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(57) ABSTRACT

Provided are a layered oxide and a preparation method
thereof, a positive electrode sheet, a secondary battery, a
battery module, a battery pack and an electrical apparatus.
The layered oxide includes an oxide with the general for-
mula Na,Mn A Q,C.O,, where A is one or two of Fe and
Ni; Q is one or more of transition metal elements containing
3d or 4d orbital electrons except Fe and Ni; C is one or two
of Al and B, 0.66<x<1, 0.2<y=<0.6, 0.3=a<0.6, 0<b=0.2,
0<c=0.1, and 1=b/c=<100. The A element undergoes valence
changes to provide charge compensation in a charge and
discharge process, thereby improving the specific capacity
of the layered oxide; the Q element and oxygen form a
hybrid orbital, inhibiting irreversible oxygen losses and

Int. CL structure collapse of oxygen under a high voltage; the C
HOIM 4/505 (2006.01) element has a high ionic potential so as to effectively inhibit
CO01G 53/00 (2006.01) oxygen losses; and 1=b/c<100.
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LAYERED OXIDE AND PREPARATION
METHOD THEREOF, POSITIVE
ELECTRODE SHEET, SECONDARY
BATTERY, BATTERY MODULE, BATTERY
PACK AND ELECTRICAL APPARATUS

CROSS REFERENCE TO RELATED MATTER

[0001] This application is a continuation of international
application PCT/CN2022/096195, filed May 31, 2022 and
entitted “LAYERED OXIDE AND PREPARATION
METHOD THEREOF, POSITIVE ELECTRODE SHEET,
SECONDARY BATTERY, BATTERY MODULE, BAT-
TERY PACK AND ELECTRICAL APPARATUS”, the
entire content of which is hereby incorporated by reference
in its entirety.

TECHNICAL FIELD

[0002] The present application relates to the technical field
of batteries, and more particularly relates to a layered oxide
and a preparation method thereof, a positive electrode sheet,
a secondary battery, a battery module, a battery pack and an
electrical apparatus.

BACKGROUND

[0003] As an important means of energy storage and
conversion, the secondary battery technology is widely
applied to many aspects such as daily life of people, indus-
trial production, military defense and aerospace. At present,
lithium-ion batteries, which are the fastest-growing and
most mature in technology in a secondary battery system,
have received widespread attention. The secondary battery
system represented by the lithium-ion batteries has become
a power source for various portable electronic devices and
all-electric vehicles, which has greatly promoted the devel-
opment of electronic products and the electric vehicle indus-
try. However, lithium resources in the earth’s crust are very
limited. According to statistics, the current global lithium
carbonate reserves are about 13 million tons, while the
annual consumption of lithium carbonate is increasing at an
annual growth rate of 16.5%. It is estimated that the global
lithium resources are only available for people in next 28
years, which will severely restrict the further development of
the lithium-ion batteries and energy storage technologies.
[0004] Sodium and lithium have similar physical and
chemical properties, but the radius of sodium ions is larger
than that of lithium ions, which causes the performance of
sodium-ion batteries to be inferior to the performance of the
lithium-ion batteries. However, the reserves of sodium in the
earth’s crust are much larger than those of lithium, which
makes the sodium-ion batteries have natural advantages in
terms of cost and supply.

[0005] A positive electrode material of the sodium-ion
battery is an important component of the sodium-ion battery,
responsible for providing active sodium ions and requiring
a high redox potential. The activity of the positive electrode
material will directly affect the capacity and operating
voltage of the battery. For layered transition metal oxides,
according to the content of the sodium and the position of
the sodium in a material crystal structure, major layered
materials that are currently studied can be mainly divided
into an O3 type and a P2 type. Compared with P2-type
layered materials, O3-type layered materials have the main
advantages of a higher sodium content, resulting in high
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first-cycle discharge specific capacity and providing more
active sodium during film forming of negative electrode
hard carbon in a full battery.

[0006] The O3-NaNi, ,Mn, ,Fe, ,O, material is a transi-
tion metal-based layered oxide positive electrode material
with a high sodium content. Usually, the positive electrode
material has good cycle stability when the charging voltage
is between 2.0 V and 4.0 V. Therefore, only a relatively
limited capacity can be provided. In the state of deep charge
and discharge, especially when the charging voltage is
increased to 4.0 V or above, oxygen in the layered oxide
loses electrons at the high voltage, resulting in the formation
of a hole, which is highly unstable and prone to side
reactions, and then, structure damage and oxygen losses
happen, causing reduction of the specific capacity and
coulombic efficiency, and poor cycle stability.

SUMMARY OF THE INVENTION

[0007] The present application provides a layered oxide
and a preparation method thereof, a positive electrode sheet,
a secondary battery, a battery module, a battery pack and an
electrical apparatus, so as to solve the problems that a
layered transition metal oxide positive electrode material is
likely to generate instable local holes in oxygen under a high
voltage, which causes poor specific capacity and coulombic
efficiency.

[0008] The first aspect of the present application provides
a layered oxide, including an oxide with the general formula
Na Mn A Q,C.O,, where A is one or two of Fe and Ni; Q
is one or more of transition metal elements containing 3d or
4d orbital electrons except Fe and Ni; C is one or two of Al
and B, 0.66<x<1, 0.2=y=0.6, 0.3=<a<0.6, 0<b=<0.2, 0<c=<0.1,
and 1=b/c<100.

[0009] As known in the art, the values of X, y, a, b and ¢
are within the above range so that the valence of an oxide
with the general formula Na Mny , . Q,C_O, is zero.

[0010] The above-mentioned layered oxide may be used
as a positive electrode material. In the Na Mn A Q,C.O,
oxide of the present application, the A element undergoes
valence changes to provide charge compensation in a charge
and discharge process, thereby improving the specific capac-
ity of the layered oxide; Q is one or more of transition metal
elements containing 3d or 4d orbital electrons except Fe and
Ni, a d orbital of the Q element and a 2p orbital of oxygen
in the oxide are hybridized to form a hybrid orbital, and a
local hole in oxygen may be stabilized by the hybrid orbital,
thereby inhibiting irreversible oxygen losses and structure
collapse of oxygen under the high voltage; meanwhile, the
C element in an ionic state has a high ionic potential and
highly interacts with oxygen, its bonding with oxygen has a
high covalent bond component, which can effectively inhibit
oxygen losses; and further, 1<b/c<100, and the Q element
and the C element are matched so as to effectively inhibit
oxygen and metal losses during sodium deintercalation
under the high voltage, thereby further improving structural
stability of the oxide Na,Mn A Q,C_.O,, and then improv-
ing the specific capacity and coulombic efficiency of the
layered oxide.

[0011] In any embodiment of the first aspect, the Q is one
or more of the group consisting of Cu, Zn, Y and Ti. When
the Q is selected from the above transition metal, the hybrid
orbital formed by the d orbital of the Q and the 2p orbital of
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oxygen may greatly stabilize the local hole in oxygen, and
thus, the inhibition effect on the irreversible oxygen losses
is better.

[0012] In any embodiment of the first aspect, the A con-
tains Fe and Ni, so as to utilize iron and nickel at the same
time to provide stable charge compensation.

[0013] In any embodiment of the first aspect, the phase
state of the above-mentioned layered oxide is an O3 phase,
and the space group is R3m. The O3-phase layered oxide has
a higher Na content, and thus has a higher initial charge
specific capacity.

[0014] Inany embodiment of the first aspect, an interlayer
distance d,; of a (003) crystal face of the above-mentioned
layered oxide is 0.53 nm to 0.55 nm, such that the structure
of the layered oxide is more stable.

[0015] In any embodiment of the first aspect, the intensity
of a (003) characteristic peak in an X-ray diffraction spec-
trum of the layered oxide before soaking is 10, the intensity
of the (003) characteristic peak in the X-ray diffraction
spectrum of the layered oxide after 24 h room-temperature
soaking in water is 11, and 11/10=0.2. 11/10=0.2 indicates
good water stability of the layered oxide, which results in a
high energy density and good cycle performance of a
sodium-ion battery containing the layered oxide.

[0016] Inany embodiment of the first aspect, the pH value
of a layered oxide aqueous solution with a mass concentra-
tion of 10% is between 11 and 13. When the pH value is low,
sizing and coating are easy during positive electrode slurry
preparation. For example, if the pH value is too high, gel
formation and difficult coating are caused in the sizing
process.

[0017] In any embodiment of the first aspect, the volume
average particle size D, 5, of the layered oxide is 3 pum to 30
um, optionally, 5 um to 15 pm.

[0018] In any embodiment of the first aspect, the specific
surface area BET of the layered oxide is 0.1 m*/g to 5 m*/g,
optionally, 0.3 m*g to 3 m%/g.

[0019] In any embodiment of the first aspect, the tap
intensity of the layered oxide is 1 g/em to 3 g/cm?, option-
ally, 1.5 g/em® to 2.5 g/em®.

[0020] In any embodiment of the first aspect, the powder
compaction density of the above-mentioned layered oxide
under the pressure of 300 MPa is 3.0 g/cm® to 4.0 g/cm?>.
[0021] When any one of the volume average particle size
D, 5, of the layered oxide, the specific surface areca BET, the
tap density or the powder compaction density under the
pressure of 300 MPa is within the above range, the conduc-
tion distance of sodium ions in particles is short, and the
surface side reaction is less, which are conducive to the
material to have a better gram capacity, and as a result, the
cycle performance of the battery using the material is
excellent.

[0022] A second aspect of the present application provides
a preparation method of a layered oxide. The preparation
method includes: step S1: mixing layered oxides of a Na
source, a Mn source, an A source, a Q source and a C source
to obtain a precursor powder, where the Na source, the Mn
source, the A source, the Q source and the C source are
mixed according to the molar ratio ofNa:Mn:A:Q:C being
(0.85-1.2):(0.2-0.6):(0.3-0.6):(0-0.2):(0-0.1), the mole num-
ber of Q and C is not 0, an A element in the A source is one
or two of Fe and Ni, an A element in the Q source is one or
more of transition metal elements containing 3d or 4d orbital
electrons except Fe and Ni, and a C element in the C source
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is one or two of Al and B; and step S2: calcining the
precursor powder in an oxidizing atmosphere and crushing
the resulting material to obtain the layered oxide. The
preparation method is implemented by a solid-phase
method, and the operation is simple and easy to implement.
During calcination, part of the Na source is burnt, and
therefore, there is a moderate excess of Na source during
batching, so as to ensure that the obtained layered oxide
contains more sodium elements as many as possible on the
basis that the transition metal elements and the C element in
the above ratio are contained.

