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DESCRIPTION

Field of the invention

[0001] The invention relates to a lithium accumulator including at least two three-dimensional
electrodes separated by a separator and encased together with an electrolyte, comprising a
non-aqueous solution of a lithium salt in an organic polar solvent, into an accumulator body.
Further, the invention relates to a method of producing lithium accumulator with a specific type
of three dimensional electrodes.

Background of the invention

[0002] The lithium cells have been intensively developed during the recent two decades
enabling thus existence of many portable devices. Nevertheless the growing demands for
higher capacity and safety of lithium batteries do not always comply. This slows down progress
of many applications, including the substitution of lead-acid accumulators with lithium
accumulators possessing higher voltage, or development of large batteries for electro mobiles
and energy storage.

[0003] The prior art technologies using graphite as an active material for the negative
electrode are not able to ensure safety of a battery with the weight exceeding 0.5 - 1 kg. The
efforts to increase the size of this type of accumulators encounter many problems such as
overheating, intermediate layer on the graphite, swelling, development of metal lithium on the
graphite surface and a risk of explosion or fire. These safety problems push the large lithium
accumulators beyond the limits of acceptability.

[0004] Technologies substituting graphite with a different material, e.g. lithium titanate spinel
Li4TisO4q2 (LTS) strongly improve the safety parameters of lithium batteries, but on the other

hand, they significantly decrease the cell voltage.

[0005] The lithium batteries manufactured on this basis meet the safety demands for use in
electro mobiles, but the weight parameters of such batteries don't allow their easy use in small
vehicles.

[0006] All rechargeable lithium accumulators manufactured today are based on planar
electrodes, where a mixture of an active material, conductive carbon and organic binding agent
are laminated in a thin layer onto a conductive foil, usually aluminum or copper (current
collector). The thickness of these planar electrodes usually does not exceed 200 micrometers.

FIRST AUXILIARY REQUEST
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[0007] The positive and negative electrodes are stacked together separated by a thin layer of
an electrically insulating material, usually a perforated foil made of an organic polymer -
separator. The stacked thin-film electrodes insulated by the separators are then pressed
together, placed into the accumulator package and the space inside the accumulator is filled
with an electrolyte. A non-aqueous solution of lithium salts is used as an electrolyte.

[0008] In connection with such devices based on the planar electrodes, it is most important to
prevent the growth of lithium metal during the charging and discharging process e.g. when the
charging or discharging is too fast. The lithium metal develops on electrodes in the form of
dendrites, which overgrow through the separator and cause an electric shortage between both
electrodes. Any use of metal lithium as a negative electrode in the planar thin-film configuration
accumulator is impossible for the same reason.

[0009] One type of a cell with thin-film planar electrodes is described in detail in US pat
6,197,450. Despite its increased volumetric capacity, this type is affected by inherent properties
of planar electrodes as described above.

[0010] One of possible compositions of a lithium battery with a thin-film planar electrode
configuration is described in US. pat. application 2007/0092798. Active nano-materials are
used as a component of the electrodes. The battery cell arranged in planar configuration
shows a relative low volumetric capacity, which is further limited by the type of cathode
material.

[0011] Another US pat. application 2007/0134554 teaches a carbon electron conductor
deposited on solid particles of a specific active material. The carbon improving the conductivity
of the active material is to be formed directly on the surface of the active material using a
rather complicated process of pyrolysis.

[0012] EP1244158A discloses the formation of thin layers of an electrochemical cell by coating
a suitable substrate with a paste comprising the active material, organic binders and
conductive carbon without application of a sintering process. The calculation of a model
example 8, where a separator of 50-90 % porosity is used, shows a gradient of the electrode's
voltage with the electrical potential sharply dropping down with the increasing thickness of the
electrode. Based on this fact, it is to be understood that the disclosed network cannot be used
for the formation of electrodes of higher thickness, for example exceeding 0.5 mm.

[0013] Further example of thin-film planar electrodes can be found in US pat. application no.
2005/221192 discloses a separator-electrode unit with porous electrode, wherein the separator
comprises at least two fractions of metal oxide particles, which differ in size by a factor of at
least 10, and which partly have a size greater than the electrode pores (Al,O3 and/or ZrO»)

and partly are smaller than the electrode pores (SiO, and/or ZrO5), wherein the separator

further comprises organic compound to promote adhesion and improve bonding of the ceramic
to the electrodes, and has a thickness of 10 to 15 pym and porosity of 30-70%. The overall
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thickness of the separator-electrode unit is less than 350 pm.

The separator - electrode unit is produced by applying a suspension comprising metal oxide
particles in a sol and subsequently by solidifying the inorganic separator layer on the electrode
by thermal treatment, which provides for very thin separator layers.

[0014] Examples of preparation of material can be found for instance in US pat. application no.
2003/017104, which discloses a method of making lithium titanate of controlled particle size in
the range of 5 nm to 2000 nm, or in Jiang et al.: "Preparation and rate capability of Li4Ti5012
hollow-sphere anode material", Journal of power sources, Elsevier SA, CH, vol. 166, no.2, 27
March 2007, pages 514-518, which describes fabrication of a thin-wall (ca. 100 nm) hollow-
sphere structure of Li4TisO12 by a sol-gel process using carbon spheres as templates.

Summary of the invention

[0015] It is a primary object of the invention to provide a lithium accumulator with extended
energy storage capacity and thickness of individual accumulator components, which can
operate in a wide electric potential range.

[0016] Another object of the invention is to achieve the highest voltage of the accumulator and
a considerable increase of the energy density.

[0017] Still another object of the invention is to provide an accumulator that may be used not
only for high capacity button batteries and micro-electric mechanic systems but also as a high
energy density accumulator designed for car industry, energy storage, etc.

[0018] Further object of the invention is to provide a simple low-cost accumulator
manufacturing process.

