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FREESTANDING, DIMENSIONALLY STABLE MICROPORCUS WEBS

Related Applications
{3001] This application claims benefit of U.S. Patent Application Nos. 61/864,448
and 81/801,376, filed August @ and March 15, 2013, respectively.

Technical Field

(00021 The present disclosure relates o the formation of freestanding polyolefin
webs that (1) exhibit good in-plane dimeansional stability (i.e., low shrinkage) at
temperatures both above and below the melting point of the base polymer
membrane and (2} maintain shutdown properties. At high temperatures, the pores
within the bulk structure of the base polymer membrane can begin to collapse or
shut down and thereby modify its permeability. Such webs can be used as
separators to improve the manufacturability, performance, and safety of energy
storage devices such as lithium-ion batleries.

Background Information

[0003] Separsiors are an integral part of the performance, safety, and cost of
lithium-ion batteries. During normal operation, the principal functions of the
separator are to prevent electronic conduction (i.e., short circuit or direct contact)
between the anode and cathode while permilting ionic conduction by means of the
electrolyte. For small commercial cells under abuse conditions, such as external
short circuil or overcharge, the separalor is required o shutdown at temperalures
well below those at which thermal runaway can occur. This requirement is described
in Boughty. D, Proceedings of the Advanced Automotive Baltery Conference,
Honolulu, Hi (June 2005}, Shutdown resulis from the coliapse of pores in the
separator causead by melling and viscous flow of the polymer, thus slowing down or
stopping ion flow between the electrodes. Nearly all ithium-ion battery separators
contain polyethylene as part of a single- or multi-layer construction so that shutdown
often begins at about 130° C, the melting point of polyethylene.
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{00041  Separators for the lithium-ion market are presently manufactured through
the use of “dry” or "wel” processes. Celgard LLO and others have described a dry
process, in which polypropylene (PP) or polyethylene (PE) is extruded info a thin
sheetl and subjected to rapid drawdown. The sheet is then annealed at 10-25°C
below the polymer melling point such that crystallite size and orientation are
controlled. Nexi, the sheet is rapidly stretched in the machine direction (MD} to
achieve slit-like pores or voids. Trilaver PP/PE/PP separators produced by the dry
process are commonly used in lithium-ion rechargeable batteries.

(0005]  Wet process separators composed of polyethylene are produced by
extrusion of a plasticizer/polymer mixiure al elevated temperature, followed by phase
separation, biaxial stretching, and exiraction of the pore former {i.e., plasticizer). The
resultant separators have elliptical or spherical pores with good mechanical
properties in both the machine and transverse directions. PE-based separators
manufactured this way by Toray Tonen Speciallty Separator, Asahi Kasel Corp., SK
Innovation Co., Lid., and Entek® Membranes LLC have found wide use in lithium-ion
batteries.

{00061 More recently, batlery failures arising in commercial operation have
demonstrated that shutdown is not a guaraniee of safety. The principal reason is
that, after shutting down, residual stress and reduced mechanical properties above
the polymer melting point can lead to shrinkage, tearing, or pinhole formation. The
exposed electrodes can then touch one another and create an internal short circuit
that leads {o more heating, thermal runaway, and explosion.

00071  In the case of large format lithium-ion cells designed for hybrid or plug-in
hybrid applications (HEY, PHEVY), the benefits of separator shutdown have been
openly questioned because it is difficult to guarantee a sufficient rate and uniformity
of shutdown throughout the complete cell. This issue is described in Roth, E. P,
Proceedings of Lithium Mobile Power Conference, San Diego, CA {October 2007).
Many companies are focused, therefore, on modifying the construction of a lithium-
ion battery to include (1) a heat-resisiant separator or {2} a2 heat-resistant layer
coated on either the electrodes or a conventional polyolefin separator. Heat-
resistant separators composed of high temperature polymers {e.g., polyimides,
polyaester, polyphenyiene sulfide)} have been produced on a limited basis from
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solution casting, electrospinning, or other process technologies. In these cases, the
high polymer melting point prevents shutdown at temperatures below 200° C.

[0008] UG Patent Application Pub. No. US 2012/0145468 describes a
freestanding, microporous, ultrahigh molecular weight polyethylene (UHMWPE)-
based separator that contains sufficient inorganic filler particies to provide low
shrinkage while maintaining high porosity at temperatures above the melling point of
the polymer matrix (>135 °C). Such freestanding, heat resistant separators have
excellent wettahility and ultralow impedance, but they do not exhibit shutdown
properties because of the high loading level of the inorganic filler.

(6009] U.S. Patent No. 7,638,230 BZ describes a porous heat resistant layer
coated onto the negative electrode of a lithium-ion secondary battery. The heat
resistant layer is composed of an inorganic filler and a polymer binder. Inorganic
fillers include magnesia, titania, zirconia, or silica. Polymer binders include
polyvinylidene fluoride and a modified rubber mixture containing acryionitrile units.
Higher binder contents negatively impact the high rate discharge characteristics of
the battery.

(0010] U5 Patent Application Pub. Nos. US 2008/0292968 A1 and

US 2009/0111025 A1 each describe an organic/inorganic separator in which a
porous substrate is coated with a mixture of inorganic particles and a polymer binder
to form an active layer on at least one surface of the porous substraie. The porous
substrate can be a non-woven fabric, a membrane, or a polyolefin-based separator.
Inorganic particles are selected from a group including those that exhibit one or more
of dielectric constant greater than 5, piezoelectricity, and lithium ion conductivity.
Selected polymer binders are described. The composite separator is said (o exhibit
excellent thermal safety, dimensional stability, elecirochemical safety, and lithium ion
conductivity, compared to uncoated polyolefin-based separators used in lithium-ion
batteries. In the case of certain polymer binders mixed with the inorganic particles, a
high degree of swelling with an electrolyte can result in the surface layer, but rapid
welling or swelling is not achieved in the polyolefin substrate.

{0011]  In the iatter two of the above approaches, there is an inorganic-filled layer
that is applied in a secondary coating operation onto the surface of an electrode or
porous substrate (o provide heat resisiance and prevent internal short circuits in a
battery.
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Summary of the Disclosure

{00121 There has been, heretofore, no consideration of the differential shrinkage
10 be expected between the inorganic surface layers and a microporous polyolefin
base membrane as the web is heated. Such differential shrinkage provides siress af
the interface between the inorganic surface layer and the polyolefin base membrane
such that fractures or cracks may appear at elevated temperature during shutdown
of the separator. No consideration has been given to a coating formulation that
contains colioidal particles that penetrate info the bulk structure of a microporous
polyolefin base membrane {0 improve its dimensional stability and maintain
shutdown properties, while simultaneocusly achieving inorganic surface layers that
further prevent internal short circuits and provide good heat resistance and in-plane
dimensional stability. Moreover, no consideration has been given to an inorganic
surface layer containing less than or equal to 5 wt.% of an organic hydrogen bonding
component while achieving good in-plane dimensional stability above the melting
point of the microporous polyolefin base membrane. The organic hydrogen bonding
component can be either a polymer or a smail molecule with multiple acceptor or
donor sites for hydrogen bonding. This disclosure also identifies cost-effective
methods of application of such coating formulations (o a microporous polyolefin
membrane.

(00131 Athin, freestanding, microporous polyolefin web with good heat resistance
and dimensional stability includes an inorganic surface layer. A first preferred
embodiment is a microporous polyolefin base membrane in which colicidal inorganic
particles are present in its bulk structure. This embodiment simullaneously achieves
penetration of colloidal inorganic particles into the polyolefin base membrane to
reduce interfacial stress and maintains shuidown characteristics. A modification to
the first preferred embodiment is a polyolefin web that includes an inorganic surface
layer containing fumed alumina particles and less than or equal to 5 wt.% of an
organic hydrogen bonding component to achieve a polyolefin web having good in-
plane dimensional stability above the melting point of the polyolefin base membrane.
Each of second and third preferred embodiments is a thin, freestanding microporous
polyolefin web that has an inorganic surface layer containing no organic hydrogen
bonding component for the inorganic particles. The inorganic surface iayer of the
second embodiment is achieved by hydrogen bonding with use of an inorganic acid,
and the inorganic surface layer of the third embodiment is achieved by one or both of

4
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hydrogen bonding and chemical reaction of the surface groups on the inorganic
particles.

{00141  Applicants believe that mechanical interiocking between the inorganic
particles and the surface pores of the polyolefin base membrane helps to bond the
inorganic surface layer o the membrane, thereby creating reasenable peel strength
with limited particle shedding during handling of the polyolefin web.

{60151  Several embodiments of the microporous, freestanding heat resistant
polyolefin web rely upon ultrahigh molecular weight polyethylene (UHMWPE) as a
polyolefin base membrane component. The repeat unit of polyethylene is
{(-CHCH3-) «, where X represents the average number of repeat unils in an individual
patymer chain. In the case of polyethylene used in many film and molded part
applications, x equals aboul 10,000; whereas for UHMWPE, x is approximately
150,000, This extreme difference in the number of repeat units is responsible for a
higher degree of chain entanglement and the distinctive properties associated with
UHMWPE.

