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ACKGRQUND OF THE INVENTICN

?;e present invention relates to rechargeable

3 electroiytic battery cells comprising polymeric film

composiiionlelectrodes and separator elements, and metallic

foil or%mesh current collectors, which are typically laminated

under h%at and pressure to form a unitary battery cell

structu%e. In particular, the invention provides a simple and
15 Aconomi:cal method of preparing such'separator element films or
membranes which are highly porous and thus capable of absorbing
and retﬁining substantial amounts of electrolyte golution even

er high-bemperature lamination processing to thereby provide
high io;ic cenductivity and cycling stability over long periods
26 of rech%rqeable battery storage and use in a broad range of
tempera&ures.

électrolytic battery cells particulérly suited to use of

the present invention include Li~ion intercalation cells of the
25 Type dqscribed in U.S. Patent 5,460,904 which have preferably
compriéed separator elements such as described in U.S. Patent
5,418,@91, the disclosures of which patents are incorporated
herein.by reference, Such cells are fabricated of respective
positife and negative electrode elements comprising finely-
30 dividei active materials, such as lithium-source LiMn,04 and
carbon, dispersed in a polymeric matrix and formed into

1
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ar, inTerposed electriczlly-insulating separztor memporane,
ususlly comprising a similar polymeric material, which wil:
ulvimately contain a unifermly distributved organic sciutisn of

&

a iithium salz To serve as an electrolytic, ion-condusting
tridge betwesn the electrodes zrd enable the intercalatiszn 22
Li iens' flowing reveréibly to and from the active ha:e:ials c3
those electrodes during the charge and discharge cycles of the
battery cell. Finally, to facilitate the concomitant flow cf
electrons in the battery cell circuit, each of the positive and
negative electrpde elements has an associated current collector
element which also serves as a terminal base for the attachment

of a conductor leading, in use, to a utilizafion device.

In the fabrication and use of these earlier-described
batterg cells, there were employed separator membrane elament
compositions comprising a bolymer—cdmpatible plasticizer
compound which was in part removed from the finished cell
separator component in preparation for activation by the
additidh of electrolyte solution. These polymeric separator
composztio 1§, a5 well as the similar polymeric battery
electrode compositions, were particularly unique in that
removal of the incorporated compatible plasticizer, typically
by extraction with a polymer-inert solvent, did not create a
pcrosiéy in the polymeric matrix, but rather preconditioned
such matrix for ready absorption of activating electrolyte.

Yet earlier polymeric battery cell separator elements
which, ‘on the other hand, relied on matrix porosity to promote
electrolyte absorption were described in U.S. Patent 3,351,495,
Preparation of such separator elements did, however, rely upon

-
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In accordance with the present invention, batter:
separator membrane elements are provided which comprise a
degree ‘of mesoporosity capable of yielding improved electrolyza
sclution absorption and resultant high ionic conductivity, ve=:
are preparea without reliance upon tlme-consumﬂng and expensgive

xuraut on cperations. On the contrary, the present battery
cell el=me \t preparation entails merely an simple element X
membrane coating or casting process which forms the preferred ;
poresity by differential evaporation of coating composition

fluid vehicle components. '

RY OF TION

?he present invention provides a method of preparing
resopokous polymeric matrix layers or membranes which serve
equally well as separator and electrode elements in laminated
vti-ion! intercalation battery cells. Such membranes are prepared
in a simple coating or film-casting operation utilizing a
polymekic composition comprising a combination of polymer-
solvent and -nonsolvent coating vehicle components which, due
to res?ective evaporation rates, results in a fine digpersion
of the less volatile nonsolvent throughout the solidifying
polymer matrix layer during the primary solvent evaporation

operation. The ultimate evaporation and diffusion of such
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szlvent component rields the mescpcrous matrix strucliure wollh
will rezdily zbsorb eletirelyte solution =c provide a high

u
level o2 icniz conductivity in the battery cell.

