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[Fig. 1]

[Fig. 2]




Patent Application Publication Nov. 14, 2019 Sheet 2 of 26 US 2019/0348668 Al

[[Fig. 3]
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[Fig. 5]
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[Fig. 12b]
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[FFig. 12¢]
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[Fig. 12d]
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[Fig. 134a)
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[Fig. 13b]
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[Fig. 13¢]
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[Fig. 13d]
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[[Fig. 14a]
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[Fig. 14b]
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[Fig. 14c¢]
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[Fig. 14d]}
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LITHIUM METAL ANODE, FABRICATION
METHOD THEREROFE, AND LITHIUM
SECONDARY BATTERY COMPRISING

SAME ANODE

TECHNICAL FIELD

[0001] The present invention 1s 1n related to a lithium
metal anode, method for manufacturing the same, and
lithium secondary battery including the same.

BACKGROUND

[0002] Lithium metal has a high theoretical capacity of
about 3,860 mAh/g and a density as low as 0.53 g/cm”.
Theretore, when lithium metal 1s used as the anode material
of the secondary battery, the energy density of the battery
can be greatly improved.

[0003] Graphite having a theoretical capacity of about 372
mAh/g 1s mainly used as an anode material of a commer-
cially available lithium secondary battery. The energy den-
sity of a lithium secondary battery using such graphite as an
anode material 1s about 1350 to 250 Wh/kg.

[0004] However, 1n recent years, the use of lithium sec-
ondary batteries has expanded from portable electronic
devices to electric power tools, automobiles, and the like, so
that demand for lithium secondary batteries having high
energy density 1s increasing.

[0005] In order to develop such a lithium secondary bat-
tery having high energy density, researches for applying
lithium metal as an anode material of a lithium secondary
battery are actively conducted.

[0006] However, when the lithium metal 1s used as an
anode of a lithium secondary battery, the lithium metal
anode 1ncludes a surface reaction layer which 1s diflicult to
control composition and characteristics due to the high
reactivity of lithium. Accordingly, the surface reaction layer
1s a major cause of deteriorating reproducibility and char-
acteristics of battery.

[0007] Therefore, 1t 1s urgent to develop a technique which
improves the energy density, excellent charge/discharge
characteristics, and reproducibility of the battery by apply-
ing a lithium metal anode.

DESCRIPTION

Technical Problem

[0008] These embodiments are intended to provide a
lithium metal anode 1including a surface film (coating layer)
whose composition and characteristics are controlled and a
lithium secondary battery comprising the lithium metal
anode.

[0009] The present embodiments provide a method of
manufacturing a lithium metal anode capable of simultane-
ous manufacturing a lithium metal thin film layer and a
coating layer on the surface of the lithium metal thin film
layer in one process.

Technical Solution

[0010] A lithium metal anode according to an embodiment
of the present mnvention includes a current collector; a
lithium metal than film layer disposed on at least one surface
of the current collector and having a thickness 1n a range of
0.1 um to 200 um; and a coating layer disposed on a surface
of the lithium metal thin film layer, wherein, the coating
layer comprising a Li—N—C—H—0O based 1onic com-

pound.
[0011] The coating layer can further comprises LiF.
[0012] The Li—N—C—H-—O0O based ionic compound can

include Li—0O, C—N, C—0O, and C—H bonds.
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[0013] The Li—N—C—H—0O based 1onic compound 1s
at least one of the compounds represented by formulas (1)
and (2).

Li* [O—R,;—R, 7, A, *Li

[Formula 1]

[0014] (wheremn 1n the formula 1, R, and, R, are each
CH_ F,  (mi1s one of O, 1, or 2),
[0015] A, 1s
O O
| [
N_O Or N_S_O:
and
[0016] nl 1s an integer of 1 to 10)

|[Formula 2]
I

Li* 0—C—0—+R;—Ret— Ay 'L
2

[0017] (wherein 1n the formula 2, R,;, and R, are each
CH_F, (misoneof0,1, or2),
[0018] A, 1s
O O
| [
N_O or N_S_O:
and
[0019] n2 15 an mteger of 1 to 10.)
[0020] the compound represented by the formula (1) 1s at

least one of the compounds represented by the following
formulas (1-1) and (1-2), and the compound represented by
the formula (2) 1s at least one of the compounds represented

by the following formulas (2-1) and (2-2).

|Formula 1-1]
[

Li" [O—CH,—CH,+—N—0O" "Li
H
3

[0021] (wherein in the formula 1-1, n3 1s an nteger of 1
to 5.)
|Formula 1-2]
I
Li* {0—C—0—CH,—CH,+—N—0""Li
s
[0022] (wherein 1n the formula 1-2, R. and R, are each

CH_ F, (misoneof0, 1, or2) and
[0023] n4 15 an mteger of 1 to 5.)

|Formula 2-2]

O=0
== _C

O—PRjr_Rgﬂ_N
H
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[0024]
to 5.)

(wherein 1n the formula 2-1, n5 1s and integer of 1

|Formula 2-2]
O O

Li" O—C—O0O—FR7;—Rg+—N—S—0O "Li

[0025] (wherein 1n the formula 2-2, R, and R, are each
CH F, (m1s oneof 0, 1, and 2), and
[0026] nb 1s an mteger of 1 to 5.)

[0027] A thickness of the coating layer may be 1n a range
of 2 nm to 2 um, and a thickness of the coating layer may
be 1n a range of 10 nm to 500 nm.

[0028] A lithium metal thin film layer has a flat surface
microstructure without dendrite, and the lithium metal thin
film layer includes a columnar structure extending upward
from the current collector.

[0029] An average diameter of the columnar structure may
be 1n the range of 0.1 um to 100 um.

[0030] An average pore fraction of the lithium metal thin
film layer may be 10% or less.

[0031] A method for manufacturing a lithium metal anode
according to an embodiment of the present invention
includes the steps of: restraining a current collector and a
lithium source 1n both directions and laminating them after
clectrically insulating the current collector and the lithium
source 1n a plating solution; and forming simultaneously a
metal thin film layer and a coating layer on at least one
surface of the current collector by applying a current
between the current collector and the lithium source;
wherein the plating solution comprises a nitrogen-based
compound.

[0032] The nitrogen-based compound may be at least one
selected from the group consisting of lithium nitrate, lithium
bis fluorosulfonyl 1imide, lithium bis trifluoromethane sul-
fonimide, e-Caprolactam, N-methyl-e-caprolactam, triethyl-
amine, and tributylamine.

[0033] The plating solution includes the nitrogen-based
compound 1n an amount of 1 wt % to 100 wt % based on 100
wt % of the plating solution.

[0034] The plating solution can further include a fluorine-
based compound.

[0035] The fluorine compound may be at least one
selected from the group consisting of Lithium difluoro
phosphate, Lithium hexatluoro phosphate, Lithium difluoro
bisoxalato phosphate, Lithium tetrafluoro oxalato phos-
phate, Lithium difluoro oxalate borate, Lithium difluoro
oxalato borate, Lithium tetrafluoro oxalato borate, Fluoro-
cthylene carbonate, Difluoroethylene carbonate, and 1,1,2,
2-Tetratluoroethyl 2,2,3,3-Tetrafluoropropyl ether.

[0036] The plating solution includes the fluorine com-
pound 1n an amount of 0.1 wt % to 30 wt % based on 100
wt % by weight of the plating solution.

[0037] A lithum metal anode according to another
embodiment of the present invention includes a current
collector, a lithtum metal thin film disposed on at least one
surface ol the current collector; and, a protective layer
disposed on the surface of the lithium metal thin film.

[0038] A thickness of the lithium metal thin film 1s from 5
um to 100 um.
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[0039] A thickness of the protective layer 1s from 10 nm to
100 nm.
[0040] The protective layer comprises at least one selected

from the group consisting of F, P, C, O and S.

[0041] According to another embodiment of the present
invention, there 1s provided a method of manufacturing a
lithium metal anode, comprising: restraining a current col-
lector and a lithium source 1 up and down direction and
laminating them after electrically insulating the current
collector and the lithium source 1n a electrolyte; and forming
a lithium metal thin film on a surface of the current collector
by applying a current to the current collector and the lithtum
source, wherein, a protective layer 1s formed on a surface of
the lithtum metal thin film at the step of forming a lithium
metal thin film on a surface of the current collector, and the
protective layer comprises at least one selected from the
group consisting of F, P, C, O and S.

[0042] The step of forming simultaneously a metal thin
film layer and a coating layer 1s carried out by applying a
current between the current collector and the lithium source
so that the average current density 1s in the range of 0.1
mA/cm” to 100 mA/cm” based on the current collector area.
[0043] A lithium secondary battery according to an
embodiment of the present mvention includes an anode, a
cathode, and an electrolyte, and the anode may be a lithium
metal anode according to the embodiment of the present
ivention.

ftect

[T]

[0044] The lithium metal anode according to the embodi-
ments can provide a lithium metal anode having a homo-
geneous interface since a lithium metal thin film layer and a
coating layer located on at least one side of the lithtum metal
thin film layer are simultaneously formed during the manu-
facturing process.

