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Abstract

Electro-active material of a cathode of primary battery

5 The present invention relates to an electro-active material of a cathode of
primary lithium batteries comprising a mixture of a first component comprising
at least a first compound of formula (l) LikMnOy and a second component
comprising at least a second compound of formula (Il) LixHyV30s, wherein in
formula (I):

10 Osx <2
1<y <3
2< 2y -x <5,
wherein in formula (ll):
0=x=45
15 0.01=sy <2
0.01=x+y=6.5,
wherein the first compound is in the form of particles having a particle size
comprised between 1 um and 200 ym and the second compound is in the
form of nanoparticles having a particle size less than 500 nm or in the form of
20 nanofibers with a length comprised between 0.2 ym and 500 um and a width
comprised between 10 nm and 200 nm, and wherein said first component and
said second component are present in amounts of 1:99 % by weight to 99:1 %

by weight.
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Electro-active material of a cathode of primary battery

Field of the invention

This invention relates to an electronically or electrochemically active
material (EAM), a cathode comprising same, and a primary battery

comprising such cathode.

Background of the invention

Since 1973 the first primary lithium battery was commercialized by
Sony. These electrochemical cells have been applied widely as the power
supply in a variety of electronic devices for decades. The developing functions
of these devices always need the batteries with higher energy density. On the
other hand, to decrease the pollution and greenhouse gas emissions is
becoming urgent nowadays and driving the demand of new batteries with

better performance as well.

The lithium electrochemical cell consists of three fundamental
components, anode, electrolyte and cathode. Lithium metal or Li contained
alloy, graphite-like materials, metal oxide, sulphide, nitride, etc., that have low
reduction potential can be used as active anode materials. Generally lithium
salt dissolving in no aqueous system is used as electrolyte. Cathodes are the
compounds that can take the lithium ions into the structure along with
electrochemical reaction and meanwhile produce energy. The chemical
potential and specific capacity of anode and cathode decide the energy

density of the battery.

Manganese oxide (MnO:) has been used as active cathode material
in dry-batteries for a long time. Until now it is still playing an important role in
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the commercial primary lithium batteries due to the good performance,
sufficient resource and economic price. MnOz has various kinds, including
natural ore, e.g. pyrolusite, ramsdellite, nsutite (is called as NMD), prepared
compound by chemical process (CMD) and by electrolytic process (EMD).
EMD MnO: is very common industrial used raw chemical that can be further
treated and applied as the active cathode material in batteries. The crystal
structure of EMD is called y-MnOz2, and it is treated with different temperature
to form B-MnO:2 phase or B-y-MnO2 mixed phase, which can be optimized as
promising cathode material in primary Li batteries. The other phases of
cathode MnOz include a-MnQOz2, §-MnOz2, e-MnO2, and A-MnO2. Amorphous,
mixed phases, lithiated and modified phases can also be applied as active
cathode materials in Li batteries. A lot of patents have contributed to the
different produce processes that can improve the electrochemical
performance of MnO: related cathodes, such as US 4,297,231, US 5,698,176
and US 6,403,257.

Vanadium oxides have been investigated as battery materials for
decades due to its high oxidation state (5+) and capability to be reduced to
lower oxidation state (4+, 3+), which is expected to produce high energy
density. They may be used as active cathode in Li battery. A |ot of efforts have
been carried on in the studies of different types of vanadium oxides such as
V205, LiV3Os, (Li1.3yCuy)V30s, VO2, V6013 and LisVeO1s.

To use blended materials as active materials was proposed in several
patents such as blended cathodes of Ag2CrO4 and AgsPO4 (US 3,981,748),
lithium cobaltate and manganate spinel for secondary batteries (US
7,811,707, US 7,811,708). Mixtures of MnO2 and CFx can be also used as
promising active cathode materials in primary lithium batteries (US
2009/0081545). In JP 2575993 and US 2007/0072081, V205 and LiV20s
were used as one component of mixture cathode materials in secondary
batteries. In US publication 2013/0216903, the synergetic effect of specific



10

15

20

25

capacity in secondary batteries was found in blended LixHyV30s and LiFePQOa4,
but not in the system of LixHyV3Os and LiCoO:..

The drawbacks of the known electro-active materials for primary

batteries are their lack of specific capacity and of energy density.

It is therefore necessary to propose a new electro-active material for

primary batteries with higher specific capacity and energy density.

It is also necessary to propose a new electro-active material for
primary batteries with high energy density which allows to be produced by an

economic method and by using materials with sufficient resource.