In addition to the matrix pclvmer and coatling wvehicls
mixture, the coating composition preferably comprises a Zinely-
divideé inert filler, such as silica, the particles of which &ars
initially uniformly dispersed in the coated layer, but which
apparently migrate in part to concentrate as agglomerates in
the dispersed nonsolvent vehicle droplets durlna the gelling of
the matrix film. Thus, the filler not only ;mpagts structura
strength to the final layer in its uniform dispersal, but also

rovides support to maintain the open structure of the
mesopoxes after diffusion of the nonsolvent vehicle and further
extends additional such support during the compressive
fendenc125 of the thermal laminaticn operation which later
joins ;ne separator and electrode elements into the unitary
battery cell structure.

Complementary electrode coating compositions comprise,
along with the matrix polymer and solvent/nonsolvent mix,
respective electrolytically.active components, such a powdered
carbon;and intercalation compound, e.g., a LiMn,0, spinel.
Although these active components are dispersed in the coating
compositions in finely-divided form, they do not significantly
interfere with the mesopore formation, since their particles
are normally in the range of an order of magnitude larger than

the mesopore voids.
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specifications. Completion of battery cell fabrication insiud

activation by applicariorn and mesopore membrane abksorp:zicn of

electrolyte sclution, and final packaging, in the usuzl manner

BRIEF DESCRIPTYON OF THE DREWING

The present invention will be described with reference to

the acconpanying drawing of which:

EIG. 1 is a diagrammatic representation of a composite
Li-ion battery cell incorporating separator and electrode
membrane elements of the present invention;

fIG. 2 is a diagrammatic representation, in section, of a
segment of & separator membrane of tha present invention
showing relative dispersion of nonsolvent vehicle droplets and
inert filler particles during early stage gelling of the
membrane polymer;

gIG. 3 is a diagrammatic representation, in section, of a
segmené of a separator membrane of the present invention
showing relative dispersion of nonsolvent vehicle droplets and
inert filler particles during final stage gelling of the
membrane polymer;
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FiG. & is a graph of comparative electrolyte abscrpiicirn
in separater membrane samples of similar polymer prepared
according to the present invention and the prior art; arnz

FIG. ﬁ is a graph of comparative electrolyte absorpticn
ir. mesoporous separator membranes prepared from various
compositions and subjected to moderate and high laminating
zemper%tures.

DESCRIPTION OF THE INVENTION

The present invention essentially comprises a method for
preparing mesoporous polymeric separator and electrode elements
for reghargeable electrolytic battery cells without resort to
expensive and time-consuming solvent extraction operations. The
invention further comprises the resulting separator and
electréde elements, as well as the rechargeable battery cells
fabricgted by thermal lamination assembly of such separator and
electréde elements with conductive collector elements. Such
assembly and the procediires used in fabricating the battery
cells are for the most part described in U.S. Patents 5,470,357;
$,540,741; and their related patent disclosures.

—_—
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zn:erca‘ «ion compound, 2.¢., LiMnaO4, and a complementarly
ma:erial capable of reversibly intercalating lithium ions,
e.g., carbon in the form of petroleum coke or graphite
Electrically-conductive current collectors 11, 19, preferzbly
of aluminum'and copper, or nickel, are adhered to respective
electrode elements 13, 17, preferably in a preliminary
jamination to form electrode sub-assemblies, and these sub-
assemblies are bonded, such as by thermal lamination, to
intermediately situated separater element 15 to form a unitary
pattery cell 10, In order to facilitate subsequent processing
of the ;ell, particularly to incorporate electrolyte soluticn,
at leas& one, preferably both, of the collector elements is
permeab@e, suck as in the form of a perforate foil or expanded
metal drid.

