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(57) A positive electrode for an all-solid-state battery
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all-solid-state battery comprising the positive electrode
active material has improved reversible capacity and re-
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Description

TECHNICAL FIELD

[0001] The present disclosure relates to a positive electrode for an all-solid-state battery based on a nickel rich lithium
transition metal composite oxide and a sulfide-based solid electrolyte. More particularly, the present disclosure relates
to an all-solid-state battery with improved electrochemical properties by the reduced interfacial resistance at the interface
between a positive electrode active material and a solid electrolyte.
[0002] The present application claims priority to Korean Patent Application No. 10-2022-0040830 filed on March 31,
2022 in the Republic of Korea, the disclosure of which is incorporated herein by reference.

BACKGROUND ART

[0003] Lithium ion secondary batteries are being widely used as a power of source for portable devices including IT
mobile devices, and recently, the market is growing from small batteries to medium- and large scale batteries. In particular,
the use of batteries in vehicle applications is sharply increasing. To use lithium ion secondary batteries as a power
source of electric vehicles, high energy density and high output characteristics are required, and especially, it is important
to ensure safety.
[0004] Lithium ion secondary batteries use nonaqueous organic electrolytes in liquid state and due to the fact, they
have fire and explosion risks. Explosion accidents are continuously occurring in products using the same in the real
world, so there is an urgent need to solve the problem.
[0005] All-solid-state batteries use solid electrolytes, instead of organic electrolytes, and they are batteries using solid
components such as electrodes and electrolytes. The all-solid-state batteries may prevent fire and explosion risks due
to higher safety of solid electrolytes than liquid electrolytes.
[0006] Solid electrolyte materials for all-solid-state batteries include gel-type polymer-based solid electrolytes, sulfide-
based solid electrolytes and oxide-based solid electrolytes. Among them, the sulfide-based solid electrolytes exhibit
high lithium ion conductivity of 10-3 S/cm or more, and it is easy to form a sheet and achieve a large scale area due to
good interfacial contact attributed to low mechanical properties of sulfide particles(powder)and thus it is suitable for the
manufacture of all-solid-state batteries having high energy density.
[0007] Meanwhile, all-solid-state batteries using the sulfide-based solid electrolytes fail to achieve high capacity due
to high interfacial resistance at the interface between the positive electrode active material and the sulfide-based solid
electrolyte. The main cause of the high interfacial resistance is regarded as 1) a space charge layer or a lithium deficient
layer formed at the solid electrolyte interface due to a potential difference between the positive electrode active material
and the solid electrolyte, and 2) an interfacial impurity layer formed by chemical reaction at the interface between the
positive electrode active material and the solid electrolyte. To solve the problem, Patent Literature, Korean Patent
Application No. 10-2018-0081309 introduces a lithium metal oxide (LiMexOy) buffer layer at the interface between the
positive electrode active material and the solid electrolyte to reduce the interfacial resistance, in order to improve the
battery characteristics. However, the lithium metal oxide layer is effective when the positive electrode active material is
lithium cobalt oxide, but in the case ofa Ni-rich positive electrode active material, there is almost no difference in interfacial
resistance effect between presence and absence of the buffer layer. Accordingly, there is a need for new technology to
suppress the interfacial resistance of the Ni-rich positive electrode active material and the solid electrolyte.

[Patent Literature]

[0008] Korean Patent Application No. 10-2018-0081309

[Non-Patent Literature]

[0009]

N. Ohta, K. Takada, I. Sakaguchi, L. Zhang, R. Ma, K. Fukuda, M. Osada & T. Sasaki, Electrochemistry Commu-
nication 9 (2007) 1486-1490
N. Ohta, K. Takada, L. Zhang, R. Ma, M. Osada & T. Sasaki, Advanced Material 18 (2006) 2226-2229
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DISCLOSURE

Technical Problem

[0010] The present disclosure is directed to providing a positive electrode for an all-solid-state battery with reduced
interfacial resistance at an interface between a solid electrolyte and a positive electrode active material. The present
disclosure is further directed to providing an all-solid-state battery comprising the positive electrode. It will be readily
appreciated that these and other objectives and advantages of the present disclosure may be realized by means or
methods set forth in the appended claims and a combination thereof.

Technical Solution

[0011] According to a first aspect of the present disclosure, there is provided a positive electrode for an all-solid-state
battery, comprising a positive electrode active material and a solid electrolyte, wherein the positive electrode active
material comprises a lithium transition metal composite oxide having a residual lithium content of more than 2,000 ppm,
wherein the lithium transition metal composite oxide is a Ni-rich lithium transition metal composite oxide having a nickel
(Ni) content of 70% or more among metals except lithium on an atomic fraction basis, and wherein the residual lithium
comprises at least one of lithium hydroxide (LiOH), lithium carbonate (Li2CO3), lithium sulfate (Li2SO4) or lithium nitrate
(LiNO3).
[0012] According to a second aspect of the present disclosure, in the first aspect, the solid electrolyte comprises a
sulfide-based solid electrolyte.
[0013] According to a third aspect of the present disclosure, in the first or second aspect, the Ni-rich lithium transition
metal composite oxide is included in an amount of 80 wt% or more based on a total weight of the positive electrode
active material.
[0014] According to a fourth aspect of the present disclosure, in any one of the first to third aspects, the lithium transition
metal composite oxide comprises at least one of compounds represented by the following chemical formula 1:

[Chemical formula 1] Li1+a(NixCoyMnzM1
w)1-aO2-bM2

b

wherein -0.1≤a≤0.3, x+y+z+w= 1, wherein 0.7 ≤ x < 1.0, each of y and z is independently 0 or more and 0.3 or less, 0
≤ w ≤ 0.1, 0 ≤ b ≤ 0.05, M1 comprises at least one selected from the group consisting of Al, Mg, Ge, Mo, Nb, Si, Ti, Zr,
Cr, W, V and Fe, and M2 comprises at least one selected from the group consisting of boron (B), phosphorus (P) and
fluorine (F).
[0015] According to a fifth aspect of the present disclosure, in any one of the first to fourth aspects, the lithium transition
metal composite oxide comprises at least one from the group consisting of LiNi0.7Co0.15Mn0.15O2, LiNi0.8Co0.1Mn0.1O2,
LiNi0.88Co0.1Al0.02O2, LiNi0.84Co0.15Al0.01O2 and LiNi0.8Co0.1Mn0.1O2.
[0016] According to a sixth aspect of the present disclosure, in any one of the first to fifth aspects, the sulfide-based
solid electrolyte is included in an amount of 70 wt% or more based on a total weight of the solid electrolyte.
[0017] According to a seventh aspect of the present disclosure, in any one of the first to sixth aspects, the positive
electrode active material comprises the Ni-rich lithium transition metal composite oxide having the residual lithium content
of more than 2,000 ppm in an amount of 70 wt% or more based on 100 wt% of the positive electrode active material,
and the solid electrolyte comprises a sulfide-based solid electrolyte in an amount of 70 wt% or more based on 100 wt%
of the solid electrolyte.
[0018] According to an eighth aspect of the present disclosure, there is provided an all-solid-state battery, comprising
the positive electrode according to any one of the first to seventh aspects, a negative electrode and a solid electrolyte
membrane interposed between the positive electrode and the negative electrode.
[0019] According to a ninth aspect of the present disclosure, in the eighth aspect, the negative electrode comprises
at least one selected from the group consisting of a lithium metal and a lithium alloy, and the lithium alloy comprises a
lithium indium alloy.
[0020] According to a tenth aspect of the present disclosure, in the eighth or ninth aspect, the solid electrolyte membrane
comprises a sulfide-based solid electrolyte.

Advantageous Effects

[0021] The positive electrode for the all-solid-state battery according to the present disclosure may reduce in resistance
at the interface between the solid electrolyte and the active material by residual lithium bonded to the surface of the
positive electrode active material. Accordingly, the all-solid-state battery comprising the positive electrode active material
may have improved reversible capacity and reduced internal resistance(overvoltage) of the battery.
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[0022] Additionally, it may be possible to eliminate the need for a washing process to remove residual lithium when
manufacturing the positive electrode active material and there is no need for any process for bonding residual lithium
to the active material surface, thereby reducing the process cost required to manufacture the positive electrode active
material.

DESCRIPTION OF DRAWINGS

[0023] The accompanying drawings illustrate exemplary embodiments of the present disclosure and together with the
foregoing disclosure, serve to provide a further understanding of the technical aspect of the present disclosure, and
thus, the present disclosure should not be construed as being limited to the drawings.

FIG. 1 is an exploded diagram showing each element of an all-solid-state battery according to an embodiment of
the present disclosure.
FIGS. 2a and 2b are scanning electron microscopy (SEM) images of positive electrode active materials prepared
in example 1 and comparative example, respectively.
FIG. 3a shows a curve of initial charge/discharge at 0.05C in all-solid-state batteries using positive electrode active
materials manufactured in comparative example and example 1, and FIG. 3b shows a curve of initial charge/discharge
at 0.05C in all-solid-state batteries using positive electrode active materials of examples 1 and 3.
FIGS. 4a and 4b show impedance resistance of all-solid-state batteries of comparative example and example 1 in
initially charged condition, respectively.
FIG. 5 shows discharge capacity as a function of rate characteristics (C-rate) in all-solid-state batteries using positive
electrode active materials manufactured in comparative example and example 1.
FIG. 6 shows X-ray photoelectron spectroscopy (XPS) measurement and analysis results of positive electrodes of
all-solid-state batteries using positive electrode active materials of comparative example and example 1 after dis-
assembling the initially charged/discharged batteries and taking out the electrodes.
FIG. 7 shows a curve of initial charge/discharge at 0.05C in all-solid-state batteries using positive electrode active
materials manufactured in comparative example and example 2.
FIG. 8 shows impedance resistance of an all-solid-state battery in initially charged condition.

