structure and orientation. 

[0021] US. Pat. No. 6,465,129 entitled ‘Lithium Batteries 
With NeW Manganese Oxide Materials as Lithium Interca 
lation Hosts” describes “sol-gel” technology and the impor 
tance of distinguishing betWeen various methods, the dif 
ferent chemical and structural characteristics of the 
synthesiZed material, and the end application of inventions. 
It is incorporated herein by reference. The inventors describe 
nanoporous, amorphous MnO2 With high lithium intercalat 
ing properties, Which are not subjected to high temperatures. 
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[0022] J. Electrochem. Soc., 143(5):1629 (May 1996) 
(Stadniychuk, et. Al.), incorporated by reference as if set 
forth herein in its entirety, surveys various methods for 
producing MnO2. The paper describes the importance of pH 
and concentration on sol-gel transition When using fumaric 
acid as reducing agent. It also describes rather complex 
methods of producing MnO2 nanoparticles for use in thin 
?lm alkaline batteries having an electrode predominantly 
comprising MnO2, Where the MnO2, is directly consumed in 
the reaction. In contrast, the MnO2 of metal air batteries 
behaves as a catalyst that facilitates a reaction but is not 
consumed. 

[0023] US. Pat. No. 6,444,609 entitled “Manganese 
based Oxygen Reduction Catalyst, Metal-Air Electrode 
Including Said Catalyst and Methods for Making the Same 
Relates to a Sol-gel Process for Making a Catalyst for an Air 
Electrode.” The inventors disclose combining a manganese 
alkoxide of valence state +2 With alcohol under suitable 
conditions to produce a sol, converting the sol to a gel, 
mixing the gel With carbon to produce a mixture, and then 
pyrolyZing the mixture at a high temperature to produce the 
MnO2, Which has valence state of +4, on the carbon support. 

[0024] An increasing demand for higher poWer cells has 
been created by neWer devices, such as hearing aids, par 
ticularly digital hearing aids. The desired increase in poWer 
demands that cells have an ability to operate at higher 
voltages and at higher currents. Still higher poWer demands 
are seen in recent attempts to develop and produce larger 
batteries in cylindrical or prismatic form, for consumer 
electronic as Well as military, applications. From processing 
and performance standpoints, it is desirable to preserve the 
surface chemistry that in?uences the physico-chemical 
properties such as Wettability and electrical properties of the 
support carbon materials. 

BRIEF SUMMARY OF THE INVENTION 

[0025] While, in general, it is knoWn that it is important to 
maintain the hydrophobicity of the metal air cathode, the 
prior art has not heretofore appreciated that, at high currents, 
cathodes can fail as oxidation at the carbon support surface 
promotes undesired surface micro-hydrophilicity. The 
inventors have determined the importance of three-dimen 
sional hydrophobic/hydrophilic balance at the micro- and 
macro levels in the electrode for sustaining high poWer and 
high current density discharge. The inventors have further 
determined that conventional processing methods cause 
physical or chemical oxidation of the carbon surface and that 
surface oxygen compounds increase the hydrophilicity of 
the carbon and make the carbon and the electrode more 
Wettable. It is further believed that oxidation reduces elec 
trochemical activity by consuming active sites that Would 
otherWise participate in the oxygen reduction reaction. 

[0026] Accordingly, the present invention is summariZed 
in that a carbon support substantially unoxidiZed during 
catalyst loading is advantageously used in an air cathode of 
a metal air cell for high current drain applications. The 
carbon support of the invention has micro-hydrophobic 
properties not seen in the prior art. It is conventional in the 
art for the carbon support to be provided on its surface With 
an oxide catalyst that can comprise an oxide of manganese, 
silver or cobalt, or mixtures thereof, With a manganese 
oxide, particularly manganese dioxide, being the preferred 
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oxide catalyst. References herein to a manganese compound, 
such as a permanganate or an oxide, are intended to encom 

pass the other suitable catalysts or catalyst precursors as 
Well. 

