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(57) ABSTRACT

There are disclosed solid composite electrodes with elec-
trode active layers that include an electrode active material,
an optional election conductive material, an optional binder
and other optional additives. The solid composite electrodes
are formed by the deposition of an electrode composition
(slurry) onto a current collector in one or many layers. The
electrode structure may be characterised by a porosity of the
clectrode composition layer that decreases in a direction
from the back side of the layer (close to the current collector)
towards the outer side of the layer. The gradient of the
decrease 1n the porosity 1s controlled by the content of solid
substance 1n the slurry, by the composition of the solvent in
the slurry, by the temperature of the layer drying after
deposition, as well as by the pressing or calendering con-
ditions for each layer. The electrode structures can be used
in for example chemical sources of electric energy such as
primary (non-rechargeable) as well as secondary (recharge-
able) batteries.
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BATTERY ELECTRODE STRUCTURE AND
METHOD FOR MANUFACTURE THEREOF

PRIOR APPLICATION DATA

[0001] The present application claims benefit from prior
U.S. provisional application Ser. No. 60/591,083 filed on
Jul. 27, 2004 and entitled “Improvements Relating to Elec-
trode Structures 1n Batteries”, and UK application
0416708.6 filed on 27th Jul. 2004, each incorporated herein

by reference 1n 1ts entirety.

TECHNICAL FIELD

10002] The present invention relates to chemical sources
of electric energy comprising positive electrodes (cathodes)
and negative electrodes (anodes). In particular, the invention
relates to rechargeable (secondary) and non-rechargeable
(primary) battery cells comprising a negative electrode
providing ions (anode), an intermediate separator element
containing an electrolyte solution or a hard polymer elec-
trolyte through which 1ons from a source electrode material
move between cell electrodes during charge and discharge
cycles of the cell, and a positive electrode (cathode) com-
prising an electrode depolarizer substance (cathode active
material). One or both of the positive and the negative
clectrodes 1s coated with a porous electrochemically active
material. The invention 1s particularly useful for making
such cells 1n which the 1on source electrode 1s lithium, a
lithium compound or other material capable of providing
ions, where an electrode separator membrane comprises a
liquid, gel or hard electrolyte, which allows mobility for the
lithium or other ions, and where the cathode i1s a porous
multi-component solid.

BACKGROUND OF THE INVENTION

[0003] Throughout this application various patents and
published patent applications are referred to by an 1dentify-
ing citation. The disclosures of the patents and published
patent applications referred to 1n this application are hereby
incorporated by reference 1nto the present disclosure to more
fully describe the state of the art to which this imnvention
pertains.

[0004] An clectroactive material that has been fabricated
into a structure for use in a battery 1s referred to as an
clectrode. Of a pail of electrodes used 1n a battery, herein
referred to as a chemical source of electrical energy, the
clectrode on the side having a higher electrochemical poten-
fial 1s referred to as the positive electrode, or the cathode,
while the electrode on the side having a lower electrochemi-
cal potential 1s referred to as the negative electrode, of the
anode.

[0005] An electrochemically active material used in the
cathode or positive electrode 1s referred to hereinafter as a
cathode active material. An electrochemically active mate-
rial used 1n the anode or negative electrode 1s hereinafter
referred to as an anode active material. Multi-component
compositions possessing electrochemical activity and com-
prising an electrochemically active material and optional
electron conductive additive and binder, as well as other
optional additives, ate referred to hereinafter as electrode
compositions. A chemical source of electrical energy or
battery comprising a cathode with the cathode active mate-
rial 1n an oxidized state and an anode with the anode active
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material 1n a reduced state 1s referred to as being 1n a charged
state. Accordingly, a chemical source of electrical energy
comprising a cathode with the cathode active material in a
reduced state, and an anode with the anode active material
in an oxidized state, 1s referred to as being 1 a discharged
state.

[0006] The value of the free space of voids in the electrode
(cathode or anode) composition expressed in the percentages
from the overall volume of the electrode (cathode or anode)
composition layer 1s hereinafter referred to as a porosity of
the electrode (cathode or anode) active layer.

[0007] Since batteries continue to evolve, and particularly
as lithium batteries become mole widely accepted for a
variety of uses, the need for safe, long lasting, high energy
density, and lightweight batteries becomes more 1mportant.
There has been considerable interest in recent years in
developing high energy density cathode active materials and
alkali metals as anode active materials for high energy
primary and secondary batteries.

[0008] To achieve high capacity in chemical sources of
clectrical energy or batteries, 1t 1s desirable to have a high
quantity or loading of electroactive material in the cathode
or anode active layer. For example, the volume of the
cathode active layer 1n an AA size battery 1s typically about
2 cm”. If the specific capacity of the electroactive material
1s very high, for example 1000 mAh/g, the amount or
volumetric density of the electroactive material in the cath-
ode active layer would need to be at least 500 mg/cm” in
order to have the 1 g of cathode active material in the AA
size battery necessary provide a capacity of 1000 mAh. If
the volumetric density of electroactive material 1n the cath-
ode active layer can be increased to higher levels, such as
greater than 900 mg/cm”, the capacity of the battery may be
proportionately increased to higher levels if the specific
capacity of the electroactive material does not decrease
significantly when the cathode active layer becomes denser
and less porous.

