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(57) Abrege/Abstract:

Provided Is a cathode material having a double-layer carbon coating and a preparation method therefor, the cathode material
comprising a lithium phosphate metal material, a first carbon layer coated on the lithium phosphate metal material, and a second
carbon layer coated on the first carbon layer. The carbon source of the first carbon layer Is a carbohydrate compound or a water
soluble polymeric compound having a low molecular weight, and the carbon source of the second carbon layer Is a polymeric
compound having a high molecular weight.
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ABSTRACT

A cathode material with double carbon coatings is provided. The cathode
material includes a lithium metal phosphate matrix, a first carbon coating, and a
second carbon coating. The first carbon coating is coated on the lithium metal
phosphate matrix. The second carbon coating is coated on the first carbon
coating. The carbon source of the first carbon coating i1s a carbohydrate or a
water-soluble macromolecule compound having relatively smaller molecular
weight. The carbon source of the second carbon coating i1s a macromolecule

compound having relatively higher molecular weight.



CA 02830111 2013-09-13

CATHODE MATERIAL WITH DOUBLE CARBON COATINGS AND
MANUFACTURING METHOD THEREOF

FIELD OF THE INVENTION

[0001] The present invention relates to a cathode material, and more

particularly to a cathode material with double carbon coatings.

BACKGROUND OF THE INVENTION

[0002] With the diversified development of electronic products, the
demands on portable energy sources are gradually increased. For example,
consumer electronic devices, medical instruments, electric bicycles, electric
vehicles or electric hand tools use portable power sources as sources of electric
power. Among these portable power sources, rechargeable batteries (also
referred as secondary cells) are widely used because the electrochemical
reactions thereof are electrically reversible. Moreover, among the conventional
secondary cells, lithium-1on secondary cells have high volumetric capacitance,

low pollution, good charge and discharge cycle characteristics, and no memory

effect. Consequently, the lithium-ion secondary cells are more potential for
development.

[0003] As known, the performance of the secondary cell is influenced by

many factors. Generally, the material for producing a positive electrode (also
referred as a cathode) is more critical to the performance of the secondary cell.
Because of good electrochemical characteristics, low environmental pollution,

better security, abundant raw material sources, high specific capacity, good cycle
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performance, good thermal stability and high charge/discharge efficiency, the
[ithium 1ron phosphate-based compound having an olivine structure or a

NASICON structure 1s considered to be the potential lithium-ion battery cathode
material.

[0004] On the other hand, with increasing environmental awareness,
electric vehicle technologies have received considerable attention in recent years.
Generally, electric vehicles use rechargeable batteries (1.e. secondary cells) as
the power sources. The economic benefits of the secondary cells not only
depend on the electrical properties but also depend on the cycle life.

[0005] Therefore, there 1s a need of providing a cathode material of a

secondary cell with enhanced cycle life.

SUMMARY OF THE INVENTION

[0006] The present invention provides a cathode material with double
carbon coatings. By combining two types of carbon layers together to increase
the adhesion of carbon on the lithium metal phosphate matrix, the problem of
causing reduction of the material performance during the charging and
discharging process will be avoided. Due to the double carbon coatings, the

overall structural strength of the cathode material 1s enhanced, the influence on

the structural flexibility during the charging and discharging process 1s reduced,
and the structural damage caused by the acidic substance of the electrolyte is
reduced. As a consequence, the use life of the cathode material 1s prolonged.

[0007] In accordance with an aspect of the present invention, there 1s
provided a cathode material with double carbon coatings. The cathode material

includes a lithium metal phosphate matrix, a first carbon coating, and a second

carbon coating. The first carbon coating 1s coated on the lithium metal
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phosphate matrix. The second carbon coating is coated on the first carbon
coating. A carbon source of the first carbon coating 1s a carbohydrate or a
water-soluble macromolecule compound having relatively smaller molecular
weight. A carbon source of the second carbon coating is a macromolecule
compound having relatively higher molecular weight.

