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ELECTROCHEMICAL APPARATUS FOR POWER
DELIVERY UTILIZING AN AIR ELECTRODE
v . :
The present invention relates generally to novel
5 electrochemical apparatus for electrochemical energy
storage and power generation systems wherein
compensating electrochemical reactions occur at opposite
positive (hereinafter +" and negative (hereinafter -'¢
eleétrodes and energy is stored in, and drawn from, an
10 electrolyte in charge and discharge cycles. The
reactions in the class of such systems of interest for
the purposes of this invention are substantially
reversible such that driving current into such a system
charges the system by storing energy in chemical
15 reactions. These reactions take place on either side of
an ion transport system (such as a membrane or multiple
membranes and/or intermediate cell sections) with
selective charge carriers being transported through the
membrane. During power generation these chemical
20 réactions reverse supplying current (power) to a load.
Restoration, or recharging the cell, may also be
accomplished by reconstituting the reagents.
The present invention more particularly relates to
an electrochemical apparatus which incorporates therein
25 one or more bipolar electrodes which makes use of an
oxidant in the gas phase (air/oxygen), termed an "“air
electrode"”.
Such energy processes and systems have been known
for many years. Majbr limitations of these systems have
30 resulted from practical application of what seems to be
a simple direct chemical process. Hazardous materials,
efficiencies, system size, plugging and clogging, gas
formation, "plating out" or precipitation of the
materials, membrane diffusion limitations, cost of
35 materials and cost of operation highlight the practical
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Theé present invention relates generally to novel electrochemni cal apparatus
for el ectrochenical energy storage and power generation systens wherein
eonpensati ng el ectrochenm cal reactions occur at opposite positive
(hereinafter +[err}) and negative (hereinafter [err] electrodes and energy
Is stored in, and drawn from an electr61§%é'in charge and di scharge
cycles. The reactions in the class of such systens of interest for the
purposes of this invention are substantially reversible such that driving
current into such a system charges the system by storing energy in chem cal

react i ons. Thes%rro%@l%isqninto%%rp'ﬂﬁﬁt%i%& R UIE Ysthd U W IRY
system (such as™“a nmenbrane or multiple
of power output as the system discharges.
Much work has been carried out in the development
of air breathing fuel cells. A limitation is the
5 requirement of an electrode able to sustain, support or
catalyze the reaction at a rate great enough for a
particular application. Other limitations of the known
air electrodes are: high electrical resistance, short
lifetimes, and the required hydrophilic and hydrophobic

10 capabilities.

' The known air electrodes are of porous construction
with one side in contact with the air and another side
in contact with an electrolyte. The electrolyte must be
prevented from flooding the entire electrode. The

15 air/oxygen must be allowed to contact the electrode and
the electrolyte in a three way interface. It has been
proposed to make one side of the electrode hydrophobic
and the other side of the electrode hydrophilic in an
attempt to maintain a delicate balance somewhere within

20 the electrode. The reaction which is involved at the
air electrode in an alkaline solution is:

Eg.1 2e” + 30, + H;0 » 20H°
25 US-A-3634140 discloses a fuel cell device utilizing

air as the oxidant in which the flow through air
electrode comprises two porous layers having different
porosity, the layer located nearest the electrolyte side
having the finer pores. The air atmosphere side and the
30 electrolyte side are operated with a difference in

pressure to prevent flooding of the pores of the air
electrode. _

US-A-~4444852 discloses a multiply laminar flow
through air electrode which has an outer hydrophobic

35 sheet adapted to contact the air and an inner
T




merfbr anes and/or intermediate cell sections) with selective charge carriers
being transported through the nenbrane. During power generation these
¢hemi*cal reactions reverse supplying current (power) to a | oad.

Restoration, or recharging the cell, may gl so be acconplished by
reconstituting the reagents. The predent invention nore particularly
relates to an el ectrochem cal apparatus which incorporates therein one or
nore bi pol ar el ectrodes whi ch makes use of an oxidant in the gas phase

(air/oxygen), ternmed an "air el ectrode”. Such energy processes and
systens have begpakppwRifier eTBBYr¥edte. puaem%bhbrrht:%abeniagért hene swetenms
have resulted fron1ngct|caI lelcatlon at seens. t

oute ayers being separated by one or more active

layers comprising a mixture of active hydrophobic and
hydrophilic agglomerates with catalyst disposed therein

5 which increase in agglomerate size from the electrolyte
permeable to the outer hydrophobic sheet.

GB-A~-1364795 discloses a fuel cell in which a
foaming agent is added to the electrolytes and the
electrolytes agitated to form a foam containing the fuel

10 and a foam containing the oxidant, the anode and the
cathode being formed from smooth platinum and being
positioned substantially only in the foam layers.

US~A-4328287 discloses gas flow through electrodes
for electrochemical cells having a porous flow through

15 matrix with electrocatalysts supported on the surfaces
of the matrix within the pores, the pores providing a
through route for electrochemically oxidisable or
reducible gas bubbles in a liquid electrolyte.

The zinc/air battery has been known for many years.

20 This battery has a porous carbon +'® electrode, KOH paste
electrolyte and a zinc ~"® electrode. The original
zinc/air battery was of U-shaped configuration and had
the limitation of a slow dischafge rate as the rate of
air diffusing through the porous carbon electrode is

25 proportional to the surface area of the carbon electrode
in contact with the air. There is thus a limited mass
transfer. Furthermore, this battery is essentially a
primary battery and is not effectively electrically
rechargeable because on attempting to recharge the

30 battery zinc is redeposited unevenly at the zinc
electrode, which limits the number of recharging cycles
before the battery becomes inoperable. Furthermore,
precipitates of zinc oxide and zinc carbonate are formed
which cause contamination of the electrolytes and

35 additional difficulties on attempting to recharge the
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a §inp|e di rect cheni cal process. Hazardous materials, efficiencies, system
si ze, plugging and cl ogging, gas formation, "plating out" or precipitation
of thée materials, nenbrane diffusion |imtations, cost of materials and

cost of operation highlight the practical 4

-2

10

15

20

25

30

35

system. An improved zinc/air battery employs a flat
zinc plate as the -"® electrode and this enables more
effective utilization of air/oxygen to be made by
blowing air past the electrode face. There is thus a
better mass transfer and hence a higher discharge rate
than the U-shaped zinc/air battery, but the battery
still suffers the same problems with regard to
rechargeability.

Some attempts have also been made to replace the
zinc in the zinc/air battery with other metals such as
aluminium, iron, vanadium and magnesium. These devices
have not, however, been satisfactorily electrically
rechargeable.

US-A-3925100 discloses an air cathode for use in
metal/air cells such as zinc/air batteries which
comprises a.hydrophobic layer laminated to a hydrophilic
layer. The air or oxygen is in contact with the
hydrophobic layer through which it diffuses into the
hydrophilic layer, but the electrolyte cannot pass
through the hydrophobic layer.

It is an object of this invention to provide an
electrochemical cell containing an improved air
electrode for power generation and/or energy storage
which is preferably electrically rechargeable and which
provides economical power generation. _

It is a further object of this invention to provide
an electrochemical cell which contains an improved air
electrode which is bipolar, which results in less costly
cell arrays and greater volumetric energy densities.

It is a yet further object of this invention to
provide an electrochemical cell with an improved air
electrode with hydrophobic properties and which reduces
problems associated with the loss of water from the
prior art systems.

Another object of this invention is to provide an
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ptobl ens. Anot her

the system di schar ges. Much work has been carried out in the

.devel-opnment of air breathing fuel cells. Alimtation is the requirenent of

an el ectrode able to sustain, support or catalyze the reaction at a rate
great enough for a particular applicatien5 @&her limtations of the known
air electrodes. are: high electrical resistance, short lifetinmes, and the
requi red hydrophilic and hydrophobic capabilities.
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improved air electrode which provides substantially full
power even at low states of charge of the system, i.e.
the system power production stays constant over time
maintaining substantially the same output until close to
complete discharge.

The present invention provides an electrochemical
apparatus for power delivery consisting of an array of
electrochemical cells which comprises

a) an end +"¢ electrode and an end -'® electrode
separated by one or more of bipolar mid-electrodes each
of which has a +'® side and a -'® side which each face a
respective +"¢ chamber and -'®* chamber, the +" side of
each bipolar electrode comprising an electrically
conductive substrate having a porous conductive surface,

b) means to form an intimate mixture of
air/oxygen with an electrolyte to produce a dispersion
of bubbles in the electrolyte, and

c) means to circulate the electrolyte produced
in step (b) through the +¢ chambers of the cell array.

The means to form an intimate mixture of air/oxygen
with an electrolyte to produce a bubbly dispersion may
be provided either external to or within the +"® chambers
of the cell. The air/oxygen flow rate is preferably
adjusted so that a near maximum cell voltage is realized
at any given discharge current. If the gas flow is too
great the electrolyte will be severely displaced giving
the cell a higher internal resistance, whilst if the gas
flow is too low the +'® electrode is starved of oxidant.
Typical flow rates for use in the present invention are
between 0.70 and 5 litres per minute for oxygen, and
about 3 litres per minute for air. The electrolyte
circulating through the +'® chambers of the cell may be a
dilute alkaline solution,-for example a solution of
sodium, potassium or lithium hydroxide, or a dilute acid
solution, for example hydrochloric acid or sulfuric
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The known air el ectrodes are of porous construction with one side in
contact with the air and another side in contact wwth an electrolyte. The
.electrolyte nust be prevented fromflooding the entire el ectrode. The )
ai r/ oxygen nmust be allowed to contact thg el ectrode and the electrolyte in
a three way interface. It has been proposed to nake one side of the

el ectrode hydrophobic and the other side of the electrode hydrophilic in an
attenpt to maintain a delicate bal ance somewhere within the el ectrode. The
reaction which is involved at the air electrode in an al kaline solution is:
[err] acid. When operating using an acidic electrolyte

circulating through the +'® chamber, a higher voltage

will usually be achieved. The electrochemical reactions

of 0; in acidic and basic environments are qualitatively
5 different. In acidic solution the reaction is:

Eq. 2a 0, + 4H' + 4e” = 2H,0

which has an electrode potential against a standard
10 hydrogen electrode of 1.229 V.
The reaction in basic solution is:

Eq. 2b 0, + 2H,0 + 4e” = 40H

15 which has an electrode potential of 0.401 V.

The first chemical equation shows the total reaction in
the +'% compartment of a cell with sulfuric acid present
and sodium ions migrating across the membrane to the +8
from the -'® side during discharge.

20 The bipolar electrodes are preferably separated
from one another and from the end electrodes by an ion
exchange membrane, preferably a cation exchange
membrane.

The porous conductive surface on the electrically

25 conductive substrate may bé, for example, carbon
particles, carbon fibres or héllow carbon rods in
intimate contact with the substrate and with one
another. The porous conductive surface on the electrode
entraps oxygen from the air/electrolyte or

30 oxygen/electrolyte bubbly dispersion where it is
adsorbed/absorbed, thus being available for electrical
discharge. The carbon particles, fibres or hollow rods
may be pressed mechanically into intimate contact with
one another and with the electrically conductive

35 substrate, or bonded thereto, for example using any
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US- A- 3634140 discloses a fuel cell device utilizing air as the oxidant in
whi ch the flow through air electrode conprises two porous |ayers having
different porosity, the layer |ocated nearest the electrolyte side having
the finer pores. The air atnosphere side And the electrolyte side are
operated with a difference in pressure to prevent flooding of the pores of
the air el ectrode. US- A- 4444852 discloses a nultiply lam nar flow

t hrough air el ectrode which has an outer hydrophobic sheet adapted to

contact th ir an n, i nne
the a ia;%é}1c mater1a1 which provides a good resistance to

chemical attack, such as Kynar. Preferably a screen,
such as a non-woven polypropylene fabric (Pellon cloth)
is placed between the porous conductive surface of the
5 +'¢ gside of the bipolar electrode and the ion exchange
membrane. The screen serves both to support the
conductive surfacing material and to protect the
membrane from damage.
The porous conductive surface will preferably have
10 a thickness in the range of from 2.5 to 25 mm, more
preferably a thickness in the range of from 5 to 15 mm.
The porosity of the porous conductive surface on the
electrode will preferably be in the range of from 0.7 to
0.85. For a surface which is formed from conductive
15 particles, the porosity will depend not only upon the
particle size of the particles and the pore volume of
the particles, but also upon the packing density of the
partiéles.
The ~'¢ chambers of the cell array contain -V¢
20 electrodes and have an electrolyte circulating
therethrough. In systems which can be charged as well
as discharged, the fundamental chemical process which is
carried out in the electrochemical cells is
characterized by a chemical equation where the reaction
25 proceeds in one direction in the charging of the system
and in the opposite direction during power delivery by
the system. Electroiytes which may be used in the -"
chambers of such electrically rechargeable systems
. include those which during power generation comprise a
30 sulfide, a vanadium (V¥*) salt or a chromium (Cr’) salt.
Examples of such systems are an oxygen/sulfuf couple
which may be represented by the following equation:

Eq. 3 = 5N3;S + 20; + 4H,0 = NaS; + 8NaOH
35
-
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an oxygen/vanadium system which may be represented by
the following equation:

Eg. 4 2VSO4 + 02 + 2H2304 b 2V(SO4)2 + 2H20

and an oxygen/chromium system which may be represented
by the following equation:

Eq. 5 4CrSOy + O) + 20,80, = 2Cr2(504)3 + 2H,0

The electrochemical reactions of these equations

actually occur in separate but dependent reactions, the

oxygen reaction taking place on the +'" side of the
membranes and the other reaction on the - side of the
membranes.

When charging (storing power) these reactions go
from right to left, and when discharging (supplying
power to a load) they go from left to right.

The array of electrochemical cells of the present
invention may be used in a primary device which is not
satisfactorily electrically rechargeable. In such

devices the -" side of each bipolar electrode comprises

a metal such as zinc, aluminum, magnesium or iron.

The operation of the array of cells in accordance
with the present invention is more particularly
described below with reference to the oxygen/sulfur
couple detailed in Eq.3 above. Throughout this
disclosure all the reactions shown operating with Na'
ions may be carried out using potassium, lithium or

ammonium ions. As previously mentioned, during charging

Eq.3 goes from right to left, and when discharging Eq.3

goes from left to right.

During discharging Na' ions are transported across
the membranes from the -" sides to the +'® sides
supplying the needed Na and transforming Na;S to Na,S;.

_
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hytrophilic el ectrol yte perneable active |ayer, the two outer |ayers being

separated by one or nore active |layers conprising a mxture of ac
hydr.ophobi ¢ and hydrophilic agglonerates with catal yst disposed therein

whi ch increase in agglonerate size fromthe el ectrol yiha S
out er hydr ophobi c sheet. GB- A- 1364795 di scl oses aH!

f oam ng agent

forma foam containing the fuel and a foam contai ni ng
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anode and the cathode being fornmed from snooth pl ati num and bei ng
positioned substantially only in the foam | ayers. US- A- 4328287
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V¢ side is a very

and water. At full charge, each +
dilute solution of NaOH, and each -'® side is a

concentrated solution of Na,S. At substantially full

ve ve

discharge, each +'* side is concentrated NaOH and each -
side is a lower molarity, but concentrated solution of
Na,Sg. The molecular sulfur in the -ve sides remains in
solution because the sodium sulfide will dissolve or
solubilize the molecular sulfur formed upon discharge up
to the penta-sulfide form.

During charging Na! ions are transported across the
membranes from the +'® sides to the -" sides to balance
the charge and transform Na;Sg to Na;S. The sulfur which
is present as a doubly charged polysulfide ion SZ'.Sx
(where x may be as high as 4), is reduced initially to
SL.Sm4, and eventually to st

The reaction which occurs at the +'® electrodes on
discharge is not entirely clear but is probably
described by the following equation:

Egq.6 0; + 2Hy0 + 4e” - 40H +0.41 V

Flow of the electrolytes on both sides of the
membranes is provided, preferably a re-circulation
rather than a once through flow in the majority of end
uses. The electrolyte circulating through the +"
chambers during discharge comprises either an air or
oxygen and water mixture, or an air/dilute NaOH mixture.
An intimate mixture of air or oxygen with the water or
dilute NaOH solution may be formed by bubbling an air or
oxygen stream into water or dilute NaCH to form a bubbly
dispersion either external to or within the cell. The
water or dilute NaOH may be stored in an independent

" container. Similarly, the electrolyte circulating

through the -"¢ chambers during discharge comprises Na,S
which may be stored in an independent container.



matrix with el ectrocatal ysts supported on the surfaces of the matrix within
the pores, the pores providing a through route for electrochemcally

oxi di-sabl e or reduci ble gas bubbles in a liquid electrolyte. The
zinc/air battery has been known for many years. This battery has a porous
carbon [err] el ectrode, KOH paste electrog te and a zinc [err] electrode.
The original zinc/air battery was of U sh %ed configuration and had the
limtation of a slow discharge rate as the rate of air diffusing through

t he porous carbon el ectrode is proportional to the surface area of the
carbon el ectrode in contact with the air. There is thus a limted nmass
transfer. Furthernore, this battery is essentially a primary battery and is

not effectively electrical
y As the %lectrolyte in the -'¢ sides is circulated,

the S is absorbed out of solution at a surface of the
-8 glectrodes and/or in a porous surface thereof. This
5 provides a benign porous structure where the s?- solution
may reside in high concentrations (i.e. be readily
available). The porous nature provides a large surface
area which enhances efficiency during discharge. In
addition, the surface of the -" electrodes is preferably
10 coated with an active ingredient, preferably an
activated carbon, which augments the reaction kinetics
providing s? ions promptly for subsequent. discharge
requirements, and thus providing full power until
substantially fully discharged. During this discharge
15 the output voltage of the cell is near constant with
little polarization losses.
when the cell is charged, Na' ions are transported
across the cation exchange membranes from the +"¢ sides
to the -'¢ sides of the cell. The Na' ions transform the
20 Na,S, to Na,S and in the process S is reduced to S¥. At
the +® sides free oxygen is produced at the +" electrode
surfaces and expelled through a vent to the atmosphere
as the electrolyte is circulated. Alternatively, the
electrolytes may be recharged electrically outside the
25 cell in a separate system, in order to prevent any
deleterious effects of the generation of oxygen at the
+'¢ alectrodes, during charging, on the electrode
materials themselves. .
If any carbonates are formed in the +%¢ sides of the
30 cell during the generation of power (which situation may
be encountered if air, rather than oxygen is introduced
into the +'® sides) they will be converted at the +'
electrodes on charging the cell to carbon dioxide which
"will be vented, together with the oxygen formed on
35 charging.
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rechar geabl e because on attenpting to recharge the battery zinc is
redeposited unevenly at the zinc electrode, which limts the nunber of
rechargi ng cycles before the battery becones i noperable. Furthernore,

preci pitates of zinc oxide and zinc carbonate are forned whi ch cause

contam nation of “the electrolytes and addj{ional difficulties on attenpting
to recharge the

Furthermore, because oxygen is a weak oxidising
agent, any S which crosses the membrane stays in
solution and does not form precipitates. Thus there is
no need for any filters to be included in the

5 electrolyte circulation flow system.

