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(57) Abstract: A method for controlling a charge process of a solid-state battery having a sulfur-based positive electrode is provided.
The method includes monitoring the solid-state battery for production of sulfur fluid, and terminating a flow of charge current when
sulfur fluid is detected.
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SYSTEM AND METHOD FOR CHARGE PROTECTION OF
A LITHIUM-ION BATTERY

FIELD OF THE DISCLOSURE

[0001] The present disclosure is related to solid-state, lithium-based
batteries or cells, and more particularly to protective measures for such
batteries having a sulfur-based positive electrode.

BACKGROUND OF THE DISCLOSURE

[0002] Lithium-based 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-based batteries, and interest
has arisen in solid-state type batteries in recent years. In such batteries,
an electrolyte of the battery, previously a liquid or gel, is replaced by a
solid material. For example, JP 2011-028883 discloses a secondary battery
with a lithium-ion-conductive nonaqueous electrolyte. Such solid state
batteries tend to have improvements in performance as a temperature
increases.

[0004] It has been demonstrated that batteries, e.g., a lithium-ion
battery in which the positive electrode comprises sulfur (S), have a
promising energy density that is higher than many other types of lithium-
based batteries. Further, because of the abundance and relatively low
cost of sulfur, these batteries can be produced with significant savings
over other battery technologies.

[0005] For example, JP 2004-095243 discloses a lithium-based
secondary battery, where sulfur functions as the positive electrode active
material, the whole solid-state lithium battery being designed to operate
essentially at room temperature.

[0006] However, during a charging process of a lithium-ion battery
having a sulfur-based positive electrode, sulfur (S) is produced at the
positive electrode. In addition, temperature increases during a charging
process and sulfur begins to sublime at 102°C, and melts at 115°C. If, for
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example, as a result of puncture or overcharging, the battery begins to
overheat, the sulfur may sublime and/or melt to a liquid. If fluidized sulfur
reaches the negative electrode, an exothermic reaction can occur, thereby
resulting in battery damage and/or additional undesirable consequences.

SUMMARY OF THE DISCLOSURE

[0007] The present inventors have recognized that it is desirable to
control a charging process of a lithium-ion, solid-state battery having a
sulfur-based positive electrode, to prevent sublimation and/or melting of
the sulfur such that it cannot reach the negative electrode of the solid-
state battery.

[0008] Therefore, according to embodiments of the present disclosure,
a method of controlling a charge process of a battery having a sulfur-
based positive electrode is provided. The method includes monitoring the
battery for production of sulfur fluid, and terminating a flow of charge
current when sulfur fluid is detected.

[0009] Based on the described method, it is possible to avoid battery
damage and possibly other undesirable consequences resulting from a
sulfur reaction with materials of a negative electrode.

[0010]  The monitoring may be performed by a sulfur fluid sensor.
[0011]  The monitoring may include measuring a resistance of a copper
wire within a case of the battery. When the resistance of the copper wire
increases more than a predetermined amount, the presence of sulfur fluid
may be determined to exist (i.e., positive detection).

[0012]  According to further embodiments of the disclosure, a battery
charger for a lithium-sulfur battery is provided. The battery charger
includes a current providing section configured to provide current to the
lithium-sulfur battery, a monitoring section configured to monitor the
lithium-sulfur battery for production of sulfur fluid, and a controller
configured to terminate provision of current to the battery when fluidized
sulfur is detected.

[0013] Based on the described charger, it is possible to avoid battery
damage and possibly other undesirable consequences resulting from a
sulfur reaction with materials of a negative electrode.
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[0014]  According to still further embodiments of the disclosure, a use
of a battery charger as described above, for charging a battery comprising
a sulfur-based positive electrode and a sulfur fluid sensor is provided. The
sulfur fluid sensor preferably comprises a copper wire of predetermined
resistance, i.e., having a predetermined cross-sectional area and length.
[0015] Itis intended that combinations of the above-described
elements and those within the specification may be made, except where
otherwise contradictory.