[0008] In accordance with another aspect of the present invention, there 1s
provided a process of manufacturing a cathode material with double carbon
coatings. Firstly, a lithum metal phosphate matrix and a carbon source of a
first carbon coating are provided, and the mixture ot the lithium metal phosphate
matrix and the carbon source of the first carbon coating are thermally treated by
sintering. Consequently, a cathode material with a single carbon coating 1s
obtained. Meanwhile, the first carbon coating is coated on the lithium metal
phosphate matrix. Then, a carbon source of a second carbon coating 1s added
to the cathode material with the single carbon coating, and the mixture of the
carbon source of the second carbon coating and the cathode material with the
single carbon coating are thermally treated by sintering. Consequently, the
cathode material with the double carbon coatings 1s obtained. The carbon
source of the first carbon coating is a carbohydrate or a water-soluble
macromolecule compound having relatively smaller molecular weight. The
carbon source of the second carbon coating is a macromolecule compound
having relatively higher molecular weight.

[0009] The above contents of the present invention will become more

readily apparent to those ordinarily skilled in the art after reviewing the

following detailed description and accompanying drawings, in which:



CA 02830111 2013-09-13

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 1s a schematic view 1llustrating a cathode material with
double carbon coatings according to an embodiment of the present invention;
[0011] FIG. 2 schematically 1llustrates the X-ray absorption spectra of the
powders obtained in Example 1 and Example 2;

[0012] FIG. 3 schematically illustrates the SEM photographs of the
powders obtained 1n Example 1 and Example 2;

[0013] FIG. 4 schematically illustrates the capacity of the coin-type cells
produced from the powders of Example 1 and Example 2 at a charge rate of 1C
and a discharge rate of 3C;

[0014] FIG. 5 schematically 1llustrates the life cycle retention of the
coin-type cells produced from the powders of Example 1 and Example 2 at a
charge rate of 1C and a discharge rate of 3C;

[0015] FIG. 6 schematically illustrates the capacity of the coin-type cells
produced from the powders of Example 3 and Example 4 at a charge rate of 1C
and a discharge rate of 3C;

[0016] FIG. 7 schematically illustrates the life cycle retention of the
coin-type cells produced from the powders of Example 3 and Example 4 at a

charge rate of 1C and a discharge rate of 3C;
[0017] FIGS. 8A and 8B schematically illustrate the SEM photographs of

the powders obtained in Example 2 and Example 3 in different sintering
conditions;
[0018] FIG. 9 schematically illustrates the capacity of the coin-type cells

produced from the powder of Example 5 at a charge rate of 1C and a discharge

rate of 3C;
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[0019] FIG. 10 schematically illustrates the capacity of the coin-type cells
produced from the powder of Example 6 at a charge rate of 1C and a discharge
rate of 3C;

[0020] FIG. 11 schematically illustrates the X-ray absorption spectra of the
powders obtained in Example 2, Example 5 and Example 6; and

[0021] FIG. 12 schematically illustrates the capacity of the coin-type cells

produced from the powder of Example 7 at a charge rate of 1C and a discharge

rate of 3C.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

[0022] The present invention will now be described more specifically with
reference to the following embodiments. It i1s to be noted that the following
descriptions of preferred embodiments of this invention are presented herein for
purpose of 1llustration and description only. It 1s not intended to be exhaustive
or to be limited to the precise form disclosed.

[0023] The present invention provides a cathode material with double
carbon coatings. The cathode material comprises a lithium metal phosphate
matrix and two carbon coatings coated on the lithium metal phosphate matrix.
Due to the double carbon coatings, the overall structural strength of the cathode
material 1s enhanced, the influence on the structural flexibility during the
charging and discharging process is reduced, and the structural damage caused
by the acidic substance of the electrolyte 1s reduced. As a consequence, the use
life of the cathode material 1s prolonged.

