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STRETCHABLE FABRIC BASED ELECTRODE-POLYMER ELECTROLYTE
BATTERY

BACKGROUND

[0001] This application claims priority to U.S. Provisional Patent Application No.
62/490,833, entitled “Stretchable Fabric Based Electrode-Polymer Electrolyte Battery,” filed

April 27, 2017, the entire contents of which are hereby incorporated by reference.

[0002] This disclosure pertains to batteries, and more specifically to a fabric-
based flexible and stretchable battery comprised of rigid or stretchable electrode active
material integrated with a stretchable fabric current collector and stretchable polymer

electrolyte.

[0003] Advancements in the field of electronics have resulted in the need for
advancements in the field of batteries. As electronic devices become more flexible,
stretchable and mechanically deformable, there is a need for batteries that will have similar
properties.  Battery technology does not, however, typically allow for large strain

deformation.
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SUMMARY

[0004] The present disclosure relates generally to a battery, and more particularly

to a battery based on stretchable fabric-based electrodes.

[0005] This disclosure relates to a battery that is based on a single or multiple
types of stretchable fabric materials. The stretchable fabric can be used for electrodes where
it must be electrically conductive, acting as both a current collector and a stretchable
substrate, and contributing to the overall stretchability of the electrode component or battery.
The stretchable electrode fabric may be either inherently conductive, made of an electrically
conductive material such as a stretchable silver woven fabric, or made of a nonconductive
stretchable fabric that is filled with conductive materials (e.g. carbon fillers or metal

nanoparticles) that form a conductive and continuous network within the stretchable fabric.

[0006] An electrically insulating stretchable fabric can also be used for the
electrolyte. If ion conductive, the stretchable fabric can act as the electrolyte and directly
facilitate ion transport in the battery. If the stretchable fabric is ion nonconductive, it can
serve as a structural component of the stretchable polymer electrolyte and provide mechanical
stretchability. The stretchable fabric can be integrated with the polymer electrolyte such as an

additive or an interconnected layer.

[0007] The stretchable fabric can bend, fold, twist, and stretch. It must be able to
undergo small or large tensile or compressive strain and deformation. In addition to
stretchability, the fabric-based battery can offer structural compatibility and mechanical

properties that are similar to that of a fabric-based application (e.g. smart suits).

[0008] Flexible and stretchable lithium ion batteries based on stretchable fabric-
based electrodes have a wide range of applications. They can be used in the development of
stretchable and wearable energy storage devices for applications such as smart garments,
wearable communication, display devices, and medical implants. For example, they can be
embedded in textile and fabric, integrated with bendable and stretchable mechanical,
electrical or hybrid systems and directly or indirectly interface with human skin, organs or

other biological systems.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 shows flow chart for an exemplary method of preparing a

stretchable battery in accordance with preferred embodiments of this disclosure.

[0010] FIG. 2 shows a schematic of a preferred embodiment of a stretchable

fabric-based electrode polymer electrolyte battery as described herein.

[0011] FIG. 3A shows portions of preferred embodiments of a stretchable battery

including a fabric current collector layer with an electrode layer on top.

[0012] FIG. 3B shows portions of preferred embodiments of a stretchable battery
including a fabric current collector layer with an electrode layer and a solid polymer

electrolyte on top.

[0013] FIG. 4A shows preferred embodiments of a stretchable battery in a flat

position.

[0014] FIG. 4B shows preferred embodiments of a stretchable battery in a

stretched position.

[0015] FIG. 5 shows a preferred embodiment of a stretchable battery in a bent

position.

[0016] FIG. 6A shows capacity performance over a number of cycles for a

stretchable battery in accordance with preferred embodiments of the present disclosure.

[0017] FIG. 6B shows capacity performance over a number of cycles for a

stretchable battery in accordance with preferred embodiments of the present disclosure.
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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[0018] The present disclosure relates to flexible and stretchable fabric based

batteries.

[0019] Preferred embodiments of the present disclosure relate to a stretchable
fabric based electrode-polymer electrolyte battery comprising at least one electrochemical
cell. The electrochemical cell comprises a first stretchable electrode having a first active
material coupled with a first stretchable fabric current collector, a second stretchable
electrode having a second active material coupled with a second stretchable fabric current
collector, a stretchable polymer electrolyte or separator configured between the first and
second electrodes, and at least one stretchable encapsulant material, wherein the stretchable
material encapsulates the electrochemical cell and is capable of reversible bending, twisting,

folding and stretching.

