wO 20207140685 A1 |0 0000 KO Y00 O 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
09 July 2020 (09.07.2020)

(10) International Publication Number

WO 2020/140685 Al

WIPO I PCT

(51) International Patent Classification:
HOIM 4/36 (2006.01)

(21) International Application Number:
PCT/CN2019/123348

(22) International Filing Date:
05 December 2019 (05.12.2019)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:

201910002194.1 02 January 2019 (02.01.2019) CN

(71) Applicant: NINGDE AMPEREX TECHNOLOGY
LIMITED [CN/CN]; No. 1 Xingang Road, Zhangwan
Town, Jiaocheng District, Ningde, Fujian 352100 (CN).

(72) Inventors: JIANG, Daoyi; No. 1 Xingang Road, Zhang-
wan Town, Jiaocheng District, Ningde, Fujian 352100
(CN). CUIL, Hang; No. 1 Xingang Road, Zhangwan
Town, Jiaocheng District, Ningde, Fujian 352100 (CN).
XIE, Yuansen; No. 1 Xingang Road, Zhangwan Town,
Jiaocheng District, Ningde, Fujian 352100 (CN).

Agent: LEE AND LI - LEAVEN IPR AGENCY LTD.;
Unit 2202, Tower A, Beijing Marriott Center, No. 7,
Jian Guo Men South Avenue, Dongcheng District, Beijing
100005 (CN).

(74)

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,

SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
with international search report (Art. 21(3))

(54) Title: ANODE ACTIVE MATERIAL AND ANODE USING SAME, ELECTROCHEMICAL DEVICE AND ELECTRONIC

DEVICE

Tnorganic
Coating

Intensity/a.u.
e i )

-+ v+ Comparative
FEmbodiment
e LITIDOdIMEN 14

(57) Abstract: An anode active material, an anode, an electrochemical de-
vice and an electronic device using the same are provided. The anode active
material includes a lithiated silicon-oxygen material and a coating layer,
where there is at least a Si-O-M bond between the coating layer and the
lithiated silicon-oxygen material, where M is selected from one or more
of element aluminum, element boron and element phosphorus. The anode
active material has high stability and is suitable for aqueous processing to
be prepared into an anode.



WO 2020/140685 PCT/CN2019/123348

ANODE ACTIVE MATERIAL AND ANODE USING SAME,
ELECTROCHEMICAL DEVICE AND ELECTRONIC DEVICE

CROSS REFERENCE TO RELATED APPLICATIONS

The present application claims the benefit of priority from the China Patent
§ Application No. 2019100021941, filed on 2 January 2019, the disclosure of

which ts hereby incorporated by reference in its entirety.
BACKGROUND
1. Technical Field

The present application relates to the field of energy storage, and in
10 particular to an ancde active material and an anode, an electrochemical device

and an electronic device using the same, particularly a lithium-ion battery.
2. Description of the Related Art

With the widespread use of electronic devices such as cameras, digital video

cameras, mobile phones and notebook computers, people have higher

15 performance requirements for electrochemical devices (e.g., lithium-ion batteries).
Lithium-ion batteries have been widely used in various fields due to their high

energy density, long cycle life, no memory effect, and the like. The silicon-
oxygen material has the advantages of high capacity, low volome expansion,

good cycle stability and the like, and thus, 15 most likely to be the anode active

20 material for next-generation lithium-ion batteries. However, its first coulombic
efficiency, which is generally less than 75%, has been an important reason for its

limited practical application. In order to solve this technical problem, it has been
proposed to pre-lithiate the silicon-oxygen material to increase its first coulombic
efficiency to 90% or more. However, the pre-lithiated silicon-oxygen material is

25 inferior in water-resistance tolerance to ordinary silicon-oxygen materials.
Therefore, when water is used as a solvent to produce a pre-lithiated silicon-
oxygen material slurry to then produce an anode, there is a problem with process
incompatibility. When the slurry is formed into the anode, high-speed stirring and
high-viscosity kneading operations are usually employed, which seriously

30 damages the overall siructure of the pre-lithiated silicon-oxygen material, and the
highly reactive silicon nanoparticles therein are exposed and more easily come

into contact with water, generating hydrogen gas, which seriously reduces
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capacity and the cycle stability of the material. Moreover, hydrogen or gelation is
liable to be produced during the production of the lithiated silicon-oxygen
material slurry, which would seriously affect the storage stability and safety of

the material.

In view of the above, it is indeed necessary to provide a pre-lithiated silicon-
oxygen anode active material which has high water-resistance tolerance to adapt
to conventional agueous processing, and an anode, an electrochemical device and

an electronic device using the same.
SUMMARY

The embodiments of the present application solve at least one problem that
exists in related fields, at least to some cxtent, by providing a pre-lithiated
silicon-oxygen anode active material which has high water-resistance tolerance to
adapt to conventional aqueous processing, and an anode, an electrochemical

device and an electronic device using the same.

In one embodiment, the present application provides an anode active
material having high waler-resistance {olerance, which includes a lithiated
siticon-oxygen material and a coating layer, where there is at least a 51-0-M bond
between the coating layer and the lithiated silicon-oxygen material, where M is
selected from one or more of an aluminum element, a boron element and a

phosphorus element.

According to some embodiments of the present application, the lithiated
silicon-oxygen material includes one or more of LizSi0s, LisS:0y, LinS1,05 and
L4510,

According to some embodiments of the present application, the coating layer
includes a compound containing one or more of a phosphorus element, an

aluminum element and a boron element.