[0009] There are a wide variety of electroactive materials
that may be utilized 1n the cathode active layers of chemical
sources of electrical energy. For example, a number of these
are described 1n U.S. Pat. No. 5,919,587 to Mukherjee et al.
These electroactive materials vary widely 1n theirs speciiic
densities (g/cm’) and in their specific capacities (mAh/g) so
the desired volumetric densities in mg/cm” of the electro-
active material in the cathode active layer correspondingly
vary over a wide range. Lithium and sulpher are highly
desirable as the electrochemically active materials for the
anode and cathode, respectively, of chemical sources of
clectrical energy because they provide nearly the highest
energy density possible on a weight or volume basis of any
of the known combinations of active materials. To obtain
high energy densities, the lithium may be present as the pure
metal, in an alloy, or 1n an 1ntercalated form, and the sulphur
may be present as elemental sulphur or as a component in an
organic or 1norganic material with high sulphur content,
preferably above 75 weight percent sulphur. For example, 1n
combination with a lithium anode, elemental sulphur has a
specific capacity of 1680 mAh/g. This high specific capacity
1s particularly desirable for applications, such as portable
electronic devices and electric vehicles, where low weight of
the battery 1s important.

[0010] Practical battery cells comprising the electroactive
cathode and anode materials also typically contain other
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non-clectroactive materials such as a container; current
collectors, separator and electrolyte, in addition to polymeric
binders, electrically conductive additives, and other addi-
fives 1n the electrodes. The electrolyte 1s typically an aque-
ous or nonaqueous liquid, gel or solid material containing
dissolved salts or 1onic compounds with good 1onic conduc-
tance, but with poor electronic conductivity. All of these
additional non-electroactive components are typically uti-
lized to make the battery perform efficiently, but they also
contribute to a reduction of the gravimetric and volumetric
energy density of the cell. It 1s, therefore, desirable to keep
the quantities of these non-eclectroactive materials to a
minimum so as to maximize the amount of electroactive
material in the battery cell.

[0011] To achieve the highest possible volumetric density
of the electroactive material in the cathode or anode active
layer, 1t 1s desirable to maximize the weight percent for
clectroactive materials in the cathode or anode active layer,
for example up to 65-85 weight percent, and to maintain the
porosity or air voids 1n the cathode or anode active layer as
low as possible, for example, in the range of 30 to 60 volume
percent. In particular, the porosity of the cathode active layer
must be kept low because higher porosities, such as, for
example, 70 to 85 volume percent, do not provide enough
clectroactive material to obtain very high cell capacities.

[0012] Electroactive materials are typically electrically
non-conducting or insulative and are generally not
microporous. To overcome the insulative properties of elec-
froactive materials, certain amounts of electrically conduc-
tive fillers, such as conductive carbons, are typically added
to the cathode active layer. Typically, the electrically con-
ductive fillers are present in amounts of about 5 to 40% by
welght of the cathode active layer. For example, U.S. Pat.
No. 4,303,748 to Armand et al. describes solid composite
cathodes containing an 1onically conductive polymer elec-
trolyte together with elemental sulphur, transition metal
salts, or other cathode active materials for use with lithium
or other anode active materials. U.S. Pat. No. 3,639,174 to
Kegelman describes solid composite cathodes comprising
clemental sulphur and a particulate electrical conductor U.S.
Pat. No. 5,460,905 to Skotheim describes the use of p-doped
conjugated polymers, together with an effective amount of
conductive carbon pigments, for the transport of electrons in
cathodes. U.S. Pat. No. 5,529,860 and U.S. Pat. No. 6,117,
590, both to Skotheim et al., describe the use of conductive
carbons and graphites, conductive polymers, and metal
fibres, powders, and flakes with electroactive materials.

[0013] It would be advantageous significantly to increase
the volumetric densities of cathode or anode active layers
comprising electroactive materials without sacrificing the
high speciiic capacity of these materials, 1.e., without reduc-
ing the desired high electrochemical utilization, such as, for
example, greater than 50% utilization, during cycling of the
cells. Particularly as the thickness of the cathode or anode
active layer 1s increased, 1t becomes progressively more
difficult to achieve the electrical conductivity and the
microporosity needed for highly efficient electrochemical
utilization of the active materials.

[0014] Some improvement in the methods of forming
solid composite cathodes with cathode active layers which
comprise an electroactive sulphur-containing material and
an electrically conductive material are described in U.S. Pat.
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No. 6,302,928 to Xu et al. This patent refers to a method of
forming electric current producing cells, wherein the elec-
troactive sulphur-containing material 1s heated to a tempera-
ture above its melting point to form a melt layer and then 1s
resolidified to form a cathode active layer. This method is
not free of significant drawbacks, since obtaining a high
density of sulphur-containing active material reduces its
porosity and hence the availability of the active material.
Besides, this method 1s not applicable to the other active
cathode materials that have a melting temperature too high
for producing cathodes 1n the way described 1n the said U.S.

Pat. No. 6,302,928.

[0015] Another method to increase the volumetric density
of the cathode active layer 1s by compressing or calendering
the layer to a reduced thickness. It would be very advanta-
geous to be able to compress or calender the cathode active
layer to a 20% or greater reduction in thickness without
sacrificing the desired high electrochemical utilization of the
electroactive sulphur-containing materials. This 1s difficult
to achieve when high levels of non-electroactive materials
are present in the cathode active layer, particularly when
polymeric binders are used, such that the electrochemical
utilization, as expressed in the specific capacity of the
clectroactive material 1n the cell, 1s typically significantly
reduced when the cathode active layer 1s significantly
reduced 1n thickness by compressing or calendering of the
whole cathode layer. On the other hand, significantly reduc-
ing the levels of the non-electroactive materials 1n the
cathode active layer, particularly those materials with bind-
ing properties, greatly reduces the mechanical integrity and
cohesive and adhesive properties of the cathode active layer.