{60161  One such property is the ability of UHMWRPE to resist material flow under
its own weight when heated above its melling point. This phenomenon is a result of
its ulirahigh molecular weight and the associated long relaxation times, even at
elevated temperatures. Although UHMWPE is commonly available, it is difficuit to
pracess info fiber, sheet, or membraneg form. The high melt viscosity requires a
compatible plasticizer and a twin screw extruder for disentanglement of the polymer
chains such that the resuliant gel ¢can be processed into a useful form. This
approach is commaonly referred o as “gel processing.” In many cases, other
polyolefins are blended with UHMWEPE {o lower the molecular weight distribution to
impact properties after exdiraction of the plasticizer, which extraction resuils in a
porous membrane. The terms “separator” and “web” describe an article that
includes an inorganic surface layer and a polyolefin base mambrane.

f0017)  For most of the preferred embodiments described, the microporous
patyalefin membrane is manufactured by combining UHMWRPE, high density
polyethylene (HODPE), and a plasticizer (e.g., mineral ¢il}. A mixture of UHMWPE
and HDPE is blended with the plasticizer in sufficient quantity and extruded to form a
homogeneous, cchesive mass. The mass is processed using blown fiim, cast film,
or calendering methods to give an oil-filled sheet of a reasonable thickness

{«< 250 ym}. The oil-filled sheet can be further biaxially oriented to reduce its
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thickness and effect its mechanical properties. In an extraction operation, the oil is
removed with a solvent that is subsequently evaporated to produce a microporous
potyolefin membrane that is subsequently coated with an inorganic surface layer.
{6018]  In a first preferred embodiment, the polyolefin base membrane is passed
through an agueous-based dispersion, such as an alcchol/iwaler dispersion of silica.
This agueous-based dispersion contains a number of colloidal particles that can
penetrate through the surface and into the bulk siructure of the polyolefin membrane
such that the colloidal particles are distributed into the polymer matrix. At high
ternperatures, the pores within the bulk structure of the base polyolefin membrane
can begin o collapse or shut down, thereby modifying its permeability, even though
there are colloidal inorganic particles distributed throughout the bulk structure. In
addition to penetration of the colinidal particies into the bulk structure of the
polyolefin base membrane, a surface coating of controlled thickness can be formed
with wire-wound rods {i.e., Mayer rods, shown in Fig. 1} as the membrane is pulled
through the agueous-based dispersion. The welted membrane is subsequently dried
with a series of air knives and an oven in which hot air is used to evaporate the
solvent. The combination of dip coating and wire-wound rods has, heretofore, not
been used o achieve the above-modified polyolefin base membranes.

{00191  In a modification to the first preferred embodiment, the polyolefin base
membrane is passed through an agueous-based dispersion of (1) fumed alumina or
{2} an agueous-based dispersion of fumed silica combined with colloidal silica. The
alumina or silica particles enable formation of an inorganic surface layer on the
polyolefin base membrane through the use of an organic hydrogen bonding
component. Preferred organic hydrogen bonding components include both polymers
and small molecules with muitiple hydrogen bonding sites. Preferred polymers
include polyvinyl alcohol (PYOH), polyvinyipyrrolidone (PVP), carboxymethyl
cellulose {CMC), polyacrylic acid, and polyethylene oxide. Preferred small
molecules include catechol, sucrose, tannic acid, maliitel, dimethyiol
dihydroxyethylene urea (DMBHEU), and pentaerythritol. The resuitant separators
exhibil excellent high temperature thermal stability and low Gurley {(i.e., high air
permeability) values.

{00201 In a second preferred embodiment, an inorganic surface layer is formed on
the polyoletin base membrane without use of an organic hydrogen bonding
component. The polyolefin base membrane is passed through an agueous-based

8
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dispersion of fumed alumina that includes an inorganic acid. The resultant
separators exhibit high temperature thermal stability and low Gurley values.
Furthermaore, the peel strength of the inorganic surface layer can be improved
through heat treatment of the coated polyolefin membrane. Preferred inorganic
acids include phosphoric acid (HaPO4), pyrophosphoric acid (HaP20y),
metaphosphoric acid (HPQ3), phosphorous acid (HP:0s), trimetaphosphoric acid
{HaP3Qg), boric acid (H3BOs), tetraboric acid (HaB40O7), vanadic acid (HVO3), and
molibdic acid (HaMoOy).

{00211  In a third preferred embodiment, an inorganic surface layer is formed on
the polyolefin base membrane from only inorganic particles, some of which can be
collpidal in nature and penelrate info the bulk structure. The polyolefin base
membrane is passed through an aqueous-based dispersion of fumed alumina. The
resultant separators exhibit high temperature thermal stability and low Gurley values.
Furthermore, the peel strength of the inorganic surface layer can be improved
through heat freatment of the coated polyolefin membrane and reaction of the
surface hydroxyl groups on the inorganic particles. Preferred inorganic particles
include metal oxides such as silica, aluming, titania, and zirconia.

{00221 Finally, for each of the above embodiments, corona treatment of the
polyolefin-based membrane can improve the overall peel strength of the coated
separator. Applicants believe that oxygen-containing species (&.g., hydroxyl groups)
resulting from the corona treatment of the polyolefin membrane surface hydrogen
bond with the inorganic parlicles o improve the adhesive strength al the interface
between the inorganic surface layer and the polyolefin membrane.

{00231  The resultant microporous, freestanding polyolefin separator as described
for each of the three preferred embodimenis can be wound or stacked in a package
to separate the electrodes in an energy storage device, for example, a batltery,
capacitor, supercapacitor, or fuel cell. Pores can be filled with electrolyte both in the
inorganic surface {ayers and throughout the bulk structure of the base polymer
membrane. Such separators are bengficial to the manufaciure of energy storage
devices, particularly since they combine good heat resistance, in-plane dimensional
stability, reduced interfacial stress, and shutdown characteristics.

{0024]  Additional aspecis and advantages will be apparent from the following
detailed description of preferred embodiments, which proceeds with reference to the

accompanying drawings.
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Brief Description of the Drawings

{00251 Fig. 1 is a pholograph of a Mayer rod used in coating an inorganic surface
fayer on a polyolefin membrane in accordance with the methodology disclosed.
10026] Figs. 2A and 2B present scanning electron micrographs (SEMs) showing
the openings in the surface of a polymer membrane al 20,000x and 40,000x
magnifications, respectively.

{0027] Figs. 3 and 4 are cross-sectional schematic diagrams showing,
respectively, a polyolefin membrane and a colloid-modified polyolefin membrane
coated with microporous inorganic surface layers.

{00281 Fig. 5 presents upper and lower rows of SEM images showing with three
different magnifications the surface and bulk structure, respeciively, of a polyolefin
membraneg in which colloidal particles penetraied the surface of the membrane and
into its bulk structure.

{0029] Fig. 6 is a diagram of a stainless stee! fixture used for electrical resisiance
measurement of a batlery separator.

{00301 Fig. 7 is a graph of measured data from which electrical resistance (ER)
was determined for an embodiment of a battery separator.

[0031] Fig. 8 shows surface and machine direction (MD) fracture SEM images of
a silica-coated separator made as described in Example B

i0032] Fig. 9 shows surface and machineg direction (MD} fracture SEM images of
a coated separator made as described in Exampile 16.

{0033] Fig. 10 is a bar graph showing the results of peel strength tests performed
on two inorganic surface iayer-coated separators subjecied to various heat treaiment
conditions.

Detailed Description of Preferred Embodiments

{6034] The base membrane used is comprised of a polvolefin matrix. The
polyolefin most preferably used is an ultrahigh molecular weight polyethylene
{(UHMWPE) having an intrinsic viscosily of al least 10 deciliter/gram, and preferably
in the range from 18-22 deciliters/gram. It is desirable {0 blend the UHMWPFE with
other polyolefins such as HDPE or linear low density polyethyiene (LLDPE) {o impact
the shutdown properties of the membrane. Membranes can also be manufactured
from other polyolefins or their blends, such as, for example, ethylene-propylene

copolymers, polypropylene, and polymethyl pentene.
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{00351 The plasticizer employed is a nonevaporative solvent for the polymer and
is preferably a liguid at room temperature. The plasticizer has little or no solvaling
effect on the polymer al room temperature; it performs its solvating aclion at
termperatures at or above the softening temperature of the polymer. For UHMWPE,
the solvating temperature would be above about 160° C, and preferably in the range
of between about 180° C and about 240° C. ltis preferred {0 use a processing oil,
such as a paraffinic oif, naphthenic oll, aromatic oil, or a mixture of two or more such
oils. Examples of suitable processing oils include: oils sold by Shell G Company,
such as Gravex™ 842, oils sold by Calumet Lubricants, such as Hydrocal™ 800; and
ails sold by Nynas Inc., such as HR Tuffia® 750.