[0019] The objects of the present invention can be achieved and the described deficiencies
overcame by a lithium accumulator including at least two three-dimensional electrodes
separated by a separator and encased together with an electrolyte, comprising a non-aqueous
solution of a lithium salt in an organic polar solvent, into an accumulator body characterized by
that the two electrodes have a minimum thickness of 0.5 mm each, of which at least one
electrode comprises a homogenous, compressed mixture of an electron conductive
component and an active material, capable to absorb and extract lithium in the presence of
electrolyte, wherein the porosity of the pressed electrodes is 25 to 90 %, the active material
has morphology of hollow spheres with a wall thickness of maximum 10 micrometers, or
morphology of aggregates or agglomerates of maximum 30 micrometers in size, while the
separator consists of a highly porous electrically insulating ceramic material with open pores
and porosity from 30 to 95 %.

[0020] Hereinafter other advantageous embodiments of the invention including modifications,
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specific details and the method of production of the lithium accumulator are described.

[0021] The electron conductive component, the active material and the separator are inorganic
materials free of organic binders. This feature of the invention is based on a new knowledge
discovered in the course of making this invention that any presence of organic binders in said
components adversary affects the diffusion of lithium ions within layers of thickness exceeding
several micrometers. Advantageous manufacturing by pressing creates accumulators that do
not require any organic binders of any kind and are vibration resistant.

[0022] The electron conductive component may be selected from a group consisting of a
conductive carbon and its modifications, conductive metals and electrically conductive oxides.

[0023] Usually, but without limitations, the active material can be selected from the group
consisting of mixed oxides or phosphates of lithium, manganese, chrome, vanadium, titanium,
cobalt, aluminum, nickel, iron, lanthanum, niobium, boron, cerium, tantalum, tin, magnesium,
yttrium and zirconium.

[0024] In a thin-film electrode, the particles of the active material have, within the scope of their
usable capacity, the ability to completely absorb and extract lithium ions in the time interval of
up to 20 minutes.

[0025] The active material preferably consists of nanoparticles of doped and undoped spinels
of lithium manganese oxide or lithium titanium oxide sized up to 250 nm.

[0026] The positive electrode comprises 40 - 85 wt % of the active material and optionally a
current collector in the form of expanded foil, net, grid, wire, fibers or powder.

[0027] The current collector is selected from a group consisting of aluminum, copper, silver,
titanium, silicon, platinum, carbon or a material stable within the voltage window of the
particular cell.

[0028] The electrode consists of a compressed, homogenous mixture of an active material,
electron conductive component and a current collector.

[0029] The separator is a bulk layer or sheet of a highly porous powder of a ceramic material,
advantageously based on Al,O3 or ZrOs.

[0030] Preferably, the separator may have a non-directional morphology of a pyrolyzed
product or nonwoven glass or ceramic fibers with an open type of porosity, and may be made
by compressing the powder of a pyrolyzed product or ceramic nonwoven fibers into a bulk
layer. The thickness of the separator is ranging from 0.1 mm to 10 mm and the separator can
be created by compressing the powder directly onto the electrode, or it can be separately
pressed into a sheet, often a tablet, optionally thermally treated, and then placed onto the
electrode.
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Both these morphologies of the fully inorganic separator, together with its thickness, which is
many times higher compared to the separators of the previous art, enable the use of lithium
metal as a negative electrode. This extends the voltage and the energy storage capacity of the
lithium accumulator up to the theoretical possibilities.

[0031] The negative electrode preferably consists of lithium metal, which may be in the form of
a lithium sheet or a foil, or a combination of a compressed lithium sheet or foil and dendrites,
or preferably lithium dendrites as such. The dendritic form of lithium may be made "in situ"
from the lithium foil or sheet by cycling of the lithium accumulator. Moreover, the size of
dendrites and their surface car be modified by addition of another compound, e.g. conductive
carbon, or by the electrolyte composition, or by mixing certain substances into the electrolyte,
e.g. stable phosphates.

[0032] The use of metal lithium, advantageously in its dendritic form, strongly reduces the
weight and size of the lithium accumulator and in the embodiments described herein; this form
simultaneously increases the accumulator safety in comparison with those containing graphite.
To this effect, the combination of lithium metal dendrites with the above described organic free
separator is used. The separator prevents lithium dendrites from penetrating through it, so the
dendrites may be used as a negative electrode. Moreover, said combination provides for a
high safety of the accumulator in the event of short-circuit.

[0033] The electrolyte lithium salt is preferably selected from the group consisting of LiPFg,
LiPF4(CF3)2, LiPF4(CF4S05)9, LIPF4(CoF5)o, LIPF4(CoF5S05)9, LIN(CF3S05)o, LIN(CoF5S05),
LiICF3SO3, LIC(CF3S02)3, LiBF 4, LIBFx(CF3)2, LIBF(CoF5)s, LIBF(CF3S05)o, LIBF2(CoF5S05),
and LiCIO4. The electrolyte may further contain modification agents improving accumulator

functions at high temperatures and/or removing decomposition products and/or protecting the
accumulator from overcharging and/or substances controlling the size of metal lithium
dendrites.

[0034] According to one embodiment of the invention, the lithium accumulator comprises a
hollow body having an upper opened part and a lower part to form a first pole of the
accumulator, a first electrode situated in the lower part of the body and being in electrical
contact with an internal surface of the body, a second electrode in the upper part separated
from the internal surface of the body by an insulating insert, a separator placed between the
first electrode and the second electrode, a cap closing the upper opened part and being in
electrical contact with the second electrode to form a second pole of the accumulator, a sealing
cover for insulating the cap from the body.

[0035] According to another embodiment, the lithium accumulator comprises an upper body
and a lower body joined together both defining an internal accumulator space and connected
to the first pole of the accumulator, a first electrode pressed into the internal space of the
bodies to form a central cavity inside and being in electrical contact with the bodies, a second
electrode located inside the central cavity, the second pole of the accumulator being in
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electrical contact with the second electrode and extending outside the accumulator body and
separators dividing the first electrode from the second electrode.

[0036] According to still another embodiment, the lithium accumulator comprises an upper
body including the first accumulator pole and a lower body including the second accumulator
pole, both bodies; assembled together defining an internal accumulator space volume, a first
electrode located within the internal space of the upper body, a second electrode located within
the internal space of the lower body, a separator dividing the first electrode from the second
electrode and a seal disposed between the upper body and the lower body for electrical
insulation of the first accumulator pole from the second accumulator pole.