[0027] In a related aspect, a carbon support having a high 
level of reactive sites and a loW level of oxidation can be 
selected from available carbon sources for mixing With 
existing oxide catalyst particles, and can be prepared as 
described herein such that the carbon is substantially unoxi 
diZed after the catalyst has been provided on the support. 
The carbon support can be activated carbon or conductive 
carbon black of conventional siZe. A suitable activated 
carbon has a surface area of at least 200 m2/g, preferably 
greater than 700 m2/g. Activated carbons are most com 
monly obtained by steam or chemical activation of pitch or 
coal based precursors, to produce extremely high porosity 
particles With high adsorptive capacity for organic and 
inorganic compounds. These properties are thought to make 
the materials appropriate for oxygen reduction reactions, 
Which can be further enhanced by incorporation of catalysts. 
For such carbons, the molasses number indicates internal 
porosity, and the iodine number, their surface area in m2/gm. 
Preferred activated carbons are PWA carbon (Calgon Cor 
poration, Pittsburgh, Pa.)), Which is bituminous coal 
derived, and has a molasses number of 218 and iodine 
number of 900. Norit SX1G, as Well as other grades from 
Norit Americas Inc, Atlanta, Ga., are suitable peat-based 
activated carbon With a molasses number of ~310 and iodine 
number of 900. A suitable conductive carbon black has a 
surface area of at least 1200 mz/g. It is preferred that a 
conductive carbon black have a surface area of at least 1200 
m2/g. A preferred carbon black is Black Pearls 2000 or 
Vulcan XC 72 (Cabot Corporation, Billerica, Mass.). 
Another suitable carbon black is Ketjen Black (AkZo Nobel 
Corporation, Chicago). 

[0028] The meaning of “substantially unoxidiZed” in this 
application refers to further oxidation of the carbon support 
after the activation process used to produce the support 
materials. In other Words, a goal of this invention is to avoid 
oxidiZing the support While producing a catalyst-loaded 
support. Preferably, the support is not oxidiZed during 
cathode loading in accord With the methods described 
herein, but oxidation to some extent can be tolerated, for 
example as much as about 10-20%, or even more, oxidation 
can be acceptable depending upon the application. The 
extent of oxidation is best determined operationally by 
reference to the suitability of a cathode in a high rate 
application in the manner shoWn in the accompanying 
Examples. The statement is not intended to suggest that the 
starting carbon is free of oxygen-containing surface groups, 
but rather that the level of such groups is sufficiently loW 
When loaded With catalyst so as not to substantially reduce 
the function of a cathode under high current conditions as 
described herein (not more than 10% reduction relative to 
cathode fabricated similarly Without regard to oxidation of 
the support, e.g., as in Example 1). The level of carbon 
support oxidation that is acceptable in the invention Will 
vary With the activity of the starting carbon material, and 
more particularly With its reactivity after cathode formation 
in the oxygen reduction reaction described above. Accord 
ingly, if the starting material has a large number of reactive 
sites, the carbon can be partially oxidiZed Without adverse 
impact upon cathode activity. In contrast, a relatively inac 
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tive starting material having the same proportion of oxidiZa 
tion can be rendered unusable in a cathode for high rate 
applications. 
[0029] In another aspect, the invention is further summa 
riZed in that an active layer for a cathode for a metal air cell 
comprises a mixture of a polymeric hydrophobic binder and 
a carbon support of the invention having supported on its 
surface the catalyst material. The active layer mixture can be 
adhered or laminated to a metallic current-collecting sub 
strate, and combined With one or more air diffusion layers in 
a conventional manner to form a cathode for a metal air cell. 
The cathode can be incorporated into a metal air cell in a 
conventional manner. Acathode active layer of the invention 
typically comprises 70-80% carbon and 2-20% of the oxide 
catalyst, by Weight, With the balance being binder. 

[0030] In one aspect, a method for producing an active 
layer of the invention begins With a method for producing an 
oxide catalyst suspension that Will not oxidiZe a carbon 
support When the tWo are mixed together. In the method, an 
oxidiZing agent, preferably a soluble manganese compound 
having a valence state higher than +4, is mixed With one or 
more suitable organic or inorganic reducing agents at a 
temperature in the range of 10° C. to 100° C. to produce a 
suspension of oxide(s) containing particles ranging from 
sub-micron to several microns in siZe, for example betWeen 
100 nanometers and 30 microns in siZe. 

[0031] It should be appreciated that the present invention 
is intended to include suspensions of various particle siZes, 
Which may be produced by adjusting the starting materials 
and/or the reaction conditions in a manner knoWn to the art. 
Substantially all of the primary particles are preferably 
submicron siZe, but the primary particles can aggregate to 
form larger secondary clusters. While sub-micron siZed 
primary oxide particles are desirably employed in the 
method, the invention is not limited to oxide catalyst having 
a speci?c particle siZe range. For instance, the Examples 
beloW demonstrate that oxide catalyst aggregates on the 
order of 20 microns in siZe can be used in a cathode having 
high catalytic activity and hydrophobicity for sustained high 
current density performance. The oxide particle siZe distri 
bution can be determined using a Coulter Particle SiZe 
AnalyZer. 

