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GLASS-FIBER CONTAINING COMPOSITE MATERIALS FOR ALKALI METAL-BASED
BATTERIES AND METHODS OF MAKING

BACKGROUND OF THE INVENTION
{00011 Lithium-ion balteries have gained widespread adopiion in portable electronic
devices, and are incraasingly being used in larger-scale systems such as hybrid and
electric vehicles and power generation systems. However, attempts to scals lithium-ion
battery technology to these larger applications has exposed a number of problems.
{00021  First, the cost of lithium is high compared o conventional nickel, cadmium and
lead based battery technologies, and these costs are magnified for larger sized halteries.
Thus, there is a need for reducing or eliminating the about of lithium used in the batiery.
The relatively low proven reservaes of lithium in the United States may also limit Li-hased
battery development and production in that country.
f00031 Second, there are safety concerns with some types of lithium battery technology
that may bs more prong (0 explosions and fires when scaled to larger sizes. For
example, lithium-based batteries that use hthium-cobalt (LiCo0;) cathodes can
sometlimes experience a release of oxygen during intense and/or frequent electrical
charging and discharging cycles. The released oxygen is combustibls, and can react with
other components in the batlery to creaie a fire or explosion.
f0004] Partly in response to the safety concerns with lithium-cobalt technology, other
lithium-based materials have been examined for battery applications. Une of these
compounds is lithium iron phosphate (LiFePQ,). However, bulk LiFeP(, has proven to
have relatively slow mass and chargs transport properties, resulting in relatively poor
battery power oulput, Solgel processes used o make LiFePO, materials for batteries
are also inefficient and expensive, further increasing the cost of these baltenies. Thus,
there is a nead for new approaches to making Li-based batieries and their components

with improved performance and reduced cost

BRIEF SUMMARY OF THE INVENTION
f0005] Materials are described that can improve the performance and reducs the cost
of Li-hased batteriss. These materials include glass-fibars that can be fashioned into a
non~-woven mat that acls as a substrate for Li-containing nanoparticles. The mat provides
strong, dimensionalliy-stable, a high-surface area scaffold for the nanoparticles, which
provides a large surface ares of active sites while reducing the amount of ithium left in

the bulk. This means lass lithium is required for an equivalent energy density, power
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density, stc., than used in conventional Li-ion materials. They may also enhance the
mass and charge transport properties of Li-bassd compounds such as LiFePQ,.

f0006] Also described are sodium glass fibers that may eliminate the need for lithium
altogethsr in specific battery components such as the cathode slectrode. Sodium-based
compounds such as scdium ron fourophosphate (NaFePO,F) have been discovered
that have ion transport rates comparable or exceeding Li-based compounds. Some of
these sodium-based compounds can be incorporated into sodium glass fibers, which
makes the fibers themselves the aclive material for ion ransport and eliminates the need
for additional nanoparticles to be added (although there is no prohibition against adding
nanoparticles, which in some instances may further enhance the material’s performance).
Thess sodium glass fibers may be used to make a lithium free cathode.

{0007] Embodiments of the invention include glass-fiber composites that include a
substrate containing glass fibers and particles in contact with the glass fiber substrate.
The particlss may includs an alkali-metal containing compound, such as a lithium-
containing compound.

{00081 Embodiments of the invention further include substrates having glass fibers
made from sodivm-containing materials, such as Na,FePO,F. The glass fibers may be
microfibers and/or nanofibers.

f0003] Embodiments of the invention may also include batteries having an anode, a
cathode, and an electrolyte. The cathode may include alkali-metal containing
nancparticles in contact with glass fibers.

{0010] Embodiments of the invention may also further include batieries having a
cathode that includes glass microfibers which include NaFePO,F.

f0011] Embodiments of the invention may still further include methods of making a
glass-fiber composite. The methods may include the steps of forming a wel laid non-
woven glass fiber subsirate, and contacting alkali-mestal containing particles on the
substrate.

[0012] Additional embodiments and features are set forth in part in the description that
follows, and in part will becoms apparent to those skilled in the art upon examination of
the specification or may be learned by the practice of the invention. The features and
advantages of the invention may be realized and atlained by means of the

instrumentslilies, combinations, and methods described in the specification.