[0045] Further, according to the embodiments, 1t 1s pos-
sible to provide a lithtum secondary battery in which elec-
trochemical characteristics such as charge/discharge charac-
teristics are remarkably improved by applying a lithium
metal anode including a coating layer whose composition
and characteristics are controlled on at least one surface of
the lithtum metal thin film layer.

BRIEF DESCRIPTION OF DRAWINGS

[0046] FIGS. 1 and 2 schematically illustrate a lithium
metal anode according to one embodiment, respectively.
[0047] FIGS. 3 and 4 schematically show a manufacturing
process of a lithium metal anode according to an embodi-
ment.

[0048] FIG. 5 1s a schematic view of a lithium secondary
battery according to an embodiment.

[0049] FIGS. 6a and 66 are SEM photographs of the
surface and cross-sectional microstructure of the lithium

metal anode produced according to Example 1.

[0050] FIGS. 7a and 7b are SEM photographs of the
surface and cross-sectional microstructure of the lithium
metal anode produced according to Example 6.

[0051] FIGS. 8a and 8b are SEM photographs of the
surface and cross-sectional microstructure of the lithium
metal anode produced according to Comparative Example 1.

[0052] FIGS. 94 and 96 are SEM photographs of the
surface and cross-sectional microstructure of the lithium

metal anode produced according to Comparative Example 2.
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[0053] FIGS. 10a and 105 are SEM photographs of the
surface and cross-sectional microstructure of the lithium
metal anode produced according to Comparative Example 3.

[0054] FIGS. 11a and 116 are SEM photographs of the

surface and cross-sectional microstructure of the lithium
metal anode produced according to Comparative Example 4.

[0055] FIGS. 12a to 124 show the results of surface

component analysis of the lithtum metal anode produced
according to Example 11.

[0056] FIGS. 13a to 134 show the results of analyzing the

surface components of the lithium metal anode produced
according to Examples 2 to 4.

[0057] FIGS. 14a to 14d show the results of surface

component analysis of the lithum metal anode prepared
according to Comparative Examples 1 to 4.

[0058] FIG. 15a 1s a graph showing a charge/discharge
performance evaluation result of a lithium secondary battery
to which a lithium metal anode manufactured according to
Examples 1 to 6 1s applied.

[0059] FIG. 15B shows the results of analyzing the surface

components of the lithium metal anode prepared according
to Example 1 and Comparative Examples 1 to 4.

[0060] FIG. 16 (a) shows the microstructure of a lithium
metal anode produced according to Experimental Example 4
of the present invention, and FIG. 16 (b) shows the micro-
structure of a lithum metal anode manufactured by a
conventional electrodeposition method.

[0061] FIG. 17 shows the surface composition of the
lithium metal anode produced according to Experimental

Example 4 of the present invention, and

[0062] FIG. 18 shows the surface composition of a lithium
metal anode manufactured by a conventional method.

[0063] FIG. 19 shows the results of repetition of charging
and discharging of a battery made of a lithium metal anode
manufactured by the method of Experimental Example 4.

[0064] FIG. 20 shows the results of repetition of charging
and discharging of a battery made of a lithium metal anode
manufactured by a deposition method (PVD).

[0065] FIG. 21 shows charge-discharge characteristics and
results of Experimental Example 4 and Comparative
Examples 5 and 6.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

[0066] Hereinafter, embodiments of the present invention
will be described in detail with reference to the accompa-
nying drawings. The present invention may be embodied in
many different forms and 1s not limited to the embodiments
described herein.

[0067] In order to clearly illustrate the present invention,
parts not related to the description are omitted, and the same
or similar components are denoted by the same reference
numerals throughout the specification.

[0068] In addition, since the sizes and thicknesses of the
respective components shown 1n the drawings are arbitrarily
shown for convenience of explanation, the present invention
1s not necessarily limited to those shown 1n the drawings.

[0069] Also, throughout the specification, when an ele-
ment 1s referred to as “comprise” an element, 1t 1s under-
stood that the element may include other elements as well,
without departing from the other elements unless specifi-
cally stated otherwise.
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[0070] Heremafter, a lithtum metal anode according to the
present mvention will be described 1n detail with reference
to the drawings.

[0071] FIG. 1 schematically shows a lithium metal anode
according to an embodiment.

[0072] InFIG. 1, a lithium metal anode 10 according to an
embodiment includes a current collector 11, a lithium metal
thin film layer 12, and a coating layer 13.

[0073] More specifically, in the lithrum metal anode 10
according to the present embodiment, the lithium metal thin
film layer 12 1s positioned on both sides of the current
collector 11, and the coating layer 13 1s located on the
surface of the lithium metal thin film layer 12.

[0074] The current collector 11 1s for electrical connection
in the cell.
[0075] The current collector 11 may have a shape of a foil

but 1s not limited thereto. For example, the current collector
11 may be a mesh, a foam, a rod, a wire, or may be in the
form of a sheet of woven wire or fiber.

[0076] As the material of the current collector 11, a
material having electrical conductivity and having a limited
reaction with lithium can be used. As the material of the
current collector 11, for example, any one of a conductive
material such as copper, nickel, titanium, stainless steel,
ogold, platinum, silver, tantalum, ruthenium and alloys
thereof, carbon, conductive polymer, or a composite fiber
coated with a conductive layer on a non-conductive poly-
mer; or a combinations thereof may be used.

[0077] Ifthe collector 11 1s thick, the weight of the battery
increases and the energy density of the battery decrease. If
the thickness of the current collector 11 1s reduced, there 1s
a danger of overheat damage during high current operation
and may be damaged by the tension during the battery
manufacturing process. Therefore, the thickness of the cur-
rent collector 11 may range from 1 um to 50 um.

[0078] The lithium metal thin film layer 12 may be located
on at least one surface of the current collector 11.

[0079] The lithium metal thin film layer 12 i1s character-
ized 1n that 1t has a smooth and dense surface microstructure
without dendrite and includes a columnar structure extend-
ing upward from the current collector 11.

[0080] In the present invention, the columnar structure
included in the lithium metal thin film layer 12 can be
prepared by forming the lithium metal thin film layer 12
using an electrochemical plating method using a plating
solution containing an appropriate component.

[0081] The average diameter of the columnar structure
may be 1n the range of 0.1 um to 100 um, more specifically
in the range of 5 um to 40 um.

[0082] When the average diameter of the columnar struc-
ture 1s not less than 0.1 um, the surface uniformity of the
lithium metal thin film layer 12 1s excellent. Therefore, when
the lithium metal anode according to the embodiment 1s
applied to a battery, a lithium secondary battery has excel-
lent electrochemical characteristics.

[0083] In addition, when the average diameter of the
columnar structure 1s 100 um or less, the time required for
forming the lithium metal thin film layer 12 can be short-
ened, thereby improving the productivity.

[0084] This 1s because the average diameter of the colum-
nar structure can be controlled by controlling the conditions
of the electrodeposition process. For example, lowering the
current density during the electrodeposition process
increases the average diameter of the colummnar structure,
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and increasing the current density decreases the average
diameter of the columnar structure. That 1s, 1f the current
density 1s lowered to increase the average diameter of the
columnar structure, the time required for forming the lithium
metal thin film layer 12 becomes long.

[0085] Inthe present specification, the average diameter of
the columnar structure can be measured using the method of
ASTM E 112 for the surface microstructure of the lithium
metal anode 10.

[0086] On the other hand, the average pore fraction of the
lithium metal thin film layer 12 may be 0.1% to 10%, more
specifically 1% to 5%.

[0087] When the lithtum metal thin film layer 12 has an
average pore Iraction of more than 10%, the lithtum metal
thin film layer 12 has a porous microstructure. In this case,
when the lithium metal anode according to the embodiment
1s applied to a lithium secondary battery, desorption and
adhesion of lithium are unevenly generated in the lithium
metal anode 10 during charging and discharging to promote
dendritic growth, and as dead lithium or the like, the battery
capacity and charge/discharge life are deteriorated. In addi-
tion, when the lithium metal thin film layer 12 1s manufac-
tured with a low average pore fraction of 0.1% or less, the
time required for forming the lithtum metal thin film layer 12
according to the embodiment 1s increased, and productivity
1s reduced.

[0088] Next, the thickness of the lithium metal thin film
layer 12 may be in the range of 0.1 um to 200 um, more
specifically 0.1 um to 30 um.

[0089] When the thickness of the lithrum metal thin film
layer 12 1s large, when the lithtum metal anode according to
the embodiment 1s applied to a lithium secondary battery, the
weight of the battery increases and energy density becomes
low. Further, since the production time and cost are
increased 1n proportion to the thickness of the lithium metal
thin film layer 12, the thickness of the lithtum metal thin film
layer 12 1s preferably 200 um or less.