Summary of the invention

To this end, the present invention relates to a cathode material for a
cathode of primary lithium batteries comprising a mixture of a first component
comprising at least a first compound of formula (I) LikMnOy and a second
component comprising at least a second compound of formula (1) LixHyV3Os,
wherein in formula (1):

0sx <2

1=y <3

2< 2y — x <5,
wherein in formula (Il):

0s<x<4.5

0.01sy =<2

0.01=x+y<6.5
wherein the first compound is in the form of particles having a particle size
comprised between 1 ym and 200 um, preferably between 10 ym and
100 um, and the second compound is in the form of nanoparticles having a
particle size less than 500 nm, preferably comprised between 10 nm and 500
nm, and more preferably comprised between 20 nm and 100 nm, or in the

form of nanofibers with a length comprised between 0.2 ym and 500 ym,

Date Regue/Date Received 2020-08-13



10

15

20

25

preferably comprised between 100 um and 300 um, and a width comprised
between 10 nm and 200 nm, preferably between 20 nm and 100 nm,
and said first component and said second component are present in amounts

of 1:99 % by weight to 99:1 % by weight, based on the weight of the mixture.

The present invention relates also to a method for preparing a cathode
material for a cathode of primary lithium batteries as defined above, said
method comprising a step of preparing a first component comprising at least
a first compound of formula (I) LixMnOy, a step of preparing a second
component comprising at least a second compound of formula (1) LixHyV3Os,

and a step of mixing said first and second components.

The present invention relates also to a cathode comprising the cathode

material as defined above.

The present invention relates also to a primary lithium battery
comprising:
(a) a cathode comprising the cathode material as defined above,

(b) an anode, and
(c) a non-aqueous electrolyte between said electrodes.

The cathode material of the invention comprising a blend of
manganese oxide and vanadium oxide compounds allows to obtain a cathode
having enhanced volumetric capacity and energy density compared to the
single compounds. Moreover it can be produced by an implementable and
economic method. Primary lithium batteries comprising such cathode have

improved capacity and energy density.

Brief description of the drawings

The aims, advantages and features of the present invention will appear
more clearly in the following detailed description of at least one embodiment
of the invention, given solely by way of example, in a non-limiting manner and
illustrated by the annexed drawings in which:

Date Regue/Date Received 2020-08-13
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Figure 1 shows volumetric capacity vs. potential (the first discharge to
2 V) profiles of the cathodes with different ratios of first component A based
on MnO:2 and second component B based on LixHyV3O0s (Mn/V). The trend
lines are polynomial fitting. (Current: 0.1 mA/ cm2).

Detailed description of the invention

According to the present invention, the electro-active material (EAM)
of a cathode of primary lithium batteries comprises a mixture or blend of a
first component comprising at least a first compound of formula (I) LixMnOy
and a second component comprising at least a second compound of formula
(1) LixHyV3Os,
wherein in formula (1):

Osx <2

1=y <3

2< 2y —x <5,
wherein in formula (ll):

0<x<45

0.01sy <2

0.01sx +y<6.5.

Thus, the present invention provides mixtures or "blends" of electro-
active materials. The terms “mixture” or “blend” mean that they comprise at
least two components comprising particles of EAM having respectively
different chemical compositions, i.e. particles of two groups of chemical
compounds, namely compounds of formula (I) and compounds of formula (1l).

It has surprisingly be found that such compositions exhibit a positive
synergistic, i.e. capacity enhancing effect allowing the production of batteries
with higher energy density. The batteries of the invention have a volumetric
capacity higher than 520 Ah/l (first discharge to 2V), and preferably higher
than 535 Ah/l.

CA 2945397 2018-06-08
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Preferably, in formula (1), x is about 0 and y is about 2, so that the first
compound is MnO2. MnO:2 has various kinds, including natural ore, e.g.
pyrolusite, ramsdellite, nsutite (is called as NMD), prepared compound by
chemical process (CMD) and by electrolytic process (EMD). EMD MnO: is
very common industrial used raw chemical that can be further treated and
applied as the active cathode material in batteries. The crystal structure of
EMD is called y-MnOz2, and it is treated with different temperature to form -
MnO:2 phase or $-y-MnO2 mixed phase, which can be optimized. The other
phases of cathode MnO: include a-MnQ2, 8-MnQOz2, e-MnO2, and A-MnO:.
Amorphous, mixed phases, lithiated phases according to formula (I) and
modified phases can be used in the present invention for the first compound.
The presence of a small amount of H20 (less than 10% by weight) is also
possible.

Preferably , in formula (}):
0.1s x 52
0.1<y<19

02<x+y<39

More preferably, in formula (ll):
0.5=x<1.8
0.5<y=<19
1<x+y<37.