[0037] According to still further embodiment the lithium accumulator includes two marginal sets
and at least one internal set each of said sets comprising first electrodes, second electrodes,
separators, current collectors and accumulator poles, further comprising: a hollow marginal
upper body having an closed external surface and an opened internal surface to define a
marginal frame for receiving a first electrode, a hollow marginal lower body having an closed
external surface and an opened internal surface to define a marginal frame for receiving a first
electrode, internal frames for receiving first electrodes, internal frames for receiving second
electrodes, separators disposed between the adjacent first electrodes and second electrodes,
current collectors for providing electrical contact with the first electrodes and connected to the
first accumulator pole, current collectors for providing electrical contact with the second
electrodes and connected to the second accumulator pole, at least one internal set of the
same configuration as the marginal sets wherein the marginal bodies are replaced by the
internal frames.

[0038] According to one method of production of the lithium accumulator, at least one bulk
sheet of a first electrode, a separator and at least one sheet of a second electrode are stacked
by pressing upon each other, the accumulator body is filled with an electrolyte, closed up and
the current collectors of the same type of electrodes are connected.

[0039] Alternatively, the individual sheets may be gradually pressed one upon the other by an
impact.

[0040] In another alternative, the compressed sheets of at least one electrode, a separator
and at least one another second electrode are alternatively stacked on top of each other, the
accumulator body is filled with the electrolyte, closed up and the current collectors of the same
type of electrodes are connected.

[0041] As to the chemical composition it is possible to use only active materials with a fast
lithium ion electro-diffusion for this type of lithium cells (absorbing and extracting lithium very
fast). The optimal are spinel structures, which can absorb and extract lithium fast in all
crystalline orientations. It is possible to conveniently use doped or undoped spinels of lithium
manganese oxide LiMnyO4 (LMS), LiMn{sNigs504 (LNMS) or lithium titanium oxide LigTisO12

(LTS).
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[0042] The morphology of the active materials in the powder form, capable to absorb and
extract lithium fast, plays an important role and must meet several basic parameters. The
optimum particle size of active materials may vary, but it must fulfill the ability of complete
charge and discharge (absorption and extraction of lithium ions) of the particles within 20
minutes. The optimal are particles of the active materials, which can be completely charged
and discharged in less than 1 minute, preferably in several seconds. Advantageously, nano
sized crystals of the spinel structures may be used. Lithium titanium oxide with the spinel
structure and particles size 200 - 250 nm can be charged or discharged during 30 minutes, but
the same material with the particles size 30 - 50 nm can be charged or discharged in the time
period up to 30 seconds. The lithium manganese oxide spinel with the particles size of 150 nm
can be charged or discharged in 1 minute.

[0043] In the optimum case, the active nano-crystalline materials have morphology of hollow
spheres with the wall thickness up to 10 micrometers, preferably from 1 to 3 micrometers. This
morphology can be conveniently prepared by spray-drying of the active material suspensions.
The diameter of these hollow spheres is preferably from 1 to 50 micrometers.

[0044] When using compact aggregates or agglomerates of the active material, which are
made for example by grinding a dry material, the size of these formations must be less than 30
micrometers, and favorably less than 5 micrometers.

[0045] The thickness and capacity of the individual electrodes of the lithium accumulator
according to the invention is at least 5 times, and commonly two orders of magnitude higher
than the thickness of electrodes used in the lithium cells with the thin-film planar configuration.
Consequently, the lithium accumulator according to the invention enables to achieving up to 5
times higher voltage than the lead accumulator, while keeping the same capacity and size.

[0046] The metal accumulator body of the disclosed construction enables easy cooling and
heating of the accumulator. If a negative lithium electrode is used instead of the commonly
used graphite electrode, it is possible to charge the accumulator faster with a higher electrical
potential difference. The lithium accumulator according to the invention may be charged and
discharged in the time interval of 1 - 24 hours, while 50 % of the cell capacity can be typically
discharged in less than 2 hours. It is possible to charge and discharge the lithium accumulator
100 times and more, while preserving 80 % of its capacity. The use of the metal lithium in the
form of dendrites significantly increases the current density compared to a compact lithium foil.

[0047] In the process of manufacture, the active material is homogenously mixed with the
highly electron conductive component, for example conductive carbon. The ratio of the active
material to the conductive carbon differs with the individual chemical compositions. The mixture
usually contains 40 - 85 wt % of the active material. Most frequently, the content of the
conductive carbon is 25 - 40 wt %. This mixture does not contain any organic binding agents
such as polyvinylidene fluoride (PVDF) or others. The obtained mixture is compressed into a
sheet 0.5 - 50 mm thick. The sheets of the separator and the second electrode are gradually
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pressed onto the sheet of the first electrode; the accumulator is filled with an electrolyte and
closed up. The separator to be incorporated into the accumulator may have an initial structure
of a powder which may be pressed down directly onto the electrode or it can be a compact
block of a separately compressed powder to obtain a tablet in a shape fitting the respective
shape of the electrode, and may be further subjected to a heat treatment. The thickness of the
separator is ranging from several tenths of micrometers to several millimeters.

[0048] If larger blocks of electrodes with higher capacity are manufactured, it is possible to add
a current collector to the mixture of the electron conductive component and the active material
e.g. wire, metal sawdust, fibers, grid or net in order to carry high currents, and press them
together into a compact block of the electrode in the way that the current collector is connected
to the pole of the electrode. The pole of the electrode, electrically connected to a peripheral
wire, is usually the electrode casing, made of aluminum or another conductive material.
Aluminum, copper, silver, titanium, gold, platinum, silicon or other conductive metals, which are
stable in the applicable voltage range, may be used as this current collector material. It is also
possible to use carbon fibers and nanotubes. The mixture is pressed together, pertinently with
an impact into a sheet or block up to several centimeters thick. The porosity of an electrode
prepared in this way varies from 25 up to 80 %, typically from 30 to 50 %.

[0049] A multi-electrode lithium accumulator with a high energy storage capacity may be
advantageously produced by pressing individual sheets of electrodes and separators
repeatedly on the top of each other and connecting the poles of the same type of electrode i.e.
by repeating the configuration of a positive electrode three-dimensional block separated by a
separator from lithium or a three-dimensional block of the negative electrode and by electrical
connecting of the respective electrodes together.