[0090] When the thickness of the lithium metal thin film
layer 12 1s too thin, the charge/discharge life of the battery
1s deteriorated when the lithrum metal anode according to
the embodiment 1s applied to a lithium secondary battery.
Specifically, during charging/discharging of the battery,
lithium 1n the battery 1s gradually consumed due to side
reaction between lithium contained 1n the active maternal
and electrolyte, and the capacity of the battery i1s reduced. If
the thickness of the lithium metal thin film layer 12 1s thin,
the amount of lithium that can replenish the lithtum con-
sumed during charging and discharging 1s reduced, so that
the charge and discharge life of the battery i1s lowered.
Therefore, the thickness of the lithium metal thin film layer
12 1s preferably 0.1 um or more

[0091] The thickness of the lithium metal thin film layer
12 can be easily controlled by controlling electrodeposition
process conditions such as current density and electrodepo-
sition time 1n the step of forming the lithium metal thin film
layer 12 using the electrochemical plating method.

[0092] Meanwhile, the lithium metal anode 10 according
to the embodiment of the present invention includes a
coating layer 13 positioned on the surface of the lithium
metal thin film layer 12.

[0093] The coating layer 13 i1s formed by a reaction
between the electrodeposited lithium metal and a plating
solution 1n the process of manufacturing the lithium metal
thin film layer 12. The thickness, composition and charac-
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teristics of the coating layer 13 can be controlled by adjust-
ing the composition of the plating solution and the condi-
tions of the electrodeposition process.

[0094] The thickness of the coating layer 13 may be 1n the
range of, 2 nm to 2 um, more specifically, 10 nm to 500 nm.
[0095] If the thickness of the coating layer 13 located on
the surface of the lithium metal thin film layer 12 1s too
thick, the lithium 10on conductivity may be lowered and the
interfacial resistance may increase, so that the charge/dis-
charge characteristics may be deteriorated when the that 1s
applied to battery. If the thickness of the coating layer 13 1s
too small, the coating layer 13 may be easily lost in the
process of applying the lithium metal anode according to the
embodiment to the battery.

[0096] Therefore, 1t 1s preferable that the coating layer 13
1s Tormed uniformly and densely on the entire surface of the
lithium metal thin film layer 12 with a thin thickness within
the range of the thickness.

[0097] On the other hand, the coating layer 13 contains a
L1—N—C—H—0 based 1onic compound.

[0098] In the present embodiment, the coating layer 13
containing the Li—N—C—H-—O0O based 10nic compound 1s
formed by controlling the composition and content of the
plating solution during the process of manufacturing the
lithium metal thin film layer 12 by an electroplating process.

[0099] The Li—N—C—H—0O based 1onic compound
may include L1i—O, C—N, C—0, and C—H bonds.
[0100] More specifically, the Li—N—C—H—O based
ionic compound may include a compound represented by
any one of the following formulas (1) and (2)

LI [O—R,—R,+, A, 11 [Formula 1]

(wherein 1n the formula 1, R, and, R, are each CH_F,__ (m
1s one of 0, 1, or 2),

[0101] A, is

N—O o N—S—O,

and
[0102] nl 1s an integer of 1 to 10)
|Formula 2]
I
Li* O—C—O0—+Rs—Re ;AL
[0103] (wheremn 1n the formula 2, R, and R, are each
CH_F, (misoneof0,1, or 2),
[0104] A, 1s
O O
[ |
N—O o N—S—O,
and
[0105] n2 1s an mteger of 1 to 10.)
[0106] More specifically, the compound represented by

Formula 1 may be at least one compound represented by
Formula 1-1 or Formula 1-2.
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[0107] The compound represented by Formula 2 may be at
least one compound represented by Formula 2-1 or Formula
2-2.

|Formula 1-1]
i

Li* '[O—CHZ—CHﬂ?N—O' i

[0108] (wherein 1n the formula 1-1, n3 1s an mteger of 1
to 5.)
[0109] More specifically, for example, lithium nitrate

(LINO,) 1s used as a nitrogen-based compound, and a
plating solution 1n which an appropriate amount of the
lithium nitrate 1s added to an ether solvent i1s used. In the
case of forming the lithrum metal thin film layer 12, the
coating layer 13 contaiming the compound represented by
the formula 1-1 may be formed on the surface of the lithium
metal thin film layer 12.

|Formula 1-2]

[0110] (wherein 1n the formula 1-2, R and R, are each
CH F, (mi1soneof0, 1, or 2), and

[0111]

[0112] More specifically, for example, by using a plating
solution prepared by using lithium bisfluorosulfonyl 1imide
(LIN(FSO,),) as a nitrogen-based compound and adding 1t
in an appropriate amount to an ether solvent. When the
lithium metal thin film layer 12 i1s formed through the
clectrodeposition process, the coating film 13 containing the
compound represented by the general formula 1-2 may be
formed on the surface of the lithium metal thin film layer 12.

[0113] When lithium bisfluorosulfonylimide (LiN(FSO.,)

) 1s used as the nitrogen-based compound contained 1n the
plating solution, the Li—N—C—H-—0O based 10onic com-
pound may have a structure in which some of the C—H
bonds of the —CH,— structure 1s substituted with a C—F
bond to form —CH_F, — (m 1s one of 0, 1, and 2).

n4 1s an integer of 1 to 5.)

|Formula 2-1]
I [

Lit 0—C—0—CH—CH$—N—0""Li

[0114] (wherein 1n the formula 2-1, n5 1s and integer of 1
to 5.)
[0115] More specifically, for example, when the lithium

metal thin film layer 12 1s formed through electrodeposition
using a plating solution in which lithium nitrate 1s used as a
nitrogen-based compound and 1s added 1n a proper amount
to a carbonate-based solvent. The coating layer 13 contain-
ing the compound represented by the general formula 2-1
may be formed on the surface of the lithium metal thin film
layer 12.
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|Formula 2-2 ]

O O

Li* 0—C—0—Ry—Rg$—N—S—0""Li

[0116] (wherein 1n the formula 2-2, R, and R, are each
CH_ F, (misoneofO,1, and 2), and

[0117] n6 15 an integer of 1 to 3.)

[0118] More specifically, for example, a lithtum metal thin
f1lm layer 12 1s formed through an electrodeposition process
using a plating solution obtained by using lithtum bistluo-
rosulfonylimide as a nitrogen-based compound and adding
the lithium bisfluorosultonylimide to a carbonate-based sol-
vent 1 an appropriate amount. The coating layer 13 con-
taining the compound represented by the general formula
2-2 can be formed on the surface of the lithium metal thin
film layer 12.

[0119] When lithium bisfluorosulionylimide (LiN(FSQO,)
) 1s used as the nitrogen-based compound contained 1n the
plating solution, the L1i—N—C—H-—0 based 1onic com-
pound may have a structure in which a part of the C—H
bonds of the —CH,— may be substituted with a C—F bond
to have a structure of —CH_F, — (m1s one of 0, 1, and
2).

[0120] That is, 1n this embodiment, 1n the step of forming
the lithium metal thin film layer 12, the nitrogen compound
contained in the plating solution and the kind of the solvent
and the content thereof are controlled, so that the coating
layer 13 containing at least one compound selected from the
compounds represented by the formulas 1 and 2 may be
disposed on the surface of the lithium metal thin film layer
12.

[0121] On the other hand, the coating layer 13 may further
include LiF 1n addition to a Li—N—C—H—0 based 1onic
compound.

[0122] More specifically, for example, when lithium bis-
fluorosulfonylimide (LiN(FSO,),) 1s used as the nitrogen-
based compound contained in the plating solution, the
coating layer 13 may further contain LiF in addition to the
L1—N—C—H—0 based 1onic compound.

[0123] Also, when the plating solution further contains a
fluorine-based compound such as fluoroethylene carbonate
(FEC), the coating layer 13 may contain LiF together with
a L1I—N—C—H—0 based 10nic compound.

[0124] Thus, when the coating layer 13 further contains
L1F, the electrochemical performance of the coating layer 13
can be further improved by interaction with a Li—N—C
H—O based 1onic compound.

[0125] When the lithium metal anode 10 including the
coating layer 13 containing a Li—N—C—H-—0O based 1onic
compound 1s applied to a lithium secondary battery as 1n the
present embodiment, side reactions between the electrolyte
and the lithum metal thin film layer 12 are blocked. In
addition, it 1s possible to improve the charge/discharge life
of the lithium secondary battery by suppressing the growth
of dendrite by making the desorption and attachment of
lithium uniform on the surface of the lithium metal thin film
layer 12.

[0126] In addition, defects can be prevented from occur-
ring in subsequent processes such as packaging, transporta-
tion, storage, and battery application of the lithium metal
anode 10 of this embodiment. Since the lithium metal anode
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10 according to the present embodiment includes the coating
layer 13 positioned on the surface of the lithium metal thin
f1lm layer 12, the reaction of the lithium metal thin film layer
12 with water and/or oxygen can be blocked 1n the subse-
quent process,

[0127] the reaction of the lithium metal thin film layer 12
with moisture and/It 1s possible to eflectively prevent the
formation of a non-uniform surface reaction layer on the
surface of the lithium metal thin film layer 12. It 1s very
cllectively prevented that a non-uniform surface reaction
layer (Native surface film) 1s formed on the surface of the
lithium metal thin film layer 12.