DETAILED DESCRIPTION OF THE INVENTION
00131  Glass fiber composites are described that may be used as electrodes in

electrical storage batteries, among other devices and applications. Examples of the
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composites include non-woven glass microfibers that provide a durable, dimensionally
stable, microporous substrats for alkali-metal containing nanoparticles, such as lithium
andfor sodium-containing nanoparticles. Specific examples of these nanoparticles may
includs lithium iron phosphate {(LiFeP0O,) and sodium iron flucrophosphate (NaFePO.F)
nanoparticles,

{00141 Also described are glass fiber subsirates made from glass fibers that incorporale
sodium won fluorophosphates. Making the glass fibers out of Na,FePO,F may obviate
the need to introduce nanoparticles o the fibers when forming an electrode. These fibers
may have micro- and/or nano-sized diameters that are similar or the same as the scale of
the nanoparticles.

{08151 The composites may be made by combining a wet laid non-woven gas-fiber
substrate with the nanoparticles. The nanoparticles may be introduced 1o the subsirate
by among other methods, coating, embedding, or saturating the nanoparticles in the
substrats.

{00181 Both the above-described materials may be formed into a cathode electrode of
an slectrical storage battery. The cathode may be separated from the anode electrode by
an electrolvta. The elecirolyte may be, for example, a micro-porous separaior membrane
that contains LiPFs, and the anode slectrode may be a metallic anode such as a lithium
metal anode or an alloy of two or more metals.

00171 Structural cathodes made from the composite materials have increased surface
area for holding the nanoparticles, and may bs incorporated into larger, more reliable
cells having reduced winding costs. The high-surface area glass fiber substrates may
inciude substrates with surface areas ranging from about 20 m%/g to about 300 m%/g or
more.

00181  Increasing the accessibie surface area of the cathode can increase the ion mass
transfer through the cathode as well as the (otal energy density of the cathode and
battery. The present cathodes may include hisrarchically porous structures that combine
micro- and nanoscale pores o increase the structural integrity and surface area of the
cathode maternial. Batteries that includs the presant cathodes may achisve power outpuls
of 760 W/kg or more, and energy densities of about 100 mAh/g or more. The batteries
can also have improved cycle performance with psses of about 3% or less over about
700 cycles.

{00191 The composite materials have high-surface area produced by forming the glass
mircofibers and/or nancfibers into strong, durable, non-woven mats. The fiberglass mats
may be fashioned into & micro- and/or nanoporous substrate. They may provide

improved mechanical and thermal propertias, as well as improved dimensional stability

(93]
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during electrical charging and discharging. This can increase the overall life span of
batteries made with these materials. The increased strength of these composite
materials also allows more rapid winding of cells and can increase the size of the cells,
both of which can lower manufacturing costs of the batleries.

{0020] Balteries made with the present glass fiber materials (sither with or without
nanoparticles) may have a number of advaniages over current lithium-ion battery
technology. These advantages may includs:

{00211  Specific Energy Density (Whikg) — The present batteries can meet or exceed
about 200 Whkg (systam) and about 400 Wh/kg {call).

f0022] Volumetric Energy Density (Whi) —~ The increased strength provided by the
glass fiber substrate allow tighter packing of the battery slectrodes and separator. The
nanoporous electrodes aliow the electrolvie to penetrate inlo the slecirodes, thus crealing
an efficient utilization of space. Sodium glass {2.g., Na.FeP(O,F) cathodes may have a
lower intrinsic power densily than cathodes using lithium-containing nanoparticles, but
because aclive areas of the sodium glass cathodes include the fibers themselves, there is
less inactive area for thase cathodes.

{0023] System Cost (kWh/$} — For sodium glass cathodes, cost reductions may be
realized due o the decreased use of lithium. These cathodes can reduce costs to about
US$250/kWh or Iess. For cathodes that include Li-containing nanoparticles cost
reductions of about 20% to about 40% compared to conventional Li-ion batleries may be
realized from the reduction in cell windings and increased csll size.

{0024] Specific Power Density (W/kg) — Nanoscale systems can increase power density
at high discharge rates owing to their increased ion mass transfer. The present batteries
may have power densities of about 760 Wikg and energy density of about 100 mAh/g.
The present materials may also be incorporated into system features such as
uitracapacitors that can boost power in pulses.

f0625] Volumetric Power Density (W/1) — Cathodes made from the present materials

can have improved high-drain performance.

[0028] Cycle Life (#) — Batteries may achieve about 1000 or more cycles. Binding
materiais and techniques are employed to reducs the unbinding of nanoparticles from the
glass-fiber subsirate in those embodiments where nanoparticles are used, For sodium-
glass cathodes that do not have bound nanoparticles, even larger numbers of cycles may

be achieved.
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{00271 Round Trip Efficiency — The present batleries may have dischargs capacity
lossas of about 3% or less over 700 cycles at a rate of 1.5C. At G/3, the capacity loss
may be significantly lower.

{00281 Temperature Tolerance — The present compaosites, substrates, cathodes, and
batieries may have maximum operating temperatures of about 65 °C or more.