In a preferred compound of formula (Il) x + y is at least 2.

Compounds of formula (1) preferably crystallize in the orthorhombic

crystal system.

The second compounds of formula (Il) useful in the present invention
are described for example in US 2013/0216903.

CA 2945397 2018-06-08
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The first component and said second component are present in
amounts of 1:99 % by weight to 99:1 % by weight, based on the weight of the
EAM. Preferably, the first component and said second component are present
in amounts of 80:10 % by weight to 70:30 % by weight, based on the weight
of the EAM. More preferably, the first component and said second component
are present in amounts of 85:15 % by weight to 80:20 % by weight, based on
the weight of the EAM.

Advantageously, the first compound is in the form of particles having a
particle size comprised between 1 um and 200 um, preferably between 10 um
and 100 ym, and the second compound is in the form of nanoparticles having
a particle size less than 500 nm, preferably comprised between 10 nm and
500 nm, and more preferably comprised between 20 nm and 100 nm, or in
the form of nanofibers with a length comprised between 0.2 ym and 500 ym,
preferably comprised between 100 um and 300 um, and a width comprised
between 10 nm and 200 nm, preferably between 20 nm and 100 nm.

According to the present invention, the method for preparing an
electro-active material as defined above comprises a step of preparing a first
component comprising af least a first compound of formula (l) LixMnOy, a step
of preparing a second component comprising at least a second compound of
formula (I1) LixHyV3QOs, and a step of mixing said first and second components.

That means that the first component useful in the invention is prepared
at least from the first compound of formula (l) and the second component
useful in the present invention is prepared at least from the second compound

of formula (I1), separately from the first component.

Preferably, the step of preparing the first component comprises a step
of providing a surface coating to the first compound and/or a step of mixing
the first compound with at least an additional material selected from the group

comprising conductive additive and binder.

Preferably, the step of preparing the second component comprises a
step of providing a surface coating to the second compound and/or a step of
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mixing the second compound with at least an additional material selected

from the group comprising conductive additive and binder.

Advantageously, the first and second components may be respectively
treated with a surface coating or compositing process, e.g.
carbon/graphite/graphene coating, polymer coating, or metal oxide, metal
fluoride, metal poly-anion compound coating, etc.

The first and second components may be also respectively mixed with
at least an additional material that can improve the physical, chemical stability
or electrochemical performance. Advantageously, the additional material is

selected from the group comprising conductive additive and binder.

A variety of carbonaceous materials may be used as conductive
additives, e.g. graphite powder, carbon black, acetylene black, fibrous
carbon, graphene, etc. Conductive polymer may be used as suitable
conductive additives as well. The weight percentage of conductive additives
(based on the weight of the first or second component) is less than 20 %,
preferably 1-10 % with bulk carbonaceous materials such as graphite and
carbon black powder, and 1-5% in weight with nano carbonaceous materials

such as graphene and carbon nanotubes.

Suitable binder may be selected from fluorocarbon such as
polyvinylidene fluoride (PVDF), tetrafluoroethylene (TFE),
hexafluoropropylene polytetrafluoroethylene (PTFE), propylene hexafluoride
vinylidene fluoride copolymer etc.; or cellulose contained compounds such as
hydroxypropyl methylcellulose (HPMC), carboxymethyl cellulose (CMC),
cellulose acetate etc.; or polyvinyl alcohol (PVA), polyolefin resin,
stryrenebutadiene rubber, acrylonitrile-butadiene rubber, acrylonitrile-
butadiene-styrene rubber, polyacrylic acid, poly(3,4-ethylenedioxythiophen
(PEDOT) and blends of two or more thereof. These binders can be used as
bulk, film or in form of nanoparticles, etc. preferably the size of nanoparticles
in a range of <500nm. The weight percentage is less than 15%, preferably

less than 5%, based on the weight of the first or second component.
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Once prepared, the first and second components are mixed to form the
EAM of the invention.

A cathode can be prepared by tableted process with mechanical
pressure, the EAM being pressed in the form of tablet to form the cathode.

The cathode can be also prepared by slurry-coating-dry process,
which makes the EAM bounded on the current collectors and present stable
electrochemical performance. In this embodiment, the cathode comprises a
current collector coated with the EAM of the invention.

Such cathode may be used together with an anode and an electrolyte
to manufacture a primary battery, said primary battery comprising:
a) a cathode as disclosed above,
(b) an anode, and
(¢) a non-aqueous electrolyte between said electrodes.