[0016] 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

[0017]  Fig. 1 shows a schematic representation of an exemplary
lithium-ion cell having a positive electrode comprising sulfur;

[0018] Fig. 2 shows a flowchart of an exemplary method for charging a
solid-state battery having a sulfur-based positive electrode according to
embodiments of the disclosure;

[0019]  Fig. 3 shows a flowchart of an exemplary method for detecting
sulfur fluid within the solid state battery of Fig. 1;

[0020] Fig. 4 shows a graphical representation of resistance of copper
vs copper sulfide; and

[0021]  Fig. 5 is a high-level representation of an exemplary charger
configuration for charging a lithium-ion cell having a positive electrode
comprising sulfur.

DESCRIPTION OF THE EMBODIMENTS

[0022] 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.
[0023] Fig. 1 shows a schematic representation of an exemplary all
solid-state, lithium cell 10. The lithium cell 10 includes a negative
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electrode 12 fixed on an negative current collector 14 and a positive
electrode 16 fixed on a positive current collector 18. The negative
electrode 12 and the positive electrode 16 are separated by a solid
electrolyte 22 with which the negative electrode 12 and positive electrode
16 are directly in contact. In addition, a sulfur fluid sensor 20 is provided,
within the cell 10, for example, near positive electrode 16.

[0024]  According to exemplary embodiments, positive electrode 16
comprises sulfur in an amount greater than about 70 percent by weight.
[0025] Negative electrode 12 may comprise, for example, Carbon, Si,
Li metal, Li4TisO1, TiO3, Sn, Al etc., as desired based on a particular
battery design.

[0026] Each of the positive and negative current collectors 14 and 18
may comprise, for example, Cu, Al, Ni, stainless steel, etc., and the
material may be the same for each, or may differ based on a desired
battery design.

[0027]  Solid electrolyte 22 of cell 10 may comprise a binder, e.g., a
polymer, in addition to an electrolyte compound comprising sulfur. For
example, solid electrolyte 22 may comprise a polyethylene oxide (PEO)
binder with LiCF;SO; as the electrolyte. Additional examples include, a
polyphenyleneoxide (PPO) binder with a LiCFsSOs electrolyte, a

Poly[ EO+2(2-methoxyethoxy)ethylglycidylether(MEEGE)] binder with an
LiCF3SQO3 electrolyte, polysiloxane binder with LiCIO4 electrolyte, Li2S-SiS2
electrolyte, Li0.35La0.55TiO3 (LLTO) electrolyte, and/or Li2S-GeS2-P2S5
electrolyte, etc. One of skill will recognize that these compounds may be
used in combination or individually, as desired, and any of the electrolytes
used with any of the polymer binders.

[0028]  Sulfur fluid sensor 20 is configured to sense the presence of
sulfur gas and/or liquid within a case of the cell 10. Sulfur fluid sensor is
configured to output a signal indicating a detection value, for example, a
sulfur fluid sensor 20 may comprise a copper wire, of which the resistance
is monitored continuously or at predetermined intervals, such that upon
an increase in resistance, it may be inferred that sulfur fluid has come into
contact with the copper wire.

[0029] Importantly, the resistivity of copper is known, and resistance
of a wire depends on the cross-sectional area and length of the wire,
along with the resistivity, as shown at equation 1).
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Total Resistance R = Resistivity x Length / Area ..(1)
[0030] When copper is exposed to sulfur liquid and/or gas, it readily
reacts to form Cu,S and/or CuS. Further, as shown at Fig. 4, the
resistivity of CuS (and that of Cu,S) is substantially higher than that of
pure copper. Therefore, by monitoring a resistance of the copper wire, it
is possible to determine the presence of sulfur liquid and/or gas based on
a resistance of the wire exceeding a threshold value Ry, for example. In
other words, when the previously known resistance R of a copper wire
increases to exceed the value Ry, it is determined that the wire has
reacted, or is currently reacting with sulfur gas and/or liquid.

[0031]  Sulfur fluid sensor 20 may be positioned within a case (not
shown) of the battery. For example, sulfur fluid sensor 20 may be
provided near positive electrode 16 and affixed to an internal portion of
the battery case.

[0032] Depending on an intended, or installed, orientation of the
battery, sulfur fluid sensor 20 may be positioned in a location most likely
to be exposed earliest to sulfur fluid upon production thereof. For
example, because sulfur in a gas or liquid phase is denser than air, sulfur
fluid sensor 20 may be positioned at a bottom of the battery case, as
determined when the battery case is in a final installed position. One of
skill will recognize that various locations within the battery case may be
suitable for placement of sulfur fluid sensor 20, and that any such location
is intended to fall within the scope of the present disclosure.

