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(57) Abstract: A method of performing a formation process
for a lithium-ion cell (10) comprising an anode (12), a cath-
ode (16), an electrolyte (22) and a separator (20), the forma-
tion process including adding an additive to the electrolyte
(22) for improving a solid electrolyte interface (24) build-up
on the anode (12), determining a SEI formation end voltage
value at which the SEI build-up is completed by determining
the additive concentration in the SEI (24), charging the cell
(10) at the first predetermined rate up to the SEI formation
end voltage, and then charging the cell (10) to a fully charged
capacity at a second charge rate, the second charge rate being
greater than the first charge rate.
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LITHIUM-ION BATTERY FORMATION PROCESS

FIELD OF THE DISCLOSURE

[0001] The present disclosure is related to lithium ion batteries or cells,
and more particularly to an improved method for initially charging such
batteries (formation process).

BACKGROUND OF THE DISCLOSURE

[0002] Lithium-ion batteries are part of a family of rechargeable
battery types in which lithium ions move from the negative electrode to
the positive electrode during discharge and from the positive electrode to
the negative electrode when charging.

[0003] There are various types of lithium-ion battery. The anode
comprises generally carbon and the cathode comprises a lithium
compound. The anode and the cathode are separated by a separator
made from a porous polymer, such as a micro-perforated plastic sheet,
which allows ions to pass through. The anode, cathode and separator are
immersed in an electrolyte.

[0004] Lithium-ion batteries are classified according to the cathode
material.

[0005] Once the lithium-ion battery is assembled, before the battery is
suitable to be used, the lithium-ion battery may be put through at least
one precisely controlled charge/discharge cycle to activate the working
material. This step is called the formation process. This formation process
provides the initial full charge of the battery.

[0006] During the formation process, a solid electrolyte interface (SEI)
is formed on the anode. The SEI formation is important for the lifetime of
the lithium-ion battery or cell.

[0007] Methods for initial charging, i.e., for the formation process, of a
lithium-ion battery have been proposed.

[0008] Typically, the battery is charged at a constant charge rate. The
charge rate is also expressed as a C-rate, which represents a charge or a
discharge rate equal to the capacity of a battery in one hour. It has been
found that the SEI is best formed at small C-rate, which means that the
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initial charging is performed over an extended period of time. Indeed, fully
charging a battery at a C-rate equal to C/5 would take approximately five
hours. The battery is charged at a small C-rate up to the fully charged
voltage of the battery in order for the SEI to form on the carbon anode
during the first charge and then the battery is held constant at the fully
charged voltage until the current drops below a threshold. The battery is
then left to rest for two hours and is discharged at a small C-rate to a pre-
set voltage, i.e., the discharge cut-off voltage. This formation process may
be cycled at least once.

[0009] In order to reduce the manufacturing time of lithium-ion
batteries, so-called dynamic forming processes have been proposed. In
such processes, the battery is charged at a small C-rate up to the end of
SEI layer formation on the anode, corresponding to a threshold voltage
value, and then, a large C-rate is used to charge the battery up to the
fully charged voltage. For example US 2015/060290 discloses such a
formation protocol which still involves at least charging the battery up to
the fully charged voltage at least twice, and resting the cell for two hours
between each charge/discharge of the cell, the total duration of the
dynamic formation process being greater than forty hours. However, in
US 2015/060290, the end of SEI layer formation voltage value on the
anode being determined by a method using differences of temperature,
the determination is an approximate.

[0010] Additives have also been added to the electrolyte to improve
the formation of the SEI and therefore enhancing the anode stability.

SUMMARY OF THE DISCLOSURE

[0011] Currently, it remains desirable to reduce the duration of
formation process while having a battery that will exhibit good properties
over a large number of charge/discharge cycles.