A filter may, however, advantageously be used to
filter air before it is admixed with the dilute NaOH,
the filter thereby removing extraneous dust and other
particles from the air.:

10 The ion exchange membrane used in the invention is
preferably a cation type (positive ions, such as Na' and
K', will be transported through it) that also provides
an effective block against st migration through the
membrane.

15 Alternative preferred embodiments substitute
potassium, lithium or ammonium and other appropriate
substitutes for the sodium in one or both of the
hydroxide and sulfide solutions.

Other objects, features and advantages will be

20 apparent from the following detailed description of
preferred embodiments thereof taken in conjunction with
the accompanying drawings in which:

FIG. 1 is a schematic view of an array of cells
according to a preferred embodiment of the invention;

25 FIG. 2 is a block diagram of a full system using
the cell of FIG.1;

FIG. 3 is a graph of the discharge characteristics
of the cell of Example 1; and

FIG. 4 is a graph of the discharge characteristics

30 of the cell of Example 2.

The electrochemical cell or array of cells of the
invention is described below with reference to the
specific system utilizing air/sodium hydroxide and
sodium sulfide. It will be understood, however, that

35 other salts may be substituted for thg sodium hydroxide

i




-4 system An inproved zinc/air battery enploys a flat zinc plate as
the [err] electrode and this enables nore effective utilization of

air/ oxygen to be made by blowing air past the electrode face. There is thus
a better mass transfer and hence a higher discharge rate than the U shaped
zinc/air battery, but the battery - 12 -

and sodium sulfide referred to specifically herein.

It will also be understood that whilst the air
electrode used in the present invention is described in
an electrochemical process using an oxygen/sulfur '

5 couple, the general teaching and description hereinbelow
are of relevance to the air electrode of the invention
when used with other chemical reactions.

FIG. 1 shows a cell array 20 of multiple cells
connected in electrical series and fluid parallel End

10 electrodes 12E (+'®) and 14E (-") and multiple
mid-electrodes 13 (each one having a +" electrode
portion 12A and -"® electrode portion 14A) are spaced
from each other by cation exchange membranes 16 to form
end cells Cp and Cp and an array of n# of mid cells Cy

15 (typically 10-20; but note much smaller and much larger
numbers of cells can be accommodated). The cation
exchange membranes 16 are selected to minimize migration
of oxygen from the +'¢ side to the -'¢ side and to
minimize migration of §% ions from the -"® side to the +'"

20 side. The end electrodes 12E (+") and 14E (-"®) have
internal conductors 12F and 14F (typically copper
screens) encapsulated therein and leading to external
terminals 12G, 14G which are connected to external loads
(e.g. to a motor M via a control circuit CONT, the motor

25 driving a vehicle) or power sources (e.g. a utility
power grid when used as a load levelling device). In
each internal cell an electrode 13 acts as a bipolar
electrode. That is the electrode forms the -ve side 14A
of one cell while simultaneously forming the +'¢ side 12A

30 of the subsequent cell.

The end +"¢ electrode 12E and the +"® electrode
portions 12A of the bipolar electrodes 13 each have a
porous conductive surface provided by particles of
activated carbon 26 such as G-212 particles (North

35 American Carbon Co.} or UU grade particles (Barnebey-
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still suffers the same problens with regard to rechargeability. Some
attenpts have al so been nmade to replace the zinc in the zinc/air battery
wi th. - other netals such as alumnium iron, vanadi um and nmagnesi um These
devi ces have not, however, been satisfactorily electrically rechargeable.
US- A- 3925100 di scloses an air cathode farjigse in netal/air cells such as
zinc/air batteries which conprises a hydrophobic |layer lanmnated to a
hydrophilic layer. The air or oxygen is in contact with the hydrophobic

| ayer through which it diffuses into the hydrophilic |ayer, but the

el ectrol yte cannot pass through the hydrophobic | ayer.
Cheney Co.). The activated carbon particles are pressed

into intimate contact with the surface of the electrodes
or are bonded thereto. The carbon particles 26 are
restrained by non-woven screens 27, for example non-

5 woven polypropylene cloth, e.g. Pellon cloth and
separated thereby from the membranes 16, thus preventing
damage to the membranes.

The end -'® electrode 14E and the -"® electrode
portions 14A of the bipolar electrodes 13 also, in this

10 embodiment, are each shown with a porous conductive
surface provided by particles of activated carbon 28
which may be the same as, or different from,'the
activated carbon particles 26 which surface the +'
electrodes. The carbon particles 28 are restrained by

15 non-woven screens 30 which may be the same as, or
different from, the screens 27.

A foamy air/dilute NaOH mixture 22 produced
external to the cell array is passed into the bottom of
the +'® chamber 22C of each cell. A solution of Na,S,

20 24, is passed into the bottom of the -'® chamber 24C of
each cell.

When the cell array is in the substantially fully
charged state, a solution of NaOH of 0.5 to 1.0 molar
concentration exists in the chambers 22C of the cell and

25 a solution of Na),Sof 3 to 4 molar, exists in the
chambers 24C of the cell.

When providing power to a load the cell is
discharging, and reversible reactions occur at the two
electrodes. Sodium ions, Na', are transported across

30 membrane 16 from the -'® side to the +"® side of the cell.
At the +'® electrode 12, oxygen molecules are reduced
forming OH" ions. At the -'¢ electrode sulfide ions, s,
are oxidised to molecular sulfur (which is solubilized
by the sodium sulfide). The free electrons produced at

35 the -'¢ electrode form the current through a load. The
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It *'is an object of this invention to provide an el ectrochemi cal cel
containing an inproved air electrode for power generation and/or energy
storage which is preferably electrically rechargeabl e and which provi des
econon cal power generation. It is a further object of this invention
to provide an el ectrochem cal cell which gontains an inproved air el ectrode
which is bipolar, which results in less costly cell arrays and greater

vol unetric energy densities. It is a yet further object of this
invention to provide an el ectrochemcal cell with an inproved air el ectrode
wi t h hydrophobi c properties and which reduces probl ens associated with the
| oss of water frchemijcalpriegctionsspdt e electrodes produces 0.60 to

0.70 volts per cell.
FIG.2 is a block diagram of a full system using the
cell 20 of FIG.1l. At the +'® electrode side a dilute
5 solution of NaOH of about 1 molar is held in tank 40
from which it is passed to a mixing tank 23 where it is
mixed with air entering via line 44. The foamy
air/dilute NaOH mixture is then passed into the bottom
of chambers 22C of the cell 20. The foamy mixture
10 contacts the porous conductive surfaces 26 of the
electrodes 12 during'its passage'through the chambers
22C. The sodium hydroxide is recirculated to tank 40 by
means of pump 45.
At the -" electrode a solution of sodium sulfide
15 Na;S, is held in a tank 46 from which it is passed into
the bottom of chambers 24C of the cell 20. The Na;S
solution is recirculated to tank 46 by means of pump 47.
The tanks 40 and 46 can be replaced with freshly charged
electrolyte by exchanging the expended tanks with new
20 tanks and/or refilling the old tanks from charged supply

sources.

Fabrication of Electrodes
End electrodes differ from the mid electrodes

25 because they must have a metallic conductor embedded
within the structure running across the electrode area.
This is required because the resistivity of the
substrate material from which they are formed is too
high to allow adequate electrical conduction to an

30 external electrical connector. For example a 25 cm by
25 cm square (10 inch by 10 inch square) of substrate
material 0.25 cm (0.10 inch) thickness will have a
resistance of about 10 ohms where a corresponding cell
has an internal resistance of about 0.01 ohms. A sheet

35 of copper of 0.025 cm (0.010 inch) thickness with
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An'ot her object of this invention is to provide an | nproved air
el ectrode which provides substantially ful

- 15 -

approximately the same area embedded into the electrode
will reduce the effective resistance to about 100 micro
ohms. The end electrodes are unipolar, whereas the mid-
electrodes are bipolar. The conductor sheet is a thin

5 screen structure embedded along the length of the end
electrodes which make mechanically good contact along
the current path.

The process of making the bipolar mid-electrodes is
as follows. Substrates are formed of graphite flakes

10 mixed with a plastic binder or other suitable binder,
generally in a 1:1 weight ratio of such components. The
mixture is freed from moisture by heating and/or
desiccation methods, formed as sheets and hot pressed at
temperatures and pressures appropriate to the materials

15 used.

The substrate surface which is to form the +"
electrode is then surfaced with a porous conductive
surface, for example activated carbon particles, either
by mechanically pressing the conductive surfacing

20 material into intimate contact with the face of the
electrode, or by bonding the conducting surfacing
material to the face of the electrode. 1In the first
method, a thick (greater than 2.5 mm) layer of unbonded
loose carbon particles is mechanically held in contact

25 with the substrate surface, the substrate generally
first being coated by embedding a thin layer of smaller
sized carbon particles on the surface. This
intermediate surfacing layer provides an acceptable low
resistance contact with the layer of loosely‘held carbon

30 particles for interaction with the oxygenated
electrolyte.

In the second method, loose carbon particles are
bonded to the substrate surface using an appropriate
polymeric material which is resistant to chemical

35 corrosion, for exampie employing as a bonding agent
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pomér even at | gw states of charge of the system i.e. the system power
production stays constant over tinme maintaining substantially the sane

out put until close to conplete discharge. The present invention
provi des an el ectrochem cal apparatus for energy storage and power delivery
consisting of an array of electrochem cal cells which conprises a)

an end [err] electrode and an end [err] el ectrode separated by one or nore
of bipolar md-electrodes each of which has—alferr] side and a [err] side
whi ch each face a respective [err] chanber and [err] chamnber, the [err]

si de of each bipolar electrode conprising an electrically conductive
substrate having a porous conductive surface, the bipolar electrodes being

separated from one %ﬂgaﬂgkénkynar at a level of from 15% to 20% by weight.
A screen, for example a non-woven polypropylene

screen (e.g. Pellon cloth) is preferably placed over the
conductive surfacing material in order to assist in

5 = retaining the conductive surfacing material in position.
In a preferred embodiment of the invention the substrate
surface which is to form the -" electrode is surfaced
with a porous conductive surface in the manner as

g ' described above.

10 End electrodes are prepared by making a substrate
by mixing graphite flakes and a plastic binder together,
in the same general manner as described for the process
of making bipolar mid-electrodes. Two substrates are
formed into a sandwich with a conductive screen, e.g. a

15 copper screen, placed therebetween. This assembly is
Hbt pressed to form the electrode which is then surf:
(in the manner as described above for mid-electrodes
with a conductive surfacing material to form a +" enu
electrode. The same surfacing treatment is also used in

20 formation of -"® end electrodes in a preferred embodiment
of the invention.

Membranes
The preferred cation exchange membranes for use in
25 the present invention are a heterogeneous structure made
by Sybron Chemical Co. called IONAC MC 3470 or NAFION
made by Du Pont de Nemours. IONAC is a cation exchange
membrane containing sulfonated resins as the functional
materials bonded together with Kynar. The material is
30 bonded to a fibrous support sheet of glass cloth or
polymer fiber. The specifications for this membrane
are: 0.40 cm (0.016 inches) thick, 96% permselectivity
and. 5 ohms/square-cm in 1 N NaCl.
Other cation exchange membranes may also be used.

35
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cafi on exchange nenbranes, b) means to forman intimate m xture of
air/oxygen with an electrolyte to produce a dispersion of bubbles in the
€l ectrolyte, and c) means to circulate the electrolyte produced
in step (b) through the [err] chanbers of the cell array, and - d)
an electrolye which is a sulfide, a vanadbum (V[err]) salt or a chrom um
(Cr[err]) salt being circulated through the [err] chanbers of the cel
array during power delivery. The neans to forman intimate m xture
of air/oxygen wth an electrolyte to produce a bubbly dispersion may

Energy Density
In a preferred embodiment using the electrochemical

apparatus of the present invention, the process employed
_ for energy storage in the reaction according the present
5 invention is described by the following basic reaction:

Eq. 7A. O, + 2H,0 + 8© =~ 4OH + §

The chemical reaction given above includes only
those species which are directly and necessarily
involved in the process. However, in order for the

10 process to take place in a practical sense cations and
excess watexr must be accounted for and the actual
reaction, for a potassium salt system is:

Eq. 7B. 4H,0 + 5K;S + 20, = B8KOH + K;S;

Whilst for a sodium system the reaction is:

15 Eq. 7C. 4H,0 + 5Na,S + 20, = 8NaOH + Na,Sg

On the basis of the reaction given in Eqg.7B above,
the maximum available energy density if the reaction
were to proceed to completion and there were no other
losses due to polarization or ohmic effects is

20 calculated using the total weight of reagents in Eq.7B
and the electron exchange of

552 = s + 8e

Assuming 1 volt as a mean value for the reaction
open circuit potential, then there are 686 grams of

25 reactant for an energy of 208 WH giving an energy
density of 303 WH/kg.

However, the proéess used in the present invention
is an "air breathing" system and the oxygen is not
carried within the system when it is fully charged.

30 Thus, the energy density of the system at the onset of
discharging is the energy divided by the reagent weights
exclusive of oxygen, that is 334 WH/kg.

In a practical system the maximum solubility of K,S
in water is about 5 Molar. A realistic configuration

35 for an array of cells would be about 1 liter of 0.5M KOH
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be' provided either external to or within the [err] chanbers of the cell
The air/oxygen flowrate is preferably adjusted so that a near maxi num
cell voltage is realized at any given discharge current. If the gas flow
is too great the electrolyte will be severely displaced giving the cell a
hi gher internal resistance, whilst if the gas flowis too lowthe [err]

el ectrode is starved of oxidant. Typiéaﬂ' I"ow rates for use in the present
i nvention are

as an initial oxidising agent (positive electrolyte) per
1 liter of 5M K;S soclution as a reducing agent (negative
electrolyte). Upon discharge the solutions would be
approximately 8.5M KOH and 1M K;S, respectively.

5 The energy density of this system, assuming a
completely lossless reaction, would be 85 WH/kg.

For 5 Molar, !QS, this gives a total weight
percentage of sulfur used in the negative electrolyte of
approximately 17.5%. '

10 The present invention will be further described
with reference to the following non-limiting Examples,
in which an electrochemical cell array in accordance
with the present invention is used in an electrochemical
process employing an oxygen/sulfur couple.

15

EXAMPLE 1

A. Fabrication of end electrodes

Two substrates were prepared by mixing graphite
20 flakes (#4012 graphite flakes of Asbury Carbon Co.) with
a polyvinylidene fluoride, PVDF, binder (Penwalt's #461)
in a 1:1 weight ratio. The mixture was heated to remove
moisture, formed into sheets and hot pressed at a
temperature of 177°C (350°F) and a pressure of 1723 kPa
25 (250 psi) for 10 minutes, and then cooled at the same
pressure between water cooled platens.
A stack was then formed, from bottom to top, of an
aluminum base plate, a Teflon sheet, one substrate, a
copper screen (0.025 cm thick), the other substrate, a
30 Teflon sheet, high temperature rubber sheet, and finally
another aluminum base plate. The assembly was then
pressed at 1034 kPa (150 psi) at 177°C (350°F) for 10
minutes, and then cooled at the same pressure between
water-cooled platens.
35 The substrate to be surfaced had its edges covered
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-6- between 0.70 and 5 litres per mnute for oxygen,'and about 3 litres
per minute for air. The electrolyte circulating through the [err] chanbers
-of the cell may be a dilute alkaline solution, for exanple a solution of
sodi um potassiumor |ithium hydroxide, or a-dilute acid solution, for
exanpl e hydrochloric acid or sulfuric aciitd. ~When operating using an acidic
el ectrolyte circulating through the [err] chanber, a higher voltage wll
usual |y be achi eved. The el ectrochem cal reactions of JQerr] in acidic and
basi c environnments are qualitatively

with tape and was placed on an aluminum base plate

covered with a Teflon sheet and a mixture of 80%

graphite and 20% Kynar sprinkled over the surface.  The

surface of the substrate was then sprinkled with a layer

5 of activated carbon particles, for example, G212 of
North American Carbon Co., or UU of Barnebey-Cheney Co.
The specifications of these activated carbon

particles are as follows:

G212
10 Bulk density 0.38 to 0.44 (ASTM 2854)
Hardness 92 (ASTM D2862)
Particle size 90% pass through an 8x16

mesh
Pore volume (within the particles) -

15 H,0 mls per gram 0.90 - 1.00
UU Grade
Bulk density 0.45 to 0.55 (ASTM 2854)
Particle size 90% pass through a 50x200
20 mesh

Pore volume (within the particles) -
H)0 mls per gram 0.85 - 0.95

A high temperature rubber sheet was placed on top

25 of the surfaced substrate, followed by a Teflon sheet
and an aluminum base plate. The structure was then
pressed at 517 kPa (75 psi) at 177°C (350°F) for 10
minutes, and then cooled at the same pressure between
water-cooled platens.

30 The tape was then removed from the edges of the
surfaced side and a rubber "picture" frame placed on top
of the cleared border. The electrode was then placed
with the surfaced side uppermost onto an aluminum base
plate covered with a Teflon sheet and the top surface of

35 the structure covered with a Teflon sheet and an
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different. In acidic solution the reaction is: Egq. 2a O[err] +
AH err] + 4e = 2H err]O which has an el ectrode potential against a
standard hydrogen el ectrode of 1.229 V. The reaction in basic solution is:
Egq. 2b Jerr] + 2H err]O + 4e = 4CH

- 20 -

aluminum base plate. The edges of the assembly were
pressed at 2413 kPa (350 psi) for 210 minutes, and then
cooled at the same presure between water-cooled platens.
This step sealed the substrate sheets along the edges in
5 order to ensure that the copper screen was totally
encapsulated to prevent corrosion by the electrolyte.