According to some embodiments of the present application, the compound
containing the phosphorus element is derived from one or more of phosphoric
acid, ftripolyphosphoric acid, sodium tripolyphosphate and potassium

tripolyphosphate.

According to some cmbodiments of the present application, the compound

PCT/CN2019/123348
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containing the aluminum element 1s derived from one or more of sodiom
metaaluminate, potassium metaaluminate, aluminum trichloride and aluminum

hydroxide.

According to some embodiments of the present application, the compound
containing the boron element is derived from one or more of the following: boric
acid, sodium tetraborate or a hydrate thereof, potassium tetraborate or a hydrate
thereof, sodiom metaborate or a hydrate thereof, and potassium metaborate or a

hydrate thereof.

According to some embodiments of the present application, the compound
containing any combination of the phosphorus clement, the aluminom element
and the boron element is derived from one or more of aluminum dihydrogen
tripolyphosphate, aluminum  phosphate, aluminum  borate and  aluminum

tetrahydroborate.

According to some embodiments of the present application, the content of M
is about 0.05 wt% to about 1.0 wit% of the coating layer. In some embodiments,
the content of M is about 8.05 wt% to about 0.5 wt% of the coating layer. In
some embodiments, the content of M is about 0.1 wit% to about 0.3 wi% of the

coating layer. In some embodiments, the content of M is about 0.2 wt%.

According to some embodiments of the present application, the anode active

material has an X-ray diffraction peak having a 26 value of about 21.7+1°,

According to some embodiments of the present application, the lithiated
silicon-oxygen material includes nano silicon grains, where the nano silicon
grains have a grain size of less than about 10 nm. According to some
embodiments of the present application, the navo silicon grains have a grain size

of less than about 5 nm.

In another embodiment, the present application provides an anode, including
a subsirate and the anode active material according to the embodiments of the

present application.

In another embodiment, the present application provides an electrochemical
device, including a cathode and the anode according to the embodiment of the

present application.

PCT/CN2019/123348
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In another embodiment, the present application provides an electronic device,
including the electrochemical device according to the embodiment of the present

application.

The additional aspects and advantages of the embodiments of the present
5 application will be described and illustrated in part in the subsequent description,

or explained by the implementation of the embodiments of the present application.
BRIEF DESCRIPTION OF THE DRAWINGS

The drawings that are necessary to describe the embodiments of the present

application or the existing technology will be briefly described below to facilitate

10 the description of the embodiments of the present application. Obviously, the
drawings in the following description are only partial embodiments of the present
application. For those skilled in the art, the drawings of other embodiments can

still be obtained according to the structures iHuostrated in the drawings without

creative effort.

FIG. 1 shows an XRD diffraction spectrumn of an anode active material

;..A
Wi

according to Comparative Embodiment 1 and Erbodiroent 13.

F1G. 2 shows the appearance of the anode slurry of Comparative

Embodiment 1 after standing for 48 hours.

FI1G. 3 shows the appearance of the anode slurry of Embodiment 11 after

20 standing for 48 hours.

FI1G. 4 shows the cycle decay curves of lithinm-ion batteries prepared in

Comparative Embodiment 1 and Embodiment 14.
DETAILED DESCRIPTION

The embodiments of the present application will be described in detail below.
25 The embodiments of the present application should not be construed as limiting

the present application.

As wsed herein, the term "about” is wsed to describe and explain minor
changes. When used in conjunction with an event or situation, the term may refer
to examples where the event or situation occurs exactly and examples where the

30 event or situation occurs very closely. For example, when used in conjunction
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with a numerical value, the term may refer to a variation range that is less than or
equal to £10% of the numerical value, such as less than or equal to £5%, less than
or equal to £4%. less than or equal to £3%, less than or equal to £2%, less than or
equal to £1%, less than or equal to £0.5%, less than or cqual to 20.1%, or less
than or equal to £0.05%. In addition, amounts, ratios, and other numerical valoes
are sometimes presented herein in a range format. It should be understood that
such range formats are for convenience and brevity, and should be interpreted
with flexibility, and inclade not only those numerical values that are specifically
designated as range limitations, but also include all individual numerical values
or sub-ranges that are within the range, as each value and sub-range is specified

explicitly.
1. Anode

The silicon-oxygen material is a material having good cycle stability (when
it is higher than about 500 cycles, the capacity retention rate is still about 80% or
above), high capacily (about 1500 to about 1800 mAb/g) and low cycle
expansion (volume expansion below about 160%), and therefore, is suitable to
serve as a material for the battery anode active snbstance according to the

embodiments of the present application.

However, the stlicon-oxygen material has high irreversible capacity, making
its first coulombic efficiency generally less than about 75%. This problem has
become the biggest obstacle limiting the application of the silicon-oxygen
material. In this regard, some current lithiation manners {clectrochemical, lithium
source thermal sintering and solution methods) can increase the coulombic
efficiency of silicon-oxygen to about 88% or above, bul an obtained pre-lithiated
silicon-oxygen material is generally incompatible with the conventional electrode
aqueous processing method. For example, the lithiated material is liable to
generate H, during the slurrying process, which seriously reduces capacity and
the cycle stability of the material, or H; or gelation 1s Hable to be produced, which
seriously affects the storage stability and safety of the slurry. Therefore,
according to the present application, the lithiated silicon-oxygen material having
high water-resistance tolerance is more suitable fo serve as an anode active

material of a next-generation lithinm-ion battery.