[0024] In accordance with the present invention, the cathode material with
double carbon coatings 1s produced by firstly providing a cathode material with

a single carbon coating and then another carbon coating is coated thereon. FIG.
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| 1s a schematic view 1llustrating a cathode material with double carbon coatings
according to an embodiment of the present invention. As shown in FIG. 1, the
cathode material 10 of the present invention mainly comprises a lithium metal
phosphate matrix 11, a first carbon coating 12, and a second carbon coating 13.
The first carbon coating 12 1s coated on the lithium metal phosphate matrix 11.
The metal element of the lithium metal phosphate matrix 11 1s for example 1ron,
cobalt, nickel, manganese or copper, but is not limited thereto. In this
embodiment, the lithium metal phosphate matrix 11 1s illustrated by reterring to
a lithium iron phosphate (LiFePO,) material. The example of the lithium metal
phosphate matrix 11 1s not limited to lithium iron phosphate.

[0025] The raw materials for synthesizing the lithium iron phosphate
material comprise iron powder or iron-containing compound, phosphoric acid or
phosphate compound, and lithium carbonate or lithium hydroxide. After the
above materials and the carbon source of the first carbon coating are subject to a
dry processing reaction or a wet processing reaction, the mixture 1s spray-dried
and granulated to form a carbon-containing lithium 1ron phosphate precursor.
Under a protective atmosphere such as nitrogen or argon gas, the precursor is
thermally treated by sintering. Consequently, a cathode material with a single
carbon coating is produced. The carbon source of the first carbon coating 1s a
carbohydrate or a water-soluble macromolecule compound having relatively
smaller molecular weight. For example, the carbohydrate having relatively
smaller molecular weight 1s a monosaccharide, a disaccharide or a
polysaccharide. An example of the water-soluble macromolecule compound
includes but i1s not limited to polyvinyl alcohol (PVA) or polyvinylpyrrolidone
(PVP).
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[0026] Then, a second carbon coating formation process 1s performed.
The carbon source of the second carbon coating 1s a macromolecule compound
having relatively higher molecular weight. Preferably, the carbon source of the
second carbon coating 1s an aromatic compound such as coal tar pitch or
petroleum pitch. The carbon source of the second carbon coating is dissolved
In an organic solvent. Then, the cathode material with a single carbon coating
1s added and uniformly mixed. Under a protective atmosphere such as nitrogen
or argon gas, the mixture 1s thermally treated by sintering. Consequently, a
cathode material with double carbon coatings 1s produced.

[0027] The preparation process and efficacy of the cathode material with

double carbon coatings will be 1llustrated in the following examples.

Example 1:
[0028] Phosphoric acid (85%, 2 moles) was dissolved in deilonized water

(600 ml) to form an acidic solution. Then, iron powder (=99%, 2 moles) was

added to the acidic solution. After reaction, a product containing iron and
phosphorous i1s formed. This solution was continuously stirred for 24 hours to
provide complete dispersion. Triton X-100 (10 ml), a non-1onic surfactant, was

then added to the dispersed solution. Lithium hydroxide monohydrate (1 mole)
was added to the resulting solution while 1t was thoroughly stirred. Lithium
carbonate (1 mole) was then added. Consequently, a precursor containing iron,
phosphorous and lithium at a molar ratio of 1:1:1 was produced. The precursor

was analyzed and identified by inductively coupled plasma atomic emission

spectrometry (ICP/AES).
[0029] Then, vanadium pentoxide (0.04 mole, V,0s) and fructose (0.07

mole) were added to the resulting precursor. A wet dispersion process was
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performed to form a semicrystalline nanoscale particle mixture in solution.
The mixture was spray-dried to form a powdery precursor. Then, the powdery
precursor was placed in an aluminum oxide crucible. Under a protective
atmosphere such as nitrogen or argon gas, the powdery precursor was sintered at
high temperature up to 800°C and maintained at this temperature for at least five
hours. Under this circumstance, a cathode material covered with a single
carbon coating (also referred as an “M product powder”) was produced. The

content of carbon in the M product powder was 1~1.5%.

Example 2:

[0030] The cathode material covered with the single carbon coating (i.e.
the M product powder), which was prepared in Example 1, was further subject
to a second carbon coating formation process. Firstly, several coal tar pitch
solutions (0.4~1%) were prepared. These coal tar pitch solutions were
obtained by dissolving different amounts of coal tar pitch (0.4g, 0.6g, 0.8g and
1g) into different amounts of xylene (99.6g, 99.4 g, 99.2 g and 99 g). After the
coal tar pitch was completely dissolved, 20g of the M product powder was
added and uniformly mixed. The obtained mixture solution was subject to a

suction vacuum treatment in order to remove air from pores of the powder.