[0016] As mentioned above, the porous electrodes of the
chemical sources of electrical energy are usually multi-
component solids, comprising an electrode depolarizer (the
liquid or hard active substance), an electron conducting
additive (the substance providing transport of electrons to
the depolarizer), and a binder (the substance ensuring the
mechanical strength of the electrodes). The electrodes may
also 1nclude auxiliary components improving the mechani-
cal and electrochemical properties of the electrode materials.
The electrode pores are filled up with electrolyte (a liquid or
a hard substance possessing ion conductivity). An electro-
chemical reaction occurs at the three-phase interface of the
depolarizer, electron conductor and 10n conductor. The elec-
trochemical reaction efficiency 1s determined by the elec-
trochemical properties of the depolarizer and by the 10on and
clectron conductance of the electrode. The 10n conductivity
is usually much (1 to 3 orders of magnitude) lower than the
electron conductivity of the electrode. Thus, the value of the
electrochemical overvoltage that determines the speed of the
clectrochemical reaction 1s in turn defined by the 10n resis-
tance of the electrode. The maximum values of electro-
chemical overvoltage and the maximum speed of the elec-
trochemical reaction are reached at the face side of the
electrode (the surface turned towards the opposite electrode
of the chemical source of electric energy). The minimal
values are reached at the rear side of the electrode (the
surface turned to the current collector of the electrode). As
a result, the depolarizer 1s consumed to a greater extent at the
layers close to the face side of the electrode and to a lesser
extent at the layers of the electrode close to its real side. The
oradient of the overvoltage and hence the gradient of the
current density over the electrode thickness grows with the
increase of the overall current density of the chemical
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sources of electric energy. This leads to an increase in the
heterogeneity of the reaction distribution over the electrode
thickness and 1n extreme cases to a full ousting of the
electrochemical reaction to the surface of the electrode.

[0017] The electrochemical overvoltage in the cathodes of
the chemical sources of electrical energy has a diffusion
(concentration) nature. The current density controlled by
diffusion 1s determined by the ratio of the electrolyte volume
inside the pores and the area of the working surface of the
electrode. In particular, the current density 1s reduced as this
rat1io 1s decreased.

[0018] In particular, the porosity value is crucial for
chemical sources of electrical energy with soluble depolar-
1zers, examples of which are the systems: Li—SO.;

Li—SOCL,; Li—S.

[0019] Despite the various approaches proposed for the
fabrication of high energy density chemical sources of
electrical energy comprising various electroactive materials,
there remains a need for improved solid composite cathodes
and anodes comprising an active layer which has a combi-
nation of high electrochemical utilization and a high volu-
metric density of the electroactive material, while retaining
or improving the desirable properties of electrical conduc-
fivity, mechanical strength, cohesive strength, and adhesion
to the adjacent layers in the porous solid composite elec-
trodes utilizing electroactive materials.

[0020] On the one hand, an increase in the density of the
electrodes (decrease in porosity) produces an increase of the
energy density of chemical sources of electrical energy. On
the other hand, a decrease i1n porosity reduces the 1on
conductivity of the electrodes and hence makes the electro-
chemical reaction conditions and the utilization of active
materials worse.

SUMMARY OF THE INVENTION

[0021] The applicant has found that the non-uniform dis-
tribution of the electrochemical reaction rate over the elec-
trode thickness leads to non-uniform consumption of the
depolarizer and hence to a reduction of the electrode capac-
ity. Therefore, equalization of the electrochemical overvolt-
age value over the electrode thickness 1s desirable to
increase the efficiency of the depolarizer utilization. The
applicant has found that this task can be addressed by the use
of electrodes with a porosity gradient over the thickness,
namely the electrodes having the porosity that increases
from the face side towards the real side. In other words, 1t
would be expedient for getting better results 1n the capacity
and power of chemical sources of electrical energy to use
clectrodes with varying porosity, namely electrodes having
a porosity that decreases from the back to the face side.

[0022] According to a first aspect of the present invention,
there 1s provided an electrode structure for a chemical source
of electric energy, the electrode structure comprising at least
a current collector and an electrode composition provided on
the current collector, wherein

[0023] a) said electrode composition includes an electro-
chemically active material;

[0024] b) said electrode composition is provided on the
current collector 1n one or several layers and has an inside
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surface proximal to the current collector and an outside
surface distal from the current collector; and

[0025] c) said electrode composition has a non-uniform
porosity that decreases in a direction from the inside
surface towards the outside surface.

[0026] According to a second aspect of the present inven-
fion, there 1s provided a method of producing an electrode
structure for a chemical source of electric energy, the
method comprising the steps of:

0027]

0028] b) coating a layer or a plurality of successive layers
of an electrode composition on the current collector so as
to produce a coating having an inside surface proximal to
the current collector and an outside surface distal from the
current collector;

[0029] c) using a coating process or post-treating the
coating so that the coating has a non-uniform porosity that
decreases 1 a direction from the inside surface towards
the outside surface.

a) providing a current collector;

[0030] According to a third aspect of the present inven-
tion, there 1s provided a cell or battery including an electrode
structure according to the first aspect or made by the method
of the second aspect.

[0031] The electrode composition may be provided on the
current collector by way of a deposition process. Where only
onc layer 1s provided, this layer must be deposited or
post-treated 1in such a way that the porosity decreases from
the 1nside surface to the outside surface as required. This will
generally result in a continuous or smooth porosity gradient.
Alternatively, where the electrode composition comprises a
plurality of layers, the decrease 1n porosity can be achieved
by deposition of successive layers with decreasing indi-
vidual porosities, thus forming a stepped porosity gradient.
It 1s also possible to use successive layers each with a
decreasing porosity gradient 1n the direction from the inside
to the outside.

[0032] The electrode composition may be provided as a
slurry for deposition onto the electrode structure.

[0033] The electrochemically active material of the elec-
trode composition may optionally include an electron con-
ductive additive, a binder, and other optional additives as
will be described in more detail hereinbelow.

[0034] The porosity gradient may be controlled by varying
a content of solid substance in the slurry, by a composition
of a solvent 1n the slurry, by a drying temperature of the or
cach layer after deposition, and also by pressing or calen-
dering conditions for the or each layer after deposition.

