wo 2015/023848 A1 [N 0F V0000 A0 O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2015/023848 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72)
1

19 February 2015 (19.02.2015) WIPO|PCT
International Patent Classification: (74)
HOIM 10/052 (2010.01)  HOIM 10/0565 (2010.01)

HOIM 10/056 (2010.01)  HOIM 4/13 (2010.01)
HOIM 10/0562 (2010.01) @1)
International Application Number:

PCT/US2014/051066

International Filing Date:

14 August 2014 (14.08.2014)
Filing Language: English
Publication Language: English
Priority Data:
61/866,077 15 August 2013 (15.08.2013) US

Applicant: ROBERT BOSCH GMBH [DE/DE]; Post-
fach 30 02 20, 70442 Stuttgart (DE).

Inventors; and

Applicants : LOHMANN, Timm [DE/US]; 555 Middle-
field Road, L#203, Mountain View, CA 94043 (US). AL-
BERTUS, Paul [US/US]; 6827 4th St NW, Unit 102,
Washington, DC 20012 (US). CHRISTENSEN, John, F.
[US/US]; 555 Middlefield Road, M312, Mountain View,
CA 94043 (US). KOZINSKY, Boris [US/US]; 9 York
Road, Waban, MA 02468 (US). KOJIC, Aleksander
[US/US]; 980 Alpine Terrace #1, Sunnyvale, CA 94086

(US).

(84)

Agent: MAGINOT, Paul, J.; Maginot, Moore & Beck
LLP, One Indiana Square, Suite 2200, Indianapolis, IN
46204 (US).

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, T™M,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(54) Title: LUMETAL BATTERY WITH COMPOSITE SOLID ELECTROLYTE

100

v
%

FIG. 1

106

L/

102

() /108

(57) Abstract: In accordance with one embodiment, an electrochemical cell
includes a first anode including a form of lithium a first cathode including an
electrolyte, and a first composite electrolyte structure positioned between the
first anode and the first cathode, the first composite electrolyte structure in-
cluding (i) a first support layer adjacent the first anode and configured to
mechanically suppress roughening of the form of lithium in the first anode,
and (ii) a first protective layer positioned between the first support layer and
the first cathode and configured to prevent oxidation of the first support layer
by substances in the first cathode.
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Li/Metal Battery with Composite Solid Electrolyte

Cross Reference

This application claims the benefit of U.S. Provisional Application No. 61/866,077

filed August 15, 2013, the entire contents of which is herein incorporated by reference.

Field of the Disclosure

[0001] The present disclosure relates to batteries and more particularly to lithium-metal

batteries.

Background

[0002] Batteries are a useful source of stored energy that can be incorporated into a
number of systems. Rechargeable lithium-ion (“Li-ion”) batteries are attractive energy
storage systems for portable electronics and electric and hybrid-electric vehicles because of
their high specific energy compared to other electrochemical energy storage devices. In
particular, batteries with a form of lithium metal incorporated into the negative electrode
afford exceptionally high specific energy (measured in Wh/kg) and energy density (measured
in Wh/L) compared to batteries with conventional carbonaceous negative electrodes.

[0003] When high-specific-capacity negative electrodes such as lithium are used in a
battery, the maximum benefit of the capacity-increase over conventional systems is realized
when a high-capacity positive electrode active material is also used. Conventional lithium-
intercalating oxides (e.g., LiCoO,, LiNipgCoo.15Alp0sO02, and Lij1Nig3Co003Mng30;) are
typically limited to a theoretical capacity of ~280 mAh/g (based on the mass of the lithiated

oxide) and a practical capacity of 180 to 250 mAh/g. In comparison, the specific capacity of
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lithium metal is about 3863 mAh/g. The highest theoretical capacity achievable for a
lithium-ion positive electrode is 1168 mAh/g (based on the mass of the lithiated material),
which is shared by Li,S and LiO,. Other high-capacity materials including BiF; (303
mAbh/g, lithiated) and FeFs (712 mAbh/g, lithiated) are identified in Amatucci, G.G. and N.
Pereira, Fluoride based electrode materials for advanced energy storage devices. Journal of
Fluorine Chemistry, 2007. 128(4): p. 243-262. All of the foregoing materials, however, react
with lithium at a lower voltage compared to conventional oxide positive electrodes, hence
limiting the theoretical specific energy. The theoretical specific energies of the foregoing
materials, however, are very high (> 800 Wh/kg, compared to a maximum of ~500 Wh/kg for
a cell with lithium negative and conventional oxide positive electrodes).