B. Preparation of bipolar electrodes
Substrates for the bipolar electrodes were prepared

10 in the manner as described in A above.

One surface of the substrate was then coated with
G212 activated carbon particles (North American Carbon
Co.). A high temperature rubber sheet was placed on top
of the surfaced substrate, followed by a Teflon sheet

15 and an aluminum base plate. The structure was then
pressed at 517 kPa (75 psi) at 177°C (350%) for 10
minutes, and then cooled at the same pressure between
water-cooled platens. This surface formed the +"¢ side
of the bipolar electrode.

20 The other surface of the substrate was then coated
with UU activated carbon particles (Barnebey-Cheney Co.)
and hot pressed and cooled in the same manner as for the
formation of the +'® side of the bipolar electrode. The
UU surfaced side formed the -'® side of the bipolar

25 electrode.

C. Cell fabrication
A cell was fabricated with an end +"¢ electrode

surfaced with G212 activated carbon, a bipolar electrode
30 as described above and an end -"¢ electrode surfaced with
UU activated carbon. The end electrodes were separated
from the bipolar electrode to form +" chambers by means
of a Nafion membrane with a protective layer of Pellon
cloth. The effective area of each electrode was 25
35 sgq.cm (10 sg.in.).
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whi ch has an el ectrode potential of 0.401 V. The first chenical equation
shows the total reaction in the [err] conpartnent of a cell with sulfuric
acid present and sodiumions mgrating 2kress the nmenbrane to the [err]

fromthe [err] side during discharge. The bi pol ar el ectrodes are
separ at ed from one another and fromthe end el ectrodes by a cation
exchange nenbr ane. The porous conductive surface on the electrically

conductive subﬁ}rate may be, for exanple, carbon particles, carbon fibres
‘or “hol | ow carBon i 0 4 iiRghe SRRRIAG tA thhe memhrane-qaed egtdatintt® one

volume = 250 cc, of 2M Na;S. A solution of monosulfide

¢ electrolyte was fully

was employed to ensure that the -
charged, and that it did not limit the cell performance

5 by polarization effects.

+"® gide: 0.20 inch spacing to the membrane, electrolyte
volume = 250 cc of 1M NaOH.
Oxygen was introduced into the +'® electrolyte just

10 before the electrolyte entered the bottom of the +%
chambers of the cell. The oxygen flow rate was 2
litres/minute. The bubbly electrolyte was circulated
through the +'® chambers of the cell at a rate of 0.5
litres/minute. The -" electrolyte was circulated

15 through the -"¢ chambers of the cell at a rate of 0.6
litres/minute. During the experiment air was
substituted for oxygen after 30 minutes.

D. Cell Performance

20 This cell was discharged at 1 amp for 30 minutes
using oxygen to produce the bubbly electrolyte and then
for a further 25 minutes using compressed air.

Figure 3 shows the voltage versus time data during
this run. '

25

EXAMPLE 2

In this Example the cell as described in Example 1
was operated using a 1M H,SO, electrolyte in the +"

30 chambers of the cell. Oxygen was introduced into the "¢
electrolyte just before the electrolyte entered the
bottom of the +'® chambers of the cell. The oxygen flow
rate was 1.5 litres/minute. The bubbly electrolyte was
circulated through the +" chambers of the cell at a rate

35 of 0.5 litres/minute. The -'¢ electrolyte was circulated
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anot her. The porous conductive surface on the el ectrode entraps oxygen from
the air/electrolyte or oxygen/electrol yte bubbly dispersion where it is
adsor bed/ absor bed, thus being available for electrical

-7-

10

15

20

25

30

35

- 22 -~

through the -'¢ chambers of the cell at a rate of 0.6
litres/minute.

The cell was discharged at 1.8 amps and
periodically placed on open circuit. Figure 4 shows the
voltage versus time data obtained. It will be noted
that higher cell voltages were obtained using an acidic
electrolyte circulating through the +'® chambers of the
cell (Figure 4) than when using an alkaline electrolyte
circulating through the +'¢% chambers of the cell (Figure

3).

—_—

This Sheet H.

i



di scharge. The carbon particles, fibres or hollow rods may be pressed
nmechanically into intimte contact wwth one another and wth the

el ectrically conductive substrate, or bonded thereL0+_LQL_§l§HEL9§E§LEg any
pol ymeric material which provides a good resistance to chem cal attack,
such as Kynar. (Registered Trade Mark). Preﬂérablyzalﬂu"ﬁm _
non-woven pol ypropyl ene fabric (Pellon cloth) is pl mum;ﬂmng'gorous
con- ductive surface of the [err] side of the bipalar" efectrotle sand t he ion
exchange menbrane. The screen serves both to support the conductive
surfacing material_and to protect the nmenbrane from danage. The porous

conductive surfac $ preferably have a thickness in the range of from
2.5to0 25 mMm nore - ~- '

1. An electrochemical apparatus for power delivery
consisting of an array of electrochemical cells which

[9)]

comprises
a) an end +® electrode and an end - electrode
separated by one or more of bipolar mid-electrodes each
of which has a +™ side and a -'"® side which each face a
respective +%® chamber and -'¢ chamber, the +* side of
10 each bipolar electrode comprising an electrically
conductive substrate héving a porous conductive surface,
b) means to form an intimate mixture of
air/oxygen with an electrolyte to produce a dispersion
of bubbles in the electrolyte, and
15 c) means to circulate the electrolyte produced
in step (b) through the +"* chambers of the cell array.

2. An array of cells as claimed in claim 1 wherein the
porous conductive surface on each of the +® gides of the

20 bipolar electrodes is selected from the group consisting
of carbon particles, carbon fibres and hollow carbon
rods in intimate contact with one another and with the
substrate surface.

25 3. An array of cells as claimed in claim 1 or claim 2
wherein the means to form the intimate mixture of
air/oxygen with an electrolyte is external to the +"
chaﬁbers of the cell.

30 4. An array of cells as claimed in any one of the
preceding claims wherein the means to form the intimate
mixture of air/oxygen with an electrolyte is within each
of the +" chambers of the cell. "

35 S. An array of cells as claimed in any one of the
. . s & o ony ome o e
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preferably a thickness in the range of from5 to 15 mm The porosity of the
porous conductive surface on the el ectrode wll pLeLeLQQLX_ngjlégfijange
-of fromO0.7 to 0.85. For a surface which is forned from conductiv
particles, the porosity will depend not only upon?t.”nm ] ' of the
particles and the pore volune of the partizi es, bl ﬂ"m;"'mm cki ng
density of the particles. The [err] chanbers of*tHe del b asr contain
[err] el ectrodes and have an electrolyte circul ating therethrough. In
systens which can be charged as well as discharged, the fundanental

chem cal process which is carried out in the el ectrochen cal Cf||$ I S,
characterized byPxeseeingarlainst voaraher theheleshEpiyhe circulating in

the +'® chambers is a dilute alkaline solution.

6. An array of cells as claimed in Claim S wherein the
electrolyte is sodium hydroxide, potassium hydroxide,

wn

lithium hydroxide ard ammonium hydroxide.

7. Bn array of cells as claimed in any one of the
preceding claims wherein the electrolyte circulating in
10 the +" chambers is a dilute acid solution.

8. An array of cells as claimed in claim 7 wherein the
electrolyte is hydrochloric acid or sulfuric ac;d.

15 9. An array of cells as claimed in any one of the
preceding claims wherein the bipolar electrodes are
separated one from another by ion exchange membranes.

10. BAn array of cells as claimed in claim 9 wherein the
20 ion exchange membranes are cation exchange membranes.

11. An array of cells as claimed in any one of the
preceding claims wherein the the electrolyte circulating
through the -'® chambers during power delivery is a

25 sulfide, a vanadium (V%) salt or a chromium (Cr¥) salt.

12. An array of cells as claimed in any one of the
preceding claims which is electrically restorable or
chemically replenishable.

30 _
13. An array of cells as claimed in any one of the
preceding claims2 wherein the electrical restoration
comprises means to reverse the polarity on the +' and J*'
electrodes and means toc provide sufficient voltage to

35 drive the chemical reactions in the reverse direction.
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proceeds in one direction in the charging of the systemand in the opposite
direction during power delivery by the system The—electrolyte circulating

through the [err] chanbers of the el ectrical apparatus of the invention
is a sulfide, a vanadium (V[err]) salt or a chr dmi"mmfm,mmu :
Exanmpl es of such systens are an oxygen/ suldSur- coupiiB¥ 'er
represented by the foll ow ng equation: '‘Eq. 3~ ‘sNB[ErrrS

20[err] + 4Herr]0 [err] Na[err]S[err] + 8NaCH

14. An array of cells as claimed in any one of the
preceding claims2 wherein the chemical replenishment
coﬁprises means to circulate one or both of the
electrolytes from the +’® and/or -'® chambers to staorage
means comprising a volume of electrolyte greater than
the volume of the respective +' and/or -" chambers for

wn

extended delivery of power over a longer discharge cycle
than the volume of the +‘® and/or -'® chambers alone would

permit.

10 _
1S. An array of cells as claimed in any one of the
preceding claims which is a primary cell wherein the -
side of each bipolar electrode comprises a metal which
is zinc, aluminum, magnesium or iron.

15 '
16. An array of electrochemical cells as claimed in any
one of the preceding claims which are connected in
electrical series.

20

25
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-8- an oxygen/ vanadi um system whi ch nmay be represented by the foll ow ng
equati on: Eq. 4 2VSO[err] + Of[err] + 2H err] SO err] [err]
2V(SO[err])[err] + 2H err] O
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and an oxygen/ chrom um system whi ch nmay be represented by the foll ow ng
equat i on: [err] The el ectrochem cal reactions of
.t hese equations actually occur in separate but dependent reactions, the
oxygen reaction taking place on the [err] side of the nmenbranes and the
other reaction on the [err] side of the genbranes.
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When charging (storing power) these reactions go fromright to left, and
when di schar gi ng. (supplying power to a |oad) they go fromleft to rlght

The drray of electrochem cal cells of the present invention may be used in
a primary device which is not satisfactorily electrically rechargeable. In
such devices the [err] side of each bipolar electrode conprises a netal
such as zinc, aluminum magnesiumor iron.3 The operation of the array
of cells in accordance with the present invention is nore particularly
descri bed below with reference to the oxygen/sul fur couple detailed in Eqg.3
above. Throughout this disclosure all the reactions shown operating with
Na[err] ions may be carried out using potassium |ithium or
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ammoni umions. As previously nentioned, during charging Eq.3 goes from
right to left, and when discharging Eq.3 goes fromleft to right.

Durihg discharging Na[err] ions are transported across the nenbranes from
the [err] sides to the [err] sides supplying the needed Na and transform ng
Na[err]S to Na[err]S[err].
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-g- NaOH is forned in the [err] sides via the oxidation of Jerr] and
water. At full charge, each [err] side is a very dilute solution of NaCH,
“and‘each [err] side is a concentrated solution of Na[err]S. At
substantially full discharge, each [err] side is concentrated NaOH and each
[err] side is a lower nolarity, but concentrated solution of Na2S5. The

nol ecul ar sulfur in the [err] sides remains in solution because the sodi um
sulfide will dissolve or

ABSTRACT
ELECTROCHEMICAL APPARATUS FOR POWER
DELIVERY UTILIZING AN AIR ELECTRODE
5 An electrochemical apparatus for power delivery

employs an array of electrochemical cells which
comprises an end +" electrode and an end -'® electrode
separated by one or more bipolar mid-electrodes each
with a +"¢ side and a -'® side, the +"® side of each

10- bipolar electrode comprising an electrically conductive
substrate with a porous conductive surface. A bubbly
dispersion of air/oxygen in an electrolyte is contacted
with the +'® sides of the bipolar electrodes. The
electrochemical apparatus of the invention may be used

15 with an oxygen-sulfur couple with these reagents being
provided for example as sodium salts in aqueous
solutions, the overall reaction being:

4H,0+ 4S8 + 20, > B8OH + 48,

20
The process is preferably carried out in an array of
cells (20), comprising a plurality of bipolar electrodes
13, each having a +'® side 12A and a -" side 14A spaced
from one another by membranes 16 which divide the cell
25 into +" and -'* chambers (22C and 24C) for posilyte and

anolyte solutions (22, 24) which are circulated through
the chambers.

This Sheet Has Been R

I !lllﬂ i



Avgz43-A  Teps

sol ubilize the nol ecul ar sul fur formed upon di schgrge
pent a-pseH-fi-de—f-0rm Duclng-.charging Na[err] ijogp r&.Lr

acrosqg t heRRRhOECERSHEETS t heSPerr]|sides to the [le ‘§TH 0t B
-.chargﬁ%ﬁ&sqrmansf@ngndl\la'[ercrgagﬁcbr?‘} o Na[err]S. Th g{j V\hP‘Eﬂ‘F & 80 paged 2,

SHEFTS sG

pr eser €him(sdoubpygedhat.gedbaged yaul. [ i de_i gn_Slerr}j.
as hi Ji Bsaving(s) s pageduchdic paged af4.yjto [efr], and
The r 4pg aibetRacehi CPagedc¥ Stogdagédie=[.efr] el ectrodesfon di scharge is not

enti r dyated @ REHEP® I obably desclibed by the fbl DARENQFREQEIPT.,. 254 6

o[ er r |*=r2Hferrio—t+—de——40H +0.41 V .
ELECTROCHEMICAL APPARATUS FOR POWER

DELIVERY UTILIZING AN AIR ELECTRODE

The present'invention relates generally to novel
electrochemical apparatus for electrochemical energy
storage and power generation systems wherein
compensating electrochemical reactions occur at opposite
positive (hereinafter +" and negative (hereinafter -ve)
electrodes and energy is stored in, and drawn from, an
electrolyte in charge and discharge cycles. The '
reactions in the class of such systems of interest for
the purposes of this invention are substantially
reversible such that driving current into such a system
charges the system by stofing energy in chemical
reactions. These reactions take place on either side of
an ion transport systém (such as a méembrane or multiple
membranes and/or intermediate cell sections) with
selective charge carriers being transported through the .
membrane. During power generation these chemical
reactions reverse supplying current_(ﬁower) to a load.
Restoration, or recharging the cell, may also be
accomplished by reconstituting the reagents.

The present invention more particularly relates to
an electrochemical apparatus which incorporates therein
one or more bipolar electrodes which makes use of an
oxidant in the gas phase (air/oxygen), termed an "air
electrode”.

Such energy processes and systems have been known
for many years. Major limitations of these systems have
resulted from practical application of what seems to be
a simple direct chemical process. Hazardous materials,
efficiencies, system size, plugging and clogging, gas
formation, "plating out" or precipitation of the
materials, membrane diffusion limitations, cost of

- materials and cost of operation highlight the practical
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Fl ow of the electrolytes on both sides of the nenbranes is provided,
preferably a re-circulation rather than a once through flowin the majority
of end uses. The electrolyte circulating through the [err] chanbers during
di scharge conprises either an air or oxngq_and wat er ‘m xture, or an
air/dilute NaOH m xture. An intimate m xture of air or oxygen with the

wat er or dilute NaOH solution may be fornmed by bubbling an air or oxygen
streaminto water or dilute NaOH to form.a bubbly dispersion either
external to or within the cell. The water or dilute NaOH may be stored in

an i ndependent st pemer . Affpthénrl mitddreion eft Isuch sysitens disi rthpet hossgh
Lhe, er ] ShaThEE Slih b W S WUteiF B RS Y De stored in

Much work has been carried out in the development
of air breathing fuel cells. A limitation is the
requirement of an electrode able to sustain, support or
catalyze the reaction at a rate great enough for a
particular application. Other limitations of the known
air electrodes are: high electrical resistance, short
lifetimes, and the required hydrophilic and hydrophobic
capabilities. '

The known air electrodes are of porous construction
with one side in contact with the air and another side.
in contact with an electrolyte. The electrolyte must be
prevented from flooding the entire electrode. The
air/oxygen must be allowed to contact the electrode and
the electrolyte in a three way interface. It has been
proposed to make one side of the electrode hydrophobic
and the other side of the electrode hydrophilic in an
attempt to maintain a delicate balance somewhere within
the electrode. The reaction which is involved at the
air electrode in an alkaline solution is:

Eq.1 2e” + 30, + H,0 » 20H°

US-A~-3634140 discloses a fuel cell device utilizing
air as the oxidant in which the flow through air
electrode comprises two porous layers having different
porosity, the layer located nearest the electrolyte side
having the finer pores. The air atmosphere side and the
electrolyte side are operated with a difference in
préssure to prevent flooding of the pores of the air
electrode.

US-A-4444852 discloses a multiply laminar flow
through air electrode which has an outer hydrophobic
sheet adapted to contact the air and an inner
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hydrophilic electrolyte permeable active layer, the two
outer layers being separated by one or more active
layers comprising a mixture of active hydrophobic and
hydrophilic agglomerates with catalyst disposed therein
which increase in agglomerate size from the electrolyte
permeable to the outer hydrophobic sheet.

GB-A-1364795 discloses a fuel cell in which a
foaming agent is added to the electrolytes and the
electrolytes agitated to form a foam containing the fuel
and a foam containing the oxidant, the anode and the
cathode being formed from smooth platinum and being
positioned substantially only in the foam layers.

US-A-4328287 discloses gas flow through electrodes
for electrochemical cellslhaving a porous flow through
matrix with electrocatalysts supported on the surfaces
of the matrix within the pores, the pores providing a
through route for electrochemically oxidisable or
reducible gas bubbles in a liqhid electrolyte.