The mixture solution was then stirred by a homogenizer and mixed by a ball mill

jar. Consequently, the coal tar pitch was coated on the surface of the M product

powder more uniformly. The mixture was heated to 150°C to remove xylene.

Consequently, a uniform mixture, 1.e. coal tar pitch coated on the M product

powder, was produced. Then, the mixture was sintered 1n a furnace under a
nitrogen or argon atmosphere. The furnace was raised to 550°C at a ramp rate

of 5°C/min and maintained at 550°C for 4 hours, then raised to 750°C and
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maintained at 750°C for 4 hours, and finally reduced to room temperature.
Consequently, a cathode material with double carbon coatings was produced.

[0031] The powders obtained in Example 1 and Example 2 were analyzed
by an X-ray diffractometer (XRD) and observed by a scanning electron
microscope (SEM). The XRD result and the SEM photograph are shown in
FIG. 2 and FIG. 3, respectively. In FIG. 2, the upper curve indicates the XRD
result of a cathode material with double carbon coatings (for example coated
with 0.6% coal tar pitch and obtained in Example 2), and the lower curve
indicates the XRD result of a cathode material with a single carbon coating (for
example obtained in Example 1). The XRD result demonstrates that the peak
values of the cathode material with the double carbon coatings have no obvious
noise when compared with the cathode material with the single carbon coating.
Consequently, after the second carbon coating formation process and the thermal
treatment, the original olivine crystalline structure of the Ilithium 1ron
phosphate-based compound 1s not changed. That 1s, the stability of the
crystalline phase is not influenced. In FIG. 3, two SEM photographs of the
cathode material with the single carbon coating are shown 1n the left side of the
drawing, and two SEM photographs of the cathode material with the double
carbon coatings are shown in the right side of the drawing. It 1s found that the
cathode material with the double carbon coatings has the thicker carbon coating.
Moreover, since two carbon coating formation processes have been performed,
the cathode material with the double coatings has a smoother surface and less
small-sized particles. Moreover, since the pores between particles of the

cathode material with the double coatings are reduced, the particles are subject

to aggregation.
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[0032] The powders obtained in Example 1 and Example 2 were coated on
aluminum substrates in order to form a cathode element and assemble coin-type

cells. The electric properties of the coin-type cells were tested. The test
results are listed in Table 1. As shown in Table 1, the capacity of the cathode
material with the double carbon coatings is slightly reduced. It is inferred that
the thicker carbon coatings may hinder passage of ions. On the other hand, the
double carbon coatings may smooth the surfaces of the particles and reduce the
specific surface area (S.A.). Moreover, the ratio of the carbon percentage of
the first carbon coating to the carbon percentage of the second carbon coating 1s

in the range between 1:1 and 1:2.

Table 1:
Single carbon Double carbon coatings
(mAh/g) — — —
coating 0.4% coal tar pitch [0.6% coal tar pitch | 1% coal tar pitch
0.1C C/D 151 141 156 151
155 126 137 128
— i N — ! I — —
153 129 142 133
153 130 142 136
.. | _ il I
1C C2C D 130 143 138
83 95 88
83 95 90
83 95 87
2.539% 2.734% 3.290%
C% 1.18%
(1.179%)* (1.554%)* (2.11%)*
S.A. 10.9 6.72 6.23 6.3

* the value in the parenthesis indicates the carbon percentage of the second carbon coating