[0035] The electrode structures of embodiments of the
present 1nvention can be used 1n electrolytic electric cells,
rechargeable batteries, fuel cells and other applications
demanding high energy density and high power.

[0036] The clectrode structure may be configured as a
positive electrode (cathode) or a negative electrode (anode).

DESCRIPTION OF THE DRAWINGS

[0037] For a better understanding of the present invention
and to show how 1t may be carried into effect, reference shall
now be made by way of example to the accompanying
drawings, in which:
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10038] FIG. 1 is a schematic cross-section through a first
embodiment of the present invention; and

[0039] FIG. 2 is a schematic cross-section through a
second embodiment of the present 1nvention.

DESCRIPTION OF THE INVENTION

10040] The following description is presented to enable
one of ordinary skill in the art to make and use the mnvention
as provided 1n the context of a particular application and 1its
requirements. Various modifications to the described
embodiments will be apparent to those with skill 1n the art,
and the general principles defined herein may be applied to
other embodiments. Therefore, the present invention 1is not
intended to be limited to the particular embodiments shown
and described, but 1s to be accorded the widest scope
consistent with the principles and novel features herein
disclosed. In other instances, well-known methods, proce-
dures, and components have not been described 1n detail so
as not to obscure the present invention.

[0041] The problem of production of improved solid com-
posite electrodes comprising an electrode active layer which
has a combination of high electrochemical utilization and a
high volumetric density of the electroactive material, while
retaining or 1improving the desirable properties of electrical
conductivity, mechanical strength, cohesive strength, and
adhesion to adjacent layers, 1s addressed 1n embodiments of
the present 1nvention by designing a method of production
of solid composite electrodes with a porosity gradient.

[0042] When forming electrode structures of embodi-
ments of the present invention, the following process steps
may be included:

[0043] 1) Physical pounding or grinding and homogenis-
ing of a mixture comprising at least an electrode active
material and an optional election conductive material,
binder and other optional additives.

[0044] 2) Preparation of a slurry from the homogenised
mixture 1n solvent or a mixture of solvents.

[0045] 3) Deposition of a layer of the slurry onto a current
collector.

[0046] 4) Drying the resulting active electrode active
layer.

[0047] 5) Optional deposition of one or more further
layers of the slurry on top of the fist layer, with interme-
diate and final drying.

[0048] 6) Compressing or calendaring the resulting single-
or multi-layer electrode structure or at least the deposited
slurry.

0049] /) Each deposited layer of slurry may be com-
P y y may
pressed or calendered prior to the deposition of the next
layer.

[0050] &) Different slurries may be used for different
layers.

[0051] The pounding or grinding of the components of the
clectrode composition can be done by any appropriate
known method, for example using a ball mill, an 1mpeller
mill or others. The time of homogenization 1s preferably
chosen to provide a resulting particle size of about 1-2
micrometres.
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[0052] The preparation of the slurry can be undertaken in
any appropriate known mixer, for example a ball mill, an
impeller mixer or others, so as to produce a homogeneous
suspension. The slurry i1s preferably mixed for long enough

so as to ensure full dilution or swelling of the binder (when
used).

[0053] The current collector can be a copper or aluminium
mesh or grid, a copper fo1l, an aluminium foil, an aluminium
fo1l coated with a conductive carbon layer, aluminium
coated polymer film, conductive polymer, film or any other
conductive film possessing corrosion stability when used in
clectrolyte systems. Other forms of current collector and
conductive materials are not excluded.

[0054] The deposition of the slurry onto the surface of the
current collector can be undertaken by any method provid-
ing a substantially uniform coating layer on the whole
surface of the current collector. For example, 1t can be by
way ol a doctor blade method, a wired draw rod method,
screen printing or other methods.

[0055] The solvent can be removed from the slurry layer
by evaporation at normal or reduced pressure, and at ambi-
ent or elevated temperature. The speed of solvent removal 1s
preferably kept substantially uniform along the surface of
the slurry layer. The evaporation speed is preferably kept at
a level to prevent stratification of the slurry or ageglomeration
of particles present 1n the slurry.

[0056] Compression of the electrode active layer can be
achieved by pressing, calendering or other known methods
providing the desired conditions (desired pressure to the
surface unit) and physical parameters of the electrode active
layer (thickness, density and porosity). The compression can
be performed once or many times until the desired physical
properties of the electrode active layer are be obtained.

[0057] The electrode composition may include an elec-
trode active material selected from:

[0058] 1) For the positive electrode (cathode): sulphur,
non-organic or organic (including oligomeric or poly-
meric) compounds based on sulphur, as well as simple and
complex metal oxides, sulphides, their mixtures, other
clectroactive materials or mixtures of the abovementioned
materials.

[0059] 2) For the negative electrode (anode): metal pow-
ders, alkali metal-carbon and alkali metal-graphite mter-
calates, their mixtures, other electroactive materials or
mixtures of the abovementioned materials. A particularly
cffective alkali metal 1n this context 1s lithium.

[0060] When the electrode structure is configured as a
positive electrode, the electrode active material may be
present 1n a range of 5 to 95% of the overall weight of the
clectrode composition, comprising the electrode active
material, the election conductive material and the binder. In
a particularly preferred embodiment, the proportion of elec-
trode active material in the electrode composition 1s not less
than 70% by weight, although 1n other embodiments it may
be up to 70% by weight.