The zincs/air battery has been known for many years.
This battery has a porous carbon +'® electrode, KOH paste
electrolyte and a zinc -™ @lectrode. The original
zinc/air battery was of U-shaped canfiguration and had
the limitation of a slow discharge rate as the rate of
air diffusing through the porous carbon electrode is
proportiona! ¥o the surface area of the carbon electrode
in contact with the air. There is thus a limited mass
transfer. Furthermore, this battery is essantially a
primary battery and is not effectively electrically
rechargeable because on attempting to recharge the
battery zinc is redeposited unevenly at the zinc
electrode, which limits the number of recharging cycles
before the battery becomes inoperable. Furthermore,
precipitates of zinc oxide and zinc carbonate are formed
which cause contamination of the electrolytes and
additional difficulties on attempting to recharge the .
-
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As the electrolyte in the [err] sides is circulated, the S[err] is absorbed
out of solution at a surface of the [err] electrodes- and/or in a porous
surface thereof. This provides a benign porous structure where the S2
solution may reside in high concentrations (i.e. be readily available). The
porous nature provides a | arge surface area which enhances efficiency
during discharge. In addition, the surfack of the [err] electrodes is
preferably coated with an active ingredient, preferably an activated
carbon, which augnents the reaction kinetics providing S[err] ions pronmptly
for subsequent discharge requirenments, and thus providing full power until

substantial ly fgldnenfll SGRANGoJdY IZihd U iT B Wemploys a flat
zinc plate as the -"® electrode and this enables more
effective utilization of air/oxygen to be made by
blowing air past the electrode face. There is thus a

- better mass transfer and hence a higher discharge rate

than the U-shaped zinc/air battery, but the battery
still suffers the same problems with regard to
rechargeability. '

Some attempts have also been made to replace the
zinc in the zinc/air battery with other metals such as
aluminium, iron, vanadium and magnesium. These devices
have not, however, been satisfactorily electrically
rechargeable. ‘

US-A-3925100 discloses an air cathode for use in
metal/air cells such as zinc/air batteries which
comprises a hydrophobic layer laminated to a hydrophilic
layer. The air or oxygen is in contact with the
hydrophobic layer through which it diffuses into the
hydrophilic layer, but the electrolyte cannot pass

1 through the hydrophobic layer.
| It is an object of this invention to provide an
electrochemical cell containing an improved air
electrode for power generation and/or energy storage
which is preferably electrically rechargeable and which
provides economical power generation.

It is a further object of this invention to provide
an electrochemical cell which contains an improved air
electrode which is bipolar, which results in less costly
cell arrays and greater volumetric energy densities.

It is a yet further object of this invention to
provide an electrochemical cell with an improved air
electrode with hydrophobic properties and which reduces
problems associated with the loss of water from the
prior art systems.

Another object of this invention is to p{gzigg_ig__ﬂ_______.
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the output voltage of the cell is near constant with little polarization

| osses. When the cell is charged, Na[err] ions are transported across
t he cation exchange nenbranes fromthe [err] sides to the [err] sides of
the cell. The Na[err] ions transformthe Na[err]S[err] to Na[err]S and in

the process Sis reduced to S[err]. At the [err] sides free oxygen is
produced at the [err] electrode surfaces &na expell ed through a vent to the
at nosphere as the electrolyte is circulated. Alternatively, the

el ectrolytes may be recharged electrically outside the cell in a separate
system in order to prevent any deleterious effects of the generation of

oxygen at the [ grrloGbachlpdetectibhlohilzhipiyidls! WGt ARy HaY &l s
power even at low states of charge of the system, i.e.
the system power production stays constant over time
maintaining substantially the same output until close to
complete discharge.

The present invention provides an electrochemical
apparatus for power delivery consisting of an array of
electrochemical cells which comprises

a) an end +" electrode and an end -'® electrode
separated by one or more of bipolar mid-electrodes each
of which has a +'® side and a -" side which each face a
respective +'® chamber and -'® chamber, the +'® side of
each bipolar electrode comprising an electrically
conductive substrate havihg a porous conductive surface,

b) means to form an intimate mixture of
air/oxygen with an electrolyte to produce a dispersion
of bubbles in the electrolyte, and

c) means to circulate the electrolyte produced
in step (b) through the +'® chambers of the cell array.

The means to form an intimate mixture of air/oxygen
with an electrolyte to produce a bubbly dispersion may
be provided either external to or within the 4% chambers
of the éell. The air/oxygen flow rate is preferably
adjusted so that a near maximum cell voltage is realized

" at any given discharge current. If the gas flow is too
great the electrolyte will be severely displaced giving
the cell a higher internal resistance, whilst if the gas
flow is too low the +'¢ electrode is starved of oxidant.
Typical flow rates for use in the present invention are
between 0.70 and 5 litres per minute for oxygen, and
about 3 litres per minute for air. The electrolyte
circulating through the +'¢ chambers of the cell may be a
dilute alkaline solution, for example a solution of
sodium, potassium or lithium hydroxide, or a dilute acid

solution, for example hydrochloric acid or sulfuric
IR
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| f any carbonates are fornmed in the [err] sides of the cell during the
generati on of power (which situation may be encountered if air, rather than

oxygen is introduced into the [err] sides) they will be converted at the
el ectrodes on charging the cell to carbon dioxide which will be

[err]

vented, together with the oxygen fornmed on charging.

-6 -

acid. When operating using an acidic electrolyte
circulating through the +'®* chamber, a higher voltage
will usually be achieved. The electrochemical reactions
of 0, in acidic and basic environments are qualitatively
different. In acidic sclution the reaction is:-

Eq. 2a 0, + 4H' + 4e” = 2H)0

which has an electrode potential against a standard

hydrogen electrode of 1.229 V.
The reaction in basic solution is:

Eq. 2b 0; + 2H,0 + 4e” = 4OH

which has an electrode potential of 0.401 V.-

The first chemical equation shows the total reaction in
the +'® compartment of a cell with sulfuric acid present
and sodium ions migrating across the membrane to the +'
from the -'¢ side during discharge.

The bipolar electrodes are preferably separated
from one another and from the end electrodes by an ion
exchange membrane, preferably a cation exchange
membrane.

The porous conductive surface on the electrically

conductive substrate may be, for example, carbon
particles, carbon fibres or hollow carbon rods in

intimate contact with the substrate and with one

another. The porous conductive surface on the electrode
entraps oxygen from the air/electrolyte or
oxygen/electrolyte bubbly dispersion where it is
adsorbed/absorbed, thus being available for electricél
discharge. The carbon particles, fibres or hollow rods
may be pressed mechanically into intimate contact with
one another and with the electrically conductive
substrate, or bonded thereto, for example using any
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Furt hernore, because oxygen is a weak oxidising agent, any S which crosses
the nmenbrane stays in solution and does not formprecipitates. Thus there
is no need for any filters to be included in the electrolyte circul ation
fl ow system A filter may, however, advantageously be used to

polymeric material which provides a good resistance to
chemical attack, such as Kynar. Preferably a screen,
such as a non-woven polypropylene fabric (Pellon cloth)
is placed between the porous conductive surface of the
+"¢ gide of the bipolar electrode and the ion exchange
membrane. The screen serves both to support the
conductive surfacing material and to protect the
‘membrane from damage.

The porous conductive surface w111 preferably have
a thickness in the range ‘of from 2.5 to 25 mm, more
preferably a thickness in the range of from 5 to 15 mm.
The porosity of the porous conductive surface on the
electrode will preferably be in the range of from 0.7 to
0.85. For a surface which is formed from conductive
particles, the porosity will depend not only upon the
particle size of the particles and the pore volume of
the particles, but also upon the packing density of the
particles.

The -'¢% chambers of the cell array contain -'¢
electrodes and have an electrolyte circulating
therethrough. In systems which can be charged as well
as discharged, the fundamental chemical process which is
carried out in the electrochemical cells is
characterized by a chemical equation where the reaction
proceeds in one direction in the charging of the system
and in the opposite direction during power delivery by
the system. Electrolytes which may be used in the -'t
chambers of such electrically rechargeable systems
include those which during power generation comprise a
sulfide, a vanadium (Vi) salt or a chromium (Cr?') salt.
Examples of such systems are an oxygen/sulfur couple
which may be represented by the folloﬁing equation:

Eq. 3 5Na;S + 20, + 4H,0 = Na,S; + 8NaOH

PSS

This is the repiacement sheet Has Becn RepRred

"

Date: 2§ SEP 1996



filter air before it is admxed with the dilute NaOH, the filter thereby
renovi ng extraneous dust and other particles fromthe air. The ion
exchange menbrane used in the invention is preferably a cation type

(positive ions,

such as NaJ[err] and Klerr], will be transported through it)

that al so provides an effective block aganst S[err] nigration through the

menbr ane.

Alternative preferred enbodi nents substitute potassium

| ithiumor amoni um and ot her appropriate substitutes for the sodiumin one
or both of the hydroxi de and sulfide sol uti ons. O her objects,

features and adyaniages wiLl e appacent, LROONURS, Sl ' AYbrgsdsted sy

description of

the following equatxon:
Eqg. .4 2VSO, + O + 2H,80, = 2V(SOQ4), + 2H,0

and an oxygen/chromium system which may be represented

by the following equation:
Eg. 5 4Crs0y + 0; + 2H,S0; = 2Cr;(S04)y + 2H,0

The electrochemical reactions of these equations
actually occur in separate but dependent reactions, the
oxygen reaction taking place on the +"* side of the
membranes and the other reaction on the -'® side of the
membranes.

When charging (storing power) these reactions go
from right to left, and when discharging (supplying
power to a load) they go from left to right.

The array of electrochemical cells of the present
invention may be used in a primary device which is not
satisfactorily electrically rechargeable. In such
devices the -'® side of each bipolar electrode comprises
a metal such as zinc, aluminum, magnesium or iron.

The operation of the array of cells in accordance
with the present invention is more particularly
described below with reference to the oxygen/sulfur
couple detailed in Eq.3 above. Throughout this
disclosure all the reactions shown operating with Na’
ions may be carried out using potassium, lithium or
ammonium ions. As previously mentioned, durihg charging
Eq.3 goes from right to left, and when discharging Eq.3
goes from left to right.

During discharging Na' ions are transported across
the membranes from the -'® sides to the +'¢ sides

supplying the needed Na and transforming Nais to NaySg.
. A A
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preferred enbodi nents thereof taken in conjunction wth the acconpanyi ng

drawi ngs i n which: . FIG 1 is a schematic view of an array of cells
according to a preferred enbodi ment of the invention; FIG 2is a
bl ock diagramof a full systemusing the cell of -FIG 1, FIG 3is a

graph of the discharge characteristics of g¢he cell of Exanple 1; and

FIG 4 is a graph of the discharge characteristics of the cell of Exanple
2. The el ectrochem cal cell or array of cells of the invention is
described below with reference to the specific systemutilizing air/sodium

hydr oxi de and sodium sulfide. It will be understood, however, that
NaOH is formed in the +" sides via the oxidation of 0,

and water. At full charge, each +'® side is a very
dilute solution of NaOH, and each -'* side is a
concentrated solution of Na)S. At substantially full
discharge, each +' side is concentrated NaOH and each -'
side is a lower molarity, but concentrated solution of
Na;S;. The molecular sulfur in the -ve sides remains in
solution because the sodium sulfide will dissolve or
solubilize the molecular sulfur formed upon discharge uﬁ
to the penta-sulfide form.

During charging Na' ions are transported across the
membranes from the +" sides to the -'® sides to balance
the charge and transform Nazss to Na;,S. The sulfur which
is present as a doubly charged polysulfide ion s .5,
(where x may be as high as 4), is reduced initially to
Sb.skl, and eventually to s¥.

The reaction which occurs at the +" electrodes on
discharge is not entirely clear but is probably
described by the following equation:

Eq.6 0, + 2H,0 + 4e” - 4OH +0.41 V

Flow of the electrolytes on both sides of the
membranes is provided, preferably a re-circulation
rather than a once through flow in the majority of end
uses. The electrolyte circulating through the + Ve
chambers during discharge comprises either an air or
oxygen and water mixture, or an air/dilute NaOH mixture.
An intimate mixture of air or oxygen with the water or
dilute NaOH solution may be formed by bubbling an air or
oxygen stream into water or dilute NaOH to form a bubbly
dispersion either external to or within the cell. The
water or dilute NaOH may be stored in an independent
container. Similarly, the electrolyte circulating
through the -'® chambers during discharge comprises Na,S
which may be stored in an independent contaiher.

: ' e
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other salts may be substituted for the sodi um hydroxi de
- 12 -

- 10 -

As the electrolyte in the -'® sides is circulated,
the S is absorbed out of solution at a surface of the
-¥¢ glectrodes and/or in a porous surface thereof. This
provides a benign porous structure where the s¥ solution
may reside in high concentrations (i.e. be readily
available). The porous nature provides a large surface
area which enhances efficiehcy during discharge. In
addition, the surface of the -'® electrodes is preferably
coated with an active ingredient, preferably an
activated carbon, which augments the reaction kinetics
providing s ions promptly for subsequent discharge
requirements, and thus providing full power until
substantially fully dischérged. During this discharge
the output voltage of the cell is near constant with
little polarization losses.

When the cell is charged, Na' ions are transported
across the cation exchange membranes from the +'¢ sides
to the -'® sides of the cell. The Na' ions transform the
Na,)S, to Na,§ and in the process S§ is reduced to s*. at
the +'® sides free oxygen is produced at the +'® electrode
surfaces and expelled through a vent to the atmosphere
as the electrolyte is circulated. Alternatively, the
electrolytes may be recharged electrically outside'the
cell in a separate system, in order to prevent any
deleterious effects of the generation of oxygen at the
+'¢ electrodes, during charging, on the electrode
materials themselves.

I1f any carbonates are formed in the +" sides of the
cell during the generation of power (which situation may
be encountered if air, rather than oxygen is introduced
into the +" sides) they will be converted at the +'
electrodes on charging the cell to carbon dioxide which
will be vented, together with the oxygen formed on

charging.
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and sodiumsulfide referred to specifically herein. It will also be
understood that whilst the air electrode used in the present invention is
described in an el ectrochem cal process using an oxygen/sul fur couple, the
general teaching and description hereinbel ow are of relevance to the air

el ectrode of the invention when used with other chem cal reactions.

FIG 1 shows a cell array 20 of nultiple ddll-s connected in electrical
series and fluid parallel End electrodes 12E ([err]) and 14E ([err]) and
mul tiple md-electrodes 13 (each one having a [err] electrode portion 12A
and [err] electrode portion 14A) are spaced from each other by cation

exchange nenbranes 16 to form , s
Furthermore, because oxygen is a weak oxidising

agent, any S which crosses the membrane stays in
solution and does not form precipitates. Thus there is
no need for any filters to be included in the
electrolyte circulation flow system.

A filter may, hoﬁever, advantageously be used to
filter air before it is admixed with the dilute NaOH,
the filter thereby removing extraneous dust and other
particles from the air.

The ion exchange membrane used in the invention is
preferably a cation type (positive ions, such as Na' and
K', will be transported through it) that also provides
an effective block against s’ migration through the
membrane. )

Alternative preferred embodiments substitute
potassium, lithium or ammonium and other appropriate
substitutes for the sodium in one or both of the
hydroxide and sulfide solutions.

Other objects, features and advantages will be
apparent from the following detailed description of
preferred embodiments thereof taken in conjunction with
the accompanying drawings in which:

FIG. 1 is a schematic view of an array of cells
according to a preferred embodiment of the invention;

FIG. 2 is a block diagram of a full system using
the cell of FIG.1l;

FIG. 3 is a graph of the discharge characteristics
of the cell of Example 1; and .

FIG. 4 is a graph of the discharge characteristics
of the cell of Example 2.

The electrochemical cell or array of cells of the
invention is described below with reference to the
specific system utilizing air/sodium hydroxide and
sodium sulfide. It will be understood, however, that
other salts may be substituted for the sodium hydroxide
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end cells CJerr] and CJerr] and an array of n# of md cells (err]
(typically 10-20; but note much smaller and nmuch | arger nunbers of cells
can be accommobdat ed). The cati on exchange nmenbranes 16 are selected to
mnimze mgration of oxygen fromthe [err] side to the [err] side and to
mnimze mgration of S[err] ions fromihg[err] side to the [err] side.
The end el ectrodes 12E ([err]) and 14E ([err]) have internal conductors 12F
and 14F (typically copper screens) encapsul ated therein and leading to
external termnals 12G 14G which are connected to external |oads (e.g. to
a notor Mvia a control circuit CONT, the notor driving a vehicle) or power
sources (e.g. aandispdiumoselfigde dreferredetioasprac bhgal by ehereif devi ce).

In each internal celitap; el efis@d6e 19nd6+5t86d 2t RAOOIRI1st the air
~electrode used in the present invention is described in
an electrochemical process using an oxygen/sulfur
couple, the general teaching and description hereinbelow
are of relevqncegto the air electrode of the invention
when used with other chemical reactions.

FIG. 1 shows a cell array 20 of multiple cells
connected in electrical series and fluid parallel End
electrodes 12E (+'®) and 14E (-"%®) and multiple
mid-electrodes 13 (each one having a +'® electrode
portion 12A and -'® electrode portion 14A) are spaced
from each other by cation exchange membranes 16 to form
end cells C; and Cp and an array of n# of mid cells Cq
(typically 10-20; but note much smaller and much larger
numbers of cells can be accommodated). The cation
exchange membranes 16 are selected to minimize migration
of oxygen from the +'¢ side to the -"¢ side and to
minimize migration of s ions from the -"¢ side to the +'
side. The end electrodes 12E (+'®) and 14E (-'%) have
internal conductors 12F and 14F (typically éopper
screens) encapsulated therein and leading to external
términals 12G, 14G which are connected to external loads
{e.g. to a motor M via a control circuit CONT, the motor

' driving a vehicle) or power sources (e.g. a utility
power grid when used as a load levelling device). 1In
each internal cell an electrode 13 acts as a bipolar
electrode. That is the electrode forms the -ve side 14A
of one cell while simultaneously forming the +“¢ side 12A

- of the sﬁbsequent cell.

