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COMPOSITE SEPARATOR AND APPLICATION THEREOF

TECHNICAL FIELD

[0001] Embodiments of the present application relates to a composite separator and

application thereof, which belongs to the technical field of energy.

BACKGROUND

[0002] A separator is provided between a positive electrode and a negative electrode of a
lithium-ion battery to prevent the problem of short circuit caused by direct contact of the
positive electrode and the negative electrode. The performance of the separator will directly
affect the performance of the lithium-ion battery. However, a polyolefin separator commonly
used currently has the problems of low melting point and poor electrolyte solution wettability.
The separator is prone to shrink during the use of the lithium-ion battery, causing the positive
electrode and negative electrode to come into contact to result in short circuit. This is not
conducive to the service life of the battery, and is prone to cause safety hazards.

[0003] To solve this problem, in the prior art, an ordinary ceramic coating such as alumina
or boehmite, or a thermoplastic resin coating such as PVDF, polyimide, or aramid is provided
on a surface of the polyolefin separator, to improve the heat resistance and electrolyte solution
wettability of the polyolefin separator. However, this method is prone to reduce the transport

performance of lithium ions and increase the internal resistance of the lithium-ion battery.

SUMMARY

[0004] The present application provides a composite separator, which not only has
excellent heat resistance and electrolyte solution wettability, but also has excellent lithium-ion
transport performance when applied to a battery, thereby reducing the internal resistance of
the lithium-ion battery and improving the rate performance and cycle performance of the

lithium-ion battery.
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[0005] The present application provides a battery, including the above-mentioned
composite separator, and thus the battery has excellent safety performance, rate performance,
and cycle performance.
[0006] The present application provides a composite separator, where the composite
separator includes a separator substrate and an electrolyte layer provided on at least one
surface of the separator substrate;

the electrolyte layer at least includes inorganic nanotubes and solid electrolyte
particles; and

a volume fraction of through-pores of the inorganic nanotubes in the electrolyte
layer is 0.2%-5%.
[0007] In the composite separator as described above, based on a total mass of the
electrolyte layer, the inorganic nanotubes have a mass percentage content of 5%-60%.
[0008] In the composite separator as described above, the inorganic nanotubes have an
inner diameter of 3 nm - 150 nm.
[0009] In the composite separator as described above, a ratio of an outer diameter of the
inorganic nanotubes to the inner diameter of the inorganic nanotubes is (1.5-20):1.
[0010] In the composite separator as described above, the inorganic nanotubes have a
length of 0.3 um - 5 um.
[0011] In the composite separator as described above, a ratio of the length of the inorganic
nanotubes to D50 of the solid electrolyte particles is greater than 0 and not more than 30.
[0012] In the composite separator as described above, the solid electrolyte particles have a
particle size distribution equal to or less than 1.5.
[0013] In the composite separator as described above, the composite separator satisfies at
least one of the following:

a. the separator substrate has a thickness of 5 pm - 30 um; and

b. the electrolyte layer has a thickness of 0.5 pm - 4 pm.
[0014] In the composite separator as described above, the electrolyte layer further
includes at least one of a dispersant, a wetting agent, a binder, and a thickener.
[0015] In the composite separator as described above, the composite separator satisfies at

least one of the following:
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a. based on the total mass of the electrolyte layer, the binder has a mass percentage
content of 3%-10%;

b. based on the total mass of the electrolyte layer, the dispersant has a mass
percentage content of 0.1%-1.5%;

c. based on the total mass of the electrolyte layer, the thickener has a mass
percentage content of 0.1%-3%; and

d. based on the total mass of the electrolyte layer, the wetting agent has a mass
percentage content of 0.1%-1.5%.
[0016] The present application provides a battery, which includes the above-described
composite separator.
[0017] The composite separator of the present application includes the separator substrate
and the electrolyte layer provided on at least one surface of the separator substrate. The
electrolyte layer at least includes the inorganic nanotubes and the solid electrolyte particles,
and the volume fraction of the through-pores of the inorganic nanotubes is 0.2%-5% in the
electrolyte layer. When applied to the battery, the composite separator not only has excellent
heat resistance and electrolyte solution wettability, but also has excellent lithium-ion transport
performance. This can reduce the internal resistance of the lithium-ion battery and improve
the rate performance and cycle performance of the lithium-ion battery.
[0018] The battery of the present application includes the above-mentioned separator, and

thus it has excellent electrochemical performance and can be widely promoted and applied.

BRIEF DESCRIPTION OF DRAWINGS

[0019] FIG. 1 is a SEM image (with a magnification of 10K) of a surface of a composite
separator in Example 2 of the present application.
[0020] FIG. 2 is a SEM image (magnified by 10K) of a cross-section of the composite

separator in Example 2 of the present application.