[0128] FIG. 2 schematically shows a lithium metal anode
for a secondary battery according to another embodiment.

[0129] Referring to FIG. 2, the lithium metal anode 10

according to the present embodiment includes a current
collector 11, a lithrum metal thin film layer 12 disposed on
one surface of the current collector 11, and a coating layer
13 positioned on the lithium metal thin film layer 12.

[0130] The current collector 11, the lithium metal thin film
layer 12, and the coating layer 13 of this embodiment are the
same as those described 1n the embodiment with reference to
FIG. 1. Therefore, detailed description of the same or similar
components will be omatted.

[0131] Next, a method of manufacturing a lithium metal
anode according to an embodiment of the present invention

will be described.

[0132] A method of manufacturing a lithtum metal anode
according to an embodiment includes: restraining a current
collector and a lithium source in both directions and lami-
nating them after electrically insulating the current collector
and the lithium source in a plating solution; and forming
simultaneously a metal thin film layer and a coating layer on
at least one surface of the current collector by applying a
current between the current collector and the lithium source.

[0133] FIG. 3 schematically shows a manufacturing pro-
cess of a lithhum metal anode 10 for a secondary battery
according to an embodiment of the present invention.

[0134] Referring to FIG. 3, a current collector 11 and a
lithtum source 20 to be laminated with a lithium metal thin
film layer are supported in a plating solution 30.

[0135] The lithium source 20 can be, for example, a
lithium metal, a lithium alloy, a fo1l obtained by pressing the

lithium metal or lithium alloy on a current collector, or the
like.

[0136] The current collector 11 1s the same as that
described above, and will not be described here.

[0137] The plating solution 30 may be prepared by dis-
solving a lithium salt 1n a non-aqueous solvent.

[0138] In thus embodiment, the plating solution 30 1is
characterized in that it contains a nitrogen-based compound
as at least one of the lithium salt and the non-aqueous
solvent.

[0139] The nitrogen-based compound includes at least one
selected from the group consisting of lithium nitrate, lithium
bis fluorosulfonyl imide, lithium bis trifluoromethane sul-
fonimide, e-Caprolactam, N-methyl-e-caprolactam, triethyl-
amine, and tributylamine.

[0140] At least one of lithium nitrate, lithium bis fluoro-
sulfonyl 1imide and lithium bis trifluoromethane sulfonamide
of the nitrogen-based compounds, can be used as a lithium
salt.
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[0141] At least one of e-Caprolactam, N-methyl-e-capro-
lactam, triethylamine and tributylamine of the nitrogen-
based compounds can be used as a non-aqueous solvent.
[0142] The plating solution 30 may include the nitrogen-
based compounds 1n an amount ranging from 1% by weight
to 100% by weight, more specifically from 5% by weight to
90% by weight, more specifically from 5% by weight to
70% by weight, more specifically 5% by weight to 60% by
welght based on 100 wt % of the plating solution.

[0143] When the content of the nitrogen-based compound
1s less than 1% by weight, there 1s a problem that the
L1—N—C—H—0 based 1onic compound in the coating
layer 13 1s not formed properly.

[0144] Meanwhile, the plating solution 30 may be pre-
pared using only the nitrogen-based compound, but a gen-
eral non-aqueous solvent may be added as an auxiliary
solvent 1n consideration of the wviscosity of the plating
solution. It the viscosity of the plating solution is too high,
the mobility of lithium 1ons 1s lowered and the 1on conduc-
tivity of the plating solution i1s lowered, so that the time
required for forming the lithium metal thin film layer 12 1s
increased and productivity 1s reduced.

[0145] The auxiliary solvent may include, for example, at
least one of ethylene carbonate, propylene carbonate, dim-
cthyl carbonate, ethyl methyl carbonate, diethyl carbonate,
1,2-dimethoxyethane, diethylene glycol dimethyl ether, tet-
racthylene glycol dimethyl ether, tetrahydrofuran, 1,3-di-
oxolane, 1.,4-dioxane or 1,3,5-trioxane.

[0146] The auxiliary solvent for controlling the viscosity
of the plating solution may be included 1n an amount ranging
from 5% by weight to 70% by weight, more specifically
from 10% by weight to 60% by weight, based on 100% by
weight of the plating solution.

[0147] Further, the plating solution 30 may further include
a fluorine-based compound.

[0148] The {fluorine-based compound, for example,
includes at least one of Lithium difluoro phosphate, Lithium
hexafluoro phosphate, Lithium difluoro bisoxalato phos-
phate, Lithium tetratluoro oxalato phosphate, Lithium dif-
luoro oxalate borate, Lithium difluoro oxalato borate,
Lithium tetrafluoro oxalato borate, Fluoroethylene carbon-
ate, Difluoroethylene carbonate, and 1,1,2,2-Tetratluoro-
cthyl 2,2,3,3-Tetrafluoropropyl ether.

[0149] The plating solution 30 may contain the fluorine-
based compound in an amount ranging from 0.1% by weight
to 30% by weight, more specifically from 1% by weight to
10% by weight, based on 100% by weight of the plating
solution.

[0150] When the content of the fluorine-based compound
1s less than 0.1% by weight, the interaction between the
nitrogen compound and the fluorine-based compound does
not occur smoothly 1n the plating solution, and the effect of
improving the properties of the coating layer 13 of the
lithium metal anode 10 1s not exhibited. When the content of
the fluorine compound exceeds 30% by weight, LiF forma-
tion due to the direct reaction between the fluorine-based
compound and lithium 1s excessively generated, and the
clectrochemical characteristics of the coating layer 13 1is
deteriorated.

[0151] Next, after the insulating film 40 1s positioned
between the current collector 11 and the lithium source 20,
the current collector 11, the lithium source 20, and the
insulating film 40 are laminated and restrained 1n both

directions by using the restraint device 30.
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[0152] At this time, the restraint device 50 can use a
method generally used 1n the related art such as a manual
clamping method, a umiaxial pressing method using a
hydraulic pressure, a pneumatic pressure, or the like, and 1s
not particularly limited.

[0153] The insulating film 40 may be a separator material
used for a lithium secondary battery, and 1s not particularly
limited.

[0154] After the electrodeposition equipment 1S con-
structed as described above, a current 1s applied to the
current collector 11 and the lithium source 20 using the
power supply 60 to form the coating layer 13 and the lithtum
metal thin film layer 12 on the current collector 11. At this
time, the current collector 11 1s connected to the (-) elec-
trode and the lithium source 20 1s connected to the (+)
clectrode.

[0155] The step of forming the lithium metal thin film
layer and the coating layer on at least one surface of the
current collector 11 1s performed by applying a current
between the current collector 11 and the lithium source 20.
[0156] The applied current may range from an average
current density of 0.1 mA/cm” to 100 mA/cm?, more spe-
cifically, 0.5 mA/cm” to 20 mA/cm”, based on the collector
surface area. When the current density i1s increased, the
deposition rate of the lithium metal thin film layer 1s
increased, so that the productivity 1s increased. However, the
characteristics of the coating layer are deteriorated and then
the performance of the produced lithrum metal anode 1s
lowered. Therefore, the current density i1s preferably in the
above range.

[0157] Lithium moved from the lithium source 20 through
the application of the electric current 1s electrodeposited on
the surface of the current collector 11 to form the lithium
metal thin film layer 12. At this time, the thickness of the
lithium metal thin film can be easily controlled by control-
ling current density, electrodeposition time, and electrode-
position process conditions.

[0158] The coating layer 13 can be formed by a reduction
decomposition reaction of the plating solution 30 on the
surtace of the current collector 11 and a reaction between the
clectrodeposited lithium metal thin film layer and the plating
solution 30. The thickness, composition, and characteristics
of the coated layer can be controlled by adjusting the
composition of the plating solution 30 and the electrodepo-
sition process conditions.

[0159] That 1s, the method for manufacturing a lithium
metal anode according to the embodiments 1s characterized
in that a metallic thin film layer and a coating layer are
simultaneously formed using an electroplating process
which 1s an electrochemical plating method.

[0160] More specifically, the electrodeposition process 1s
performed 1n condition of normal temperature and atmo-
spheric pressure (for example, 25° C., 1 atm), so that lithium
ions are supplied from a lithtum source, and lithtum thin film
layer 12 1s laminated on the current collector 11 by electro-
chemically method.

[0161] When the electrochemical plating method 1s used,
the lithium metal anode can be economically produced, the
large area stacking can be easily achieved, and the thickness
of the lithium metal thin film layer can be easily controlled.
In addition, 1t 1s possible to control so that the coating layer
having a specific component as described above 1s uniformly
and densely formed on the surface of the lithium metal thin
film layer during the manufacturing process. Therefore,
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when a lithium metal anode manufactured by the method
according to this embodiment 1s applied to a lithium sec-
ondary battery, a lithtum secondary battery having excellent
clectrochemical performance can be realized.

[0162] FIG. 3 shows a manufacturing process in which
only one current collector 11 and one lithtum source 20 are
located, but a plurality of current collectors 11 may exist.
[0163] FIG. 4 schematically shows a process of manufac-
turing a lithtum metal anode according to another embodi-
ment.