[0023] Using the above preparation method, the layered
oxide with the general formula Na,Mn, A Q,C O, can be
obtained, where 0.66<x=<1, 0.2<y=<0.6, 0.3<a=<0.6, 0<b=0.2,
0<c=0.1, and 1=b/c=<100. In the layered oxide with the
general formula Na,Mn A Q,C.O,, the A element under-
goes valence changes to provide charge compensation in a
charge and discharge process, thereby improving the specific
capacity of the layered oxide; Q is one or more of transition
metal elements containing 3d or 4d orbital electrons except
Fe and Ni, a d orbital of the Q element and a 2p orbital of
oxygen in the oxide are hybridized to form a hybrid orbital,
and a local hole in oxygen may be stabilized by the hybrid
orbital, thereby inhibiting irreversible oxygen losses and
structure collapse of oxygen under the high voltage; mean-
while, the C element in an ionic state has a high ionic
potential and highly interacts with oxygen, and its bonding
with oxygen has a high covalent bond component, which can
effectively inhibit oxygen losses; and further, 1<b/c<100,
and the Q element and the C element are matched so as to
effectively inhibit oxygen and metal losses during sodium
deintercalation under the high voltage, thereby further
improving structural stability of the oxide NaM-
n,A Q,C.0,, and then improving the specific capacity and
coulombic efficiency of the layered oxide.

[0024] In any embodiment of the second aspect, step S1
implements mixing by a ball milling or mechanical stirring
method. Ball milling and mechanical stirring both can
realize sufficient mixing of various substances, and particu-
larly, ball milling, under a certain ball milling condition,
may realize more sufficient mixing.

[0025] In any embodiment of the second aspect, the Na
source is selected from one or more of the group consisting
of Na,CO;, NaHCO,, NaOH and Na,O,; optionally, the Mn
source is selected from one or more of the group consisting
of Mn,O;, Mn,0,, MnO and MnO.,; optionally, the A source
is selected from one or more of the group consisting of A
oxides and salts containing the A element, and optionally,
the A element contains Fe and Ni; optionally, the Q source
is one or more of the group consisting of Q oxides and salts
containing the Q element, and optionally, the Q element is
selected from one or more of the group consisting of Cu, Zn,
Y and Ti; and optionally, the C source is one or more of the
group consisting of C oxides and salts containing the C
element. The above raw materials are extensive in source
and low in cost.

[0026] Inany embodiment of the second aspect, the above
oxidizing atmosphere is selected from air, oxygen, mixed
gas of air and oxygen, and mixed gas of oxygen and inert
gas. The oxidizing atmosphere is used to fully oxidize the
Mn element, the A element, the Q element, and the C in the
calcination process, so as to achieve a more excellent
coordination between ion orbitals.
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[0027] Inany embodiment of the second aspect, the above
calcination temperature is 700° C. to 1000° C., and the heat
preservation time of calcination is 10 h to 30 h; optionally,
step S2 includes a first calcination stage and a second
calcination stage sequentially performed, the calcination
temperature in the first calcination stage is 400° C. to 900°
C., and the heat preservation time in the first calcination
stage is 2 h to 20 h; and the calcination temperature in the
second calcination stage is 700° C. to 1000° C., and the heat
preservation time in the second calcination stage is 10 h to
30 h. In the first calcination stage, the raw materials may be
made to react preliminarily at a low temperature to form the
layered oxide, elements in the layered oxide are diffused
uniformly in advance, while the temperature in the second
calcination stage is high, which can further improve the
crystallinity of the layered oxide, and further promote the
diffusion of different elements. Compared with the condi-
tions of single calcination, a product obtained by two-stage
calcination is more uniform in element distribution and
better in crystallinity.

[0028] A third aspect of the present application provides a
positive electrode sheet, including a positive electrode cur-
rent collector and a positive electrode film layer arranged on
at least one surface of the positive electrode current collec-
tor. The positive electrode film layer includes a positive
electrode active material. The positive electrode active
material includes any layered oxide in the first aspect or the
layered oxide prepared by any preparation method in the
second aspect. Optionally, based on the total weight of the
positive electrode film layer, the content of the layered oxide
in the positive electrode film layer is 60 wt % or above,
optionally, 80 wt % to 98 wt %. The layered oxide is used
as the positive electrode active material in the positive
electrode film layer. Due to the stable structure of the layered
oxide of the present application, irreversible oxygen and
metal losses are not likely to occur even in the process of
sodium deintercalation under the high voltage, thereby pro-
viding high specific capacity and coulombic efficiency for
the positive electrode sheet.

[0029] A fourth aspect of the present application provides
a secondary battery, including any layered oxide in the first
aspect, or the layered oxide prepared by any preparation
method in the second aspect, or the positive electrode sheet
in the third aspect.

[0030] A fifth aspect of the present application provides a
battery module, including the secondary battery which is the
secondary battery in the fourth aspect.

[0031] A sixth aspect of the present application provides a
battery pack, including the battery module which is the
battery module in the fifth aspect.

[0032] A seventh aspect of the present application pro-
vides an electrical apparatus, including the secondary bat-
tery or the battery module or the battery pack, where the
secondary battery is selected from the secondary battery in
the fourth aspect, the battery module is the battery module
in the fifth aspect, or the battery pack is the battery pack in
the sixth aspect.

[0033] The characteristics of the layered oxide of the
present application make the secondary battery, the battery
module, and the battery pack with the layered oxide have
high cycle performance, first-cycle coulombic efficiency and
specific capacity, so as to provide high power cycle stability
for the electrical apparatus with the secondary battery, the
battery module or the battery pack of the present application.
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DESCRIPTION OF DRAWINGS

[0034] In order to illustrate the technical solutions of the
examples of the present application more clearly, the draw-
ings required in the examples of the present application are
briefly introduced below. Obviously, the drawings described
below are only some examples of the present application.
For those of ordinary skill in the art, other drawings can also
be obtained according to the drawings without any creative
effort.

[0035] FIG. 1 illustrates a discharge capacity C1 of a
button battery and a charge capacity C0 of the button battery
obtained in a test of Example 1.

[0036] FIG. 2 illustrates a discharge capacity C1 of a
button battery and a charge capacity C0 of the button battery
obtained in a test of Comparative Example 1.

[0037] FIG. 3 illustrates a capacity retention rate of the
button battery after cycling of 50 cycles in the tests of
Example 1 and Comparative Example 1.

[0038] FIG. 4 illustrates a SEM image obtained after
cycling of 50 cycles of the layered oxide in Example 1.
[0039] FIG. 5 illustrates a SEM image obtained after
cycling of 50 cycles of the layered oxide in Comparative
Example 1.

[0040] FIG. 6 is a schematic diagram of a secondary
battery according to an embodiment of the present applica-
tion.

[0041] FIG. 7 is an exploded diagram of the secondary
battery according to the embodiment of the present appli-
cation as shown in FIG. 6.

[0042] FIG. 8 is a schematic diagram of a battery module
according to an embodiment of the present application.
[0043] FIG. 9 is a schematic diagram of a battery pack
according to an embodiment of the present application.
[0044] FIG. 10 is an exploded diagram of the battery pack
according to the embodiment of the present application
shown in FIG. 9.

[0045] FIG. 11 is a schematic diagram of an electrical
apparatus with a secondary battery in one embodiment of the
present application as a power source.

[0046] In the drawings, the drawings are not drawn to
actual scale.

DESCRIPTION OF REFERENCE NUMERALS

[0047] 1-battery pack; 2-upper box; 3-lower box; 4-bat-
tery module; 5-secondary battery; 51-case; 52-electrode
assembly; and 53-top cover assembly.

DETAILED DESCRIPTION

[0048] The embodiments of the present application are
further described in detail below in combination with the
drawings and embodiments. The detailed description of the
following examples and the drawings are used to illustrate
the principles of the present application by way of example,
but should not be used to limit the scope of the present
application, that is, the present application is not limited to
the described examples.

[0049] Hereinafter, embodiments of a layered oxide, a
preparation method thereof, a positive electrode sheet, a
secondary battery, a battery module, a battery pack, and an
electrical apparatus which are specifically disclosed by the
present application will be described in detail with reference
to the drawings as appropriate. However, there are situations
where unnecessary detailed descriptions are omitted. For
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example, there are cases where detailed descriptions of
well-known items and repeated descriptions of actually
identical structures are omitted. This is to avoid unnecessary
redundancy in the following descriptions and to facilitate the
understanding by those skilled in the art. In addition, the
drawings and subsequent descriptions are provided for those
skilled in the art to fully understand the present application,
and are not intended to limit the subject matter recited in the
claims.

[0050] The “range” disclosed in the present application is
defined in terms of lower and upper limits, and a given range
is defined by selecting a lower limit and an upper limit,
which define the boundaries of a particular range. A range
defined in this manner may be inclusive or exclusive of end
values, and may be arbitrarily combined, that is, any lower
limit may be combined with any upper limit to form a range.
For example, if ranges of 60 to 120 and 80 to 110 are listed
for a particular parameter, it is understood that ranges of 60
to 110 and 80 to 120 are also contemplated. Additionally, if
minimum range values 1 and 2, and maximum range values
3, 4 and 5 are listed, all the following ranges may be
contemplated: 1-3, 1-4, 1-5, 2-3, 2-4 and 2-5. In the present
application, unless stated otherwise, the numerical range
“a-b” represents an abbreviated representation of any com-
bination of real numbers between a and b, where both a and
b are real numbers. For example, the numerical range “0-5”
means that all real numbers in the range of “0-5” have been
listed herein, and “0-5” is just an abbreviated representation
of the combination of these numerical values. Additionally,
when it is stated that a certain parameter is an integer of =2,
it is equivalent to disclosing that the parameter is, for
example, an integer of 2, 3,4, 5,6, 7,8, 9, 10, 11, 12, etc.
[0051] Unless otherwise specified, all embodiments and
optional embodiments of the present application may be
combined with each other to form new technical solutions.
[0052] Unless otherwise specified, all technical features
and optional technical features of the present application can
be combined with each other to form new technical solu-
tions.

[0053] Unless otherwise specified, all steps of the present
application may be performed sequentially or randomly, and
optionally sequentially. For example, the method comprises
steps (a) and (b), meaning that the method may comprise
steps (a) and (b) performed sequentially, or may comprise
steps (b) and (a) performed sequentially. For example, the
reference to the method may further comprise step (c),
meaning that step (¢) may be added to the method in any
order, for example, the method may comprise steps (a), (b)
and (c), or may comprise steps (a), (¢) and (b), or may
comprise steps (c), (a) and (b), and so on.

[0054] Unless otherwise specified, the terms “include/
including” and “comprise/comprising” mentioned in the
present application may be open-ended or closed-ended. For
example, the “including” and “comprising” may indicate
that it is possible to include or comprise other components
not listed, and it is also possible to include or comprise only
the listed components.