DESCRIPTION OF EMBODIMENTS

[0021] In order to make the purpose, technical solutions and advantages of the
3
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embodiments of the present application more clear, the technical solutions of the
embodiments of the present application will be described clearly and comprehensively in
combination with the accompanying drawings in the embodiments of the present application.
Obviously, the described embodiments are part of, rather than all of, the embodiments of the
present application. Based on the embodiments in the present application, all other
embodiments obtained by those skilled in the art without any creative labor shall fall within
the protection scope of the present application.
[0022] A first aspect of the present application provides a composite separator, including a
separator substrate and an electrolyte layer provided on at least one surface of the separator
substrate;

the electrolyte layer at least includes inorganic nanotubes and solid electrolyte
particles; and

a volume fraction of through-pores of the inorganic nanotubes in the electrolyte
layer is 0.2%-5%.
[0023] In the present application, the surface of the separator substrate refers to two
surfaces of the separator substrate which have largest areas and are oppositely arranged. In the
present application, one surface of the separator substrate can be provided with the electrolyte
layer to form a composite separator, or two surfaces of the separator substrate can be provided
with the electrolyte layer to form a composite separator.
[0024] In the present application, the separator substrate is not particularly limited, and
the separator substrate may be a porous film commonly used in the field. For example, the
separator substrate may be a polyolefin porous film, or a polyolefin porous film having a
coating layer.
[0025] The polyolefin porous film can be a polyethylene porous film, a polypropylene
porous film, or a polyethylene-polypropylene multi-layer composite separator. The
polyethylene-polypropylene multi-layer composite separator refers to a multi-layer composite
porous film formed by stacking polypropylene (PP) and polyethylene (PE) in any order, such
as a three-layer PP-PE-PP composite separator, a double-layer PP-PE composite separator,
and a four-layer PP-PP-PE-PP composite separator.

[0026] The polyolefin porous film having the coating layer refers to a polyolefin porous
4



10

15

20

25

film, at least one surface of which is provided with a coating layer, where the coating layer is
not particularly limited and can be selected from coating layers commonly used in the field as
desired. For example, it can be a coating layer including at least one of alumina, boehmite,
nanofibers, polyimide, PMMA, and PVDF. For example, the polyolefin porous film having
the coating layer can be a polyolefin porous film coated with alumina, a polyolefin porous
film coated with boehmite, a polyolefin porous film coated with nanofibers, a polyolefin
porous film coated with polyimide, a polyolefin porous film coated with PMMA, or a
polyolefin porous film coated with PVDF. The polyolefin porous film provided with the
coating layer can also be a polyolefin porous film coated with a mixture of nanofibers and
alumina, a polyolefin porous film coated with a mixture of PVDF and alumina, or a
polyolefin porous film coated with a mixture of PMMA and alumina.
[0027] In the present application, the electrolyte layer at least includes the inorganic
nanotubes and the solid electrolyte particles, and a material of the inorganic nanotubes is not
particularly limited in the present application. The inorganic nanotubes can be tubular
inorganic nanomaterials commonly used in the field, and for example, the inorganic
nanotubes can be at least one of titanium dioxide nanotubes, silicon nanotubes, Halloysite
nanotubes, alumina nanotubes, zinc oxide nanotubes, boron nitride nanotubes, and silicon
carbide nanotubes. The solid electrolyte particles are not particularly limited in the present
application, and the solid electrolyte can be a solid electrolyte commonly used in the field,
and for example, the solid electrolyte can be at least one of LATP, LAGP, LLZO and LLZTO.
Furthermore, the solid electrolyte can be LATP.
[0028] In the present application, the volume fraction of the through-pores of the
inorganic nanotubes in the electrolyte layer refers to a ratio of pore volume provided by the
through-pores of the inorganic nanotubes to a total volume of the electrolyte layer. In some
embodiments, the volume fraction of the through-pores of the inorganic nanotubes in the
electrolyte layer can be obtained by Formula 1:

P = [("(’“—‘m) x (Z—)z) /h] x 100%

P ! Formula 1;

in Formula 1, x is a mass percentage content of the inorganic nanotubes based on a

total mass of the electrolyte layer;
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p is a tap density of the inorganic nanotubes, with an unit of g/cm?;

d; is an outer diameter of the inorganic nanotubes, with an unit of nm;

d> is an inner diameter of the inorganic nanotubes, with an unit of nm;

my is a mass of the separator substrate per unit area, with an unit of g/cm?;

m> is a mass of the composite separator per unit area, with an unit of g/cm?;

h is a thickness of the electrolyte layer, with an unit of cm.
[0029] Herein, the inner diameter and the outer diameter of the inorganic nanotubes can
be determined by conventional techniques known in the field, for example, by field emission
transmission electron microscopy (TEM). This specifically includes: obtaining a TEM image
of the electrolyte layer according to GB/T 18907-2013 “Microbeam Analysis, Analytical
Electron Microscopy, and Transmission Electron Microscope Selected Area Electronic
Diffraction Analysis Method”, where from the TEM image of the electrolyte layer, hollow
structures of the inorganic nanotubes can be clearly observed; and obtaining sizes of the inner
diameter and the outer diameter of the inorganic nanotubes by scale measurement.
[0030] The tap density of the inorganic nanotubes can be determined by conventional
techniques known in the field, for example, by the test according to GBT21354-2008
“General Determination Method of Tap Density of Powder Products”.
[0031] The mass of the separator substrate per unit area can be determined by
conventional techniques known in the field, for example, by a weighing method, specifically
including: cutting the separator substrate to a 5 cmx5 cm sample, weighing the sample, and
calculating the mass of the separator substrate per unit area.
[0032] The mass of the composite separator per unit area can be determined by
conventional techniques known in this field, such as a weighing method, specifically
including: cutting the composite separator to a 5 cmx5 cm sample, weighing the sample, and
calculating the mass of the composite separator per unit area.
[0033] The thickness of the electrolyte layer can be determined by conventional
techniques known in the field, for example, by the test method specified in the national
standard GB/T 36363-2018 to obtain the thickness of the electrolyte layer, or by measuring
using scanning electron microscopy to obtain the thickness of the electrolyte layer. It should

be noted that the thickness of the electrolyte layer is a thickness of a single-layer electrolyte
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layer, that is, the thickness of the electrolyte layer refers to the thickness of the electrolyte
layer on one surface of the separator substrate when both surfaces of the separator substrate
are provided with the electrolyte layer respectively.