[0061] The electron conductive material may comprise
one or more of conductive polymers, carbon or metal fibres,
powders, or flakes. Where carbon powder 1s used, it may be
in the form of soot, various types of carbon black or other
carbon materials and their mixtures.
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[0062] Where a binder is used, this may be a polymer or
a mixture of polymers that can be selected from but not
limited to: polyethylene oxides, polypropylene oxides, poly-
acrylonitriles, polysiloxanes, polyimides, polyphosp-
hazenes, polyethers, sulfonated polyimides, perfluorinated
polymers, polydivinyl polyethylene glycols, polyethylene
olycol diacrylates, polyethylene glycol dimethacrylates, pol-
yarylsulfones, mixtures and derivatives of said polymers,
and copolymers that include repeating units of said polymers

[0063] The binder may be present in a range of 0.5 to 30%
of the overall weight of the electrode active material, the
electron conductive material and the binder.

[0064] The amount of solid substance in the slurry may be
from 5 to 50% by weight.

[0065] Where a multilayer coating is applied to the current
collector, the thickness of each layer may be from 0.1 to 10
micrometres. Multilayer coatings with up to 10 layers have
been found to be effective, although more layers may be
used where appropriate.

[0066] A total coating thickness of 1 to 100 micrometres
has been found to be effective, although thicker or thinner
coatings are not excluded.

[0067] Preferably, the total porosity of the electrode com-
position layer 1s from 5 to 85%.

[0068] Embodiments of the present invention also relate to
methods of forming a chemical source of electric energy
comprising for example the following steps:

[0069] a) anode fabrication by a method described in the
present mvention or by another method,

[0070] b) solid cathode fabrication by the method
described in the present mvention,

[0071] c) placing of an electrolyte between the anode and
the cathode and assembling a cell or battery.

[0072] Other or different steps may be used. The electrode
structure of the present invention is particularly well-suited
for lithium or lithrum-1ion batteries, including lithium-poly-
mer batteries.

[0073] Batteries with an operating voltage window of 1.2
to 4.1V have been constructed using the electrode structures
of the present invention.

10074] FIG. 1 shows a cross-section through a first
embodiment of the present invention, comprising a base
cathode or anode layer 1 1n the form of a metal foil, and a
conductive carbon layer 2 provided on the layer 1. FI1G. 1
shows a schematic diagram of the electrode with the con-
finuous porosity gradient according to one embodiment. An
clectrode composition 3, ¢.g. an active electrode composi-
tion, including for example an electrochemically active
material and optional binders and electron conductive mate-
rials 1s then deposited on the conductive carbon layer 2 in
such a way that there 1s a continuous increase 1n porosity
from an exposed surface of the electrode composition 3
towards the conductive carbon layer 2.

10075] FIG. 2 shows an alternative embodiment, with like
parts being labelled as for FI1G. 1. F1G. 2 shows a schematic
diagram of an embodiment of an electrode with layer-by-
layer porosity change. In this alternative embodiment,
instead of a single layer of electrode composition 3, there 1s
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provided a plurality of successively deposited layers of
clectrode composition 3, each layer being formed so as to be
less porous than the previous layer (in a direction away from
the base substrate 1, 2). Composition 3 may be for example
an active electrode composition.

[0076] Several embodiments of the present invention are
described 1n the following examples, which are offered by
way of 1llustration and not by way of limitation.

EXAMPLE 1

[0077] Cathode active layers with a composition by
weight of 70% elemental sulphur (available from Fisher
Scientific, Loughborough, UK), 10% conductive carbon
black (Ketjenblack® EC-600JD, available from Akzo Nobel
Polymer Chemicals BV, Netherlands) and 20% polyethylene
oxide (PEO, 4,000,000 molecular weight, available from
Sigma-Aldrich Company Ltd, Gillingham, UK) were pre-
pared by the following method. A mixture of dry compo-
nents was ground 1n a homogenising system Microtron®
MB350 for 10-15 minutes. Acetonitrile was added as a
solvent to the obtained mixture. The resulting liquid sus-
pension or slurry was mixed for 15-20 hours with a labo-
ratory stirrer DLH. The solids content of the slurry was
10-15 weight percent. The resulting mixture was cast by an
automatic film applicator Elcometer® SPRL with a doctor
blade onto one side of an 18 micrometre thick conductive
carbon coated aluminium foil (available from InteliCoat®,
South Hadley, Mass.) as a current collector and substrate.
The coating was dried under ambient conditions for 20 hours
and then dried under vacuum at 50° C. for five hours.

[0078] The resulting dry cathode active layer had a thick-
ness of about 13 micrometres with a loading of the cathode
composition of 1.13 mg/cm”. The volumetric density of the
electroactive coating was about 870 mg/cm”. The porosity of
the cathode active layer was 56%.

EXAMPLE 2

[0079] The slurry from Example 1 was cast by an auto-
matic film applicator Elcometer® SPRL with onto one side
of an 18 micrometre thick conductive carbon coated alu-
minium foil (available from InteliCoat®, South Hadley,
Mass.) as a current collector and substrate. The doctor blade
gap was different from that used 1n Example 1. The coating
was dried under ambient conditions for 20 hours and then
dried under vacuum at 50° C. for five hours.

[0080] The resulting dry cathode active layer had a thick-
ness of about 21 micrometres with a loading of the cathode
composition of 1.35 mg/cm”. The volumetric density of the
electroactive coating was about 636 mg/cm”. The porosity of
the cathode active layer was 65%.

EXAMPLE 3

[0081] A second layer of the slurry was cast by an auto-
matic film applicator Elcometer® SPRL on top of the solid
composite cathode from Example 1. The new coating was
dried under ambient conditions for 20 hours and then dried
under vacuum at 50° C. for five hours.

[0082] The resulting overall thickness of the dry cathode
active layer was 25 micrometres with a loading of the
cathode composition of 2.23 mg/cm”. The volumetric den-
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sity of two layers of the electroactive coating was about 890
mg/cm”. The porosity of the cathode active layer was 55%.