ﬁlthough the polymeric material utilized in the
preparétion of the present separator, and likewise electrode,
elements may be selected from a wide variety of previously
employéd polymers and copolymers of, for example, vinyl
chloriée, acrylonitrile, vinyl acetate, vinyl fluoride,
vinyliéene chloride, and vinylidene fluoride; and acrylonitrile
and vinyl chloride or vinylidene chloride, and vinylidene
fluoriée and tetrafluorcethylene, trifluoroethylene, chloro-
trifluéroethylene, or hexafluoropropylene, the latter
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While not essential to the :o*mulat-c“ and processiny
the sepgrator and electreode elements of the present invernticon,
i order to provide an optimum degree of flexXibility and thermsal
cohesion during lamination, the polymeric compesiticns mav
furtherfcomprise a suitable amcount of a compatible organic
plasticizer, such as dibutyl phthalate. Each of the positive
and negat;ve electrode compositions normallyxfurther comprise,
usually in finely-divided dispersed form, the electrolytically-
active components which are essentially materials capable of
providing and intercalating lithium ions during the discharge/
chargetcycles of the ultimate battery.

The method comprising the present invention resides

rincigélly in 2 unique variation from previously described
battery cell fabrication practices in the preparation of the
coating composition used in casting the separétor, and
electrode, film membranes. Whereas previous practices entailed
the formulation of an homogeneous coating solution of matrix
polymer and coating vehicle solvent, with plaéticizer if
desire&, the coating composition now employed includes, in
addition to a primary polymer solvent, such as acatone or
tetrahydrofuran, a liquid coating vehicle component of lesser
volatiiity, such as a lower alcohol, which is essentially a
nonsolvent for the polymer, but which is nonetheless miscible
to a significant degree with the primary soclvent, Such a mixed
solven&y coating vehicle enables the initial casting of clear,
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evvichment of nonsolvent in the coating layver, locaiized
ge_ling ¢r ctoaiescéence 2f the polymer
_ayer Lo encompass myriad fine droplets cI the nonsolvent
zcwponent. The lower volatility cf the nonsolvent resullts Int
the maintenance of the uniform droplet dist ribution untii <he
o'vmer membrane has gelled sufficiently to sustain a
.esopcrous strucrure upen subsequent evapcrsticn of the

nornselvent component,

In a prefarred embodiment of the invention, the coating
compesition includes a significant amount cf lnern particulate
23 lier, such as silica or alumina, which is 1n1tia11y uniformly
d_str‘buted throughout the body of the cast layer This filler
component contributes substantially to the physical strength of
+the final membrane, as such fillers did in prior art
csmpesitions: however, in its present utilization the

‘¥

srticulate Filler adds a distinctive function in that during
tke evqporation of the primary solvent vehicle and resulting
cozlescence of the polymer membrane matrix the filler particles
tend té accumulate in the more fluid nonsolvent droplets as the
vehicle evaporation proceeds and ultimately agglomerate in
greater measure within the voids initially occupied by the
nonsolvent to thereby support and maintain the final
mesoporosity of the separator membrane.

This advantageous function of the particulate filler in
combination with the specific solvency imbalance of the coating
composition may be seen in the diagrammatic representations of
FIG.s 2 and 3, In FIG. 2, the section 15 of & separator'membrane
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degree. sufficient to isolate droplets of rongolvent 2€. J.-iec

parvicles 24, 2% are disperse =nhroughour the lazver mass, l.e..
ir teth psiymer matrix 22 and nensolvent droplens 28, Iin
sahstaﬁtia_;y =ne same uniform distriburion as whan the
hemoge%eous compositioﬁ was inizially cast. Upon
gellin§ by primary solvent evaporation, however, &s represen:
in FIG. 3, the increased viscosity of the polymer matrix 22
fixes the distribution ¢f filler particles 24, while particles
25 within the more fluid nonsolvent droplets 36 are free =
agglomer te as the nonsolvent evaporates. rurther agglomeratizy

may occur until the polymer matrix sol;difies sufflClent*
mazntann the size of pores 36.

