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(57) ABSTRACT 

This invention pertains to separators for use in electrochemi 
cal cells Which comprise at least one microporous pseudo 
boehmite layer, Which separator is in contact With at least 
one protective coating layer positioned on the anode-facing 
side of the separator opposite from the cathode active layer 
in the cell; electrolyte elements comprising such separators; 
electrical current producing cells comprising such separa 
tors; and methods of making such separators, electrolyte 
elements and cells. 
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PROTECTIVE COATING FOR SEPARATORS FOR 
ELECTROCHEMICAL CELLS 

[0001] This application is a continuation-in-part of US. 
patent application Ser. No. 09/399,967, ?led Sep. 21, 1999, 
Which is a continuation-in-part of Us. patent application 
Ser. No. 09/215,029, ?led Dec. 17, 1998, the contents of 
Which are incorporated herein by reference in their entirety. 

TECHNICAL FIELD 

[0002] The present invention relates generally to the ?eld 
of separators for electrochemical cells. More particularly, 
this invention pertains to separators for electrochemical cells 
Which comprise at least one microporous pseudo-boehmite 
layer and at least one protective coating layer; electrolyte 
elements comprising such separators; electric current pro 
ducing cells comprising such separators; and methods of 
making such separators, electrolyte elements, and cells. 

BACKGROUND 

[0003] Throughout this application, various publications, 
patents, and published patent applications are referred to by 
an identifying citation. The disclosures of the publications, 
patents, and published patent speci?cations referenced in 
this application are hereby incorporated by reference into the 
present disclosure to more fully describe the state of the art 
to Which this invention pertains. 

[0004] In an electric current producing cell or battery, 
discharge of the cell from its charged state occurs by 
alloWing electrons to floW from the anode to the cathode 
through an external circuit resulting in the electrochemical 
reduction of the cathode active material at the cathode and 
the electrochemical oxidation of the anode active material at 
the anode. Under undesirable conditions, electrons may ?oW 
internally from the anode to the cathode, as Would occur in 
a short circuit. To prevent this undesirable internal How of 
electrons that occurs in a short circuit, an electrolyte element 
is interposed betWeen the cathode and the anode. This 
electrolyte element must be electronically non-conductive to 
prevent the short circuiting, but must permit the transport of 
positive ions betWeen the anode and the cathode during cell 
discharge, and in the case of a rechargeable cell, during 
recharge. The electrolyte element should also be stable 
electrochemically and chemically toWards both the anode 
and the cathode. 

[0005] Typically, the electrolyte element contains a porous 
material, referred to as a separator since it separates or 
insulates the anode and the cathode from each other, and an 
aqueous or non-aqueous electrolyte in the pores of the 
separator. The aqueous or non-aqueous electrolyte typically 
comprises ionic electrolyte salts and electrolyte solvents, 
and optionally, other materials such as for example, poly 
mers. A variety of materials have been used for the porous 
layer or separator of the electrolyte element in electric 
current producing cells. These porous separator materials 
include polyole?ns such as polyethylenes and polypropy 
lenes, glass ?ber ?lter papers, and ceramic materials. Usu 
ally these separator materials are supplied as porous free 
standing ?lms Which are interleaved With the anodes and the 
cathodes in the fabrication of electric current producing 
cells. Alternatively, the porous separator layer can be applied 
directly to one of the electrodes, for example, as described 
in US. Pat. No. 5,194,341 to Bagley et al. 
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[0006] Porous separator materials have been fabricated by 
a variety of processes including, for example, stretching 
combined With special heating and cooling of plastic ?lms, 
extraction of a soluble plasticiZer or ?ller from plastic ?lms, 
and plasma oxidation. The methods for making conventional 
free standing separators typically involve extrusion of 
melted polymeric materials either folloWed by a post-heat 
ing and stretching or draWing process or folloWed by a 
solvent extraction process to provide the porosity throughout 
the separator layer. US. Pat. No. 5,326,391 to Anderson et 
al. and references therein, describe the fabrication of free 
standing porous materials based on extraction of a soluble 
plasticiZer from pigmented plastic ?lms. US. Pat. No. 
5,418,091 to GoZdZ et al. and references therein, describe 
forming electrolyte layers by extracting a soluble plasticiZer 
from a ?uorinated polymer matrix either as a coated com 
ponent of a multilayer battery structure or as an individual 
separator ?lm. U.S. Pat. No. 5,194,341 to Bagley et al. 
describes an electrolyte element With a microporous silica 
layer and an organic electrolyte. The silica layer Was the 
product of the plasma oxidation of a siloxane polymer. 