{00291 Self Discharge — The present materials may be optimized o reduce the self
discharge rate to what is comparable in conventional Li-ion batieries.

f0030] Safety — The present materials include phosphate containing active electrode
materials. Phosphates (-PQ0,) typically have more lightly bound oxygen groups than cther
conventional electrode materials {e.g., LiC0o0,). This reduces the risk of oxygen liberation
that can contribute (o fires and explosions in the phosphate-containing batteries and
systams. The strength and stability of the glass-fiber subsirate can also reduce the
incidents of shorl circuits in the battery and other calastrophic failure modes.

f0631] Calendar Life {Years) — The glass fiber substrates do not interfere with battery
operation and iron-phosphate systems have significantly lower degradation rates than
conventional Li-ion batteries and systams. The presant battarias may have an increassd
fifetime compared o the average lifetime for a conventional system.

{00321 Having described several embodiments, i will be recognized by those of skill in
the art that various modifications, alternative constructions, and equivalents may be used
without departing from the spirit of the invention. Additionally, a number of well-known
processes and elements have not besn described in order 1o avoid unnecessarily
obscuring the present invention. Accordingly, the above description should not be taken
as limiting the scope of the invention.

f0633] Whers a range of values is provided, it is understood that each intervening
valueg, {0 the tenth of the unit of the lower limit unless the confext clearly diclates
otherwise, between the upper and lower limits of that range is also specifically disclosad.
Each smailer range belween any stated valus or inlervening value in & stated range and
any other stated or intervening value in that stated range is encompassed. The upper
and lowsr imits of these smaller ranges may independently be included or excluded in
the range, and each range where either, neither or both limits are included in the smaller
ranges is also encompassed within the invention, subject 1o any specifically excluded Himit
in the stated ranges. Where the stated range includes one or both of the limits, ranges
excluding either or both of those included limits are also included.

f0034] As used herein and in the appended claims, the singular forms "g", "an®, and
“the" include plural referents unless the context clearly dictates otherwise. Thus, for

example, reference to "a procass” includes a plurality of such procssses and referance to
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"the slectrode” includes reference 10 oneg or mors elecirodes and equivalents thereof
knowtt to those skilled in the art, and so forth.

comprising,” "include,” "including,” and "includes”

[0035] Also, the words "comprise,
when usad in this specification and in the following claims are intended fo specify the

presence of stated featurss, infegers, components, or steps, but they do not preclude the
presance or addition of one or more other features, integers, components, steps, acts, or

Groups.
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WHAT IS CLAIMEDR 1S

1. A glass-fiber composite comprising:

a substrate comprising glass fibers; and
particles in contact with the substrate, whaerain the particles
comprise an alkali-metal containing compound.
2. The composite of claim 1, whersin the non-woven glass fibers
comprise non-woven glass microfibers.
3. The composite of claim 1, wherein the particles comprise
nanoparticles.
4, The composite of claim 1, wherein the particles comprise a lithium-
containing compound.
5. The composite of claim 4, wherein the lithium-containing compound
is LiFePO,.
8. The composits of claim 1, wherein the composite comprises a
cathode of a battery.
7. A glass fiber subsirate comprising glass fibers that include
Na-FePOLF.
8. The glass fiber substrate of claim 7, wherein the glass fibers
comprise nanciibers.
9, A hattery comprising:
an ancde;
a cathode comprising {ithium-containing nanoparticles in contact
with glass fibers; and
an electrolyte betwsen the anode and the cathode.
10. The battery of claim 9, wherein the lithium-containing nanoparticles
comprise LiFeP(O,.
11. The battery of claim 9, wherein the anode comprises lithium matal.
12. The battery of claim 9, wherein the electrolyte comprises a
microporous separator membrane contaimning LiPF,.
13 A hattery comprising:
an anocde;
a cathodes that includes glass fibers comprising MazFePQO4F; and
an elecirode.
14. Ths battery of claim 13, wherein the glass fibers comprise glass

nanatfibers.
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15. A method of making a glass-fiber composite, the method
comprising the steps of:
forming a wet laid non-woven glass fiber subsirate; and
contacting alkali-metal containing particles on the substrats.
16, The method of claim 15, wherein the contacting of the alkali-metal
containing particles on the substrate comprisas coaling, embedding, or saturating the
substrate with the particles.
17. The method of claim 15, wherein the alkali-metal containing
particles comprise hthium-containing nanoparticles.
18, The method of claim 17, wherein the lithium-containing
nanoparticles comprise LiFePO,.
19, The method of claim 15, the glass fibers comprise Na,FelPO.F.
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