BEST MODE

[0024] Hereinafter, the present disclosure will be described in detail. However, the present disclosure is not limited to
the following description, and may have various modifications to each element or selective combination of the elements
as necessary. Accordingly, it should be understood that the present disclosure covers all modifications, equivalents or
substitutes included in the technical aspect and scope of the present disclosure.
[0025] The term "comprise" or "include" when used in the specification, specifies the presence of stated elements,
but does not preclude the presence or addition of one or more other elements, unless the context clearly indicates
otherwise.
[0026] Additionally, the terms "about" and "substantially"as used herein are used in the sense of at, or nearly at, when
given the manufacturing and material tolerances inherent in the stated circumstances, and are used to prevent the
unscrupulous infringer from unfairly taking advantage of the present disclosure where exact or absolute figures are
stated as an aid to understanding the present disclosure.
[0027] It should be further understood that "A and/or B" when used in the specification refers to either A or B or both.
[0028] When used herein, "particle size (D50)" refers to a particle size at 50% of cumulative particle size distribution
of particles, and the particle size may be measured using a laser diffraction method. Specifically, a particle size distribution
is calculated by dispersing powder in a dispersion medium, introducing into commercially available laser diffraction
particle size measurement machine (for example, Microtrac S3500), and measuring a diffraction pattern difference
according to the particle size when particles pass through a laser beam. The particle size D50 may be measured by
calculating a particle diameter at 50% of cumulative particle size distribution of particles in the measurement machine.
[0029] A first aspect of the present disclosure relates to a positive electrode for an all-solid-state battery comprising
a lithium transition metal composite oxide as a positive electrode active material.
[0030] In the present disclosure, the positive electrode comprises a positive electrode active material and a solid
electrolyte. In an embodiment of the present disclosure, the positive electrode may comprise a current collector and a
positive electrode active material layer on one or two surfaces of the current collector. The positive electrode active
material layer may have a layered structure into which a mixture comprising the positive electrode active material and
the solid electrolyte is formed. In an embodiment of the present disclosure, the positive electrode active material may
be included in an amount of 60 wt% or more based on 100 wt% of the positive electrode active material layer. Meanwhile,
the solid electrolyte may be included in an amount of 40 wt% or more based on 100 wt% of the positive electrode active
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material layer. In a specific embodiment of the present disclosure, the positive electrode active material and the solid
electrolyte may be included at a weight ratio of 60:40 to 99.99:0.01.
[0031] In the present disclosure, the positive electrode active material comprises a lithium transition metal composite
oxide, and the lithium transition metal composite oxide comprises a Ni-rich lithium transition metal composite oxide
having the nickel (Ni) content of 70 mol% or more among metals except lithium on the atomic fraction basis. In addition
to the nickel, the Ni-rich lithium transition metal composite oxide may comprise at least one selected from Mn, Co, Al
and Mg. Additionally, the Ni-rich lithium transition metal composite oxide may comprise a residual lithium content of
more than 2,000 ppm.
[0032] In an embodiment of the present disclosure, the positive electrode active material may comprise the Ni-rich
lithium transition metal composite oxide having the residual lithium content of more than 2,000 ppm in an amount of 50
wt% or more, 70 wt% or more or 80 wt% or more based on 100 wt% of the positive electrode active material. For example,
the positive electrode active material may consist of the Ni-rich lithium transition metal composite oxide having the
residual lithium content of more than 2,000 ppm.
[0033] In an embodiment of the present disclosure, the positive electrode active material may comprise the Ni-rich
lithium transition metal composite oxide in an amount of 80 wt% or more based on the total weight of the positive electrode
active material.
[0034] In an embodiment of the present disclosure, the Ni-rich lithium transition metal composite oxide may comprise
at least one of compounds represented by the following chemical formula 1.