[0034] Exemplarily, the volume fraction of the through-pores of the inorganic nanotubes
in the electrolyte layer can be any one of 0.2%, 0.3%, 0.4%, 0.5%, 0.7%, 0.8%, 1%, 1.1%,
1.2%, 1.3%, 1.5%, 1.8%, 2%, 2.1%, 2.3%, 2.5%, 2.7%, 2.9%, 3%, 3.5%, 4%, 4.5%, and 5%,
or a range composed of any two of these values. Furthermore, the volume fraction of the
through-pores of the inorganic nanotubes in the electrolyte layer is 0.2%-3%.

[0035] In the present application, both of the solid electrolyte particles and the inorganic
nanotubes have excellent heat resistance performance, which can improve the heat resistance
of the composite separator. The composite separator can still maintain its complete shape
during the charging and discharging process of the battery, avoiding the short circuit resulting
from the contact between the positive electrode and the negative electrode due to the heat
shrinkage of the composite separator during the charging and discharging process of the
battery. Especially, the inorganic nanotubes have a one-dimensional nanostructure, which can
further improve the heat resistance of the composite separator after adhering with the
separator substrate. Meanwhile, the solid electrolyte particles and the inorganic nanotubes can
also improve the electrolyte solution wettability of the composite separator.

[0036] Furthermore, the solid electrolyte in the composite separator can promote the
lithium-ion transport performance, and the solid electrolyte can undergo redox reactions with
the electrodes of the battery during the charging and discharging process of the battery,
forming a dense interfacial film on the surface of the composite separator, which can improve
the cycle performance of the battery. However, the formation of the dense interfacial film can
also lead to a significant increase of the internal resistance of the battery, affecting the
complete release of the battery performance (such as energy density, rate performance). The
inorganic nanotubes can not only provide more transport channels for lithium ions, but also
form nanochannels in the surface of the interfacial film for transporting lithium ions during
the formation of the interfacial film by the solid electrolyte particles, avoiding the decrease in
performances of the battery during the formation of the interfacial film. Therefore, the

composite separator including the inorganic nanotubes and the solid electrolyte particles has
7
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excellent lithium-ion transport performance and heat shrinkage resistance. The composite
separator can significantly improve the safety performance, rate performance, cycle
performance, and energy density of the lithium-ion battery when applied to the battery.

[0037] The inventors also find in the research that when the volume fraction of the
through-pores of the inorganic nanotubes in the electrolyte layer is 0.2%-5%, this is not only
conducive to improving the ion transport efficiency of the composite separator and reducing
the internal resistance of the battery, thereby improving the electrochemical performance of
the battery, but also can provide excellent adhesion between the electrolyte layer and the
separator substrate, avoiding the separation of the electrolyte layer from the separator
substrate during the charging and discharging process of the battery, and then effectively
improving the safety performance of the battery. Therefore, the composite separator of the
present application can significantly improve the safety performance, rate performance, cycle
performance, and energy density of the battery when applied to the battery.

[0038] The manner of regulating the volume fraction of the through-pores of the inorganic
nanotubes in the electrolyte layer is not particularly limited in the present application is. As
long as the ranges for the above-mentioned various features can be satisfied, the regulation
manner can be freely selected according to the purpose.

[0039] As a preferred technical solution of the present application, in order to further
improve the comprehensive performance of the composite separator, parameters such as the
amount of the inorganic nanotubes, the inner diameter of the inorganic nanotubes, the outer
diameter of the inorganic nanotubes, etc. can be controlled in the present application. In some
embodiments of the present application, based on the total mass of the electrolyte layer, the
inorganic nanotubes have a mass percentage content of 5%-60%.

[0040] Exemplarily, based on the total mass of the electrolyte layer, the mass percentage
content of the inorganic nanotubes can be any one of 5%, 10%, 13%, 15%, 18%, 20%, 22%,
25%, 28%, 30%, 33%, 35%, 38%, 40%, 42%, 45%, 48%, 50%, 55%, and 60%, or a range
composed of any two of these values. Furthermore, based on the total mass of the electrolyte
layer, the mass percentage content of the inorganic nanotubes is 10 wt% - 50 wt%.
Furthermore, based on the total mass of the electrolyte layer, the mass percentage content of

the inorganic nanotubes is 13 wt% - 50 wt%.
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[0041] When the mass percentage content of the inorganic nanotubes satisfies the above
ranges, the inorganic nanotubes and the solid electrolyte particles can form a better
“dot-line-shaped” nano network structure where the particles and the nanotubes are
distributed uniformly. This results in good adhesion performance obtained between the solid
electrolyte composite coating layer and the separator substrate, and can improve the
lithium-ion transport performance of the composite separator, thereby obtaining the composite
separator with excellent comprehensive performance.

[0042] In some embodiments of the present application, the inner diameter of the
inorganic nanotubes is 3 nm - 150 nm. Exemplarily, the inner diameter of the inorganic
nanotubes can be any one of 3 nm, 10 nm, 20 nm, 40 nm, 60 nm, 100 nm, 130 nm, and 150
nm, or a range composed of any two of these values.

[0043] Furthermore, the inner diameter of the inorganic nanotubes is 5-150 nm.

[0044] When the inner diameter of the inorganic nanotubes satisfies the above ranges,
more transport channels can be provided for lithium ions, allowing the lithium ions to achieve
rapid transport in the composite separator. Therefore, when the composite separator is applied
to the battery, the internal resistance of the battery can be further reduced and the rate
performance and energy density of the battery can be improved.