The end +"® electrode 12E and the +'® electrode
portions 12A of the bipolar electrodes 13 each have a
porous conductive surface provided by particles of
activated carbon 26 such as G-212 particles (North
American Carbon Co.) or UU grade particles (Barnebey-
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el ectrode. That is the electrode forns the [err] side 14A of one cell while
sinmul taneously formng the [err] side 12A of the subsequent cell. The
end [err] electrode 12E and the [err] el ectrode portions 12A of the bipol ar
el ectrodes 13 each have a porous conductive surface provided by particles
of activated carbon 26 such as G 212 partlcles (North Anmerican Carbon Co.)

or UU.grade particles (Barnebey- - 13

Cheney Co.).' The activated carbon particles are pressed
into intimate contact with the surface of the electrodes
or are bonded thereto. The carbon particles 26 are
restrained by non-woven screens 27, for example non-
woven polypropylene cloth, e.g. Pellon cloth and
separated thereby from the membranes 16, thus preventing
damage to the membranes.

The end -"® electrode 14E and the -"* electrode
portions 14A of the bipolar electrodes 13 also, in this
embodiment, are each shown with a porous conductive
surface provided by particles of activated carbon 28
which may be the same as, or different from, the
activated carbon particles 26 which surface the +%
electrodes. The carbon pérticles 28 are restrained by
non-woven screens 30 which may be the same as, or
different from, the screens 27.

A foamy air/dilute NaOH mixture 22 produced
external to the cell array is passed into the bottom of
the +'"¢ chamber 22C of each cell. A solution of Na,S,
24, is passed into the bottom of the -Y¢ chamber 24C of
each cell.

When the cell array is in the substantially fully
charged state, a solution of NaOH of 0.5 to 1.0 molar
concentration exists in the chambers 22C of the cell and
a solution of N3;S of 3 to 4 molar, exists in the
chambers 24C of the cell.

When providing power to a load the cell is
discharging, and reversible reactions occur at the two
electrodes. Sodium ions, Na‘', are transported across
membrane 16 from the -"* side to the +'® side of the cell.
At the +" electrode 12, oxygen molecules are reduced
forming OH” ions. At the -'"¢ electrode sulfide ions, s,
are oxidised to molecular sulfur (which is solubilized

by the sodium sulfide). The free electrons produced at
the -'¢ electrode form the current through a load. The
-
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intimate contact with the surface of the el ectrodes or
The carbon particles 26 are restrai ned by non-wven screens 27,
non- woven pol ypropylene cloth, e.g. Pellon cloth and

13 -

Cheney Co.). The activated carbon particles are pressed into
are bonded thereto.

for exanple

- 14 ~

chemical reactions at the electrodes produces 0.60 to
0.70 volts per cell.

FIG.2 is a block diagram of a full system using the
cell 20 of FIG.l. At the +" electrode side a dilute
solution of NaOH of about 1 molar is held in tank 40
from which it is passed to a mixing tank 23 where it is
mixed with air entering via line 44. The foamy
air/dilute NaOH mixture is then passed into the bottom
of chambers 22C of the cell 20. The foamy mixture
contacts the porous conductive surfaces 26 of the
electrodes 12 during its passage through the chambers
22C. The sodium hydroxide is recirculated to tank 40 by
means of pump 45.

At the -'® electrode a solution of sodium sulfide
Na,S, is held in a tank 46 from which it is pessed into
the bottom of chambers 24C of the cell 20. The Na,S
solution is recirculated to tank 46 by means of pump 47.
The tanks 40 and 46 can be replaced with freshly charged
electrolyte by exchanging the expended tanks with new
tanks and/or refilling the old tanks from charged supply

sources.

Fabrication of Electrodes

End electrodes differ from the mid electrodes
because they must have a metallic conductor embedded
within the structure running across the electrode area.
This is required because the resistivity of the
substrate material from which they are formed is too
high to allow adequate electrical conduction to an
external electrical connector. For example a 25 cm by
25 cm square (10 inch by 10 inch square) of substrate
material 0.25 cm (0.10 inch) thickness will have a
resistance of about 10 ohms where a correeponding cell
has an internal resistance of about 0.01 ohms. A sheet

of copper of 0,025 cm (0.010 inch) thickness with
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separated thereby fromthe nenbranes 16, thus preventing damage to the
menbr anes. The end [err] electrode 14E and the [err] el ectrode
portions 14A of the bipolar electrodes 13 also, in this enbodinment, are
~each shown with a porous conductive surface provi ded by tetHis%enaie laced
activated carbon 28 which may be the sane as, or differe

activated carbon particles 26 which surfagg the [err] el

carbon particles 28 are restrained by non-woven screens 30 whi ¢

sane as, or different from the screens 27. A foany alr/dllute NaCH
m xture 22 produced external to the cell array is passed into the bottom of
the [err] chanmber 22C of each cell. A solution of Na[err]S,

approximately the same area embedded into the electrode
will reduce the effective resistance to about 100 micro
ohms. The end electrodes are unipolar, whereas the mid-
electrodes are bipolar. The conductor sheet is a thin
screen structufe embedded along the length of the end
electrodes which make mechanically good contact along
the current path.

The process of making the bipolar mid-electrodes is
as follows. Substrates are formed of graphite flakes
mixed with a plastic binder or other suitable binder,
generally in a 1:1 weight ratio of such components. The
mixture is freed from moisture by heating and/or
desiccation methods, formed as sheets and hot pressed at
temperatures and pressureé appropriate to the materials
used.

The substrate surface which is to form the +'
electrode is then surfaced with a porous conductive
surface, for example activated carbon particles, either
by mechanically pressing the conductive surfacing
material into intimate contact with the face of the
electrode, or by bonding the conducting surfacing
material to the face of the electrode. In the first
method, a thick (greater than 2.5 mm) layer of unbonded
loose carbon particles is mechanically held in contact
with the substrate surface, the substrate generally
first being coated by embedding a thin layer of smaller
sized carbon particles on the surface. This
intermediate surfacing layer provides an acceptable low
resistance contact with the layer of loosely held carbon
particles for interaction with the oxygenated
electrolyte.

In the second method, loose carbon particles are
bonded to the substrate surface using an appropriate
polymeric material which is resistant to chemical

corrosion, for example employing as a bonding agent
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24, is passed into the bottomof the [err] chanber 24C of each cell —
When the cell array is in the substantially fully cha%ged’§f§?€fna‘g6rhtion
of NaOH of 0.5 to 1.0 nolar concentration exists int .g@gﬁh@g&m cef t he
cell and a solution of Na[err]S of 3 to 4 nolar, exist Y rs 24C
of the cell. When provi di ng power t3d6a- oad the. cem‘m\%‘“\\ i ng,
and reversible reactions occur at the two electrodes. S , ', are

“transported across nembrane 16 fromthe [err] side to the [err] side of the
cell. At the [err] electrode 12, oxygen nol ecul es arée reduced form ng CH

i S LEOPRAFRACKERLE, B8, b Sk B A6 sy U8 N it
A screen, for example a non-woven polypropylene
screen (e.g. Pellon cloth) is preferably placed over the

conductive surfacing material in order to assist in
retaining the conductive surfacing material in position.
In a preferred embodiment of the invention the substrate
surface which is to form the -'* electrode is surfaced
with a porous conductive surface in the manner as
described above.

End electrodes are prepared by making a substrate
by mixing graphite flakes and a plastic binder together,
in the same general manner as described for the process
of making bipolar mid-electrodes. Two substrates are
formed into a sandwich with a conductive screen, e.g. a
copper screen, placed therebetween. This assembly is
hot pressed to form the electrode which is then surfaced
(in the manner as described above for mid-electrodes)
with a conductive surfacing material to form a +" end
electrode. The same surfacing treatment is also used ih
formation of - end electrodes in a preferred embodiment

of the invention.

Membranes
The preferred cation exchange membranes for use in

the present invention are a hetercogeneous structure made
by Sybron Chemical Co. called IONAC MC 3470 or NAFION
made by Du Pont de Nemours. IONAC is a cation exchange
membrane containing sulfonated resins as the functional
materials bonded together with Kynar. The material is
bonded to a fibrous support sheet of glass cloth or
polymer fiber. The specifications for this membrane
are: 0.40 cm (0.016 inches) thick, 96% permselectivity
and 5 ohms/square cm in 1 N NaCl.

Other cation exchange membranes may also be used.
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by the sodium sulfide). The free el ectrons produced at the [err] el ect r ode
formthe current through a |oad. The

s Sheet Has Been Replaced
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Enerqgy Density
In a preferred embodiment using the electrochemical

apparatus of the present invention, the process employed
for energy storage in the reaction according the present
invention is described by the folléwing basic reaction:

Eq. 7A. O, + 2H,0 + S = 40H + S

The chemical reaction given above includes only
those species which are directly and necessarily
involved in the process. However, in ordexr for the
process to take place in a practical sense cations and
excess water must be accounted for and the actual’
reaction, for a potassium salt system is:

Eq. 7B. 4H,0 + 5K)S + 20, = BKOH + KS;

Whilst for a sodium systeﬁ the reaction is:

Eq. 7C. 4H,0 + 5Na)S + 20, = B8NaOH + Na,S

On the basis of the reaction given in Eq.7B ‘above,
the maximum available energy densify if the reaction
were to prdceed to completion and there were no other
losses due to polarization or chmic effects is
calculated using the total weight of reagents in Eq.7B
and the electron éxchange of

sst" = s + ge’

Assuming 1 volt as a mean value for the reaction
open circuit potential, then there are 686 grams of
reactant for an energy of 208 WH giving an energy
density of 303 WH/kg

However, the process used in the present invention
is an "air breathing" s}stem and the oxygen is not
carried within the system when it is fully charged.
Thus, the energy density of the systeh at the onset of

1}

discharging is the energy divided by the reagent weights

exclusive of oxygen, that is 334 WH/kg.

In a practical system the maximum solubility of K,S
in water is about 5 Molar. A realistic confiquration
for an array of cells would be about 1 liter of 0.5M KOH

This is the repiacement sheet
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chem cal reactions at the el ectrodes produces 0.60 to 0.70 volts per cel
FIG 2 is a block diagramof a full systemusing the ce##—QG—eL—FLG;L__AL_

the [err] electrode side a dilute solution of NaCOH of ﬁmmﬂ ar |s heId

in tank 40 fromwhich it is passed to a m xing tank 23
wth air entering via line 44. The foammaag/dllute Na ,' e
passed into the bottom of chanbers 22C of the cel
. contacts the porous conductive surfaces 26 of the electrodes 12 durlng |ts
. passage through the chanbers

as an initial oxidising agent (positive electrolyte) per
1 liter of SM K,S solution as a reducing agent (negative
electrolyte). Upon discharge the solutions would be
appro#imately 8.5M KOH and 1M K;S, respectively.

The energy density of this system, assuming a
completely lossless reaction, would be 85 WH/kg.

For 5 Molar, K;S, this gives a total weight
percentage of sulfur used in the negative electrolyte of
approximately 17.5%.

The present invention will be further described
with reference to the following non-limiting Examples{
in which an electrochemical cell array in accordance
with the present invention is used in an electrochemical
process employing an oxygén/sulfur couple.

EXAMPLE 1

A. Fabrication of end electrodes
Two substrates were prepared by mixing graphite
) flakes (#4012 graphite flakes of Asbury Carbon Co.) with
a polyvinylidene fluoride, PVDF, binder (Penwalt's #461)
in a 1:1 weight ratio. The mixture was heated to remove
moisture, formed into sheets and hot pressed at a
temperature of 177°C (350°) and a pressure of 1723 kPa

(250 psi) for 10 minutes, and then cooled at the same
pressure between water cooled platens.

_ A stack was then formed, from bottom to top, of an
aluminum base plate, a Teflon sheet, one substrate, a
copper screen (0.025 cm.thick), the other substrate, a
Teflon sheet, high temperature rubber sheet, and finally
another aluminum base plate. The assembly was then
pressed at 1034 kPa (150 psi) at 177°C (350°F) for 10
minutes, and then cooled at the same pressure between

water-cooled platens.
The substrate to be surfaced had its edges covered

This is the repiacement sheet
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22C. The sodium hydroxide is recirculated to tank 40 by neans ef—ptunp 45.

At the [err] electrode a solution of sodiumsulfide Na2S, is held ) ed 2Nk
46 fromwhich it is passed into the bottom of chanber s Thi§ShestHas nesd 20.
The Na[err]S solution is recirculated to tank 46 by nean The
tanks 40 and 46 can be replaced with fregh&g charged ele \
exchangi ng the expended tanks with new tanks and/or refilling the old tanks

from charged supply sources. Fabri cati on of El ectrodes
el ectrodes differ fromthe md el ectrodes '

End

with tape and was placed on an aluminum base plate
covered with a Teflon sheet and a mixture of 80%
graphite and 20% Kynar sprinkled over the surface. The
surface of the substrate was then sprinkled with a layer
of activated carbon particles, for example, G212 of
North American Carbon Co., or UU of Barnebey-Cheney Co.

The specifications of these activated carbon
particles are as follows:

G212
Bulk density 0.38 to 0.44 (ASTM 2854)
Hardness 92 (ASTM D2862)
Particle size 90% pass through an 8x16

mesh
Pore volume (within the pérticles) -

H,0 mls per gram 0.90 - 1.00
UU Grade |
Bulk density 0.45 to 0.55 (ASTM 2854)
Particle size 90% pass through a 50x200
mesh

Pore volume (within the particles) -
H,0 mls per gram 0.85 - 0.95

A high temperature rubber sheet was placed on top
of the surfaced substrate, followed by a Teflon sheet
and an aluminum hase plate. The structure was then
pressed at 517 kPa (75 psi) at 177°C (350°F) for 10
minutes, and then cooled at the same pressure between
water-cooled platens.

" The tape was then removed.from the edges of the
surfaced side and a rubber "pictﬁre" frame placed on top
of the cleared bqrder. The electrode was then placed
with the surfaced side uppermost onto an aluminum base
plate covered with a Teflon sheet and the top surface of
the structure covered with a Teflon sheet and an

This is ‘the replacement sheet
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because they nust have a metal l.ic conductor enbedded wit

the structure

running across the electrode area. This is required because t

stivity

of the substrate material fromwhich they are forned is tdbmbh to al

adequate el ectrical conduction to an external electrical le

exanple a 25 cm by 25 cm square (10 inch B% 10 inch square peod
nc

mat eri al

0.25 cm (0.10 inch) thickness W

have a resista

ohnms where a correspondi ng cel'l has an internal resistance of about
ohnms. A sheet of copper of 0.025 cm (0.010 inch) thickness with

aluminum base plate. The edges of the assembly were
pressed at 2413 kPa (350 psi) for 210 minutes, and then
cooled at the same presure between water-cooled platens,
This step sealed the substrate sheets along the edges in
order to ensure that the copper screen was totally
encapsulated to prevent corrosion by the electrolyte.

B. Preparation of bipolar electrodes
Substrates for the bipolar electrodes were prepared

in the manner as described in A above.

One surface of the substrate was then coated with
G212 activated carbon particles (North American Carbon
Co.). A high temperature rubber sheet was placed on top
of the surfaced substrate) followed by a Teflon sheet
and an aluminum base plate. The structure was then

_pressed at 517 kPa (75 psi) at 177°C (350°F) for 10

minutes, and then cooled at the same pressure between
water-cooled platens. This surface formed the +" side
of the bipolar electrode.

The other surface of the substrate was then coated
with UU activated carbon particles (Barnebey-Cheney Co.)
and hot pressed and cooled in the same manner as for the
formation of the +'¢® side of the bipolar electrode. The
UU surfaced side formed the -Y¢ side of the bipolar

electrode.

C. Cell fabrication
A cell was fabricated with an end +" electrode

surfaced with G212 activated carbon, a bipolar electrode
as described above and an end -"* electrode surfaced with
UU activated carbon. The end electrodes were separated
from the bipolar electrode- to form +'8 chambers .by means
of a Nafion membrane with a protective layer of Pellon
cloth. The effective area of each electrode was 25

sg.cm (10 sq.in.).

This is the replacement sheét
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approxi mately the sane area enbedded into the el ectrode wil'l reduce the

effective resistance to about 100 mcro -"‘-—-____ﬁ__5_~;

This §

heet Has Been Replaced
.l
-¥¢ gide: 0.20 inch spacing to the membrane, electrolyte
volume = 250 cc, of 2M Na;S. A solution of monosulfide
was employed to ensure that the -"® electrolyte was fully

charged, and that it did not limit the cell performance

by polarization effects.

+" gide: 0.20 inch spacing to the membrane, electrolyte
volume = 250 cc of 1M NaOH.

Oxygen was introduced into the +'e electrolyte just
before the electrolyte entered the bottom of the +'¢
chambers of the cell. The oxygen flow rate was 2
litres/minute. The bubbly electrolyte was circulated
through the +'® chambers of the cell at a rate of 0.5
litres/minute. The -" electrolyte was circulated
through the -'® chambers of the cell at a rate of 0.6
litres/minute. During the experiment air was
substituted for oxygen after 30 minutes.

D. Cell Performance

This cell was discharged at 1 amp for 30 minutes
using oxygen to produce the bubbly electrolyte and then
for a further 25 minutes using compressed air.

Figure 3 shows the voltage versus time data during

this run.
EXAMPLE 2

In this Example the cell as described in Example 1
was operated using a 1M H,S0, electrolyte in the +V¢
chambers of the cell. Oxygen was introduced into the +'"
electrolyte just before the electrolyte entered the
bottom of the +'® chambers of the cell. The oxygen flow
rate was 1.5 litres/minute. The bubbly electrolyte was
circulated through the +" chambers of the cell at a rate
of 0.5 litres/minute. The -"¢ electrolyte was circulated
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ohnms. The end el ectrodes are uni polar, whereas the md- electrodes are

bi pol ar. The conductor sheet is a thin screen structur edded al ong the
l ength of the end el ectrodes which nmake nechanically gogd co al ong the
current path. The process of making the bipolar m d0/glhes %odes i S .

a
follows. Substrates are forned of graphite flakes mxed h ] C
bi nder or other suitable binder, generatlg2ima a 1:1 wei ﬂ
conponents. The m xture is freed fromnoi sture by heating. ZV _
and

desi ccation nethods, fornmed as sheets and hot pressed at tenpera

pressures appropriate to the material s used. The substrate surface
which is to formthe [err
throuJﬁ tge -"¢ chambers of the cell at a rate of 0.6

litres/minute.

The cell was diScharged at 1.8 amps and
periodically placed on open circuit. Figure 4 shows the
voltage versus time data obtained. It will be noted
that higher cell voltages were obtained using an acidic
electrolyte circulating through the +'"* chambers of the
cell (Figure 4) than when using an alkaline electrolyte
circulating through the +Y® chambers of the cell (Figure
3).