{00381 The polymer/oll mxture is extruded through a sheet die or annular dig, and
then it is biaxially oriented to form a thin, oii-filled sheel. Any solvent that is
compatible with the oif can be used for the exiraction siep, provided it has a boiling
point that makes it practical to separate the soivent from the plasticizer by distiliation.
Such solvents include 1,1,2 trichloroathylene; perchloroethylene; |,2-dichlorosthane;
1,1, 1-trichloroethane; 1,1,2-trichioroethane; methylene chloride; chioroform; 1,1,2-
trichlore-1,2, 2-trifluorcethane; isopropyl alcohol; digthyl ether; acelone; hexane;
heplane; and foluene. In some cases, it is desirable to select the processing il such
that any residual oil in the polyolefin membrane after extraction is electrochemically
inactive.

{0037] Figs. 2A and 2B show scanning eleciron micrographs (SEMs) of an
embodiment of a 16 um polymer membrane at 20,000X and 40,000X magnification,
respectively. Figs. 2A and 2B show thai the openings in the surface of the polymer
rmembrane are typically less than 250 nm in diameter, though many are smailer.
{00381 The coating formuiation used in the first preferred embodiment is
composed of inorganic particles dispersed in an aguecus-based dispersion in which
greater than 50% water is counted in the liquid phase. The inorganic particles are
typically charge stabilized and stay suspended in the alcohol/water mixture. An
organic hydrogen bonding component, such as low molecular weight, water-soluble
polymer, is also present. i is desirable to choose a polymer with numerous
hydrogen bonding sites o minimize its concentration, yet achieve a robust,
MICroporous inorganic surface layer that does not easily shed inorganic particles.
Folyvinyl alcohol is a preferred organic hydrogen bonding component such that
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fewer than 5 parts of PVOH can be used with 95 parts or more of the inorganic
particles. This organic hydrogen bonding component imparts high peel strength and
geod in-planeg dimensional stability (o the coated membrane, while being suilable for
coating application from an aqueous-based dispersion.
{0039] Fig. 3 shows a cross-sectional schematic of a polyolefin membrang coated
with microporous inorganic surface layers. Fig. 4 shows the cross-sectional
schematic of Fig. 3 but with a colloid-modified polyolefin membrane.
{0040]  In addition to controliing the amount of organic hydrogen bonding
component and inorganic particles in the coaling formulation, applicants believe it is
important 1o control the particle size distribution of the inorganic particles.
Furthermaore, the coating formulation was carefully applied to the polyolefin base
membrane 1o contral the thickness of the resultant inorganic surface layer.
{0041} Examples 1 and 2 demonstrate that the colloidal particles penetrate
through the surface and into the bulk structure of the polyolefin membrane.

Example 1
{0042] A 16 um thick, microporous ultrahigh molecular weight polyethylene-
containing separator, Entek® KLP (Entek Membranes LLC, Oregon ) (see Figs. 2A
and 2B) was used as a polyolefin membrane for coating. The 16 pm Entek® KLP
membrane, before coaling, is referred to herein as the control. The membrane was
dipped through a 275 part isopropy! alcohol: 1000 part water solution containing
colicidal silica (LUDQX; Sigma-Aldrich Co. LLC) at the following concentrations: 5,
10, and 20 wi.%. Two #00 Mayer rods were used {one on each surface of the
membrane} {o remove the wet surface layer, and the membrane was then dried with
a series of air knives and transported through a vertical oven set at 120° C.
{0043] The samples were examined by scanning eleciron microscopy and energy
dispersive x-ray analysis o show that colloidal silica particles penetrated the
membrane surface and were prasent in the bulk structure, as shown with three
different magnifications in the SEMs arranged in the botiom row (MD fracture) of
Fig. 5.

Example 2
{0044] The thermal shrinkage values of the colloidal-maodified separators in
Example 1 were compared with the 16 pm Entek® KLP control. Three 100 mm x 100
mm samples were cutl from each separator type. The sample groups were held
together with a amall binder clip fixed in a comer. The samples were then

10
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suspended in an oven at 200° C for 30 minules. After closure of the oven, it was
evacuated and then backfilled with argon for this test. Upon removal, the samples
were cooled o room temperature and then measured {o determine their shrinkage in
the machine direction (MD) and the transverse direction (TD)}. The results in Table 1
show that there was a substantial reduction in transverse direction shrinkage as the
separators were exposed o higher concentrations of colloidal silica.

Table 1 200° C shrinkage resulls
200° © shrinkage |
Sample MD% TR%

16 um Entek KLP control 18.7 69.2

5% Ludox 711 58.7
10% Ludox 68.0 57.8
20% Ludox 65.5 48.5

{0045] Examples 3-17 relate to inorganic surface layer coating formulations in
accordance with a first preferred embodiment.

Example 3
{0048] A 16 um thick, microporous ultrahigh molecuiar weight polyethylene-
containing separator, Entek® KLP (Entek Membranes LLC, Oregon ) was coated with
an aqueous-based dispersion that contained the following:
259 Polyvinyt alcohol (87-89% hydrolyzed; MW = 13-23K; Aldrich)
610 g Distilled water
275 ¢ Isopropanol
58 g LUDOX HS-40 (40 wt.% colloidal silica; Sigma-Aldrich Co. LLC)
1484 g CAB-O-SPERSE 1030 K {30 wi.% fumed silica; Cabot Corporation).
100471  The coating dispersion contained 20% solids with a8 80:5:5
TO30KCLUDOXPVOH mass ratio. The CAB-O-SPERSE 1030K is an agueous
dispersion of fumed silica with a8 mean aggregate size of 150 nm and a surface area
of 90 mélg. Two #7 Mayer rods were used {one on each surface of the membrane)
in the dip coating operation (residence time about 7 seconds), and the wetied
separator was dried as described in Example 1. Shrinkage values of the coated
separator in the machine direction (MD) and the transverse direction (TD) were
determined, as described in Example 2. The separator had a final thickness of
20.2 um, a basis weight increase of 3.9 g/m?, a thermal shrinkage of 3.1% in the MD
and 2.7% in the TD, and a Gurley value ¢of 483 seconds. A Gurley valug is a

measure of air permeability determined with use of a Gurley® densometer Madel
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4340, which measures the fime in seconds (s} Tor 100 cc of air to pass through a
6.45 cm® membrane at an applied pressura of 1215 Pa.

Example 4
{6048] Separator electrical resistance (ER) was measured in a glove box using a
fixture with stainless stee!l electrodes, lithium-ion electrolyte (1M LiPFs in
1:1 Ethylene Carbonate:Ethyl Methyi Carbonate (EMC)), and an impedance analyzer
{Gamry PC4 750) operating over a frequency range of 100 kHz o 1 kHz. Fig.6isa
diagram of the stainless steel fixture used for elecirical resistance measurement.
The real component of the measured impedance at 100 kHz was plotied for 1, 2, and
3 layers of separator. Fig. 7 is a graph of the measured data from which elecirical
resistance (ER) was determined. The slope of the linear fit of measured resistance
o the number of separator layers was used as the electrical resistance of the
separator.
{0049]

measurements were made for the separator samples described in Examples 1

The areal resistance, electrical resistivity, and MacMullin Number

and 3. A comparison to the 16 um Entek®™ KLP base membrane is shown in Table 2.

Table 2 Electrical resistivily, areal resistance, and MacMullin number data

Test material description: Coated Entsk Series Averags Arsal MacMuilin
{Test electrolyte: 1.0M LiPF§, 1:1 EC:EMC) Thickness | Resistance | Resistivity Number
Uniis mm {3-om? O-om dim'less
J161X831, 16um KLP, bass membrane 0.0181 3.13 1730 13.0
J1G1X833, 16um KLP, base membrane 3.0181 2.85 1572 11.8
CDL130225.001, 5% LUDOX 0.0178 3.18 1778 13.4
CDL130226.004, 10% LUDOX 0.0189 .88 2051 15.4
ChL130204.001, 20% LUDOX 0.0197 81 2848 21.4
CRL130227.006, 90/5/5 1030K/LUDOX/PVOM 0.0208 3.31 1595 12.0
Example 5

[0050]

A 16 pum thick, microporous ultrahigh molecular weight polyethylene-

containing separator, Entek™ GLP (Entek Membranes LLC, Oregon) was coated with

an aguecus-based dispersion that contained the following:

145qg  Polyviny alcohol (PYOH, 87-889% hydrolyzed; MW = 13-23K; Aldrich)
100G g Distilled water

275 ¢ isopropanol

1172 g CAB-O-SPERSE PG 008 (40 wt.% alumina; Cabot Corporation).
{6051} The coaling dispersion contained 19.6 wi.% solids with a 87/3

alumina/polyvinyl alcohol (PVOH) mass ratio. The CAB-O-SPERSE PG 008 is an
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aqueous dispersion of fumed alumina with a mean aggregate size of 130 nm and a
surface area of 81 m¥/g.
{00521 The separator was dip-coated through a bath containing the aqueous-
based dispersion, and the thickness of the wet layer was controlled on each side
with a #14 Mayer rod. The wetled separator was then dried with a series of air
knives and fransported through a vertical oven set at 80° © and wound on a plastic
core, prior to testing. The separator had a final thickness of 20.0 um and a Gurley
value of 464 seconds. The basis welght increased 5 g/m” after the coating and
drying operations.
{00531 The thermal shrinkage of the coated separator was determined. Three
100 mm x 100 mm samples were cul from the separator. The samples were then
suspended in an oven at 200° C for 30 minutes. After closure of the oven, it was
evacuated and then backfilled with argon for this test. Upon removal, the samples
were cooled to room temperature and then measured to determine their shrinkage in
the machine direction (MD) and the transverse direction {TD)}. Resulls showed
average shrinkage values of 3.4% in the MD and 2.2% in the TD.