[0032] The oxidiZing agent can be selected from a variety 
of compounds containing manganese of valence greater than 
+4. Permanganate salts are preferred, for instance, lithium-, 
sodium-, potassium-, silver-, ammonium- or cobalt-based 
salts, or mixtures of the salts. A suitable organic reducing 
agent can have one or more carbon atoms, and can include 
fumaric acid, citric acid, formic acid, or a salt of these acids, 
as Well as an alcohol, aldehyde, or the like that can be readily 
oxidiZed. The reducing agent can also comprise one or more 
inorganic compounds, such as a nitrate, chloride, sulfate, or 
perchlorate of various cations, as Well as hydrogen peroxide, 
and the like, Which readily react With and reduce the 
oxidiZing agent. The reducing agent can further contain 
manganese in the +2 valence state (e.g., manganous nitrate, 
perchlorate,or sulfate) Which is oxidiZed by the permanga 
nate to a higher oxidation state (e.g., +4). 

[0033] The mixing of the oxidiZing and reducing agents 
can be accomplished ex situ, under conditions that form 
particles having the desired siZe. The catalyst particles are 
later mixed With a carbon support having the described 
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attributes Without exposing the support to an oxidiZing 
agent. The particle suspension produced in an ex situ mixing 
method is preferably a colloidal sol comprising the oxide 
particles. The particle suspension is then transferred onto the 
carbon support (e.g., provided as a slurry, paste, or poWder) 
under agitation to produce a substantially unoxidiZed carbon 
support loaded With catalyst for further processing into a 
metal-air cathode. In a related aspect, the particles and the 
carbon support can have net opposite charges that enable 
charge-induced attraction and adsorption of the particles to 
the carbon surface. It is possible to adjust the deposition of 
the catalyst particles onto the support by incorporating 
surfactants or other additives to modify the inherent or 
imparted charge on the support relative to the charge on the 
particles. 

[0034] Alternatively, the oxide can be deposited in situ on 
the carbon support by mixing the oxidiZing and reducing 
agents With the carbon support under conditions that favor a 
redox reaction betWeen the oxidiZing and reducing agents 
over the reaction betWeen the oxidiZing agent and the 
carbon. The rate of reaction betWeen the reducing and 
oxidiZing agents should be at least tWice as fast, more 
preferably ?ve to ten times as fast, as the rate of reaction 
betWeen the oxidiZing agent and the support. Under such 
conditions, the very ?ne particles that form in the redox 
reaction are immediately attracted to and attach to the 
carbon support, Which can also act as a seed or nucleation 
site. A particle suspension produced in situ With the carbon 
support as described is more intimately dispersed than 
Would be the case for particle produced ex situ and the 
carbon Will still be substantially unoxidiZed. 

[0035] It is an object of the invention to provide a carbon 
supported catalyst for use in a cathode active layer suitable 
for use in a high performance metal air cell to deliver high 
poWer and high current density. 

[0036] It is another object of the invention to provide the 
catalyst at a loading of betWeen about 1% and 20%, pref 
erably betWeen about 5% and 15%, oxide catalyst by Weight 
in the cathode to ensure suitability for use in a high perfor 
mance metal air cell. 

[0037] It is a feature of the invention that a cathode active 
layer of the invention comprises the carbon-supported cata 
lyst of the invention. 

[0038] It is another feature of the invention that the carbon 
support can be substantially unoxidiZed during the catalyst 
loading process. 

[0039] It is also an advantage of the invention that the 
catalyst oxide particles can, if desired, be produced in situ 
With the carbon support. 

[0040] It is an advantage of the invention that the carbon 
support maintains adequate electrical conductivity and 
chemical reactivity for high current drain discharge appli 
cations. 

[0041] It is another advantage that a cathode of the inven 
tion maintains catalytic activity and conductivity, and retains 
a hydrophobic character at both the macro (cathode) and 
micro (carbon support) levels, and thereby is suf?ciently 
robust to sustain high current densities With minimal ?ood 
mg. 
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[0042] It is yet an advantage of the invention that it does 
not require a high temperature pyrolysis step to produce the 
Mn+4 oxide. 

[0043] Still another advantage of the invention is that the 
catalyst can function in a single active layer. 

[0044] It is yet another advantage of the present invention 
that readily available, inexpensive compounds are employed 
in the making of the carbon-supported catalyst of the inven 
tion. 

[0045] It is a still further advantage of the invention that no 
gelling step is required for the sols produced, thereby 
avoiding processing steps and reducing costs. 

[0046] A yet further advantage of the invention is that a 
Wider range of oxide catalyst loading is enabled, Which is 
otherWise not possible due to cathode deterioration effected 
by high catalyst loading in the prior art. 