[0004] Thus the advantage of using a Li metal negative electrode (sometimes referred to
as an anode) is the much higher energy density of the entire cell, as compared to cells with
graphitic or other intercalation negative electrode. A disadvantage of using pure Li metal is
that lithium is highly reactive. Accordingly, the lithium metal has a propensity to undergo
morphology changes, which cause structures having a high surface area to form on and
around the negative electrode when the cell is being charged. Exemplary high surface area
structures include dendrites and mossy structures.

[0005] Dendrites are the most common failure mode for cells with Li metal anodes. The
dendrites form with a needle-like structure and can grow through the separator during
charging of the cell, resulting in an internal short. “Soft shorts” that burn out rapidly result in
a temporary self-discharge of the cell, while “strong shorts” consisting of a higher, more
stable contact area can lead to complete discharge of the cell, cell failure, and even thermal

runaway. While dendrites typically grow through the separator during charge, shorts can
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also develop during discharge depending on the external pressure placed on the cell and/or
internal volume changes that occur in both the negative and positive electrodes.

[0006] Because Li metal is highly electronically conductive, the surface of the Li tends to
roughen as the metal is plated and stripped. Peaks in the surface grow as dendrites during
charge. During discharge, some smoothing of the dendrites occurs. Nonetheless, there is
typically some roughness that remains at the end of discharge. Depending on the depth of
discharge, the overall roughness can be amplified from one cycle to the next. Because the
metal is essentially at the same electrochemical potential throughout, potential and, to a
lesser extent, concentration gradients in the electrolyte phase drive the change in
morphology.

[0007] Previous Li dendrite growth modeling work has shown that the moving front of a
dendrite tends to accelerate during cell charge due to the higher current density localized at
the dendrite tip relative to its base. Application of thermodynamic models has shown that
dendrite initiation (i.e., initial roughening of an almost perfectly smooth surface) can be
suppressed by applying mechanical stress and selecting solid electrolytes with shear moduli
on the order of 10 GPa at room temperature. The same models indicate that surface tension
at metal-fluid interfaces is insufficient to suppress dendrite initiation.

[0008] Related to dendrite initiation and growth is development of the Li morphology,
which tends to increase the clectrode surface area with cycling and consumes solvent to
generate fresh passivation layers. Formation of high-surface-area mossy Li tends to occur
during low-rate deposition from a liquid electrolyte, especially if the salt concentration is
high. The high surface arca combined with high reactivity of Li and flammability of the

organic solvent makes for a very reactive and dangerous cell.
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[0009] Because of the enormous challenge involved in stabilizing the Li surface
chemically and mechanically through the use of electrolyte additives, such that passivation
remains in effect over hundreds to thousands of cycles, the preferred treatment for
rechargeable Li-based cells is the use of a solid-electrolyte membrane that is mechanically
robust and chemically stable against both electrodes. Such a barrier removes several
simultancous constraints that the liquid electrolyte otherwise must satisfy, but the
requirements for its properties are nonectheless multifaceted and challenging to obtain in a
single material.

[0010] The barrier must be chemically stable with respect to some or all of the following:
the liquid electrolyte in the positive electrode, electronic conductors and catalysts in the
positive electrode, the metallic Li negative electrode, reactive species such as oxygen
molecules and reaction intermediates, and (in aqueous cells) water. Solid electrolytes must
also have sufficient Li+ conductivity over the operating temperature range of the cell,
negligible electronic conductivity, and high elastic modulus to prevent Li dendrite initiation.
[0011] In order to reduce formation of lithium dendrites, internal shorts, clectrolyte
decomposition, and lithium morphology changes, a number of approaches involving solid
electrolytes that conduct lithium ions but are electronically insulating have been attempted.
One such approach involves the use of a poorly conducting amorphous material known as
LiPON, which has been used successfully in thin film lithium-metal batteries. However,
because of LiPON’s low lithium conductivity, it is difficult to make cells with thick, high
capacity electrodes and still maintain a desired rate of discharge.

[0012] Another approach involves the use of a block copolymer that includes lithium-

conducting channels in a matrix of inactive polymer that has a high shear modulus, perhaps
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high enough to prevent lithium dendrite formation. This approach has several drawbacks: 1)
the composite conductivity is too low at room temperature because the intrinsic conductivity
of the conducting phase is low, and the high-shear-modulus phase does not conduct lithium
ions, thus diluting the composite conductivity further; 2) polymers generally absorb liquids
and therefore are not an effective barrier between lithium metal and liquid electrolytes in the
positive electrode or separator; 3) Li-conducting polymers are typically unstable at high
positive electrode potentials (>3.9 V vs. Li). Hence, lithium-metal cells with such polymer
clectrolytes are typically used without any liquid electrolyte in the positive electrode, and
they are used with low-potential positive electrode materials, such as sulfur or LiFePO,.