Example &
[0054] A 12 um thick, microporous ultrahigh molecular weight polyethylene-
containing separator, Entek™ GLP (Entek Membranes LLC, Oregon) was coated with
an aguecus-based dispersion that contained the following:
714 g  Polyvinyl alcohol (PVOH; 87-89% hydrolyzed; MW = 13-23K; Aldrich)
100G g Distilled water
275 ¢ Isopropanol
1172 g CAB-O-SPERSE PG 008 (40 wt.% alumina; Cabuot Corporation).
{6055] The coating dispersion contained 19.4 wi.% solids with a 88.5/1.5
alumina/polyvinyl alcohol (PYOH) mass ratio. After dip coating the separator
through a bath containing the aqueocus-based dispersion, two Mayer rods (#9, #12,
or #14} were used to control the wet layer thickness on each side. The wetled
separator was then dried with a series of air knives and transported through a
vertical oven set at 80° C and wound on a plastic core, prior to testing.
f0056] Cut samples were then suspended in an oven at 200° C for 30 minutes.
Upon cooling, sample shrinkage in the machine direction (MD) and the transverse
direction {TD} was determined, as described in Example 3. Table 3 shows the

separator coating pickup, high temperature thermal stability, and Gurley values for
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the coated separators using various Mayer rods. The results illustrate that the
coating thickness could be controlled while maintaining excellent high temperature
thermal stability and low Gurley values. Additionally, increasing the thickness of the
inorganic surface layer did not negatively affect the Gurley values of the separators

using this formulation.

Table 3 Coated separator characleristics
,\A;f" Thickness | 300° ¢ shrinkage
piokip pickup Gurley
Composition Rod# | {g/m} {pm} D% TR% | {sec/100mb
98.5/1.5 Alumina/PVOH | #09/09 | 472 3.0 2.9 2.9 410
$8.5/1.5 Aluming/PVOH | #12/12 | 7.56 5.4 2.2 2.2 389
98.5/1.5 Alumina/PVOH | #14/14 | 8.33 8.0 2.7 2.7 378
Example 7

{0057]
containing separator, Entek™ KLP (Entek Membranes LLC, Oregon) was coated with

A 16 pum thick, microporous ultrahigh molecular weight polyethylene-

an agqueous-based dispersion containing the following:

62 g Polyvinyipyrrolidone {(LUVETEC K115, 10% solution in water;
MW=2.2 million; BASF)

1242 g Distilled water

258 ¢ Isopropancl

500 g CAB-O-SPERSE PG 008 (40 wt.% alumina; Cabot Corporation).

{6058] The coating dispersion contained 10 wt.% solids with a 97/3

alumina/polyvinylpyrrolidone (PVP) mass ratio. Two #14 Maver rods were used {one
on each surface of the membrane) to control the wet layer thickness; and the
separator was then dried with a series of air knives, transported through a vertical
oven set at 80° C, and wound on a plastic core, prior to testing. Shrinkage values of
the coated separator in the machine direction (MD) and the transverse direction {(TD)
were determined, as described in Example 5. Table 4 shows the separator coating
pickup, high temperature thermal stability, and Gurley values for the coated
separator. Results showed excelient high temperature thermal stability and low
Gurley values can be obigined for separafors with inorganic surface layers
containing PVP as the organic hydrogen bonding component.

Table 4 Coated separalor characieristics

Wit

ek Thickness | 200° ¢ shrinkage
pickup pickup Gurley
Composition Rod# | {g/fm} {pm) MD% TR {sec/100mi}
97/3 Alumina/PVP #14/14 4.66 3.6 3.9 3.4 402
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Example 8
{00581 A 16 um thick, microporous ultrahigh molecular weight polyethylene-

containing separator, Entek® KLP (Entek Membranes LLC, Oregon) was coated with
an aqueous-based dispersion that contained the following:
82 g Polyvinyipyrrolidone (LUVETEC K115, 10% solution in water;

MW=2 2 million; BASF)
942 g Distilled water
258 ¢ Isopropanol
800 g AERODISP W 825 (25 wi.% alumina; Evonik Corporation).
{00680} The costing dispersion contained 10 wi.% solids with a 97/3
alumina/polyvinylpyrrolidone (PVP) mass ratio. The AERODIGP W 825 is an
agqueous dispersion of fumed alumina with a mean aggregate size of 100 nm and a
surface area of 81 m¥g. Two #14 Mavyer rods were used {one on sach surface of
the membrane} in the dip coating operation, and the coated separator was dried a8
described in Example 5. Shrinkage values at high temperatures were determined by
suspending in an oven at 200° C for 30 minutes and then measuring the change in
machine and transverse dimensions upon cooling (see Example 5). Characteristics
of the coaled separator are described in Table 5.

Table § Coated separalor characleristics

WE | Thickness 208° € shrinkage

PICKUD | pickup Gurley
Compaosition Rod# | {g/fm) {pm) D% D% {sec/100mi}
97/3 Alumina/PVP #14/14 { 4.14 4.8 5.5 3.9 362

Example 9
{00611 A 12 um thick, microporous ultrahigh molecular weight polyethylene-
containing separator, Entek® GLP (Entek Membranes LLC, Oregon) was coated with
an aguecus-based dispersion conlaining:

60 g Polyvinvipyrrolidone (LUVETEC K115, 10% soiution in water;
MW=2 2 million; BASF)

1058 g  Distilled water

247 g Isopropanot

35¢g Colloidal silica (LUDOX; Sigma-Aldrich Co. LLC)

600 g Fumed silica dispersion (CAB-O-SPERSE 1030 K; 30 wt.% solids; Cabot
Corporation).

[06062] The coaling dispersion contained 10 wi.% solids with a 80/7/3 fumed
sitica/colloidal silica/polyvinylpyrrolidone (PVP) mass ratio. Two Mayer rods were
used (one on each surface of the membrane} 1o control the wet layer thickness, and
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dried as described in Example 5. The separaior had a final thickness of 19.8 um, a
weight pickup of 2.9 g/m®, and a Gurley value of 560 seconds. Surface and MD
fracture SEM images of the coatings are shown in Fig. 8.

Example 10
{0063] A 12 um thick, microporous ultrahigh molecular weight polyethylene-
containing separator, Entek™ GLP (Entek Membranes LLC, Oregon) was coated with
aqueous-based dispersions containing the following:

145¢g Polyvinyl alcohol (Kuraray; Mowil 4-88, 88% hydrolyzed)
1275 g Distilled water
1172 ¢ Cabosperse PG008 (40 wt.% alumina; Cabot Corporation),

with varying concentrations of surfactant (Bow Q2-5211; 0 wi.%, 0.01 wt.%, 0.1

wi. %, and 0.2 wit.%]).

[0064] The coaling dispersion contained 19.6 wi.% solids with a 87/3
alumina/polyviny! alcohol mass ratic. Two #08 Mayer rods were used {one on each
surface of the membrane} to control the wet layer thickness; and the separator was
then dried with a series of air knives, transported through a vertical oven set at

80° C, and wound on a plastic core, prior to testing. Shrinkage of the coated
separator in the machine direction (MD) and the transverse direction {(TD) was
determined, as described in Example 5. Table 8 presents the coaling pickup, high
temperature thermal stability, and Gurley values for the coated separaior. The data
show that the inorganic surface layer exhibits excelient high temperature thermal
stability, irrespective of whather a surfactant or isopropanol is present in the coating

formulation.
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Table 8 Coated separalor characieristics

Wt | Thickness | 200° ¢ shrinkage
picklgp pickup Gurley
Composition Roed® | {g/im} {um} MD% TD% | {sec/100mi
87/3 Alumina/PVOH, no IPA, no
surfactant #39/0G | 5.2 3.8 2.4 2.1 315
G7/3 Alumina/PVOH, 0.02%
surfactant #39/08 | 5.5 3.7 2.6 1.9 344
97/3 Alumina/PVOH, 8.1%
surfactant #39/08 | 5.6 3.6 2.8 2.6 393
97/3 Alumina/FVOH, 0.2%
surfactant #39/00 | 6.3 4.3 2.8 2.7 359
Example 11

[0065]

A 12 um thick, microporous ultrahigh molecular weight polyethylene-

containing separator, Entek® GLP (Entek Membranes LLC, Oregon) was coated with

aquenus-based dispersions containing the following:

14.5g
1172 g

[0066]

Polyvinyl alcohol (Kuraray,; Mowil 4-88, 88% hydrolyzed)
Cabosperse PGO08 (40 wt.% aluming; Cabot Corporation).