[0055] Unless otherwise specified, the term “or” is inclu-
sive in the present application. By way of example, the
phrase “A or B” means “A, B, or both A and B”. More
particularly, the condition “A or B” is satisfied by any one
of the following conditions: A is true (or present) and B is
false (or absent); A is false (or absent) and B is true (or
present); or both A and B are true (or present).
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[0056] [Secondary Battery]

[0057] Secondary batteries, also known as rechargeable
batteries or storage batteries, refer to batteries that, after
being discharged, can activate active materials by charging
for continuous use.

[0058] Generally, the secondary battery includes a positive
electrode sheet, a negative electrode sheet, a separator and
an electrolyte solution. During charging and discharging of
the battery, active ions (e.g., lithium ions or sodium ions) are
intercalated and deintercalated back and forth between the
positive electrode sheet and the negative electrode sheet.
The separator is arranged between the positive electrode
sheet and the negative eclectrode sheet, and mainly has
functions of preventing a short circuit between a positive
electrode and a negative electrode while allowing active ions
to pass through. The electrolyte solution mainly has a
function of conducting the active ions between the positive
electrode sheet and the negative electrode sheet.

[0059] [Layered Oxide]

[0060] An embodiment of the present application provides
a layered oxide, which includes an oxide with the general
formula Na,Mn A ,Q,C_.O,, where A is one or two of Fe and
Ni; Q is one or more of transition metal elements containing
3d or 4d orbital electrons except Fe and Ni; C is one or two
of Al and B, 0.66<x<1, for example, x is 0.67, 0.70, 0.75,
0.80, 0.85, 0.90, 0.95 or 1; 0.2<y=<0.6, for example, a is 0.2,
0.3,0.4, 0.5 or 0.6; 0.3=a<0.6, for example, a is 0.3, 0.4, 0.5
or 0.6; 0<b=0.2, for example, b is 0.01, 0.05,0.1,0.15 or 0.2;
0<c=0.1, for example, ¢ is 0.01, 0.02, 0.03, 0.04, 0.05, 0.06,
0.07, 0.08, 0.09 or 0.1; and 1=b/c=100, for example, b/c is
1, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90 or 100.

[0061] The above-mentioned layered oxide may be used
as a positive electrode material.

[0062] In the Na,Mn,A,Q,C.O, oxide of the present
application, the A element undergoes valence changes to
provide charge compensation in a charge and discharge
process, thereby improving the specific capacity of the
layered oxide; Q is one or more of transition metal elements
containing 3d or 4d orbital electrons except Fe and Ni, a d
orbital and a 2p orbital of oxygen in the layered oxide
structure are hybridized, and when oxygen is oxidized under
a high voltage and loses electrons to form a hole, the hole
can be stabilized by a hybrid orbital formed by the hybrid-
ization of the d orbital and the 2p orbital of oxygen in the
structure, thereby inhibiting irreversible oxygen losses and
structure collapse under the high voltage; and elements
without d orbitals, such as Li and Mg cannot be effectively
hybridized with the 2p orbital of oxygen in the structure,
resulting in the existence of a 2p non-bonding orbital of
oxygen, thus, even if Li or Mg is doped, the Li and Mg
cannot prevent the loss of oxygen atoms under the high
voltage, and accordingly, local structure collapse and metal
losses cannot be relieved, resulting in problems such as low
charge-discharge energy conversion efficiency and poor
cycle stability.

[0063] The Q element is not enough to effectively inhibit
the irreversible oxygen losses and the structural collapse of
oxygen under the high voltage. It can be found through the
present application that AI** or B>* with high ionic potential
and transition metal elements containing d orbital electrons
can work together to greatly inhibit oxygen losses, because
AP** or B** with high ionic potential has a strong interaction
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with oxygen, their bonding with oxygen have a high cova-
lent bond composition, which can effectively inhibit oxygen
losses.

[0064] However, Al** or B>* with high ionic potential and
the transition metal elements containing the d orbital elec-
trons are ensured to be within the range of 1=b/c<100. If
b/c<1, the local ionic potential of the layered oxide is too
high, the d orbital of the transition metal is less hybridized
with the 2p orbital of oxygen in the structure, a metal-
oxygen octahedron is greatly distorted, a layered structure is
locally unstable, mixed arrangement of metal ions and
sodium ions is likely to happen, resulting in forming a local
spinel/rock salt phase, and hindering diffusion and deinter-
calation of the sodium ions; and if 100<b/c, the content of
AI** or B** with high ionic potential is too small, which is
insufficient to synergistically inhibit oxygen losses together
with the transition metal elements containing the d orbital
electrons. Only when 1=b/c<100 is satisfied, the obtained
layered oxide has a relatively stable layered structure, and
the losses of oxygen and the metal are not likely to happen
during sodium deintercalation under the high voltage.
[0065] Therefore, when 1=b/c<100, the Q element and the
C element cooperate with each other to effectively inhibit the
losses of oxygen and the metal during sodium deintercala-
tion under the high voltage, thereby further improving
structural stability of the Na,Mn,A,Q,C.O, oxide, and
improving the specific capacity and coulombic efficiency of
the layered oxide.

[0066] In some embodiments, the above 0.7<x<1 may be
optionally replaced with 0.8=x=1 or 0.9=x<l; optionally,
0.01=b=<0.2 or 0.05=b=0.15; optionally, 0.01=c=<0.1 or
0.01=c=0.05 or 0.01=c=0.02; and optionally, 1=<b/c<100 or
1=b/c=50 or 1=b/c<10 or 4=b/c=<50. Through further control
over x, b, ¢ and b/c, the synergistic effect among the
elements is optimized, and the inhibition effect on the
irreversible oxygen losses is further improved.

[0067] There are many types of transition metal elements
with 3d electrons or 4d orbital electrons. In order to fully
improve the stabilizing effect of the hybrid orbital formed by
the 3d and 4d orbitals and the 2p orbital of oxygen on the
local hole in oxygen, in some embodiments in the first
aspect, the above Q is selected from one or more of the
group consisting of Cu, Zn, Y and Ti. When the Q is selected
from the above transition metal, the hybrid orbital formed by
the d orbital of the Q and the 2p orbital of oxygen has a
stronger stabilizing effect on the local hole in oxygen, and
thus, the inhibition effect on the irreversible oxygen losses
is better.

[0068] In some embodiments, the A contains Fe and Ni, so
as to utilize iron and nickel at the same time to provide stable
charge compensation, and the presence of iron and nickel is
also beneficial to maintain a more stable layered structure.
[0069] Insome embodiments, the phase state of the above-
mentioned layered oxide is an O3 phase, and the space group
is R3Bm. The O3-phase layered oxide has a higher Na
content, and thus has a higher initial charge specific capacity.
[0070] In some embodiments, an interlayer distance dgg;
of'a (003) crystal face of the above-mentioned layered oxide
is 0.53 nm to 0.55 nm, such that the structure of the layered
oxide is more stable.

[0071] In some embodiments, the intensity of a (003)
characteristic peak in an X-ray diffraction spectrum of the
layered oxide before soaking is 10, the intensity of the (003)
characteristic peak in the X-ray diffraction spectrum of the
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layered oxide after 24 h room-temperature soaking in water
is 11, and 11/10=0.2. 11/10 may represent water stability of a
layered oxide positive electrode active material, and the
smaller the 11/10, the poorer the water stability of the layered
oxide positive electrode active material, and the more sen-
sitive to water. Studies have found that 11/10=0.2 indicates
good water stability of the layered oxide, which results in a
high energy density and good cycle performance of a
sodium-ion battery containing the layered oxide. An X-ray
powder diffractometer may be used to observe the intensity
change of the (003) characteristic peak in the X-ray diffrac-
tion spectrum of the layered oxide positive electrode active
material before and after soaking in water for 24 h.

[0072] The surface of the layered oxide has residual alkali,
such that the layered oxide is alkaline. After doping with the
above-mentioned A element, Q element and C element of the
present application, the surface residual alkali is reduced, in
any of manners of the first aspect, the pH value of a layered
oxide aqueous solution with a mass concentration of 10% is
between 11 and 13. When the pH value is low, sizing and
coating are easy during positive electrode slurry preparation.
For example, if the pH value is too high, gel formation and
difficult coating are caused in the sizing process.

[0073] It needs to be explained that in the present appli-
cation, the volume average particle size D, refers to a
corresponding particle size when the cumulative volume
distribution percentage of the layered oxide reaches 50%. In
the present application, the volume average particle size
D, 5o, of the layered oxide may be measured by a laser
diffraction particle size analysis method. For example, mea-
surement is performed by a laser particle size analyzer (e.g.,
Malvern Master Size 3000) with reference to the standard
GB/T 19077-2016. In some embodiments of the first aspect,
the D, 5, of the layered oxide is 3 um~30 um, optionally, 5
um~15 pm. Through control over D 4, it is guaranteed that
the gram capacity of the secondary battery using the layered
oxide is fully exerted, and at the same time, the agglomera-
tion of ions caused by a too small particle size is avoided,
avoiding influences on a dispersion effect of the material.

[0074] In some embodiments, the specific surface area
BET of the layered oxide is 0.1 m*/g~5 m*/g, optionally, 0.3
m?*/g~3 m?*/g, and further optionally, 0.3 m*/g~0.7 m*/g.
When the specific surface area is smaller than the above
range, the conductivity of the layered oxide is relatively
reduced, and the rate performance of the secondary battery
is affected; and when the specific surface area is larger than
the above range, the contact area between the layered oxide
and a non-aqueous electrolyte solution will be increased,
and interfacial side reactions are more likely to happen,
which will affect the cycle performance and storage perfor-
mance of the secondary battery. The specific surface area of
the layered oxide is a well-known meaning in the art, and
can be measured with instruments and methods known in the
art. For example, according to GB/T 19587-2017, testing
may be performed by a nitrogen adsorption specific surface
area analysis method, and calculated by a BET (Brunauer
Emmett Teller) method.

[0075] In some embodiments, the tap intensity of the
layered oxide is 1 g/fcm®~3 g/cm?, optionally, 1.5 g/cm>~2.5
g/cm’. The tap density may be measured by instruments and
methods known in the art, for example, the tap density may
be measured according to GB/T5162-2006. When the tap
density is within the above range, material stack is more
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densely, which is conducive to improving the tap density of
the electrode sheet and the volumetric energy density of a
battery cell.

[0076] In some embodiments, the powder compaction
intensity of the layered oxide under the pressure of 300 MPa
is 3.0 g/cm>~4.0 g/cm®. The higher the compaction density,
the greater the weight of the layered oxide per unit volume,
and thus, increasing the compaction density is beneficial to
the improvement of the volumetric energy density of the
battery cell. The compaction density may be measured
according to GB/T 24533-2009.