[0164] Referring to FIG. 4, the current collector 11 may be
positioned on both sides of the lithium source 20 with the
insulating film 40 interposed therebetween, according to
another embodiment of the process for producing a lithium
metal anode. The current collector 11 and the lithium source
20 are connected to the power supply unit 60 to receive a
current and a lithium metal thin film layer 1s formed on the
surface of the current collector 11.

[0165] Likewise, by controlling the reduction decomposi-
tion reaction of the plating solution 30 on the surface of the
current collector 11 and the reaction between the electrode-
posited lithium metal thin film layer and the plating solution
30, a coating layer having a desired composition and char-
acteristics 1s formed on the surface of the lithium metal thin
film laver.

[0166] The lithium metal anode manufactured by the
method according to the embodiments can be usefully used
as a anode of a lithium secondary battery. That 1s, the lithium
secondary battery according to one embodiment includes the
cathode, the electrolyte, and the separator together with the
lithium metal anode described above.

[0167] FIG. 5 schematically shows a structure of a lithium
secondary battery according to an embodiment.

[0168] Referring to FIG. 5, the lithium secondary battery
100 includes an electrode assembly including a cathode 70,
an anode 10, and a separator 90 disposed between the
cathode 70 and the anode 10.

[0169] The electrode assembly 1s wound or folded and
housed 1n the battery container 95.

[0170] Thereafter, the electrolyte 80 1s injected into the
battery contamner 95 and sealed to complete the lithium
secondary battery 100. At this time, the battery container 95
may have a cylindrical shape, a square shape, a pouch shape,
a coin shape, or the like.

[0171] The anode 10 uses the lithium metal anode 10
according to the above-described embodiments.

[0172] The cathode 70 may include a cathode active
matenal layer and a cathode current collector.

[0173] The cathode active material layer can comprise
lithium compound 1ncluding at least one metal selected from
N1, Co, Mn, Al, Cr, Fe, Mg, Sr, V, La and Ce; and at least
one non-metallic element selected from the group consisting
of O, F, S, and P. The cathode active material layer may
include active material particles having a size of about 0.01
to 200 um, and may be appropriately selected depending on
the required characteristics of the battery.

[0174] Optionally, a conductive material may be added to
the cathode active material layer.

[0175] The conductive material may be, for example,
carbon black and ultrafine graphite particles, fine carbon
such as acetylene black, nano metal particle paste, and the
like, but not limited thereto.

[0176] The cathode collector serves to support the cathode
active material layer. As the cathode collector, for example,
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an aluminum foil, a nickel fo1l or a combination thereof may
be used, but the present invention 1s not limited thereto.
[0177] As the electrolyte 80 to be filled in the lithium
secondary battery 100, a non-aqueous electrolyte or a solid
clectrolyte may be used.

[0178] The non-aqueous liquid electrolyte may include,
for example, a lithium salt such as lithium hexafluorophos-
phate and lithium perchlorate, and a solvent such as ethylene
carbonate, propylene carbonate, and butylene carbonate. As
the solid electrolyte, a gel polymer electrolyte obtained by
impregnating a polymer electrolyte such as polyethylene
oxide or polyacrylonitrile with an electrolytic solution, or an
iorganic solid electrolyte such as Lil or Li;N can be used.
[0179] The separator 90 separates the cathode and the
anode and provides a passage for lithtum 10ns. Any separator
90 may be used as long as it 1s commonly used 1n a lithium
secondary battery. That 1s, 1t 1s possible to use the separator
having a low resistance to 1on movement of an electrolyte
and an excellent ability to impregnate an electrolyte. The
separator may be selected from, for example, glass fiber,
polyester, polyethylene, polypropylene, polytetratluoroeth-
ylene, or a combination thereof, and may be in the form of
a nonwoven fabric or a woven fabric. Meanwhile, when the
solid electrolyte 1s used as the electrolyte 80, the solid
clectrolyte may also serve as the separator 90.

[0180] Next, a lithium metal anode for a secondary battery
and a method of manufacturing the same according to
another embodiment of the present invention will be

described.

[0181] The lithium metal anode for a secondary battery
according to another embodiment of the present invention
may include a current collector, a lithium metal thin film
positioned on at least one surface of the current collector,
and a protective layer disposed on a surface of the lithium
metal thin film.

[0182] First, the current collector 1s located at the center of
the lithium metal anode. The current collector 1s for elec-
trical connection within the cell. The current collector may
have the form of a thin foil and may include Cu.

[0183] Ifthethickness of the current collector 1s increased,
the weight of the battery 1s increased and the energy density
of the battery 1s lowered. If the thickness of the current
collector 1s reduced, there 1s a risk of overheating during
high current operation and being damaged by the tension
during the battery manufacturing process. In this embodi-
ment, the thickness of the current collector may preferably
be 6 to 100 um.

[0184] The lithium metal thin film may be positioned on
both sides of the current collector. As will be described later,
the lithium metal thin film can be manufactured by an
clectroplating process. At this time, the thickness of the
lithium metal thin film can be easily controlled by control-
ling current density, electrodeposition time, electrodeposi-
tion process conditions, and the like.

[0185] The thickness of the lithtum metal thin film may be
> um to 100 um.

[0186] A protective layer 1s placed on the surface of the
lithium metal thin film. The protective layer 1s formed by the
reaction between the electrodeposited lithium and the plat-
ing solution 1 the process of manufacturing the lithium
metal thin film, and the composition of the plating solution
and electrodeposition process conditions are controlled to
control the thickness, composition, characteristics of the
protective layer.
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[0187] The thickness of the protective layer 1s preferably
from 10 nm to 100 nm. I the thickness of the protective
layer 1s too thick, the lithium 1on conductivity 1s lowered and
the high rate charge/discharge characteristics may be low-
ered when that 1s applied to the battery. If the thickness of
the protective layer i1s too small, the characteristics are
unstable and the protective layer may be lost during appli-
cation of the battery. The protective layer 1s preferably thin
and uniformly and densely formed over the entire lithium
surface.

[0188] The protective layer improves the charge/discharge
elliciency (coulombic efliciency) by lowering the polariza-
tion voltage when the secondary battery 1s applied, and can
improve the charge/discharge life by suppressing the side
reaction with the electrolyte.

[0189] The protective layer may comprise E, P, C, O, S,
and the like. More specifically, the protective layer may
comprise a material such as CF;, SO,, ROCO,Li(R=alkyl
group), L1,CO,, LiF, and the like.

[0190] In this embodiment, the lithium metal thin film 1s
positioned on both sides of the current collector and the
protective layer may be located on the lithium metal thin
film. Alternatively, the lithium metal anode for a secondary
battery may include a lithium metal thin film and a protec-
tive layer only on one surface of the current collector.
[0191] Hereinatter, a method for manufacturing a lithium
metal anode for a secondary battery according to another
embodiment of the present invention will be described.

[0192] According to another embodiment of the present
invention, there 1s provided a method of manufacturing a
lithium metal anode, comprising:

[0193] restramming a current collector and a lithium source
in up and down direction and laminating them after electri-
cally msulating the current collector and the lithium source
in a electrolyte; and forming a lithium metal thin film on a
surface of the current collector by applying a current to the
current collector and the lithium source, wherein, a protec-
tive layer 1s formed on a surface of the lithium metal thin
film at the step of forming a lithtum metal thin film on a
surface of the current collector, and the protective layer
comprises at least one selected from the group consisting of
F, P, C, Oand S.

[0194] Specifically, a current collector to which lithium 1s
to be deposited and a lithium source are supported in an
clectrolyte for electrodeposition. The lithium source may be
a lithium metal having a purity of 95 to 99.99%, a foil 1n
which a lithum metal 1s laminated thinly on a current
collector, lithium carbonate, lithitum chloride, lithium
nitride, or the like. As an electrolyte for electrodeposition, a
conventional electrolytic solution 1n which a lithium salt
such as LiPF ., L1TFSI, or LiFSI used 1n a lithium 10n battery

1s dissolved 1n a solvent can be used.

[0195] Next, after the insulating film 1s positioned
between the current collector and the lithium source, a
current collector, a lithtum source and an 1nsulating film are
stacked and restrained 1n up and down direction by using a
restraint device. The restraint device can use a method
generally used 1n the related art such as a manual clamping
method, a uniaxial pressing method using a hydraulic pres-
sure, a pneumatic pressure, or the like, and 1s not particularly
limited. The nsulating film may be a separator material used
for a lead acid battery, a nickel battery, a lithium 10n battery
or the like, and 1s not particularly limited. After the elec-
trodeposition equipment 1s constructed, a current 1s applied
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to the current collector and the lithium source using a power
supply. At this time, the current collector 1s connected to the
(—) electrode and the lithium source 1s connected to the (+)
clectrode.