The coating dispersion contained 40.7 wi.% solids with a 97/3

alumina/polyvinyl alcohol mass ratio. Two Mayer rods were used {one on each

surface of the membrane) (o control the wet layer thickness; and the separator was

then dried with a series of air knives, transported through a vertical oven set at

80° C, and wound on a plastic core, prior [o testing. Shrinkage of the coated

separator in the machine direction (MD) and the transverse direction (TD) was

determined, as described in Example 5. Tabie 9 shows the coating pickup, high

temperature thermal stability, and Gurley values for the coated separator. This

example llustrates that PYOH can be directly dissolved into the aguecus-based

dispersion to obtain an inorganic surface layer with high temperature thermal

stability.
Table 8§ Coaled separator characteristics
W, Thickness 2;?{}” ¢
pickuép pickup shrinkage Gurley
Composition Rod# | {g/m} {ram)} MD% | TD% {sec/100mi
97/3 Alumina/PVOH | #07/07 | 3.04 5.3 24 | 24 370
97/3 Alumina/PVOH | #09/08 | 13.84 10.6 2.4 1.4 379
Example 12
{0067] A 32 um thick microporous ultrahigh molecular weight polyethylene-

containing separator composed of two individual 16 um thick membrane layers,
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Entek™ HPIP (Entek Membranes LLC, Oregon) was coated with an aqueous-based

dispersion containing the following:

145¢g Polyvinyt alcchol (Kuraray; Mowil 4-88, 88% hydrolyzed)
100G g Distilled water

275 ¢ Isopropanol

1172 g Cabosperse PGO08 (40 wt.% aluming; Cabot Corporation).

{6068] The coating dispersion contained 20 wt.% solids with a 97/3
alumina/polyvinyl alcohol mass ratic. Two Mayer rods were used {ong on gach side
of the membrane} (o control the wet layer thickness; and the separaior was then
dried with a series of air knives and transported through a vertical oven set at 80° C,
as described in Example 5. The separator was then split into its individual layers,
leaving one side uncoated and one side coated for each layer. Each layer was
wound onto a plastic core prior (o testing. Table 10 shows the coating pickup and
Gurley values for the coated separalors. This example dlustrates an exiremely
efficient method of manufacturing a separator with an inorganic surface laver on only
one side of the polyolefin membrane.

Table 10 Coated separator characteristics

,Wt' Thicknass
pickup | nickup Gurley
Composition Rod# | {g/im} {um} {sec/100mb}
9773 Alumina/PVOH, Side 1 #14 4.4 3.2 209
9773 Alumina/PVOH, Side 2 #14 4.3 3.5 218
Exampie 13

{60691 A 16 um thick, microporous polyethylene-based separator prepared using
a dry process {(Foresight Separator, Foresight Energy Technologies Co. Lid) was
coated with an agquecus-based dispersion containing the following:

100g Selvol 21-205 Polyvinyt alcohol aqueous solution (21 wt.%;

88% hydrolyzed; Sekisui)
205¢g Distilled water
1697 .59 Cabosperse PGO0R (40 wi.% alumina; Cabot Corporation).
{0070} The coating dispersion contained 35 wi.% solids with g 97/3
alumina/PVOH mass ratio. After dip coating the separator into a bath containing the
alumina dispersion; two Maver rods (#5, #7, or #10) were used {one on each surface
of the membrane) o control the wet layer thicknass, and the separator was then
dried with a series of air knives, transporied through a vertical oven set at 80° C, and

wound on a plastic core, prior to testing. Shrinkage of the coated separator in the
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machine direction (MD)} and the transverse direction (TD) was determined, as
described in Example 5. Table 11 shows the coating pickup, high temperature
thermal stability, and Gurley values for the coated separator.

Table 11 Coated separator characteristics

Wi pick Thickness 2080°¢C Surl

cos . pickup ick hrink urley
Composition Rod # 2 pickup snnnxage

{g/m} {pm) ML TOY% {sec/100mi}
97/3 alumina/PVOH | #0505 2.24 22 8.2 1.1 267
G773 alumina/PVOH | #07/07 4.55 4.2 7.2 1.1 340
97/3 alumina/PVOH | #10/10 $.67 8.9 2.7 1.6 347
Exampie 14

00711 A 16 um thick, microporous ultrahigh molecular weight polyethylene-based
separator, Entek® KLP (Entek Membranes LLC, Oregon) was coated with an

aquenus-based dispersion containing the following:

7.A4g Selvol 21-205 Polyvinyt alcohol aqueous solution {21wt.%;
88% hydrolyzed Sekisui}
B80g Distilled water
70g Boehmite (AIO-OH) [5 wt.% in water; see J. Appl. Chem. Bictechnol. 1973,

23, 803-08 for preparation]
112.5g Cabosperse PGO08 (40 wi.% alumina; Cabot Corporation).
{0072] The coating dispersion contained 20 wi.% solids with a 90/7/3
alumina/boehmite/PVOH mass ratio. The separator was dip-coated into a bath
containing the agqueocus-based dispersion. The coated polyolefin membrane was
then dried in an oven set to 80° C for 30 minutes prior to testing. Shrinkage of the
coated separator in the machine direction (MDB) and the transverse direction (TD)
was determined, as described in Example 5. Table 12 shows the coating pickup,
high temperature thermal stability, and Gurley values for the coated separator.

Table 12 Coated separator characteristics

‘ N Wt Thickness | 200° C shrinkage Gurley
Coating Composition ?;i}%? pickup {um) y— D% (seci100mi)
G90/7/3
alumina/boshmite/PVOH T3 8.6 28 1.6 345
Example 15

{0073] A 12 um thick, microporous ultrahigh molecuiar weight polyethylene-
containing separator, Entek® GLP (Entek Membranes LLC, Oregon) was coated with
an aguecus-based dispersion that contained the following:
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534¢g  Pentaerythriiol {(Aldrich}
1116 g Distilled water
285 g Isopropanot
1200 g CABR-O-SPERSE PG 008 (40 wi% alumina; Cabot Corporation).
{0074] The coating dispersion contained 20 wi.% solids with a 90/10
alumina/pentaerythritol mass ratio. Two #08 Mayer rods {one on each surface of the
membrane) were used (o conirol the wet layer thickness; and the separator was then
dried with a series of air knives, transporied through a vertical oven set at 80° C, and
wound on a plastic core, prior to testing. Shrinkage values of the coated separafor in
the machine direction (MD) and the transverse direction {TD) were determined, as
described in Example 5. Table 13 shows the separator coaling pickup, high
temperature thermal stability, and Gurley values for the coated separator.

Table 13 Coated separalor characteristics
WE | Thickness 208° C shrinkage

g:ckuzp pickup Gurley
Composition Rod# | {g/m} {im} MBS TO% | (secMOdmb
90/10 Alumina/FPentaerythritol #09/09 | 567 3.0 4.5 3.1 406

Example 16
{0075] A 12 um thick, microporous ultrahigh molecuiar weight polyethylene-

containing separator, Entek® GLP (Entek Membranes LLC, Oregon) was coated with
aguenus-based dispersions that contained 20 wt.% solids with 90/10 and 80/20
aluminalsucrose mass ratios. Compositions of each of the agueous-based
dispersions prepared are described in Table 14,

Table 14 Dispersion Compaositions

PGO0S
Sucrose {g} | Dl water isopropyl Disparsion {g)
Description of coaling {Aldrich) {g) Aleohol (g} Cabot}
a0/10 mass ratio
Alumina/Sucrose 20 420 110 450
80/20 mass ratio
Alumina/Suciose 40 450 110 400

(00761 Two #08 Mayer rods were used {oneg on each surface of the membrang) to
control the wet layer thickness; and the separator was then dried with a series of air
knives, transported through a vertical oven set at 80° C, and wound on a plastic
core, prior 1o testing. Shrinkage of the coated separator in the machine direction
{MD) and the transverse direction {TD) was determined, as described in Example 5.
Table 15 shows the coating pickup, high temperature thermal stabiiity, and Gurley
values for the coated separator. Surface and MD fracture SEM images of a 80/10
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alumina/sucrose coating mass ratio is shown in Fig. 9. This exampile illustrates that
small molecules with high hydrogen bonding abilities can be incorporated into the

inorganic surface layer to yield high temperature thermal stability of the coated

separator.
Table 15 Coated separalor characteristics
Wt. 200° C shrinkage
Composition Rod # | pickup Gurley ;
MDY TDY, (S%CH 80m }
{g/m }
90/1{ alumina/sucrose #08/09 55 2.4 1.2 481
80/20 alumina/sucrose #0G/08 5.0 23.6 26.2 437
Example 17

00771 A 12 um thick, microporous ultrahigh molecular weight polyethylene-
containing separator, Entek® GLP (Entek Membranes LLC, Oregon) was coated with
agueous-based dispersions that contained 20 wi.% solids with 80/10, 80/20, and
70430 alumina/maltitol mass ratios. Compositions of each of the coaling dispersions
prepared are described in Table 16.