[0077] When any one of the volume average particle size
D, 5, of the layered oxide, the specific surface areca BET, the
tap density or the powder compaction density under the
pressure of 300 MPa is within the above range, the conduc-
tion distance of sodium ions in particles is short, and the
surface side reaction is less, which are conducive to the
material to have a better gram capacity, and as a result, the
cycle performance of the battery using the material is
excellent.

[0078] The layered oxide of the present application may
be prepared by a conventional solid-phase method or co-
precipitation method in the art.

[0079] Another embodiment of the present application
provides a preparation method of a layered oxide. The
preparation method includes: step S1, layered oxides of a Na
source, a Mn source, an A source, a Q source and a C source
were mixed to obtain a precursor powder, where the Na
source, the Mn source, the A source, the Q source and the C
source were mixed according to the molar ratio of Na:Mn:
A:Q:C being (0.85-1.2):(0.2-0.6):(0.3-0.6):(0-0.2):(0-0.1),
the mole number of Q and C was not 0, an A element in the
A source was one or two of Fe and Ni, an A element in the
Q source was one or more of transition metal elements
containing 3d or 4d orbital electrons except Fe and Ni, and
a C element in the C source was one or two of Al and B; and
step S2, the precursor powder was calcined in an oxidizing
atmosphere and crushed to obtain the layered oxide. The
preparation method is implemented by a solid-phase
method, and the operation is simple and easy to implement.
During calcination, part of the Na source was burnt, and
therefore, there was a moderate excess of Na source during
the batching, so as to ensure that the obtained layered oxide
contained more sodium elements as many as possible on the
basis that the transition metal elements and the C element in
the above ratio were contained.

[0080] Using the above preparation method, the layered
oxide with the general formula Na,Mn, A ,Q,C O, can be
obtained, where 0.66<x=<1, 0.2=<y=<0.6, 0.3<a=0.6, 0<b=0.2,
0<c=<0.1 and 1=b/c<100. In the layered oxide with the
general formula Na, Mn A Q,C O,, the A element under-
gone valence changes to provide charge compensation in a
charge and discharge process, thereby improving the specific
capacity of the layered oxide; Q was one or more of
transition metal elements containing 3d or 4d orbital elec-
trons except Fe and Ni, a d orbital of the Q element and a
2p orbital of oxygen in the oxide were hybridized to form a
hybrid orbital, and a local hole in oxygen may be stabilized
by the hybrid orbital, thereby inhibiting irreversible oxygen
losses and structure collapse of oxygen under the high
voltage; meanwhile, the C element in an ionic state had a
high ionic potential and highly interacted with oxygen, and
its bonding with oxygen had a high covalent bond compo-
nent, which can effectively inhibit oxygen losses; and fur-
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ther, 1=b/c<100, and the Q element and the C element were
matched so as to effectively inhibit oxygen and metal losses
during sodium deintercalation under the high voltage,
thereby further improving structural stability of the oxide
Na,Mn A ,Q,C.0O,, and then improving the specific capacity
and coulombic efficiency of the layered oxide.

[0081] In some embodiments, step S1 implemented mix-
ing by a ball milling or mechanical stirring method. Ball
milling and mechanical stirring both can realize sufficient
mixing of various substances, and particularly, ball milling,
under a certain ball milling condition, may realize more
sufficient mixing. Optionally, ball milling was dry ball
milling, and zirconium balls were used as grinding balls. The
specific operating conditions of the above-mentioned ball
milling and mechanical stirring, such as a diameter of the
grinding balls and a rotating speed, may refer to conven-
tional means, which will not be repeated here.

[0082] The Na source, the Mn source, the A source, the Q
source, and the C source used in the above preparation
method of the present application may be corresponding
salts, oxides, hydroxides, etc. commonly used in the art. In
some embodiments of the second aspect, the Na source is
selected from one or more of the group consisting of
Na,CO,, NaHCO,, NaOH and Na,O,; optionally, the Mn
source is selected from one or more of the group consisting
of Mn,O;, Mn,0,, MnO and MnO.,; optionally, the A source
is selected from one or more of the group consisting of A
oxides and salts containing the A element, and optionally,
the A element contains Fe and Ni; optionally, the Q source
is one or more of the group consisting of Q oxides and salts
containing the Q element, and optionally, the Q element is
selected from one or more of the group consisting of Cu, Zn,
Y and Ti; and optionally, the C source is one or more of the
group consisting of C oxides and salts containing the C
element. The above raw materials are extensive in source
and low in cost.

[0083] In some embodiments, the above oxidizing atmo-
sphere is selected from air, oxygen, mixed gas of air and
oxygen, and mixed gas of oxygen and inert gas. The above
oxidizing atmosphere is used to provide sufficient active
oxygen in the calcination process to obtain the layered oxide
with better crystallinity. The volume ratio of oxygen to air in
the above mixed gas of oxygen and air may be 1:99 to 99:1,
and the volume ratio of oxygen to inert gas in the above
mixed gas of oxygen and inert gas may be 10:90 to 90:10,
and the inert gas is argon, helium or nitrogen well known to
those skilled in the art.

[0084] In some embodiments, the above calcination tem-
perature is 700° C. to 1000° C., and the heat preservation
time of calcination is 10 h to 30 h; optionally, step S2
includes a first calcination stage and a second calcination
stage sequentially performed, the calcination temperature in
the first calcination stage is 400° C. to 900° C., and the heat
preservation time in the first calcination stage is 2 h to 20 h;
and the calcination temperature in the second calcination
stage is 700° C. to 1000° C., and the heat preservation time
in the second calcination stage is 10 h to 30 h. In the first
calcination stage, the raw materials may be made to react
preliminarily at a low temperature to form the layered oxide,
elements in the layered oxide are diffused uniformly in
advance, while the temperature in the second calcination
stage is high, which can further improve the crystallinity of
the layered oxide, and further promote the diffusion of
different elements. Compared with the conditions of single
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calcination, a product obtained by two-stage calcination is
more uniform in element distribution and better in crystal-
linity.

[0085] [Positive Electrode Sheet]

[0086] The positive electrode sheet generally includes a
positive electrode current collector and a positive electrode
film layer arranged on at least one surface of the positive
electrode current collector, and the positive electrode film
layer includes a positive electrode active material, and the
positive electrode active material includes any layered oxide
of the present application or the layered oxide obtained by
any preparation method in the second aspect.

[0087] As an example, the positive electrode current col-
lector has two opposite surfaces in its own thickness direc-
tion, and the positive electrode film layer is arranged on
either or both of the two opposite surfaces of the positive
electrode current collector.

[0088] In some embodiments, the positive electrode cur-
rent collector can be a metal foil or a composite current
collector. For example, an aluminum foil can be used as the
metal foil. The composite current collector may include a
high molecular material substrate layer and a metal layer
formed on at least one surface of the high molecular material
substrate layer. The composite current collector may be
formed by forming a metal material (aluminum, an alumi-
num alloy, nickel, a nickel alloy, titanium, a titanium alloy,
silver, a silver alloy, etc.) on a high molecular material
substrate (e.g., polypropylene (PP), polyethylene terephtha-
late (PET), polybutylene terephthalate (PBT), polystyrene
(PS), and polyethylene (PE)).

[0089] In some embodiments, based on the total weight of
the positive electrode film layer, the content of the layered
oxide in the positive electrode film layer is 60 wt % or
above, optionally, 80 wt % to 98 wt %. In addition, the
positive electrode active material may be a positive elec-
trode active material for batteries well known in the art. As
an example, the positive electrode active material may
include at least one of the following materials: sodium-
containing phosphate, and sodium-containing Prussian
white cyanide. However, the present application is not
limited to these materials, and other conventional materials
capable of being used as the positive electrode active
material for the batteries may also be used. These positive
electrode active materials may be used either alone with just
one type or in combination with two or more types.
Examples of the sodium-containing phosphate include but
not limited to sodium vanadium phosphate (e.g., Na,V,
(PO,);), composite materials of sodium vanadium phos-
phate and carbon, Na,Fe,(PO,),(P,0,), composite materials
of Na,Fe,(PO,),(P,0,) and carbon, Na,V,(PO,),0,F, and
composite materials of Na,;V,(PO,),0,F and carbon.
Examples of the sodium-containing Prussian white cyanide
may include but not limited to Na,Mn[Fe(CN)], composite
materials of Na,Mn[Fe(CN),] and carbon, Na,Fe[Fe(CN),],
and composite materials of Na,Fe[Fe(CN),] and carbon.

[0090] In some embodiments, the positive electrode film
layer further optionally includes a binder. As an example, the
binder may include at least one of polyvinylidene fluoride
(PVDF), polytetrafluoroethylene (PTFE), a vinylidene fluo-
ride-tetrafluoroethylene-propylene terpolymer, a vinylidene
fluoride-hexafluoropropylene-tetrafiuoroethylene  terpoly-
mer, a tetrafluoroethylene-hexafluoropropylene copolymer
and a fluorine-containing acrylate resin.
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[0091] In some embodiments, the positive electrode film
layer further optionally comprises a conductive agent. As an
example, the conductive agent may include at least one of
superconducting carbon, acetylene black, carbon black,
Ketjen black, carbon dot, carbon nanotube, graphene, and
carbon nanofiber.

[0092] In some embodiments, the positive electrode sheet
may be prepared by following manners: the components for
preparing the positive electrode sheet, such as the positive
electrode active material, the conductive agent, the binder
and any other component were dispersed in a solvent (e.g.,
N-methyl pyrrolidone) to form a positive electrode slurry;
and the positive electrode current collector was coated with
the positive electrode slurry, and followed by oven drying,
cold pressing and other procedures, the positive electrode
sheet was obtained.

[0093] [Negative Electrode Sheet]

[0094] The negative electrode sheet includes a negative
electrode current collector and a negative electrode film
layer arranged on at least one surface of the negative
electrode current collector, where the negative electrode film
layer includes a negative electrode active material.

[0095] As an example, the negative electrode current
collector has two opposite surfaces in its own thickness
direction, and the negative electrode film layer is arranged
on either or both of the two opposite surfaces of the negative
electrode current collector.

[0096] In some embodiments, the negative electrode cur-
rent collector may be a metal foil or a composite current
collector. For example, an aluminum foil may be used as the
metal foil. The composite current collector may include a
high molecular material substrate layer and a metal layer
formed on at least one surface of a high molecular material
substrate. The composite current collector may be formed by
forming a metal material (aluminum, an aluminum alloy,
nickel, a nickel alloy, titanium, a titanium alloy, silver, a
silver alloy, etc.) on the high molecular material substrate
(e.g., polypropylene (PP), polyethylene terephthalate (PET),
polybutylene terephthalate (PBT), polystyrene (PS), and
polyethylene (PE)).