10
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[0033] FIG. 4 schematically illustrates the capacity of the coin-type cells
produced from the powders of Example 1 and Example 2 at a charge rate of 1C
and a discharge rate of 3C. FIG 5 schematically illustrates the life cycle
retention of the coin-type cells produced from the powders of Example 1 and
Example 2 at a charge rate of 1C and a discharge rate of 3C. As shown in FIG.
4, the initial capacity of the cathode material with the single carbon coating 1s
higher than the cathode material with the double carbon coatings. However,
after about the 150-th charge/discharge cycle, the capacity of the cathode
material with the single carbon coating abruptly reduces. On the other hand,
after about the 500-th charge/discharge cycle, the capacity of the cathode
material with the double carbon coatings is substantially equal to the initial
capacity. Similarly, as shown in FIG. 5, after about the 500-th charge/discharge
cycle, the cathode material with the double carbon coatings still has 100% of life
cycle retention. Consequently, the cell produced from the cathode material
with the double carbon coatings has obviously longer cycle life. Moreover, In
case that the 80% of life cycle retention reaches, the cycle life of the cell
produced from the cathode material with the double carbon coatings has been
increased at least three times when compared with the cathode material with the

single carbon coating.

Example 3:
[0034] [ron phosphate hydrate (2 mole) was added to pure water (600 ml).

Polyvinylpyrrolidone (PVP K30, 10 ml) was added to a dispersed solution.
While stirring, a wet dispersion process (e.g. a ball mill process or an ultrasonic
dispersion process) was performed to form a nanoscale particle mixture in

solution. Lithium hydroxide monohydrate (2 mole) and fructose (0.07 mole)
11
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were added. After the solution was uniformly stirred, the solution was
spray-dried to form a powdery precursor.

[0035] Then, the powdery precursor was placed in an aluminum oxide
crucible. Under a protective atmosphere such as nitrogen or argon gas, the
powdery precursor was sintered at high temperature up to 800°C and maintained
at this temperature for at least five hours. Consequently, the carbon coating
was subject to excellent carbonation. Under this circumstance, a cathode
material covered with a single carbon coating (also referred as an “A product

powder”) was produced. The content of carbon in the A product powder was

2~2.5%.

Example 4:

[0036] The cathode material covered with the single carbon coating (1.e.
the A product powder), which was prepared in Example 3, was further subject to
a second carbon coating formation process. Firstly, several coal tar pitch
solutions (0.6~1%) were prepared. These coal tar pitch solutions were
obtained by dissolving different amount of coal tar pitch (0.6g, 0.8g and 1g) into
different amount of xylene (99.4 g, 99.2 g and 99 g). After the coal tar pitch
was completely dissolved, 20g of the A product powder was added and

uniformly mixed. The subsequent procedures are identical to those of Example
2, and are not redundantly described herein.

[0037] The physical data of the powders obtained in Example 3 and
Example 4 are shown in Table 2 as follows. As shown in Table 2, the double
carbon coatings may reduce the specific surface area. Moreover, the ratio of
the carbon percentage of the first carbon coating to the carbon percentage of the

second carbon coating is in the range between 4:3 and 1:1.

12
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Table 2:
Single carbon Double carbon coatings
coating 0.6% coal tar pitch | 0.8% coal tar pitch | 1% coal tar pitch
4.028% 4.465% 4.565%
C% 2.283%
(1.745%)* (2.182%)* (2.282%)*
S.A. 18.9 14.66 14.04 12.83

* the value in the parenthesis indicates the carbon percentage of the second carbon coating

[0038] FIG. 6 schematically illustrates the capacity of the coin-type cells
produced from the powders of Example 3 and Example 4 at a charge rate of 1C
and a discharge rate of 3C. FIG 7 schematically illustrates the life cycle
retention of the coin-type cells produced from the powders of Example 3 and
Example 4 at a charge rate of 1C and a discharge rate of 3C. As shown in FIG. 6,
the initial capacity of the cathode material with the single carbon coating 1s
higher than the cathode material with the double carbon coatings. However,
after about the 300-th charge/discharge cycle, the capacity of the cathode
material with the single carbon coating abruptly reduces. On the other hand,
after about the 450-th charge/discharge cycle, the capacity of the cathode
material with the double carbon coatings is substantially equal to the initial
capacity. Similarly, as shown in FIG. 7, after about the 500-th charge/discharge
cycle, the cathode material with the double carbon coatings still has 100% of lite
cycle retention. Consequently, the cell produced from the cathode material
with the double carbon coatings has obviously longer cycle life. Moreover, 1n
case that the 80% of life cycle retention reaches, the cycle life of the cell

produced from the cathode material with the double carbon coatings has been

13
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increased at least 1.5 times when compared with the cycle life of the cathode

material with the single carbon coating.