Table 16 Dispersion Compositions

PGO0E
Maltitol {g} D water isopropyl Disparsion {g}
Dascription of coating {Aldrich} {a) Alcohol (g} Cabot)
90/10 mass ratio Alumina/Malitol 20 420 110 450
83/20 mass ratic Alumina/ Maltitol 4{} 450 110 400
73/30 mass ratio Alumina/ Maltitol g{ 480 110 350

(00781  Two #08 Mayer rods were used {oneg on each surface of the membrang) to
control the wet layer thickness; and the separator was then dried with a series of air
knives, transported through a vertical oven set at 80° C, and wound on a plastic
core, prior (o testing. Shrinkage of the coaled separator in the machine direction
{MD) and the transverse direction {TD) was determined, as described in Example 5.
Table 17 shows the coating pickup, high temperature thermal stability, and Gurley
values for the coated separator. This example further shows that small molecules
with high hydrogen bonding abiiities can be incorporated into the inorganic surface
layer to vield high temperature thermal stability of the costed separator.
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Table 17 Coated separaior characteristics

W, o ;
Composition Rod# | pickup i:ij si@raz&:se (seﬁ?ﬁréziﬁ)
{g/m } ’ ’
90/10 alumina/maititol #039/09 | 508 2.6 3.1 389
80/20 alumina/maititol #09/09 | 5.63 8.8 22.9 383
70/30 alumina/maititol #09/09 | 4 .88 272 39.3 644

10078]  bExample 18 related to an inorganic surface layer coating formulation
achieved by hydrogen bonding with use of an inorganic acid, in accordance with a
second preferred embodiment.

Example 18
{6080 A 16 um thick, microporous ultrahigh molecular weight polyethylene-
containing separator, Entek® KLP (Entek Membranes LLC, Oregon) was coated with

aqueous-based dispersions containing the following:

10g Boric acid {Aldrich)

405 g Distilled water

110 g Isopropanot

475 g Cabosperse PGO08E (40 wt.% aluming; Cabot Corporation).

{0081] The coating dispersion contained 20 wt.% solids with a 95/5 alumina/boric
acid mass ratio. Two Mayer rods were used {one on each surface of the membrane)
to control the wet layer thickness; and the separaior was then dried with a series of
air knives, transported through a vertical oven set at 80° C, and wound on a plastic
core, prior to testing. Shrinkage of the coated separator in the maching direction
{MD} and the transverse direction {TD} was determined, as described in Example 5.
Table 18 shows the coating pickup, high temperature thermal stability, and Gurley
values for the coated separators. This example illustrates that an inorganic acid can
be incorporated to provide excellent high temperature thermal stability of the costed
separators. Additionally, this example illustrates the importance of inorganic surface
layer coating pickup on the thermal shrinkage properties of the coated separators.

Table 18 Coated separator characteristics

WL | Thickness | 200° C shrinkage Gurle
Composition Rod # PiCkuf pickup : 7 (seci @{}3:“5;
(i ) {usm) MD% TD%
95/5 alumina/boric acid | #07/07 | 3.59 2.8 48.8 32.7 326
95/5 alumina/boric acid | #09/08 | 4.83 3.1 11.7 9.8 382
95/5 alumina/boric acid | #12/12 | 6.14 4.6 3.5 1.6 357
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{0082] Examples 19 and 20 relate to inorganic surface layer coating formulations
achieved by one or both of hydrogen bonding and chemical reaction of the surface
groups on the inorganic particles.
Example 18

{0083] A 12 um thick, microporous ultrahigh molecular weight polyethylene-
containing separator, Entek® GLP {Entek Membranes LLC, Oregon)} was coated with
an agueous-based dispersion that contained the following:
1000 g Distilled water
275 g Isopropans
1172 g CAB-O-SPERSE PG 008 (40 wi% alumina; Cabot Corporation).
{00841 The coating dispersion contained 18.2 wi.% solids and only alumina
particles. This coating dispersion is analogous to that of Example 5, with the
exception that the resultant inorganic surface layer contains no organic hydrogen
bonding component. Two #00 Mayer rods were used {one on each surface of the
membrane) to control the wet layer thickness; and the separator was then dried with
a series of air knives, transported through a vertical oven setl at 80° C, and wound on
a plastic core, prior to testing. Shrinkage values of the coated separator in the
rmachine direction (MD} and the transverse direction {TD)} were determined, as
described in Example 5. Table 18 shows the separator coating pickup, high
temperature thermal stability, and Gurley values for the coated separator.

Table 19 Coated separator characteristics
W Thickness 200° C shrinkage

BiCkUB | pickup Gurley
Composition Rod# | {g/m} i) MD% TD% | (sec/100mb)
Alumina #0000 | 5.44 3.5 4.2 2.1 343

Example 20
f00851 A 16 um thick, microporous ultrahigh molecular weight polyethylene-based

separator, Entek® KLP {(Entek Membranes LLC, Oregon) was coated with an
aqueous-based dispersion containing the following:

100g Boehmite (AIO-OH} [5 wi.% in water; see J. Appl. Chem. Biotechnol. 1873,
23, 803-09 for preparation]

20g  lsopropanci

100g Cabosperse PGO08 (40 wi.% alumina,; Cabot Corporation).

{0088] The costing dispersion contained 20.5 wi.% solids with a 89/11

alumina/boehmite mass ratic. The separator was dip-coaled into a bath containing
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the agueous-based dispersion. The coated polyolefin membrane was then dried in
an oven set to 80° C for 30 minutes prior to testing. Shrinkage of the coated
separator in the machine direction {(MD) and the transverse direction (TD) was
determined, as described in Example 5. Table 20 shows the coating pickup, high
temperature thermal stability, and Gurley values for the coated separator.

Table 20 Coated separator characteristics

Coating C V‘S Thsiﬁk“%& 200° C shrinkage Gurley
oating Composition icku fcku m

g P Ezg!mz? P P {pm) MDY, TOY% {sec/1008mi)
88/11 alumina/boehmits 19.8 15.6 5.3 5.3 387

{60871  Applicants believe that the inorganic surface layers containing no organic
hydrogen bonding component bond (o the separator as described below. The
porous particles in the inorganic surface layer are characterized by open chainlike
morphology o form a virtual network at the surface of the polyolefin membrane. The
particles of the inorganic surface layer are held together by particle-lo-particle
contacts that include mechanical interlocking and hydrogen bonding. Preferred
metal oxide particles include fumed alumina, silica, titania, and zirconia. The
inorganic surface layer is thought to be held to the separator by mechanical
interlocking fo its surface pores.
16088] The following example demonsirates the effect of heat treatment on the
adhesive strength of coated separators.