According to the embodiment of the present application, in the preparation of

the anode, water is usually used as a solvent to disperse the anode active material

5
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in consideration of environmental protection, cost, safety and other issues. In
order to obtain a good dispersion effect, high-strength kneading or high-speed
dispersion is usually used during the processing, which inevitably destroys
materials having low water-resistance tolerance. The buffer phase in the pre-
lithiated silicon-oxygen material is typically composed of a mixture of a series of
sificates (e.g., Li28i0s, Lis5120y, LixS120s, 1148104 or a mixture thereof). These
silicates do not have high water-resistance tolerance and will be subjected to
hydrolytic polymerization in an aqueous system to produce a serics of silicon-
oxygen clusters. These silicon-oxygen clusters are highly susceptible to acid-base

fluctuations 1n a shurry system to further polyroerize causing gelation.

Further, according to the embodiment of the present application, in the
preparation of the anode, water is usually used as a solvent to prepare the shury.
In this process, it 15 necessary to wet the material with a binder or dispersing
agent by a high-speed shearing force, which seriously damages the overall
structure of the anode active material. This caunses the highly reactive silicon
nanoparticles of the silicon-oxygen material in the anode active material exposed
to more easily be in contact with water and generate hydrogen gas, thercby
seriously reducing capacity and the cycle stability of the silicon-oxygen material.
Besides, hydrogen gas generated during the large-scale preparation of the anode

active material slarry seriously affects the storage stability and safety of the slorry.

It can be seen that the Hithiated silicon-oxygen material has a certain negative
impact during the processing process and storage stability of the slurry composed
of the anode active material produced therefrom, which seriously affects the

uniformity and effectiveness of coating.

In order to overcome the above problems, the present application provides a
highly water-resistant anode active material to meet the conventional agueous
processing technique. The anode active material includes a lithiated silicon-
oxygen material and a coating layer, where there is at least a Si-O-M bond
between the coating layer and the lithiated silicon-oxygen material, where M is
selected from one or more of an aluminum element, 2 boron element and a3
phosphorus element. In some embodiments, the coating layer further includes one

or more of a hydrogen element and an oxygen element.

After hydrolysis, the lithiated silicon-oxygen material forms a hydrated layer

mainly composed of silicon hydroxy groups on the surface of the silicon-oxygen

6

PCT/CN2019/123348



10

30

WO 2020/140685

material. The compound containing one or more of the phosphorus element, the
aluminum element and the boron element generates an M-OH group which is
casily bonded to the surface of the silicon-oxygen material after hydrolysis. The
group can be further dehydrated and polymerized with the silicon hydroxy groups
on the surface to form a network-like tight coating layer mainly composed of Si-
(3-M bonds on the surface of the silicon-oxygen material. The coating layer can
effectively inhibit material collapse caused by hydrolysis of silicate, and is
beneficial for maintaining the stability of the lithiated silicon-oxygen material

during aqueous processing.

According to some embodiments of the present application, the lithiated
silicon-oxygen material includes one or more of LixS10s, LigS1,05, Li;S1,05 and
L4510,

According to some embodiments of the present application, the coating layer
includes a compound containing one or more of a phosphorus element, an

alominom element and a boron element.

According to some embodiments of the present application, the compound
containing the phosphorus element is derived from one or more of phosphoric
acid, tripolyphosphoric  acid, sodiwm  @ripolyphosphate  and  potassium

tripolyphosphate.

According to some cmbodiments of the present application, the compound
containing the alurminum element is derived from one or more of sodium
metaaluminate, potassium metaaluminate, aluminum trichloride and aluminum

hydroxide.

According to some embodiments of the present application, the compound
containing the boron element is derived from one or more of the following: boric
acid, sodium tetraborate or a hydrate thereof, potassium tetraborate or a hydrate
thereof, sodium metaborate or a hydrate thereof, and potassium metaborate or a

hydrate thereof.

According to some embodiments of the present application, the compound
containing any combination of the phosphorus element, the aluminum element
and the boron clement is derived from one or more of aluminum dihydrogen

tripolyphosphate, aluminum phosphate, aluminum borate and aluminum

PCT/CN2019/123348
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tetrahydroborate.

According to some embodiments of the present application, the content of M
is about 0.05 wi% to about 1.0 wi% of the coating layer. In some embodiments,
the content of M 1s about 0.05 wi% to about (.5 wi% of the coaling layer. In
some embodiments, the content of M 1s about 0.1 wi% to about 0.5 wt% of the

coating layer. In some embodiments, the content of M is about 0.2 wit%.

According to some embodiments of the present application, the anode active

material has an X-ray diffraction peak having a 26 value of about 21.7+1°.

According to some embodiments of the present application, the lithiated
silicon-oxygen material includes nano silicon grains. In some embodiments, the
nano silicon grains have an X-ray diffraction peak produced by a silicon (111)
crystal plane having a 26 value of about 28.3x0.1° and a full width at half
maximum of greater than about 0.81°. According to the Scherrer equation, the
nano silicon grains have a grain size of less than about 10 nm. In some

embodiments, the nano silicon grains have a grain size of less than about 5 nm.