[0033] Fig. 5 is a high-level representation of an exemplary charger
configuration for charging a lithium-ion cell having a positive electrode 16
comprising sulfur. Charger 50 may comprise, among others, a monitoring
portion 80, a current providing portion 75, a power input 60, and a
controller 70.

[0034] Power input 60 may be configured to receive power as either
AC or DC current, for example, from the mains or other suitable power
source, such as a battery. Power input 60 may be configured to convert
AC current received to DC current, for example, or to provide AC current
to another section of charger 50, for example, current providing section
75, for such a conversion.

[0035]  Current providing section 75 may be configured to provide a
current to a device external to charger 50, for example, cell 10. Current
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providing section 75 may be configured to set a provided current at a
value as determined by controller 70, as will be discussed below, and may
further be enabled to stop a flow of current from charger 50, as desired.
One of skill in the art will recognize that lithium-ion batteries are typically
charged with a current limiting control to avoid undesirable consequences
with the battery. Current providing section 75 may be configured to
provide such functionality in conjunction with controller 70.

[0036]  Monitoring section 80 may be configured to monitor resistance
of a copper wire and/or a signal provided by sulfur fluid sensor 20. For
example, monitoring section 80 may be configured to provide a
predetermined voltage and current to sulfur fluid sensor 20, and using the
equation R=V/I, determine when the measured resistance R exceeds the
threshold value Ry, thereby determining a presumption of the presence of
sulfur fluid. Alternatively, sulfur fluid sensor 20 may be configured to
provide a particular signal to monitoring section 80 such that monitoring
section 80 may determine from the signal the presence of sulfur fluid.
[0037]  Controller 70 may be configured to control the operation of
charger 50, for example, setting an output current and voltage from
charger 50, and to terminate charging current when, for example, a full
charge level is reached or sulfur fluid is detected in the battery case.
[0038] Fig. 2 shows a flowchart 200 of an exemplary method for
charging a solid-state battery having a sulfur-based positive electrode,
while Fig. 3 shows a flowchart 300 of an exemplary method for detecting
sulfur fluid within the solid state battery of Fig. 1.

[0039] During charging of cell 10, sulfur fluid sensor 20 may be
continually monitored by, for example, controller 70, to determine whether
sulfur fluid is being produced as a result of the charging process (step
205). When sulfur fluid is detected (step 205: Yes), controller 70
terminates a flow of current to cell 10 to stop the charging process (step
210). An alert may then be made to notify an operator, for example, to
indicate that charging has been stopped (step 215).

[0040] In Fig. 3, the process of monitoring for sulfur fluid production is
detailed (i.e., step 205 of Fig. 2). The resistance of a copper wire is
continuously monitored, or checked at predetermined intervals (e.g., 2
ms) (step 305), for example by monitoring a signal (e.g., resistance)
output by sulfur fluid sensor 20. When it is determined that the monitored
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signal, e.g., resistance R increases above a threshold value Ry, (step 310:
yes) the controller 70 stops the current flow from current providing section
75 (step 210) and an alert is output (step 215). Otherwise, the signal
from sulfur fluid sensor remains monitored while charging is underway.
[0041] The method and system are described in terms of a single cell
10. However, it may be easily adapted for batteries having multiple

cells 10.

[0042]  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
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.

[0043]  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.

[0044] Itis intended that the specification and examples be considered
as exemplary only, with a true scope of the disclosure being indicated by
the following claims.
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CLAIMS

1. A method for controlling a charge process of a solid-state
battery having a sulfur-based positive electrode, the method comprising:
monitoring the solid-state battery for production of sulfur fluid;
and
terminating a flow of charge current when sulfur fluid is
detected.

2. The method according to claim 1, wherein the monitoring is
performed by a sulfur fluid sensor.

3. The method according to any of claims 1-2, wherein the
monitoring comprises measuring a resistance of a copper wire within a
case of the solid-state battery.

4, The method according to claim 3, wherein when the resistance
of the copper wire increases more than a predetermined amount, the
presence of sulfur fluid is detected.

5. A battery charger for a solid state battery having a sulfur-based
positive electrode, the battery charger comprising:

a current providing section configured to provide current to the
solid-state battery;

a monitoring section configured to monitor the solid-state
battery for production of sulfur fluid; and

a controller configured to terminate a flow of current to the
solid-state battery when production of fluidized sulfur is detected.