[0047] These and other aspects of the invention are not 
intended to de?ne the scope of the invention for Which 
purpose claims are provided. In the folloWing description, 
reference is made to the accompanying draWings Which 
form a part hereof, and Which there is shoWn by Way of 
illustration, and not limitation, preferred embodiments of the 
invention. Such embodiments do not de?ne the scope of the 
invention and reference must therefore be made to the 
claims for this purpose. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0048] Reference is hereby made to the folloWing ?gures 
in Which like reference numerals correspond to like elements 
throughout, and in Which: 

[0049] FIG. 1 is a schematic sectional side elevation vieW 
of a Zinc-air button cell constructed in accordance With the 

invention; 

[0050] FIG. 2 compares the effects of carbon oxidation on 
hydrophobicity of cathodes constructed in accordance With 
the preferred embodiments to that of the prior art; 

[0051] FIG. 3 compares the long-term stability and per 
formance of a cathode constructed in accordance With the 
preferred embodiments to that of the prior art; 

[0052] FIG. 4 is a graph illustrating the discharge pro?le 
of a Zinc air 13 siZe cell constructed in accordance With the 
preferred embodiment compared to the prior art. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0053] In this application, high current density is de?ned 
as a current density greater than about 50 mA/cm2. A “high 
performance cell” operates at a high current density and 
resists ?ooding and leakage. 

[0054] While the preferred embodiments are described 
With reference to a cathode for a button cell, it should be 
appreciated by a skilled artisan that the present invention is 
equally applicable to the fabrication of cathodes for other 
types of cells, including but not limited to other types of 
metal-air cells, fuel cells, or any other electrochemical cells 
that can bene?t by having a carbon-supported oxide-based 
electrode. 
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[0055] Methods for forming a cathode from a catalyst 
coated support and a binder are knoWn and, except as noted, 
conventional cathode-forming methods can be employed in 
this invention. Rather, the invention relates to methods for 
producing a catalyst-coated support having the indicated 
properties and to the support, coated support, cathode com 
prising the coated support, and cell comprising the cathode. 
In accordance With the invention, methods for both ex situ 
and in situ production are described beloW, after presenting 
the structure of a button cell constructed in accordance With 
the invention. 

[0056] Referring to FIG. 1, a metal-air cell, and in par 
ticular a button cell 10, is disposed in a battery cavity 12 of 
an appliance 14. The cavity 12 is generally bounded by a 
bottom Wall 16, a top Wall 18, and side Walls 20. The 
negative electrode of the cell 10, commonly referred to as 
the anode 22, includes an anode can 24 that contains anode 
active material 26. The anode can 24 has a top Wall 28 and 
an annular doWnWardly-depending side Wall 30. Top Wall 28 
and side Wall 30 have, in combination, an inner surface 32 
and outer surface 34. Side Wall 30 terminates in an annular 
can foot 36, and de?nes a cavity 38 Within the anode can, 
Which contains the anode material 26. 

[0057] The positive electrode, commonly referred to as the 
cathode 40, includes a cathode assembly 42 contained 
Within a cathode can 44. Cathode can 44 has a bottom 46 and 
an annular upstanding side Wall 47. Bottom 46 has a 
generally ?at inner surface 48, a generally ?at outer surface 
50, and an outer perimeter 52 de?ned on the ?at outer 
surface 50. A plurality of air ports 54 extend through the 
bottom 46 of the cathode can to provide avenues for air to 
How into the cathode. An air reservoir 55 spaces the cathode 
assembly 42 from the bottom 46 and the corresponding air 
ports 54. Aporous diffusion layer 57 ?lls the air reservoir 55, 
and presents an outer reaction surface 90 for the oxygen. 
Side Wall 47 of the cathode can has an inner surface 56 and 
an outer surface 58. It should be appreciated that an air 
mover (not shoWn) could be installed to assist in air circu 
lation. 

[0058] The cathode assembly 42 includes an active layer 
72 that is interposed betWeen a barrier layer 74 and air 
diffusion layer 57. Active layer 72 facilitates the reaction 
betWeen the hydroxyl in the electrolyte and the cathodic 
oxygen of the air. Barrier layer 74 is a micro-porous plastic 
membrane, typically polypropylene, having the primary 
function of preventing anodic Zinc particles from coming 
into physical contact With the remaining elements of the 
cathode assembly 42. Barrier layer 74 hoWever, does permit 
passage of hydroxyl ions and Water therethrough to the 
cathode assembly. 