[0045] In some embodiments of the present application, a ratio of the outer diameter of
the inorganic nanotubes to the inner diameter of the inorganic nanotubes is (1.5-20):1.

[0046] The ratio of the outer diameter of the inorganic nanotubes to the inner diameter of
the inorganic nanotubes can be any one of 1.5:1, 2:1, 2.5:1, 3:1, 3.5:1, 4:1, 4.5:1, 5:1, 5.5:1,
6:1, 6.5:1, 7:1, 7.5:1, 8:1, 8.5:1, 9:1, 9.5:1, 10:1, 10.5:1, 11:1, 12:1, 13:1, 14:1, 15:1, 16:1,
17:1, 18:1, 19:1, and 20:1, or a range composed of any two of these values. Furthermore, the
ratio of the outer diameter of the inorganic nanotubes to the inner diameter of the inorganic
nanotubes is (2-15):1.

[0047] When the ratio of the outer diameter of the inorganic nanotubes to the inner
diameter of the inorganic nanotubes satisfies the above ranges, this further ensures that the
inorganic nanotubes are more closely lapped and better adhered to each other, and the
resulting network structure is more solid while ensuring the rapid transport of lithium ions in

the composite separator.
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[0048] The inventors also find that when a length of the inorganic nanotubes is 0.3 pm - 5
um, the inorganic nanotubes can be more closely lapped with each other, allowing the
through-pores of the inorganic nanotubes to distribute more uniformly and densely in the
electrolyte layer. This is more conducive to the transport of lithium ions, in addition, the
network structure formed by the close packing of the inorganic nanotubes is more conducive
to improving the heat resistance of the composite separator. Exemplarily, the length of the
inorganic nanotubes can be any one of 0.3 um, 0.5 pum, 0.8 pym, 1 pm, 1.2 pm, 1.5 pm, 1.7 um,
1.9 um, 2 pm, 2.3 pm, 2.5 pm, 2.7 pm, 2.9 um, 3 um, 3.5 pm, 3.8 pm, 4 um, 4.5 pum, 4.8 pm,
and 5 um, or a range composed of any two of these values. Furthermore, the length of the
inorganic nanotubes is 0.3 pm - 2 pm.

[0049] In some embodiments, the length of the inorganic nanotubes can be obtained
according to the industry standard JY/T 0584-2020 “General Rules for Analytical Methods of
Scanning Electron Microscopy”.

[0050] In some embodiments of the present application, a ratio of the length of the
inorganic nanotubes to D50 of the solid electrolyte particles is greater than 0 and not more
than 30.

[0051] Exemplarily, the ratio of the length of the inorganic nanotubes to the D50 of the
solid electrolyte particles can be any one of 30, 25, 20, 15, 10,9, 8, 7,6, 5,4,3,2,and 1, or a
range composed of any two of these values. Furthermore, the ratio of the length of the
inorganic nanotubes to the D50 of the solid electrolyte particles is equal to or less than 20.
[0052] When the length of the inorganic nanotubes and the D50 of the solid electrolyte
particles satisfy the above relationship, the inorganic nanotubes can be better matched with
the solid electrolyte, resulting in a denser electrolyte layer, thereby improving the
comprehensive performance of the composite separator.

[0053] In some embodiments of the present application, the solid electrolyte particles
have a particle size distribution (SPAN) equal to or less than 1.5.

[0054] Exemplarily, the particle size distribution of the solid electrolyte particles can be
any one of 1.5, 1.4, 1.3, 1.2, 1.0, 0.9, 0.8, 0.7, 0.6, 0.5, 0.3, and 0.1, or a range composed of
any two of these values. Furthermore, the particle size distribution of the solid electrolyte

particles is 0.8-1.5.
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[0055] In some embodiments, the D10, D50, and D90 of the solid electrolyte particles can
be determined using a laser particle size analyzer, and then the particle size distribution SPAN
of the solid electrolyte particles can be calculated according to Formula 2;

SPAN = (D90-D10)/D50 Formula 2.
[0056] When the particle size distribution of the solid electrolyte particles satisfies the
above ranges, the inorganic nanotubes and the solid electrolyte particles can be better matched,
resulting in a denser electrolyte layer, thereby improving the comprehensive performance of
the composite separator.
[0057] In some embodiments, the particle size of the solid electrolyte particles can be
determined by conventional techniques known in the field. For example, the D50, D90, and
D10 of the solid electrolyte particles can be characterized using a laser scattering particle size
analyzer (Malvern ZEN3690 particle size analyzer), specifically including: dispersing the
solid electrolyte particles in pure water and obtaining the D50, D90, and D10 of the solid
electrolyte particles. Additionally, the D50, D90, and D10 of the solid electrolyte can also be
obtained by scanning the electrolyte layer with a scanning electron microscope (SEM) and
statistically analyzing the scanning results (e.g., using Image J software). The particle size
corresponding to the cumulative particle size distribution percentage reaching 10% is defined
as D10 of the solid electrolyte particles, the particle size corresponding to the cumulative
particle size distribution percentage reaching 50% is defined as D50 of the solid electrolyte
particles, and the particle size corresponding to the cumulative particle size distribution
percentage reaching 90% is defined as D90 of the solid electrolyte particles.
[0058] In some embodiments of the present application, when the composite separator
satisfies at least one of the following:

a. the separator substrate has a thickness of 5 pm - 30 pm, and

b. the electrolyte layer has a thickness of 0.5 pm - 4 um, the obtained composite
separator can further enhance the electrochemical performance of the battery when applied to
the battery. The thickness of the electrolyte layer refers to the thickness of a single-layer
electrolyte layer.
[0059] In the present application, in order to improve the adhesion between the electrolyte