[0050] The production of the accumulator cell by pressing the individual components from
powders is straightforward and inexpensive. These methods also guarantee an excellent
resistance against shaking and vibrations, to which the accumulators may be exposed during
the operation.

[0051] The lithium accumulator according to the invention is designed for the use as a high
capacity button cell accumulator or for a high voltage accumulators used in the car industry or
as an energy storage medium.

Brief description of the drawings

[0052] Fig. 1 is a schematic sectional view of one embodiment of a lithium accumulator; - Fig.
2a is a schematic view of the powder mixture; - Fig. 2b is a scanning electron microscope
micrograph showing the optimal morphology of a powder mixture of the active material and the
conductive carbon for a three-dimensional electrode; - Fig. 3 is a graph with voltamograms
showing the characteristic potentials of active materials LigTisO12 (LTS), LiMnyO4 (LMS), a
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LiMn4 5Nig 504 (LMNS) against lithium; - Fig. 4 is a graph showing the characteristics of Li /

LTS accumulator (1.5 V) discharging cycle at the constant bias of 3 V, - Fig. 5 is a graph
showing the current characteristics of Li / LTS accumulator (1.5 V) during charging and
discharging measurements, described in example 2; - Fig. 6 is a graph showing the voltage
characteristic of Li / LTS accumulator (1.5 V) during charging and discharging measurements,
described in example 2; Fig. 7 is a graph showing the current characteristic of LTS / LNMS
accumulator (3 V) during charging and discharging measurements, described in example 3; -
Fig. 8 shows a photograph of nano-particles of the active material LiMn>O4 (LMS), used in

example 4, acquired by an electron microscope; - Fig. 9 is a graph showing the current
characteristics of Li / LMS accumulator (4,3 V) during charging and discharging
measurements, described in example 4; - Fig. 10 is a schematic sectional view of another
embodiment of a lithium accumulator; - Fig. 11a shows pulse discharge and slow charge
characteristics of an accumulator described in example 5; - Fig. 11b shows a detail of the pulse
discharge characteristics during the first 30 seconds and switching to the slow charge; - Fig. 12
shows charge and discharge characteristics of an accumulator described in example 5 at
different applied biases; - Fig. 13 is a schematic sectional view of still another embodiment of a
lithium accumulator; - Fig. 14 shows time related charge and discharge characteristics of an
accumulator described in example 6; - Fig. 15 shows a galvanostatic cycle of an accumulator
described in example 6; - Fig. 16 shows a short-circuit discharge of an accumulator described
in example 6; - Fig. 17 is a schematic exploded perspective view of a lithium accumulator
assembly consisting of multiple electrodes.

Description of preferred embodiments

[0053] Reference is now made in details to the embodiments of the present invention,
examples of which are illustrated in the accompanying drawings and in specific examples of
these embodiments wherein like reference numbers refer to the like elements throughout. The
following examples illustrate but do not limit the present invention. It is to be understood that
where a term three-dimensional (3D) is used throughout the specification in relation to
electrodes, this term shall refer to the electrode thickness greater than 0.5 mm

Example 1.

[0054] Fig. 1 shows one of possible embodiments of a lithium accumulator, based on three-
dimensional electrodes, consisting of a hollow body 6 with an opened upper part and a lower
part. The lower part if filled up with the material of a first (positive electrode) 1, while in the
upper part a second electrode 2 as a negative electrode is located. A separator 5 is placed
above the first electrode 1 to separate it from the second electrode 2. The first electrode 1 is in
electrical contact with the body 6 which is the positive pole of the accumulator. The second
electrode 2 is electrically separated from the body 6 by an insulating filler 8 made of corundum.
In the upper part, the internal space of the body 6 is hermetically sealed by an electrically
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conducting cap 7 made of copper, and a sealing cover 9 made of plastics. The cap 7 is in
electrical contact with the second electrode 2 and represents the negative pole of the
accumulator. The whole internal space of the accumulator body 6 is filled with an electrolyte
and hermetically closed.

[0055] Hereinafter, the composition of individual components of the accumulator, including the
methods of their preparation is described in detail. The schematic drawing in Fig. 2a shows a
mixture of powders of the active material 4, i.e. nano-crystals of lithium titanium oxide LigTisO12

(nano-LTS) and an electron conductive component 3. The morphology of the mixture is shown
by a SEM photograph in Fig. 2b. The active material was prepared by drying a suspension of
nano-LTS crystals in a spray drier. The powder was homogenously mixed with a conductive
component 3 i.e. highly conductive carbon, manufactured by Timcal and distributed under a
product name Super P Li, in a ratio 65 wt % of nano-LTS crystals to 35 wt % of the conductive
carbon. The fully inorganic mixture, free of any organic binders, was pressed down into the
body 6 to form a tablet of the first electrode 1. The thickness of the first electrode 1 (LTS
electrode) was 4 mm and its overall porosity 40 %. The average size of the active material
particles was 50 nm and the ability of the particles to absorb and extract lithium ions in a thin
layer during the complete charging and discharging period was below 1 minute. The separator
5 was made of highly porous corundum powder, free of any organic binders, by pressing the
powder down directly onto the LTS electrode. The compressed separator was 2 mm thick and
its porosity was 85 %. In another method, the separator of the same composition was applied
in the form of a separately compressed block, placed onto the electrode.

[0056] A pure lithium metal sheet, was used as the second electrode 2, pressed down with the
copper cap 7 onto the separator 5 into the space electrically separated from the body 6 by a
corundum insulating filler 8 and a plastic sealing cover 9. After soaking up the accumulator with
the electrolyte 1M LiPFg in EC-DMC (ethylene carbonate-dimethyl carbonate) overnight, the

accumulator was hermetically closed and cycled several times so that the lithium dendrites
could be formed expanding the active surface of the negative electrode 2. After achieving the
full capacity of the accumulator during a slow charging cycle (lithiation of the active LTS
material), the accumulator was discharged at an applied bias of 1.5 V above the formal voltage

of the accumulator (3 V against Li / Li*). The voltammogram of the above described
combination is shown in Fig. 3 together with the formal electrical potentials of two other active
materials used in the following examples.