EXAMPLE 4

|0083] A second layer of the slurry was cast by an auto-
matic film applicator Elcometer® SPRL on top of the solid
composite cathode from Example 2. The new coating was
dried under ambient conditions for 20 hours and then dried
under, vacuum at 50° C. for, five hours.

|0084] The resulting overall thickness of the dry cathode
active layer was 34 micrometres with a loading of the
cathode composition of 2.81 mg/cm”. The volumetric den-
sity of two layers of the electroactive coating was about 819
mg/cm”. The porosity of the cathode active layer was 56%.

EXAMPLE 5

|0085] A third layer of the slurry was cast by an automatic
film applicator Elcometer®SPRL on top of the solid com-
posite cathode from Example 3. The new coating was dried

under ambient conditions for 20 hours and then dried under
vacuum at 50° C. for five hours.

[0086] The resulting overall thickness of the dry cathode
active layer was 33 micrometres with a loading of the
cathode composition of 3.31 mg/cm”. The volumetric den-
sity of three layers of the electroactive coating was about

1000 mg/cm>. The porosity of the cathode active layer was
49%.

EXAMPLE 6

[0087] A third layer of the slurry was cast by an automatic
film applicator Elcometer® SPRL on top of the solid com-
posite cathode from Example 4. The new coating was dried
under ambient conditions for 20 hours and then dried under
vacuum at 50° C. for five hours.

|0088] The resulting overall thickness of the dry cathode
active layer was 5.3 micrometres with a loading of the
cathode composition of 4.56 mg/cm”. The volumetric den-
sity of three layers of the electroactive coating was about
868 mg/cm” The porosity of the cathode active layer was

53%.

EXAMPLE 7

[0089] A fourth layer of the slurry was cast by an auto-
matic film applicator Elcometer® SPRL on top of the solid
composite cathode from Example 5. The new coating was
dried under ambient conditions for 20 hours and then dried
under vacuum at 50° C. for five hours.

[0090] The resulting overall thickness of the day cathode
active layer was 37 micrometres with a loading of the
cathode composition of 3.33 mg/cm®. The volumetric den-
sity of four layers of the electroactive coating was about 899
mg/cm”. The porosity of the cathode active layer was 50%.

EXAMPLE 8

[0091] One-layer solid composite cathodes were prepared

by depositions of the slurry by an automatic film applicator

Elcometer® SPRL with final drying (as in Example 2). The
resulting dry cathode active layer had a thickness of about 21
micrometres with a loading of the cathode composition of
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1.35 mg/cm”. The volumetric density of the electroactive
coating was about 636 mg/cm>. The porosity of the cathode
active layer was 65%.

[0092] The one-layer solid composite cathodes thus
obtained were subjected to a pressure of 600 kg/cm”. The
resulting overall thickness of the dry cathode active layer
after pressing was 15 micrometres. The volumetric density
of the electroactive coating after pressing was about 1470
mg/cm”. The porosity of the pressed cathode active layer

was 24%.
EXAMPLE 9

[0093] Two-layer solid composite cathodes were prepared
by consecutive depositions of two layers of the slurry by an
automatic {ilm applicator Elcometer® SPRL with interme-
diate and final drying (as in Examples 1 and 3). The resulting
overall thickness of the dry cathode active layer was 25
micrometres with a loading of the cathode composition of
2.23 mg/cm”. The volumetric density of two layers of the
electroactive coating was about 890 mg/cm”. The porosity of
the cathode active layer was 55%.

10094] The two-layer solid composite cathodes thus
obtained were subjected to pressure of 600 kg/cm”. The
resulting overall thickness of the dry cathode active layer
after pressing was 17 micrometres. The volumetric density
of the electroactive coating after pressing was about 794
meg/cm>. The porosity of the pressed cathode active layer

was 59%.

EXAMPLE 10

[0095] The solid composite cathodes obtained after press-
ing from Example 8 were utilized to form electric current
producing cells in a laboratory format of about 12 ¢cm” in
arca. The electrolyte was a 1M solution of lithrum trifluo-
romethanesulphonate (available from Sigma-Aldrich Com-
pany Ltd., Poole Dorset, UK.) in sulfolane. The porous
separator used was Celgard® 2500, a registered trademark
of Celgard Inc., available from Celgard K.K., Tokyo, Japan,
and also available from Celgard Inc., South Lakes, N.C.
USA. The anode was lithium foil of about 50 micrometres
in thickness. These components were combined into a
layered structure of solid composite cathode/separator/an-
ode with liquid electrolyte filling the void areas of the
separator and solid composite cathode to form laboratory
cells of about 12 cm” in area. Discharge-charge cycling on
these cells was done at 3.6mA or 0.3 mA/cm* with discharge
cut-off at a voltage of 1.5V and charge cut-off at 2.8V.

[0096] The specific capacities and the volumetric capaci-
fies of the electroactive material 1n the laboratory cells at the
1 st, 5th and 10th discharge cycles are shown below:

Specific Capacity, Volumetric Capacity,

Cycle number mAh/g mAh/cm’
1 740 471
5 685 436
10 650 413
EXAMPLE 11

[0097] The solid composite cathodes obtained after press-
ing from Example 9 were utilized to form electric current
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producing cells in a laboratory format of about 12 ¢cm” in
arca. The electrolyte was a 1M solution of lithium trifluo-
romethanesulphonate (available from Sigma-Aldrich Com-
pany Ltd., Poole Dorset, UK.) in sulfolane. The porous
separator used was Celgard® 2500, a registered trademark
of Celgard Inc., available from Celgard K.K., Tokyo, Japan,
and also available from Celgard Inc. South Lakes, N.C.
USA. The anode was lithium foil of about 50 micrometres
in thickness. These components were combined into a
layered structure of solid composite cathode/separator/an-
ode with liquid electrolyte filling the void areas of the
separator and solid composite cathode to form laboratory
cells of about 12 ¢cm® in area. Discharge-char ge cycling on
these cells was done at 3.6 mA or 0.3 mA/cm” with dis-
charge cut-off at a voltage of 15V and charge cut-off at 2.8V,