layer and the separator substrate to allow the electrolyte layer to be more closely attached to
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the surface of the separator substrate, the electrolyte layer further includes at least one of a
dispersant, a wetting agent, a binder, and a thickener.
[0060] The binder is not particularly limited in the present application, for example, the
binder may be at least one of a polyacrylate copolymer, a polyacrylamide copolymer, a
polyurethane copolymer, a polyimide copolymer, a polyetherimide copolymer, a polyurea
copolymer, and a styrene-butadiene rubber copolymer.
[0061] The dispersant is not particularly limited in the present application, for example,
the dispersant may be at least one of sodium salt of polyacrylate copolymer, ammonium salt
of polyacrylate copolymer, and ammonium salt of alkanol containing acidic group.
[0062] The thickener is not particularly limited in the present application, for example, the
thickener may be at least one of sodium carboxymethylcellulose, gas-phase silica, modified
urea-type polymer, organic-modified silicate, organic-modified montmorillonite, and organic
bentonite.
[0063] The wetting agent is not particularly limited in the present application, for example,
the wetting agent may be at least one of polyether siloxane copolymer, organosilicon gemini
structure copolymer, polyacrylate copolymer, polyether-modified silicone oil copolymer, and
polyoxyethylene alkyl amine copolymer.
[0064] The mass percentage contents of the binder, the dispersant, the thickener, and the
wetting agent are not particularly limited in the present application, and their additive contents
can be freely selected according to the purpose.
[0065] As a preferred technical solution of the present application, the composite
separator has more excellent comprehensive performance when the composite separator
satisfies at least one of the following:

a. based on the total mass of the electrolyte layer, the binder has a mass percentage
content of 3%-10%,

b. based on the total mass of the electrolyte layer, the dispersant has a mass
percentage content of 0.1%-1.5%,

c. based on the total mass of the electrolyte layer, the thickener has a mass
percentage content of 0.1%-3%, and

d. based on the total mass of the electrolyte layer, the wetting agent has a mass
12
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percentage content of 0.1%-1.5%. The composite separator can improve the electrochemical
performance of the battery when applied to the battery, and broaden the application scenarios
of the battery.
[0066] Exemplarily, the mass percentage content of the binder can be any one of 3%, 4%,
5%, 7%, 9%, and 10%, or a range composed of any two of these values, based on the total
mass of the electrolyte layer;

the mass percentage content of the dispersant is any one of 0.1%, 0.5%, 0.8%, 1%,
1.3%, and 1.5%, or a range composed of any two of these values, based on the total mass of
the electrolyte layer;

the mass percentage content of the thickener is any one of 0.1%, 0.5%, 0.8%, 1%,
1.5%, 2.5%, and 3%, or a range composed of any two of these values, based on the total mass
of the electrolyte layer; and

the mass percentage content of the wetting agent is any one of 0.1%, 0.5%, 0.7%,
0.9%, 1.2%, and 1.5%, or a range composed of any two of these values, based on the total
mass of the electrolyte layer.
[0067] A method for preparing the composite separator is not particularly limited in the
present application, and the method for preparing the composite separator can be freely
selected according to the purpose as long as the obtained composite separator can satisfy the
above ranges for various features.
[0068] In some embodiments, the composite separator of the present application can be
prepared by a method including the following steps:

1) dispersing the inorganic nanotubes and the solid electrolyte particles in a
solvent to obtain a coating slurry;

2) providing the coating slurry to at least one surface of the separator substrate,
and drying to obtain the composite separator.
[0069] Herein, the solvent in step 1) can be at least one of water, ethanol, acetone, and
N-methylpyrrolidone.
[0070] In some embodiments, at least one of the dispersant, the wetting agent, the binder,
and the thickener can be added to the solvent in step 1) to form the coating slurry.

[0071] In some embodiments, the step 1) can further include: adding the dispersant to the
13
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solvent, and stirring and dispersing for 10-60 min; then adding the inorganic nanotubes and
the solid electrolyte particles separately, and stirring and dispersing continually for 10-240
min; then adding the binder, and stirring and dispersing for 10-180 min; then adding the
thickener, and stirring and dispersing for 10-60 min; and finally adding the wetting agent, and
stirring and dispersing for 10-60 min, to obtain the coated slurry; where the rotating speed for
stirring and dispersing can be 1000-5000 r/min, and the solid content of the coated slurry can
be <45%.

[0072] A second aspect of the present application provides a battery, including the
composite separator of the first aspect.

[0073] It can be understood that the battery of the present application further includes a
positive electrode sheet, a negative electrode sheet, and an outer packaging. In the present
application, the positive electrode sheet, the composite separator, and the negative electrode
sheet can be stacked to obtain an electrode assembly, the electrode assembly is placed in the
outer packaging, and an electrolyte solution is injected into the outer packaging, and the
battery is obtained by sealing.

[0074] Since the battery of the present application includes the above-mentioned
composite separator, the battery has excellent electrochemical performance and service life,
leading to excellent user experience, therefore it is suitable for widespread promotion and
application.

[0075] Hereinafter, the technical solutions of the present application are described in
detail based on specific examples.