Active anode materials can be selected as lithium metal or other metals
such as Al, Si, B, Sn, Sb, Bi, Ag, Mg, Ca, K, Ti, Zn, In, Ge, Pb, Pd, Pt and two
or more alloyed thereof; carbonaceous materials such as natural or artificial
graphite, cokes, carbon fibres, carbon black etc.; metal oxides such as SiOx,
SnOx, FeOx, WOx, NbOx, MoOx, VOx, LisaTisO12, LiVO2, CuOx, SbOx, CrOx,
MnOx, CoOx, ZnOx etc.; metal nitride or oxynitrides such as, VNx, LisFeNz, Lis-
xMxN (M = Co, Ni, Cu), LizMnNs, CoN, CrixFexN, Li7MnNs, Liz9MnN2201 s,
NbNxOy, VOxNy, MoOxNy etc. and metal chalcogenides such as Ti2Ss, TiSz,
TiSx, VaSs, VS2, Vs, VSx, FesSs, FeSz, FeSx, M02S3, MoS2, MoSx, NbSy,
NbSex, SnS2, SnS, SnSx, Sb2S3, SbSx, SesS3, SeS2, SeS, SeSx etc. These
anode materials can be used as bulk, or in form of nanoparticles, preferably
nanoparticles in a range of <500nm. And they may mix with other additives

such as carbonaceous materials, conductive polymers, binders, etc.
Preferably, the anode is a lithium metal anode.

The suitable active anode materials can be prepared by tableted

process with mechanical pressure or slurry-coating-dry process, which make
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the electrode materials bounded on the current collectors and present stable

electrochemical performance.

The electrolyte is generally a material with high ionic conductivity and
meanwhile is electronic insulator. It may be selected as liquid electrolyte
containing solvents such as propylene carbonate (PC), 1,3-dioxolane (Diox),
diethyl ether (DEE), 1,2-dimethyoxyethane (DME), dimethoxymethane
(DMM), methyl acetate (MA), 2 methyl furan (2Me-F), 2 methyl
tetrahydrofuran (2Me-THF), methyl formate (MF), tetrahydorfuran (THF),
ethylene carbonate (EC), dimethyl carbonate (DMC), diethyl carbonate
(DEC), dipropyl carbonate (DPC), and ethylmethyl carbonate (EMC),
butylene carbonate, diglyme, triglyme, tetraglyme, y-butyrolactone (5-
membered ring), o-valerolactone (6-membered ring) and e-caprolactone (7-
membered ring) and blends of two or more thereof. Typical mixtures are
PC/DME, EC/DMC, EC/DEC, EC/DPC, EC/EMC etc. These solvents serve
as a purpose of solvating the inorganic salts.

Typical inorganic salts are lithium contained salts such as LiClOs4,
LiBF4, LIAICl4, LiPFe, LiAsFs, LiSbFs, LiBMes, LiB(CsHs)s, LiBr, Lil, LICF3SOs,
LiN(SO2CF3)2, LIN(SO2C2F5)2, LIC(SO2CF3)s, Li2B10Cl1o or mixed two or more
thereof. At present the preferable salts are LiClOs4, LiBF4, LiPFs, LiAsFs,
LiN(SO2CF3)z and LiC(SO2CF3)s.

The following examples illustrate the present invention without

however limiting the scope.

Examples

1) Parameters

In order to describe the advantages of said blended EAM of
manganese oxide and vanadium oxide of the invention compared to single
one of the active materials, firstly manganese oxide and vanadium oxide were

treated with sufficient conductive carbonaceous materials, which made them
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to approach the theoretical capacities as much as possible and thus to
remove the influence of electronic conductive problem. Secondly four
parameters were estimated and compared, in order to evaluate the
performance of blended EAM of the invention. They are described as below:

Supposed the mixture is comprised of active manganese oxide
component A comprising the compound of formula (I} including sufficient
additives with ¢;, weight percentage, and vanadium oxide component B
comprising the compound of formula (ll) including sufficient additives with

1-ci, weight percentage.

a) Synergic Effect of Pressed Density (SEPD), %,;

By applying different mechanical pressures, supposed single component A
gives a pressed density da and B gives a pressed density ds; the mixture of
A and B gives actual density du, in total W grams of material is used. The

theoretical density dris calculated as:

dr= W/ (W*c/dat+ W*(1-ci)/dg) (1)

Then the SEPD is obtained from:

SEPD = dyfdr=dp/ [W/ (W¥ci/ds+ W*(1-c)/dp)] = du*[cida+(1-c))/ds] *100%; (2)

When SEPD > 100%, it means these two different particles diffuse with each

other and produce a synergic effect between components A and B.