6. Use of a battery charger according to claim 5, for charging a
solid-state battery comprising a sulfur-based positive electrode and a
sulfur fluid sensor, the sulfur fluid sensor preferably comprising a copper
wire of predetermined resistance.



WO 2018/177545

112

PCT/EP2017/057738

20—0O

A}

16

—~—22

10

FIG.1

start

Sensor detects
sulfur gas?

205

Stop charging |~210
Alert ~215
End

FIG.2

14

200



WO 2018/177545 PCT/EP2017/057738

2/2
300
start o~
Obtain re3|§tance | _305
of Cu wire
310
No
Yes
Stop charging [~210 \
Aert  |215 bl
3
5
o
Cu CuS
50
Sensor Monitor g
signal section . 60
N | ?
r Power
o .
725 I input
I
Current
Power providing ¢ 70 FIG5
output . r
section




INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2017/057738

A. CLASSIFICATION OF SUBJECT MATTER
I

NV. HOIM10/0562  HOIM10/44 HO1M10/48 GOIN27/12 HO1M4/38
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

HOIM GOIN

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal, WPI Data

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 2012/286793 Al (KAWAOKA HIROKAZU [JP] 1-4

ET AL) 15 November 2012 (2012-11-15)
A paragraphs [0013] - [0015], [0024] - 5,6

[0028], [0042] - [0075], [0127], [0128]
paragraphs [0145] - [0149]; figures 2-11

Y US 2010/285338 Al (CHRISTENSEN JOHN F [US] 1-4
ET AL) 11 November 2010 (2010-11-11)

A paragraphs [0010], [0017] - [0020], 5,6
[0023] - [0028]; figures 1,3

Y US 2012/043942 Al (TAMANE YASUYUKI [JP] ET 1,2
AL) 23 February 2012 (2012-02-23)

A paragraphs [0008] - [0013], [0017], 5,6

[0018], [0026], [0027], [0032], [0047]
- [0051], [0058]

paragraphs [0059], [0083] - [0096];
figures 1-3,8

_/__

Further documents are listed in the continuation of Box C. See patent family annex.

* Special categories of cited documents : . . . . L
"T" later document published after the international filing date or priority

date and not in conflict with the application but cited to understand

"A" document defining the general state of the art which is not considered the principle or theory underlying the invention

to be of particular relevance
"E" earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be

filing date considered novel or cannot be considered to involve an inventive
"L" document which may throw doubts on priority claim(s) or which is step when the document is taken alone

°ited.t°| establish the pul_r;_licdation date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is

"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art
"P" document published prior to the international filing date but later than
the priority date claimed "&" document member of the same patent family
Date of the actual completion of the international search Date of mailing of the international search report
24 May 2017 06/06/2017
Name and mailing address of the ISA/ Authorized officer

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040, .. )
éx%ﬂ1#&34&ﬁh6 Mugnaini, Veronica

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2



INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2017/057738

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A

US 2011/115440 Al (SABI YUICHI [JP] ET AL)
19 May 2011 (2011-05-19)

paragraphs [0009] - [0011], [0095] -
[0098]

5,6

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/EP2017/057738
Patent document Publication Patent family Publication
cited in search report date member(s) date

US 2012286793 Al 15-11-2012 CN 102656721 A 05-09-2012
JP 5459319 B2 02-04-2014
US 2012286793 Al 15-11-2012
WO 2011074097 Al 23-06-2011
US 2010285338 Al 11-11-2010  EP 2427932 Al 14-03-2012
US 2010285338 Al 11-11-2010
WO 2010129838 Al 11-11-2010
US 2012043942 Al 23-02-2012 (N 102484295 A 30-05-2012
JP 5045849 B2 10-10-2012
US 2012043942 Al 23-02-2012
WO 2011027430 Al 10-03-2011
US 2011115440 Al 19-05-2011 CN 102064361 A 18-05-2011
JP 2011109833 A 02-06-2011
US 2011115440 Al 19-05-2011

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - claims
	Page 10 - drawings
	Page 11 - drawings
	Page 12 - wo-search-report
	Page 13 - wo-search-report
	Page 14 - wo-search-report