[0007] These manufacturing methods for free standing 
separators are complex and expensive and are not effective 
either in providing ultra?ne pores of less than 1 micron in 
diameter or in providing separator thicknesses of less than 
15 microns. The methods for making a separator coated 
directly on another layer of the cell typically involve a 
solvent extraction process after coating to provide the poros 
ity throughout the separator layer. As With the free standing 
separators, this solvent extraction process is complex, 
expensive, and not effective in providing ultra?ne pores of 
less than 1 micron in diameter. 

[0008] Carlson et al. in US. patent application Ser. No. 
08/995,089 to the common assignee, describe separators for 
use in electrochemical cells Which comprise a microporous 
pseudo-boehmite layer and electrolyte elements comprising 
such separators. The pseudo-boehmite separators and meth 
ods of making such separators are described for both free 
standing separators and as a separator layer coated on an 
electrode. 

[0009] As the non-aqueous electrolyte in the pores of the 
separator of an electrolyte element, a liquid organic elec 
trolyte comprising organic solvents and ionic salts is typi 
cally used. Alternatively, a gel or solid polymer electrolyte 
containing polymers and ionic salts, and optionally organic 
solvents, might be utiliZed instead of the liquid organic 
electrolyte. For example, US. Pat. Nos. 5,597,659 and 
5,691,005 to Morigaki et al. describe a separator matrix 
formed of a microporous polyole?n membrane impregnated 
in its pores With an ionic conductive gel electrolyte. 

[0010] In addition to being porous and being chemically 
stable to the other materials of the electric current producing 
cell, the separator should be ?exible, thin, economical in 
cost, and have good mechanical strength. These properties 
are particularly important When the cell is spirally Wound or 
is folded to increase the surface area of the electrodes and 
thereby improve the capacity and high rate capability of the 
cell. Typically, free standing separators have been 25 
microns or greater in thickness. As batteries have 
continued to evolve to higher volumetric capacities and 
smaller lightWeight structures, there is a need for separators 
that are 15 microns or less in thickness With a substantial 
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increase in the area of the separator in each battery. Reduc 
ing the thickness from 25 microns to 15 microns or less 
greatly increases the challenge of providing porosity and 
good mechanical strength While not sacri?cing the protec 
tion against short circuits or not signi?cantly increasing the 
total cost of the separator in each battery. 

[0011] This protection against short circuits is particularly 
critical in the case of secondary or rechargeable batteries 
With lithium as the anode active material. During the charg 
ing process of the battery, dendrites can form on the surface 
of the lithium anode and can groW With continued charging. 
A key feature of the separator in the electrolyte element of 
lithium rechargeable batteries is that it have a small pore 
structure, such as 10 microns or less in pore diameter, and 
sufficient mechanical strength to prevent the lithium den 
drites from contacting the cathode and causing a short circuit 
With perhaps a large increase in the temperature of the 
battery leading to an unsafe explosive condition. 

[0012] Another highly desirable feature of the separator in 
the electrolyte element is that it is readily Wetted by the 
electrolyte Which provides the ionic conductivity. When the 
separator material is a polyole?nic material, Which has 
nonpolar surface properties, the electrolytes (Which typically 
have highly polar properties) often poorly Wet the separator 
material. This results in loW capacities in the battery due to 
the nonuniform distribution of the electrolyte in the electro 
lyte element. 