b) Synergic Effect of Specific Capacity (SESC), %;

By testing the materials in electrochemical cells, component A has specific
capacity (mAh/g) Cs and B has Cg, respectively. The mixture of A and B gives
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actual specific capacity Cu. The theoretical capacity is obtained from Cr=
¢i*Ca+ (1-c))*Cs. Thus the SESC is calculated as followed formula:

SESC= Cw/Cr= Cw/ [ci*Ca+ (1-)*Ca]* 100%; (3)

SESC >100% means the specific capacity (mAh/g) of blended active material
has synergic effect from single components.

c) Volumetric Capacity (VC), Ah/,

VCis used to evaluate the practical capacity of EAM. The VC changing of the
blended EAM depends on the synergic effect of both pressed density and
specific capacity from single components. Itis calculated by the total capacity
(C, mAh) divided by the volume of the electrode cm3, namely:

VC= C/ (h*m*d%4); 4

wherein h (cm) is the height and d (cm) is the diameter of electrode,

respectively.

d) Volumetric Energy Density (VED), Wh/I,

VED is used to evaluate the practical energy density of EAM. The VED
changing of the blended EAM depends on the synergic effect of both pressed
density and specific capacity from single components. It also relates to the
average work potential (V). Itis calculated by the total energy density (E=C*V)
divided by the volume of the electrode (cm?®), namely:

VED= E/ (h*m*d?/4); (5)
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wherein h (cm) is the height and d (cm) is the diameter of active electrode,

respectively.

2) Examples of EAM
a) Preparation of the first component A

In these examples, the first component A is prepared from the first compound
of formula (1) which is EMD MnO:2 having particle size in the range of 10-100
pm. Such EMD MnOz is available on the market. Firsty EMD MnO2 was
treated with PVA solution and mixed with graphite powder (7%), PTFE
binders (3%). Then the mixture was heated in vacuum oven at 310°C for 8
hours, cooled down by switching off the oven. The first component A is used

for reference cathode and blending with vanadium oxide further.
b) Preparation of the second component B

The synthesis of LixHyV3Os used as second compound of formula (Il) and of
the composite of LixHyV3Os and Reduced Graphene Oxide (RGO) were
described in example 1 of US 2013/0216903. The compound is characterized
as Lii7Ho.sV30s with around 5% RGO. In all experiments the Li content was
kept constant, namely x = 1.7 and y = 0.6. Then obtained composite was
mechanically mixed with 2% graphite powder, and 3% carbon black (such
materials are available on the market). The second component B is used for
reference cathode and blending with manganese oxide further. The second
compound is in the form of nanofibers with a length of about 200 um and a
width of about 100 nm.

c) Preparation of the EAM

The first component A of example a and the second component B of
example b were mixed in a mortar manually for 156-20 minutes. A total weight
of 0.4 gram was used, and different samples having a ratio between the first
component A and the second component B which varied from 100/0 to 0/100

have been prepared. The samples are listed in Table 1 below.
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Table 1: weights (g) and ratios of first (A) and second (B)
components applied in different samples

Nr. | 2.1 2.2 23 24 25 26 27 28 29 210
A |04 0.39 03 036 034 032 03 02 0.1 0
8
B 0 0.01 0.0 0.04 006 008 0.1 0.2 0.3 0.4
2
Ra- | 100/ 97.5/2. 95/ 90/1 85/1 8072 752 50/5 25/7 0/10
tio |0 5 5 0 5 0 5 0 5 0
A/
B

The pressed density and the SEPD of these samples were measured

under different pressures:

The samples Nr. 2.1 to 2.10 were loaded in a die with diameter @ 15.9
mm and pressed under different pressures, 20 KN to 70 KN. The height of
the obtained tablets was measured and used to calculate the pressed density
(g/cm?3). According to the references of the first and second components A
and B, single used, and the formula (2), the SEPD was estimated. The values

are listed in Table 2.