According to some embodiments of the present application, the surface of
the lithiated silicon-oxygen material is at least partially covered with a carbon
layer having the thickness of about 5 nm to about 100 nm. In some embodiments,
the carbon layer has the thickness of about 5 nm to about 80 nm. In some
embodiments, the carbon layer has the thickness of about 5 nm to about 60 nm. In
some embodiments, the carbon layer has the thickness of about 5 nm to about 40
nm. fn some embodiments, the carbon layer has the thickness of about 5 nm to

about 20 nm.

In another embodiment, the present application provides an anode, including
a substrate and the anode active material according to the embodiments of the

present application. In some embodiments, the substrate is copper foil.
H. Cathode

The cathode materials, compositions and manufacturing methods thercof
applicable in the embodiments of the present application include any of the
technigues well known to those skilled 1o the art. In some embodiruents, the
cathode is such described i U.S. Patent Application US98127398, which 1s

incorporated herein in its entirety by reference.

PCT/CN2019/123348
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In some embodiments, the cathode includes a current collector and a cathode
active material layer on the current collector. The cathode active material
ncludes at least onc lithiated intercalation compound that reversibly intercalates
and deintercalates Lithium ions. In some embodiments, the cathode active material
includes a composite oxide. In some embodiments, the composite oxide contains

lithtum and at least one element selected from cobalt, manganese and nickel.

In some embodiments, the cathode active material includes, but 1s not imited

to:
LA XD, (0.90<a<c 1.8, 05b=20.53),
LLE; X600 D (0.90<sa<< L8, 0<b=20.5, 0=5¢=<0.05),
LiFp o X0 D4 (0.90<5a<c 1.8, 0=<<b=20.5),
Lo o X0 De (0.90<5a<t 1.8, 05b=20.5, 0=5¢=20.05),
LiNipp CopX D, (0.90<a<< 1.8, 05b 0.5, 05¢<0.05, 0<a<2),
LigNi 6 Cop X0 T (0.90=sa<s1 8, 05b<0.5, 0=¢=20.05, 0<u<2),
LigNi 5 Cop X022 (0.90<a<< 1.8, 05b 0.5, 0<5¢=0.05, 0<a<2),
LiNip Mnp XD (0.90<a< 1.8, 05b<20.5, 0<5¢20.05, 0<a=2),
LI Nt M1 X0, T (0.90=a<< 1.8, 0<5b<t(.5, 0=5¢=0.085, 0<a<2),
LigNi; b MnpX 02,12 (0.90<5a<5 1.8, 05b=20.5, 0505005, 0<a<2),
LI NiEG0,(0.90<<a<< 1.8, 0<5Hh=20.9, 0<5c=<0.5, 0.001 =d=20.1),

LigNipCoMngGes (0.90<5a<$1 .8, 05b=20.9, 0505, 05d<0.5, 0.001
ex(.1),

LLNIGO, (0.90<<a<< 1.8, 0.001<5h=20.1),
LiCoGp0-(0.90<a<5 1.8, 0.001<b=<0.1),

Li,MnGp32 (0.90=<a<< 1.8, 0.001 <<b=20.1),
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Li,MmGp04(0.90<<a<< 1.8, 0.001 <b=<:0.1},

OO0, QSs, Li0Ss, VaOs. LiVaOs, LilOs, LINIVO,, Lig.pla(POy)s (0SF<2),
Li(}.f)FCQ(PQ4)3 (0 ={=< 2y or LiFePO,,

where A is selected from Ni, Co, Mn and any combination thereof; X is
selected from Al Ni, Co, Mn, Cr, Fe, Mg, Sy, V., rare-carth elements and any
combination thereof; D is sclected from O, F, S, P and any combination thereof;
E is selected from Co, Mn and any combination thercof; T is selected from F, S,
P and any combination thereof; G is selected from Al Cr, Mn, Fe, Mg, La, Ce, Sr,
VY and any combination thereof; (3 is selected {rom Ti, Mo, Mn and any
combination thereof; 1 is selected from Cr, V, Fe, Sc, Y and any combination
thereof; and J is selected from V, Cr, Mn, Co, Ni, Cu and any combination

thereof,

In some embodiments, the cathode active material is selected from lithium
cobaltate (LiCoO3), a lithium nickel cobalt manganese (NCM) ternary material,
lithium won phosphate (LiFePOy), lithtum manganate (LiMn,Os) and any
combination thereof. In some embodiments, the cathode active material is Hthiom

cobaltate (LiCo0s).

In some embodiments, the cathode active material may have a coating on its
surface or may be mixed with another compound having a coating. The coating
may include at least one coating element compound selected from an oxide of the
coating clement, a hydroxide of the coating clement, an oxyhydroxide of the
coating element, a bicarbonate of the coating element and a hydroxycarbonate of
the coating clement. The compound used for the coating may be amorphous or

crystalline.

In some embodiments, the coating clement contained in the coating may
mchade Mg, Al Co, K, Na, Ca, 51, Ti, V, Sn, Ge, Ga, B, As, Zr or any
combination thereof. The coating may be applied by any method as long as the
method does not adversely affect the performance of the cathode active material.

For example, the method may inclade spraying, dipping, and the like.

The cathode active material layer further includes a binder, and optionally
includes a conductive material. The binder troproves the binding of the cathode

active material particles to each other, and also mmproves the binding of the

10
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cathode active material to the current collector.