The characteristic discharging cycle is shown in Fig. 4. The reversible capacity of this

accumulator was almost 100 mAh /cm3. It took 7 hours to achieve the full capacity. Charging
currents were improving during cycling due to the increase of the lithium concentration in the
electrolyte inside the compressed positive LTS electrode 1 and due to the creation of Li
dendrites on the negative lithium electrode 2. The discharging cycle was regularly slowing
down, when roughly 80 % of the theoretical capacity of the accumulator was achieved.

[0057] The accumulator may be completely charged and discharged during several hours.
Typically, it is possible to repeatedly charge and discharge the complete capacity of the
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accumulator during 3 to 24 hours. Most frequently, 50 % of the capacity is reproducibly and
repeatedly charged and discharged within two hours and cycling of this lithium accumulator
type exceeds 100 charging and discharging cycles. The lithium electrode allows using of higher
bias during charging compared to a graphite electrode.

Example 2

[0058] A lithium accumulator of Fig. 1 was composed of compressed lithium dendrites as a
negative electrode, and a 2.5 mm thick positive electrode prepared by pressing the mixture of
LTS active material with an electron conductive component - conductive carbon, described in
example 1. The separator was made of ZrO5 inorganic fibers with the porosity of 70 %. It was

less than one millimeter thick. The accumulator was then cycled five times to achieve the full
capacity of the charging cycle. The theoretical capacity of the accumulator was 12 mAh.
Afterwards, the current and voltage characteristics of accumulator were measured during
following cycles. Fig. 5 shows the current characteristics during the controlled charging and
discharging with the applied bias of 1 V above and bellow the formal potential of the Li/LTS
accumulator, which is 1.5 V. The reversible process in both directions ended practically after
twenty thousands of seconds (5.5 hours). Fig. 6 shows the stable voltage course of both cycles
up to approximately 80 % of the theoretical capacity during the galvanostatic charging and
discharging with the constant current of 2 mA.

Example 3

[0059] The negative electrode of a lithium accumulator in Fig. 1 was made by pressing a
mixture of 30 wt % of the conductive carbon with 70 wt % of the LisTisO12 active material (LTS)
having the original morphology of hollow spheres. The average size of LTS particles was 50
nm. The positive electrode was a compressed mixture of LiMnqsNigs504 active material
(LNMS) consisting of agglomerates, smaller than 5 micrometers with the average size of
primary particles around 100 nm, and 30 wt % of the conductive carbon. The mixture was
compressed together with an aluminum wire as a current collector. LNMS active material was
used in excess of 30 wt % creating a 4 mm thick positive electrode. Both electrodes were
divided by a 0.5 mm thick separator made of compressed corundum with the porosity of 80 %.
The accumulator was filled with the electrolyte 1MLiPFg + EC-DMC. The formal potential of the

accumulator was 3.1 V and it was tested in the voltage range from 2.0 to 3.5 V. The plot in Fig.
7 illustrates the current characteristic of one potentiostatic cycle with the charging and
discharging voltage 3.5 V and 2 V respectively.

Example 4
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[0060] In preparation of the lithium accumulator in Fig 1, a mixture of 70 wt % of the LiMn,O4

active material (LMS) with the aggregate size distribution under 30 micrometers, shown in the
SEM photography in Fig. 8, and 30 wt % of highly conductive carbon was compressed into a
tablet of the first electrode 1. The obtained electrode 1 was over 1 mm thick, its overall porosity
was 35 % and the capacity was 7 mAh. The separator tablet made of porous corundum was
1.5 mm thick with 75 % porosity. It was pressed directly onto the positive first LiMn,O4 (LMS)
electrode 1. The sponge of lithium metal dendrites compressed on the surface of a lithium
metal sheet was used as the second (negative) electrode 2. Fig. 9 shows the current
characteristics of reversible charging and discharging of 40 % of the Li /LMS accumulator
capacity. It took less than 3 hours to reversibly charge and discharge 40 % of the capacity at
potentials 4.45 V and 3.9 V respectively.

[0061] The graph with voltamograms in Fig. 3 shows voltages of cells obtainable with the
mentioned materials. It is apparent from the graph that it is possible to create a cell with the
average voltage of 1.55 V from the combination of electrodes made of the lithium and
LigTisOq2 (LTS). Comparing lithium to (LMS), it is possible to create a cell with the voltage
around 4.2 V, while if the nickel doped lithium manganese oxide LiMnqsNig504 (LNMS) is

used, the formal voltage of the created accumulator is 4.7 V. If two compounds, LTS and LNMS
are combined, it is possible to create a cell with the voltage 3.02 V (4.62 -1.60 = 3.02).

Example 5

[0062] Fig. 10 shows another possible embodiment of a lithium accumulator. The accumulator
body made of aluminum consists of two similar hollow sections: an upper body 6a and a lower
body 6b. The bodies 6a and 6b are joined together to form an internal hermetically sealed
hollow space. A first electrode, as a positive electrode, consists of two similar positive
electrodes 1a,1b each disposed along the internal surface of the bodies 6a, 6b so that the first
electrode arranged in a "sandwich" constellation defines a central cavity, in which a separator
consisting of two plates 5a, 5b is located. The plates 5a,5b are shaped to form an internal
chamber in between, which is filled up with a material of a second (negative) electrode 2. The
second electrode 2 is electrically insulated from the bodies 6a, 6b by a separator 5.

Two VITON seals made by DuPont, as insulating fillers 8a and 8b are placed between the
accumulator bodies 6a and 6b hermetically closing the accumulator. The first pole 11 as a
positive pole of the accumulator is connected to the outside surface of the bodies 6a, 6b, while
the second (negative) pole 22 made of copper wire provided with Teflon insulation protrudes
into the chamber of the second electrode 2, where it is in electric contact with lithium, and its
other end extends outside the bodies 6a, 6b.