Table 2: pressed density (g/cm3) and SEPD of samples 2.1 to
2.10 under different pressures

Nr. | Pressures 20KN 30KN 40KN 50KN 60KN 70KN
2.1 | Density 262 274 29 306 317 322
2.2 | Density 291 3.01 3.1 317 322 328
SEPD 113% 112% 107% 105% 104% 104%
2.3 | Density 282 296 3.01 311 311 317
SEPD 12% 111% 105% 105% 102% 102%
2.4 | Density 269 282 291 3.01 306 311
SEPD 110% 109% 105% 105% 104% 103%
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2.5 | Density 265 278 2.91 296  3.01 3.06
SEPD 112% 111% 108% 107% 105% 105%
2.6 | Density 2.51 262 278 29 296  3.01
SEPD 109% 107% 106% 108% 107% 106%
2.7 | Density 2.51 2.62 274 282 291 2.96
SEPD 113% 110% 108% 108% 108% 107%
2.8 | Density 2.01 210 223 241 2.51 262
SEPD 104% 100% 100% 106% 108% 109%
2.9 | Density 1.75 190 201 210 212 212
SEPD 103% 101% 101% 104% 103% 99%
2.10 | Height (mm) 1.18 1.06 1.01 1 098 094
Density 1.53 1.70 1.79 1.81 1.84 1.92

The results of Table 2 show that SEPD values were surprisingly found
larger than 100%. It means that there is an unexpected synergic effect of
pressed density of components A and B. Table 2 shows also that the pressed
density has stronger synergic effect as lower pressure applied. The strongest
SEPD can reach over 110%, which would result in over 10% more volumetric

capacity than the sum of two components.

3) Examples of electrochemical cells
a) preparation and testing

CR2016 type coin cells were used for the electrochemical testing set-
up, excess lithium metal was used for anode, and the tablets prepared from
different blended active materials of first component A and second
component B as prepared according to example 2 were tested as cathodes.
The same pressure, 70 KN, was applied to press the cathode tablets. The
diameter of cathode tablet is @ 15.9 mm and the thickness is about 0.5 mm.

Between anode and cathode, polypropylene was used for separator
and absorb electrolyte. The electrolyte, 1M LiPF6 in EC/DMC (1:1 vol. %) was
used in all of electrochemical cells.
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The cells were firstly charged till 4 volts in order to exact some of Li
ions from Li1.7HosV30s, and then discharged till 2. The constant current was
setas 0.1 mA/ cmZ.

b) Electrochemical performance of a first series of cathodes

A first series of cathode tablets with the ratios between component A
and component B as obtained in Example 2 varying from 100/0, 75/25, 50/50,
25/75 to 0/100 were investigated. Suitable weight of cathode was used to
reach the similar thickness. Stainless steel mesh was pressed in the tablets
to stabilize the electronic contact. The applied pressure was 70 KN. The
parameters of these cathode tablets are listed in table 3.

Table 3: Different tablets pressed from component A and
component B

N, 3.1 3.2 3.3 34 35
A 03g 0195g 012g 0055g 0g
B 0g 00859 0.12g  0.165g 02g
Ratio AB | 100/0  75/25 50/50 25/75 0/100
Thickness 0.55 0.49 0.50 0.49 0.51
(mm)

The electrochemical tests of different cathode tablets were performed
by using the set-up and methods described in example 3a. The results show
the different electrochemical behaviours from different cells. In order to
evaluate the performance of the blended cathode materials, specific capacity
(mAh/g), SESC (%), volumetric capacity (Ah/l), volumetric energy density
(Wh/l) were calculated accordingly for a discharge to 2V and shown in Table
4,

Table 4: first discharge performance of different blended cathode
materials for a discharge to 2 V

Nr. 3.1 3.2 3.3 3.4 3.5

Specific Capacity 1713 2069 2225 238.3 260.5
{mAh/g)
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SESC (%) 100 107 103 100 100
Volumetric Capacity 4709 5533 5382 539.2 514.8
(Ah/l)
Volumetric Energy 1281 1519 1494 1518 1464
Density (Wh/l)

When the cells were discharged to 2 volts, pure component B shows
higher specific capacity and volumetric capacity than pure component A.
Although the blended materials do not give higher specific capacity than
component B, surprisingly the volumetric capacities of the blended materials
of the invention exhibit higher values than both of component B and
component A, used alone. Although component B in the form of nanosized
particles, has in general better specific capacity in batteries than bulk
materials, it is still a challenge to improve the volumetric capacity due to their
low pressed density. One of the factors that improve the volumetric capacity
is from the synergetic effect of pressed density as discussed in example 2;
another factor is contributed to the synergic effect of specific capacity (value
of SESC higher than 100%).

The blended materials of the invention with 25% of second component
B exhibit the strongest synergic effect SESC as high as 107% and has the
highest volumetric energy density compared to single components and other

blended materials.