[0013] Further it Would be highly advantageous to be able 
to prepare free standing separators by a relatively simple 
process of coating Which directly provides ultra?ne pores as 
small as 1 nm in diameter and can readily provide a range 
of thicknesses from 50 microns or greater doWn to 1 micron. 
Also, it Would be advantageous to be able to prepare 
separators With ultra?ne pores and a Wide range of thick 
nesses coated directly on another layer of the electric current 
producing cell by a process of coating Without requiring any 
subsequent solvent extraction or other complex process 
Which is costly, difficult to control, and not effective in 
providing ultra?ne pores. 

[0014] A separator, particularly one With a thickness less 
than 25 microns, Which is applicable for electric current 
producing cells, and Which can avoid the foregoing prob 
lems often encountered With the use of polyole?nic and 
other conventional porous materials made using extrusion, 
extraction, or other processes Would be of great value to the 
battery industry. 

SUMMARY OF THE INVENTION 

[0015] The present invention pertains to a separator for 
use in an electric current producing cell, Wherein the sepa 
rator comprises at least one microporous pseudo-boeh 
mite layer in contact With (ii) at least one protective coating 
layer. In one embodiment, the protective coating layer is 
adjacent to one outer surface of the microporous pseudo 
boehmite layer. In one embodiment, the protective coating 
layer is an intermediate layer betWeen tWo microporous 
pseudo-boehmite layers, Wherein the compositions of the 
microporous pseudo-boehmite layers may be the same or 
different. In one embodiment, the protective coating layer is 
an intermediate layer betWeen tWo microporous pseudo 
boehmite layers, and the separator further comprises an 
additional protective coating layer on the outside surface of 
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one or both microporous pseudo-boehmite layers, and fur 
ther Wherein the compositions of the tWo microporous 
pseudo-boehmite layers may be the same or different, and 
the compositions of the tWo or more protective coating 
layers may be the same or different. In one embodiment, the 
microporous pseudo-boehmite layer is an intermediate layer 
betWeen tWo protective coating layers, Wherein the compo 
sitions of the protective coating layers may be the same or 
different. 

[0016] In one embodiment, the at least one protective 
coating layer comprises a polymer. In one embodiment, the 
protective coating layer comprising a polymer is a single ion 
conducting layer. In one embodiment of the invention, the 
protective coating layer comprising a polymer comprises 
one or more moieties from the polymeriZation of one or 
more monomers or macromonomers selected from the group 

consisting of: acrylates, methacrylates, ole?ns, epoxides, 
vinyl alcohols, vinyl ethers, and urethanes. In one embodi 
ment, the ole?nic monomer is selected from the group 
consisting of: ethylene, propylene, butene, pentene, hexene, 
octene, and styrene. In one embodiment, the acrylate mono 
mer or macromonomer is selected from the group consisting 
of polyethylene glycol diacrylates, polypropylene glycol 
diacrylates, ethoxylated neopentyl glycol diacrylates, 
ethoxylated bisphenol A diacrylates, ethoxylated aliphatic 
urethane acrylates, ethoxylated alkylphenol acrylates, and 
alkylacrylates. 

[0017] In another embodiment, the polymer of the protec 
tive coating layer comprises one or more moieties formed by 
polymeriZation of one or more monomers or macromono 

mers selected from the group consisting of monomers and 
macromonomers having the formula: 

R1(R2O)n-R3 
[0018] Wherein: 

[0019] R1 is the same or different at each occurrence 
and is selected from the group consisting of 

[0024] R2 is the same or different at each occurrence 
and is selected from the group consisting of 

[0030] R3 is the same or different at each occurrence 
and is selected from the group consisting of 
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[0031] cyano, methyl, ethyl, propyl, isopropyl, 
butyl, isobutyl, heXyl, 2-ethylheXyl, decyl, dode 
cyl, phenyl, butylphenyl, octylphenyl, nonylphe 
nyl, R1, —X—(OR2)m—R1, —Y[(OR2)O—R1]2, 
—Z[(ORZ)P—R1]3; 

[0032] X is a divalent radical selected from the group 
consisting of: 

Ham 

[0033] Y is a trivalent radical selected from the group 
consisting of 

[0034] Z is a tetravalent radical selected from the 
group consisting of 

[0035] 
[0036] 
[0037] 
[0038] 