[0076] Example 1

[0077] A battery of this example is prepared by a method including the following steps.
[0078] 1) Preparation of composite separator

[0079] a dispersant is added to deionized water, and stirring and dispersing is performed
for 30 min; inorganic nanotubes and solid electrolyte particles are added separately, and
stirring and dispersing is performed for 60 min; then a binder is added, and stirring and
dispersing is performed for 30 min; then a thickener is added, and stirring and dispersing is
performed for 30 min; and finally a wetting agent is added, stirring and dispersing is

performed for 30 min, to prepare a coating slurry.
14



10

15

20

25

30

[0080] The coating slurry is coated onto both surfaces of a separator substrate by a
coating method using a micro-concave roller, and then drying is performed at 80°C to obtain a
composite separator including an electrolyte layer.

[0081] Herein, the rotating speed for stirring and dispersing is 2000 r/min, the solid
content of the coating slurry is 35%, the dispersant is modified polyamide polymer
(KMT-3604, Foshan Kening New Material Co., Ltd.), the binder is polyacrylate binder
(LIS-S104, Shanghai SUNRISE Polymer Material Co., Ltd.), the thickener is
organical-modified bentonite (BP-188L, Shanghai Titanos Industrial Co., Ltd.), and the
wetting agent is polyether-modified organic silicate polymer (KMT-5514, Foshan Kening
New Material Co., Ltd.).

[0082] The inorganic nanotubes are Halloysite nanotubes, the inner diameter d, of the
inorganic nanotubes is 20 nm, the ratio of the outer diameter of the inorganic nanotubes to the
inner diameter of the inorganic nanotubes (di:dz) is 3.5:1, and the length (L) of the inorganic
nanotubes is 1 um.

[0083] The solid electrolyte particles are LATP, the particle size distribution (SPAN) of
the solid electrolyte particles is 0.9, the ratio of the length of the inorganic nanotubes to D50
of the solid electrolyte particles is 1.67.

[0084] In the electrolyte layer, the volume fraction (P) of the through-pores of the
inorganic nanotubes is 1.22%, the mass percentage content of the dispersant is 0.3%, the mass
percentage content of the binder is 5%, the mass percentage content of the thickener is 0.3%,
the mass percentage content of the wetting agent is 0.3%, the mass percentage content of the
inorganic nanotubes (W1) is 30%, and the mass percentage content of the solid electrolyte
particles (W2) is 64.1%, based on the total mass of the electrolyte layer.

[0085] The separator substrate is a PE separator, the separator substrate has a thickness (hi)
of 9 um, and the electrolyte layer has a single-sided thickness (hz) of 2 pm.

[0086] 2) Preparation of battery

[0087] A positive electrode sheet, the composite separator and a negative electrode sheet
are stacked to obtain an electrolytic assembly, the electrode assembly is placed in an
aluminum laminated film, and a battery is obtained by sealing.

[0088] Herein, the positive electrode sheet includes an aluminum foil and a positive
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electrode active layer provided on a surface of the aluminum foil, the positive electrode active
layer includes lithium cobalt oxide, a conductive agent Super P, and a binder PVDF, and a
mass ratio of the lithium cobalt, the conductive agent, and the binder is 96:2:2.

[0089] The negative electrode sheet includes a copper foil and a negative electrode active
layer provided on a surface of the copper foil, the negative electrode active layer includes
silicon-doped graphite, a conductor Super P, and a binder PAA, and a mass ratio of the
silicon-doped graphite, the conductor, and the binder is 95:2:3.

[0090] An electrolyte solution includes lithium hexafluorophosphate (LiPF¢), EC, DEC,
and DMC, in which the lithium hexafluorophosphate has a concentration of 1M, and a volume
ratio of the EC, the DEC, and the DMC is 1:1:1.

[0091] Examples 2-12 and Comparative Examples 1-4

[0092] The preparation method of batteries of Examples 2-12 and Comparative Examples
1-4 is basically the same as that of Example 1, except that some parameters are different from
those of Example 1 in the preparation process of composite separators, as shown in Table 1
for details.

[0093] Performance test

[0094] The composite separators and the batteries of the examples and the comparative
examples are subjected to the following performance tests, and the results are shown in Table
2.

[0095] 1. Morphology characterization

[0096] SEM images of the composite separator are obtained by the method specified in
the industry standard JY/T 0584-2020 “General Rules for Analytical Methods of Scanning
Electron Microscopy™.

[0097] FIG. 1 is a SEM image of a surface of the composite separator in Example 2 of the
present application. FIG. 2 is a SEM image of a cross section of the composite separator in
Example 2 of the present application. It can be seen from FIG. 1 that the surface of the
composite separator has granular-shaped structures and tubular-shaped structures, indicating
that the electrolyte layer of the composite separator includes the inorganic nanotubes and the
solid electrolyte particles. It can be seen from FIG. 2 that an interface of the composite

separator has distinct two layers, indicating that the composite separator includes the
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separator substrate and the electrolyte layer provided on at least one surface of the separator
substrate.

[0098] 2. Heat shrinkage ratio

[0099] The heat shrinkage ratio of the composite separator is obtained in accordance with
the method specified in the National Standard GB/T 36363-2018 “Performance Test of
Separator for Lithium-ion Batteries”. Herein, the heat treatment temperature in an oven is
130°C, and the heat treatment time is 1 h.

[0100] 3. Rate performance

[0101] The rate performance of the battery is obtained according to the method specified
in GB/T31486-2015 “Requirements and Test Methods for Electrical Performance of Power
Battery for Electric Vehicle”, which includes capacity retention rates of the battery at 1C and
3C.

[0102] 4. Cycle performance

[0103] The cycle performance of the battery is obtained according to the method specified
in GB/T31486-2015 “Requirements and Test Methods for Electrical Performance of Power
Battery for Electric Vehicle”, that is, the capacity retention rate of the battery after 1000
cycles at a rate of 1C.