[0098] The specific capacities the volumetric capacities of
the electroactive material 1n the laboratory cells at the 1st,
5th and 10th discharge cycles are shown below:

Specific Capacity, Volumetric Capacity,

Cycle number mAh/g mAh/cm’
1 860 765
5 835 743
10 820 730
EXAMPLE 12

[0099] A cathode active layer with a composition by
welght of 80% electrolytic manganese dioxide, 10% con-

ductive carbon black (Ketjenblack® EC-600° JD, available
from Akzo Nobel Polymer Chemicals BV, Netherlands) and
10% KYNAR FLEX® 2801 was prepared by the following,
method. A mixture of dry components was ground 1n a
homogenising system Microtron® MB550 for 10-15 min-
utes. Acetone was added as a solvent to the mixture thus
obtained. The resulting liquid suspension or slurry was
mixed for 15-20 hours with a laboratory stirrer DLH. The
solids content of the slurry was 20-25 weight percent. The
resulting mixture was cast by an automatic film applicator
Elcometer® SPRL with a doctor blade onto one side of an
18 micrometre thick conductive carbon coated aluminium
foil (available from InteliCoat®, South Hadley, Mass.) as a
current collector and substrate. The coating was dried under
ambient conditions for 20 hours and then dried under
vacuum at 50° C. for five hours.

[0100] The resulting dry cathode active layer had a thick-
ness of about 17 micrometres with a loading of the cathode
composition of 3.5 mg/cm®. The volumetric density of the
electroactive coating was about 2059 mg/cm”. The porosity
of the cathode active layer was 54%.

EXAMPLE 13

[0101] A second layer of the slurry was cast by an auto-
matic film applicator Elcometer® SPRL on top of the solid
composite cathode from Example 12. The new coating was
dried under ambient conditions for 20 hours and then dried
under vacuum at 50° C. for five hours.

10102] The resulting overall thickness of the dry cathode
active layer was 24 micrometres with a loading of the
cathode composition of 5.47 mg/cm”. The volumetric den-
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sity of two layers of the electroactive coating was about
2378 mg/cm”. The porosity of the cathode active layer was

46.5%.

EXAMPLE 14

[0103] An anode active layer with a composition by

welght of 85% natural graphite, 5% conductive carbon black
(Ketjenblack® EC-6001D, available from Akzo Nobel Poly-

mer Chemicals BV, Netherlands) and 10% KYNAR FLEX®
2801 was prepared by the following method. A mixture of
dry components was ground 1n a homogenising system
Microtron® MB550 for 10-15 minutes. Acetone was added
as a solvent to the mixture thus obtained. The resulting liquid
suspension or slurry was mixed for 15-20 hours with a
laboratory stirrer DLH. The solids content of the slurry was
20-25 weight percent. The resulting mixture was cast by an
automatic film applicator Elcometer® SPRL with a doctor
blade onto one side of a 15 micrometre thick copper foil as
a current collector and substrate. The coating was dried
under ambient conditions for 20 hours and then dried under
vacuum at 50° C. for five hours.

[0104] The resulting dry cathode active layer had a thick-
ness of about 17 micrometres with a loading of the cathode
composition of 1.3 mg/cm®. The volumetric density of the
electroactive coating was about 867 mg/cm”. The porosity of
the anode active layer was 59%.

EXAMPLE 15

[0105] A second layer of the slurry was cast by an auto-
matic film applicator Elcometer® SPRL on top of the solid
composite anode from Example 14. The new coating was
dried under ambient conditions for 20 hours and then dried
under vacuum at 50° C. for five hours

[0106] The resulting overall thickness of the dry anode
active layer was 23 micrometres with a loading of the anode
composition of 2.3 mg/cm”. The volumetric density of two
layers of the electroactive coating was about 1035 mg/cm”.
The porosity of the cathode active layer was 51%.

[0107] While some embodiments of the invention have
been 1llustrated and described, 1t 1s cleat that the invention
1s not limited to these specilic embodiments. Numerous
modifications, changes, variations, substitutions, and
equivalents will occur to those skilled 1n the art without
departing from the scope of the present invention.

[0108] The preferred features of the invention are appli-
cable to all aspects of the mnvention and may be used 1n any
possible combination.

[0109] Throughout the description and claims of this
specification, the words “comprise” and “contain” and varia-
tions of the words, for example “comprising” and “com-
prises’, mean “including but not limited to”, and are not
intended to (and do not) exclude other components, integers,
moieties, additives or steps.

1. An electrode structure for a chemical source of electric
energy, the electrode structure comprising at least a current
collector and an electrode composition provided on the
current collector, wherein

a) said electrode composition includes an electrochemi-
cally active material;
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b) said electrode composition is provided on the current
collector 1n one or several layers and has an inside
surface proximal to the current collector and an outside
surface distal from the current collector; and

c) said electrode composition has a non-uniform porosity
that decreases 1n a direction from the inside surface
towards the outside surface.

2. An electrode structure as claimed in claim 1, configured

as a positive electrode.

3. An electrode structure as claimed i claim 2, wherein
the electrochemically active material 1s selected from a list
comprising: sulphur, non-organic and organic (including
oligomeric and polymeric) compounds based on sulphur,
simple and complex metal oxides, sulphides and mixtures
thereof.

4. An electrode structure as claimed 1n claim 1, configured
as a negative electrode.

S. An electrode structure as claimed 1n claim 4, wherein
the electrochemically active material 1s selected from a list
comprising: metal powders, alkali metal-carbon and alkali
metal-graphite intercalates and mixtures thereof.