This is the replacement shegt
Date: 2553ﬂ5’555



activated carbon particles, either

——

electrode is then surfaced with a parous conductive surface, for exanple

surfacing material into intimte ¢o
by bondi ng the conducting surfacihg material

MR AR 2= "5 ot e

"t 0%t ht faece—ef—the—electrode.

In the first nethod, a thick (greater than 2.5 mm) | ay o se
carbon particles is nmechanically held in Zbmtact with ﬁ{m%ee % nelgep
surface, the substrate generally first being coated by e m"
| ayer of smaller sized carbon particles on the surface. " ate

surfacing | ayer provides an acceptable | ow resistance contact with the
| ayer of Iooseuy helg carbon particles for interaction with the oxygenated

1. An electrochemicai apparatus for power delivery
consisting of an array of electrochemical cells which
comprises

a) an end +'® electrode and an end -'¢ electrode
separated by one or more of bipolar mid-electrodes each
of which has a +'¢ side and a -Y¢ side which each face a
respective +" chamber and -Y¢ chamber, the +'® side of
each bipolar electrode comprising an electrically
conductive substrate having a porous conductive surface,

b) means to form an intimate mixture of
air/oxygen with an electrolyte to produce a dispersion
of bubbles in the electroiyte, and

c) means to circulate the electrolyte produced
in step (b) through the +' chambers of the cell array.

2. An array of cells as claimed in claim 1 wherein the
porous conductive surface on each of the +'¢ sides of the
bipolar electrodes is selected from the group consisting
of carbon particles, carbon fibres and hollow carbon
rods in intimate contact with one another and with the

substrate surface.

3. An array of cells as claimed in claim 1 or claim 2
wherein the means to form the intimate mixture of
air/oxygen with an electrolyte is external to the +%

chambers of the cell.

4. An array of cells as claimed in any one of the
preceding claims wherein the means to form the intimate
mixture of air/oxygen with an electrolyte is within each
of the +'® chambers of the cell.

5. An array of cells as claimed in any one of the

This is the replacement sheet
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el ectrol yte. In the second net carbon particles are bonded
to the substrate surface u5|n$ H l ﬁﬁﬂ uﬂf ﬁ!polynerlc material which is
resistant to chem cal corrosi L npl oyi ng as a bon

- 16 - ~ . This Sheet Has

- Tl nn I ﬁu

preceding claims wherein the electrolyte circulating in
the +'% chambers is a dilute alkaline solution.

6. An array of cells as claimed in Claim 5 wherein the
electrolyte is sodium hydroxide, potassium hydroxide,
lithium hydroxide and ammonium hydroxide.

7. An array of cells as claimed in any one of the
preceding claims wherein the electrolyte circulating in
i the +"® chambers is a dilute acid solution.

8. An array of cells as claimed in claim 7 wherein the
electrolyte is hydrochloric acid or sulfuric acid.

9. An array of cells as claimed in any one of the
preceding claims wherein the bipolar electrodes are
separated one from another by ion exchange membranes.

10. An array of cells as claimed in claim 9 wherein the
ion exchange membranes are cation exchange membranes.

11. An array of cells as claimed in any one of the
preceding claims wherein the the electrolyte circulating
through the -"* chambers during power delivery is a
sulfide, a vanadium (v¥?) salt or a chromium (Crb) salt.

12. An array of cells as claimed in any one of the
preceding claims which is electrically restorable or

chemically replenishable.

13. An array of cells as claimed in any one of the
preceding claims2 wherein the electrical restoration
comprises means to .reverse the polarity on the +'® and -'®
electrodes and means to provide sufficient voltage to

T drive the chemical reactions in the reverse direction.
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powder ed Kynak at a level _of from15%to 20% by wei ght. A screen, for
exanpl e a non-woven pol yipropyl ene screen (e.g. Pellon cloth) is preferably

pl aced over the conduct |'v§muu(fllﬂﬂ mm"m al in order—to-assistin ——
retaining the conductive ¢ " I in position, lﬂ a prefer'_redd
: e

enbodi nent of the inventiort te sub%trate surface whi chihs ¥
[err] electrode is surfaced with a porous conductive sur l nner
as descri bed above. End el ectrodes &% -prepared by rate

by m xing graphite flakes and a plastic binder together,

14, An array of cellS as claimed in any one of the
preceding claims2 wherein the chemical replenishment
comprises means to circulate one or both of the
electrolytes from the +'® and/or -"® chambers to storage
means comprising a volume of electrolyte greater than .
the volume of the respective +'® and/or -Y¢ chambers for
‘extended delivery of power over a longer discharge cycle
than the volume of the +"¢ and/or -"* chambers alone would

permit.

15. An array of cells as claimed in any one of the
preceding claims which is a primary cell wherein the -
side of each bipolar electrode comprisgs a metal which

ve

is zinc, aluminum, magnesium or iron.

16. An array of electrochemical cells as claimed in any
one of the preceding claims which are connected in

electrical series.

This Is the replacement sheet
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in the sane general manner as described for the process of making bipol ar

m d- el ectrodes. Two substrates are forned into a sandwich with a conductive
screen, e.g. a copper screen, placed therebetween. This assenbly is hot
pressed to formthe electrode which is then surfaced (in the manner as
descri bed above for m d-el ectrodes) w t-h2#& conducti ve surfacing material to
forma [err] end electrode. The sanme surfacing treatnent is also used in
formation of [err] end electrodes in a preferred enbodi nent of the
“invention. Menbranes ELECTRQCHEMISALc APPARAGTSe FORaRGWERenbr anes for use

:in DELIVERY UTILIZING AN AIR ELECTRODE
ABSTRACT OF THE DISCLOSURE

An electrochemical cell for power delivery employs a
half-cell comprising an air electrode in which a foamy mass of
air/electrolyte is contacted with an electrode comprising an
electrically conductive substrate having a porous conductive
surface. The air electrode used in the electrochemical cell
may be employ~d in an oxygen-sulfur couple with these reagents
being provided for example as sodium salts in aqgueous
solutions, the overall reaction being:

4H,0 + 4S* + 20, = B8OH + 4S

The process is preferably carried out in a single cell or an
array of unit cells (10), each cell comprising a +ve electrode
(12) and a ~ve electrode (14) wlith a membrane in each cell
dividing it into +ve and -ve chambers (22C and 24C) for
posilyte and anolyte solutions (22, 24) which are circulated
through the chambers.

is Sheet Has Been Replaced
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the present invention are a heterogeneous structure nade by Sybron Chem cal
Co. called I ONAC MC 3470 or NAFION made by Du Pont de Nenours. IONAC is a
cation exchange nenbrane containing sulfonated resins as the functional

mat eri al s bonded together-with Kynar. The material is bonded to a fibrous
support sheet of.glass cloth or polyner fiber. The specifications for this
menbrane are: 0.40 cm (0.016 inches). thick,- 96% pernsel ectivity and 5
ohms/square cmin 1 N Nad . (I ONAC, NAFION and KYNAR are Regi stered Trade
Mar ks.) O her cation exchange nmenbranes may al so be used.
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Energy Density In a preferred enbodi nent using the el ectrochem cal
apparatus of the present invention, the process enpl oyed for energy storage
in the reaction according the present invention is described by the
foll ow ng basic reaction: Eq. 7A. O[err] + 2Herr]0 + S[err] [err]
40H + S The chemical reaction given above includes only those species
which are directly and necessarily invelsed in the process. However, in
order for the process to take place in a practical sense cations and excess
wat er nust be accounted for and the actual reaction, for a potassiumsalt
systemis: Eq. 7B. 4Herr]0 + 5K[err]S + 20[err][err] 8KOH +
Klerr]S[err] Wilst for a sodiumsystemthe reaction is:
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Eq. 7C. 4Herr]O + 5NaJerr]S + 20[err] [err] 8NaOH + Na[err] S[err]

On the basis of the reaction given in Eg. 7B above, the naxi mum avail abl e
energy density if the reaction were to proceed to conpletion and there were
no other | osses due to polarization or ohmc effects is calculated using
the total weight of reagents in Egq.7B and the el ectron exchange of

[err] Assum ng 1 volt as a nean val @e-for the reaction open circuit
potential, then there are 686 grans of reactant for an energy of 208 WH
giving an energy density of 303 WH kg. However, the process used in

the present invention is an "air breathing" systemand the oxygen is not
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density of the systemat the onset of discharging TSokh
the reagent wei ghts exclusive of oxygen, that is Rv@?&

carried within the systemwhen it is fully charged. Thusba?ﬁglﬁﬁﬁfgy

R SRE 4

22

practical system the maxi mum solubiiity of KS in g oRABes - WP afagedh.
real istic configuration for an array of cells wofl &S |t - PP ’éf‘f'cﬂ“‘“d 32,
0. 5M KOH 1 % Dray ng(s) poged .2, tc paged .4
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ELECTROCHEMICAL APPARATUS FOR POWER
" DELIVERY UTILIZING AN AIR ELECTRODE

The present invention relates generally to novel
electrochemical apparatus for electrochemical energy
storage and power generation systems wherein
compensating electrochemical reactions occur at opposite
positive (hereinafter +'®) and negative (hereinafter -'¢!
electrodes and energy is stored in, and drawn from, an
electrolyte in charge and discharge cycles. The
reactions in the class of such systems of interest for
the purposes of this invention are substantially
reversible such that driving current into such a system
charges the system by stofing energy in chemical -
reactions. These reactions take place on either side of
an ion transport system (such as a membrane or multiple
membranes and/or intermediate cell sections) with
selective charge carriers being transported through the
membrane. During power generation these chemical
reactions reverse supplying current'(power) to a 1load.
Restoration, or recharging the cell, may also be

- accomplished by reconstituting the reagents.

The present invention more particularly relates to
an electrochemical apparatus which incorporates therein
one or more bipolar electrodes which makes use of an
oxidant in the gas phase (air/oxygen), termed an "air
electrode”.

Such energy processes and systems have been known
for many years. Major limitations of these systems have
resulted from practical application of what seems to be
a simple direct chemical process. Hazardous materials,
efficiencies, system size, pluggihg and clogging, gas
formation, I-'piating out" or precipitation of the
materials, membrane diffusion limitations, cost of
materials and cost of operation highlight the practical
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as an initial oxidising agent (positive electrolyte) per 1 liter of 5M
Klerr]S solution as a reduci ng agent (negative electrolyte). Upon discharge
the sol utions would be approximately 8.5M KOH and 1M K[err]S, respectively.
The energy density of this system assum ng a conpletely |ossless reaction,
woul d be 85 WH kg. For 5 Molar, K[er+]S, this gives a total weight

problems. Another limitation of such systems is the loss
of power output as the system discharges. '

Much work has been carried out in the development
of air breathing fuel cells. A limitation is the
requirement of an electrode able to sustain, support or
catalyze the reaction at a rate great enough for a
particular application. Other limitations of the known
air electrodes are: high electrical resistance, short
lifetimes, and the réquired hydrophilic and hydrophobic
capabilities. _ ' - _

The known air electrodes are of porous construction ' .-
with one side in contact with the air and another side
in contact with an electrolyte. The electrolyte must be
prevented from flooding the entire electrode. The
air/oxygen must be allowed to contact the electrode and
the electrolyte in a three way interface. It has been
proposed to make one side of the electrode hydrophobic
and the other side of the electrode hydrophilic in an
attempt to maintain a delicate balance somewhere within
the electrode. The reaction which is involved at the
air electrode in an alkaline solution is:

Eg.l 2e” + }02 + Hzo -+ 20H°

US-A-3634140 discloses a fuel cell device utilizing.
air as the oxidant in which the flow through air
electrode comprises two porous layers having different
porosity, the layer located nearest the electrolyte side
having the finer pores. The air atmosphere side and the
electrolyte side are operated with a difference in
préssure to prevent flooding of the pores of the air
electrode.

US-A-4444852 discloses a multiply laminar flow
through air electrode which has an outer hydrophobic
sheet adapted to contact the air and an inner
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percentage of sulfur used in the negative electrolyte of approximtely

17. 5% The present invention will be further described with reference
to the following non-limting Exanples, in which an el ectrochem cal cel
array in accordance with the present invention is used in an

el ectrochem cal process enploying an oxygen/sul fur coupl e. .
EXAMPLE 1 A Fabrication of end el ectrodes Two substrates were

prepared by m xing graphite

hydrophilic electrolyte permeable active layer, the two
outer layers being separated by one or more active
layers comprising a mixture of active hydrophobic and
hydrophilic agglomerates with catal?st disposed therein
which increase in agglomerate size from the electrolyte
permeable to the outer hydrophobic sheet.

GB-A-1364795 discloses a fuel cell in which a
foaming agent is added to the electrolytes and the
electrolytes agitated to form a foam_éontaining the fuel
and a foam containing the oxidant, the anode and the
cathode being formed from smooth platinum and being
positioned substantially only in the foam layers.

US-A-4328287 discloses gas flow through electrodes
for electrochemical cells having a porous flow through
matrix with electrocatalysts supported on the surfaces
of the matrix within the pores, the pores providing a
through route for electrochemically oxidisable or
reducible gas bubbles in a 1iqﬁid electrolyte.

The zincs/air battery has been known for many years.
This battery has a porous carbon +' electrode, KOH paste
electrolyte and a zinc - electrode. The original
zinc/air battery was of U-shaped configuration and had
the limitation of a slow discharge rate as the rate of
air diffusing through the porous carxbon electrode is
‘proportionadi Yo the surface area of the carbon electrode
in comtact with the air. There is thus 2 limited mass
transfer. Furthermore, this battery is esszaotially a
primary battery and is not effectively electrically
rechargeable because on attempting to recharge the
battery zinc is redeposited unevenly at the zinc
electrode, which limits the number of recharging cycles
before the battery becomes inoperable. Furthermore,
precipitates of zinc oxide and zinc carbonate are formed
which cause contamination of the electrolytes and
additional difficulties on attempting to recharge the
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fl akes (#4012 graphite flakes of Asbury Carbon Co.) with a pol yvinylidene
fluoride, PVDF, binder (Penwalt's #461) in a 1.1 weight ratio. The m xture
was heated to renove noisture, fornmed into sheets and hot pressed at a
tenperature of 177[err]C (350[err]F) and a pressure of 1723 kPa (250 psi)
for 10 mnutes, and then cooled at the sane pressure between water cool ed
pl at ens. A stack was then forned, .fgom bottomto top, of an al um num.
base plate, a Teflon sheet, one substrate, a copper screen (0.025 cm
thick), the other substrate, a Teflon sheet, high tenperature rubber sheet,
and finally another alum num base plate. The assenbly was then pressed at
1034 kPa (150 psi) at 177[err]C (350[err]F) for 10 m nutes, and then cool ed
at the sane prspstem. beAmebmproved zinc/air battery employs a flat

zinc plate as the -" electrode and this enables more
effective utilization of air/oxygen to be made by
blowing air past the electrode face. There is thus a
better mass transfer and hence a higher discharge rate
than the U-shaped ziné/air battery, but the battery
still suffers the same problems with regard to
rechargeability.

Some attempts have also been made to replace the
zinc in the zinc/air battery with other metals such as
aluminium, iron, vanadium and magﬁesium. These devices
have not, however, been satisfactorily electrically
rechargeable.

US-A-3925100 discloses an air cathode for use in
metal/air cells such as zinc/air batteries which
comprises a hydrophobic layer laminated to a hydrophilic
layer. The air or oxygen is in contact with the
hydrophobic layer through which it diffuses into the
hydrophilic layer, but the electrolyte cannot pass
through the hydrophobic layer.
| It is an object of this invention to provide an
electrochemical cell containing an improved air
electrode for power generation and/or energy'storage
which is preferably electrically rechargeable and which
provides economical power generation.

It is a further object of this invention to provide
an electrochemical cell which contains an improved air
electrode which is bipolar, which results in less costly
cell arrays and greater volumetric energy densities.

It is a yetlfurther object of this invention to
provide an electrochemical cell with an improved air
electrode with hydrophobic properties and which reduces
problems associated with the loss of water from the
prior art systems. '

.Another object of this invention is to provide an
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wat er - cool ed pl at ens. The substrate to be surfaced had its edges
“covered _ _ - 19 -

improved air electrode which provides substantially full

'tpower even at low states of charge of the system, i.e.
the system power production stays constant over time
maintaining substantially the same output until close to
complete discharge.

‘The present invention provides an electrochemical
apparatus for energy storage and power delivery consisting
of an array of electrochemical cells which comprises
| a) an end +% electrode and an end -'
separated by one or more of bipolar mid-electrodes each
‘of which has a +"® side and a -"¢ side which each face a
respective +" chamber and -"¢ chamber, the +"%® side of
each bipolar electrode comprising an electrically
conductive substrate havihg a porous conducﬁive surface,
the'bipblar electrodes being separated from one another by
cation exchange membranes,

electrode

b) means to form an intimate mixture of
air/oxygen with an electrolyte to produce a dispersion
of bubbles in the electrolyte, -and-
c) means to circulate the electrolyte produced
in step (b) through the +'® chambers of the cell array, and

d) an electrolye which is a sulfide, a vanadium
(V**) salt or a chromium (Cr?) salt being circulated
through the ~Y* chambers of the cell array during power

delivery.
The means to form an intimate mixture of air/oxygen

with an electrolyte to'produce a bubbly dispersion may
be providéd eithér external to or within the +'¢ chambers
of the cell. The air/oxygen flow rate is preferably
adjusted so that a near maximum cell voltage is realized
at any given discharge current. If the gas flow is too
great the electrolyte will be severely displaced giving
the cell a higher internal resistance, whilst if the gas
flow is too low the +" electrode is starved of oxidant.