[0059] The anode 22 is electrically insulated from the 
cathode 40 via a seal, that includes an annular side Wall 62 
disposed betWeen the upstanding side Wall 47 of the cathode 
can and the doWnWardly-depending side Wall 30 of the 
anode can. A seal foot 64 is disposed generally betWeen the 
can foot 36 of the anode can and the cathode assembly 42. 
A seal top 66 is positioned at the locus Where the side Wall 
62 of seal 60 extends from betWeen the side Walls 30 and 47 
adjacent the top of the cell. 

[0060] The outer surface 68 of the cell 10 is thus de?ned 
by portions of the outer surface 34 of the top of the anode 
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can, outer surface 58 of the side Wall 47 of the cathode can, 
outer surface 50 of the bottom of the cathode can, and the top 
66 of seal 60. 

[0061] As is detailed below, the cathode 16 is loaded With 
manganese oxide using any of several methods to obtain an 
oxide-coated carbon support in Which the carbon is substan 
tially unoxidiZed. Cathodes made With the coated support of 
the invention achieve higher operating voltages than prior 
art cathodes, and furthermore to improve long-term perfor 
mance during operation. 

[0062] In an ex situ method for fabricating a carbon-based 
air cathode With manganese dioxide catalyst particles, a 
solution of an oxidiZing agent (potassium permanganate) 
and a reducing agent (sodium formate) can be combined at 
room temperature and at a generally neutral pH (range from 
about 6 to 8) to produce a manganese oxide sol according to 
the folloWing reaction. The manganese oxide suspensions 
can also be prepared from the reduction of potassium 
permanganate solution by sodium formate in acidic or 
alkaline solutions. 

2K2CO3+3Na2CO3 (1) 

[0063] Next, the particles in suspension are mixed With a 
carbon slurry that comprises the carbon support and the 
mixture is stirred to disperse the manganese oxide particles 
into the carbon matrix. If desired, the suspension of carbon 
slurry and manganese oxide can be heated. Asuspension of 
manganese oxide on carbon is thus produced in a slurry 
form. 

[0064] Alternatively, in a method for depositing the cata 
lyst on the carbon substrate in situ, the carbon substrate is 
highly agitated. Separate streams or sprays of the oxidiZing 
agent and the reducing agent can be mixed above the 
agitated carbon substrate and react With one another to form 
small oxide particles, preferably colloidal particles, before 
contacting the surface of the carbon support. When the 
particles contact the carbon support, they can be immedi 
ately adsorbed to and evenly dispersed on the support Which 
can further act as a seed or nucleating surface. Because the 
conditions favor a redox reaction betWeen the oxidiZing and 
reducing agents over the reaction betWeen the oxidiZing 
agent and the carbon, the available oxidiZing agent is 
substantially consumed before it has an opportunity to 
contact the carbon substrate such that the substrate is not 
oxidiZed in the process. Because the particles and the carbon 
support can have net opposite charges, the particles can be 
attracted to and adsorbed on the carbon surface. 

[0065] Without regard to Whether the catalyst oxide 
coated carbon support Was prepared by in situ or ex situ 
method, the processing continues in a standard manner to 
produce an air cathode. Brie?y, the binder/Waterproo?ng 
agent is added to the suspension, and the resulting mixture 
is stirred prior to ?ltering and Washing. In a preferred 
embodiment, 25 grams of Te?on T-30 PTFE suspension are 
added to the suspension, though other Waterproo?ng agents 
could be used, such as polyethylene. 

[0066] The mixture is ?ltered and rinsed With H2O to 
remove any soluble impurities before being dried at step 
118. In particular, the mixture is dried at 90° C. for approxi 
mately 14 hours in accordance With the preferred embodi 
ment. Finally, it is rolled to provide an active catalyst layer 
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for the resulting air cathode. The catalyst layer is then 
laminated to a nickel screen current collector at its inner 
surface and a PTFE layer at its outer surface to provide an 
air diffusion layer. In order to prevent electrical contact 
betWeen the air cathode and anode, a separator is applied on 
the inner surface of the nickel screen. The separator can 
comprise a traditional non-Woven fabric, or could alterna 
tively comprise a conformal separator, as is understood by 
one having ordinary skill in the art. 

[0067] The fabrication process is completed to produce a 
carbon-based air cathode loaded With substantially evenly 
distributed manganese dioxide particles that provide a cata 
lyst to the oxygen reduction reaction that occurs during 
discharge of the cell. The cathode may then be installed into 
a metal-air cell in a conventional manner. 