[0039] In one embodiment, the polymer of the protective 
coating layer is selected from the group consisting of 

m is an integer ranging from 0 to 100; 

n is an integer ranging from 0 to 100; 

o is an integer ranging from 0 to 100; and, 

p is an integer ranging from 0 to 100. 
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polyacrylates, polymethacrylates, polyole?ns, polyure 
thanes, polyvinyl ethers, polyvinyl pyrrolidones, acryloni 
trile-butadiene rubber, styrene-butadiene rubber, acryloni 
trile-butadiene-styrene, sulfonated styrene/ethylene 
butylene/styrene triblock polymers, and miXtures thereof. 

[0040] In a preferred embodiment, the polymer has a 
molecular Weight of greater than 10,000. In a more preferred 
embodiment, the polymer has a molecular Weight greater 
than 50,000. 

[0041] Another aspect of the invention pertains to a sepa 
rator for use in an electric current producing cell, Wherein 
the cell comprises a cathode having a cathode active layer, 
an anode, and an electrolyte element interposed betWeen the 
cathode and the anode, and the electrolyte element com 
prises a separator and an electrolyte; Wherein the separator 
comprises at least one microporous pseudo-boehmite layer 
and Wherein, on the side of the separator opposite from the 
cathode of the cell, is coated at least one protective coating 
layer. In one embodiment, the separator comprises a ?rst and 
a second protective coating layer, Wherein the ?rst protective 
coating layer is in contact With the microporous pseudo 
boehmite layer on the side of the separator opposite from the 
cathode active layer, and the second protective coating layer 
is in contact With the ?rst protective coating layer on the side 
opposite from the pseudo-boehmite layer, and Wherein the 
tWo protective layers may be the same or different. 

[0042] In one embodiment of the invention, the protective 
coating layer comprises a single ion conductive layer. In one 
embodiment, the protective coating layer comprises a single 
ion conducting glass conductive to lithium ions. In one 
embodiment, the single ion conducting glass is selected 
from the group consisting of lithium silicates, lithium 
borates, lithium aluminates, lithium phosphates, lithium 
phosphorus oXynitrides, lithium titanium oXides, lithium 
lanthanum oXides, lithium silicosul?des, lithium borosul 
?des, lithium aluminosul?des, lithium germanosul?des, and 
lithium phosphosul?des. 

[0043] In one embodiment, the protective coating layer 
comprises a conductive polymer selected from the group 
consisting of poly(p-phenylene), polyacetylene, poly(phe 
nylenevinylene), polyaZulene, poly(perinaphthalene), poly 
acenes, and poly(naphthalene-2,6-diyl). 

[0044] In one embodiment, the protective coating layer 
has a thickness of from about 0.2 microns to about 20 
microns. In a preferred embodiment, the protective coating 
layer has a thickness of from about 0.5 microns to about 15 
microns. In a more preferred embodiment, the protective 
coating layer has a thickness of from about 0.5 microns to 
about 10 microns. In a most preferred embodiment, the 
protective coating layer has a thickness of from about 0.5 
microns to about 5 microns. 

[0045] In one embodiment of the invention, in Which the 
protective coating layer comprises a single ion conducting 
glass or a conductive polymer, the protective coating layer 
has a thickness of from about 5 nm to about 5 microns. 

[0046] In one embodiment of the present invention, the 
protective coating layer further comprises a pigment. In one 
embodiment, the pigment of the protective coating layer is 
selected from the group consisting of colloidal silicas, 
amorphous silicas, surface treated silicas, colloidal alumi 
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nas, amorphous aluminas, conductive carbons, graphites, tin 
oxides, titanium oxides and polyethylene beads. 

[0047] In one embodiment, the polymer and the pigment 
are present in the protective coating layer at a Weight ratio 
of from about 1: 10 to about 10: 1. In a preferred embodiment, 
the polymer and the pigment are present in the protective 
coating layer at a Weight ratio of from about 1:4 to about 6:1. 
In a more preferred embodiment, the polymer and the 
pigment are present in the protective coating layer at a 
Weight ratio of from about 1:3 to about 4:1. 