It should be noted in these considerations that the
reprasentations of FIG.s 2 and 3 are shown grossly out of
prcpor?ion for the sake of clarity. The relative distributien
of a particulate filler, such as a fumed silica, within veids
::eatéd from nensolvent dispersion in a polymer matrix may be
more closely realized from the actual size scales in which the
silicé particles approximate 10 nm, while photomicrographic
examination reveals encompassing void structures to be about
1 um fh diameter. '

éThe further representation of veoid and particulate filler
seen fn FIG. 4 is intended to depict the disposition of filler
partiéle agglomerates in their ultimate role of supporting the
pore étructure of the separator membrane in the extreme
condiﬁions of hattery cell fabrication laminafion with heat and
press@re which could otherwise readily collapse the membrane

—_—

ThsmkﬂfhsBmm

LT

- 10 -




tn

[ T
n

2¢

[\
m

30

SO S—

2|
o)
3]
[{)
n
n
.l
<}
o
ol
. 3
»
‘a
11}
11
ot
l *,
[$)
) L ]
[}
ta
LB
(X8

prévide the persistent mesopcrcsity of separstor 15. The

inregrity mescpores in electrodes membranas 13, 1%, on ths

ﬁhile the present invention may be utilized with any <2
5‘ » () 0
the battery electrode and electrolyte components mentioned in
!_
the afb"ernﬁ tioned patent specifications and in similar related

’.-
'_l

“uo-zcatlons, in the interest of simplicity the invention wi
pe destribed with reference made to a few representative
ccmpos&tions which are included in the following examples.

Example 1

A coating composition for a preferred embodiment of a
separétor menmbrane 15 was prepared accordiné to the present
invention by dissolving 3.0 ¢ of an B88:12 VAF:HFP copolymer of
sbout 1380%x10% MW (Atochem Kynar FLEX 2801) in about 20 ml
acetone. Into this solution was stirred about 10 ml ethanol in
which ‘the copolymer is substantially insoluble, and 2.0 g of
fumedisilica (810;) to form a composition of clear, smooth
consiétency. The composition was cast at a wet thickness of
about§250 Hm upon the surface of abherent polyethylene
terep@thalate film and 2llowed to dry by evaporation of coating
vehicYe components in moderately circulating air at about 30°C.
The résulting separator membrane of about 50 pm thickness was
self-éupporting and appeared homogeneous when stripped from the
casting substrate. Under photomicrographic examination the

-« 11 -~ This Sheet Has Been Replac
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& comparative samplie ¢f the above-mentioned genersl
embediment ¢f the invention, viz., a mesoporous nembrane
without.dispersed inert filler, was prepzred in the manner of
Exampleil with the exception that the silica component of the
coating. composition was withheld. In order to compensate for
the gre%ter resulting fiuidity of the composifion and achieve a
comparable membrane thickness, the coating was cast at about
350 um.fThe resulting separator membrane was of marginal
physical strength and appeared, upon photomicrographic
examination, to comprise the same mesoporous structure as that
cf Example 1, but was devoid of dispersed filler particles.

Ex 3

A variant membrane sample was prepared in the manner of
Examplq 1 with the exception that the nonsolvent isopropancl
WES suh%cituted for the ethanol. The resulting membrane was
visually indistinguishable from that of Example 1.

Example 4

An additional variant membrane sample wag prepared in the
manner -of Example 1 with the exception that the ncnselvent

—_
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A contrel nmembrane sample was prepared from the

components of Example 1 with the exception that about 6 =i =3I

\

acetone was substituted for the ethancl, thereby providing =
coatingfvehicle consisting only of polymer solvent. The
composi&ion was cast and dried in like manner to yield a
membra&e of similar macro mppearance as that of Example 1,
Photomicrographic examination revealed, however, that the
membrane was comprised solely of silica particles uniformiy
distriguted throughout the polymer matrix without the presence
of & mésoporous structure.