[0013] What is needed, therefore, is a battery system that reduces the potential for
dendrite formation and the undesired morphological changes in the anode of battery cells
having metal anodes, and that enables the use of a high-potential positive electrodes to

increase the overall energy density of the battery.

Summary

[0014] In accordance with one embodiment, an electrochemical cell includes a first
anode including a form of lithium a first cathode including an electrolyte, and a first
composite electrolyte structure positioned between the first anode and the first cathode, the
first composite electrolyte structure including (i) a first support layer adjacent the first anode
and configured to mechanically suppress roughening of the form of lithium in the first anode,
and (ii) a first protective layer positioned between the first support layer and the first cathode
and configured to prevent oxidation of the first support layer by substances in the first

cathode.
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[0015] In one or more of the embodiments, the protective layer is fully dense.

[0016] In one or more of the embodiments the electrolyte in the cathode is a fluid
electrolyte.

[0017] In one or more of the embodiments the support layer has a volume fraction of
ceramic or glass particles of between 0.1 and 99%.

[0018] In one or more of the embodiments the support layer includes a block copolymer
with a polyethylene oxide (PEO) Li-conducting phase and polystyrene high-shear-modulus
phase.

[0019] In one or more of the embodiments the protective layer has a maximum width of
less than one micron, and the support layer has a maximum width of less than two microns.
[0020] In one or more of the embodiments the electrochemical cell includes an aluminum
current collector spaced apart from the first composite electrolyte by the first cathode, an
inert current collector spaced apart from the first cathode by the aluminum current collector,
a second anode including a form of lithium spaced apart from the aluminum current collector
by the inert current collector, and a second cathode. Some of these embodiments further
include a second composite electrolyte structure positioned between the second anode and
the second cathode, the second composite electrolyte structure including (i) a second support
layer adjacent the second anode and configured to mechanically suppress roughening of the
form of lithium in the second anode, and (i1) a second protective layer positioned between the
second support layer and the second cathode and configured to prevent oxidation of the
second support layer by substances in the second cathode.

[0021] In on¢ or more of the embodiments the clectrochemical cell includes a second

anode adjacent to the first anode and including a form of lithium, a second cathode, and a
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second composite electrolyte structure positioned between the second anode and the second
cathode, the second composite electrolyte structure including (i) a second support layer
spaced apart from the first anode by the second anode and configured to mechanically
suppress roughening of the form of lithium in the second anode, and (i1) a second protective
layer positioned between the second support layer and the second cathode and configured to
prevent oxidation of the second support layer by substances in the second cathode.

[0022] In one embodiment, a method of forming an electrochemical cell includes
forming a first anode with a form of lithium, forming a first cathode with an electrolyte,
forming a first composite electrolyte structure including a first support layer configured to
mechanically suppress roughening of the form of lithium in the first anode, and a first
protective layer configured to prevent oxidation of the first support layer by substances in the
first cathode, and locating the first composite electrolyte structure between the first anode
and the first cathode with the first support layer adjacent the first anode and the first
protective layer positioned between the first support layer and the first cathode.

[0023] In one or more of the embodiments forming the first composite electrolyte
structure includes forming the first composite electrolyte structure with a fully dense
protective layer.

[0024] In one or more of the embodiments forming the first cathode includes forming the
first cathode with a fluid electrolyte.

[0025] In one or more of the embodiments forming the first composite electrolyte
structure includes forming the support layer with a volume fraction of ceramic or glass

particles of between 0.1 and 99%.
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[0026] In one or more of the embodiments forming the first composite electrolyte
structure includes forming the support layer using a block copolymer with a polyethylene
oxide (PEO) Li-conducting phase and polystyrene high-shear-modulus phase.

[0027] In one or more of the embodiments forming the first composite electrolyte
structure incudes forming the protective layer with a maximum width of less than one
micron, and forming the support layer with a maximum width of less than two microns.
[0028] In one or more of the embodiments the method includes spacing an aluminum
current collector apart from the first composite electrolyte with the first cathode, spacing an
inert current collector apart from the first cathode with the aluminum current collector,
spacing a second anode including a form of lithium apart from the aluminum current
collector with the inert current collector, forming a second cathode, forming a second
composite electrolyte structure including (1) a second support layer configured to
mechanically suppress roughening of the form of lithium in the second anode, and a second
protective layer configured to prevent oxidation of the second support layer by substances in
the second cathode, and positioning the second composite electrolyte structure between the
second anode and the second cathode with the second support layer adjacent the second
anode and the second protective layer positioned between the second support layer and the
second cathode.