[0097] In some embodiments, a negative electrode active
material for batteries well known in the art may be used as
the negative electrode active material. As an example, the
negative electrode active material may include at least one
of the following materials: soft carbon, hard carbon, a
silicon-based material, a tin-based material, sodium titanate,
etc. The silicon-based material may be selected from at least
one of elemental silicon, a silicon-oxygen compound, a
silicon-carbon composite, a silicon-nitrogen composite, and
a silicon alloy. The tin-based material may be selected from
at least one of elemental tin, a tin-oxygen compound, and a
tin alloy. However, the present application is not limited to
these materials, and other conventional materials useful as
negative electrode active materials for batteries can also be
used. These negative electrode active materials may be used
alone or in combination of two or more thereof.

[0098] In some embodiments, the negative electrode film
layer further optionally includes a binder. As an example, the
binder may be selected from at least one of styrene butadiene
rubber (SBR), polyacrylic acid (PAA), sodium polyacrylate
(PAARS), polyacrylamide (PAM), polyvinyl alcohol (PVA),
sodium alginate (SA), polymethacrylic acid (PMAA) and
carboxymethyl chitosan (CMCS).
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[0099] In some embodiments, the negative electrode film
layer further optionally comprises a conductive agent. As an
example, the conductive agent may be selected from at least
one of superconducting carbon, acetylene black, carbon
black, Ketjen black, carbon dot, carbon nanotube, graphene,
and carbon nanofiber.

[0100] In some embodiments, the negative electrode film
layer may further optionally include other auxiliaries, such
as a thickener (e. g., sodium carboxymethyl cellulose
(CMC-Na)).

[0101] Insome embodiments, the negative electrode sheet
may be prepared by following manners: the components for
preparing the negative electrode sheet, such as the negative
electrode active material, the conductive agent, the binder
and any other component were dispersed in a solvent (e.g.,
deionized water) to form a negative electrode slurry; and the
negative electrode current collector was coated with the
negative electrode slurry, and followed by oven drying, cold
pressing and other procedures, the negative electrode sheet
was obtained.

[0102] [Electrolyte]

[0103] The electrolyte plays the role of conducting ions
between the positive electrode sheet and the negative elec-
trode sheet. The type of the electrolyte is not particularly
limited in the present application, and can be selected
according to requirements. For example, the electrolyte may
be in a liquid state, a gel state, or an all-solid state.

[0104] In some embodiments, the electrolyte is in a liquid
state, and includes an electrolyte salt and a solvent.

[0105] In some embodiments, the electrolyte salt may be
selected from at least one of NaPF, NaClO,, NaBF,,
NaNO,, NaPOFA, NaSCN, NaCN, NaAsF,, NaCF,CO,,
NaSbF,, NaC,HsCO,, Na(CH,)C,H,SO;, NaHSO,, and
NaB(C4Hs),.

[0106] In some embodiments, the solvent may be selected
from at least one of ethylene carbonate, propylene carbon-
ate, ethyl methyl carbonate, diethyl carbonate, dimethyl
carbonate, dipropyl carbonate, methyl propyl carbonate,
ethyl propyl carbonate, butylene carbonate, fluoroethylene
carbonate, methyl formate, methyl acetate, ethyl acetate,
propyl acetate, methyl propionate, ethyl propionate, propyl
propionate, methyl butyrate, ethyl butyrate, 1,4-butyrolac-
tone, sulfolane, dimethyl sulfone, methyl ethyl sulfone and
diethyl sulfone.

[0107] In some embodiments, the electrolyte solution fur-
ther optionally comprises an additive. For example, the
additive may include a negative electrode film-forming
additive and a positive electrode film-forming additive, and
may also include additives that can improve certain battery
properties, such as additives that improve battery overcharge
performance, and additives that improve battery high or low
temperature performance.

[0108] [Separator]

[0109] In some embodiments, the secondary battery also
includes a separator. The type of the separator is not par-
ticularly limited in the present application, and any well-
known separator with a porous structure having good chemi-
cal stability and mechanical stability may be selected.
[0110] In some embodiments, the material of the separator
may be selected from at least one of glass fiber, non-woven
cloth, polyethylene, polypropylene, and polyvinylidene
fluoride. The separator may be a single-layer film or a
multi-layer composite film, and is not particularly limited.
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When the separator is a multi-layer composite film, the
material of each layer may be the same or different, which
is not particularly limited.

[0111] In some embodiments, the positive electrode sheet,
the negative electrode sheet, and the separator may be made
into an electrode assembly by a winding process or a
lamination process.

[0112] In some embodiments, the secondary battery may
include an outer package. The outer package may be used to
encapsulate the above electrode assembly and the above
electrolyte.

[0113] In some embodiments, the outer package of the
secondary battery may be a hard shell, such as a hard plastic
shell, an aluminum shell and a steel shell. The outer package
of the secondary battery may also be a soft pack, such as a
bag-type soft pack. The material of the soft pack may be
plastic, and as plastic, polypropylene, polybutylene tereph-
thalate, and polybutylene succinate may be enumerated.
[0114] The present application has no particular limitation
on the shape of the secondary battery, which may be
cylindrical, square or any other shape. For example, FIG. 6
is an example of secondary battery 5 having a square
structure.

[0115] In some embodiments, referring to FIG. 7, the outer
package can include a case 51 and a cover plate 53. Here, the
case 51 can include a bottom plate and a side plate connected
to the bottom plate, with the bottom plate and the side plate
enclosing to form an accommodating cavity. The case 51 has
an opening communicating with the accommodating cavity,
and the cover plate 53 may cover the opening to close the
accommodating cavity. A positive electrode sheet, a negative
electrode sheet, and a separator may form an electrode
assembly 52 by a winding process or a lamination process.
The electrode assembly 52 is encapsulated within the
accommodating cavity. The electrolyte solution impregnates
the electrode assembly 52. The secondary battery 5 may
include one or more electrode assemblies 52, which can be
selected by those skilled in the art according to specific
actual requirements.

[0116] In some embodiments, the secondary batteries may
be assembled into a battery module, and the number of the
secondary batteries included in the battery module may be
one or more, and the specific number may be selected by
those skilled in the art according to the application and
capacity of the battery module.

[0117] FIG. 8 is an example of a battery module 4.
Referring to FIG. 8, in the battery module 4, a plurality of
secondary batteries 5 may be sequentially arranged in a
length direction of the battery module 4. Of course, any
other arrangement is also possible. The plurality of second-
ary batteries 5 may further be fixed by fasteners.

[0118] Optionally, the battery module 4 may further
include a shell with an accommodating space, and the
plurality of secondary batteries 5 are accommodated in the
accommodating cavity.

[0119] In some embodiments, the battery module may be
further assembled into a battery pack, there may be one or
more battery modules contained in the battery pack, and the
specific number may be selected by those skilled in the art
according to the use and capacity of the battery pack.
[0120] FIG. 9 and FIG. 10 are an example of a battery
pack 1. Referring to FIG. 9 and FIG. 10, the battery pack 1
may comprise a battery box and a plurality of battery
modules 4 arranged in the battery box. The battery box



US 2024/0088376 Al

includes an upper box 2 and a lower box 3, where the upper
box 2 can cover the lower box 3 and forms an enclosed space
for accommodating the battery module 4. The plurality of
battery modules 4 may be arranged in the battery box in any
manner.

[0121] Inaddition, the present application further provides
an electrical apparatus, and the electrical apparatus includes
at least one of the secondary battery, the battery module, or
the battery pack provided in the present application. The
secondary battery, battery module, or battery pack can be
used as a power source for the electrical apparatus, and can
also be used as an energy storage unit for the electrical
apparatus. The electrical apparatus may include but not
limited to a mobile device (e.g., a mobile phone and a
laptop), an electric vehicle (e.g., an all-electric vehicle, a
hybrid electric vehicle, a plug-in hybrid electric vehicle, an
electric bicycle, an electric scooter, an electric golf cart and
an electric truck), an electric train, a ship, a satellite, an
energy storage system, etc.

[0122] For the electrical apparatus, the secondary battery,
the battery module, or the battery pack may be selected
according to the requirements during use.

[0123] FIG. 11 is an example of an electrical apparatus.
The electrical apparatus is an all-electric vehicle, a hybrid
electric vehicle or a plug-in hybrid electric vehicle, etc. In
order to meet the requirements of the electrical apparatus for
high power and high energy density of secondary batteries,
a battery pack or a battery module may be used.

Examples

[0124] Examples of the present application will be
described hereinafter. The examples described below are
exemplary, are only used to explain the present application,
and are not to be construed as limiting the present applica-
tion. Examples in which specific techniques or conditions
are not specified are performed according to the techniques
or conditions described in the literatures in the art or the
product specifications. Where manufacturers are not speci-
fied, the reagents or instruments used are conventional
products and are commercially available.

Example 1
[0125] Preparation of Aluminum-Doped Layered Oxide
[0126] Na,CO;, Mn,O;, Fe,O;, NiO, Al,O; and CuO

were mixed according to the molar ratio of Na:Mn:Fe:Ni:
Al:Cu being 1:0.49:0.2:0.2:0.01:0.1 to weigh a sample with
a total weight of 30 g. The obtained sample was pre-ground
in an agate mortar and then added to a planetary ball mill to
be subject to ball milling for 1 h, where the ball-to-material
ratio was 8:1, grinding balls were zirconia grinding balls, the
rotational speed of ball milling was 500 rpm, and then a
precursor mixture was obtained. The obtained precursor
mixture was uniformly placed in an open crucible, then
heated from a room temperature to 950° C. in a muflle
furnace at a heating rate of 5° C./min, and kept at a constant
temperature of 950° C. for 15 h, and after natural cooling,
the layered oxide Na, 5, Mn, 4,oFe, ,Nij, Al 5,Cu, O, was
obtained.

Example 2

[0127] The difference from Example 1: Na,CO;, Mn,O;,
Fe,0;, NiO, B,0; and CuO were mixed according to the
molar ratio of Na:Mn:Fe:Ni:B:Cu being 1:0.49:0.2:0.2:0.01:
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0.1 to weigh a sample with a total weight of 30 g. All the
other operations were the same as in Example 1.

Example 3

[0128] The difference from Example 1: Na,CO;, Mn,O;,
Fe,0O;, NiO, Al,O; and Y,0; were mixed according to the
molar ratio of Na:Mn:Fe:Ni:Al:'Y being 1:0.49:0.2:0.2:0.01:
0.1 to weigh a sample with a total weight of 30 g. All the
other operations were the same as in Example 1.