[0063] In the following details the preparation, composition and characteristic of the
accumulator shown in Fig. 10 and the components thereof are described. The active

LiCog.1Mn4 904 material (LCMS) with the specific surface of 10 m%g and the hollow sphere

morphology, was mixed with the highly conductive carbon (Super P Li manufactured by Timcal)
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in the ratio 60 wt % to 40 wt %. The mixture was pressed into the bodies (6a, 6b) forming two
positive electrodes. The pressing force was 25 kN. One positive electrode contained 0.4 g of
the mixture and the other 0.35 g. The electrodes were used together in the 'sandwich'
assembly possessing the total capacity of 40 mAh. The positive electrodes in the aluminum

bodies were 3 mm thick each with the surface area 0.64 cm?, which gives total of 1.28 cm? in
the "sandwich" constellation. Two highly porous alumina separators 5a, 5b were profiled to
create a 1 mm high chamber for the lithium metal anode - the second electrode 2. They were
prepared by pressing an alumina powder at 25 kN and a subsequent thermal treatment at
1050 °C for 2 hours. The thickness of each separator plate was around 0.8 mm and the
porosity greater than 60 %. The profiled separator plates were placed on the positive
electrodes. The space between them was filled by a mixture of lithium dendrites with 5 wt% of
Super P Li conductive carbon spread on a 0.3 mm Li metal foil.

[0064] The individual bare strands of the wire were pressed into the lithium foil and served as
a current collector inside the Li metal negative electrode. The other end of the wire was the
negative pole 22 of the accumulator. The accumulator positive pole 11 was an aluminum clamp
connecting both bodies 6a, 6b of the positive electrodes. The dry accumulator was filled with
the electrolyte 0.5 M LiPFg lithium salt in EC/PC/DMC (ethylene carbonate-propylene

carbonate-dimethyl carbonate) solvents in the ratio 0.5/0.5/1.

[0065] LCMS operates in the window around 4.2 V against lithium. Complete charge and
discharge of the material occurred in less than 3 minutes, when measured as a 5 micrometers
layer on a conductive glass substrate. The specific capacity of the particular material was
determined as 90 mAh/g. The accumulator was continuously charged at 4.45 V for 7000
seconds to reach 60 % of the theoretical capacity. Then the accumulator was exposed to ten-
second discharge pulses at the controlled potentials of 2 V, 3 V and 3.6 V. After the 10-second
discharge pulses the accumulator was slowly charged at 4.3 V for 3000 seconds and the
procedure was repeated ten times (Fig 11a). Details of the step-pulse controlled discharge are
shown in Fig. 11b. During the 30 seconds 0.85-0.95 % of the accumulator capacity was
discharged.

[0066] Behavior of the accumulator, especially signs of a short circuit were further observed at
2V, 3 V and 3.6 V discharge and 4.15 V, 4.3 V and 4.45 V charge potentials (Fig. 12). The
accumulator was taken apart and analyzed after 70 cycles. The separator showed no sign of
penetration of the lithium dendrites under the surface. The lithium foil partially converted into a
dense black aggregated sponge consisting of Li dendrites. The dendrites held mechanically
well together.

Example 6

[0067] Fig. 13 shows another possible embodiment of a single cell lithium accumulator. Similar
to the accumulator in Fig. 10, the accumulator body, made of aluminum, consists of two
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analogous hollow sections: an upper body 6a and a lower body 6b. Unlike the previous
embodiment, the hollow space of the upper body 6a is filled with a material of a first electrode
1 as a positive electrode and the hollow space of the lower body 6b is filled with a material of a
second electrode 2 as a negative electrode. The bodies 6a and 6b are provided with their
corresponding poles i.e. the upper body with the first pole 11 as a positive pole and the lower
body 6b with the second pole 22 as a negative pole. The first electrode 1 and the second
electrode 2 are mutually separated by a separator 5 and the upper body 6a from the lower
body 6b by an insulating filler 8.

[0068] The preparation, composition and characteristics of the accumulator and its
components shown in Fig. 13 are apparent from the following description.
The active LiCog1Mnq904 (LCMS) material with the formal potential of 4.2 V against lithium,

specific surface of 10 m2/g and the hollow sphere morphology was mixed with the highly
conductive carbon (Super P Li manufactured by Timcal) in the ratio 60 to 40 wt %. The mixture
was pressed into the aluminum upper body 6a, forming the positive electrode. The pressing
force was 15 kN. The positive electrode contained 0.736 g of the mixture with the total capacity

of 39 mAh. The positive electrode was 3 mm thick and its surface area was 1.33 cm2. The
negative electrode was created in similar manner by pressing 0.4g of a mixture containing 60
wt % of the active lithium titanate material Li4TisO12 (LTS) in @ micronized form and 40 wt % of
the highly conductive carbon (Super P Li) into the aluminum lower body 6b. Pressing force of

15 kN was applied. The electrode was 2 mm thick and its surface area was 1.33 cm?2. The
theoretical specific capacity of lithium titanate is 175mAh/g and its formal potential against
lithium 1.6 V. The capacity of lithium titanate in the negative electrode was matching the
capacity of LCMS in the positive electrode. The electrodes separated by a separator 5 made of
a bulk layer of alumina powder with 95 % porosity and pressed directly onto the electrodes
formed the dry accumulator. The separator sheet was few hundreds of micrometers thick. The
aluminum bodies also served as the positive and negative poles of the accumulator. They were
insulated from each other with an insulating filler 8 - Teflon seal. The accumulator was filled
with the electrolyte consisting of 0.9M (CF3SO5)oNLi+0.1M LiBF3 lithium salts dissolved in y-

Butyrolacton (GBL) + Propylene Carbonate (volume 0.9/0.1). Then the accumulator was
hermetically closed.

[0069] The capacity of the accumulator was 39 mAh and its formal voltage 2.5 V. The
accumulator was charged at 2.9 V and discharged at 1.9 V in series of 10 cycles. The
charge/discharge time intervals were 7000 and 15000 seconds and capacity exchanged in the
short interval was consistently around 40 %. A plot of the third cycling series is shown in Fig. 14
with the corresponding values organized in the following Table 1

Cycle Capacity (mAh) % Capacity
2.9 v/7000s - c1 15.7 40%
2.9 v/7000s - c2 -15.4 -40%
2.9 v/7000s - ¢c3 15.7 40 %
1.9 v/7000s - c4 -16.0 -41 %
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Cycle Capacity (mAh) % Capacity
2.9 v/15000s - ¢c5 225 58 %
1.9 v/15000s - c6 -20.4 -53 %
2.9 v/7000s - c7 15.3 39 %
1.9 v/7000s - c8 -14.7 -38%
2.9 v/7000s - c9 15.1 39 %
1.9 v/7000s - c10 -14.5 -37%

[0070] Fig. 15 illustrates a galvanic cycle in the potential range from 1.5 to 3 V. Charge and
discharge by constant current +/- 4 mA demonstrated 30 % exchange of the accumulator
capacity in 3 hours. Finally, both poles of the accumulator were interconnected and short circuit
currents were measured. The discharge proceeded in one-minute pulses, with relaxation
periods 1, 2 and 5 minutes as posted in Fig 16. Voltage parameters in Fig. 16 indexing the
start and end of the discharge cycles indicate a flat and stable discharge with a small voltage
drop and fast relaxation of the accumulator. Thirty percent of the accumulator theoretical
capacity was discharged in 6 minutes.