[0012] Therefore, according to embodiments of the present disclosure,
a method of performing a formation process for a lithium-ion cell having
an anode, a cathode, an electrolyte and a separator is provided. The
method including:

- adding an additive to the electrolyte for improving a solid
electrolyte interface build-up on the anode;
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- determining a SEI formation end voltage value at which the SEI
build-up is completed by determining the additive concentration
in the SEI;

- charging the cell at a first predetermined rate up to the SEI
formation end voltage; and

- then charging the cell to a fully charged capacity at a second
charge rate, the second charge rate being greater than the first
charge rate.

[0013] By providing such a method, the determination of the SEI
formation end voltage value is accurate. Indeed, the additive
concentration in the SEI may be measured by accurate methods. The
determination of the SEI formation end voltage value is performed prior to
applying a formation process to a cell.

[0014] Cells are charged at the first predetermined rate. Each cell is
charged up to a given voltage and the additive concentration of the SEI
partially formed on the anode is measured, allowing determining the SEI
formation end voltage value. Thus, the SEI formation end voltage value is
determined and may be used to initially charge cells having the same
configuration and the same components as the cells used to determine
the SEI formation end voltage value.

[0015] Charging the cell comprising an electrolyte to which additive
has been added at the first predetermined rate allows for the formation of
the SEI on the anode, the SEI having good electrochemical properties.

[0016] Once, the SEI formation is completed, the cell is charged up to
a fully charged capacity at a second predetermined rate, the second
charge rate being greater than the first charge rate. This allows reducing
the duration of the formation process.

[0017] The SEI formation end voltage value may be determined as
being the voltage at which the concentration of additive in the SEI
becomes constant.

[0018] Indeed, when the additive concentration in the SEI does not
increase with increasing charging time and increasing charging voltage, it
may be concluded that the SEI formation on the anode is completed.

[0019] The additive concentration of the SEI may be measured by XPS.

[0020] X-ray photoelectron spectroscopy (XPS) is a qualitative and
guantitative analysis technique that allows measuring the elemental
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composition on the surface of a sample. XPS may detect elements as light
as lithium and may measure the elemental composition at the parts per
thousand range. XPS has also the advantage that the surface chemistry of
the sample may be analysed without requesting additional treatments of
surface preparation.

[0021] The first predetermined rate may be smaller than or equal to
2 C, preferably smaller than or equal to 1 C, more preferably smaller than
or equal to 0.5 C.

[0022] The first predetermined rate allows for the formation of the SEI
on the anode. This first predetermined rate allows for the formation of a
SEI with good electrochemical properties while not extending too much
the duration of the full formation process.

[0023] The second predetermined rate may be equal to or greater than
2 C, preferably equal to or greater than 3 C, more preferable equal to or
greater than 4 C.

[0024] The second predetermined rate allows reducing the formation
process duration, as the second predetermined rate is greater than the
first predetermined rate. Indeed, as the second predetermined rate is
greater than the first predetermined rate, the charge time to reach the
fully charged voltage from the end of peak voltage value is smaller at the
second predetermined rate than at the first predetermined rate.

[0025] Before charging the cell to the fully charged capacity, the cell
may be discharged at the first predetermined rate down to a cut-off
voltage value of the cell, and the cell is charged again at the first
predetermined rate up to the SEI formation end voltage value.

[0026] Cycling between the cut-off voltage value and the SEI
formation end voltage value may improve the capacity retention of the
cell.

[0027] The additive provided in the electrolyte may be selected from
an oxalate salt, an ethylene carbonate or a sulfone.

[0028] The additive may present a decomposition potential at a smaller
voltage than the electrolyte.

[0029] These additives may improve the formation of the SEI on the
anode and provide a SEI having better in-use characteristics than SEI
formed from the electrolyte only. Thus, the life-time of the lithium ion cell
may be improved and higher power may be reached.
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[0030] The first predetermined rate may be chosen as a function of
the additive.