Example 35:

[0039] The cathode material covered with the single carbon coating (1.e.
the M product powder), which was prepared in Example 1, was further subjected
to a second carbon coating formation process. The subsequent sintering

conditions of this example were different from those of Example 2. In
Example 2, the sintering procedure was performed by maintaining at 550°C for
4 hours and then maintaining at 750°C for 4 hours. In Example 5, the sintering
procedure was performed by maintaining at 260°C for 2 hours and then

maintaining at 900°C for 2 hours.

[0040] FIGS. 8A and 8B schematically illustrate the SEM photographs of
the powders obtained in Example 2 and Example 3 in different sintering
conditions. As shown in FIGS. 8A and 8B, the powder obtained by the
higher-temperature thermal treatment of Example 5 has more carbon crumbs and
raw edges. Consequently, the contact area between the cathode material and
the electrolyte increases, and the capacity 1s enhanced.

[0041] FIG. 9 schematically illustrates the capacity of the coin-type cells

produced from the powder of Example 5 at a charge rate of 1C and a discharge
rate of 3C. In case that the capacity as shown in FIG. 9 is converted into the

life cycle retention, the powder produced by the sintering procedure of Example
5 (i.e. maintaining at 260°C for 2 hours and then maintaining at 900°C for 2

hours) may allow the cell to have a cycle life of 450 charge/discharge cycles (>

80% of life cycle retention). Moreover, in case that carbon source of the

14
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second carbon coating is 1% coal tar pitch, the cell has a cycle life of up to 650

charge/discharge cycles (> 80% of life cycle retention).

Example 6:

[0042] The cathode material covered with the single carbon coating (i.e.
the M product powder), which was prepared in Example 1, was further subjected
to a second carbon coating formation process. The subsequent sintering

conditions of this example were different from those of Example 2. In
Example 2, the sintering procedure was performed by maintaining at 550°C for
4 hours and then maintaining at 750°C for 4 hours. In Exampl¢ 6, the sintering
procedure was performed by maintaining at 550°C for 4 hours and then

maintaining at 650°C for 4 hours.

[0043] FIG. 10 schematically illustrates the capacity of the coin-type cells
produced from the powder of Example 6 at a charge rate of 1C and a discharge
rate of 3C. In case that the capacity as shown in FIG. 10 1s converted into the

life cycle retention, the powder produced by the sintering procedure of Example
6 (i.e. maintaining at 550°C for 4 hours and then maintaining at 650°C for 4
hours) may allow the cell to have a cycle life of up to 500 charge/discharge

cycles at 100% of life cycle retention.

[0044] The comparisons between the physical properties and electrical
properties of the powders obtained in Example 1, Example 2, Example 5 and
Example 6 are shown in Table 3. As shown 1n Table 3, the sintering conditions

of Example 5 and Example 6 can increase the specified surface area of the

powder and effectively avoid reduction of the capacity when compared with the
sintering condition of Example 2 (i.e. maintaining at 550°C for 4 hours and then

maintaining at 750°C for 4  hours). The obtained capacity

15
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carbon coating (0.1C:155/2C:114).

[0045] Table 3:
C% S.A. {0.1CD|0.1CD| 2CD | 2CD | 3CD | 3CD |Maximum
capacity
Single carbon coating 1.18% 10.9 155 153 113 114 108 109 118
Double carbon coating_
2.539%
0.4% coal tar pitch 6.72 131 135 94 94 94 85 86
550°C 4h/750°C 4h |(1.179%)
Double carbon coating_
3.29%
1% coal tar pitch 6.3 136 140 92 92 81 82 103
550°C 4h/750°C 4h | (2.11%)
S —
Double carbon coating
1.797%
0.4% coal tar pitch 7.56 153 151 113 111 101 102 113
260°C 2h/900°C 2h [(0.617%)
Double carbon coating_
2.963%
1% coal tar pitch 6.96 149 147 108 110 100 101 123
260°C 2h/900°C 2h {(1.783%)
Double carbon coating
2.33%
0.4% coal tar pitch 7.06 151 152 113 114 104 105 120
550°C 4h/650°C 4h | (1.15%)
Double carbon coating
3.260%
1% coal tar pitch 8.1 147 149 106 107 96 98 115
550°C 4h/650°C 4h | (2.08%)