[0048] In one embodiment, the pigment of the protective 
coating layer has a particle siZe of from about 1 nm to about 
10,000 nm. In a preferred embodiment, the pigment of the 
protective coating layer has a particle siZe of from about 2 
nm to about 6,000 nm. In a more preferred embodiment, the 
pigment of the protective coating layer has a particle siZe of 
from about 5 nm to about 3,000 nm. 

[0049] In another embodiment, the pigment of the protec 
tive coating layer has a particle siZe and the microporous 
pseudo-boehmite layer has an average pore diameter Which 
is smaller than said particle siZe. 

[0050] In one embodiment of the present invention, the 
pseudo-boehmite layer has a pore volume from 0.02 to 2.0 
cm3/g. In a preferred embodiment, the pseudo-boehmite 
layer has a pore volume from 0.3 to 1.0 cm3/g. In a more 
preferred embodiment, the pseudo-boehmite layer has a pore 
volume from 0.4 to 0.7 cm3/g. 

[0051] In one embodiment, the pseudo-boehmite layer of 
the separator has an average pore diameter from 1 to 300 nm. 
In a preferred embodiment, the pseudo-boehmite layer has 
an average pore diameter from 2 to 30 nm. In a more 

preferred embodiment, the pseudo-boehmite layer has an 
average pore diameter from 3 to 10 nm. 

[0052] In one embodiment, the pseudo-boehmite layer of 
the separator has a thickness of from 1 micron to 50 microns. 
In a preferred embodiment, the pseudo-boehmite layer has a 
thickness of from 1 micron to 25 microns. In a more 
preferred embodiment, the pseudo-boehmite layer has a 
thickness of from 2 microns to 15 microns. 

[0053] In another embodiment of the present invention, 
the pseudo-boehmite layer further comprises a binder. In one 
embodiment, the binder is present in an amount of 5 to 70% 
by Weight of pseudo-boehmite in the pseudo-boehmite layer 
in the separator. In a preferred embodiment, the binder 
comprises polyvinyl alcohol, polyethylene oxide, polyvinyl 
pyrrolidone, copolymers of the foregoing, or a combination 
thereof. 

[0054] In one embodiment, the separator for use in an 
electric current producing cell comprises at least one 
microporous pseudo-boehmite layer in contact With at least 
one protective coating layer comprising a polymer and a 
silica. In a preferred embodiment, the silica of the protective 
coating layer is a hydrophobic silica. 

[0055] Another aspect of the invention pertains to an 
electrolyte element for use in an electric current producing 
cell, the electrolyte element comprising: (a) a separator; and, 
(b) an organic electrolyte; Wherein, the separator comprises: 
(i) at least one microporous pseudo-boehmite layer, as 
described herein, in contact With (ii) at least one protective 
coating layer, as described herein; and the electrolyte is 
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contained Within pores of the separator. Suitable materials 
for use as the electrolyte include liquid electrolytes, gel 
polymer electrolytes, and solid polymer electrolytes. In one 
embodiment, the electrolyte is an organic electrolyte. In one 
embodiment, the electrolyte is an aqueous electrolyte. In a 
preferred embodiment, the organic electrolyte is a liquid 
electrolyte. 
[0056] Still another aspect of the present invention per 
tains to a method of forming a separator for use in electric 

current producing cells, Wherein the separator comprises: at least one microporous pseudo-boehmite layer, as 

described herein, in contact With (ii) at least one protective 
coating layer, as described herein. In one embodiment, 
Wherein the protective coating layer comprises a polymer, 
the method comprises the steps of: (a) coating onto a 
substrate a ?rst liquid mixture, A, comprising a boehmite 
sol, or alternatively, coating onto a substrate a ?rst liquid 
mixture, B, comprising one or more polymers, monomers, or 
macromonomers, to form a ?rst coating layer; (b) drying the 
?rst coating layer formed in step (a) to form a microporous 
pseudo-boehmite layer, if the ?rst liquid mixture A Was 
utiliZed in step (a), or alternatively, drying the ?rst coating 
layer formed in step (a) to form a protective coating layer, 
if the ?rst liquid mixture B Was utiliZed in step (a), to form 
a dried ?rst coating layer; (c) coating onto the layer formed 
in step (b) a second liquid mixture, B‘, comprising one or 
more polymers, monomers, or macromonomers to form a 