[0029] In one or more of the embodiments the method includes positioning a second
anode including a form of lithium adjacent to the first anode, forming a second cathode,
forming a second composite electrolyte structure including a second support layer configured
to mechanically suppress roughening of the form of lithium in the second anode, and a

second protective layer configured to prevent oxidation of the second support layer by
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substances in the second cathode, and positioning the second composite electrolyte structure
between the second anode and the second cathode with the second support layer spaced apart
from the first anode by the second anode and the second protective layer positioned between

the second support layer and the second cathode.

Brief Description of the Drawings

[0030] FIG. 1 depicts a simplified schematic of an electrochemical cell including a
composite electrolyte structure which inhibits dendrite formation;

[0031] FIG. 2 depicts a simplified schematic of an electrochemical cell including a
composite electrolyte structure which inhibits dendrite formation wherein no lithium metal is
initially provided in the anode;

[0032] FIG. 3 depicts a simplified schematic of an electrochemical cell including a
composite electrolyte structure which inhibits dendrite formation wherein the cell is
embodied in a bipolar design;

[0033] FIG. 4 depicts a simplified schematic of an eclectrochemical cell including a
composite electrolyte structure which inhibits dendrite formation wherein the cell is
embodied in a double-sided design; and

[0034] FIG. 5 depicts a flow diagram of an exemplary procedure that may be performed
to produce electrochemical cells including a composite electrolyte structure which inhibits

dendrite formation.
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Description

[0035] For the purpose of promoting an understanding of the principles of the disclosure,
reference will now be made to the embodiments illustrated in the drawings and described in
the following written description. It is understood that no limitation to the scope of the
disclosure is thereby intended. It is further understood that the present disclosure includes
any alterations and modifications to the illustrated embodiments and includes further
applications of the principles of the disclosure as would normally occur to one of ordinary
skill in the art to which this disclosure pertains.

[0036] FIG. 1 depicts an electrochemical cell 100. The electrochemical cell 100 includes
an anode 102, a cathode 104 with an aluminum current collector 106, and a composite
electrolyte structure 108. The anode 102 includes lithium metal or a lithium alloy metal.
The anode 102 is sized such that it has at least as much capacity as the cathode 104, and
preferably at least 10% excess capacity. The Al current collector 106 is typically less than 30
microns in width and preferably less than 15 microns.

[0037] The cathode 104 in various embodiments includes a sulfur or sulfur-containing
material (e.g., PAN-S composite or Li,S); an air electrode; Li-insertion materials such as
NCM, LiNigsMn; 504, Li-rich layered oxides, LiCoO,, LiFePO4, LiMn,Oy4; Li-rich NCM,
NCA, and other Li intercalation materials with potential > 3.9 V, or blends thereof or any
other active material or blend of materials that react with and/or insert Li cations and/or
electrolyte anions. In some embodiments, the cathode 104 includes Li-conducting liquid,
gel, polymer, or other solid electrolyte. Solid electrolyte materials in the cathode 104 may
further include lithium conducting garnets, lithium conducting sulfides (e.g., Li,S-P,Ss) or

phosphates, LisP, LIPON, , Li-conducting polymer (e.g., PEO), Li-conducting metal-organic



10

15

20

WO 2015/023848 1 PCT/US2014/051066

frameworks such as described by Wiers et al. “A Solid Lithium Electrolyte via Addition of
Lithium Isopropoxide to a Metal-Organic Framework with Open Metal Sites,” Journal of
American Chemical Society, 2011, 133 (37), pp 14522-14525, the entire contents of which
are herein incorporated by reference, Li3N, LisP, thio-LISICONs, Li-conducting NaSICON:S,
Lij0GeP,Sy,, lithium polysulfidophosphates, or other solid Li-conducting material. Other
solid electrolyte materials that may be used are described in Christensen et al., “A critical
Review of Li/Air Batteries”, Journal of the Electrochemical Society 159(2) 2012, the entire
contents of which are herein incorporated by reference. Other materials in the cathode 104
may include electronically conductive additives such as carbon black, and a binder material.
The cathode materials are selected to allow sufficient electrolyte-cathode interfacial area for
a desired design. The cathode 104 may be greater than 1 micron in thickness, preferably
greater than 10 microns, and more preferably greater than 40 microns.

[0038] The cathode 104 includes an electrolyte (not shown). The electrolyte in some
embodiments is a fluid such as a liquid electrolyte. In other embodiments, a ceramic or other
solid, non-polymer electrolyte is used.