[0196] Through this voltage application, lithium moved
from the lithium source i1s electrodeposited on the surface of
the current collector to form a lithium metal thin film. At this
time, the thickness of the lithium metal thin film can be
casily controlled by controlling current density, electrode-
position time, electrodeposition process conditions, and the
like. Further, a protective layer may be formed on the surface
of the lithium metal thin film by a reaction between the
lithium electrodeposited on the current collector and the
clectrodeposition solution. The thickness, composition, and
characteristics of the protective layer can be controlled by
adjusting the composition of the electrodeposition solution
and the electrodeposition process conditions.

DETAILED EXAMPLE OF THE INVENTION

[0197] Hereiatfter, the present invention will be described
in more detaill with reference to experimental examples.
These experimental examples are only for illustrating the
present invention, and the present invention 1s not limited
thereto.

Example 1—Electrodeposition Process (Using a
Plating Solution Containing a Nitrogen-Based and
Fluorine-Based Compound)

[0198] A lithium metal anode was prepared by the same
process as shown in FIG. 3.

[0199] The plating solution 30 i1s prepared by adding a
lithium bis (fluorosulfonyl) imide and a lithium nitrate as a
nitrogen based compounds to a 1,2-dimethoxyethane sol-
vent, 1n amounts of 40% by weight and 10% by weight based
on 100% by weight of the plating solution, respectively.
Then 10% by weight of fluoroethylene carbonate, which 1s
a fluorine based compound, was added based on 100% by
weight of the plating solution.

[0200] As the lithium source 20, a lithium metal plate
having a purity of 99.9% or more and having a thickness of
500 um was pressed on a copper plate, and the current
collector 11 was made of a copper foi1l having a thickness of
about 15 um.

[0201] The lithium source 20 and the current collector 11
are laminated 1n an electrically msulated state 1n the plating
solution 30 and then the lithium source 20 and the current
collector 11 are connected to each other through (+) and (-)
clectrode. Accordingly, a lithium metal thin film layer 12
was formed on the surface of the current collector 11. At this
time, a lithium metal thin film layer 12 having a thickness of
about 20 um was prepared with an average current density
of 0.7 mA/cm” and a process time of about 6 hours. At this
time, the reduction decomposition reaction of the plating
solution 30 on the surface of the current collector 11 and the
reaction between the electrodeposited lithium metal thin film
layer 12 and the plating solution 30 are controlled to form a
coating layer 13 on the surface of the lithium metal thin film
layer 12.

Example 2—Electrodeposition Process (Change in
Composition of Plating Solution)

[0202] A lithium metal anode was prepared in the same
manner as an Example 1, except that lithium nitrate, which
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1s a nitrogen compound, and fluoroethylene carbonate,
which 1s a fluorine compound, were not added during the
preparation of the plating solution.

Example 3—Electrodeposition Process (Change in
Plating Solution Composition)

[0203] A lithium metal anode was prepared in the same
manner as an Example 1, except that lithium mitrate, which
1s a mitrogen-based compound, was not added during the
preparation of the plating solution and fluoroethylene car-
bonate as a fluorine compound was added 1n an amount of

10% by weight based on 100% by weight of the plating
solution.

Example 4—Electrodeposition Process (Change in
Composition of Plating Solution)

[0204] A lithium metal anode was prepared in the same
manner as an Example 1, except that lithium nitrate, which
1s a mitrogen-based compound, was not added during the
preparation of the plating solution and fluoroethylene car-
bonate as a fluorine compound was added 1n an amount of

20% by weight based on 100% by weight of the plating
solution.

Example 5—Electrodeposition Process (Change in
Composition of Plating Solution)

[0205] A lithium metal anode was prepared in the same
manner as an Example 1, except that fluoroethylene carbon-
ate, which 1s a fluorine compound, was not added during the
preparation ol the plating solution.

Example 6—FElectrodeposition Process (Change 1n
Composition of Plating Solution)

[0206] A lithium metal anode was prepared in the same
manner as an Example 1, except that, lithium nitrate, which
1s a nitrogen compound, was added 1n an amount of 20% by
weight based on 100% by weight of the plating solution, and
lithium bis (fluorosulfonyl) 1mide as a nitrogen compound

and fluoroethylene carbonate as a fluorine compound were
not added.

Comparative Example 1—FElectrodeposition Process
(Using a Plating Solution Containing Only a
Fluorine-Based Compound)

[0207] A lithium metal anode was prepared in the same
manner as an Example 1, except that the plating solution was
prepared as follows.

[0208] Lithium hexafluorophosphate (LL1PF ) was added to
a solvent in which ethylene carbonate and ethyl methyl
carbonate were mixed 1n a volume ratio of 3:7 1n an amount
of 30 wt % based on 100 wt % of the plating solution.

Comparative Example 2—Flectrodeposition Process
(Using a Plating Solution Containing No
Nitrogen-Based and Fluorine-Based Compounds)

[0209] A lithium metal anode was prepared in the same
manner as an Example 1, except that the plating solution was
prepared as follows.

[0210] Lithium perchlorate (L1ClO, ) was added to a sol-

vent 1n which ethylene carbonate and ethyl methyl carbonate
were mixed 1n a volume ratio of 3:7 1n an amount of 20 wt

% based on 100 wt % of the plating solution.
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Comparative Example 3—Physical Vapor
Deposition Process

[0211] In order to compare the microstructural character-
istics and the electrochemical performance of the lithium
metal anode manufactured by the conventional physical
vapor deposition (PVD) method with the lithium metal
anode produced according to the embodiments, a lithium
metal thin film layer (L1i—Cu fo1l) having a thickness of
about 20 um was prepared.

[0212] The lithium metal anode 1s prepared by a method of
vacuum thermal evaporation. The method 1s that a lithium
metal ingot having a purity of 99.9% or higher 1n a high
vacuum chamber of 107 torr or less is heated to 700° C. or
higher and laminated on the surface of a Cu foil.

Comparative Example 4—Rolling Process

[0213] In order to compare the microstructure character-
istics and the electrochemical performance of the lithium
metal anode prepared by the rolling method with the lithium
metal anode prepared according to the embodiments, a
lithium metal anode having a thickness of about 20 um
(L1i—Cu foi1l) was prepared.

[0214] The lithium metal anode was prepared by rolling a
lithium metal foil having a purity of 99.9% or more and a
thickness of about 100 um together with a copper foil 1n an
inert gas atmosphere.

Experimental Example 1—Microstructure Analysis
of Lithium Metal Anode

[0215] The surface and cross section of the lithium metal
anode prepared according to Example 1, Example 6 and
Comparative Examples 1 to 4 were measured at a magnifi-
cation of x2,000 using a scanning electron microscope.
[0216] FIGS. 6a and 66 are SEM photographs of the
surface and cross-sectional microstructure of the lithium
metal anode prepared according to Example 1. FIGS. 7a and
7b are SEM photographs showing the surface and cross-
sectional micrographs of the lithium metal anode prepared
according to Example 6.

[0217] FIGS. 8a and 8b are SEM photographs of the
surface and cross-sectional microstructure of the lithium
metal anode produced according to Comparative Example 1.
FIGS. 9a and 956 are SEM photographs of the surface and
cross-sectional microstructure of the lithium metal anode
produced according to Comparative Example 2. FIGS. 10a
and 1056 are SEM photographs of the surface and cross-
sectional microstructure of the lithum metal anode pro-
duced according to Comparative Example 3. FIGS. 11q and
116 are SEM photographs of the surface and cross-sectional
microstructure of the lithium metal anode produced accord-
ing to Comparative Example 4.

[0218] Referring to FIGS. 6a and 6b, a lithium metal
anode manufactured using a plating solution containing both
a nitrogen compound and a tluorine compound according to
Example 1 has a smooth and dense surface microstructure
without a dendrite. In addition, a cross section of the lithium
metal thin film layer of the lithium metal anode manufac-
tured according to Example 1 has a columnar structure
extending upward from the current collector.

[0219] Next, referring to FIGS. 7a and 7b, it can be

confirmed that the lithtum metal anode manufactured using
the plating solution containing only the nitrogen-based com-
pound according to Example 6 has a smooth and dense
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surface microstructure without the dendrite. It can also be
confirmed that the lithium metal thin film layer of the lithium
metal anode produced according to Example 6 has a colum-
nar structure stretched upward from the collector as an
Example 1.

[0220] Referring to FIGS. 8a and 8b, a lithium metal
anode manufactured using a plating solution containing only
a fluorine-based compound according to Comparative
Example 1 has a large number of dendrite protrusions and a
non-uniform microstructure with high porosity.

[0221] Referring to FIGS. 9q and 95, according to Com-
parative Example 2, a lithium metal anode made using a
plating solution containing neither a fluorine-containing
compound nor a nitrogen-based compound was formed 1n
many dendrites and a non-uniform microstructure having a
high porosity.

[0222] That 1s, referring to the surface and cross-sectional
photographs of the lithium metal anode produced according
to Comparative Examples 1 and 2, even when the electrode-
position process 1s used, when the plating solution does not
contain a nitrogen compound as in the present invention, it
can be seen that the columnar structure of the lithium metal
thin film layer 1s not densely and uniformly grown and the
resin dendrites are easily formed and the pores and surface
roughness of the lithium metal thin film layer are increased.