In some embodiments, the binder includes, but is not limited to, polyvinyl
alcohol, hydroxypropyl cellulose, diacetyl cellulose, polyvinyl chloride,
carboxylated polyvinyl chloride, polyvinyl fluoride, ethylene oxide containing

5 polymers, polyvinylpyrrolidone, polyurethane, polytetrafiuoroethylene, poly(1,1-
difluoroethylene), polyethylene, polypropylene, styrene butadiene rubber,
acrylated styrene butadiene robber, epoxy resin, nylon., and the like. In some

embodiments, the binder is poly(1,1-difluorocthylene).

In some embodiments, the conductive material includes, but is not Emited to,

10 a carbon-based material, a metal-based material, a conductive polymer and a
mixture thereof. In some embodiments, the carbon-based material is selected

from natural graphite, artificial graphite, carbon black, acetylene black, Ketjen

black, carbon fibers and any combination thereof. In some embodiments, the
carbon-based material is carbon black. In some embodiments, the metal-based

15 material is selected from metal powder, metal fibers, copper. nickel, aluminum
and silver. In some embodiments, the conductive polymer is a polyphenylene

derivative.
In some embodiments, the current collector is aluminurm.

The cathode may be prepared by a preparation method well known to those

20 skilled in the art. For example, the cathode may be obtained by the following
method: mixing an active malenial, a conductive material and a binder in a
solvent to prepare an active material composition, and coating the active material
composition on a current collector. In some embodiments, the solvent may

include N-methylpyrrolidone or the like, but is not limited thereto.
25 1. Elecirolytic solution

Electrolytes applicable in the clectrolytic solution of the embodiments of the
present application include, but are not limited to, inorganic hithium salts, such as
LiCl0y, LiAsHs, LiPFs LiBF,, LiSbFs LiSO:F, LiN(FS(Ohn and the like;
fluorine-containing organic lithium salts, such as LiCH;SO;, LiNCFSO{CHS0,),

30 LiN(CF350,),, LiN(CoFsSOn )y, cyclic lithium 1,3-
hexafluoropropanedisulfonimide, cyclic  1,2-tetrafluoroethanedisulfonimide,
LAN(CF3SO ) CsFeSOn), LIC(CF:5300), LiPF4(CFs)s, LiPF4(CoFs),

11
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LaPFACF800)0, LAPFACFS500), LABF{(CF3)a, LiBF2(C2F5)2,
LiBF.(CF;S0,), and LiBF(CoFsSOy),; and lithium salts containing dicarboxylic
acid complex, such as lithinm bis(oxalateborate, lithium difluorooxalate borate,

lithiom tris{oxalate) phosphate, lithium difluorobis(oxalate) phosphate and

Wi

lithiwum tetrafluoro{oxalate)phosphate. Further, the above elecirolytes may be
used singly or in combination of two or more. For example, in some
embodiments, the electrolyte includes a combination of LiPF, and LiBE,. In some
embodiments, the clectrolyte includes a combination of an inorganic lithium salt
such as LiPFq, LiBF, or the like and a fluorine-containing organic lithium salt
10 sach as LiCHF380;5, LiN(CES0s),, LIN(CFSO;), or the like. In some
embodiments, the concentration of the electrolyte is in the range of about 0.8 to
about 3 mol/L, such as in the range of about 0.8 to about 2.5 mo¥/L, in the range
of about (.8 to about 2 mol/L or in the range of about 1 to about 2 mol/L, for
example, about 1 mol/L, about 1.15 moV/L, about 1.2 mol/L, about 1.5 mol/L,

about 2 molL or about 2.5 mol/L.

;..A
Wi

V. Separator

In some embodiments, a separator is provided between the cathode and the
anode to prevent short circuit. The material and shape of the separator which can
be used in the embodiments of the present application are not particularly limited,

20 and may be any technigue well known to those skilled in the art. In some
embodiments, the separator includes a polymer or inorganic matenial or the like
{formed of a matenial that is stable to the electrolytic solution of the present

application.

For example, the separator may include a subsirate layer and a surface

25 treatment layer. The substrate layer is a nonwoven fabric, a {ilm or a composite
{ilm having a porous structure, and the material of the substrate layer is at least

one selected from polyethylene, polypropylene, polyethylene terephthalate and
polyimide. Specifically, a polypropylene porous film, a polyethylene porous film,

a polypropylene nonwoven fabric, a polyethylene nonwoven fabric or a

30 polypropylene-polyethylene-polypropylene porous compeostte film may be used.

In some embodiments, the separator is a polyethylene (PE) porous polymer film.

At least one surface of the substrate layer is provided with the surface
treatment layer, and the surface treatment layer may be a polymer layer or an

inorganic substance layer, or may be a layer formed by mixing a polymer and an

12
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inporganic substance.

The inorganic substance layer includes inorganic particles and a binder, and
the inorganic particles are selected from one or a combination of several of
aluminum oxide, silicon oxide, magnesium oxide, titanium oxide, hafnium oxide,
tin oxide, cerium oxide, nickel oxide, zinc oxide, calcium oxide, zirconium oxide,
ytirium  oxide, silicon carbide, bochmite, aluminum hydroxide, magnesium
hydroxide, calcium hydroxide and barium sulfate. The binder is selected {rom
oue or a combination of several of polyvinylidene fluoride, a vioylidene fluoride-
hexafluoropropylene  copolymer, polyamide, polyacrylonitrile, polyacrylate,
polyacrylic acid, polyacrylate, polyvinyipyrrolidone, polyvinyl ether, polymethyl

methacrylate, polytetrafluorocthylene and polvhexafluoropropylene.