E ple

in order to test the efficacy of the present invention, z
compargtive prior art separator membrane sample was prepared
substaﬁtially in the manner of Example 13 of the above~
referenced 5,418,091 patent by casting from a solvent

ispersion a FLEX 2801 VJF:HFP copolymer composition comprising
about 20% 5i0, and 25% dibutyl phthalate plasticizer. Following
the deécribed prior art procedure, the resulting flexible
separa%or membrane was extracted with diethyl ether to remove
the plasticizer component and thereby condition the membrane
for electrolyte absorption. Examination of the extracted
membra%e revealed a dispersion of silica particles throughout
the poiymer matrix, but ne discernible pores, as is consistent
with t#e description in the referenced patent.

- 13 - This Sheet Has Been Replaced
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capabilities ¢f Zour individual pairs cf szwples o inventich
and crisr art separatpr membranes prepared afcording To essh oI
Exam_:eé i and 5., To this end, the sanplas wers welzhad and zhen
immersedl for a “ew minutes in propvlene carbonate (PO, =

" lithiumi salt solvent typi&ally used as & vehicle for battery
cell ac;ivating electrolyte solution. After immersion, the
samplesiwere cleaned of surface accurulation of PC and
reweighgd to determine the amount of PC absorption. The graphs
of ccmp?rative absorption by these sample pa;rk appear in FIG, 5
and indﬁcate the generally greater simulated.electrolyte
absorba%cy of the mesoporous membranes of the present

inventibn.

3

Example 8

Samples of each of the invention and control separator
membranes of Examples 1 through 5 were tested for simulated
eleCtrélyte absorption after exposure to various temperature
ccnditions which would likely be encountered during thermal
lamina@ion of separator and electrode elements in the
fabricgtion of battery cells. Increases in such laminating
temper%tures would be expected to reduce peorosity and
electrdlyte absorption capability. After exposure to laminating
pressu%e and temperatures of 100°C and 170°C, the samples were
tested {for PC absorption in the manner of Example 7. The results
of coméarative absorption for membranes of each of the examples
are shgwn in the graphs of FIG. 6. Of particular note in these
test r%sults are the high levels of electrolyte absorption

This Sheet Has Been Replaced

(I



(=)

<

| \33

[\

15
2|
3
b
H
1:.1;
114
"
£
(2
a)
LY
q
=~
la)
+h
‘J-
l..-l

sxceptipnal initial absorption, would be useful, of gourse,
low-temperature or non-lamindied battery cell applications.
is further apparent, the nonporous structure of the contrel

membrane of Example 5 is little affected by temperature, yet

exhibits minimal electrolyte absorption under any conditicns.

Example 9

in

The ultimate efficacy of mesoporous separator and
electrode membranes prepared according to the invention was

tasted ﬁn comparative laminated battery cells fabricated in the
marner ?f FIG. 4 of referenced patent 5,460,904. A prior art

<

plastidizer-extracted cell was prepared as in Example 15 of

that patent, while a cell of the present invention was prepared

i .
in the following manner, As referenced in FIG. 1 of the

specifﬁcation, positive electrode membrane 13 was cast at about
375 um from a composition of 2.5 g FLEX 2801 VAF:HFP copolymer,

(8]

1 g SP conductive carbon, 5 ¢ LiMny04, 40 ml acetone, and 15 ml

ethanol. The resulting mesoporous memirane was laminated with

an expénded aluminum foil collector elémént 11 in a heated

rollerfdevice at about 150°C. A negative electrode membrane 17

was cadt at about 450 um from a composition of 2.5 ¢ FLEX 2801

30 VAF:HFE copolymer, 1 g SP conductive carbon, 5 g microbead
carbon, 40 ml acetone, and 15 ml ethanol. The. resulting
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Ex*;pl% 1 wss positioned between and in contast with the

subassemc-y electrode elements 13, 17, and tha assembly wzs
1amina€ed in the device zt about 120°C to form a unlzary battery
cell 1& whi;h was then activated by immersion in an EC:PC:LiF

electrolyte solution as described in the referenced patent.

fhe pattery cells of the prior art and of the foregoin
fabricétioq with elements prepared according to the present
invention were cycled at a constant 10 mA between cutoff
voltagés of 3.0 Vand 4.5 V at a C/5 cyclinétratp in the manner
descriéed at Example 13 of the referenced 5,460,904 patent.
Both célls performed similarly in the manner depicted in FIG. 2
of that patent and exhibited discharge capacities in the range
of aboyt 20-25 mAh.