Example 7

[0071] An example of a multi-electrode accumulator according to the invention is shown in Fig.
17. The accumulator is illustrated in exploded view, i.e. before the individual components were
pressed down together to form the final form of the accumulator. The accumulator was
assembled from three sets arranged in a stack configuration between an upper body 6a and a
lower body 6b. Each set comprises two first electrodes 1a, 1b, two second electrodes 2a, 2b,
and two separators 5a, 5b. The material of the first electrode 1b is pressed into an inside
chamber of a lower body 6b and the material of the other first electrode 1a into a frame 10a.
The material of the second electrode 2b is pressed into a frame 20b and the material of the
other second electrode 2a inters a frame 20a. The electrodes 1b and 2b are divided by a
separator 5b and the electrodes 1a and 2a by a separator 5a. A current collector foil 221 is
disposed between the second electrodes 2a and 2b to form a contact for a wire of a negative
pole 22 and a current collector foil 111 disposed between the other first electrode 1a and the
next first electrode of the superposed set, to form a contact for a wire of a positive pole 11. The
second set has a similar configuration as a first set with the exception that the body 6b is
replaced by a frame of the same shape as the frame 10a and that the third set with the upper
body 6a is a mirror image of the above described first set. All three sets arranged between the
bodies 6a, 6b were filled with an electrolyte and pressed down to fit tightly together and
hermetically close the accumulator. The thickness of each individual electrode in compressed
conditions was determined by the thickness of the frame and size of the chambers in the
bodies, which all were 3 mm. The foils and the separators were 30 micrometers thick each.

Considering that the electrode surface area was 5 cm?, the inside volume of the accumulator
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was approximately 18 cm3. It is obvious that the number of sets stacked on each other is not
limited and may be designed in accordance with the desired capacity of the accumulator. Any
combination of electrode materials described in the preceding examples or materials described
in the description of this invention may be used for the accumulator according to this example.

Industrial applicability

[0072] The three-dimensional construction of repeatedly chargeable lithium accumulator cell in
combination with the metal lithium as a negative electrode, according to the invention, is usable
for the simplification of lithium accumulator manufacture, enhanced capacity, decrease of
dimensions, weight and cost and improvement of safety. This type of cells is suitable for
replacing today's lead-acid accumulators with a higher voltage system, namely in the
automotive industry, for the hand-held electrical tools and portable electrical and electronic
appliances and devices, and it also increases the capacity of button lithium accumulator cells.
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Patentkrav

1. Lithiumakkumulator, der omfatter mindst to tredimensionelle elektroder adskilt af
en separator og indkapslet sammen med en elektrolyt, som omfatter en ikke-vandig
oplgsning af et lithiumsalt 1 et organisk polert oplgsningsmiddel, i et
akkumulatorlegeme, kendetegnet ved, at de to elektroder har en minimumstykkelse
pa hver 0,5 mm, hvoraf mindst én som en fgrste elektrode omfatter en homogen,
komprimeret blanding af pulvere af en elektronledende komponent og et aktivt
materiale, der er i stand til at absorbere og ekstrahere lithium i nerverelse af
elektrolyt, hvor de pressede elektroders porgsitet er pa 25 til 90 %, det aktive
materiale har morfologi af hule sfeerer med en vagtykkelse pa maksimalt

10 mikrometer eller morfologi af aggregater eller agglomerater pa maksimalt

30 mikrometer i stgrrelse, mens separatoren bestar af et meget porgst elektrisk

isolerende keramisk materiale med abne porer og en porgsitet fra 30 til 95 %.

2. Lithiumakkumulator ifglge krav 1, hvor den elektronledende komponent, det
aktive materiale og separatoren er helt igennem uorganiske materialer, der er fri for
organiske bindemidler, og hvor den fgrste elektrode, den anden elektrode og

separatoren er opnaet ved presning af pulvere.

3. Lithiumakkumulator ifglge et hvilket som helst af kravene 1 eller 2, hvor den
elektronledende komponent er valgt fra gruppen bestdende af ledende carbon og dets

modifikationer, ledende metaller og elektrisk ledende oxider.

4. Lithiumakkumulator ifglge et hvilket som helst af kravene 1 til 3, hvor det aktive
materiale er valgt fra gruppen bestaende af blandede oxider eller phosphater af
lithium, mangan, krom, vanadium, titanium, kobolt, aluminium, nikkel, jern, lanthan,

niobium, bor, cerium, tantal, tin, magnesium, yttrium og zirconium.

S. Lithiumakkumulator ifglge et hvilket som helst af kravene 1 til 4, hvor det aktive

materiale bestar af nanopartikler af doterede og ikke-doterede spineller af lithium-
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manganoxid eller lithiumtitaniumoxid med en stgrrelse pa op til 250 nm.

6. Lithiumakkumulator ifglge et hvilket som helst af kravene 1 til 5, hvor den fgrste

elektrode omfatter 40 til 85 vagtprocent af det aktive materiale.

7. Lithiumakkumulator ifglge et hvilket som helst af kravene 1 til 6, hvor en anden
elektrode bestar af en komprimeret, homogen blanding af pulvere af aktivt materiale,

elektronledende komponent og strgmaftager.

8. Lithiumakkumulator ifglge et hvilket som helst af kravene 1 til 7, hvor separatoren
bestar af komprimeret, meget porgst pulver af et keramisk materiale, der med fordel

er baseret pa Al>O; eller ZrOs.