[Chemical formula 1] Li1+a(NixCoyMnzM1
w)1-aO2-bM2

b

[0035] In the above chemical formula 1, -0.1≤a≤0.3, x+y+z+w=1 wherein 0.7 ≤ x < 1.0, each of y and z is independently
0 or more and 0.3 or less, 0 ≤ w ≤ 0.1, 0 ≤ b ≤ 0.05, M1 comprises at least one selected from the group consisting of Al,
Mg, Ge, Mo, Nb, Si, Ti, Zr, Cr, W, V and Fe, and M2 comprises at least one selected from the group consisting of
phosphorus (P), fluorine (F) and boron (B). The M1 may preferably comprise Al. Meanwhile, in a specific embodiment
of the present disclosure, the compound represented by the above chemical formula 1 may comprise at least one selected
from compounds in which a and b are zero (0).
[0036] In the present disclosure, the Ni-rich lithium transition metal composite oxide has the nickel content (atomic
fraction) of 70mol% or more based on the total amount of metals except lithium. When the atomic fraction of nickel in
the lithium transition metal composite oxide of the present disclosure satisfies the above-described range, it may be
possible to achieve higher capacity and higher energy density of the battery without degrading the capacity characteristics
of the lithium composite metal oxide.
[0037] In an embodiment of the present disclosure, the Ni-rich lithium transition metal composite oxide may comprise,
for example, at least one selected from the group consisting of LiNi0.7Co0.15Mn0.15O2, LiNi0.8Co0.1Mn0.1O2,
LiNi0.88Co0.1Al0.02O2 and LiNi0.84Co0.15Al0.01O2.
[0038] In the present disclosure, the Ni-rich lithium transition metal composite oxide has the residual lithium content
of more than 2,000 ppm. In an embodiment of the present disclosure, the Ni-rich lithium transition metal composite oxide
may have the residual lithium content of 5,000 ppm or more.
[0039] In general, the positive electrode active material layer is formed by dispersing the electrode material such as
the positive electrode active material in a solvent to prepare a positive electrode slurry and coating the slurry on the
current collector. The residual lithium makes the positive electrode slurry into a gel in the positive electrode manufacturing
process, which makes it difficult to manufacture the electrode. Additionally, in batteries using a nonaqueous electrolyte
solution as an electrolyte, the residual lithium produces gas by side reaction with the electrolyte solution, or is a factor
that degrades the electrochemical performance of the batteries. To address this issue, a washing process is used to
remove the residual lithium when manufacturing the Ni-rich lithium transition metal composite oxide.
[0040] However, the inventors found that in all-solid-state batteries using solid electrolytes, especially, sulfide-based
solid electrolytes as an electrolyte material, the residual lithium present on the surface of the positive electrode active
material plays a role in suppressing the resistance at the interface between the positive electrode active material and
the solid electrolyte.
[0041] Accordingly, the inventors proposed a positive electrode for an all-solid-state battery comprising a positive
electrode active material comprising a predetermined range or more of residual lithium and a sulfide-based solid elec-
trolyte.
[0042] The residual lithium may comprise at least one of lithium hydroxide (LiOH), lithium carbonate (Li2CO3), lithium
sulfate (Li2SO4) or lithium nitrate (LiNO3), and for example, the residual lithium may comprise at least one selected from
lithium hydroxide (LiOH) and lithium carbonate (Li2CO3).
[0043] In general, Ni-rich lithium transition metal composite oxide may be obtained by mixing a lithium source with a
metal hydroxide of each metal which is the constituent material, and sintering the resulting mixture at high temperature.
In this instance, the lithium source may comprise at least one type of lithium compound of lithium hydroxide (LiOH),