The polvmer layer incindes a polymer, and the material of the polymer 1s at
lecast one selected from polyamide, polyacrylonitrile, acrvlate polymer,
polyacrylic  acid, polyacrylate, polyvinylpyrrolidone, polyvinyl ether,

polyvinylidene fluoride and poly(vinylidene fluoride-hexafluoropropylene).
V. Electrochemical device

The electrochemical device of the present application includes any device
that generates an electrochemical reaction, and its specific examples include all
kinds of primary batteries, secondary batteries, fuel cells, solar cells or capacitors.
In particular, the electrochemical device is a lithium secondary batiery, including
a lithium metal secondary battery, a lithium-ion secondary battery, a hthium
polymer secondary battery or a lithivm-ion polymer secondary battery. In some
embodiments, the electrochemical device of the present application includes a
cathode having a cathode active substance capable of occluding and releasing
metal ions; an anode according to the embodiment of the present application; an

electrolytic solution; and a separator arranged between the cathode and the anode.
V1. Electronic device

The use of the electrochemical device of the present application s not
particalarly limited and can be used in any electronic device known in the
existing technology. In one embodiment, the electrochemical device of the
present application may be used for, but not limited to, a notcbook computer, a

pen input computer, a mobile computer, an ¢-book player, a portable phone, a

13
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portable fax machine, a portable copy machine, a portable printer, stereo
headphones, a video recorder, a liquid crystal display television, a portable
cleaner, a portable CD player, a mini disk, a transceiver, an electronic notebook, a

calculator, a memory card, a portable recorder, a radio, a backup power, a motor,

Wi

a car, a motorcycle, a power bicycle, a bicycle, a lighting fixture, a toy, a game
console, a clock, an electric tool, a flash lamp, a camera, a large household

storage battery, a lithinm-ion capacitor and the like.

Hereinafter, a lithium-ion battery is taken as an example and is cormbined

with specific embodiments to describe the preparation of the lithium ion battery.

10 Those skilled in the art will appreciate that the preparation methods described in
the present application are merely examples, and any other suitable preparation

methods are within the scope of the present application.

Examples

The performance evaluation of the Examples of the lithium-ion battery
15 according to the present application and Comparative Examples is explained

below.
I. Preparation of lithivm-ion batiery
1. Preparation of anode

A modifier was added to 500 mL of a mixture of water and ethanol and

20 stirred uniformly. 100 g of pre-lithiated silicon-oxygen material (C%=3.2%,
D50=6.4 pm, silicon grain size being S oo, buffer phase being LixSi0s) was

added to the above solution, and stirred at 400 rpm for 6 hours to oblain a
suspension. The suspension was filtered to obtain a solid. The solid was dried at

80°C for 12 hours to obtain a dried material. The dried material was pulverized

25 and sicved to obtain an anode active material (Examples 1 to 16).

Graphite, a modified pre-lithiated silicon-oxygen material, a conductive
agent {conductive carbon black, Super P®) and a binder (modified polyacrylic
acid, PAA) were mixed according to a mass ratio of 70%:15%:5%:10%, an
appropriate amount of water was added, and kneading was performed at a solid

30 content of 55%-70%. An appropriate arnount of waler was added to adjust the

viscosity of the slurry to 4000-6000 Pa-s to prepare an anode sharry.

14
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The obtained anode slurry was coated on an anode current collector copper

foil, dried, and subjected to cold-pressing to obtain the anode.
2. Preparation of cathode

LiCoOy, conductive carbon black and polyvinylidene {luoride (PVDF) were
thoroughly stirred and sniformly mixed in a mass ratio of 95%:2.5%:2.5% in an
N-methylpyrrolidone solvent system to obtain a cathode sharry. The obtained
cathode shurry was coated on a cathode current collector alwminum foil, dried,

and subjected to cold-pressing to obtain the cathode.
3. Preparation of electrolytic solution

In a dry argon atmosphere, in a solvent formed by mixing propylene
carbonate (PC), ethylene carbonate (EC) and diethyl carbonate (BEC) (weight
ratio 1:1:1), LiPFs was added and mixed wniformly, the concentration of LiPFs
being 1.15 mol/L, and then 7.5 wi% of fluoroethylene carbonate (FEC) was

added and mixed uniformly to obtain the clectrolytic solution.
4. Preparation of separator
A PE porous polymer filro was used as a separator.
5. Preparation of lithium-ion battery

The cathode, the separator and the anode were stacked sequentially, so that
the separator was positioned between the cathode and the anode to perform a
function of separation, and a barc battery cell was obtained by winding. The bare
battery cell was puot in an outer package, the clectrolytic solution was injected,
and packaging was performed. Technigues such as formation, degassing,

trimuming and the like were performed to obtain the lithium-ion battery.
H. Test method
1. Method for measuring content of M in coating layer

.2 g of the anode active material (Examples 1 to 16) was weighed and put in
a beaker made of polytetrafiucroethylene (PTFE). After the measured value of a
digital balance was stabilized. the weight of the sample was recorded to the

nearest 0.0001 g. 10 mL of concentrated HNO; and 2 mL of HF were slowly

15
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added to the sample, placed on a 220°C plate heater, and heated to digest o
almost evaporate. 10 mL of nitric acid was slowly added, and heating was
continued for digesting for about 15 min to allow the sample to be sufficiently
dissolved. The dissolved sample was placed in a fume hood and cooled to room
5 teroperature. The sample solution was shaken up and slowly poured into a {unnel
with a single layer of filter paper, and the beaker and filter residues were rinsed 3
times. The solution was made 1o a volume of 50 mL at 20+5°C and shaken. The
ion spectral intensity of the filtrate was measured by an inductively coupled
plasma optical emission spectrometer (PE 7000), and the ion concentration was
10 calculated according to the standard curve so as to calculate the content of the

clement contained in the sample.
2. X-ray diffraction characterization method of anode active material