[0039] The composite electrolyte structure 108 is a solid electrolyte structure that
conducts lithium ions between the anode 102 and the cathode 104 while blocking electrons
and any liquid electrolyte that may be contained in the cathode 104. There are at least two
layers in the composite electrolyte structure 108, including a support layer 110 next to the
anode 102 and a protective layer 112 next to the cathode 104. The support layer 110
prevents initiation and/or propagation of lithium dendrites from the anode 102 toward the
cathode 104 by mechanically suppressing roughening of the lithium in the anode 102. The

support layer 110 is typically less than 50 microns in width, preferably less than 10 microns,
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and more preferably less than 2 microns. In some embodiments the support layer 110
preferably has a volume fraction of ceramic (or glass) particles of between 0.1 and 99%,
preferably between 10 and 50%. The support layer 110 in some embodiments is a block
copolymer with a polyethylene oxide (PEO) Li-conducting phase and polystyrene high-
shear-modulus phase.

[0040] The protective layer 112 is fully dense in embodiments with a fluid electrolyte in
the cathode 104. In embodiments which do not include a fluid electrolyte, the protective
layer 112 may be porous, or consist of a collection of grains in contact with one another, so
long as there is no electronically conductive material in this region. The protective layer 112
may also be fully dense in the absence of a fluid electrolyte in the cathode 104.
Embodiments which do not include a fluid electrolyte in the cathode 104 are thus “all-solid-
state”.

[0041] The protective layer 112 sandwiched between the support layer 110 and the
cathode 104 prevents oxidation of the support layer 110 by substances in the cathode 104.
The protective layer 112 is generally less than 50 microns in width, preferably less than 10
microns, and more preferably less than 1 micron. Materials used in the protective layer 112
may include LiPON, Li;P, Li-conducting garnets, Li-conducting sulfides, and Li-conducting
phosphates.

[0042] While the electrochemical cell 100 depicts the anode 102 populated with lithium,
the lithium need not be initially provided in the anode 102. By way of example, FIG. 2
depicts an electrochemical cell 120 which includes a copper current collector 122 in the
anode 124. The cell 120 is in other respects similar to the electrochemical cell 100, including

a cathode 126 with an aluminum current collector 128, and a composite electrolyte structure
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130 including a support layer 132 and a protective layer 134. In this embodiment, the lithium
is initially provided, for example, in the active Li-insertion materials of the cathode 126 and
lithium metal is formed between the copper current collector 122 and the support layer 132
during the initial charging of the electrochemical cell 120. In a further modification, the
electrochemical cell 100 is provided with a current collector under a layer of lithium such as
the copper current collector 122.

[0043] In one embodiment, the electrochemical cell generally disclosed above is
embodied in a bipolar design as depicted in FIG. 3. The electrochemical cell 140 in FIG. 3
includes an inert electrical conductor 142 such as copper. The conductor 142 is next to a
lithium anode 144 which is separated from a cathode 146 by a composite electrolyte structure
148. The composite electrolyte structure 148 includes a support layer 150 and a protective
layer 152. An aluminum current collector 154 is located next to the cathode 146.

[0044] The above described components of the electrochemical cell 140 are substantially
identical to the components described above with respect to the electrochemical cell 100 with
the addition of the conductor 142 which can be made of any acceptable conductor such as
carbon. The bipolar design of the electrochemical cell 140 is reflected in the further addition
of an inert conductor 162 next to a lithium anode 164 which is separated from a cathode 166
by a composite electrolyte structure 168. In some embodiments an inert electronic conductor
is provided between the current collector 154 and the inert conductor 162 which is of
different material from either current collector 154 or the inert conductor 162. For instance,
it may be a graphite plate or some other form of carbon, titanium, etc. The composite
electrolyte structure 168 includes a support layer 170 and a protective layer 172. An

aluminum current collector 174 is located next to the cathode 166. If desired, the pattern of
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conductors, lithium anodes, cathodes, composite electrolyte structures and current collectors
can be repeated.

[0045] In another embodiment, the disclosed electrochemical cell is embodied as a
double-sided cell. An example of a double-sided electrochemical cell 180 is depicted in FIG.
4. The electrochemical cell 180 includes two lithium anode portions 182 and 184. The
lithium anode portion 182 is separated from a cathode 186 by a composite electrolyte
structure 188. The lithium anode portion 184 is separated from a cathode 190 by a composite
electrolyte structure 192.

[0046] The composite electrolyte structure 188 includes a support layer 194 and a
protective layer 196 while the composite electrolyte structure 192 includes a support layer
198 and a protective layer 200. Two aluminum current collectors 202 and 204 are positioned
adjacent to cathodes 186 and 190, respectively.

[0047] The various components in the electrochemical cell 180 are substantially identical
with the components of like name described above with respect to the electrochemical cell
100. The main difference is in the arrangement of the components.