9. Lithiumakkumulator ifglge et hvilket som helst af kravene 1 til 8, hvor separatoren
har en retningsuafthangig morfologi af pyrolyseret produkt, ikke-vavet glas- eller

keramiske fibre.

10. Lithiumakkumulator ifglge et hvilket som helst af kravene 8 til 9, hvor
separatoren er fremstillet ved komprimering af et pulver af et pyrolyseret produkt

eller ikke-vaevede fibre til en tykkelse af separatoren fra 0,1 mm til 10 mm.

11. Lithiumakkumulator ifglge et hvilket som helst af kravene 1 til 10, hvor den

anden elektrode bestar af metallisk lithium.

12, Lithiumakkumulator ifglge krav 11, hvor det metalliske lithium er 1 form af en
lithiumplade eller en folie, eller en kombination af nedpresset lithiumplade eller en

folie og lithiumdendritter, eller 1 form af lithiumdendritter.

13. Lithiumakkumulator ifglge krav 1, hvor elektrolytten endvidere indeholder
modifikationsmidler, der forbedrer akkumulatorfunktioner ved hgje temperaturer

og/eller fjerner nedbrydningsprodukter og/eller beskytter akkumulatoren mod
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overopladning og/eller stoffer, der pavirker stgrrelsen af metallithiumdendritter.

14. Lithiumakkumulator ifglge et hvilket som helst af kravene 1 til 13, der omfatter
et hult legeme (6), som har en gvre abnet del og en nedre del til dannelse af en fgrste
pol af akkumulatoren, en fgrste elektrode (1), der er anbragt i den nedre del af
legemet og er i elektrisk kontakt med en indvendig overflade af legemet, en anden
elektrode 1 den gvre del, der er adskilt fra legemets indvendige overflade af en
1solerende indsats (8), en separator (5), der er placeret mellem den fgrste elektrode og
den anden elektrode, en hatte (7) til lukning af gvre abnede del, og som er i elektrisk
kontakt med den anden elektrode (2) til dannelse af en anden pol af akkumulatoren,

en forseglingsafdekning (9) til isolation af hatten fra legemet (6).

15. Lithiumakkumulator ifglge et hvilket som helst af kravene 1 til 13, der omfatter
et gpvre legeme (6a) og et nedre legeme (6b), som er sammenfgjet, idet begge
definerer et indvendigt akkumulatorrum og er forbundet med akkumulatorens fgrste
pol (11), en fgrste elektrode (1a, 1b), der er presset ind 1 legemernes (6a, 6b)
indvendige rum til dannelse af et centralt hulrum indeni og er 1 elektrisk kontakt med
legemerne (6a, 6b), en anden elektrode (2), der er anbragt inde i det centrale hulrum,
idet akkumulatorens anden pol er i elektrisk kontakt med den anden elektrode (2) og
strekker sig uden for akkumulatorlegemet, og separatorer (5a, 5b), der adskiller den

ferste elektrode (1a, 1b) fra den anden elektrode (2).

16. Lithiumakkumulator ifglge et hvilket som helst af kravene 1 til 13, der omfatter
et gvre legeme (6a), som indbefatter den fgrste akkumulatorpol (11), og et nedre
legeme (6b), der indbefatter den anden akkumulatorpol (22), idet begge

legemer (6a, 6b) er fgjet sammen til definition af et indvendigt akkumulatorrum-
volumen, en fgrste elektrode (1), der er anbragt inde i1 det gvre legemes (6a)
indvendige rum, en anden elektrode (2), der er anbragt inde 1 det nedre legemes (6b)
indvendige rum, en separator (5), der adskiller den fgrste elektrode (1) fra den anden
elektrode (2), og en tatning (8), der er anbragt mellem det gvre legeme (6a) og det

nedre legeme (6b) til elektrisk isolation af den fgrste akkumulatorpol (11) fra den
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anden akkumulatorpol (22).

17. Lithiumakkumulator ifglge et hvilket som helst af kravene 1 til 13, der
indbefatter to marginale sat og mindst ét indvendigt set, idet hvert af n@evnte sat
omfatter fgrste elektroder, anden elektroder, separatorer, strgmopsamlere og
akkumulatorpoler, og endvidere omfatter: et hult marginalt gvre legeme (6a), der har
en lukket udvendig overflade og en abnet indvendig overflade til definition af en
marginal ramme til modtagelse af en fgrste elektrode, et hult marginalt nedre

legeme (6b), der har en lukket udvendig overflade og en abnet indvendig overflade
til definition af en marginal ramme til modtagelse af en fgrste elektrode, indvendige
rammer (10a) til modtagelse af fgrste elektroder (1a), indvendige rammer (20a, 20b)
til modtagelse af anden elektroder (2a, 2b), separatorer (5a, 5b), der er anbragt
mellem de tilstgdende fgrste elektroder og anden elektroder, strgmopsamlere (111) til
tilvejebringelse af elektrisk kontakt med de fgrste elektroder og forbundet med den
fgrste akkumulatorpol (11), stremopsamlere (221) til tilvejebringelse af elektrisk
kontakt med de anden elektroder og forbundet med den anden akkumulatorpol (22),
mindst €t indvendigt s@t med samme konfiguration som de marginale sa&t, hvor de

marginale legemer er erstattet af de indvendige rammer.

18. Fremgangsmade til fremstilling af en lithiumakkumulator ifplge et hvilket som
helst af kravene 1 til 13, hvor mindst én plade af en fgrste elektrode, separator og
mindst én plade af en anden elektrode stables ved at presse pa hinanden,
akkumulatorlegemet fyldes med elektrolytten, lukkes, og strgmopsamlere af samme

type elektroder forbindes.

19. Fremgangsmade ifglge krav 18, hvor de enkelte plader gradvist presses oven pa

hinanden ved stgdpavirkning.

20. Fremgangsmade til fremstilling af en lithiumakkumulator ifglge et hvilket som
helst af kravene 1 til 13, hvor komprimerede plader af mindst én elektrode, en

separator og mindst én anden elektrode skiftevis stables oven pa hinanden,
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akkumulatorlegemet fyldes med elektrolytten, lukkes, og strgmopsamlere af samme

type elektroder forbindes.
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