EP 4 376 127 A1

6

5

10

15

20

25

30

35

40

45

50

55

lithium carbonate (Li2CO3), lithium sulfate (Li2SO4) or lithium nitrate (LiNO3). To form Ni oxidation number and compen-
sate for lithium volatilization in the high-temperature sintering process when manufacturing the Ni-rich lithium transition
metal composite oxide, the lithium compound is fed in excess, and as a result, the Ni-rich lithium transition metal composite
oxide comprises residual lithium that is a by-product from the lithium compound. As described above, the residual lithium
may be a reaction by-product and/or an unreacted product from the compound fed as the lithium source when manu-
facturing the Ni-rich lithium transition metal composite oxide. According to another embodiment of the present disclosure,
the residual lithium may be additionally produced by leaving the product resulting from the manufacture of the Ni-rich
lithium transition metal composite oxide undisturbed in ambient atmosphere at room temperature for a predetermined
time. For example, when exposed to air, the Ni-rich lithium transition metal composite oxide according to the present
disclosure may react with carbon dioxide (CO2) in the air to produce Li2CO3. In an embodiment of the present disclosure,
to increase the residual lithium content, the manufactured positive electrode active material may be placed in air. For
example, the positive electrode active material may be placed in air of room temperature of about 25°C for 1 day to 2
months, or 1 day to 5 weeks. Those skilled in the art may properly adjust the temperature and time when the positive
electrode active material is placed in air, and the temperature and time are not limit to specific ranges in the present
disclosure.
[0044] Meanwhile, in the present disclosure, the residual lithium may be bonded to the surface of the Ni-rich lithium
transition metal composite oxide particles in part or in whole. According to an embodiment of the present disclosure, the
residual lithium may be introduced in a form of a coating layer that covers the surface of the Ni-rich lithium transition
metal composite oxide particles in part or in whole. Referring to FIG. 2a, it was confirmed that the coating layer was
formed on the surface of the Ni-rich lithium transition metal composite oxide particles by the residual lithium. Meanwhile,
in an embodiment of the present disclosure, the positive electrode active material particles of Ni-rich lithium transition
metal composite oxide may be in a form of primary particles, and along with this or independently of this, may comprise
secondary particles formed by agglomeration of multiple primary particles. When the positive electrode active material
particles are in a form of secondary particles, the residual lithium may be bonded to the surface of the primary particles,
and as a result, some of the residual lithium may be present in the secondary particles, and the surface of the secondary
particles may be also coated with the residual lithium in part or in whole. The bonding may be at least one of chemical
bonding or physical bonding. For example, the residual lithium may be bonded to the surface of the Ni-rich lithium
transition metal composite oxide particles by ionic bonding and/or van der waals bonding and/or hydrogen bonding.
[0045] In an embodiment of the present disclosure, the residual lithium content (ppm) may be, for example, measured
by oxidation-reduction titration using potentiometry. For example, the method may be performed by preparing a solution
containing a predetermined amount of positive electrode active material dispersed in water, measuring a pH and a
voltage change using a titrant solution, for example, an aqueous solution of HCl, and determining an end point at which
a voltage change value (dE/dV [mV/mL]) as a function of a volume change of the titrant solution is at the maximum.
[0046] Meanwhile, in a specific embodiment of the present disclosure, in the Ni-rich lithium transition metal composite
oxide, the pH of the water dispersion is preferably 10 or more. For example, the pH may be measured using 0.1N HCl
titrant solution added to the water dispersion.
[0047] In an embodiment of the present disclosure, a particle size (D50) of the Ni-rich lithium transition metal composite
oxide particles may be 0.3 mm to 10 mm. However, the particle size is not limited thereto.
[0048] Meanwhile, in an embodiment of the present disclosure, in addition to the Ni-rich lithium transition metal com-
posite oxide, the positive electrode active material may further comprise another positive electrode active material, if
necessary. The additional positive electrode active material is not limited to a particular type and may include any material
that is used as positive electrode materials in the field of secondary batteries. Its non-limiting examples may include at
least one selected from lithium manganese oxide such as Li1+xMn2-xO4 (where x is 0 to 0.33), LiMnO3, LiMn2O3; lithium
copper oxide (Li2CuO2); vanadium oxide such as LiVsOs, LiV3O4, V2O5, Cu2V2O7;lithium nickel composite oxide such
as LiNixM1-xO2 (where M is at least one selected from Co, Mn, Fe, Cr, Zn, Al, Mg and Ta, and x is less than 0.7); lithium
manganese composite oxide represented by LiMn2-xMxO2 (where M = Co, Ni, Fe, Cr, Zn or Ta, x = 0.01 to 0.1) or
Li2Mn3MO8 (where M = Fe, Co, Ni, Cu or Zn); lithium manganese composite oxide of spinel structure represented by
LiNixMn2-xO4(x is less than 0.7); LiMn2O4with partial substitution of alkaline earth metal ions for Li in formula; disulfide
compounds; Fe2(MoO4)3.
[0049] In the present disclosure, the solid electrolyte may comprise a polymer-based solid electrolyte and/or an inor-
ganic solid electrolyte, preferably an inorganic solid electrolyte, and more particularly a sulfide-based solid electrolyte.
In an embodiment of the present disclosure, the positive electrode may comprise a sulfide-based solid electrolyte as
the solid electrolyte, and the sulfide-based solid electrolyte may be included in an amount of 70wt% or more, or 80wt%
or more based on the total weight of the solid electrolyte.
[0050] The sulfide-based solid electrolyte exhibits high lithium ion conductivity of 10-3 S/cm or more, and it is easy to
form a sheet and achieve a large scale area due to good interfacial contact attributed to low mechanical properties of
sulfide particles (powder), and thus it is suitable for the manufacture of all-solid-state batteries having high energy density.
As described above, it was impossible to achieve high capacity due to high interfacial resistance at the interface between