Typical flow rates for use in the present invention are
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wifh tape and was placed on an al um num base plate covered with a Teflon
gheet and a nixture of 80% graphite and 20% Kynar sprinkl ed over the
surface. The surface of the substrate was then sprinkled with a |ayer of

activated carbon particles, for exanplg, _&12 of North Anerican Carbon Co.,

or UU of Barnebey-Cheney Co. The speC|f|cat|ons of these activated
carbon particles are as foll ows: XR12 Bul k density
0.38 to 0.44 (p&0wéé&B5d)70 and 5 litres per minute for .oxygen, and

~about 3 litres per minute for air. The electrolyte
'c1rculat1ng through the +'¢ chambers of the cell may be a
dilute alkaline solution, for example'a solution of
sodium, potassium or lithium hydroxide, or a dilute acid
solution, for example hydrochloric acid or sulfuric
acid. When operating using an acidic electrolyte
circulating through the +'® chamber, a higher voltage
will usually be achieved. The electrochemical reactions .
of 0; in acidic and basic environments are gualitatively
different. In acidic solution the reaction is:-

Eg. 2a 0, + 4H' + 4e” = 2H)0

whiéh has an electrode potential against a standard
hydrogen electrode of 1.229 V.
The reaction. in basic solution is:

Eg. 2_1_) OZ + ZHzo + 4e” = 403‘

which has an electrode potential of 0.401 V.

The first chemical equation shows the total reaction in
the +'¢ compartment of a cell with sulfuric acid present
and sodium ions migrating across the membrane to the +"

from the -'® side during discharge.

The bipolar electrodes are separated from one
another and from the end electrodes by a cation exchange
membrane.

The porous conductive surface on the electrically
conductive substrate may be, for example, carbon
particles, carbon fibres or hollow carbon rods in
intimate contact with the substrate and with one
another. Thé porous conductive surface on the electrode
entraps oxygen from the air/electrolyte or
oxygen/electrolyte bubbly dispersion where it is
édsorbed/abso:bed, thus being available for electrical
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Har dness 92 (ASTM D2862) Particle size 90%

)E?SS t hrough an 8x16 nesh Pore volune (within the particles)
err]C)n1s per gram 0.90 -1.00 : UU G ade Bul k
density 0.45 to 0.55 (ASTM 2854) Particle size

90%-pass through a 50x200 nesh Por e vol une (within the particles) -
Herr]0O ms per gram 0.85 - 0.95

| . discharge. The carbon particles, fibres or hollow rods

- may be pressed mechanically into intimate contact with
one. another and with the electrically conductive
substrate, or bonded thereto, for example using any
polymeric material which provides a good resistance to
chemical attack, such as Kynar.(Registered Trade Mark).
Preferably a screen, such as a non-woven polypropylene

fabric (Pellon cloth) is placed between the porous con—
ductive surface of the +? side of the bipolar electrode

and the ion exchange membrane. The screen serves both

to support the conducfive surfacing material and to protect
the membrane from damage. '

The porous conductive surface will preferably have
a thickness in the range of from 2.5 to 25 mm, more
preferably a thickness in the range of from S to 15 mm.
The porosity of the porous conductive surface on the
electrode will preferably be in the range of from 0.7 to
0.85. For a surface which is formed from conductive
particles, the po:osity will depend not'only upon the
particle size of the particles and the pore volume of
the particles, but also upon the packing density of the
particles.

The -"® chambers of the cell array contain -'¢
electrodes and have an electrolyte circulating
therethrough. In systems which can be charged as well
as diSchargéd, the fundamental chemical process which is
carried out in the electrochemical cells is
characterized by a chemical equation where the reaction
proceeds in one direction in the charging of the system
and in the opposite direction during power delivery by
the system. The electrolyte circulating through the =~
chambers of the electrical - apparatus of the invention is
a sulfide, a vanadium (V¥*) salt or a chromium (Cr*) salt.
Examples of such systems are an oxygen/sulfur couple which
may be represented by the following equation:

Egq. 3 5NayS + 20y + 4H0 & NaySg + 8NaOH
This is the replacement sheet
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A high tenperature rubber sheet was placed on top of the surfaced

substrate, followed by a Teflon sheet and an al um num base plate. The
structure was then pressed at 517 kPa (75 psi) at 177[err]C (350[err]F) for
10 minutes, and then cooled at the sane pressure between water-cool ed

pl at ens. The tape was then renoved. fgam the edges of the surfaced side
and a rubber "picture" frane placed on top of the cleared border. The

el ectrode was then placed with the surfaced side uppernost onto an al um num
base plate covered with a Teflon sheet and the top surface of the structure

covered with-a Teflon sheet and an
an oxygen/vanadium system whzch may be represented by

the following equation:
Eg. 4 2VSQ, + O, + 2H,S0, 2 2V(80y), + 2H)0

and an oxygen/chromium system which may be represented
by the following equation:

Eq. 5 4CrSO, + 0, + 2H;S0; =2  2Cr;(S80;)y + 2H,0

The electrochemical reactions of these equations
actually occur in separate but dependent reactions, the
oxygen reaction taking place on the +'¢ side of the
membranes and the other reaction on the -'¢ side of the
membranes.

When charging (storing power) these reactions go
from right to left, -and when discharging (supplying
power to a load) they go from left to right.

The array of electrochemical cells of the present
invention may be used in a primary device which is not
satisfactorily electrically rechargeable. In such
devices the -'® side of each bipolar electrode comprises
a metal such as zinc, aluminum, magnesium or iron.

The operation of the array of cells in accordance

~ with the present invention is more particularly
described below with reference to the oxygen/sulfur
couple detailed in Eq.3 above. Throughout this
disclosure all the reactions shown operating with Na*
ions mdy be carried out using potassium, lithium or
ammonium ions. As previously mentioned, during charging
Egq.3 goes from right to left, and when discharging Eg.3
goes from left to right.

During discharging Na' ions are transporied across
the membranes from the -'® sides to the +'® sides
subplying the needed Na and transforming Na;S to Na,Sg.
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NaOH is formed in the +'® sides via the oxidation of 0,
and water. At full charge, each +'¢ side is a very
dilute solution of NaOH, and each -'¢ side is a
concentrated solution of Na,S. At substantially full
discharge, each +'® side is concentrated NaOH and each -
side is a lower molarity, but concentrated solution of
Na,S;. The molecular sulfur in the -ve sides remains in

ve

'solution because the sodium sulfide will dissolve or

solubilize the molecular sulfur formed upon discharge up

' to the penta-sulfide form.

During charging Na' ions are transported across the
membranes from the +'¢ sides to the -'¢ sides to balance
the charge and transform Nazss to Na;S. The sulfur which
is present as a doubly charged polysulfide ion st S,
(where x may be as high as 4), is reduced initially to
Sb.srl, and eventuaily to si.

The reaction which occurs at the +'® electrodes on
discharge is not entirely clear but is probably
described by the following egquation:

Eq.6 0, + 2H,0 + 4e” =~ 40H +0.41 Vv

Flow of the electrolytes on both sides of the
membranes is provided, preferably a re-circulation
rather than a once through flow in the majority of end
uses. The electrolyte circulating through the +'

chambers during discharge comprises either an air or

oxygen and water mixture, or an air/dilute NaOH mixture.
An intimate mixture of air or oxygen with the water or
dilute'NaOH solution may be formed by bubbling an air or
oxygen stream into water or dilute NaOH to form a bubbly
dispersion either external to or within the cell. The
water or dilute NaOH may be stored in an independent
container. Similarly, the electrolyte circulating
through the -'¢ chambers during discharge comprises Na,S
which may be stored in an independent container.
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al um num base plate. The edges of the assenbly were pressed at 2413 kPa
(350 psi) for 210 m nutes, and then cooled at the sane presure between

wat er - cool ed platens. This step sealed the substrate sheets al ong the edges
in order to ensure that the copper screen was totally encapsulated to

prevent corrosion by the el ectrolyte. B. Preparation of bipolar
el ect rodes Substrates for the bipdfar el ectrodes were prepared in the
manner as described in A above. One surface of the substrate was then

coated with &12 activated carbon particles (North Anerican Carbon

As the electrolyte in the - sides is circulated,
the s* is absorbed out of solution at a surface of the
-% electrodes and/or in a porous surface thereof. This
provides a benign porous structure where the s’ solution
may reside in high concentrations (i.e. be readily
‘available). The porous nature prqvides a large surface
area which enhances efficiency during discharge. In
addition, the surface of the -'* electrodes is preferably
coated with an active ingredient, preferably an
activated carbon, which augments the reaction kinetics
providing s’ ions promptly for subsequent discharge
requirements, and thus providihg full power until
substantially fully dischérged. During this discharge
the output voltage of the cell is near constant with
little polarization losses.

When the cell is charged, Na' ions are transported
across the cation exchange membranes from the +'® sides
to the -'® sides of the cell. The Na' ions transform the
Na,S, to Na,8 and in the process S is reduced to s, at
the +'! sides free oxygen is produced at the +'® electrode
surfaces and expelled through a vent to the atmosphere
as the électrolyte is circulated. Alternatively, the
_electrolytes may be recharged electrically outside the
cell in a separate system, in order to prevent any
deleterious effects of the generation of oxygen at the
+¥% electrodes, dufing charging, on the electrode
materials themselves.

I1f any carbonates are formed in the +'¢ sides of the
cell during the generation of power (which situation may
be encountered if air, rather than oxygen is introduced
into the +'¢ sides) they will be converted at the +'¢
electrodes on charging the cell to carbon dioxide which
will be vented, together with the oxygen formed on
charging.
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). A hlgh tenperature rubber sheet was placed on top of the surfaced
substrate, followed by a Teflon sheet and an al um num base plate. The
-)5}ructure was: then.pressed at -517 kPa (75 psi) at 177[err]C (350[err]F) for
10 minutes; and then cool ed at the sanme pressure between wat er-cool ed
pl at ens. ThIS surface formed the [err] side of the bipolar el ectrode.
The other surface of the substrate was thgp coated with-UU activated carbon
particl es (Barnebey-Cheney Co.) and hot pressed and cooled in the same
manner as for the formation of the [err] side of the bipolar electrode.

The UU surfaced si-de:-formed the [err] side of the bipolar electrode.

Furthermore, because oxygen is a weak oxidising
agent, any S which crosses the membrane stays in
solution and does not form precipitates. Thus there is
no need for any filters to be included in the
electrolyte circulation flow system.

| A filter may, hoﬁever, advantageously be used to
filter air before it is admixed with the dilute NaOH,
the filter thereby removing extraneous dust and other
particles from the air.

The ion exchange membrane used in the invention is
preferably a cation type (positive ions, such as Na' and
K', will be transported through it) that also provides
an effective block against S%-migration through the
membrane.

Alternative preferred embodiments substitute
potassium, lithium or ammonium and other appropriate
substitutes for the sodium in one or both of the
hydroxide and sulfide solutions.

Other objects, features and advantages will be
apparent from the following detailed description of
preferred embodiments thereof taken in conjunction with
the accompanying drawings in which:

FIG. 1 is a schematic view of an array of cells
according to a preferred embodiment of the invention;

FI1IG. 2 is a block diagram of a full system using
the cell of FI1G.1;

' FIG. 3 is a graph of the discharge characteristics
of the-cell of Exaﬁple 1; and
| FIG. 4 is a graph of the discharge characteristics
of the cell of Example 2.

The electrochemical cell or array of cells of the
invention is described below with reference to the
specific system utilizing air/sodium hydroxide and
sodium sulfide. It will be understood, however, that
other salts may be substituted for the sodium hydroxide
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C. Cell fabrication A cell was fabricated with an end [err] el ectrode
surfaced with (212 activated carbon, a bipolar electrode as described above
and an end [err] electrode surfaced with UU activated carbon. The end

el ectrodes were separated fromthe bipolar electrode to form +ve chanbers
by neans of a Nafion nenbrane with a protective |layer of Pellon cloth. The
effective area of each-el ectrode was 25 %ﬁ.tn1(10 sg.in.).

and sodium sulfide referred to specifically herein.

It will also be understood that whilst the air
electrode used in the present invention is described in
an electrochemical process using an oxygén/sulfur
couple, the general teaching and description hereinbelow
are of relevance to the air electrode of the invention
when used with other chemical reactions.

FIG. 1 shows a cell array 20 of multiple cells
connected in electrical series and fluid parallel End
electrodes 12E (+"%) and 14E (-"®) and multiple
mid-electrodes 13 (each one having a +"® electrode
portion 12A and -'® electrode portion 14A) are spaced
from each other by cation exchange membranes 16 to form
end cells Cpy and Cp and an array of n# of mid cells Cy
(typically 10-20; but note much smaller and much larger
numbers of cells can be accommodated). The cation
exchange membranes 16 are selected to minimize migration
of oxygen from the +'¢ side to the -'¢ side and to
minimize migration of S¥ ions from the -"¢ side to the +
side. The end electrodes 12E (+") and 14E (-'%) have
internal conductors 12F and 14F (typically copper
screens) encapsulated therein and leading to external
terminals 12G, 14G which are connected to external loads
(e.g. to a motor M via a control circuit CONT, the motor
driving a vehicle) or power sources (e.g. a utility
power grid when ‘'used as a load levelling device). 1In
each internal cell an electrode 13 acts as a bipolar
electrode. That is the electrode forms the -ve side 144
of one cell while simultaneously forming the +*t side 12A

ve

of the subsequent cell.
The end +"¢ electrode 12E and the +" electrode

portions 12A of the bipolar electrodes 13 each have a
porous conductive surface provided by particles of
activated carbon 26 such as G-212 particles (North
American Carbon Co.) or UU grade particles (Barnebey-
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- 21 - [err] side: (0.20 inch) spacing to the nmenbrane, electrolyte
vol ume = 250 cc, of 2M Na[err]S. A solution of nonosul fide was enployed to
ehsure that the [err] electrolyte was fully charged, and that it did not
limt the cell performance ‘ :

- 13 -

Cheney Co.). The activated carbon particles are pressed
into intimate contact with the surface of the electrodes
or are bonded thereto. The carbon particles 26 are
restrained by non-woven screens 27, for example non-
Qoven polypropylene cloth, e.g. Pellon cloth and
separated thereby from the membranes 16, thus preventing
damage to the membranes. , _

The end -" electrode 14E and the -"® electrode
portions 14A of the bipolar electrodes 13 also, in this
embodiment, are each shown with a porous conductive
surface provided by particles of activated carbon 28
which may be the same as, or different from, the
activated carbon particles 26 which surface the +"
electrodes. The carbon pérticles-ZB are restrained by
non-woven screens 30 which may be the same as, or
different from, the screens 27. '

A foamy air/dilute NaOH mixture 22 produced
external to the cell array is passed into the bottom of
the +" chamber 22C of each cell. A solution of Na,s,
24, is passed into the bottom of the -'¢ chamber 24C of
each cell.

When the cell array is in the substantially fully
charged state, a solution of NaOH of 0.5 to 1.0 molar
concentration exists in the chambers 22C of the cell and
a solution of Na,S of 3 to 4 molar, exists in the
chambers 24C of the cell.

When providing power to a load the cell is
discharging, and reversible reactions occur at the two
electrodes. Sodium ions, Na', are transpbrted across
membrane 16 from the -'¢ side to the +'® side of the cell.
At the +" electrode 12,"oxy§en molecules are reduced
forming OH™ ions. At the -"¢ electrode sulfide ions, SL,
are oxidised to molecular sulfur (which is solubilized
by the sodium sulfide). The free electrons produced at
the -'¢ electrode form the current through a load. The
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by pol arization effects. [err] side: (0.20 inch)spacing to the nenbrane,
electrolyte volune = 250 cc of 1M NaOH  Oxygen was introduced into the
[err] electrolyte just before the electrolyte entered the bottom of the

[err]  chanbers of the cell. The oxygen flowrate was 2 litres/ninute.
The bubbly electrolyte was circulated through the [err] chanbers of the
cell at arate of 0.5 litres/mnute. The [err] electrolyte was circul ated

through the [err] chanbers of the cell-&4 @ rate of 0.6 |itres/ninute.
During the experimentair was substituted for oxygen after 30 m nutes.

chemical reactions at the electrodes produces 0.60 to
0.70 volts per cell.

F1G.2 is a block diagram of a full system using the
cell 20 of FIG.l. At the +'¢ electrode side a dilute
solution of NaOH of about 1 molar is held in tank 40
from which it is passed to a mixing tank 23 where it is
mixed with air entering via line 44. The foamy |
air/dilute NaOH mixture is then passed into the bottom
of chambers 22C of the cell 20. The foamy mixture
contacts the porous conductive surfaces 26 of the
electrodes 12 during its passage through the chambers
22C. The sodium hydroxide is recirculated to tank 40 by
means of pump 45.

At the -"® electrode a solution of sodium sulfide
Na;S, is held in a tank 46 from which it is passed into
the bottom of chambers 24C of the cell 20. The Na,;§
solution is recirculated to tank 46 by means of pump 47.
The tanks 40 and 46 can be replaced with freshly charged
electrolyte by exchanging the expended tanks with new
taﬁks and/oxr refilling the old tanks from charged supply

sources.

Fabrication of Electrodes _
End electrodes differ from the mid electrodes

because they must have a metallic conductor embedded

within the structure running across the electrode area.
This is required because the resistivity of the
substrate material from which they are formed is too
high to allow adequate electrical conduction to an
external electrical connector. For example a 25 cm by
25 cm square (10 inch by 10 inch square) of substrate
material 0.25 cm (0.10 inch) thickness will have a
resistance of about 10 ohms where a corresponding cell
has an internal resistance of about 0.0l ohms. A sheet
of copper of 0.025 cm (0.010 inch) thickness with
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D. Cell Performance This cell was discharged at 1 anp for 30 m nutes
usi ng oxygen to produce the bubbly electrolyte and then for a further 25

M nut es using conpressed air. Figure 3 shows the voltage versus tine
data during this run. EXAMPLE 2 In. this
Exanpl e the cell as described in Exanple 1 :

- 15 -

approximately the same area embedded into the electrode
will reduce the effective resistance to about 100 micro
ohms. The end electrodes are unipolar, whereas the mid-
electrodes are bipolar. The conductor sheet is a thin
screen structure embedded along the length of the end
electrodes. which make mechanically good contact along
the current path.