[0031] By choosing the first predetermined rate in function of the
additive, the cell performance may be enhanced. For example, the
retention capacity of the cell may be improved. The first predetermined
rate may be chosen by carrying out some simple tests on test cells prior to
starting the initial charge of the cell. In particular, the first derivative of
the charge capacity relative to the measured voltage (dQ/dV) may be
calculated from the measurements of the charge capacity and the voltage.
The first derivative exhibits at least a peak which has a maximum peak
value voltage which decreases on charging/discharging the cell at a
predetermined rate. The first predetermined rate may be chosen in
function of the decreasing trend of the dQ/dV curve.

[0032] It is intended that combinations of the above-described
elements and those within the specification may be made, except where
otherwise contradictory.

[0033] It is to be understood that both the foregoing general
description and the following detailed description are exemplary and
explanatory only and are not restrictive of the disclosure, as claimed.

[0034] The accompanying drawings, which are incorporated in and
constitute a part of this specification, illustrate embodiments of the
disclosure and together with the description, and serve to explain the
principles thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

[0035] Fig. 1 shows a lithium ion cell;

[0036] Fig. 2 shows a block diagram illustrating an exemplary method
according to embodiments of the present disclosure;

[0037] Fig. 3 shows a XPS spectrum of a SEI with and without additive
representing the intensity (in arbitrary units) as a function of the binding
energy (in electonvolt); and

[0038] Fig. 4 shows a graph of the additive concentration (in atomic
share percent) in the SEI as a function of the voltage (in volts).
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DESCRIPTION OF THE EMBODIMENTS

[0039] Reference will now be made in detail to exemplary
embodiments of the disclosure, examples of which are illustrated in the
accompanying drawings. Wherever possible, the same reference numbers
will be used throughout the drawings to refer to the same or like parts.

[0040] Fig. 1 shows a schematic representation of an exemplary
lithium ion cell 10. The lithium ion cell 10 includes an anode 12 fixed on
an anode current collector 14 and a cathode 16 fixed on a cathode current
collector 18. The anode 12 and the cathode 16 are separated by a
separator 20, the anode 12, the cathode 16 and the separator 20 being
immersed in an electrolyte 22.

[0041] Typically, the anode 12 is made of a carbonaceous material, the
anode current collector 14 is made of copper, the cathode 16 is made of
an intercalated lithium compound and the cathode current collector 18 is
made of aluminum. Lithium ions present in the electrolyte 22 move from
the anode 12 to the cathode 16 during discharge of the cell 10 and from
the cathode 16 to the anode 12 when charging the cell 10.

[0042] On the anode 12, a solid electrolyte interface (SEI) 24 is
formed. The SEI 24 is formed during the formation process of the cell,
i.e., during the initial charging of the cell.

[0043] Additive may be added to the electrolyte 22 to improve the
formation of the SEI.

[0044] According to some embodiments, the additive provided in the
electrolyte may be selected from an oxalate salt, an ethylene carbonate or
a sulfone.

[0045] Examples of oxalate salts may include lithium salts of:
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[0051] (1) is difluoro(oxalate)phosphate.
[0052] (2) is difluoro(oxalato)borate

[0053] (3) is bis(oxalato)borate.

[0054] (4) is tetrafluoro(oxalato)phosphate.
[0055] (5) is tris(oxalato)phosphate.

[0056] Examples of ethylene carbonate may include:

O

[0058] F o

[0059] CH,F (8)
[0060] (6) is vinylene carbonate.
[0061] (7) is fluoroethylene carbonate.
[0062] (8) is (fluoromethyl)ethylene carbonate.
[0063] Examples of sulfone may include:
o 0

N

S

[0064] Q 9)
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[0065] O (10)

[0066] (9) is sulfolane.

[0067] (10) is ethyl methyl sulfone.

[0068] Fig. 2 shows a block diagram illustrating an exemplary method
according to embodiments of the present disclosure.

[0069] In step 26, the SEI formation end voltage value Vsg is
determined.

[0070] In step 28, the additive is added to the electrolyte 22 in the cell
10 for improving the SEI 24 build-up on the anode 12.