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the sulfide-based solid electrolyte and the positive electrode active material, but the interfacial resistance characteristics
may be improved by combining the sulfide-based solid electrolyte with the positive electrode active material having high
residual lithium content.
[0051] The sulfide-based solid electrolyte contains sulfur as an electrolyte material and is not limited to a particular
material, and may comprise at least one of crystalline solid electrolyte, non-crystalline solid electrolyte (glass-like solid
electrolyte) or glass ceramic solid electrolyte. Specific examples of the sulfide-based solid electrolyte may include LPS
sulfide comprising sulfur and phosphorus, LixPSyMez (Me is Cl, Br or I, and each of x, y and z is greater than 0),
Li4-xGe1-xPxS4(x is 0.1 to 2, specifically, 3/4, 2/3), Li1061MP2X12(M=Ge, Si, Sn, Al, X=S, Se), Li3.833Sn0.833As0.166S4,
Li4SnS4, Li3.25Ge0.25P0.75S4, Li2S-P2S5, B2S3-Li2S, xLi2S-(100-x)P2S5 (x is 70 to 80), Li2S-SiS2-Li3N, Li2S-P2S5-LiI,
Li2S-SiS2-LiI, Li2S-B2S3-LiI, Li7-xPS6-xClx(0≤x≤2) and Li3.25Ge0.25P0.75S4. Specifically, the sulfide-based solid electrolyte
may comprise an argyrodite type comprising at least one selected from Li6PS5Cl, Li6PS5Br and Li6PS5I. However, the
sulfide-based solid electrolyte is not limited thereto.
[0052] Meanwhile, the solid electrolyte may further comprise an oxide-based solid electrolyte and/or a polymer-based
solid electrolyte, if necessary. The oxide-based solid electrolyte may comprise at least one of a LLTO-based compound
((La,Li)TiO3), Li6La2CaTa2O12, Li6La2ANb2O12(A=Ca, Sr), Li2Nd3TeSbO12, Li3BO2.5N0.5, Li9SiAlO8, a LAGP-based
compound (Li1+xAlxGe2-x(PO4)3 where 0≤x≤1, 0≤y≤1), a LATP-based compound (Li1+xAlxTi2-x(PO4)3 where 0≤x≤1,
0≤y≤1) such as Li2O-Al2O3-TiO2-P2O5, Li1+xTi2-xAlxSiy(PO4)3-y (where 0≤x≤1, 0≤y≤1), LiAlxZr2-x(PO4)3 (where 0≤x≤1,
0≤y≤1), LiTixZr2-x(PO4)3 (where 0≤x≤1, 0≤y≤1), Li3N, LISICON, a LIPON-based compound (Li3+yPO4-xNx, where 0≤x≤1,
0≤y≤1), a perovskite-based compound ((La, Li)TiO3), a NASICON-based compound such as LiTi2(PO4)3, or a LLZO-
based compound comprising lithium, lanthanum, zirconium and oxygen as constituent materials.
[0053] The polymer-based solid electrolyte comprises a polymer resin and a lithium salt, and may be a solid polymer
electrolyte which is a mixture of a solvated lithium salt and a polymer resin, or a polymer gel electrolyte in which an
organic electrolyte solution containing an organic solvent and a lithium salt is impregnated into a polymer resin.
[0054] Meanwhile, the positive electrode may further comprise a conductive material. The conductive material may
include, without limitation, any material having conductive properties without causing any chemical change to the cor-
responding battery, and for example, may comprise at least one selected from graphite such as natural graphite or
artificial graphite; carbon black, acetylene black, ketjen black, channel black, furnace black, lamp black, thermal black;
carbon fibers such as Vapor grown carbon fibers (VGCF) or conductive fibers such as metal fibers; fluorocarbon; metal
powder such as aluminum, nickel powder; conductive whiskers such as zinc oxide, potassium titanate; conductive metal
oxide such as titanium oxide; and conductive materials such as polyphenylene derivatives.
[0055] Meanwhile, a second aspect of the present disclosure relates to an all-solid-state battery comprising the positive
electrode according to the present disclosure having the above-described features. The all-solid-state battery comprises
a positive electrode, a negative electrode and a solid electrolyte membrane interposed between the positive electrode
and the negative electrode.
[0056] The negative electrode may comprise a negative electrode active material and a solid electrolyte, and may
further comprise a conductive material, if necessary. The negative electrode comprises a negative electrode active
material layer comprising the above-described electrode materials. The negative electrode may comprise a current
collector, and a negative electrode active material layer stacked on one or two surfaces of the current collector.
[0057] The negative electrode active material may include any material that is used as negative electrode active
materials of lithium ion secondary batteries. For example, the negative electrode active material may include at least
one selected from carbon such as non-graphitizing carbon, graphite-based carbon; metal composite oxide such as
LixFe2O3 (0≤x≤1), LixWO2 (0≤x≤1), SnxMe1-xMe’yOz(Me: Mn, Fe, Pb, Ge; Me’: Al, B, P, Si, Group 1, 2 and 3 elements
in the periodic table, halogen; 0<x≤1; 1≤y≤3; 1≤z≤8); lithium metal; lithium alloys; lithium-indium alloys; silicon-based
alloys; tin-based alloys; indium; indium based alloys; metal oxide such as SnO, SnO2, PbO, PbO2, Pb2O3, Pb3O4, Sb2O3,
Sb2O4, Sb2O5, GeO, GeO2, Bi2O3, Bi2O4, and Bi2O5; conductive polymer such as polyacetylene; Li-Co-Ni based ma-
terials; titanium oxide; and lithium titanium oxide.
[0058] For more details about the conductive material and the solid electrolyte in the negative electrode, reference
may be made to the positive electrode.
[0059] The solid electrolyte layer may comprise an ion conductive material, and the ion conductive material may
comprise a polymer-based solid electrolyte and/or an inorganic solid electrolyte, and may include, without limitation, any
ion conductive material that is used as solid electrolytes for all-solid-state batteries. In the present disclosure, for more
details about the ion conductive material included in the solid electrolyte layer, reference may be made to the polymer-
based solid electrolyte and the inorganic solid electrolyte.
[0060] Additionally, the present disclosure provides a battery module comprising the secondary battery as a unit
battery, a battery pack comprising the battery module, and a device comprising the battery pack as a power source.
[0061] In this instance, specific examples of the device may comprise power tools; electric cars including electric
Vehicles (EV), Hybrid Electric Vehicles (HEV), Plug-in Hybrid Electric Vehicles (PHEV); electric two-wheeled vehicles
including E-bikes and E-scooters; electric golf carts; and power storage systems that work using power produced by
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electric motors, but is not limited thereto.
[0062] Hereinafter, the present disclosure will be described in more detail through examples, but the following examples
are provided to describe the present disclosure by way of illustration and the scope of the present disclosure is not
limited thereto.