Example 4

[0129] The difference from Example 1: Na,CO,, Mn,Oj,
Fe,0;, NiO, B,0; and ZnO were mixed according to the
molar ratio of Na:Mn:Fe:Ni:B:Zn being 1:0.48:0.2:0.2:0.02:
0.1 to weigh a sample with a total weight of 30 g. All the
other operations were the same as in Example 1.

Example 5

[0130] The difference from Example 1: Na,CO;, Mn,O;,
Fe,O,, NiO, B,0; and TiO, were mixed according to the
molar ratio of Na:Mn:Fe:Ni:B:Ti being 1:0.48:0.2:0.2:0.02:
0.1 to weigh a sample with a total weight of 30 g. All the
other operations were the same as in Example 1.

Example 6

[0131] The difference from Example 1: Na,CO;, Mn,O;,
Fe,O;, NiO, B,0; and Y,O; were mixed according to the
molar ratio of Na:Mn:Fe:Ni:B:Y being 1:0.49:0.2:0.2:0.01:
0.1 to weigh a sample with a total weight of 30 g. All the
other operations were the same as in Example 1.

Example 7

[0132] The difference from Example 1: Na,CO,, Mn,Oj,
Fe,O;, NiO, Al,O; and TiO, were mixed according to the
molar ratio of Na:Mn:Fe:Ni:Al:'Ti being 1:0.398:0.2:0.2:0.
002:0.2 to weigh a sample with a total weight of 30 g. All
the other operations were the same as in Example 1.

Example 8

[0133] The difference from Example 1: Na,CO;, Mn,O;,
Fe,0;, NiO, B,0; and CuO were mixed according to the
molar ratio of Na:Mn:Fe:Ni:B:Cu being 1:0.49:0.2:0.1:0.01:
0.2 to weigh a sample with a total weight of 30 g. All the
other operations were the same as in Example 1.

Example 9

[0134] The difference from Example 1: Na,CO;, Mn,O;,
Fe,0;, NiO, B,0; and CuO were mixed according to the
molar ratio of Na:Mn:Fe:Ni:B:Cu being 1:0.29:0.3:0.3:0.01:
0.1 to weigh a sample with a total weight of 30 g. All the
other operations were the same as in Example 1.

Example 10

[0135] The difference from Example 1: Na,CO,, Mn,Oj,
Fe,0;, NiO, B,0; and CuO were mixed according to the
molar ratio of Na:Mn:Fe:Ni:B:Cu being 1:0.4:0.2:0.2:0.1:
0.1 to weigh a sample with a total weight of 30 g. All the
other operations were the same as in Example 1.
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Example 11

[0136] The difference from Example 1: Na,CO;, Mn,O;,
Fe,0;, NiO, A,0; and CuO were mixed according to the
molar ratio of Na:Mn:Fe:Ni:Al:Cu being 1:0.49:0.2:0.2:0.
055:0.055 to weigh a sample with a total weight of 30 g. All
the other operations were the same as in Example 1.

Example 12

[0137] The difference from Example 1: Na,CO,, Mn,Oj,
Fe,0;, NiO, Al,O; and CuO were mixed according to the
molar ratio of Na:Mn:Fe:Ni:Al:Cu being 1:0.49:0.2:0.2:0.
02:0.09 to weigh a sample with a total weight of 30 g. All
the other operations were the same as in Example 1.

Example 13

[0138] The difference from Example 1: Na,CO;, Mn,O;,
Fe,0;, NiO, Al,O; and CuO were mixed according to the
molar ratio of Na:Mn:Fe:Ni:Al:Cu being 1:0.49:0.2:0.2:0.
005:0.105 to weigh a sample with a total weight of 30 g. All
the other operations were the same as in Example 1.

Example 14

[0139] The difference from Example 1: Na,CO;, Mn,O;,
Fe,O;, NiO, Al,O; and CuO were mixed according to the
molar ratio of Na:Mn:Fe:Ni:Al:Cu being 1:0.49:0.2:0.2:0.
002:0.108 to weigh a sample with a total weight of 30 g. All
the other operations were the same as in Example 1.

Example 15

[0140] The difference from Example 1: Na,CO;, Mn,O;,
Fe,0;, NiO, Al,O; and CuO were mixed according to the
molar ratio of Na:Mn:Fe:Ni:Al:Cu being 1:0.49:0.2:0.2:0.
0012:0.1088 to weigh a sample with a total weight of 30 g.
All the other operations were the same as in Example 1.

Example 16

[0141] The difference from Example 1: Na,CO,, Mn,Oj,
Fe,0;, NiO, Al,O; and CuO were mixed according to the
molar ratio of Na:Mn:Fe:Ni:Al:Cu being 0.85:0.49:0.2:0.2:
0.01:0.1 to weigh a sample with a total weight of 30 g. All
the other operations were the same as in Example 1.

Example 17

[0142] The difference from Example 1: Na,CO;, Mn,O;,
Fe,0;, NiO, Al,O; and CuO were mixed according to the
molar ratio of Na:Mn:Fe:Ni:Al:Cu being 1.2:0.49:0.2:0.2:0.
01:0.1 to weigh a sample with a total weight of 30 g. All the
other operations were the same as in Example 1.

Example 18

[0143] The difference from Example 1: Na,CO;, Mn,O;,
Fe,O;, NiO, Al,O; and CuO were mixed according to the
molar ratio of Na:Mn:Fe:Ni:Al:Cu being 1:0.2:0.25:0.25:0.
1:0.2 to weigh a sample with a total weight of 30 g. All the
other operations were the same as in Example 1. Layered
oxide
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Example 19

[0144] The only difference from Example 1 is that the
calcination conditions of the sodium source and the precur-
sor mixture were different, as follows:

[0145] the adopted sodium source was NaOH, the
obtained precursor and NaOH mixture was uniformly placed
in an open crucible, then heated from a room temperature to
700° C. in a muffle furnace at a heating rate of 5° C./min, and
kept at a constant temperature of 700° C. for 30 h, and after
natural cooling, the layered oxide Na, ¢, Mn, 4oFe, ,Ni,
2Al, 5,Cu, O, was obtained.

Example 20

[0146] The only difference from Example 1 is that the
calcination conditions of the precursor mixture were differ-
ent, as follows:

[0147] the obtained precursor mixture was uniformly
placed in an open crucible, then heated from a room tem-
perature to 1000° C. in a muffle furnace at a heating rate of
5° C./min, and kept at a constant temperature of 1000° C. for
10 h, and after natural cooling, the layered oxide Na,, s, Mn,,
asFe, ,Nij , Al o;Cu, ; O, was obtained.

Example 21

[0148] The only difference from Example 1 is that the
calcination conditions of the precursor mixture were differ-
ent, as follows:

[0149] the obtained precursor mixture was uniformly
placed in an open crucible, then heated from a room tem-
perature to 1100° C. in a muffle furnace at a heating rate of
5° C./min, and kept at a constant temperature of 1100° C. for
8 h, and after natural cooling, the layered oxide Na, ,,Mn,,
aoFe, ,Nij ,Al, 5,Cu, O, was obtained.

Example 22

[0150] The only difference from Example 1 is that the
calcination conditions of the sodium source and the precur-
sor mixture were different, as follows:

[0151] the adopted sodium source was NaOH, the
obtained precursor and NaOH mixture was uniformly placed
in an open crucible, then heated from a room temperature to
400° C. in a muffle furnace at a heating rate of 5° C./min, and
kept at a constant temperature of 400° C. for 20 h; and then
the obtained precursor and NaOH mixture was continuously
heated from 400° C. to 700° C. at a heating rate of 5° C./min,
and kept at a constant temperature of 700° C. for 30 h, and
after natural cooling, the layered oxide Na, 4 Mn, ,Fe,
2Ni, LAl o, Cu,, O, was obtained.

Example 23

[0152] The only difference from Example 1 is that the
calcination conditions of the precursor mixture were differ-
ent, as follows:

[0153] the obtained precursor mixture was uniformly
placed in an open crucible, then heated from a room tem-
perature to 400° C. in a muffle furnace at a heating rate of
5° C./min, and kept at a constant temperature of 400° C. for
20 h; and then the obtained precursor mixture was continu-
ously heated from 400° C. to 1000° C. at a heating rate of
5° C./min, and kept at a constant temperature of 1000° C. for
10 h, and after natural cooling, the layered oxide Na,, ,oMn,,
asFe, ,Nij , Al o;Cu, ; O, was obtained.
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Example 24

[0154] The only difference from Example 1 is that the
calcination conditions of the precursor mixture were differ-
ent, as follows:

[0155] the obtained precursor mixture was uniformly
placed in an open crucible, then heated from a room tem-
perature to 900° C. in a muffle furnace at a heating rate of
5° C./min, and kept at a constant temperature of 900° C. for
2 h; and then the obtained precursor mixture was continu-
ously heated from 900° C. to 1000° C. at a heating rate of
5° C./min, and kept at a constant temperature of 1000° C. for
10 h, and after natural cooling, the layered oxide Na, ,oMn,,
aoFe, ,Nij ,Al, 5,Cu, ;O, was obtained.

Comparative Example 1

[0156] The difference from Example 1: Na,CO;, Mn,O;,
Fe,0;, NiO and CuO were mixed according to the molar
ratio of Na:Mn:Fe:Ni:Cu being 1:0.5:0.2:0.2:0.1 to weigh a
sample with a total weight of 30 g. All the other operations
were the same as in Example 1.

Comparative Example 2

[0157] The difference from Example 1: Na,CO;, Mn,O;,
Fe,O;, NiO, Al,O; and CuO were mixed according to the
molar ratio of Na:Mn:Fe:Ni:Al:Cu being 1:0.4991:0.2:0.2:
0.0009:0.1 to weigh a sample with a total weight of 30 g. All
the other operations were the same as in Example 1.

Comparative Example 3

[0158] The difference from Example 1: Na,CO;, Mn,O;,
Fe,O;, NiO, B,O, and CuO were mixed according to the
molar ratio of Na:Mn:Fe:Ni:B:Cu being 1:0.4981:0.3:0.2:0.
01:0.009 to weigh a sample with a total weight of 30 g. All
the other operations were the same as in Example 1.

Comparative Example 4

[0159] The difference from Example 1: Na,CO;, Mn,O;,
Fe,O;, NiO, Al,O; and CuO were mixed according to the
molar ratio of Na:Mn:Fe:Ni:Al:Cu being 1:0.69:0.1:0.1:0.
01:0.1 to weigh a sample with a total weight of 30 g. All the
other operations were the same as in Example 1.