[0048] A process 210 for forming electrochemical cells such as those described above is
depicted in FIG. 5. At block 212, an aluminum foil is provided. The aluminum foil is coated
with a slurry at block 214. The slurry is a blend of ceramic powder (e.g., Li-conducting
garnet), positive electrode active material (e.g., transition metal oxide), conductive additive
(e.g., carbon black), binder (e.g., PVDF), and sacrificial solvent (e.g., NMP). The cathode is
then formed from the aluminum coated slurry (block 216). Formation of the cathode in some
embodiments is accomplished simply by allowing the solvent to evaporate. Evaporation in

some embodiments is assisted by use of a heated coater and/or an infrared heater. In some
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embodiments, forming the cathode includes densifying the slurry coated aluminum foil using
a roll press or other source of pressure possibly in the presence of heat.

[0049] Next, the protective layer is formed by coating a second slurry consisting only of
the selected ceramic powder and solvent on top of the formed cathode (block 218). The
solvent is then evaporated and the resulting coating is optionally densified to finally form the
protective layer.

[0050] Finally, the anode is formed (block 220). Formation of the anode includes
sandwiching a polymer layer in between the aluminum foil/cathode/protective layer formed
above and the Li metal negative electrode. For all-solid-state embodiments, the cell is then
substantially complete.

[0051] The above described process 210 can be modified to form the other embodiments
of electrochemical cells disclosed herein as well as other variants. For example, a process for
formation of the electrochemical cell 120 is substantially identical to the process 210 except
that no Li metal is required when making the cell. In this variation, the polymer is
sandwiched between the aluminum foil/cathode/protective layer and a copper foil. The Li
metal will be generated in the anode between the polymer and Cu foil during the first
charging of the battery.

[0052] The above described embodiments thus provide a composite electrolyte structure
which has an additional layer of porous or fully dense lithium-conducting ceramic (or glass,
or other crystalline or amorphous solid lithium-ion conductor) situated between a layer of
polymer (or block copolymer) and the positive electrode. This additional layer prevents
decomposition of the polymer layer at high positive electrode potentials (>3.9 V). There may

be additional layers between the ceramic and the positive electrode (e.g., a porous polymer
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“separator” that contains electrolyte in its pores),. In these other embodiments, the polymer
layer is in contact with Li metal and the ceramic (or other solid) layer is situated between the
polymer layer and the positive electrode such that the polymer layer is not exposed to high
potentials during cell operation, and therefore polymer decomposition is avoided.

[0053] An clectrochemical cell in accordance with the above described embodiments
allows for battery operation at lower temperatures (e.g., between -40 and 70° C) without
excessive degradation of the cell. Additionally, aging mechanisms such as lithium dendrites,
lithium morphology change, internal shorts, and liquid electrolyte decomposition are
reduced.

[0054] The disclosed embodiments also provide favorable mechanical properties (e.g.,
flexibility, high shear modulus) while exhibiting low contact resistance between the lithium
metal and the solid electrolyte (polymers adhere better than ceramics).

[0055] The disclosed embodiments enable the use of positive electrode materials with
high potential vs. Li (e.g.,, Li-rich NCM, NCA, LiMnPO4, LiMn,0O4, and other Li
intercalation materials with potential > 3.9 V, or blends thereof). Consequently, the
disclosed embodiments provide high specific energy and specific power.

[0056] While the disclosure has been illustrated and described in detail in the drawings
and foregoing description, the same should be considered as illustrative and not restrictive in
character. It is understood that only the preferred embodiments have been presented and that
all changes, modifications and further applications that come within the spirit of the

disclosure are desired to be protected.
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Claims
Claim 1. An electrochemical cell, comprising:

a first anode including a form of lithium;

a first cathode including an electrolyte; and

a first composite electrolyte structure positioned between the first anode and the first
cathode, the first composite electrolyte structure including (i) a first support layer adjacent
the first anode and configured to mechanically suppress roughening of the form of lithium in
the first anode, and (ii) a first protective layer positioned between the first support layer and
the first cathode and configured to prevent oxidation of the first support layer by substances

in the first cathode.

Claim 2. The electrochemical cell of claim 1, wherein the protective layer is fully
dense.

Claim 3. The electrochemical cell of claim 2, wherein the electrolyte in the cathode is a
fluid electrolyte.

Claim 4. The electrochemical cell of claim 1, wherein the support layer has a volume

fraction of ceramic or glass particles of between 0.1 and 99%.

Claim 5. The electrochemical cell of claim 1, wherein the support layer comprises a
block copolymer with a polyethylene oxide (PEO) Li-conducting phase and polystyrene

high-shear-modulus phase.
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Claim 6. The electrochemical cell of claim 5, wherein:
the protective layer has a maximum width of less than one micron; and

the support layer has a maximum width of less than two microns.