EXAMPLE 1 

[0068] For comparison, a conventional method for prepar 
ing an air cathode Was undertaken. A carbon slurry Was 
prepared by placing 1700 mL of distilled Water in a mixing 
vessel and adding 490 grams of PWA activated carbon 
(Calgon) and stirring the mixture for 30 minutes. A 0.35M 
solution of KMnO4 Was prepared and 773 grams of that 
solution Was sloWly poured into the mixing vessel contain 
ing the carbon slurry. This mixture Was stirred for an 
additional 30 minutes at room temperature. 10 g of Black 
Pearls 2000 conducting carbon black Was added and mixed 
for an additional 10 minutes. AWaterproo?ng agent, prima 
rily T-30 suspension (DuPont), Was added to the aforemen 
tioned mixture in the amount of 125 grams. This ?nal 
mixture Was stirred for an additional 15 minutes. 

[0069] The resultant cathode mixture Was ?ltered through 
a Buchner funnel, rinsed With distilled Water and ?ltered 
again. The resultant mix remaining in the ?lter Was then 
dried at approximately 90° C. in air for 8-24 hours. Once 
dried, the mix Was pulveriZed in a high intensity mixer for 
approximately 10 minutes. It Was then rolled to provide the 
active catalytic layer and subsequently laminated onto the 
current collector to yield the ?nal electrode. The ?nal dry 
composition contains 3.8% MnO2. All of the carbon Was 
activated by the permanganate. 

EXAMPLE 2 

[0070] The procedure of Example 1 Was repeated, except 
that the concentration of KMnO4 solution Was increased to 
yield 8% MnO2 in the ?nal product. All of the carbon Was 
activated by the permanganate. 

EXAMPLE 3 

[0071] The procedure of Example 1 Was repeated, except 
that only one half of the total amount of carbon Was mixed 
With the KMnO4 solution and alloWed to react. Then, the 
remaining half of the carbon Was added to the mixture and 
processing continued as in Example 1. This resulted in a 
cathode in Which the carbon Was 50% oxidiZed (activated). 

EXAMPLE 4 

[0072] To produce a substantially unoxidiZed support by 
an ex situ method, the folloWing steps Were performed. A 
sodium formate solution Was prepared by ?rst placing 180 
grams of distilled Water in a tank, and adding 20 grams of 
sodium formate poWder. The mixture Was stirred for 
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approximately ?ve minutes. Next, 350 ml of potassium 
permanganate solution (1.73N) Was added to the sodium 
formate solution, and the resulting mixture Was stirred for 
approximately an additional 10 minutes at a temperature 
betWeen 25° and 100° C. to produce a manganese oxide 
suspension according to Reaction (1) above. The amorphous 
manganese oxide particles produced ranged in siZe from 
about 100 nanometers to about 30 microns, and had an 
average particle aggregate siZe in the range of 20 to 26 
microns. 

[0073] Acarbon slurry Was prepared by placing 500 grams 
of distilled Water in a tank, adding 7 grams of Black Pearls 
2000, and 93 grams of Norit SX1G (having a BET surface 
area of approximately 1500 m2/g and 900 m2/g, respec 
tively), and stirring the mixture for 15 minutes. The man 
ganese oxide suspension Was poured into a tank containing 
the carbon slurry, and the suspension Was stirred for approxi 
mately one hour. AWaterproo?ng agent, and in particular 25 
grams of Te?on T-30, Was added to the suspension and the 
resulting mixture Was stirred for approximately 10 minutes. 

[0074] The resulting cathode mixture Was then treated to 
provide a cathode. In particular, the mixture Was ?ltered on 
Buchner funnel, and rinsed With H2O before being dried at 
90° C. for approximately 14 hours. Finally, it Was rolled to 
provide the catalyst active layer. The catalyst layer Was then 
laminated and treated in the manner described above to 
produce a cathode. 

EXAMPLE 5 

[0075] To produce a substantially unoxidiZed support by 
an in situ method, the method of Example 4 Was repeated to 
produce a cathode using the same components, except the 
carbon slurry Was agitated for 10 minutes, and then the 
potassium permanganate solution and the sodium formate 
solution Were simultaneously added sloWly at room tem 
perature so as to enter the vigorously stirred slurry as a 
single stream. 