[0020] Preferred embodiments of the present disclosure relate to methods for
preparing a stretchable fabric based electrode-polymer electrolyte battery. FIG. 1 shows a
flow chart for a preferred method of preparing a flexible and stretchable fabric based battery.
In this preferred embodiment, a first sheet of electrically conductive stretchable fabric is
placed flat. In preferred embodiments, the sheet of electrically conductive stretchable fabric
is any suitable stretchable fabric sheet made of metal, such as silver. As shown in FIG. 1,
step 105, a measured amount of Electrode 1 Material, or electrode slurry (such as anode or
cathode electrode slurry), is then deposited on top of the first fabric sheet, or Fabric Current
Collector 1, to form a Fabric Electrode 1. In preferred embodiments, a positive electrode
(cathode) slurry material for a lithium ion battery can include electrode active lithium cobalt
oxide (LiCo002), a conductive agent such as carbon black, and a binding polymer such as
polyvinylidene fluoride (PVDF). Other types of conventional and non-conventional cathode
and anode active materials may be used in the stretchable fabric-based battery. Examples of
other potential cathode active materials are LiFePOs, LiNixCoyAl,O» group such as
LiNio.8C00.15A10.0502, LiCoxNiyMn,O> group such as LiCo13NiisMnis0;, and LiMn2Oa.
Examples of other potential anode active materials are graphite, Si, and Li4TisO12. Although
the majority of provided examples are related to lithium ion technology, anode and cathode
active materials related to other battery technologies (e.g. sodium ion, magnesium ion,

aluminum ion) can also be used in the flexible and stretchable fabric-based battery.
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[0021] To ensure a proper diffusion of the slurry material into the stretchable
fabric, a sufficient amount of time should be allowed to pass before the slurry is dried. The
viscosity and density of the slurry can be adjusted according to the porosity of the fabric. For
highly porous fabrics, the slurry can be made with a thicker consistency and higher viscosity
compared to those of conventional electrodes to control (a) the depth of the diffusion of the
slurry material on the structure of the fabric and (b) the thickness of the electrode material on
the fabric surface. The thickness of the electrode active material may be further adjusted

using a doctor blade or similar tools.

[0022] Other preferred methods for the electrode active material slurry deposition
or coating of the stretchable fabric may include vertical dipping of the fabric in a slurry paste
or spraying of the slurry into the fabric. These alternative methods can include precise

thickness control and material uniformity for optimum battery performance.

[0023] The stretchable fabric coated with the electrode slurry is subsequently
dried, as shown in step 105 in FIG. 1. In preferred embodiments, it can be placed inside a
petri dish or other types of oven safe containers, and placed inside the oven at a specified
high temperature (e.g. 110 to 120 °C) for a certain amount of time (e.g. 24 to 48 hours) for
complete drying. The solid (or gel) polymer electrolyte such as polyethylene oxide with
varieties of molecular weights (e.g. 100,000 to 600,000 g/mol) is then integrated with the

solid polymer electrode by one of several exemplary methods, including but not limited to:

) The polymer paste (preferably viscous and partially dried) may be

deposited or poured on top of the stretchable electrode fabric, and then dried.

2) A dried solid polymer film may be placed on top of the stretchable fabric
electrode and pressed (or laminated) such that the interface of electrode and

electrolyte is well bonded.

[0024] In the preferred embodiment shown in FIG. 1, in step 110, a solid polymer
electrode, which may include a polymer paste, is positioned on top of the Fabric Electrode 1

formed in step 105 and bonding is facilitated by drying or pressing.

[0025] In preferred embodiments, in step 115 of FIG. 1, a second stretchable
fabric electrode (i.e. cathode or anode) or Fabric Electrode 2 is prepared using the same

method as stated above. Electrode 2 Material is deposited on top of Fabric Current Collector

-5
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2 and allowed to dry. The same type of fabric used for Electrode 1 may be used for Electrode
2. In step 120 of FIG. 1, the second stretchable fabric electrode, Fabric Electrode 2, is then
placed on the polymer side of the as-prepared integrated stretchable polymer-fabric electrode,
or Fabric Electrode 1, and pressed or otherwise adhered to the polymer such that the interface

of the electrode and polymer is well bonded or adhered.