[0223] On the other hand, referning to FIGS. 10a and 105
and FIGS. 11a and 115, it can be seen that lithium metal
anode of Comparative Examples 3 and 4 prepared by the
physical vapor deposition method or the rolling method as in
the prior art have a polycrystalline or microcrystalline
structure of amorphous form.

[0224] That 1s, 1t 15 confirmed that the lithium metal anode
according to the embodiments has a microstructural char-
acteristic that the lithium metal thin film layer has a colum-
nar structure, unlike the lithium metal anode (L1i—Cu foil)
manufactured by the existing commercialized method.

Experimental Example 2—Analysis of Film
Components of a Lithium Metal Anode

[0225] Surface components of the lithium metal anode
prepared according to Examples 1 to 4 and Comparative
Examples 1 to 4 were analyzed by the following method.

[0226] The analysis was carried out by using X-ray pho-
toelectron spectroscopy (XPS). The lithium metal anode of
cach of Examples to 4 and Comparative Examples 1 to 4 was
subjected to surface analysis using peak intensity corre-
sponding to L1 1s, C 1s, N 1s, and F 1s to analyze the
constituents of the surface portion.

[0227] FIGS. 12a and 12d show the results of analyzing
the surface components of the lithium metal anode prepared
in Example 1, and FIGS. 134 and 13d show the results of
analyzing the surface components of the lithium metal anode
prepared i Examples 2 to 4. FIGS. 14a and 14d show the
results of analyzing the surface components of the lithium

metal anode prepared according to Comparative Examples 1
to 4.

[0228] Referring to FIGS. 12a and 124 and FIGS. 13a and

13d, on the surface of the lithium metal thin film layer of the
lithium metal anode manufactured according to the
examples 1 to 4, 1t can be confirmed that a coating layer
containing a L1i—N—C—H-—0 based 1onic compound hav-
ing all of L1i—0O, C—N, C—0O and C—H bonds i1s formed

by the mitrogenous compound contamned in the plating
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solution. Further, 1t can be confirmed that the coating
contains LiF by the fluorine-based compound contained 1n
the plating solution.

[0229] In addition, no lithium was observed on the surface
of the lithium metal anode, and it was confirmed that the
coating layer prepared according to Examples 1 to 4 was
uniformly formed on the surface of the lithium metal thin
film layer.

[0230] In addition, lithrum hydroxide (Li1OH), lithium
carbonate (L1,CO;), Iithium oxide (L1,0), and the like,
which are components of a surface reaction layer (Native
surface film) observed on a conventional lithium metal
surface, were not observed at all. Thus, 1t can be seen that
when the lithium metal anode 1s manufactured by the
method of the present invention, the formation of the lithium
metal thin film layer and the coating layer are simultane-
ously formed, and the generation of the nonuniform surface
reaction layer can be effectively suppressed.

[0231] On the other hand, in Examples 2 to 4, the content
of fluoroethylene carbonate as the tfluorine compound was
changed from 0% to 10% based on 100% by weight of the
plating solution 1n the production of the plating solution.
FIGS. 134 and 134, it can be confirmed that as the content
of the additive increases, the intensity of the peak corre-
sponding to each component and bond changes. It can be
seen that the composition and properties of the coating layer
formed on the surface of the lithium metal thin film layer can
be controlled by controlling the composition of the plating
solution.

[0232] On the other hand, referring to FIGS. 14q and 144,
peaks corresponding to the C—N bond were not observed in
the case of Comparative Example 1 and Comparative
Example 2 in which the nitrogen compound was not con-
tained 1n the plating solution, and this confirms that the
coating layer formed on the surface of the lithium metal thin
film layer does not contain a Li—N—C—H—0 based 10onic
compound.

[0233] In addition, according to Comparative Example 3,
no peak corresponding to the C—N bond was observed on
the surface of the lithrum metal anode produced by the
conventional physical vapor deposition method and on the
surtace of the lithium metal thin film of the lithtum metal
anode produced by rolling according to Comparative
Example 4. It can be confirmed that the L1i—N—C—H—0O
based 1onic compound 1s not present on the surface. There-
fore, 1n the case of a lithtum metal anode manufactured by
a physical vapor deposition and rolling method, a surface
reaction layer (Native surface film) composed of lithium
hydroxide (LL1OH), lithium carbonate (L1,CO,), lithium
oxide (L1,0) can be confirmed.

[0234] Since lithtum hydroxide, lithium carbonate, lithium
oxide, and the like, have very low lithium 10n conductivity,
so that the surface reaction layer composed of these com-
ponents can prevent smooth movement of lithium 1ons
during charging and discharging. Further, the surface reac-
tion layer composed of the above components 1s fragile and
has low applicability caused by volume change, so that it can
be easily broken when a repeated volume change of the
lithium metal anode during charging and discharging. Such
breakage of the reaction layer may lead to abrupt and
non-uniform reaction between the lithium metal and the
clectrolytic solution, resulting 1n deterioration of the charge-
discharge performance of the battery.
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Experimental Example 3—FEvaluation of
Charge/Discharge Performance of a Battery Using
a Lithium Metal Anode

[0235] A lithium secondary battery (2032 type coin tull
cell) having a structure as shown i FIG. 6 was manuiac-
tured using the lithium metal anode prepared according to
Examples 1 to 6 and Comparative Examples 1 to 4, and the
charging/discharging performance was evaluated respec-
tively.

[0236] The cathode was prepared such that the cathode
active material layer was laminated on one surface of the
current collector (Al foil) using a cathode active material
slurry containing Li1CoO, (99 wt %) active matenal, a
conductive material and a binder. At this time, the capacity
per unit area of the cathode was made to be 3.1 mAh/cm”,
which 1s the cathode capacity level of the currently com-
mercialized lithrum secondary battery (using a graphite
anode).

[0237] A mixed solvent of ethylene carbonate and ethyl
methyl carbonate (3:7 by volume) in which 1 M of LiPF,
was dissolved was used as an electrolyte solution.

[0238] The separator used was a model 2400 of Celgard,
a polypropylene material, and a 2032 type coin cell of
Hohsen Co., Ltd. was used as a battery container.

[0239] The charge/discharge performance of the lithium
secondary battery manufactured by the above method was
evaluated as follows.

[0240] The charging step was charged with a constant
current up to 4.25V at 0.2 C and then charged up to 4.25V
to 0.05 C. The discharging step was discharged at a constant
current of 0.5 C to 3.0V.

[0241] FIGS. 15a and 1556 show the results of evaluating
the charge/discharge performance of the lithium secondary
battery manufactured by the above method by applying the
lithium metal anode prepared according to Examples 1 to 6
and Comparative Examples 1 to 4.

[0242] FIG. 15a 1s a graph showing a charge/discharge
performance evaluation result of a lithium secondary battery
to which a lithium metal anode manufactured according to
Examples 1 to 6 1s applied. FIG. 15B shows the results of
analyzing the surface components of the lithium metal anode
prepared according to Example 1 and Comparative
Examples 1 to 4.

[0243] Table 1 also shows the results of evaluating the
charge-discharge lifetime based on 80% of the 1nitial dis-
charge capacity.

TABLE 1
division Charge/discharge life (times)
Example 1 40
Example 2 21
Example 3 32
Example 4 19
Example 5 30
Example 6 32
Comparative Example 1 2
Comparative Example 2 2
Comparative Example 3 7
Compare to 4 4

[0244] Referring to FIGS. 15aq and 1556 and Table 1, it can
be seen that the lithum secondary battery to which the
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lithium metal anode manufactured according to Examples 1
to 6 1s applied 1s remarkably superior compared to Com-
parative Examples 1 to 4.

[0245] Theretore, the results of Experimental Examples 1
to 3 indicate that the lithium metal anode manufactured by
the method of the present invention contains a coating layer
containing a Li—N—C—H-—0 based compound through
control of plating solution composition and process condi-
tions. Also, 1t can be confirmed that the lithium metal thin
film layer 1s formed by uniformly stacking lithium through
the coating layer to suppress the growth of dendrite and to
have a dense microstructure.

[0246] Accordingly, when the lithtum metal anode accord-
ing to the embodiments 1s applied to a lithium secondary
battery, 1t can be confirmed that the charge/discharge per-
formance of the battery 1s improved.

Experimental Example 4

[0247] Lithium metal foil with a punty of 99% and a
thickness of 200 um was used as a lithium source, and a Cu
fo1l with a thickness of 10 um was used as a current
collector, which 1s a base material on which lithium 1s
clectrodeposited. The electrolytic solution was prepared by
dissolving LiFSI lithium salt 1 1,2-dimethoxyethane at a
concentration of 1M and adding 5 wt % of fluoroethylene
carbonate based on the lithium salt. As the insulating film, a
cell guard 2400 used in a lithium 10n battery was used to
laminate a current collector, an insulating film, and a lithium
source 1n this order, to carry it on the electrolytic solution to
be charged, and press both sides to the restraint plate to
apply pressure. Lithium was deposited on the surface of the
current collector by applying a current to the current col-
lector and the lithium source as the (=) and (+) electrodes,
respectively, using a power supply unit. The current density
was in the range of 0.1 to 100 mA/cm”. The electrodeposi-
tion time was 2 minutes to 120 hours to prepare a lithium
metal thin film having a thickness of 5 um to 50 um.
[0248] FIG. 16 (@) shows the microstructure of the lithium
metal anode produced according to this Experimental
Example. FIG. 6 (b) shows the microstructure of a lithium
metal anode produced by a conventional electrodeposition
method.