6. An electrode structure as claimed 1n claim 1, wherein
the electrode composition further includes a binder.

7. An electrode structure as claimed 1n claim 1, wherein
the electrode composition further includes an electron con-
ductive material.

8. An electrode structure as claimed 1n claim 1, wherein
the electrochemically active material constitutes 5% to 95%
by weight of the electrode composition.

9. An electrode structure as claimed 1n claim 1, wherein
the electrochemically active material constitutes at least
70% by weight of the electrode composition.

10. An electrode structure as claimed 1n claim 7, wherein
the electron conductive material constitutes up to 70% by
welght of the electrode composition.

11. An electrode structure as claimed 1n claim 7, wherein
the electron conductive material 1s selected from a list
comprising: conductive polymers, carbon {fibres, metal
fibres, carbon powders, metal powders, carbon flakes and
metal flakes.

12. An electrode structure as claimed 1n claim 11, wherein
the carbon powder 1s selected from a list comprising: soot
and carbon black.

13. An electrode structure as claimed 1n claim 6, wherein
the binder 1s selected from a list of polymers comprising:
polyethylene oxides, polypropylene oxides, polyacryloni-
triles, polysiloxanes, polyimides, polyphosphazenes, poly-
cthers, sulfonated polymmides, perfluorinated polymers,
polydivinyl polyethylene glycols, polyethylene glycol dia-
crylates, polyethylene glycol dimethacrylates, polyarylsul-
fones, mixtures and derivatives of said polymers, and
copolymers that include repeating units of said polymers.

14. An electrode structure as claimed 1n claim 6, wherein
the binder comprises 0.5% to 30% by weight of the electrode
composition.

15. An electrode structure as claimed in claim 1, wherein
the electrode composition 1s present as a single layer.

16. An electrode structure as claimed 1n claim 1, wherein
the electrode composition 1s present as multiple layers.

17. An electrode structure as claimed 1n claim 15, wherein
the layer has a thickness of 0.1 to 10 um.

18. An electrode structure as claimed 1n claim 16, wherein
the electrode composition 1s present as 1 to 10 layers.
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19. An electrode structure as claimed 1n claim 16, wherein
the layers have a total thickness of to 100 um.

20. An electrode structure as claimed 1n claim 1, wherein
the electrode composition has an average porosity of 5% to

85%.

21. A method of producing an electrode structure for a
chemical source of electric energy, the method comprising:

a) providing a current collector;

b) coating a layer or a plurality of successive layers of an
clectrode composition on the current collector so as to
produce a coating having an inside surface proximal to
the current collector and an outside surface distal from
the current collector; and

C) using a coating process or post-treating the coating so
that the coating has a non-uniform porosity that
decreases 1n a direction from the 1nside surface towards
the outside surface.

22. Amethod according to claim 21, wherein the electrode
composition includes an electrochemically active material
selected from a list comprising: sulphur, non-organic and
organic (including oligomeric and polymeric) compounds
based on sulphur, simple and complex metal oxides, sul-
phides and mixtures thereof.

23. Amethod according to claim 21, wherein the electrode
composition includes an electrochemically active material
selected from a list comprising: metal powders, alkali metal-
carbon and alkali metal-graphite intercalates and mixtures
thereof.

24. Amethod according to claim 21, wherein the electrode
composition further includes an electron conductive mate-
rial.

25. Amethod according to claim 21, wherein the electrode
composition further includes a binder.

26. A method according to claim 24, wherein the electron
conductive material 1s selected from a list comprising:
conductive polymers, carbon {ibres, metal fibres, carbon
powders, metal powders, carbon flakes and metal flakes.

27. A method according to claim 26, wherein the carbon
powder 1s selected from a list comprising: soot and carbon

black.

28. A method according to claim 25, wherein the binder
1s selected from a list of polymers comprising: polyethylene
oxides, polypropylene oxides, polyacrylonitriles, polysilox-
anes, polyimides, polyphosphazenes, polyethers, sulfonated
polyimides, perfluorinated polymers, polydivinyl polyethyl-
ene glycols, polyethylene glycol diacrylates, polyethylene
oglycol dimethacrylates, mixtures and derivatives of said
polymers, and copolymers that include repeating units of
said polymers.

29. Amethod according to claim 21, wherein the electrode
composition 1s applied as a slurry.

30. A method according to claim 29, wherein the slurry 1s
prepared by grinding and homogenising the electrode com-
position and adding a solvent.

31. A method according to claim 30, wherein the slurry
comprises 5% to 50% by weight solids, the remainder being
the solvent.

32. Amethod according to claim 29, wherein a first, single
coating of slurry i1s applied to the current collector and
allowed to dry.
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33. A method according to claim 32, wherein further
coatings of slurry are applied after the first coating has been
allowed to dry.

34. A method according to claim 21, wherein each layer
1s compressed or calendered after application to the current
collector.

35. A method according to claim 33, wherein successive
coatings are applied with different slurry compositions.

36. A method according to claim 35, wherein the slurry
compositions have different solids to solvent ratios.

J7. A method according to claim 33, wherein successive
coatings are allowed to dry under different temperature or
pressure conditions.
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38. A method according to claim 33, wherein successive
coatings ate compressed or calendered under different con-
ditions.

39. A battery made by the method of claim 21.

40. A battery including at least one electrode structure as
claimed 1n claim 1.

41. A battery as claimed 1n claim 40, wherein the battery
1s a lithium battery or a lithium-ion battery.

42. A battery as claimed 1n claim 40, wherein the battery
1s a lithium polymer battery.

43. A battery as claimed 1n claim 40, wherein the battery
has an operating voltage of 1.2 to 4.1V.
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