Comparative Example 5

[0160] The difference from Example 1: Na,CO;, Mn,O;,
Fe,O;, NiO, Al,O; and CuO were mixed according to the
molar ratio of Na:Mn:Fe:Ni:Al:Cu being 1:0.34:0.2:0.2:0.
01:0.25 to weigh a sample with a total weight of 30 g. All
the other operations were the same as in Example 1.

Comparative Example 6

[0161] The difference from Example 1: Na,CO;, Mn,O;,
Fe,O;, NiO, Al,O; and CuO were mixed according to the
molar ratio of Na:Mn:Fe:Ni:Al:Cu being 1:0.36:0.2:0.2:0.
12:0.12 to weigh a sample with a total weight of 30 g. All
the other operations were the same as in Example 1.

Comparative Example 7

[0162] The difference from Example 1: Na,CO;, Mn,O;,
Fe,0;, NiO, B,0O; and Li,CO; were mixed according to the
molar ratio of Na:Mn:Fe:Ni:B:Li being 1:0.49:0.2:0.2:0.01:
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0.1 to weigh a sample with a total weight of 30 g. All the
other operations were the same as in Example 1.

Comparative Example 8

[0163] The difference from Example 1: Na,CO;, Mn,O;,
Fe,O;, NiO, B,0; and MgO were mixed according to the
molar ratio of Na:Mn:Fe:Ni:B:Mg being 1:0.49:0.2:0.2:0.
01:0.1 to weigh a sample with a total weight of 30 g. All the
other operations were the same as in Example 1.

[0164] Tests

[0165] (1) Interlayer Distance d,,; and Space Group Test
of (003) Crystal Face of Layered Oxide

[0166] In a drying room or glove box, a sample-to-be-
tested was ground in an agate mortar to pass through a
350-mesh sieve. An appropriate amount of the sieved
sample was taken and put into a middle of a sample holder
groove, so that the loose sample powder was slightly higher
than a plane of a sample holder; and a glass slide was taken
to lightly press a surface of the sample, so that the surface
of the sample was flattened to be consistent with a plane of
the holder, and the excess powder was scraped off. After
sample preparation, a Brucker D8A_A25 X-ray powder
diffractometer from Brucker AXS Company in Germany
was used to test with a CuKa ray as a radiation source, the
ray wavelength A=1.5406 A, the scanning 20 angle range
being 5° to 60°, and the scanning rate being 4°/min, after the
test was completed, through an angle corresponding to the
003 crystal face, according to the Bragg equation 2d-sin
6=A, and each unit cell of the 003 crystal face containing
three transition metal layers, the interlayer distance dg,; of
the (003) crystal face can be obtained, and by comparing
XRD diffraction peaks of the sample with a standard card of
XRD analysis software, it can be confirmed that the space
group of the sample belongs to the O3 type layered oxide.
[0167] (2) Element Composition Test by Inductively
Coupled Plasma Emission Spectrometry

[0168] The instrument standard refers to EPA6010D-2014
“Inductively Coupled Plasma Atomic Emission Spectrom-
etry”. The sample was chemically processed and digested
into a solution, atomized into a plasma to excite character-
istic spectral lines of elements, and the element content was
qualitatively and quantitatively analyzed according to the
wavelength and intensity of the spectral lines (in direct
proportion to the concentration).

[0169] (3) D, s, Test

[0170] Equipment model: Melvin 2000 (MasterSizer
2000) laser particle sizer, a reference standard process:
GB/T19077-2016/ISO 13320:2009, a specific test process:
taking an appropriate amount of the sample-to-be tested (the
sample concentration should guarantee a shading degree of
8% to 12%), adding 20 ml of deionized water, at the same
time, performing ultrasonic treatment for 5 min (53 KHz/
120 W) to ensure that the sample was completely dispersed,
and then testing the sample according to the standard
GB/T19077-2016/ISO 13320:2009.

[0171] (4) Powder Compaction Density Test at 300 MPa

[0172] An instrument used was a Yuanneng Technology
PRCD1100 compaction density meter. Quantitative powder
was placed in a special mold for compaction, and the mold
was placed on the compaction density meter, and the pres-
sure intensity was set to 300 MPa. A thickness of the powder
under this pressure intensity can be read on the device, and
the compaction density was calculated according to
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density=mass/volume. The test may be performed with
reference to the standard GB/T 24533-20009.

[0173] (5) First-Cycle Coulombic Efficiency and Cyclic
50-Cycle Capacity Retention Rate Test of a Layered Oxide
Button Battery

[0174] At 25° C., after the layered oxide was prepared into
the button battery, the button battery was charged to 4.3 V
at a constant current density of 10 mA/g to obtain the
discharge capacity C0 of the button battery, and then dis-
charged at a constant current density of 10 mA/g to 1.5V to
obtain the discharge capacity C1 of the button battery.
First-cycle coulombic efficiency of the layered
oxide=discharge capacity C1 of button battery/charge capac-
ity CO of button battery. After the first cycle of charge and
discharge, according to the discharge capacity C1, the cur-
rent density was increased to 1C for charge and discharge
cycles, and the discharge capacity C2 was obtained; and the
discharge capacity C3 was obtained after 50 cycles, and the
cyclic capacity retention rate of the 50 cycles=C3/C2.
[0175] The button battery was prepared according to the
steps shown below.

[0176] Positive electrode sheet preparation: the layered
oxide, the conductive agent carbon black (Super P) and the
binder polyvinylidene fluoride (PVDF) were mixed in an
appropriate amount of solvent NMP to be sufficiently stirred
in the mass ratio of 80:15:5 to form a uniform positive
electrode slurry; and a surface of a positive electrode current
collector aluminum foil was evenly coated with the positive
electrode slurry, and after drying and cold pressing, a wafer
with the diameter of 14 mm was obtained through punching,
namely the positive electrode sheet.

[0177] A negative electrode sheet adopts a metal sodium
sheet.
[0178] Electrolyte preparation: ethylene carbonate (EC)

and diethyl carbonate (DEC) were mixed in equal volumes
to obtain an organic solvent, and then NaClO, was dissolved
in the above organic solvent to prepare an electrolyte solu-
tion with the concentration of 1 mol/L.

[0179] A separator adopts a porous polyethylene (PE)
film.
[0180] button battery preparation: the positive electrode

sheet, the separator and the negative electrode sheet were
stacked in sequence, so that the separator was positioned
between the positive electrode sheet and the negative elec-
trode sheet to play an isolation role, and then the above
prepared electrolyte solution was added to finish preparation
of the button battery.

[0181] The discharge capacity C1 of the button battery and
the charge capacity CO of the button battery obtained

Mar. 14, 2024

are sequentially recorded in FI1G. 1 and FIG. 2, and the cyclic
50-cycle capacity retention rates of the button battery
obtained through the test in Example 1 and Comparative
example 1 are recorded in FIG. 3. In addition, SEM images
of the SEM-tested positive electrode materials for the lay-
ered oxide containing batteries disassembled after 50 cycles
in Example 1 and Comparative Example 1 are sequentially
shown in FIG. 4 and FIG. 5.

[0182] (6) Soak Test of Layered Oxide

[0183] 5 goflayered oxide was taken to be put in a beaker,
15 mL of deionized water was added to be stirred at a
rotational speed of 500 rpm for 1 min, filtering was per-
formed after standing for 24 h, and vacuum dry was per-
formed at 60° C. for 6 h to obtain a soaked layered oxide
positive electrode active material.

[0184] The X-ray powder diffractometer in the above test
(1) was used to detect the intensity change of the (003)
characteristic peak in the X-ray diffraction spectrum of the
layered oxide positive electrode active material before and
after soaking in water for 24 h. I1 represents the intensity of
the (003) characteristic peak in the X-ray diffraction spec-
trum of the layered oxide positive electrode active material
soaked in water for 24 h, and 10 represents the intensity of
the (003) characteristic peak in the X-ray diffraction spec-
trum of the layered oxide positive electrode active material
before soaking. 11/10 may represent water stability of the
layered oxide positive electrode active material, and the
smaller the 11/10, the poorer the water stability of the layered
oxide positive electrode active material, and the more sen-
sitive to water.

[0185] (7) pH Test of Layered Oxide

[0186] 2 g of layered oxide was taken and placed in a
beaker, 18 mL of deionized water was added to be stirred at
a rotational speed of 500 rpm for 1 min, and after standing
for 30 min, the pH of supernatant was tested by a general-
purpose pH meter according to the standard GB/T 9724-
2007.

[0187] (8) Specific Surface Area

[0188] According to GB/T 19587-2017, testing was per-
formed on a Quadrasorb EVO specific surface area and hole
diameter analyzer according to a nitrogen adsorption spe-
cific surface area analysis method, and the specific surface
area was calculated by BET (Brunauver Emmett Teller)
method.

[0189] (9) Tap Density

[0190] Measurement was
GB/T5162-2006.

performed according to

through the test in Example 1 and Comparative example 1 [0191] Test results are recorded in Table 1 and Table 2.
TABLE 1