[0249] Referring to FIG. 16, 1t can be seen that the lithium
metal anode manufactured according to the present experi-
mental example has a dense microstructure without a den-
drite. However, 1n the case of a lithium metal anode manu-
factured by a conventional electrodeposition method (FIG.
1656), lithhum was found to have a porous microstructure
while growing in the form of a dendrite. That 1s, the lithium
metal anode manufactured by the method of manufacturing,
a lithium metal anode according to this embodiment can
have a dense fine structure without a dendrite on 1ts surface.

[0250] FIG. 17 shows the surface composition of the
lithium metal anode prepared according to Experimental
Example 4. In addition, the surface composition of a lithium
metal anode produced by a conventional method such as
laminating or PVD 1s shown in FIG. 18. Referring to FIG.
18, in the case of a lithtum metal anode manufactured by a
conventional method, 1t 1s produced by a method of rolling
or vapor deposition, and only oxygen and carbon compo-
nents are present on the surface.

[0251] However, with reference to FIG. 17, 1n the case of
a lithhum metal electrode manufactured by the method
according to an embodiment of the present nvention, a
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components of F, P, S, and like, which originated from an
in-situ generated surface protective layer during a lithium
clectrodeposition process.

Experimental Example 5: Evaluation of
Electrochemical Characteristics

[0252] FIG. 19 shows the result of repeating the L1 strip-
ping/L1 plating by preparing a lithtum metal anode prepared
by the method of Experimental Example 4 and a cell made
of a combination of a L1 foil and a coin cell. FIG. 20 shows
a result of repeating charge and discharge by fabricating a
coin cell in which a lithium metal anode and a L1 fo1l were
combined by a conventional PVD method. Comparing to
FIGS. 19 and 20, 1t can be seen that the overvoltage of the
lithium metal anode manufactured by the conventional PVD
method takes a large from the beginming of the cell opera-
tion, and the overvoltage tends to increase significantly with
the lapse of the cycle. However, 1t has been confirmed that
the lithrum metal anode manufactured by the method
according to an embodiment of the present invention has a
relatively low overvoltage and a stable cycle characteristic.

Experimental Example 6: Evaluation of
Charge/Discharge Characteristics

[0253] A battery (coin full cell) was manufactured using
the lithium metal anode manufactured by the method of
Experimental Example 4 to evaluate charge-discharge char-
acteristics. LCO materials were used for the cathode mate-
rial and the charge and discharge characteristics of the
lithium metal cathode manufactured by the rolling (Com-
parative Example 35) and the deposition (Comparative
Example 6) processes were evaluated.

[0254] The charge-discharge characteristics and the
results of Experimental Example 4 and Comparative
Examples 5 and 6 are shown 1n FIG. 21. Referring to FIG.
21, 1t was confirmed that the lithium metal anode manufac-
tured by the method of the present invention had excellent
charge/discharge life characteristics as compared with the
comparative example.

[0255] As described above, 1n the method of manufactur-
ing a lithium metal anode according to an embodiment of the
present invention, a lithium metal anode (L1—Cu foil) can
be formed by applying an electroplating process which can
use low-cost process equipment at normal temperature and
pressure. It has excellent economical efliciency and com-
merciality compared with the conventional vacuum deposi-
tion process. In addition, the method of manufacturing a
lithium metal anode according to an embodiment of the
present invention can easily control the thickness of a
lithium film to a range of several to several hundreds um
through a change 1n an electrodeposition process condition.
Theretfore, as the lithium thickness becomes thinner, prob-

lems of the conventional rolling process 1n which surface
defects are increased can be solved.

[0256] The lithium metal anode manufactured in this
manner can have a dense microstructure without a dendrite
on 1ts surface, and the protective layer 1s positioned to lower
the polanization voltage, thereby improving the charge-
discharge efliciency (coulombic efliciency) and suppressing
the side reaction with the electrolyte. Accordingly, the
charge and discharge life can be improved.

[0257] It will be understood by those skilled 1n the art that
various changes 1 form and details may be made therein
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5. The lithium metal anode of claim 4,
the compound represented by the formula (1) 1s at least

one of the compounds represented by the following
formulas (1-1) and (1-2), and

without departing from the spirit and scope of the present
invention as defined by the following claims. It 1s therefore
to be understood that the above-described embodiments are
illustrative 1n all aspects and not restrictive.

DESCRIPTION OF SYMBOLS

[0258] 10: Lithium metal anode
[0259] 11: Current collector

[0260] 12: Lithium metal thin film layer
[0261] 13: Coating layer

[0262] 20: Lithium source

[0263] 30: plating solution

[0264] 40: Insulating film

[0265] 50: Restraint device

[0266] 60: Power supply

[0267] 70: Cathode

[0268] 80: Electrolyte

[0269] 90: Separate

[0270] 95: Battery container

[0271] 100: Lithium secondary battery

1. A Iithium metal anode comprising:

a current collector;

a lithium metal thin film layer disposed on at least one
surface of the current collector and having a thickness
in a range of 0.1 um to 200 um; and

a coating layer disposed on a surface of the lithium metal
thin film layer,

wherein, the coating layer comprising a L
H—O based 1onic compound.

2. The lithium metal anode of claim 1,

wherein the coating layer further comprises LiF.

3. The lithium metal anode of claim 1,

The L1i—N—C—H—0 based 10nic compound comprises
L1i—0O, C—N, C—0, and C—H bonds.

4. The lithium metal anode of claim 1,

The L1—N—C—H-—0 based 10nic compound 1s at least
one of the compounds represented by formulas (1) and

(2).

Li* [O—R,

N—C

Ro7, A1 T Li [Formula 1]

(wherein 1n the formula 1, R, and, R, are each CH_F,__
(m 1s one of 0, 1, or 2),

A, 1s
O O
| |
N—O o N—S—O,

and nl 1s an mteger of 1 to 10)

|Formula 2]

Li" "0

(wherein 1n the formula 2, R, and R, are each CH_F,__
(m 1s one of O, 1, or 2),
A, 18

O

or N—5—"0,

i
O

and n2 1s an mteger of 1 to 10.)

the compound represented by the formula (2) 1s at least
one of the compounds represented by the following

formulas (2-1) and (2-2).

|Formula 1-1]
I

Lit '[O—CHE—CHzﬂ?N—O' Li

(wherein 1n the formula 1-1, n3 1s an 1nteger of 1 to 3.)

|Formula 1-2]
O

Lit [0—Rs—RgH—N—S—0""Li

(wherein in the formula 1-2, R, and R are each CH _F,_
(m 1s one of 0, 1, or 2), and n4 1s an 1mteger of 1 to 3.)

|Formula 2-1]
I [

Li* 0—C—0—+CH,—CH;,—N—0""Li

(wherein 1n the formula 2-1, n5 1s and mteger of 1 to 5.)

|Formula 2-2]
O O

Lit 'O—C—O—ER?—RSTN—S—O' i

(wherein in the formula 2-2, R, and Ry are each CH _F,_
(m 1s one of 0, 1, and 2), and n6 1s an mteger of 1 to

3.)

6. The lithium metal anode of claim 1,

wherein a thickness of the coating layer 1s 1n a range of 2
nm to 2 um.

7. The lithium metal anode of claim 1,

wherein a thickness of the coating layer 1s 1n a range of 10
nm to 500 nm.

8. The lithium metal anode of claim 1,

the lithium metal thin film layer has a flat surface micro-
structure without dendrite, and

the Iithium metal thin film layer comprises a columnar
structure extending upward from the current collector.

9. The lithium metal anode of claim 8,

wherein an average diameter of the columnar structure 1s
in the range of 0.1 um to 100 um.

10. The lithium metal anode of claim 1,

wherein an average pore fraction of the lithium metal thin
film layer 1s 10% or less.

11. (canceled)
12. (canceled)
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13. (canceled)

14. (canceled)

15. (canceled)

16. (canceled)

17. (canceled)

18. A lithium secondary battery comprising:

an anode:

a cathode; and

clectrolyte,

the anode 1s a lithtum metal anode according to claim 1.

19. A lithium metal anode comprising;

a current collector;

a lithium metal thin film disposed on at least one surface
of the current collector; and,

a protective layer disposed on the surface of the lithium
metal thin film.

20. The lithium metal anode of claim 19,

a thickness of the lithium metal thin film 1s from 5 pm to
100 pm.

21. The lithium metal anode of claim 19,

a thickness of the protective layer 1s from 10 nm to 100
nm.

22. The lithium metal anode of claim 19,

wherein the protective layer comprises at least one
selected from the group consisting of F, P, C, O and S.

23. (canceled)
24. (canceled)
25. (canceled)
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