An anode active material sample was placed in a circular pit having the
diameter of 1 cm, the surface was smoothed, and the sample was scanned by an
15 X-ray spectrometer (D8 Advance, Cu target X-ray source), the tlt angle 20 being

0

from 10° to 85°, and the scanning frequency being 3°/miv.
3. Method for evaluating deposition of anode slurry

The anode active material slurry was stored for 48 hours, and the final

viscosity of the anode slurry was measured. The final viscosity was compared

20 with the initial viscosity, and when the viscosity reduction was less than 1000
Pa-s, it was recorded as no deposition; when the viscosity reduction was 1000-

2000 Pa-s, it was recorded as slight deposition; and when the viscosity reduction

was greater than 2000 Pa-s, it was recorded as severe deposition.
4. Method for evaluating gelation of anode slorry

25 The anode active material slurry was stored for 48 hours, and the particles of
the lower layer of the anode slurry were measured by a dynamic light scattering
method. When 50-100 pum particles appeared in the anode shury, it was recorded
as slight gelation; and when 100-1000 um particles appeared in the anode slarry,

it was recorded as severe gelation.
30 5. Method for measuring gas production rate of anode shurry
100 g of the anode active material slurry was sealed in a 250 mL closed

16
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vessel for 48 howrs. The proportion of hydrogen produced by the gas
chromatography was tested. According to the reaction principle, the other gases
in the system were substantially unchanged, and the gas production rate was

characterized by the volume ratio of hydrogen in the entire mixed system in the

Wi

case where only hydrogen was generated.
6. Cycle test method for lithium-ion battery

At 25°C, the battery was charged at a constant current of 0.7C to 4.4V,
charged at a constant voltage to 0.025C, and allowed to stand for 5 minutes. Then,
the battery was discharged at 0.5C to 3.0V. The capacity obtained in the above

10 steps was the initial capacity. The cycle fest with 0.7C charging/0.5C discharging
was performed, with the ratio of the capacity to the initial capacity in each step,
and a small current recovery {charging at a constant current of 0.2C to 4.4V,
charging at a constant voltage to 6.025C, standing for 5 minutes, and discharging
at 0.2C to 3.0V) was performed every 50 cycles to obtain the capacity decay

15 CUIve.
L. Test resulis

The following table shows the composition and stability {deposition, gelation
and gas production rate) of the anode active material according to the

comparative Examples of the existing technology and the examples of the present

20 application.
Content of ) .
. . (Gas production
M 1n coating ) h i
P Lave o e rate of hydrogen
Modifier ayer Deposition | Gelation (vol
{weight \V? ume
pf:rcem‘s percent)
S0/ 4 o <o
Example 1 0.5285% 12?}1%}3}101% 0.104%P | | NO . No gelation Null
acid deposition
Fxample |00 gtipolyphosphoric) 0 g o SHERL g on 2.5%
acid deposition
A 0.75 g sodium , o No _ o o
Example 3 ripolyphosphate 0.168% deposition No gelation 1.5%

- , 0.75 g potassium o/ Slight R < ~oy
Example 4 tripolyphosphate 0.124% P deposition No gelation 2%
Example § 0.758 soa?mm 0.215% Al NO . No gelation 0.2%

metaaluminate deposition
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. ) 0.5 g aluminum . , No Slight s
e 7 . O %% A " " %
Example 6 trichloride 098% Al deposition gelation 10%
Example 7 0.65¢g aiuminum 0.198%% Al Slight Slight Null
T hydroxide o | deposition gelation S
Example 8 1 g boric acid 0.146% B Sh{gh.t | No gelation 2%
deposition
Example 9 | 2 g sodium tetraborate | 0213%B | | NO Shgh ¢ Nuil
deposition gelation
Example 10 I g potassium 0.113%B No. Slight 1.5%
tetraborate deposition gelation
0.75 g sodium
tripolyphosphate 0.116% P :
Example 11 tperypho p N ’ N(.) . No gelation Null
0.75 g sodium 0.213% Al | deposition
metaaluminate
N x T
5 B u.i'g boric acid | 0136% B No | . "
Example 12 {06 g mp@iyihosphaﬂc 0.153% P deposition No gelation 0.8%
act
0.75 g aluminum V&0 . o
> 0.052% Al y lio
Example 13 dihydrogen A ;O Sh%h.t ) bhg‘,h t 16%
ripolyphosphate 0.062% P | deposition gelation
2 g aluminum 0.142% Al )
Example 14 dihydrogen ‘ ;O de ?f;ﬁ - No gelation 0.4%
tripolyphosphate 0.138% P Postie
6.2 g aluminum £100/
0.510% Al ¢
Example 15 dihydrogen 0.4 08:')’ de Zjijtign No gelation Null
tripolyphosphate TVBe pos
15 g aluminum ~oy
1.02% Al
Example i6 dihydrogen 0 SO,GP de l;{im No gelation Nuil
tripolyphosphate e epos
Comparative i i Severe Severe 76%
Example 1 deposition gelation e