?he foregoing examples are intended to be dillustrative
cnly ard not limiting upon the present invention. It is expected
that oéher'polymers and solvent/nonsolvent combinations
yieldiég similar results will occur to and may be achieved by
the skilled artisan in the light of the above description
througﬁ the exercise of routine experimentation without
departing from the scope of the invention as recited in the
appendéd claims. '
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: 2 mgthed for preparing a mesoporcus polvmeric membrane

-

1 . - . P T o —pambmy e
wse as an ioniczlly-conductive inter-electrode separxztor In &

b

1
re:harg;ab;g battery cell
g characterized in thacx
said mnkhod comprises:

a) preparlng a coatable composition comprising a polymeric
mate*1=', a volatile fiuid solvent for said pclymeric materizl,
and & se~and inid miscible with and of lesser volatility thar
said solvent, said second fluid being a nonsolvent exhikiting
no szngflcant solvency for said polymeric material

b)fcasting said composition to form a layer;

¢} lwolatilizing said fluids from said layer under
conditéons whereby said solvent volatilizes at a rate
substantially faster than that of said nonsolvent, thereby
causing the gelling of said polymeric material in the more
nonsoléent-predominant regions of sald layer and isolating said
nonsoléen: as droplets substantially uniformly distributed
:hrougéout a matrix of polymeric material;

djgcontinuinq the volatilization of said solvent to the
compleéion of gelling of said polymeric material matrix to
therebé render said membrane self-supporting; and

e)icontinuing to subsequent completion the volatilization
of saié nonsolvent from said droplets to yield a like

distriﬁution of mesopore volds throughout said membrane matrix.

2. A.@ethod according to claim 1 which further comprises
unifor%ly distributing throughout said coatable composition
partic%es of a filler substantially inert to the remaining

R Y TR A



thrzughduz szid membrane matrix.

3. A ma'hed according to claim Z which further ccocmprises
con ctlng sald mesopeorous separator membrane with a Zl¢id

electrolyte for a time sufficient to distribute said

electrolyte within said membrane by absorption into at leasT =
pertion: of said voids, thereby rendering said membrane
ionical?y—ccnductive.
4, R mksoporous polymeric membrane for use as an ionically-
conductﬁve inter-electrode separator in a rechargeable batrtery
cell

characterized in that
szid membrane comprises & polymeric matrix having distributed
therein a plurality of voids and & multiplicity of inert filler
partic%es, at least a portion of said part@cles being situated

within ;sa2id voids.

5. A @embrane according to claim 4 wherein said particles are
distributed within said voids in a greater spatial density than
within :said matrix,

13

6. A membrane according to claim 4 wherein said polymeric
matrix :comprises a copolymer of vinylidene fluoride with 3% to
25% by iweight hexafluoropropylene.
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said separator membrane comprises a polymeric matrix having

e a2

distriduted therein a plurality of voids and a multiplicizy ¢
é

| 34
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r parrticles, at least & porticn of said particles

11
peing situated within said voids,

§. A rechargeable battervy structure according to claim 7
huereln saild particles are distributed within said voids in
greaten spatial density than within said matrix.

i

{
8. A éecﬁargeable battery structure according to claim 7
wherein said polymeric matrix comprises a copolymer of
vinyliéene fluoride with 3% to 25% by weight
hexaflgcropropylene.

10. A rechargeable battery structure according to claim 7
wherei% each of said electrode elements comprises a polymeric
matrixgand each of said electrode and separator elements is
bonded; to contiguous elements at its respective interfaces to
form-a%unitary flexible laminate structure.
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