Tap Specific Tap

Serial D,so density surface area  density

Number Layered oxide (um) (g/lem® pH (m?/g) (g/cm?)
Example 1 Nag g, Mnyg 4oFeq ,Nig2Aly o,Clg ;05 8 346 1253 0.4 21
Example 2 Nag g5Mg 40Fe 2Nig 2B 01Clig ;0o 9 353 1231 0.5 2.1
Example 3 Nag 7oMilg 40Feq 2Nig 1ALy o1 Yo 105 11 344 1241 0.5 2.0
Example 4 Nag goMng 4sFeq ,Nig 5B 2210 ;05 9 356 1232 0.5 1.9
Example $ Nag g; Mg 4sFeq 2Nig 2Bo.0sTio 1O 12 354 1255 0.5 1.9
Example 6 Nag g3Mg 40Fe 2Nig 2Bo.01 Yo 105 11 345 12.52 0.6 2.0
Example 7 Nag goMng 305F€0 5Nig 2ALy 660 Tig 205 9 342 1277 0.6 21
Example 8 Nag goMlg 40Fe0 2Nig | Bo.o1Clig 205 9 343 1266 0.5 2.1
Example 9 Nag goMlg 20Feg sNig 3Bo.01Cllp 105 9 339 1286 0.5 2.2
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TABLE 1-continued
Tap Specific Tap
Serial D,so density surface area  density
Number Layered oxide (um) (g/em?®) pH (m?/g) (g/em?)
Example 10 Nag,,Mn, ,Feg 5Nig,Bg Clg O, 10 353 12.67 0.5 23
Example 11 Nag sMng 4oFeqoNigoAlg 0ssCligossOs 10 346 12.77 0.4 23
Example 12 Nag 7oMng 4oFeq2Nig ALy 02Cllo 0905 11 35  12.86 0.5 23
Example 13 Nag -;Mng 4oFeqoNigAlg 00sClp 10505 10 337 12.68 0.6 2.1
Example 14 Nagg,Mng 4oFeq ,NigoAly 00oCllg 150> 9 3.39  12.87 0.6 2.0
Example 15 Nag sMng 40F€qoNig2Aly 002Clo 108605 11 342 12.64 0.6 2.0
Example 16 Nag g;Mng ¢FeqoNig2Aloo1Clig 205 9 343 1255 0.6 2.1
Example 17 Na, goMng 4oFeqNig ALy 0, Clig ;05 13 352 12.88 0.5 2.0
Example 18 Nag ,Mng 5Feq 55Nig 5sAl, ;Clig 505 9 342 1265 0.6 2.1
Example 19 Nag g, Mng 4oFeq,Nig2Alg 0, Clig ;05 8 342 1289 0.6 2.2
Example 20 Nag g, Mng 4oFeqNig2Alg 0, Cllg ;05 12 343 1291 0.6 23
Example 21 Nag oMy 4oFeqNigoAlg 0, Cllg ;05 30 342 12.68 0.3 1.8
Example 22 Nag ggMny 4oFeq 5Nig 5Aly o, Clig ;05 6 346 12.69 0.7 2.1
Example 23 Nag 1M1y 4oFeqNig2Alg 0, Clig ;05 11 344 12.78 0.5 2.1
Example 24 Nag 7oMng 4oFeqNig2Alg 0, Clig ;05 13 343 12.68 0.5 2.2
Comparative Nag 70Mng sFeq 5Nig ,Cug ;05 9 345 12.55 0.6 2.1
Example 1
Comparative Nag 7M1 490 1 Feo5Nig Alg 0000Clo. 105 8 344 12.65 0.5 2.1
Example 2
Comparative Nag goMng 4081 Fe0.3Nig>Bo.01Clg 00002 9 338 12.58 0.5 2.2
Example 3
Comparative Nag g1 Mng goFeq | Nig 1Al 0 Cup, 10 10 342 12.68 0.5 23
Example 4
Comparative Nag goMng 34Feq -Nig ,Alp 01 Clg 2505 9 344 1278 0.5 2.1
Example 5
Comparative Nag 70Mng 36Feq -Nig Al 1,Cug 1,05 8 351 12.59 0.6 2.1
Example 6
Comparative  Nag goMng 49Feq 5Nig 5B o1 Lig 105 11 3.56  12.57 0.6 2.2
Example 7
Comparative Nag g1 Mng 4oFeq - Nig»Aly 61 Mg, 05 9 355 12.68 0.6 23
Example 8
TABLE 2 TABLE 2-continued
Cyclic Cyclic
50-cycle 50-cycle
First-cycle  Discharge  capacity First-cycle  Discharge capacity
Serial Interlayer coulombic specific  retention Serial Interlayer coulombic specific  retention
Number distance 1/I, efficiency capacity rate Number distance 1/I,  efficiency capacity rate
Example 1 5.36 A 0.40 99% 164 mAh/g 94% Comparative 536 A 0.34 99% 144 mAh/g 86%
Example 2 537 A 0.58 98% 163 mAh/g 91% Example 4
Example 3 535 A 0.32 99% 161 mAh/g 89% Comparative 535 A 0.36 98% 152 mAh/g 86%
Example 4 5.36 A 0.44 98% 161 mAh/g 88% Example 5
Example 5 5.36 A 0.59 99% 162 mAh/g 91% Comparative 536 A 0.31 99% 153 mAh/g 86%
Example 6 5.39 A 0.55 98% 162 mAh/g 89% Example 6
Example 7 535 A 0.42 98% 160 mAh/g 90% Comparative 535 A 0.38 92% 157 mAh/g 79%
Example 8 5.36 A 0.33 99% 157 mAh/g 92% Example 7
Example 9 537 A 045 98% 177 mAh/g 91% Comparative 537 A 0.14 93% 148 mAh/g 71%
Example 10 535 A 0.32 99% 162 mAh/g 91% Example 8
Example 11 5.34 A 0.31 98% 162 mAh/g 88%
Example 12 5.38 A 0.43 99% 161 mAh/g 90%
Example 13 5.34A 032 8% 160 mAh/g  89% [0192] According to the data in Table 2 and the compari-
Example 14  539A 031 99% 162 mAb/g  90% :
Example 15 534 A 054 99% 160 mAh/g  89% son between FIG. 1 and .FIG. 2, it can be seen tha.t the
Example 16 5.39 A 0.23 99% 156 mAh/g  89% first-cycle coulombic efficiency of Example 1 is relatively
Example 17 5.35 0.38 99% 168 mAh/g  93% high, and the co-doping of the Q element containing d
Example 18 534A 035 99% 171 mAl/g  89% orbital electrons and the C element with a high ionic
Example 19 5.35A 043 98% 161 mAb/g  50% potential can enable the hole generated due to the loss of
Example 20 536 A 041 99% 160 mAh/g  90% > ;
Example 21 535 A 0.3 08% 156 mAhg  88% electrons of oxXygen gnder a high voltage tp be relathf:ly
Example 22 541A 031 999 161 mAh/g  91% stable, thereby inhibiting oxygen losses; and in Comparative
Example 23 536 A 045 98% 162 mAl/g  89% example 1 of the C element with a high ionic potential, the
Example 24 535A 036 98% 160 mAh/g  90% hole generated due to the loss of electrons of oxygen under
C};’mparil“‘{e 536A 035 87% 157 mAh/g  79% the high voltage cannot be effectively stabilized, resulting in
Cofnafaﬁ;ive s A 04l s8%  1S7mAbg  T7% an irreversible oxygen evolution reaction, and low first-
Example 2 cycle coulombic efficiency. Moreover, according to the data
Comparative 536 A 0.13 93% 149 mAl/g  78% comparison of Example 1, Comparative Example 2 and
Example 3 Comparative Example 3, it can be seen that when the ratio

of the Q element to the C element is within the scope
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specified in the present application, it is more effective to
improve the discharge specific capacity, the coulombic effi-
ciency and the cycle stability.

[0193] In addition, according to the comparison of FIG. 4
and FIG. 5, it can be seen that there is no obvious crack on
the particle surface of the layered oxide of Example 1 after
cycling of 50 cycles in FIG. 4; and there is no obvious crack
on the particle surface of the layered oxide of Comparative
Example 1 after cycling of 50 cycles in FIG. 5, indicating
serious element losses.

[0194] Although the present application has been
described with reference to the preferred examples, various
improvements may be made thereto and components thereof
may be replaced with equivalents without departing from the
scope of the present application. In particular, the technical
features mentioned in the various examples may be com-
bined in any manner as long as there is no structural conflict.
The present application is not limited to the specific
examples disclosed herein, but includes all technical solu-
tions falling within the scope of the claims.

What is claimed is:

1. A layered oxide, comprising an oxide with a general
formula Na Mn, A Q,C_O,, wherein A is one or two of Fe
and Ni; Q is one or more of transition metal elements
containing 3d or 4d orbital electrons except Fe and Ni; C is
one or two of Al and B, 0.66<x<1, 0.2<y=0.6, 0.3<a=<0.6,
0<b=0.2, 0<c=<0.1, and 1=b/c<100.

2. The layered oxide according to claim 1, wherein the Q
is selected from one or more of the group consisting of Cu,
Zn, Y and Ti.

3. The layered oxide according to claim 1, wherein the A
contains Fe and Ni.

4. The layered oxide according to claim 1, wherein a
phase state of the layered oxide is an O3 phase, and a space
group is R3m.

5. The layered oxide according to claim 1, wherein an
interlayer distance d,,; of a (003) crystal face of the layered
oxide is 0.53 nm to 0.55 nm.

6. The layered oxide according to claim 1, wherein an
intensity of a (003) characteristic peak in an X-ray diffrac-
tion spectrum of the layered oxide before soaking is 10, the
intensity of the (003) characteristic peak in the X-ray
diffraction spectrum of the layered oxide after 24 h room-
temperature soaking in water is 11, and 11/10=0.2.

7. The layered oxide according to claim 1, wherein the pH
value of an aqueous solution of the layered oxide with a
mass concentration of 10% is between 11 and 13.

8. The layered oxide according to claim 1, wherein a
volume average particle diameter D, 5, of the layered oxide
is 3 um to 30 um.

9. The layered oxide according to claim 1, wherein a
specific surface area BET of the layered oxide is 0.1 m?/g to
5 m%/g.

10. The layered oxide according to claim 1, wherein a tap
density of the layered oxide is 1 g/cm> to 3 g/em®.
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11. The layered oxide according to claim 1, wherein a
powder compaction density of the layered oxide under a
pressure of 300 MPa is 3.0 g/cm® to 4.0 g/cm®.

12. A preparation method of a layered oxide, comprising:

step S1, mixing layered oxides of a Na source, a Mn
source, an A source, a Q source and a C source to obtain
a precursor powder, wherein the Na source, the Mn
source, the A source, the Q source and the C source are
mixed according to a molar ratio of Na:Mn:A:Q:C
being (0.85-1.2):(0.2-0.6):(0.3-0.6):(0-0.2):(0-0.1), a
mole number of the Q and the C is not 0, an A element
in the A source is one or two of Fe and Ni, an A element
in the Q source is one or more of transition metal
elements containing 3d or 4d orbital electrons except
Fe and Ni, and a C element in the C source is one or two
of Al and B; and

step S2: calcining the precursor powder in an oxidizing
atmosphere and crushing a resulting material to obtain
the layered oxide,

wherein optionally, step S1 implements the mixing by a
ball milling or mechanical stirring method.

13. The preparation method according to claim 12,
wherein the oxidizing atmosphere is selected from air,
oxygen, mixed gas of air and oxygen, and mixed gas of
oxygen and inert gas.

14. A positive electrode sheet, comprising a positive
electrode current collector and a positive electrode film layer
arranged on at least one surface of the positive electrode
current collector, wherein the positive electrode film layer
comprises a positive electrode active material, and the
positive electrode active material comprises the layered
oxide according to claim 1, or the layered oxide prepared by
the preparation method according to claim 12.

15. A secondary battery, comprising the layered oxide
according to claim 1, or the layered oxide prepared by the
preparation method according to claim 12, or a positive
electrode sheet according to claim 14.

16. A battery module, comprising a secondary battery,
wherein the secondary battery is the secondary battery
according to claim 15.

17. A battery pack, comprising a battery module, wherein
the battery module is the battery module according to claim
16.

18. An electrical apparatus, comprising a secondary bat-
tery or a battery module or a battery pack, wherein the
secondary battery is selected from the secondary battery
according to claim 15, the battery module is the battery
module according to claim 16, or the battery pack is the
battery pack according to claim 17.
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