[0026] In additional preferred embodiments, in step 125 of FIG. 1, contact wires
are positioned on the electrodes. In preferred embodiments, these contact wires are a certain
length of a stretchable conductive tape (e.g. stretchable copper) attached on the center of both
fabric electrodes from the fabric side and extended long enough to work as the positive and
negative terminals of the battery. Other potential conductive tapes include stretchable metal
mesh (e.g. aluminum or steel mesh), conductive metal coated on a stretchable material (e.g.
rubber, spandex, silicone coated with copper, aluminum, steel, carbon), and wavy flexible
conductive material (e.g. wavy shaped copper, aluminum, steel, carbon paper) that can

undergo tensile and compressive displacement.

[0027] In step 130 of FIG. 1, the integrated stretchable polymer-fabric electrode
battery is then encapsulated in a stretchable encapsulant material. In step 135 of FIG. 1, the
battery assembly is encapsulated with a curing or lamination or adhesive agent. In preferred
embodiments, very high bond “VHB” tape or silicone or other suitable plastic encapsulant
materials can be used as a stretchable encapsulant using one of the following exemplary

methods:

) A viscous paste (either partially cured or solvated) of an appropriate
encapsulant material (such as silicone, poly(methyl methacrylate), polyvinylidene
fluoride, or polyester) is prepared in a suitable petri dish. The battery is placed on top
of the viscous silicone paste, then enough of the viscous silicone paste is poured on
top of the battery assembly to cover it. Then, the entire silicon encapsulant gel is

completely cured (to change from paste to solid).

2) Two sheets of solid encapsulant material (such as VHB tape, silicone,
poly(methyl methacrylate), polyvinylidene fluoride, polyester or a hybrid (composite)
of two or more encapsulant materials) are prepared. The integrated polymer-fabric

electrode battery is then placed in between the two sheets, and if necessary, a suitable
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glue (such as silicone glue) is used to adhere the two sheets of the encapsulant and

seal the battery assembly. If VHB tape is used, glue is not required.

[0028] FIG. 2 shows a schematic of a preferred embodiment of a stretchable
fabric-based electrode polymer electrolyte battery 200 including at least one electrochemical
cell made up of exemplary components. In the embodiment shown in FIG. 2, the central
stretchable separator material 205 may be a solid polymer electrolyte. Any electrically
insulating stretchable fabric can be used for the stretchable separator material 205. If the
material is ion conductive, the stretchable separator material can act as the electrolyte and
directly facilitate ion transport in the battery. If the stretchable separator material is ion
nonconductive, it can serve as a structural component of the stretchable polymer electrolyte
and provide mechanical stretchability. The stretchable separator material can be integrated

with a polymer electrolyte such as an additive or an interconnected layer.

[0029] As shown in FIG. 2, on either side of the stretchable separator material 205
are the electrode layers, a first electrode material 210 that may be designated as electrode 1
layer and a second electrode material 220 that may be designated as electrode 2 layer.
Adjacent to the electrode layers are a first stretchable fabric current collector layer 230 that
may be designated as fabric current collector 1 and a second stretchable fabric current
collector layer 240 that may be designated as fabric current collector 2. The stretchable
fabric current collector layers have an inner surface and an outer surface. Each set of
electrode material 210, 220 and stretchable fabric current collector layers 230, 240 is coupled
together, such that the electrode material is attached to the inner surface of the stretchable
fabric current collector layer to form an active electrode surface. The first electrode material
210 coupled to the first stretchable fabric current collector layer 230 make up a first
stretchable electrode, while the second electrode material 220 coupled to the second
stretchable fabric current collector layer 240 make up a second stretchable electrode. The
active electrode surfaces of the first and second stretchable electrode contact the stretchable
separator material 205, which separates the active electrode surfaces made up of first
electrode material 210 and second electrode material 220. The first stretchable fabric current
collector layer 230 and second stretchable fabric current collector layer 240 form outer layers
of the combined first stretchable electrode and second stretchable electrode, as they are
coupled together. In preferred embodiments, the stretchable fabric current collector layers

are any suitable stretchable fabric sheet made of metal, such as silver.