Claim 7. The electrochemical cell of claim 6, further comprising:

an aluminum current collector spaced apart from the first composite electrolyte by the
first cathode;

an inert current collector spaced apart from the first cathode by the aluminum current
collector;

a second anode including a form of lithium spaced apart from the aluminum current
collector by the inert current collector;

a second cathode; and

a second composite electrolyte structure positioned between the second anode and the
second cathode, the second composite electrolyte structure including (i) a second support
layer adjacent the second anode and configured to mechanically suppress roughening of the
form of lithium in the second anode, and (ii) a second protective layer positioned between the
second support layer and the second cathode and configured to prevent oxidation of the

second support layer by substances in the second cathode.

Claim 8. The electrochemical cell of claim 6, further comprising:
a second anode adjacent to the first anode and including a form of lithium;

a second cathode; and
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a second composite electrolyte structure positioned between the second anode and the
second cathode, the second composite electrolyte structure including (i) a second support
layer spaced apart from the first anode by the second anode and configured to mechanically
suppress roughening of the form of lithium in the second anode, and (ii) a second protective
layer positioned between the second support layer and the second cathode and configured to

prevent oxidation of the second support layer by substances in the second cathode.

Claim 9. A method of forming an electrochemical cell, comprising:

forming a first anode with a form of lithium;

forming a first cathode with an electrolyte;

forming a first composite electrolyte structure including a first support layer
configured to mechanically suppress roughening of the form of lithium in the first anode, and
a first protective layer configured to prevent oxidation of the first support layer by substances
in the first cathode; and

locating the first composite electrolyte structure between the first anode and the first
cathode with the first support layer adjacent the first anode and the first protective layer

positioned between the first support layer and the first cathode.

Claim 10. The method of claim 9, wherein forming the first composite electrolyte

structure comprises:

forming the first composite electrolyte structure with a fully dense protective layer.

Claim 11. The method of claim 10, wherein forming the first cathode comprises:
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forming the first cathode with a fluid electrolyte.

Claim 12. The method of claim 9, wherein forming the first composite electrolyte
structure comprises:
forming the support layer with a volume fraction of ceramic or glass particles of

between 0.1 and 99%.

Claim 13. The method of claim 9, wherein forming the first composite electrolyte
structure comprises:
forming the support layer using a block copolymer with a polyethylene oxide (PEO)

Li-conducting phase and polystyrene high-shear-modulus phase.

Claim 14. The method of claim 13, wherein forming the first composite electrolyte
structure comprises:
forming the protective layer with a maximum width of less than one micron; and

forming the support layer with a maximum width of less than two microns.

Claim 15. The method of claim 14, further comprising:

spacing an aluminum current collector apart from the first composite electrolyte with
the first cathode;

spacing an inert current collector apart from the first cathode with the aluminum

current collector;
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spacing a second anode including a form of lithium apart from the aluminum current
collector with the inert current collector;

forming a second cathode;

forming a second composite electrolyte structure including (i) a second support layer
configured to mechanically suppress roughening of the form of lithium in the second anode,
and a second protective layer configured to prevent oxidation of the second support layer by
substances in the second cathode; and

positioning the second composite electrolyte structure between the second anode and
the second cathode with the second support layer adjacent the second anode and the second

protective layer positioned between the second support layer and the second cathode.

Claim 16. The method of claim 14, further comprising;:

positioning a second anode including a form of lithium adjacent to the first anode;

forming a second cathode;

forming a second composite electrolyte structure including a second support layer
configured to mechanically suppress roughening of the form of lithium in the second anode,
and a second protective layer configured to prevent oxidation of the second support layer by
substances in the second cathode; and

positioning the second composite electrolyte structure between the second anode and
the second cathode with the second support layer spaced apart from the first anode by the
second anode and the second protective layer positioned between the second support layer

and the second cathode.



-

[

(o]

wn

=

5 ©

A =t
(]
< J
p—

AR AN

[ole]
<o
—

\\

GS




120
/‘

128

)

AR AN

¥//,130

126

132 134

2222727772772

)

122

o C

124

FIG. 2



000000000000000000000000000000

// L;

\\\\\\\\\




0000000000000

00000000000000000

N
(@
—

//

//

I I TN




WO 2015/023848 PCT/US2014/051066
5/5

210

-

212
PROVIDE T
ALUMINUM FOIL
A 4 S ~—— 214
COAT FOIL WITH
SLURRY
il 216
FORM CATHODE
v o~ 218
FORM PROTECTIVE
LAYER
Il 220
FORM ANODE

FIG. 5



INTERNATIONAL SEARCH REPORT

International application No.