* the value in the parenthesis indicates the carbon percentage of the second carbon coating

16




CA 02830111 2013-09-13

[0046] FIG. 11 schematically illustrates the X-ray absorption spectra of the
powders obtained at various sintering conditions in Example 1, Example 2,
Example 6 and Example 5. The XRD result as shown in FIG. 11 demonstrates
that the peak values of the cathode material at different sintering conditions have
no obvious noise. Consequently, after the second carbon coating formation
process and the thermal treatment, the original olivine crystalline structure of the
lithium 1ron phosphate-based compound 1s not changed. That 1s, the stability

of the crystalline phase 1s not influenced.

Example 7:

[0047] In this example, a scale-up test was performed. The cathode
material covered with the single carbon coating (i1.e. the M product powder),
which was prepared in Example 1, was further subjected to a second carbon
coating formation process. In Example 2, 20g of the M product powder was
mixed with 0.4g coal tar pitch/100g (0.4 %) and 1g coal tar pitch/100g (1 %).
In this example (Example 7), 50g of the M product powder was mixed with 1g
coal tar pitch/100g and 2.5g coal tar pitch/100g. Consequently, the carbon
content of Example 7 was controlled to be equal to the carbon content of
Example 2. Moreover, in Example 7, the sintering procedure was performed
by maintaining at 550°C for 4 hours and then maintaining at 650°C for 4 hours.

The subsequent procedures are identical to those of Example 2, and are not
redundantly described herein. The physical data of the powders obtained in

Example 7 are shown in Table 4 as follows. As shown in Table 4, in the
powder obtained by mixing 50g of the M product powder with 1g coal tar
pitch/100g, the ratio of the carbon percentage of the first carbon coating to the

carbon percentage of the second carbon coating 1s about 1:1. Moreover, in the

17
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powder obtained by mixing 50g of the M product powder with 2.5g coal tar
pitch/100g, the ratio of the carbon percentage of the first carbon coating to the

carbon percentage of the second carbon coating 1s close to 1:2.

Table 4:
Double carbon coatings
Single carbon
(mAh/g) coatin 50g lithium iron phosphate | 50g lithium iron phosphate _
. 1g coal tar pitch /100g 2.5 coal tar pitch /100g
2.35% 3.42%
C% 1.18%
(1.17%)* (2.24%)*
S.A. 10.9 8.4 8.88

* the value 1n theﬁparenthesis'indicates the carbon percentage of the second carbon coating

[0048] FIG. 12 schematically illustrates the capacity of the coin-type cells
produced from the powder of Example 7 at a charge rate of 1C and a discharge
rate of 3C. In case that the capacity as shown in FIG. 12 1s converted into the
life cycle retention, the powder produced by the sintering procedure ot Example
6 (i.e. maintaining at 550°C for 4 hours and then maintaining at 650°C for 4
hours) subject to the scale-up test may allow the cell to have a cycle life of up to
500 charge/discharge cycles at 100% of life cycle retention. In other words,
this production process has the potential of mass production and reduced

fabricating cost.
0049] From the above embodiments, it 1s found that the cell produced
from the cathode material with the double carbon coatings has obviously longer

cycle life. For example, the cell produced from the cathode material with the

18
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double carbon coatings has a cycle life of up to 500 charge/discharge cycles at
100% of life cycle retention. As known, the conventional coin-type cell has a
life cycle of about 100~200 cycles. In comparison with the conventional
coin-type cell, the cycle life of the cell produced from the cathode material with
the double carbon coatings has been increased at least two times. Although the
capacity of the cathode material with the double carbon coatings is slightly
reduced, the adjustment of the sintering temperature can restore the capacity to
be close to the capacity of the cathode material with the single carbon coating.
Moreover, the electrical properties and the physical properties of the cathode
material with the double carbon coatings are related to the carbon content of the
second carbon coating. In accordance with the optimal conditions, the
satisfactory cycle life 1s achieved when the ratio of the carbon percentage of the
first carbon coating to the carbon percentage of the second carbon coating i1s
close to 1:1 or 1:2.