The process of making the bipolar mid-electrodes is
as follows. Substrates are formed of graphite flakes
mixed with a plastic binder or other suitable binder;
generally in a 1:1 weight ratio of such components. The
mixture is freed from moisture by heating and/or
desiccation methods, formed as sheets and hot pressed at
temperatures and pressureé appropriate to the materials
used. )

The substrate surface which is to form the +'¢
electrode is then surfaced with a porous conductive
surface, for example activated carbon parficles, either
by mechanically pressing the conductive surfacing
material into intimate contact with the face of the
electrode, or by bonding the conducting surfacing
material to the face of the electrode. 1In the first
method, a thick (greater than 2.5 mm) layer of unbonded
loose carbon particles is mechanically held in contact
with the substrate surface, the substrate generally
first being coated by embedding a thin layer of smaller
sized carbon particles on the surface. This
intermédiate surfacing layer provides an acceptable low
resistance contact with the layer of loosely held carbon
particles for interaction with the oxygenated
electrolyte.

In the second method, loose carbon particles are
bonded to the substrate surface using an appropriate
polymeric material which is resistant to chemical
corrosion, for example employing as a bonding agent
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P

was operated using a IMHerr]SOerr] electrolyte in the [err] chanbers of
the cell. Oxygen was introduced into the [err] electrolyte just before.the
el ectrolyte entered the bottomof the [err] chanbers of the cell. The
oxygen flowrate was 1.5 litres/ m nute~ 1Bhe bubbly el ectrol yte was
circulated through the [err] chanbers of the cell at a rate of 0.5
litres/mnute. The [err] electrolyte was circul ated

powdered Kynar at a level of from 15% to 20% by weight.

A screen, for example a non-woven polypropylene '
screen (e.g. Pellon cloth) is preferably placed over the
conductive surfacing material in-order to assist in

. retaining the conductive surfacing material in position.
In a preferred embodiment of the invention the substrate
surface which is to form the -'® electrode is surfaced
with a porous conductive surface in the manner as
described alkove.

End electrodes are prepared by making a substrate
by mixing graphite flakes and a plastic binder together,
in the same general manner as described for the process
of making bipolar mid-electrodes. Two substrates are
formed into a sandwich with & conductive screen, e.g. a
copper screen, placed therebetween. This assémbly is
hot pressed to form the electrode which is then surfaced
(in the manner as described above for mid-electrodes)
with a conductive surfacing material to form a +" end
electrode. The same surfacing treatment is also used in
formation of -" end electrodes in a preferred embodiment

of the invention.

Membranes

The preferred cation exchange membranes for use in
the present invention are a heterogeneous structure made
by Sybron Chemical Co. called IONAC MC 3470 or NAFION
made by Du Pont de Nemours. IONAC is a cation exchange
membrane containing sulfonated resins as the functional
materials bonded together-with Kynar. The material is
bonded to a fibrous support sheet of glass cloth or
polymer fiber. The specifications for this membrane
are: 0.40 cm (0.016 inches) thick, 96% permselectivity
and S5 ohms/square cm in 1 N NaCl.(IONAC, NAFION and XYNAR

are Registered Trade Marks.)

Other cation exchange membranes may also be used.
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- 22 - through the [err] chanbers of the cell at a rate of 0.6

litres/ mnute. The cell was discharged at 1.8 anps and periodically

pl aced on open circuit. Figure 4 shows the voltage versus tine data
obtained. It will be noted that higher cell voltages were obtained using an
acidic electrolyte circulating through the [err] chanbers of the

- 17 -

Enerqgy Density
In a preferred embodiment using the electrochemical

apparatus of the present invention, the process employed
for energy stofage in the reaction according the present
invention is described by the following basic reaction:

Eq. 7A. O, + 2H,0 + S = 40H + S

The chemical reaction given above includes only
those species which are directly and necéssarily
involved in the process. However, in order for the
process to take place in a practical sense cations and
excess water must be accounted for and the actual
reaction, for a potassium salt system is:

Eq. 7B. 4H,0 + 5K;S + 20, & 8KOH + K;S;

Whilst for a sodium systeﬁ the reaction is:

Eq. 7C. 4H)0 + 5Na;S + 20, = B8NaOH + Na,S¢

On the basis of the reaction given in Egq.7B above,
the maximum available energy density if the reaction
were to prdceed to completion and there were no other
losses due to polarization or ohmic effects is
calculated using the total weight of yeagents in Eqg.7B
and the electron exchange of | '

| sst = s + ge

Assuming 1 volt as a mean value for the reaction
open circuit potential, then there are 686 grams of
reactant for an energy of 208 WH giving an energy

" density of 303 WH/kg.

However, the process used in the present invention
is an "air breathing” system and the oxygen is not
carried within the system when it is fully charged.
Thus, the energy density of the system at the onset of
discharging is the energy divided by the reagent weights
exclusive of oxygen, that is 334 WH/kg.

In a practical system the maximum solubiiity of K,S
in water is about 5 Molar. A realistic configuration
for an array of cells would bé about 1 liter of 0.5M KOH
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cell (Figure 4) than when using an al kaline electrolyte circulating through
the [err] chanbers of the cell (Figure 3).
23-

- 18 -

as aﬁ initial oxidising agent (positive electrolyte) per
1 liter of S5M K;S solution as a reducing agent (negative
electrolyte). Upon discharge the solutions would be
approximately 8.5M KOH and 1M K,S, respectively.

The energy density of this system, assuming a
completely lossless reaction, would be 85 WH/kg.

For 5 Molar, K;S, this gives a total weight
percentage of sulfur used in the negative electrolyte of
approximately 17.5%.

The present invention will be further described
with reference to the following non-limiting Examples,
in which an electrochemical cell array in accordance
with the present invention is used in an electrochemical
process employing'an qugén/sulfur couple.

EXAMPLE 1

A. Fabrication of end electrodes

Two substrates were prepared by mixing graphite
flakes (#4012 graphite flakes of Asbury Carbon Co.) with
a polyvinylidene fluoride, PVDF, binder (Penwalt's #461)
in a 1:1 weight ratio. The mixture was heated to remove
moisture, formed into sheets and hot pressed at a
temperature of 177°C (350°F) and a pressure of 1723 kPa
(250 psi) for 10 minutes, and then cooled at the same

pressure between water cooled platens.

A stack was then formed, from bottom to top, of an
aluminum base plate, a Teflon sheet, one substrate, a
copper-screen (0.025 cm thick), the other substrate, a
Teflon sheet, high tempgrature rubber sheet, and finally
another aluminum base plate. The assembly was ‘then
pressed at 1034 kPa (150 psi) at 177°C (350°F) for 10
minutes, and then cooled at the same pressure between

water-cooled platens.
The substrate to be surfaced had its edges covered
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o
“TOLAMS 1. An el ectrochem cal apparatus for energy storage and power
delivery consisting of an array of electrochem cal cells which conprises

a) - an end [err] electrode and an end [err] el ectrode separated by one or
nore of bipolar md-electrodes each of which has a +[err] side and a -[err]
si de which each face a respective +[err] chanber and -[err] chanber, the
+[err] side of each bipolar electrode co ising an electrically conductive
substrate having a porous conductive surface, the bipolar electrodes

bei ng separated from one another by cation exchange menbranes,

with tape and was placed on an aluminum base plate
covered with a Teflon sheet and a mixture of 80%
graphite and 20% Kynar sprinkled over the surface. The
surface of the substrate was then sprinkled with a layer
of activated carbon particles, for example, G212 of
North American Carbon Co., or UU of Barnebey-Cheney Co.

The specifications of these activated carbon
particles are as follows:

G212

Bulk dertsity 0.38 to 0.44 (ASTM 2854)
Hardness 92 (ASTM D2862)

Particle size 90% pass through an 8x16 mesh
Pore volume (within the particles) | -

H,0O mis per gram 0.80 - 1.00

UU Grade _

Bulk.density : 0.45 to 0.55 (ASTM 2854)
Particle size 80% pass through a 50x200 mesh
Pore volume (within the particles) | -

H,O mis per gram 0.85-0.95

A high temperature rubber sheet was placed on top
-of the surfaced substrate, followed by a Teflon sheet
and an aluminum base plate. The structure was then
pressed at S17 kPa (75 psi) at 177°C (3509F) for 10
minutes., and then cooled at the same pressure between
water—cooied platens.

The tape waé then removed . from the edges of the
surfaced side and a rubber'"pictﬁre“ frame placed on top
of the cleared border. The electrode was then placed
with the surfaced side uppermost onto  an aluminum base
plate covered with a Teflon sheet and the top surface of
the structure covered with a Teflon sheet and an



_

b) means to forman intimate m xture of air/oxygen with an electrolyte to
produce a di spersion of bubbles in the el ectrolyte, . C) nmeans to
circulate the electrolyte produced in step (b) through the +[err] chanbers
of the cell array, and d) an electrolye which is a sulfide, a
vanadium (V[err]- ) salt or a chromum (Cr[err]) salt being circul ated
through the -[err] chanbers of the cell agray during power delivery. 2.
An array of cells as clainmed in claim1l wherein the porous conductive
surface on each of the +[err] sides of the bipolar electrodes is selected
fromthe group consisting of carbon particles, carbon fibres and hol |l ow

carbon rods in intinate contact with one another and with the
aluminum base plate. The edges of the assembly were

pressed at 2413 kPa (350 psi) for 210 minutes, and then
cooled at the same presure between water-cooled platens.
This step sealed the substrate sheets along the edges in
order to ensure that the copper screen was totally
encapsulated to prevent corrosion by the electrolyte.

B. Preparation of bipolar electrodes

Substratés for the bipolar electrodes were prepared
in the manner as described in A above.

- One surface of the substrate was then coated with
G212 activated carbon particles (North American Carbon
Co.). A high temperature rubber sheet was placed on top
of the surfaced substrate; followed by a Teflon sheet
and an aluminum base plate. The structure was then
pressed at 517 kPa (75 psi) at 177° (350°F) for 10
minutes, and then coocled at the same pressure betweeh
water-cooled platens. This surface formed the +"¢ side
of the bipolar electrode.

The other surface of the substrate was then coated
with UU activated carbon particles (Barnebey-Cheney Co.)
and hot pressed and cooled in the same manner as for the
formation of the +" side of the bipolar electrode. The
UU surfaced side formed the -'¢ side of the bipolar

electrode.

C. Cell fabrication
A cell was fabricated with an end +¢ electrode

surfaced with G212 activated carbon, a bipolar electrode
as described above and an end -"* electrode surfaced with
UU activated carbon. The end electrodes were separated
from the bipolar electrode to form +'% chambers by means
of a Nafion mémbrane with a protective layer of Pellon
cloth. The effective area of each ‘electrode was 25

sg.cm (10 sq.in.).
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substrate surface. 3. An array of cells as claimed in claim1 or claim’
2 wherein the nmeans to formthe-intimate m xture of air/oxygen with an
el ectrolyte is external to the +[err] chanbers of the cell

- 21 -

- gide: (b.ZO incﬁ)spacinq to the membrane, electrolyte
volume = 250 cc, of 2M Na,S. A solution of monosulfide
was employed to ensure that the -'® electrolyte was fully
charged, and that it did not limit the cell performance

by polarization effects.

+% gide: (d.zo'inch)spacing to the membrane, electrolyte
volume = 250 cc of 1M NaOH.

Oxygen was introduced into the +'¢ eleéctrolyte just
before the electrolyte entered the bottom of the +Ve
chambers of the cell. The oxygen flow rate was 2
litres/minute. The bubbly electrolyte was circulated
through the +'¢ chambers of the cell at a rate of 0.5
litres/minute. The -'¢ eléctrolyte was circulated
through the -'¢ chambers of the cell at a rate of 0.6
litres/minute. During the experiment air was
substituted for'oxygen after 30 minutes.

D. Cell Performance

This cell was discharged at 1 amp for 30 minutes
using oxygen to produce the bubbly electrolyte and then
for a further 25 minutes using compressed air.

Figure 3 shows the voltage versus time data during

this run.
EXAMPLE 2

In. this Example the cell as described in Example 1
was operated using a 1M H,SO, electrolyte in the +%
chambers of the cell. Oxygen was introduced into the +'t
electrolyte just before the electrolyte entered the
bottom of the +'® chambers of the cell. The oxygen flow
rate was 1.5 litres/minute. The bubbly electrolyte was
circulated through the +'* chambers of the cell at a rate
of 0.5 litres/minute, The -'¢ electrolyte.was circulated
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- 24 - 4. An array of cells as clainmed in any one of the preceding
clainms wherein the neans to formthe intimate. mxture of air/oxygen with
an electrolyte is within each of the +[err] chanbers of the cell. 5.
An array of cells as claimed in any one of the preceding clains wherein
the electrolyte circulating in the +[err] chanbers is a dilute al kaline

solution. . -
- - 22 -

through the -'* chambers of the cell at a rate of 0.6
litres/minute.

The cell was discharged at 1.8 amps and
periodically piaced on open c¢ircuit. Figure 4 shows the
voltage versus time data obtained. It will be noted
that higher cell voltages were obtained using an acidic
electrolyte circulating through the +'® chambers of the
cell (Figure 4) than when using an alkaline electrolyte
circulating through the +Y¢ chambers of the cell (Figure

3).
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6. An array of cells as clainmed in aim5 wherein the electrolyte is

sodi um hydr oxi de, potassi um hydroxide, [|ithium hydro

hiydr oxi de. 7. An array of cells as clained in:ap ' 1 to
4 wherein the electrolyte circulating-i28the + r““,lﬁﬂﬂmﬂ Eg dilute
acid solution. 8. An array of cells as claineg I R " n the

electrolyte is hydrochloric acid or sulfuric acid.

'CLAIMS

1. An electrochemical apparatus for energy storage and
power delivery consisting of an array of electrochemical
cells which comprises

a) an end +" electrode and an end -'® electrode
separated by one or more -ef-bipolar mid-electrodes each
of which has a +" side and a -"® side which each face a
respective +'¢ chamber and -"* chamber, the +'® side of
each bipolar electrode comprising an electrically
conductive substrate having a porous conductive surface,
the bipolar electrodes being separated from one another

by cation exchange membranes,
b) -‘means to form an intimate mixture of
air/oxygen with an electrolyte to produce a dispersion
of bubbles in the electroiyte,
c) means to circulate the electrolyte produced
in step (b) through the +" chambers of the cell array, and
d) an electrolye which is a sulfide, a vanadium (V¥
) salt or a chromium (cr?**) salt being circulated through
the -"* chambers of the cell array during power delivery.

2. An array of cells as claimed in claim 1 wherein the
porous conductive surface on each of the +'¢ sides of the
bipolar'électrodes is selected from the group consisting
of carbon particles, carbon fibres and hollow carbon
rods in intimate contact with one another and with the

substrate surface.

3. An array of cells as claimed in claim 1 or claim 2
wherein the means to form the intimate mixture of
air/oxygen with an electrolyte is external to the +'
chambers of the cell.
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9. An array of cells as claimed in any one of the preceding clainms which
Is electrically restorable or chemcally repl eni §ha ray of

cklls as clained in any one of the preceding clal t he electrlca
restoration conprises means to reverse 4 tpa pol arit MBM ”ﬂ ’m
-[err] electrodes and neans to provide sufficient v t he
chem cal reactions in the reverse direction. 11. An array of ce | s as

claimed in any pne of{ntHerapr6edelts &4 % IBindd e @i dnytbge shepheal

"epl eni shrent preceding claims wherein the means to form the intimate
mixture of air/oxygen with an electrolyte is within each
of the +'®* chambers of the cell.

5. An array of cells as'claimed in any one of the
preceding claims wherein the electrolyte circulating .in
the +'® chambers is a dilute alkaline solution.

6. An array of cells as claimed in Claim S5 wherein the
electrolyte is sodium hydroxide, potassium hydroxide,
lithium hydroxide and ammonium hydroxide.

7. An array of cells as claimed in any one of ‘'claims 1
to 4 wherein the electrolyte circulating in the +"
chambers is a dilute acid solution.

8. An array of cells as claimed in claim 7 wherein the
electrolyte is hydrochloric acid or sulfuric acid.

9. An array of cells as claimed in any one of the
preceding claims Which is electrically restorable or
chemically replenishable.

10. An array of cells as claimed in any one of the
preceding claims wherein the electrical restoration
comprises means to reverse the polarity on the +" and -
electrodes and means to provide sufficient voltage to
drive the chemical reactions in the reverse direction.

11. An array of cells as claimed in any one of the
preceding claims wherein the chemical replenishment
comprises means to circulate one or both of the
electrolytes from the +" and/or -"* chambers to storage
means comprising a volume of electrolyte greater than the
volume of the respective +" and/or - chambers for
extended delivery of power over a longer discharge cycle

'mmmmemmmammﬂwa
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conprises neans to circulate one or both of the electrolytes from
the +[err] and/or -[err] chanbers to storage nmeans conprising a vorune of

el ectrolyte greater than the volune of the respegtg r -l[err]
chanbers for extended delivery of powergzgver a | :ﬁ“mn j eﬂlﬁa cle
- 25 - o+ ¢ L M5 o«

than the volume 6f the +" and/or -"* chambers alone would

permit.

12. An array of electrochemical cells as claimed in any
one of the preceding claims which are connected in

electrical series.

13. An array of electrochemical cells as claimed in any
one of the preceding claims in which the porous conductive
surface on the +" side of the bipolar electrode has a
thickness of at least 2.5mm.
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than the volune of the +[err] and/or -[err] chanbers alone would permt.
12. An array of electrochemcal cells as clained in any one of the

precedi ng claims which are connected in electrical series.

13. An array of

el ectrochem cal cells as clained in any one of the preceding clains in
whi ch the porous conductive surface on Ege +[err] side of the bipolar

el ectrode has a thickness of at |east 223Smm

ELECTROCHEMICAL APPARATUS FOR POWER
DELIVERY UTILIZING AN AIR ELECTRODE

ABSTRACT OF THE DISCLOSURE

An electrochemical cell for power delivery employs a
half-cell comprising an air electrode in which a foamy mass of
air/electrolyte is contacted with an electrode comprising an
electrically conductive substrate having a porous conductive
surface. The air electrode used in the electrochemical cell
may be employed in an oxygen-sulfur couple with these reagents

being provided for example as sodium salts in aqueous

solutions, the overall reaction being:

4H,0 + 4S* + 20, —~ B8OH + 4§

The process is preferably carried out in a single cell or an

array of unit cells (10), each cell comprising a +ve electrode
(12) and a -ve electrode (14) with a membrane in each cell
dividing it into +ve and -ve chambers (22C and 24C) for
posilyte and anolyte solutions (22, 24) which are circulated

through the chambers.

FIGURE 1.
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