Example 21
(0088] Two different separators were used o study the effect of heat treatment on
the inorganic surface layer adheasive strength to the polyolefin membrane. in the first
case, the inorganic surface layer contained only alumina particles {see Example 19).
in the second case, the inorganic surface layer was prepared from an agueous-
based coating dispersion having a 85/5 alumina/boric acid mass ratio {see
Example 18).
{0080 To study the effect of heat treatment on coating adhesion strength, three
different conditions were employed:

13} a control condition in which no heat treatment was performed;

2} a heat treatment using calender rolls {Innovative Machine Corp.), with a
gap set to 20 um, a roil temperature of 125° C, and a rolier speed of
1 fi/minute (30.5 em/minute); and

3} anoven heat treatment at 125° C for 4 hours in vacuum.
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(00911 An inorganic surface layer adhesive strength test was performed, in which
each coated separator was placed horizonially on a steel plate and magnetic strips
were placed on the edges of the separator to secure the separator. A pressure
sensitive tape (3M Scotch® Magic™ Tape 810, 3/4 inch (1.9 om) width}, was appilied
o the coated separalor. The free end of the lape was secured 1o a fixture clip, and
the tape was peeled at 180° from the original tape orientation {i.e., 180° peel test
configuration} at a speed of 0.1 inch/second {2.54 mm/second) and a distance of
4.5 inches {11.4 cm). A force gauge {(Chatilion, DFGS-R-10) with a 10 £ 0.005 ibs.
{4 kg £ 2.7g) load cell capacity was used 10 measure the force required to remove
the inorganic surface layer from the base polyolefin membrane, and the maximum
ioad was recorded. The test was repeaied at least three times for each sample. All
testing was performed at room temperature. Fig. 10 is a bar graph showing the
results of a peel strength test of the two coated separalors that underwent (1) no
heat treatment, (2} calender roll heat treatment at 125° C, and (3) oven heat
treatment at 125° C in vacuum.
{00921 Results showed that both coated separators had improved inorganic
surface layer adhesive sirength after heat treatment. A comparison befween heat
treatments revealed that, the longer the residence time, the betler the adhesion.
Coated separalors containing boric acid showed much improved adhesive strength
after heat treatment compared 10 coated separators containing only alumina
particles. Only small differences in Gurley values were observed before and after
heat treatment. For the sample containing 85/5 mass ratio alumina/boric acid, the
average Gurley value before oven heat freatment was 324 s compared to 352 s after
oven heat treatment. This exampile illustrates that heat treatment can be used to
improve the adhesive sirength of the coating with only 2 minimal decrease in air
parmeabiiity.
{00831 The following example demonstrates the effect of corona treatment on
adhesive strength and wetling.

Exampie 22
{0084] A 16 um thick, microporous ultrahigh molecuiar weight polyethylene-
containing separator, Entek® KLP (Entek Membranes LLC, Cregon) was corona
treated with an Enercon TL Max™ web surface {reater. The corona freatment
settings were adjusted to 8 Watt density of 3.98 Watts/ft"/min, gap distance of
(.06 inch {1.5 mmj}, and a speed of 65 f/min (18.8 m/min}. After corona treatment,
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the surface energy increased from 35 Dynes o 52 Dynes, and the water contact

angle decreased from 86° io 56°.

[6095]

Entek® 16 pm KLP membranes with and without corona treatment were

passed through three different agueous-based coating dispersions: (1) a coating

dispersion containing 20 wt.% solids with only alumina particies {(Cabosperse

PGO08), (2} a coating dispersion containing 20 wt.% solids with a 85/5 alumina/boric

acid mass ralio, and (3) a coaling dispersion containing 20 wt.% solids with a 85/10

alumina/boric acid mass ratio. Compositions for each of the aqueous-based

dispersions arg described in Table 21.

Table 21 Coating Compositions

Boric acid (g} Isopropyl PGOOS
Description of coating {Aldrich} Dl water {g) Alcchol (g} | Dispersion (g}
Alumina coating 0 3580 110 500
95/8 Alumina/Baoric Acid 10 4045 110 475
96/10 Alumina/Boric Acid 20 420 110 450

[0096]

Each of the separators was dip-coated through a bath containing the

aqueous-based dispersion, and the thickness of the wet layer was controlled on

each side with a #0 Mayer rod. The separaior was then dried with a series of air

knives, transported through a vertical oven set at 80° C, and wound on a plastic

core, prior o testing. Thermal shrinkage of the coated separator in the maching

direction (MD) and the transverse direction (1D} was determined, as described in

Exampie 5.
16097

Table 22 shows the coating weight/thickness pickup, high temperature

thermal stability, and Gurley values for the coated separators prepared. A higher

weight/thickness pickup was seen when coating onlo corona treated separators as

compared to when coating onto untreated separators. Additionally, there was a clear

improvemeant in wetting in the separator upon corona treatment. For example, when

attempting to coat the agueous-based dispersion containing a 80/10 alumina/boric

acid mass ratio on an unireated separator, the agueous-based dispersion beaded

up, thus resulting in a very uneven coating with poor guality. In contrast, when

applying this same agueous-based dispersion to the corona trealed separator, the

coating was applied very smoothly, and the guality of the coating was much

improved.
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Corona Basis Wi, | Thickness 200° C Shrinkage Gurley
Coating Composition Treatment? gim2 iy MD% TD% Sec/100ml
Alumina (PG008) No 13.8 18.9 28.2 17.3 352
Aluming (PG008) Yas 14.8 20.8 18.3 11.4 350
85/5 Alumina/Boric Acid No 14.2 208 17.7 9.8 332
85/5 Alumina/Boric Acid Yes 15.8 21.9 3.1 1.6 362
80/10 Alumina /Boric Acid No Coating beaded
90/10 Alumina /Boric Acid Yes 145 | o222 1 31 | 28 | 358

[6098]

peel test method described in Example 21, Resulls are shown in Table 23,

The inorganic surface layer adhesive strength was determined using the

iHustrating that the inorganic surface layer adhesive sirength was significantly

improved when the corona treatment was applied. Additionally, formulations with

higher concentrations of boric acid resulied in more substantial improvementis in the

inorganic surface layer adhesive strength. This example illustrates the ability (o

improve adhesion of the inorganic surface layer and wetting of the coating dispersion

when corona treatment is applied o the base polyolefin membrane.

Table 23 Effect of corona treatment on peel strength of coated separators

Coating Composition Peal Strength {ibs)
No Treatiment {SD) Corona Treatiment (8D
Alumina 1.025 0.0603 0.043 {.008
95/5 Alumina/Boric Acid 1.023 0.003 0.082 {.012
20/10 Alumina/Boric Acid - - 0.182 $.003

[6099]

it will be obvious to those having skill in the art that many changes may be

made 1o the details of the above-described embodiments without departing from the

underlying principles of the invention. For example, an inorganic surface layer may

be applied as a coating on a portion {e.g., a palterned coating) of the surface or the

entire surface of a polyolefin membraneg. The scope of the invention should,

therefore, be determined only by the following claims.
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Claims

1. A freestanding polyolefin web exhibiting in-plane dimensional stability,
COMPrising:

a microporous polyolefin membrane having a surface and a bulk structure, the
polyolefin membrane characterized by a melling point; and

an agueous dispersion-formed microporous inorganic surface layer covering a
portion of the surface of the polyolefin membrane, the inorganic surface layer
including inorganic particles held together by hydrogen bonding al particle-to-particle
contacts o minimize in-plane dimensional shrinkage of the polyolefin web when at
temperatures above and below the melting point of the polyolefin membrane, and o
inhibit inorganic particle shedding.

2. The polyolefin web of claim 1, further comprising an organic hydrogen
bonding component.

3. The polyolefin web of claim 1, further comprising colloidal inorganic
particles peneirating the surface of the polyolefin membrane and distributed into its
bulk structure.

4. The polyolefin web of claim 3, further comprising an organic hydrogen
bonding component.

5. The polyolefin web of claim 4, in which the organic hydrogen bonding
component includes a polymer.

g. The polyolefin web of claim 4, in which the organic hydrogen bonding
component includes small molecules with multiple hydrogen bonding sites.

7. The polyolefin web of claim 1, in which the inorganic surface layer includes
an organic hydrogen bonding component that enhances the hydrogen bonding of the
inorganic particles and thereby mainiains the in-plane dimensional stability of the
polyolefin web at a temperature above the melting point of the polyolefin membrane.

&. The polyolefin web of claim 7, in which the organic hydrogen bonding
component includes a polymer.

9. The polyolefin web of claim 7, in which the organic hydrogen bonding
component includes small molecules with mulliple acceptior or donor sites for
hydrogen bonding.

10. The polyolefin web of claim 8, in which the organic hydrogen bonding

component further includes a polymer.
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11. The polyolefin web of claim 1, in which the inorganic surface layer
includes small molecules with multiple hydroxy! groups 1o enhance hydrogen
bonding of the inorganic particles and promote adhesion of the inorganic surface
layer to the polyolefin membrane.

12. The polyolefin web of claim 11, in which the small molecules arg selected
from a group including sucrose, maltitol, catechol, pentaerythritol, tannic acid, and
dimethylol dihydroxyethylene urea.

13. The polyolefin web of claim 1, in which the inorganic surface layer
includes an inorganic acid to enhance the hydrogen bonding of the inorganic
particles.

14, The polyolefin web of claim 1, in which the inorganic particles are
selected from a group of metal oxides including silica, aluming, titania, and zirconia.
15. The polyolefin web of claim 1, in which the inorganic surface layer
includes inorganic particles, an organic hydrogen bonding component, and an

inorganic acid.

16. The polyolefin web of claim 1, in which the inorganic surface layer
includes an organic hydrogen bonding component and an inorganic acid.