-7 -
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[0030] The stretchable fabric current collector layers may be inherently
electrically conductive, such as a stretchable silver woven fabric, or nonconductive
stretchable fabric that is filled with conductive materials (such as carbon fillers or any
suitable conductive fillers) that form a conductive and continuous network within the
stretchable fabric. The electrode material can be any suitable electrode material, including
any conventional and non-conventional cathode and anode active materials. In preferred
embodiments, a positive electrode (cathode) slurry material for a lithium ion battery can
include electrode active lithium cobalt oxide (LiCoQ2), a conductive agent such as carbon
black, and a binding polymer such as polyvinylidene fluoride (PVDF). In preferred
embodiments, a negative electrode (anode) slurry material can include electrode active
graphite, a conductive agent such as carbon black, and a binding polymer such as

polyvinylidene fluoride (PVDF).

[0031] Also shown in FIG. 2, attached to the outer surfaces of the fabric current
collector layers are a first electrode terminal 250 that may be designated as electrode 1
terminal and a second electrode terminal 260 that may be designated as electrode 2 terminal.
The electrode terminals 250, 260 can be any suitable form, including stretchable contact
wires or stretchable conductive tape, such as stretchable copper tape, or stretchable metal
mesh, conductive metal coated on a stretchable material, or wavy flexible conductive
material. Surrounding at least a portion of the first stretchable electrode, including at least a
portion of first electrode terminal 250, and the second stretchable electrode, including at least
a portion of second electrode terminal 260, is encapsulation material 275. Encapsulation
material 275 can be any suitable stretchable encapsulant material such as a curing or
lamination or adhesive agent, or combinations thereof. In preferred embodiments, very high
bond “VHB” tape or silicone or other suitable solid encapsulant materials, including hybrids
or composites of two or more encapsulant materials, are used as encapsulant material 275. In
additional preferred embodiments, a suitable glue such as silicone glue is used to adhere the
encapsulant material 275 to the stretchable electrodes. Portions of first electrode terminal

250 and second electrode terminal 260 extend out of the encapsulant material 275.

[0032] FIG. 3A and 3B show closer views of portions of a preferred embodiment
of stretchable battery 200. FIG. 3A shows fabric current collector 2 layer 240 with electrode
2 layer 220 deposited on top. FIG. 3B shows fabric current collector 2 layer 240 with
electrode 2 layer 220 deposited on top and solid polymer electrolyte 205 on top of that.

-8-
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[0033] FIG. 4A and 4B show additional views of a preferred embodiment of
stretchable battery 200 having, in FIG. 4A, length Ly in a flat position. In FIG. 4B,
stretchable battery 200 is in a stretched position and has length Lo + AL.

[0034] FIG. 5 shows an additional view of a preferred embodiment of stretchable

battery 200 in a bent position.

[0035] As shown in FIG. 6A, the capacity performance of an embodiment of a
stretchable fabric-based electrode-polymer electrolyte battery was tested over a number of
cycles. The tested prototype consisted of a cathode based on silver fabric current collector
with LiCoO: as the active materials, a solid polymer electrolyte based on 100,000 MW
poly(ethylene oxide) and graphene oxide nanoparticles, and an anode based on a
conventional copper foil current collector with graphite as the active material. The battery
components were assembled in a coin cell structure and the performance of the battery was
tested by applying a constant current. In addition to coin cell assembly, preliminary testing of
an embodiment of a stretchable fabric-based electrode-polymer electrolyte battery in
transparent, stretchable VHB encapsulation was also conducted, as shown in FIG 6B. The
tested prototype consisted of a cathode based on a silver fabric current collector with LiCoO»
as the active materials, a solid polymer electrolyte based on 600,000 MW poly(ethylene
oxide), and an anode based on based on silver fabric current collector with graphite as the
active materials. The entire structure of such assembly is flexible and stretchable due to the
flexibility and stretchability of each and all the battery components including cathode, anode,

electrolyte, and encapsulation.
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WHAT IS CLAIMED IS:
1. A stretchable battery, comprising:
at least one electrochemical cell, wherein the electrochemical cell comprises:

a first stretchable electrode, wherein the first stretchable electrode comprises a
first stretchable fabric current collector layer having an inner surface
and an upper surface, a first electrode material coupled to the inner
surface of the first stretchable fabric current collector layer to form a
first active electrode surface on the inner surface of the first stretchable
fabric current collector layer, and a first electrode terminal connected
to the upper surface of the first stretchable fabric current collector