[0071] In step 30, the cell 10 is charged at a first predetermined rate
C; up to the SEI formation end voltage value Vsg determined in step 26.

[0072] For example, in the cell 10, the anode 12 is made of graphite,
the cathode 16 is made of LiNoy;3C013Mny30, and the separator 20 is
made of a film comprising polyethylene. The electrolyte 22 is a mixture of
ethylene carbonate, dimethyl carbonate and ethyl methyl carbonate
present in equal volume ratio. The electrolyte also comprises LiPFg at
1 mol/L (mole/litre). The additive is a lithium difluoro(oxalate)phosphate
salt added to the electrolyte 22 at 5 wt% (weight percent).

[0073] For example, the first predetermined rate C; may be equal to
0.3 C. This first predetermined rate C; allows for the formation of a SEI 24
with good electrochemical properties while not extending too much the
duration of the full formation process.

[0074] Then, the cell 10 is charged at a second predetermined rate C;
from the SEI formation end voltage value Vs to a fully charged capacity.

[0075] As shown at Fig. 2, after charging the cell 10 up to the SEI
formation end voltage value Vs, the cell 10 may be discharged at the first
predetermined rate C1 from the SEI formation end voltage value Vsg
down to a cut-off voltage value V.

[0076] For example, the cut-off voltage value V. may be equal to 3 V.

[0077] The cell 10 is then charged at the first predetermined rate C;
up to the SEI formation end voltage value Vsg (step 30).

[0078] This charge/discharge cycle, i.e., steps 30 and 32, may be
repeated, allowing for better SEI formation.
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[0079] The cell 10 is then charged at the second predetermined rate
C, from the SEI formation end voltage value Vsg to a fully charged
capacity.

[0080] Although repeating steps 30 and 32 may increase the capacity
retention of the cell 10, it will increase the duration of the formation
process.

[0081] The SEI formation end voltage value Vsg; may be determined as
follows.

[0082] A given number of cells 10 having the same components were
charged at the first predetermined rate C; up to different voltages. Table 1
summarizes the voltages up to which the cells 10 are charged at the first
predetermined rate C;.

[0083] Table 1: end voltage

A B C D E F G H

Endvoltage (inV) | 0.5 | 1.0 | 1.5 | 2.0 | 25 | 3.0 | 3.5 | 4.0

[0084] The anodes of Samples A-H were then dipped in a solution of
ethyl methyl carbonate for 10 minutes and dried. The anodes of Samples
A-H were ready for XPS analysis.

[0085] The X-ray intensity used during the XPS analysis was 1500 eV
(electronvolt) and the X-ray diameter was 200 pm (micrometre).

[0086] As shown at Fig. 3, XPS spectrum of the SEI 24 formed on the
anode 12 without additive added to the electrolyte 22 (dashed line) does
not exhibit a peak while the XPS spectrum of the SEI 24 formed on the
anode 12 with lithium difluoro(oxalate)phophaste additive added to the
electrolyte 22 (dashed line) exhibits a peak at 134.85 eV.

[0087] This peak, representative of the additive is therefore used to
measure the lithium difluoro(oxalate)phophaste concentration in the SEI
24.

[0088] As shown at Fig. 4, the additive concentration in the SEI (in %)
as a function of the voltage (in volts) exhibits a plateau, i.e., the
concentration of additive in the SEI does not increase above a given
voltage value. This voltage value is the SEI formation end voltage value
Vsgr for a given cell, at a given first predetermined rate C;. In this
example, the SEI formation end voltage value Vg is equal to 2.5 V (volts).
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[0089] Various formation processes have been applied to similar cells,
i.e., having the same components, to validate performance of a cell 10 in
which the SEI 24 is formed on the anode 12 according to the exemplary
disclosed method.

[0090] The various formation processes are summarized in Table 2
together with the duration of the formation process and the capacity
retention of the cells obtained with the listed formation processes.