[Example]

Example 1)

[0063] A nickel salt, a cobalt salt and a manganese salt were mixed at a ratio of 70: 10:20, and nickel-cobalt-manganese
composite hydroxide was produced by coprecipitation with an addition of complexing agent. LiOH as a lithium compound
was added and mixed, and thermally treated at about 850°C to obtain a Ni-rich lithium transition metal composite oxide
(LiNi0.7Co0.1Mn0.2O2). It was confirmed that the residual lithium content of the obtained Ni-rich lithium transition metal
composite oxide was about 5000 ppm, and the residual lithium was LiOH and Li2CO3.
[0064] Comparative example) A positive electrode active material was manufactured by washing the composite oxide
obtained in example 1 to reduce the amount of residual lithium comprising LiOH and Li2CO3 on the surface down to
2,000 ppm.

Example 2)

[0065] The positive electrode active material of comparative example was placed in air of room temperature (about
25°C)for 7 days to induce the production of residual lithium comprising LiOH and Li2CO3 to manufacture a positive
electrode active material comprising4,500 ppm of lithium compound on the surface.

Example 3)

[0066] The composite oxide obtained in example 1 was placed in air of room temperature (about 25°C) for 5 weeks
to induce the production of residual lithium comprising LiOH and Li2CO3 to manufacture a positive electrode active
material comprising 13,200 ppm of lithium compound on the surface.

(Measurement of residual lithium)

[0067] The concentration (ppm) of residual lithium was determined by oxidation-reduction titration using potentiometry.
0.1g of the positive electrode active material obtained in each of example and comparative example was added to
distilled water and stirred for 10 minutes to make a solution sample. Subsequently, titration was performed by adding
0.1 N HCl solution in small amounts to the solution sample and measuring the pH and voltage change to measure the
residual lithium content on the surface. The titration was finished when two end points appeared in an area in which a
voltage change value(dE/dV [mV/mL]) as a function of a volume change of HCl was at the maximum. Subsequently, the
concentration in titration was determined by applying the following equation and the following [Table 1] summaries the
results. In the following equation, EP1 denotes the first end point, and EP2 denotes the second end point. Additionally,
the pH of the solution sample obtained by the stirring was measured. 
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[Manufacture of all-solid-state battery and evaluation of electrochemical characteristics]

[0068] The positive electrode active materials of comparative example and example were used to manufacture all-
solid-state batteries, and LiePSsCl as a solid electrolyte, Li-In as a negative electrode and Super C as a conductive
material were used. An all-solid-state battery was manufactured using a 10 mm mold type pressure cell. First, 100 mg
of the solid electrolyte was compressed under the pressure of 250 MPa to form a solid electrolyte layer. For a positive
electrode, a positive electrode composite comprising the positive electrode active material/the solid electrolyte/the super
C mixed at a weight ratio of 70:30:3 was used, and for a current collector, an Al mesh and a foil were used. For the
counter electrode, a Cu mesh and a Cu foil were stacked together with a lithium-indium alloy. The electrodes were all
placed, and finally, the pressure of 440 MPa was applied to assemble a cell. The structure and electrode configuration
of the electrochemical cell used in the study is the same as FIG. 1.
[0069] FIGS. 2a and 2b are scanning electron microscopy (SEM) images of the positive electrode active materials
prepared in example 1 and comparative example, respectively. A surface by-product from residual lithium was observed
on the surface of the positive electrode active material of example 1. In contrast, the surface of comparative example
having undergone washing to remove residual lithium was found clean.
[0070] FIG. 3a shows a curve of initial charge/discharge at 0.05C in the all-solid-state batteries using the positive
electrode active material manufactured in comparative example and example 1. It was confirmed that example 1 exhibited
higher charge/discharge capacity than comparative example. It can be seen that the battery comprising the positive
electrode of example 1 has a reduction in overvoltage during charging/discharging, and it may be understood that it is
due to the resistance reduction of the positive electrode.
[0071] FIG. 3b shows the comparison of charge/discharge characteristics as a function of residual lithium content,
and shows a curve of initial charge/discharge at 0.05C in the all-solid-state batteries using the positive electrode active
materials of examples 1 and 3 having different residual lithium content. It can be seen that examples 1 and 3 show
similar charge/discharge capacity. Accordingly, it was confirmed that when the residual lithium content was more than
2, 000 ppm, it was effective in reducing the resistance of the positive electrode.
[0072] FIGS. 4a and 4b show the impedance resistance of the all-solid-state batteries of comparative example and
example 1 in initially charged condition, respectively. To determine the actual resistance of the battery, the resistance
of the battery was measured using the AC-impedance method. The impedance in state of charge was measured, and
it was confirmed that the total impedance resistance of comparative example was 5,000 ohm, and the resistance of
example 1 was 480 ohm that was significantly lower. Accordingly, it was confirmed that the positive electrode active
material containing a considerable amount of residual lithium on the surface was effective in reducing the interfacial
resistance, thereby improving the charge/discharge capacity.
[0073] FIG. 5 shows the discharge capacity as a function of rate characteristics (C-rate) of the all-solid-state batteries
using the positive electrode active materials manufactured in comparative example and example 1. It was confirmed
that example 1 showed much higher discharge capacity over the entire C-rate range than comparative example. As can
be seen from the above impedance results, the interfacial resistance significantly reduces, resulting in improved rate
characteristics.
[0074] FIG. 6 shows X-ray photoelectron spectroscopy (XPS) measurement and analysis results of the positive elec-
trodes of the all-solid-state batteries using the positive electrode active materials of comparative example and example
1 after disassembling the initially charged/discharged batteries and taking out the electrodes. In the case of comparative
example, high peak intensity attributed to P-O bond was found at 531eV and this results from the formation of phosphorus
oxide by side reaction of the positive electrode active material and the solid electrolyte. In contrast, in the case of example
1,almost no peak was found in the corresponding area, and this represents that the residual lithium on the positive
electrode surface is effective in suppressing side reaction of the positive electrode active material and the solid electrolyte.
Accordingly, it was confirmed that the residual lithium on the surface of the positive electrode active material as proposed
was very effective in suppress side reaction of the positive electrode active material and the solid electrolyte and reducing
the interfacial resistance.
[0075] To verify the effect of the present disclosure, comparative evaluation was performed between comparative