PCT/US2014/051066

A. CLASSIFICATION OF SUBJECT MATTER

4/13(2010.01)i

HO1IM 10/052(2010.01)i, HO1M 10/056(2010.01)i, HO1M 10/0562(2010.01)i, HO1M 10/0565(2010.01)i, HO1M

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

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
HO1IM 10/052; HOIM 10/056; HOIM 10/0562; HOIM 10/0565; HOIM 4/13

Korean utility models and applications for utility models
Japanese utility models and applications for utility models

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)
cKOMPASS(KIPO internal) & Keywords: lithium metal, protective layer , support layer,supress, dendrite

C. DOCUMENTS CONSIDERED TO BE RELEVANT

See the whole document

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 2012-0219842 A1 (VISCO STEVEN J. et al.) 30 August 2012 1-16
See the abstract, whole claims and fig. 1-16
A US 2009-0280410 Al (ZAGUIB KARIM et al.) 12 November 2009 1-16
See the abstract, whole claims and fig.2
A US 2011-0086260 Al (KOHLBERGER MARKUS et al.) 14 April 2011 1-16
See the abstract, and whole claims
A US 2003-0162094 Al (SE-HEE LEE et al.) 28 August 2003 1-16

|:| Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents:

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L"  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P"  document published prior to the international filing date but later
than the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents,such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

28 November 2014 (28.11.2014)

Date of mailing of the international search report

28 November 2014 (28.11.2014)

Name and mailing address of the [ISA/KR
International Application Division
¢ Korean Intellectual Property Office
189 Cheongsa-to, Seo-gu, Dagjeon Metropolitan City, 302-701,
Republic of Korea

Facsimile No. +82-42-472-7140

Authorized officer

JO, Soo Ik

Telephone No. +82-42-481-5893

Form PCT/ISA/210 (second sheet) (July 2009




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2014/051066
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2012-0219842 Al 30/08/2012 AU 2004-306866 Al 28/04/2005
AU 2004-306866 B2 01/07/2010
BR PI0415312A 05/12/2006
CA 2542304 Al 28/04/2005
CA 2542304 C 18/03/2014
CN1894821 A 10/01/2007
CN1894821 B 09/03/2011
EP 1673818 A2 28/06/2006
EP 1673818 B1 02/12/2009
JP 2007-513464 A 24/05/2007
JP 2007-513464 T 24/05/2007
JP 5091482 B2 05/12/2012
KR 10-1229373 Bl 05/02/2013
KR20070021110A 22/02/2007
MX PAO6004233A 28/06/2006
US 2004-197641 Al 07/10/2004
US 2008-052898 Al 06/03/2008
US 2010-104934 Al 29/04/2010
US 2012-009469 Al 12/01/2012
US 7645543 B2 12/01/2010
US 7666233 B2 23/02/2010
US 8048571 B2 01/11/2011
US 8202649 B2 19/06/2012
WO 2005-038953 A2 28/04/2005
WO 2005-038953 A3 13/04/2006
US 2009-0280410 Al 12/11/2009 CA 2552282 Al 18/01/2008
CA 2657492 Al 24/01/2008
CN101489776 A 22/07/2009
EP 2040916 A2 01/04/2009
EP 2040916 A4 04/04/2012
JP 2009-544121 T 10/12/2009
JP 2009-544121A 10/12/2009
KR 10-2009-0040442 A 24/04/2009
KR20090040442A 24/04/2009
US 2013-0122365 Al 16/05/2013
WO 2008-009107 A2 24/01/2008
WO 2008-009107 A3 06/03/2008
US 2011-0086260 Al 14/04/2011 CN102099946 A 15/06/2011
DE102008023571 Al 05/11/2009
EP 2283530 Al 16/02/2011
JP 2011-523493A 11/08/2011
KR 10-2011-0018338 A 23/02/2011
KR20110018338A 23/02/2011
WO 2009-135621 Al 12/11/2009
US 2003-0162094 Al 28/08/2003 US 2007-0009802 Al 11/01/2007
US 2010-0055573 Al 04/03/2010

Form PCT/ISA/210 (patent family annex) (July 2009)




INTERNATIONAL SEARCH REPORT International application No.

Information on patent family members PCT/US2014/051066
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2012-164517 Al 28/06/2012
US 6805999 B2 19/10/2004
US 7632602 B2 15/12/2009
WO 03-043108 Al 22/05/2003

Form PCT/ISA/210 (patent family annex) (July 2009)



	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 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - claims
	Page 19 - claims
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - wo-search-report
	Page 29 - wo-search-report
	Page 30 - wo-search-report