[0050] From the above descriptions, the present invention provides a
cathode material with double carbon coatings. The cathode material comprises
a lithium metal phosphate matrix and two carbon coatings coated on the lithium
metal phosphate matrix. The carbon source of the first carbon coating 1s a
carbohydrate or a water-soluble macromolecule compound having relatively
smaller molecular weight. Consequently, the first carbon coating has a looser
structure, and a space 1s retained 1n the first carbon coating for allowing
expansion and contraction of the structure during the charging and discharging
process. Under this circumstance, the possibility of peeling off the carbon
structure will be minimized. The carbon source of the second carbon coating 1s
a macromolecule compound having relatively higher molecular weight.

Preferably, the carbon source of the second carbon coating is an aromatic
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compound such as coal tar pitch or petroleum pitch. Consequently, the second
carbon coating has a denser structure in order to reduce the structural damage of
the lithium metal phosphate matrix by the acidic substance of the electrolyte.
By combining two types of carbon layers together to increase the adhesion ot
carbon on the lithium metal phosphate matrix, the problem of causing reduction
of the material performance during the charging and discharging process will be
avolded. Due to the double carbon coatings, the overall structural strength of
the cathode material i1s enhanced, the influence on the structural flexibility
during the charging and discharging process is reduced, and the structural
damage caused by the acidic substance of the electrolyte 1s reduced. As a

consequence, the use life of the cathode material 1s prolonged.

20)
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CLAIMS

1 A process of manufacturing a cathode matenal with double carbon
coatings, the process comprising steps of:

providing a lithium metal phosphate matrix and a carbon source of a first
carbon coating, and thermally treating the mixture of the lithium metal phosphate
matrix and the carbon source of the first carbon coating by sintering, so that a
cathode material with a single carbon coating is obtained, wherein the first
carbon coating is coated on the lithium metal phosphate matrix;

adding a carbon source of a second carbon coating to the cathode
material with the single carbon coating, and thermally treating the mixture of the
carbon source of the second carbon coating and the cathode material with the
single carbon coating by sintering, so that the cathode material with the double
carbon coatings is obtained,

wherein the carbon source of the first carbon coating Is a carbohydrate or
a water-soluble macromolecule compound, and the carbon source of the second
carbon coating I1s a macromolecule compound having higher molecular weight

than the carbon source of the first carbon coating.

2. The process according to claim 1, wherein the metal of the lithium metal

phosphate matrix is iron, cobalt, nickel, manganese or copper.

3. The process according to claim 1, wherein the carbohydrate is a

monosaccharide, a disaccharide or a polysaccharide.

4. The process according to claim 1, wherein the water-soluble

macromolecule compound includes polyvinyl alcohol or polyvinylpyrrolidone.

5. The process according to claim 1, wherein the carbon source of the

second carbon coating is an aromatic compound.
21
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0. The process according to claim 1, wherein the carbon source of the

second carbon coating is coal tar pitch or petroleum pitch.

7. The process according to claim 1, wherein in the cathode material, ratio of

a weight percentage of carbon in the first carbon coating to a weight percentage

of carbon in the second carbon coating is in the range between 4:3 and 1:2.

8. The process according to claim 1, wherein the carbon source of the

second carbon coating is dissolved in an organic solvent.

9. The process according to claim 8, wherein the organic solvent Is xylene.

10. The process according to claim 1, wherein the mixture of the carbon
source of the second carbon coating and the cathode material with the single
carbon coating is thermally treated at 550°C for 4 hours and then at 750°C for 4

hours.

11.  The process according to claim 1, wherein the mixture of the carbon

source of the second carbon coating and the cathode material with the single

carbon coating is thermally treated at 260°C for 2 hours and then at 900°C for 2

hours.

12. The process according to claim 1, wherein the mixture of the carbon
source of the second carbon coating and the cathode material with the single
carbon coating is thermally treated at 550°C for 4 hours and then at 650°C for 4

hours.
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