EXAMPLE 6 

[0076] To illustrate the effect of carbon oxidation on the 
hydrophobicity and high current capability, polariZation 
curves of the cathodes of Examples 1-5 Were obtained as is 
shoWn in FIG. 2. Polarization measurements Were carried 
out in a single compartment cell With three-electrode con 
?guration using Solartron 1286 With CorrWare for Win 
doWs. The electrode potential Was measured and referred to 
Zinc Wire reference, While the counter electrode Was made of 
Platinum gauZe. Attention is directed to the capability of the 
cathodes at greater than 50 mA/cm2 (high current density). 
When all of the carbon support is oxidiZed (Example 1), the 
voltage drops off quite signi?cantly, even When the amount 
of MnO2 catalyst Was increased from 3.8% to 8% (Example 
2). When only half the carbon is oxidiZed but the amount of 
MnO2 catalyst is maintained at 3.8% (Example 3), the high 
current capability is signi?cantly improved. Notably, hoW 
ever, superior performance Was observed Where the carbon 
Was prepared in accordance With the invention (Examples 4 
and 5). 

EXAMPLE 7 

[0077] Long-term performance tests of carbon based air 
cathodes Were conducted at constant current density over a 
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period of time and recording the corresponding changes in 
electrode potential. This test determines the sustained 
robustness of the electrodes, particularly from ?ooding in 
the mass transport controlled region of the polariZation 
curves of FIG. 3. A rapid drop off in voltage implies that the 
three phase interface in the structure and the hydrophobicity 
of the ?nished electrode are inadequate to sustain high 
currents. The electrodes Were the same as those in FIG. 2, 
except the electrode of Example. 5 is not shoWn. 

[0078] A very high current density of 200 mA/cm2 Was 
applied to stress the electrodes. The results shoW a substan 
tial performance improvement for the present invention 
compared to all others, With minimal voltage drop over the 
duration of the test. 

EXAMPLE 8 

[0079] It has further been determined that the present 
cathode produces a metal-air cell having an increased oper 
ating voltage, When compared to prior art metal-air cells. In 
particular, referring to FIG. 4, the discharge pro?le of 
Zinc-air 13 siZe cells having cathodes constructed in accor 
dance With the present invention are compared to those of 
the prior art. As illustrated, the present cell achieves an 
operating voltage of almost 30 mV greater than prior art 
cells throughout the usable life of the cell. While the present 
cell becomes fully depleted a feW hours sooner than the 
conventional cell, a skilled artisan Would appreciate that the 
voltage of the conventional cell is substantially loW so as to 
render the cell useless for its intended purpose during this 
time. 

EXAMPLE 9 

[0080] The cathodes of the invention Were shoWn to 
exhibit the folloWing performance: 

Current Density (I) Voltage (V) 
(V) mA/cm2 

100 >1. 1 
150 >1.05 
200 >0.9 

[0081] The data presented demonstrate the importance of 
reducing or eliminating carbon oxidation When preparing a 
high performance air cathode. 

[0082] The invention has been described in connection 
With What are presently considered to be the most pratical 
and preferred embodiments. HoWever, the present invention 
has been presented by Way of illustration and is not intended 
to be limited to the disclosed embodiments. Accordingly, 
those skilled in the art Will realiZe that the invention is 
intended to encompass all modi?cations and alternative 
arrangement included Within the spirit and scope of the 
invention, as set forth by the appended claims. 

We claim: 

1. Acarbon support comprising at least one of conductive 
carbon black and activated carbon and having an oxide 
catalyst loaded thereupon, the carbon support being substan 
tially unoxidiZed. 
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2. A carbon support as claimed in claim 1, the conductive 
carbon black having a surface area of at least 1200 m2/g. 

3. A carbon support as claimed in claim 1, the activated 
carbon having a surface area of at least 700 m2/g. 

4. A carbon support as claimed in claim 1, the oxide 
catalyst comprising manganese. 

5. A carbon support as claimed in claim 1, the oxide 
catalyst comprising manganese dioxide. 

6. A carbon support as claimed in claim 1, the oxide 
catalyst comprising primary particles of submicron siZe. 

7. A carbon support as claimed in claim 1, the oxide 
catalyst comprising secondary particles of betWeen about 
100 nanometers and 30 microns in siZe. 

8. An active layer for an air cathode, the active layer 
comprising a hydrophobic binder and a carbon support 
comprising at least one of conductive carbon black and 
activated carbon and having an oxide catalyst loaded there 
upon, the carbon support being substantially unoxidiZed. 

9. A cathode active layer as claimed in claim 8 compris 
ing, by Weight, 70-80% carbon and 2-20% oxide catalyst. 

10. An air cathode for an electrochemical cell, the air 
cathode comprising a metallic substrate, an active layer on 
a ?rst side of the substrate, a hydrophobic diffusion layer on 
a second side of the substrate, the active layer comprising a 
hydrophobic binder and a carbon support comprising at least 
one of conductive carbon black and activated carbon and 
having an oxide catalyst loaded thereupon, the carbon sup 
port being substantially unoxidiZed. 