[0091] Table 2: formation process

C G Duration (min) Capacity
retention (%)
Sample 1 3C 3C 21 82
Sample 2 03C 3C 30 88
Sample 3 0.3C 0.3C 200 89

[0092] Sample 1 was charged at 3 C up to the fully charged capacity.

[0093] Sample 3 was been charged at 0.3 C up to the fully charged
capacity.

[0094] Sample 2 was charged at the first predetermined rate C1, which
is equal to 0.3 C in this example, up to the SEI formation end voltage
value Vsgr, and then from the SEI formation end voltage value Vsg up to
the fully charged capacity at the second predetermined rate C,, which is
equal to 3 C in this example.

[0095] As shown in Table 2, although the duration of the formation
process is relatively small, the capacity retention of Sample 1 is relatively
poor.

[0096] Better capacity retentions are obtained for Samples 2 and 3.
Capacity retentions for Samples 2 and 3 are nearly the same while the
duration of the formation process at least six-fold less for Sample 2 than
for Sample 3.

[0097] Thus, it is demonstrated that accurate determination of the SEI
formation end voltage value Vs together with different predetermined
rate of charging may produce cells with good capacity retention and
relatively short duration of formation process.

[0098] Throughout the description, including the claims, the term
"comprising a" should be understood as being synonymous with
"comprising at least one" unless otherwise stated. In addition, any range
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set forth in the description, including the claims should be understood as
including its end value(s) unless otherwise stated. Specific values for
described elements should be understood to be within accepted
manufacturing or industry tolerances known to one of skill in the art, and
any use of the terms "substantially" and/or "approximately" and/or
“generally” should be understood to mean falling within such accepted
tolerances.

[0099] Although the present disclosure herein has been described with
reference to particular embodiments, it is to be understood that these
embodiments are merely illustrative of the principles and applications of
the present disclosure.

[0100] It is intended that the specification and examples be considered
as exemplary only, with a true scope of the disclosure being indicated by
the following claims.

[0101] The method is described in terms of a single cell. However, it
may be easily adapted for batteries having multiple cells.
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CLAIMS

1. A method of performing a formation process for a lithium-ion
cell (10) comprising an anode (12), a cathode (16), an electrolyte (22)
and a separator (20), the formation process comprising:
- adding an additive to the electrolyte (22) for improving a solid
electrolyte interface (24) build-up on the anode (12);

- determining a SEI formation end voltage value (Vsg) at which the
SEI build-up is completed by determining the additive
concentration in the SEI (24);

- charging the cell (10) at the first predetermined rate (C;) up to

the SEI formation end voltage (Vsg); and

- then charging the cell (10) to a fully charged capacity at a second

charge rate (C,), the second charge rate (C;) being greater than
the first charge rate (Cy).

2. The method according to claim 1, wherein the SEI formation
end voltage value (Vsg) is determined as being the voltage at which the
concentration of additive in the SEI (24) becomes constant.

3. The method according to claim 1 or 2, wherein the additive
concentration of the SEI (24) is measured by XPS.

4. The method according to any of claims 1 to 3, wherein the first
charge rate (C,) is smaller than or equal to 2 C, preferably smaller than or
equal to 1 C, more preferably smaller than or equal to 0.5 C.

5. The method according to any of claims 1 to 4, wherein the
second charge rate (C,) is equal to or greater than 2 C, preferably equal
to or greater than 3 C, more preferable equal to or greater than 4 C.

6. The method according to any of claims 1 to 5, wherein before
charging the cell (10) to the fully charged capacity, the cell (10) is
discharged at the first predetermined rate (C;) down to a cut-off voltage
value (Veaut) of the cell (10), and the cell (10) is charged again at the first
predetermined rate (C;) up to the SEI formation end voltage value (Vsg).

7. The method according to any of claims 1 to 6, wherein the
additive provided in the electrolyte (22) is selected from an oxalate salt,
an ethylene carbonate or a sulfone.

8. The method according to any of claims 1 to 7, wherein the first
predetermined rate (C;) is chosen as a function of the additive.
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