layer;

a second stretchable electrode, wherein the second stretchable electrode
comprises a second stretchable fabric current collector layer having an
inner surface and an upper surface, a second electrode material coupled
to the inner surface of the second stretchable fabric current collector
layer to form a second active electrode surface on the inner surface of
the second stretchable fabric current collector layer, and a second
electrode terminal connected to the upper surface of the first

stretchable fabric current collector layer;

a stretchable separator material coupled to the first active electrode surface
and the second active electrode surface, wherein the first active
electrode surface and the second active electrode surface are separated
by the stretchable separator material, wherein the first stretchable
electrode and the second stretchable electrode form an electrode
assembly, and wherein the upper surfaces of the first stretchable fabric
current collector layer and the second stretchable fabric current

collector layer form outer layers of the electrode assembly; and

an encapsulant material surrounding at least a portion of the electrode
assembly, wherein a portion of the first electrode terminal and a
portion of the second electrode terminal extend out of the encapsulant

material.

-10 -
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2. The stretchable battery of claim 1, wherein at least one of the first stretchable
fabric current collector layer or the second stretchable fabric current collector layer is

comprised of inherently electrically conductive material.

3. The stretchable battery of claim 2, wherein the inherently electrically

conductive material is a stretchable silver woven fabric.

4. The stretchable battery of claim 1, wherein at least one of the first stretchable
fabric current collector layer or the second stretchable fabric current collector layer is
comprised of nonconductive stretchable fabric further comprising conductive filler materials

that form a network within the nonconductive stretchable fabric.

5. The stretchable battery of claim 4, wherein the conductive filler materials are

carbon fillers.

6. The stretchable battery of claim 1, wherein the first electrode material
comprises cathode active materials and the second electrode material comprises anode active

materials.

7. The stretchable battery of claim 1, wherein the stretchable separator material is

electrically insulating stretchable fabric.

8. The stretchable battery of claim 1, wherein the stretchable separator material is

ion conductive electrolyte material.

9. The stretchable battery of claim 1, wherein the stretchable separator material is

a solid polymer electrolyte.

10. The stretchable battery of claim 1, wherein the stretchable separator material is

ion nonconductive material integrated with an electrolyte material.

11. The stretchable battery of claim 1, wherein the encapsulant material is a curing

agent, lamination agent, adhesive agent, or combinations thereof.

-11 -
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12. The stretchable battery of claim 11, wherein the encapsulant material is

viscous silicone paste.

13. The stretchable battery of claim 1, wherein the encapsulant material is a solid

encapsulant material.

14. The stretchable battery of claim 13, wherein the solid encapsulant material is

very high bond tape or silicone.

15. A method for preparing a stretchable battery, comprising:

(a) coupling a first electrode material to an inner surface of a first stretchable
fabric current collector layer to form a first active electrode surface on the inner

surface of the first stretchable fabric current collector layer;

(b) connecting a first electrode terminal to an upper surface of the first
stretchable fabric current collector layer, wherein the first electrode material, the first
stretchable fabric current collector layer, and the first electrode terminal make up a

first stretchable electrode;

(c) coupling a second electrode material to an inner surface of a second
stretchable fabric current collector layer to form a second active electrode surface on

the inner surface of the second stretchable fabric current collector layer;

(d) connecting a second electrode terminal to an upper surface of the second
stretchable fabric current collector layer, wherein the second electrode material, the
second stretchable fabric current collector layer, and the second electrode terminal

make up a second stretchable electrode;

(e) coupling a stretchable separator material to the first active electrode
surface and the second active electrode surface, whereby the first active electrode
surface and the second active electrode surface are separated by the stretchable
separator material, and wherein the first stretchable electrode and the second

stretchable electrode form an electrode assembly;

(f) surrounding at least a portion of the electrode assembly with an encapsulant

material to form a first electrochemical cell making up a stretchable battery, wherein a

-12 -



WO 2018/200487 PCT/US2018/029096

portion of the first electrode terminal and a portion of the second electrode terminal

extend out of the encapsulant material.

16. The method of claim 15, further comprising repeating steps (a) — (f) to form

one or more additional electrochemical cells making up the stretchable battery.

- 13-
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