11. An air cathode as claimed in claim 10 Wherein the 
diffusion layer comprises PTFE. 

12. An air cathode as claimed in claim 10 comprising, by 
Weight, 70-80% carbon and 2-20% oxide catalyst. 

13. An electrochemical cell comprising: 

an anode; 

an air cathode comprising a metallic substrate, an active 
layer on a ?rst side of the substrate, a hydrophobic 
diffusion layer on a second side of the substrate, the 
active layer comprising a hydrophobic binder and a 
carbon support comprising at least one of conductive 
carbon black and activated carbon and having an oxide 
catalyst loaded thereupon, the carbon support being 
substantially unoxidiZed; 

a separator betWeen the anode and the cathode; and 

an electrolyte in contact With the anode and the cathode. 
14. A method for making an air cathode for an electro 

chemical cell, the method comprising the steps of: 

combining a carbon slurry comprising at least one of 
conductive carbon black and activated carbon, With a 
suspension of oxide catalyst particles having particles 
ranging in siZe from about 100 nanometers to about 30 
microns and a Waterproo?ng agent to form a mixture, 
the carbon in the mixture being substantially unoxi 
diZed; 

forming the mixture into an active layer for an air cathode, 
the carbon in the cathode being substantially unoxi 
diZed; and 

incorporating the active layer into an air cathode. 
15. A method for making an air cathode as claimed in 

claim 14 Wherein the suspension of oxide catalyst particles 
is formed by a method comprising the step of mixing an 
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oxidiZing agent that comprises manganese With a reducing 
agent to yield a suspension of oxide catalyst particles. 

16. A method for making an air cathode as claimed in 
claim 14 Wherein the oxidiZing agent comprises a soluble 
manganese compound having a valence state higher than +4. 

17. A method for making an air cathode as claimed in 
claim 14 Wherein the oxidiZing agent comprises a perman 
ganate salt selected from the group consisting of a lithium 
salt, a sodium salt, a potassium salt, a silver salt, an 
ammonium salt, a cobalt salt, and a mixture thereof. 

18. A method for making an air cathode as claimed in 
claim 14 Wherein the reducing agent is selected from the 
group consisting of an organic reducing agent and an inor 
ganic reducing agent. 

19. A method for making an air cathode as claimed in 
claim 14 Wherein the reducing agent is selected from the 
group consisting of a nitrate, a chloride, a sulfate, and a 
perchlorate of a manganese compound having a valence of 
+2 and hydrogen peroxide. 

20. A method for making an air cathode as claimed in 
claim 14 Wherein the reducing agent is selected from the 
group consisting of fumaric acid, citric acid, formic acid, a 
salt of any of the foregoing acids, an alcohol that can be 
readily oxidiZed, and an aldehyde that can be readily oxi 
diZed. 

21. A method for making an air cathode for an electro 
chemical cell, the method comprising the steps of: 

mixing an oxidiZing agent comprising manganese With a 
reducing agent and With a carbon support under con 
ditions that favor a redox reaction betWeen the oxidiZ 
ing agent and the reducing agent over a reaction 
betWeen the oxidizing agent and the carbon to form 
oxide catalyst particles and to load the particles in situ 
onto the carbon support; 

mixing a Waterproo?ng agent With the oxide-catalyst 
loaded carbon support to form a mixture; 

forming the mixture into an active layer for an air cathode, 
the carbon in the cathode being substantially unoxi 
diZed; and 

incorporating the active layer into an air cathode. 
22. A method for making an air cathode as claimed in 

claim 21 Wherein the oxidiZing agent comprises a soluble 
manganese compound having a valence state higher than +4. 

23. A method for making an air cathode as claimed in 
claim 21 Wherein the oxidiZing agent comprises a perman 
ganate salt selected from the group consisting of a lithium 
salt, a sodium salt, a potassium salt, a silver salt , an 
ammonium salt, a cobalt salt, and a mixture thereof. 

24. A method for making an air cathode as claimed in 
claim 21 Wherein the reducing agent is selected from an 
organic reducing agent and an inorganic reducing agent. 

25. A method for making an air cathode as claimed in 
claim 21 Wherein the reducing agent is selected from the 
group consisting of a nitrate, a chloride, a sulfate, a per 
chlorate and hydrogen peroxide. 

26. A method for making an air cathode as claimed in 
claim 21 Wherein the reducing agent is selected from the 
group consisting of fumaric acid, citric acid, formic acid, a 
salt of any of the foregoing acids, an alcohol that can be 
readily oxidiZed, and an aldehyde that can be readily oxi 
diZed. 