In the commercial CR type of Li batteries, normally 2.0 V is used as
cutting voltage. When the blended materials of the invention were discharged
to 2 V, the addition of the second component based on Li1.7HoeV3Os
significantly improves the volumetric capacity and energy density of MnO2
cathode. Due to the synergic effects from pressed density and specific
capacity, the blended cathode of the invention showed the improvement on

the second component based on Lii.7Ho6V30sg used alone.

c) Electrochemical performance of a second series of cathodes
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In order to optimize the ratio of blended materials further, a second
series of cathode tablets was investigated with ratios between first component
A and second component B varying from 100/0, 95/5, 90/10, 85/15, to 80/20.
The same total weight, 0.28 g, of mixture was used in this case. Stainless
steel mesh was pressed in the tablets to stabilize the electronic contact. The
applied pressure was 70 KN. The parameters of these cathode tablets are
listed in Table 5.

Table 5: different tablets pressed from component A and
component B

Nr. 4.1 4.2 43 4.4 4.5
A 0.28g 0.266g 0.252¢g 0.238g¢g 0224 ¢
B 0g 0.014g 0028¢g 0.042 g 0.056 g
Ratio A/B 100/0 95/5 90/10 85/15 80/20
Thickness (mm) | 0.50 0.49 0.50 0.51 0.51

The electrochemical tests of different cathode tablets were performed
by using the set-up and methods described in example 3a. Table 6 lists the
values of specific capacity, SESC, volumetric capacity, and volumetric energy
density of blended cathode tablets for a discharge to 2 V. The reference
values of cathode tablet Nr. 3.5 comprising single component B based on
Li1.7HoeV3Os are taken to calculate the SESC of this series of blended

cathodes.

Table 6: first discharge performance of different blended cathode
materials for a discharge to 2V

Nr. 4.1 42 43 44 45
Specific Capacity (mAh/g) { 167.5 1921 1904 202.5 2043
SESC (%) 100 112 108 112 110
Volumetric Capacity (Ah/l) | 472.6 5533 5371 560.2 565.1
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Volumetric Energy Den- 1286 1512 1458 1539 1548
sity (Wh/i)

Similarly with the samples in example 3b, the blended cathodes of the
invention show the synergic effect of specific capacity. Table 6 shows that
SESC stabilizes around 110% in the range of 5%-20% of second component
B.

The blended cathodes of the invention exhibit the enhancement on
volumetric capacity and energy density compared to both of single
component A based on MnO: and single component B based on
Li1.7Ho6V30s. Voltage dependence of volumetric capacity is plotted in figure
1. It shows that, in this series of experiments, the materials with 156% and 20%
of component B have the best performance compared to the single
components and other blended cathodes. It is also worthy noticed that the
discharge potential plateau of component B based on Li1.7Ho6V30s is 0.1 V
lower than component A based on MnOz, the blended materials exhibit lower
potential at the beginning of plateau, and then slowly transfer and stabilize at
the same potential as pure component A based on MnQOz. This intermediate
stage could probably indicate a charge transfer process between redox
couples V4#/\/3* and Mn#*/Mn3*,

The blended cathodes of MnO:2 and LixHyV3O0s of the invention
described above have enhanced volumetric capacity and energy density
compared to the single components. This is a big advantage that they can

improve the capacity and energy density of lithium batteries.

While there are shown and described presently preferred
embodiments of the invention, it is to be distinctly understood that the
invention is not limited thereto but may be otherwise variously embodied and

practiced within the scope of the following claims.
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CLAIMS:

1. A cathode material for a cathode of a primary lithium battery, the
cathode material comprising a mixture of a first component comprising at least a
first compound of formula (1) LixkMnOy and a second component comprising at least
a second compound of formula () LixHyV3Os,
wherein in formula (I):

0sx<2

1<y <3

2< 2y — x <5,
wherein in formula (II):

0<x<45

0.01sy =<2

0.01£x + y <6.5,
wherein the first compound is in the form of particles having a particle size
comprised between 1 ym and 200 ym, and the second compound is in the form of
nanoparticles having a particle size less than or equal to 500 nm or in the form of
nanofibers with a length comprised between 0.2 ym and 500 ym, and a width
comprised between 10 nm and 200 nm,
and wherein
said first component and said second component are present in amounts of 1:99 %

by weight to 99:1 % by weight, based on the weight of the mixture.

2. The cathode material according to claim 1, wherein the first compound
is in the form of particles having a particle size comprised between 10 um and 100

um.

3. The cathode material according to claim 1, wherein the second
compound is in the form of nanoparticles having a particle size comprised between
10 nm and 500 nm.

Date Regue/Date Received 2020-08-13
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4. The cathode material according to claim 3, wherein the second
compound is in the form of nanoparticles having a particle size comprised between
20 nm and 100 nm.

5. The cathode material according to claim 1, wherein the second
compound is in the form of nanofibers with a length comprised between 100 ym
and 300 pm.