After adding a modifier containing one or more of the phosphorus element,

the aluminum element and the boron element to the substrate of the anode active

material, the anode active material obtained in the present application has an X-

ray diffraction peak having a 26 value of 21.7x1° (as shown in FIG. 1), which

Wi

the boron element are present in the coating layer.

indicates that one or more of the phosphorus element, the alominum element and

The results in the above table show that, in comparison with Comparative

Example 1, a modilier containing one or more of the phosphorus element, the

18
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aluminum element and the boron element was added to the substrate of the anode
active material in Examples 1-16, so that a S51-O-M bond (M was selected from
onc or more of an aluminum element, a boron clement and a phosphorus clement)
was formed between the coating layer and the lithiated silicon-oxygen material of
5 the anode active material, and thus, the deposition, gelation degree and/or gas
production rate of the pre-lithiated silicon-oxygen anode active material can be
remarkably reduced, thereby significantly tmproving the stability of the anode
active material. As shown in FiGs. 2 and 3, the anode active material slurry of
Comparative Example 1 caused severc deposition and severe gelation, while the

10 anode active material slurry of Example 11 did not undergo deposition or gelation.

Examples 1-4 used a modifier containing the phosphorus element, Examples

5-7 used a modifier containing the aluminum element, Examples 8-10 used a
modifier containing the boron element, and Exaroples 11-16 wsed a modilier
containing a combination of the aluminum element, the boron element and/or the

15 phosphorus element. The results show that the anode active material having
composiie elements has superior stability to the anode active material having a

single aluminum clement, boron element or phosphorus element.

Further, a lithium-ion batiery prepared {rom the anode active material of the
present application has good electrochemical performance (as shown in FIG. 4)

20 compared to the existing technology.

The above examples only used Li,510; as a buffer phase to prepare the anode
active material, and evaluated its performance. These examples should not be
construed as limiting the lithiated silicon-oxygen material. Other lithiated silicon-

oxygen materials {e.g., one or more of Ligdi,0y, L1350 and LisSi04) of the

25 present application can achieve substantially the same effect as LiSi0s.
References throughout the specification to "embodiments", “partial
embodiments”, "an embodiment”, Tanother example”, "examples”, "specific
examples” or "partial examples” mean that at least one embodiment or example
of the present application includes specific features, structures, materials or
30 characteristics described in the embodiments or examples. Therefore, descriptions

appearing throughout the specification, such as "in some embodiments”, "in the
embodiments”, "in an embodiment”, "in another cxample”, "in an example”, "in a

1

particular example” or "examples”, are not necessarily referring to the same

embodiments or examples in the present application. Furthermore, the particular
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features, structures, materials or characteristics herein may be combined in any

suitable manner in one or more embodiments or examples.

Although the iluostrative embodiments have been shown and described,
should be understood by those skilled in the art that the above-described
embodiments are not to be construed as limiting the present application, and that
variations, substitutions and modifications may be made to the cmbodiments

without departing from the spirit, principle and scope of the present application.

20
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CLAIMS

What is claimed is:

1. An anode active material, comprising a lhithiated silicon-oxygen

material and a coating layer, wherein there is at least a 51-0-M bond between the

5 coating layer and the lithiated silicon-oxygen material, wherein M is selected
from one or more of an aluminum element, a boron element, and a phosphorus

element.

2. The anode active material according to claim 1, wherein the
lithiated silicon-oxygen material comprises one or more of LiSi0s, LigShOy,
10 L8105, and LisSiG,.

3. The anode active material according to claim |, wherein the coating
layer comprises a compound containing one or more of a phosphorus clement, an

alominum element, and a boron element,

4. The anode active material according to claim 3, wherein the
15 compound containing the phosphorus element 1s derived from one or more of

phosphoric acid, tripolyphosphoric acid, sodiurn tripolyphosphate, and potassiom

tripolyphosphate.

5. The anode active malerial according to claim 3, wherein the
comnpound containing the aluminum element is derived from one or more of
20 sodivm metaalumiinate, potassium metaaluminate, aluminum trichloride, and

aluminum hydroxide.

6. The anode active material according to claim 3, wherein the
compound containing the boron element is derived from one or more of the
following: boric acid, sodium tetraborate or a hydrate thereof, potassinm

25 tetraborate or a hydrate thercof, sodium metaborate or a hydrate thereof, and

potassium metaborate or a hydrate thereof,

7. The anode active material according to claim 3, wherein the
compound containing any combination of the phosphorus element, the aluminum

element, and the boron element is derived from one or more of aluminum

L3
<

dihydrogen tripolyphosphate, aluminum  phosphate, aluminum  borate, and

21
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aluminum tetrahydroborate.

8. The anode active material according to claim 1, wherein the content

of M is about 0.05 wt% to about 1.0 wt% of the coating layer.

9. The anode active material according to claim 1, wherein the anode
5 active material has an X-ray diffraction peak having a 26 value of about 21.7%1°.

10.  The anode active material according to claim 1, wherein the
lithiated silicon-oxygen material comprises nano silicon grains, the nano silicon

grains having a grain size of less than about 10 nm.

11. An anode, comprising a substrate and the anode active material

10 according to any one of claims 1-10.

12.  An electrochemical device, comprising a cathode and the anode

according to claim 11.

13, An electronic device, comprising the electrochemical device

according to claim 12.
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