17. A method of making a freestanding polyolefin web exhibiting in-plane
dimensional stability, comprising:

preparing an agueosus-based dispersion containing inorganic particles, the
agueous-based dispersion including greater than 50% water in a liquid phase;

providing a microporous polyolefin membrane having a surface and a bulk
structure, and characterized by a melting point;

wetting a portion of the surface of the polyolefin membrane with the agueous-
based dispersion; and

drying the wetted polyolefin membrane o form an inorganic surface laver, in
which the inorganic particles are held {ogether by hydrogen bonding at particle-{o-
particle contacts o inhibit inorganic particle shedding and to minimize in-plane
dimensional shrinkage of the polyolefin web when at temperatures above and below
the melting point of the polyolefin membrane.

18. The method of claim 17, in which the agueocus-based dispersion includes
colloidal inorganic particles that penetrate into the bulk structure of the poiyoiefin

membrane.
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19. The method of claim 17, in which the agueous-based dispersion includes
an organic hydrogen bonding component.

20. The method of claim 19, in which the inorganic surface layer contains
less than or equal to 5 wi.% of the organic hydrogen bonding component.

21. The method of claim 19, in which the organic hydrogen bonding
component in the inorganic surface layer includes a polymer.

22. The method of claim 19, in which the organic hydrogen bonding
component in the inorganic surface layer includes small molecules with multiple
hydrogen bonding sites.

23. The method of claim 17, in which the agueous-based dispersion contains
na grganic hydrogen bonding component for the inorganic particles in the inorganic
surface layer.

24. The method of claim 23, in which the aqueocus-based dispersion includes
an inorganic acid o enhance the bonding of the inorganic particles.

25. The method of claim 23, in which a chemical reaction of surface hydroxyl
groups on the inorganic particles enhances the bonding of the inorganic particies.

26. The method of claim 17, in which the aqueous-based dispersion
containing inorganic particles includes fumed alumina.

27. The method of claim 17, in which the agueous-based dispersion
containing inorganic particles includes fumed silica combined with colloidal silica.

28. The method of claim 17, further comprising performing a heat treatment
on the polyolefin web {0 enhance peel strength of the inorganic surface layer.

29, The method of claim 17, further comprising, prior to the welting of a
portion of the surface of the polyolefin membrane with the aguecus-based
dispersion, a corona treatment on the polyolefin membrane to enhance its wetiability.

30. A method of making a polvolefin web that is coated with an ingrganic
surface layer on a single side, comprising:

preparing an aguecus-based dispersion containing inorganic pariicles;

providing two microporous polyolefin membranes, each having two gpposite
surfaces;

assembling the two polyolefin membranes with one of surface each of the two
polyolefin membranes positioned in face-to-face contact with each other, and the
other surface of each of the two polyoletin membranes constituting a non-contacting

surface;

36



WO 2014/145849 PCT/US2014/030683

wetting portions of the non-contacting surfaces of the poiyolefin membranes
with the agueocus-based dispersion,

drying the wetted polyolefin membranes o form inorganic surface layers on
the non-contacting surfaces of the two polyolefin membranes; and

separaling the dried polyolefin membranes so that each of them has an
inorganic surface layer on one of the two opposite surfaces and no inorganic surface

layer on the other one of the two opposite surfaces.
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Fig. 1 Mayer rod photograph.



PCT/US2014/030683

WO 2014/145849

Fig. 2A

Fig. 28



PCT/US2014/030683

WO 2014/145849

layer #1

rganic

Iner

o

Polyolefin
membirane

Teatiteretatitel
IR I ICHICH
SR
I I HICH
e e
T
KGRI RIS
e e e
ST
HRIICHICHKICH
SR
I I HICH
KK R K I K
Potrisratetytetet
HICH AL
e e e
ST
I ICHKICH
KRR
G OHEREE
o PRI I ICH K
OIS
IR

e e e
X OS50S
I ICHKICH
e e
AT
IR I ICH K
Sl
G H
EE s
RIS

LB,
IR I ICHICH
A
I I HICH
e e
T
KGRI RIS
e e e
ST
HRIICHICHKICH
A
I I HICH
KK R K I K
RSN IOy
HICH AL
e e e
ST
I ICHKICH
KRR
G OHEREE
o PRI I ICH K
AT ete!
IR

e e e
X OS50S
I ICHKICH
e e
AT
IR I ICH K
SIS
G H
Pttty
eI,

IR I ICH K
SR
Rrtsletitetetatetetets

\ Inerganic layer #2

Fig. 3 Cross-sectional schematic of microporous inorganic layers al the surfaces of

a polyolefin membrane.

#1

layer
{in

ic
membrane

gan
Polvole

Inor

é/x"

ﬂ
BETIN
ofototesetelel

by
Detatnateretatele!
O SES
S,
RIS

SR
SIS
ATt
SRAREL
Tttty
TREAEL
Tt
Ly
SR

STttty
Ly

stetatetitotele

bt

patstitisitatetsts
LRI
KT
SIS
I IR
R
e SR IKICH IR ICK

layer #2

ganic

Inor

™~

ganic particles

Collsidal inor

vers at the surfaces of

FOROroUS inorganic fa

polyolefin membrane.

sectional schematic of mic

.4 Cross-

i

F

-modified

a colloid

7
7
7
7
7
7
7
7
7
7
7
7
7

Fig. 5 Scanning eleciron micrographs of the surface and bulk struciure of the

separator dip coated through a 20% colloidal silica solution. The colloidal
spersive x

silica particle
analysis.

ray

o

y i

in the bulk were confirmed with energ
The silica particles are the bright while spols in the highest

s

raph.

MD fracture photog

magnification



WO 2014/145849 PCT/US2014/030683

45

- separator
Red ; sample
Wiite
S
Bine 5 SERRRRERRRRRREORe:
' \ top
Green N electrode
N
— N
PTFE § \
. - N N
msulator g N
{ {
N N
{ {
N N
N N
Glove box
butlchead S8 bottom electrode

Fig. 6 Stainless steel fixture for electrical resistance measurement.

ER Deatermined by Slope

3.5 &
v = 0.1894x - 0.0665 /
p R = (.0097
0.4

Zreal at 100K Hz {ohms}
& o

2.1

2 3 4

Mumber of Separator Layers

Fig. 7 ER determined by slope of line for 1, 2, and 3 layers of separator.

Fig. 8 SEM images of silica-coated separator from Example 8.



WO 2014/145849 PCT/US2014/030683

0.45
0.4 - N Alumina coating
5.35 - ® 95/5 wt, ratio Alumina/Boric Acid
£ 03
% 0.25 -
g 0.2
‘é .15
oo -
o ommis ML B
No heat treatment Heat treated with  Heat treated in oven at
laminator rolls at 125°C 125°C, in vacuum :

Fig. 10 Peel strength of inorganic surface layer-coated separators under various
heat-treated conditions.



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2014/030683

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - C08K3/22 (2014.01)
USPC - 423/600

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

B.  FIELDS SEARCHED

IPC(8) - CO8K3/08, 3/10, 3/22, 3/36; HO1M2/16 (2014.01)
USPC - 423/600, 625, 628, 630; 429/94

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent thai such documents are included in the fields searched
CPC - C01B37/00; CO1F7/36; C08J5/18; 2323/06; C08K3/22; C09D7/1216 (2013.01)

Electronic data base consulted during the international search (name of

PatBase, Google Patents, Engineering Vilage.

data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2012/0145468 A1 (PEKALA et al) 14 June 2012 (14.06.2012) entire document. 1-5, 7,8, 14, 17-21, 23,
) ' 25-28
Y 6,9-13, 15, 16, 22, 24,
29, 30
Y US 7,008,979 B2 (SCHOTTMAN et al) 07 March 2006 (07.03.2006) entire document 6,9-13, 15, 16, 22, 24
Y HIRVIKORPI et al. "Effect of corona pre-treatment on the pérfonnance of gas barrier layers 29
applied by atomic layer deposition onto polymer-coated paperboard,” Applied Surface Science,
24 July 2010 (24.07.2010) Vol. 257, Pgs. 736-740. Retrieved on [15 July 2014). Retrieved from
the Internet: URL: <http://iwww.sciencedirect.com/science/article/pii/S0169433210009931>
entire document
US 3,357,791 A (NAP!ER) 12 December.1967 (12.12.1967) entire document 1-30
CABOT CORPORATION. "CAB-O-SPERSE,” MSDS, Pg. 008, 05 July 2007 (05.07.2007). 1-30
Retrieved from the internet
<www.cabot-corp.com/Silicas-And-Aluminas/Products/Downloads/DL201407081802PM7359/>
on 14 July 2014 (14.07.2014). entire document
i
|
|
i
I

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

[

* 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

. . . . N, .

“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

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

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

wp
wyr

“Y” document of particular relevance; the claimed invention cannot be
considéred 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

15 July 2014

Date of mailing of the international search report

08 AUG 2014

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-3201

Authorized officer:
Blaine R. Copenheaver

PCT Helpdesk: 571-272-4300

' PCT OSP: 571-272-7774

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




	Page 1 - front-page
	Page 2 - front-page
	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 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - wo-search-report