[0104] 5. Hot box performance test

[0105] The hot box safety performance of the battery is tested according to the methods
specified in the National Standard GB/T 31485-2015 “Safety Requirements and Test Methods
of Power Battery for Electric Vehicle” and GB/T 31241-2014 “Safety Requirements for
Lithium-Ion Battery and Battery Assembly for Portable Electronic Product”. The test
condition is for the safety performance of the battery preserved in a hot box at 150°C for 10
min.

[0106] 6. Thickness

[0107] The cross section of the composite separator is scanned by a scanning electron
microscope (Hitachi, Japan, model: HITACHI SU8010), 10 places are randomly selected for
calculating the thickness of the single-layer electrolyte layer, and the average value is
calculated as the thickness value of the single-layer electrolyte layer.

[0108] 7. Peeling strength
17
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[0109] The peeling strength of the electrolyte layer in the composite separator is tested
according to the method specified in the National Standard GBT 2792-2014 “Test Method for
Peeling Strength of Adhesive Tape”.

[0110] 8. Low-temperature performance

[0111] The environmental temperature for the battery test is adjusted to -20°C through a
high-and-low-temperature control box, and then the low-temperature discharging performance
of the battery, that is, the discharging performance of the battery tested at -20°C with a rate of
1C, is obtained according to the method specified in the national standard GB/T31486-2015
“Electrical Performance Requirements and Test Methods of Power Battery for Electric
Vehicle”.

[0112] Table 1

Inorganic Solid Thick Thick
electrolyte ness
nanotubes . ness
d particles of
P|2 L SP | L:D of separa
% | /n dl:d | /p AN | 50 Mass Mass electr tor
2 m percen percen | Typ | ode
m Type substr
tage tage e layer ate
1% 1% /um /
pum
1. | 2 |3.5: 1.67 Halloysi LA
Example 1 » 1o | 1109 1 30 te 64.1 TP 2 9
0. ] 2 |3.5: 1.67 Halloysi LA
Example 2 45| 0 1 1|09 1 10 te 84.1 TP 2 9
4.1 2 |19: 1.67 Halloysi LA
Example 3 551 0 1 1|09 1 30 te 64.1 TP 2 9
0. ] 1 ]33: 1.67 Halloysi LA
Example 4 97 | 5 1 1109 1 30 te 64.1 GP 2 9
.| 1 ]34: | 2. 4.17 Boron LA
Example 5 39 | 7 ) s 0.9 1 30 nitride 64.1 TP 2 9
2. 2 ]3.5: 1.67 Halloysi LA
Example 6 2| o 1 1|09 1 70 to 24.1 TP 2 9
2 .
3. 2.0: | 2. 4.17 Halloysi LA
Example 7 93 8 1 P 0.9 1 30 te 64.1 TP 2 9
1. | 2 ]3.5: Halloysi LA
Example 8 » 1o 1 6 | 09 |10:1 30 te 64.1 TP 2 9
1. | 2 |3.5: 31.7 Halloysi LA
Example 9 » |0 | 5109 1 30 te 64.1 TP 2 9
1. | 2 |35: 1.67 Halloysi LA
Example 10 » 1o 1 1|16 1 30 te 64.1 TP 2 9
1. | 2 |3.5: 1.67 Halloysi LA
Example 11 2 1o 1 1|09 1 30 te 64.1 TP 2 20
1. | 2 |3.5: 1.67 Halloysi LA
Example 12 2% 1 0 1 1109 1 30 te 64.1 TP 5 9
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Comparative LA
Example | /| / /109 / / / 94.1 TP 9
Comparative | 3. | 2 | 3.5: Halloysi
Example 2 66 | 0 1 ! / / o4.1 te / / ?
Comparative | 6. | 3 | 1.6: 1.67 Halloysi LA
Example 3 1 10 1 1] 09 : 1 30 te 64.1 TP ?
Comparative | 0. | 3 | 25.0 | 2. 4.17 Halloysi LA
Example 4 03|10 1|5 0.9 : 1 30 te 64.1 TP 0
[0113] Table 2
. Heat Rate Cycle
Peeling shrinkage performance perfgrmanc Low-temperatur Hot box
strength ratio /% % o e perfoormance tost
Nm - "up [ 10 | 1€ | 3C 1% %
Not
Example 1 39 1 1 95.7 | 80.9 96 79.7 catching
fire
Not
Example 2 43 1.4 1.3 94.1 | 79.6 94.1 77.4 catching
fire
Not
Example 3 35 1.2 1.2 95.2 | 80.5 95.4 79.3 catching
fire
Not
Example 4 38 1.1 1.2 954 | 804 95.3 79.2 catching
fire
Not
Example 5 39 1.1 1.1 95.2 | 80.1 95.6 79.9 catching
fire
Not
Example 6 30 1.5 1.5 93.1 | 77.6 92.8 72.6 catching
fire
Not
Example 7 29 1.6 1.7 934 | 78.8 93.6 76.2 catching
fire
Not
Example 8 30 1.7 1.8 93.4 | 77.8 92.6 75.1 catching
fire
Not
Example 9 32 1.4 1.5 93.8 | 77.2 93.1 74.2 catching
fire
Not
Example 10 33 1.3 1.4 93.6 | 78.1 93.3 77.2 catching
fire
Not
Example 11 37 1.1 1.1 945 | 79.5 94.2 77.2 catching
fire
Not
Example 12 36 1 1 94 78.9 94.1 76.1 catching
fire
Comparative 35 2 | 21 | 876 | 733 87.5 69.1 Catchin
Examplel g fire
Comparative No.t
28 1.6 1.5 893 | 734 88.9 67.8 catching
Example2 fire
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Comparative Not
p M 34 1.3 1.4 882 | 742 88.3 71.3 catching
Example3 f
ire
Comparative Not
P 33 1.6 1.6 88.7 | 73.5 87.4 70.6 catching
Example4 fire