[Table 1]

Total residual lithium content (ppm) (comprising LiOH and Li2CO3) pH

Comparative example 2,000 10.0

Example 1 5,000 11.0

Example 2 4,500 10.8

Example 3 13,200 12.0
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example and example 2. FIG. 7 shows a curve of initial charge/discharge at 0.05C in the all-solid-state batteries using
the positive electrode active materials manufactured in comparative example and example 2. It was confirmed that the
charge/discharge capacity of example 2 was recovered to some extent by suppressing overvoltage compared to com-
parative example. It is obvious that the positive electrode active material surface beneficial to reduce the interfacial
resistance was formed by the reproduction of residual lithium on the surface of the positive electrode active material of
example 2.
[0076] FIG. 8 shows the impedance resistance of the all-solid-state battery in initially charged condition. To determine
the actual resistance of the battery, the resistance of the battery was measured using the AC-impedance method. The
impedance in state of charge was measured, and the total impedance resistance of comparative example was 5000
ohm while the resistance of example 2 was 3200 ohm that was lower than comparative example. Accordingly, it was
confirmed that the residual lithium re-produced on the surface was effective in suppressing the interfacial resistance of
the positive electrode active material, thereby improving the charge/discharge capacity. Accordingly, it was confirmed
that the capacity recovery of example 2 was the resulting effect and the residual lithium contributed to the improved
performance of the positive electrode active material in the all-solid-state battery.
[0077] While the present disclosure has been hereinabove described with reference to the embodiments and the
accompanying drawings, it is obvious to those skilled in the art that a variety of changes and modifications may be made
to the present disclosure in the scope of the present disclosure based on the foregoing description.

Claims

1. A positive electrode for an all-solid-state battery, comprising:

a positive electrode active material and a solid electrolyte,
wherein the positive electrode active material comprises a lithium transition metal composite oxide having a
residual lithium content of more than 2,000 ppm,
wherein the lithium transition metal composite oxide is a Ni-rich lithium transition metal composite oxide having
a nickel (Ni) content of 70% or more among metals except lithium on an atomic fraction basis, and
wherein the residual lithium comprises at least one of lithium hydroxide (LiOH), lithium carbonate (Li2CO3),
lithium sulfate (Li2SO4) or lithium nitrate (LiNO3).

2. The positive electrode for the all-solid-state battery according to claim 1, wherein the solid electrolyte comprises a
sulfide-based solid electrolyte.

3. The positive electrode for the all-solid-state battery according to claim 1, wherein the Ni-rich lithium transition metal
composite oxide is included in an amount of 80 wt% or more based on a total weight of the positive electrode active
material.

4. The positive electrode for the all-solid-state battery according to claim 1, wherein the lithium transition metal composite
oxide comprises at least one of compounds represented by the following chemical formula 1:

[Chemical formula 1]  Li1+a(NixCoyMnzM1
w)1-aO2-bM2

b

wherein -0.1≤a≤0.3, x+y+z+w= 1, wherein 0.7 ≤ x < 1.0, each of y and z is independently 0 or more and 0.3 or less,
0 ≤ w ≤ 0.1, 0 ≤ b ≤ 0.05, M1 comprises at least one selected from the group consisting of Al, Mg, Ge, Mo, Nb, Si,
Ti, Zr, Cr, W, V and Fe, and M2 comprises at least one selected from the group consisting of boron (B), phosphorus
(P) and fluorine (F).

5. The positive electrode for the all-solid-state battery according to claim 1, wherein the lithium transition metal composite
oxide comprises at least one from the group consisting of LiNi0.7Co0.15Mn0.15O2, LiNi0.8Co0.1Mn0.1O2,
LiNi0.88Co0.1Al0.02O2, LiNi0.84Co0.15Al0.01O2 and LiNi0.8Co0.1Mn0.1O2.

6. The positive electrode for the all-solid-state battery according to claim 2, wherein the sulfide-based solid electrolyte
is included in an amount of 70 wt% or more based on a total weight of the solid electrolyte.

7. The positive electrode for the all-solid-state battery according to claim 1, wherein the positive electrode active
material comprises the Ni-rich lithium transition metal composite oxide having the residual lithium content of more
than 2,000 ppm in an amount of 70 wt% or more based on 100 wt% of the positive electrode active material, and
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the solid electrolyte comprises a sulfide-based solid electrolyte in an amount of 70 wt% or more based on 100 wt%
of the solid electrolyte.

8. An all-solid-state battery, comprising:
the positive electrode according to any one of claims 1 to 7, a negative electrode and a solid electrolyte membrane
interposed between the positive electrode and the negative electrode.

9. The all-solid-state battery according to claim 8, wherein the negative electrode comprises at least one selected from
the group consisting of a lithium metal and a lithium alloy, and the lithium alloy comprises a lithium indium alloy.

10. The all-solid-state battery according to claim 9, wherein the solid electrolyte membrane comprises a sulfide-based
solid electrolyte.
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