6. The cathode material according to claim 1, wherein the second
compound is in the form of nanofibers with a width comprised between 20 nm and
100 nm.

7. The cathode material according to claim 1, wherein, in formula (I) x is

Oandyis 2.

8. The cathode material according to claim 1, wherein, in formula (ll):
0.1sx <2

01<y<19

0.2<x+y<3.9.

9. The cathode material according to claim 8, wherein, in formula (Il):
0.5sx<1.8

0.5<y<1.9

1<x+y<3.7.

10. The cathode material according to any one of claims 1-9, wherein the

cathode material further comprises a conductive additive, a binder, or both.

11.  The cathode material according to any one of claims 1-10, wherein

the cathode material comprises graphite powder, carbon black, or both.

12. A method for preparing a cathode material for a cathode of a primary
lithium battery, the cathode material comprising a mixture of a first component
comprising at least a first compound of formula (I) LixMnOy and a second
component comprising at least a second compound of formula () LixHyV3Os,

wherein in formula (I):

Date Regue/Date Received 2020-08-13
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0sx<2

1<y <3

2< 2y — x <5,
wherein in formula (lI):

0<x<45

0.01sy =<2

0.01£x + y <6.5,
wherein the first compound is in the form of particles having a particle size
comprised between 1 ym and 200 ym, and the second compound is in the form of
nanoparticles having a particle size less than or equal to 500 nm or in the form of
nanofibers with a length comprised between 0.2 pm and 500 ym, and a width
comprised between 10 nm and 200 nm, and wherein said first component and said
second component are present in amounts of 1:99 % by weight to 99:1 % by
weight, based on the weight of the mixture,
said method comprising a step of preparing said first component comprising at
least said first compound of formula (I) LikMnOy, a step of preparing said second
component comprising at least said second compound of formula (ll) LixHyV3Os,

and a step of mixing said first and second components.

13. The method according to claim 12, wherein the step of preparing the
first component comprises a step of providing a surface coating to the first

compound.

14. The method according to claim 13, wherein the method comprises a
step of mixing the first compound with at least an additional material being

conductive additive or binder.

15. The method according to any one of claims 12-14, wherein the step of
preparing the second component comprises a step of providing a surface coating

to the second compound.

Date Regue/Date Received 2020-08-13
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16. The method according to claim 15, wherein the method comprises a
step of mixing the second compound with at least an additional material being

conductive additive or binder.

17. A cathode material prepared by the method as defined in any one of

claims 12-16.

18. A cathode comprising a cathode material comprising a mixture of a
first component comprising at least a first compound of formula (1) LikMnOy and a
second component comprising at least a second compound of formula (lI)
LixHyV30Os,
wherein in formula (I):

0<x=s2

1<y <3

2< 2y — x <5,
wherein in formula (II):

0<x<45

0.01sy =<2

0.01=x + y <6.5,
wherein the first compound is in the form of particles having a particle size
comprised between 1 ym and 200 ym, and the second compound is in the form of
nanoparticles having a particle size less than or equal to 500 nm or in the form of
nanofibers with a length comprised between 0.2 pm and 500 ym, and a width
comprised between 10 nm and 200 nm, wherein said first component and said
second component are present in amounts of 1:99 % by weight to 99:1 % by
weight, based on the weight of the mixture, wherein said cathode material is

pressed in the form of tablet.

19. A cathode comprising a current collector coated with a cathode
material comprising a mixture of a first component comprising at least a first
compound of formula (l) LixMnOy and a second component comprising at least a
second compound of formula (1) LixHyV3Os,

wherein in formula (I):

Date Regue/Date Received 2020-08-13
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0sx<2

1<y <3

2< 2y — x <5,
wherein in formula (lI):

0<x<45

0.01sy =<2

0.01£x + y <6.5,
wherein the first compound is in the form of particles having a particle size
comprised between 1 ym and 200 ym, and the second compound is in the form of
nanoparticles having a particle size less than or equal to 500 nm or in the form of
nanofibers with a length comprised between 0.2 pm and 500 ym, and a width
comprised between 10 nm and 200 nm, and wherein said first component and said
second component are present in amounts of 1:99 % by weight to 99:1 % by

weight, based on the weight of the mixture.

20. A primary lithium battery comprising:

(a) a cathode comprising the cathode material as defined in any one of
claims 1-11 or 17 or being the cathode as defined in claim 18 or 19,

(b) an anode, and

(c) a non-aqueous electrolyte between said electrodes.

21. The primary lithium battery according to claim 20, wherein said anode

is a lithium metal anode.

Date Regue/Date Received 2020-08-13
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