[0114] It can be seen from Table 1 that compared with the comparative examples, the
composite separator in the examples of the present application, when applied to the battery,
can significantly improve the rate performance, cycle performance, low-temperature
performance and safety performance of the battery. Especially, the peeling strength and the
heat shrinkage performance of the composite separator can also be improved by further
selecting relevant parameters of the composite separator, thereby further improving the
comprehensive performance of the battery. This indicates that the composite separator, which
is prepared by adding the inorganic nanotubes to the electrolyte layer and controlling the
volume fraction of the through-pores of the inorganic nanotubes in the electrolyte layer, can
improve the electrochemical performance of the battery.

[0115] Furthermore, it can be seen from Examples 1 and 3 that the peeling strength and
the heat shrinkage performance of the composite separator can be further improved by further
selecting the volume fraction of the through-pores of the inorganic nanotubes in the
electrolyte layer, thereby improving the rate performance, cycle performance, and
low-temperature performance of the battery.

[0116] It can be seen from Examples 1-2 and 6 that the peeling strength and the heat
shrinkage performance of the composite separator can be improved by further selecting the
mass percentage content of the inorganic nanotubes, thereby improving the rate performance,
cycle performance, and low-temperature performance of the battery.

[0117] It can be seen from Example 1 and Example 7 that the peeling strength and the
heat shrinkage performance of the composite separator can be improved by further selecting
the inner diameter of the inorganic nanotubes, thereby improving the rate performance, cycle
performance and low-temperature performance of the battery.

[0118] It can be seen from Example 1 and Example 8§ that the comprehensive performance
of the composite separator can be improved by the length of the inorganic nanotubes, thereby

improving the electrochemical performance of the battery.
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[0119] It can be seen from Example 1 and Example 9 that the ratio of the length of the
inorganic nanotubes to the D50 of the solid electrolyte particles can affect the comprehensive
performance of the composite separator, and then affect the comprehensive performance of
the battery.

[0120] It can be seen from Example 1 and Example 10 that when the particle size
distribution of the solid electrolyte satisfies a specific range, the composite separator has
better peeling strength and heat shrinkage performance, and the composite separator can
improve the electrochemical performance of the battery when applied to the battery.

[0121] It can be seen from Example 1 and Example 2 that the comprehensive performance
of the composite separator can be further improved by further selecting the thickness of the
electrolyte layer, thereby improving the comprehensive performance of the battery.

[0122] Finally, it should be noted that the above-mentioned embodiments are only used to
illustrate, rather than to limit, the technical solutions of the present application. Although the
present application has been described in detail with reference to the above-mentioned
embodiments, those skilled in the art should understand that: the technical solutions recited in
the above-mentioned embodiments can still be amended, or some or all of the technical
features therein can be substituted equivalently. However, such amendments or substitutions
do not make the essence of the corresponding technical solutions deviate from the scope of

the technical solutions of the above-mentioned embodiments of the present application.
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CLAIMS

1. A composite separator, wherein the composite separator comprises a separator
substrate and an electrolyte layer provided on at least one surface of the separator substrate;

the electrolyte layer at least comprises inorganic nanotubes and solid electrolyte
particles; and

a volume fraction of through-pores of the inorganic nanotubes in the electrolyte layer is
0.2%-5%.

2. The composite separator according to claim 1, wherein based on a total mass of the
electrolyte layer, the inorganic nanotubes have a mass percentage content of 5%-60%.

3. The composite separator according to claim 1 or 2, wherein the inorganic nanotubes
have an inner diameter of 3 nm - 150 nm.

4. The composite separator according to any one of claims 1-3, wherein a ratio of an
outer diameter of the inorganic nanotubes to the inner diameter of the inorganic nanotubes is
(1.5-20):1.

5. The composite separator according to any one of claims 1-4, wherein the inorganic
nanotubes have a length of 0.3 um - 5 pm.

6. The composite separator according to any one of claims 1-5, wherein a ratio of the
length of the inorganic nanotubes to D50 of the solid electrolyte particles is greater than 0 and
not more than 30.

7. The composite separator according to any one of claims 1-6, wherein the solid
electrolyte particles have a particle size distribution equal to or less than 1.5.

8. The composite separator according to any one of claims 1-7, wherein the composite
separator satisfies at least one of the following:

a. the separator substrate has a thickness of 5 pm - 30 pm, and

b. the electrolyte layer has a thickness of 0.5 ym - 4 um.

9. The composite separator according to any one of claims 1-8, wherein the electrolyte

layer further comprises at least one of a dispersant, a wetting agent, a binder, and a thickener.
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10. The composite separator according to claim 9, wherein the composite separator
satisfies at least one of the following:

a. based on the total mass of the electrolyte layer, the binder has a mass percentage
content of 3%-10%;

b. based on the total mass of the electrolyte layer, the dispersant has a mass percentage
content of 0.1%-1.5%);

c. based on the total mass of the electrolyte layer, the thickener has a mass percentage
content of 0.1%-3%; and

d. based on the total mass of the electrolyte layer, the wetting agent has a mass
percentage content of 0.1%-1.5%.

11. A battery, comprising the composite separator according to any one of claims 1-10.
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