second coating layer, if a microporous pseudo-boehmite 
layer Was formed in step (b), or alternatively, coating onto 
the layer formed in step (b) a second liquid mixture, A‘, 
comprising a boehmite sol, if a protective coating layer Was 
formed in step (b), to form a second coating layer; (d) drying 
the second coating layer formed in step (c) to form a 
protective coating layer, if the second liquid mixture B‘ Was 
utiliZed in step (c), or alternatively, to form a microporous 
pseudo-boehmite layer, if the second liquid mixture A‘ Was 
utiliZed in step (c), to form a dried second coating layer. In 
one embodiment, subsequent to formation of a protective 
coating layer, there is a further step of curing the dried 
coating layer to form a cured protective coating layer by use 
of an energy source. In one embodiment, the curing is 
performed using an energy source selected from the group 
consisting of: heat, ultraviolet light, visible light, infrared 
radiation, and electron beam radiation. In one embodiment, 
after step (d), steps (a) and (b) are repeated to form a third 
coating layer. In one embodiment, after step (d), steps (a), 
(b), (c), and (d) are repeated to form a third coating layer and 
a fourth coating layer. 

[0057] In one embodiment, the polymers, monomers and 
macromonomers for use in forming the protective coating 
layer have a molecular Weight Which is too large for impreg 
nation into pores of the microporous pseudo-boehmite layer. 
In one embodiment, the polymers, monomers and mac 
romonomers have a molecular Weight greater than 2000. In 
one embodiment, the polymers, monomers and macromono 
mers have a molecular Weight greater than 5000. 

[0058] In one embodiment of the method, the monomers 
and macromonomers of the ?rst or second liquid mixture 
comprising polymers, monomers and macromonomers are 
selected from the group consisting of acrylates, methacry 
lates, ole?ns, epoxides, vinyl alcohols, vinyl ethers, and 
urethanes. In one embodiment, the acrylate monomer or 
macromonomer of the ?rst or second liquid mixture is 
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selected from the group consisting of polyethylene glycol 
diacrylates, polypropylene glycol diacrylates, ethoxylated 
neopentyl glycol diacrylates, ethoxylated bisphenol A dia 
crylates, ethoxylated aliphatic urethane acrylates, and 
ethoxylated alkylphenol acrylates. 
[0059] In one embodiment, the monomers and mac 
romonomers of the liquid mixture, B or B‘, comprising one 
or more polymers, monomers or macromonomers, are 

selected from monomers or macromonomers having the 

formula R1(R2O)n—R3, as described herein. 

[0060] In one embodiment of the methods, the liquid 
mixture, B or B‘, comprising one or more polymers, mono 
mers or macromonomers, comprises a polymer. In one 
embodiment, one or more polymers of liquid mixture, B or 
B‘, are selected from the group consisting of polyacrylates, 
polymethacrylates, polyole?ns, polyurethanes, polyvinyl 
ethers, polyvinyl pyrrolidones, acrylonitrile-butadiene rub 
ber, styrene-butadiene rubber, acrylonitrile-butadiene-sty 
rene, sulfonated styrene/ethylene-butylene/styrene triblock 
polymers, and mixtures thereof. 

[0061] In one embodiment of the method, the liquid mix 
ture, B or B‘, comprising one or more polymers, monomers 
or macromonomers, further comprises a second polymer. In 
one embodiment of the method, the liquid mixture, B or B‘, 
comprising one or more polymers, monomers or mac 

romonomers, further comprises a pigment, as described 
herein. 

[0062] In one embodiment, the liquid mixture, B or B‘, 
comprising one or more polymers, 

[0063] In one embodiment of the methods, the liquid 
mixture, B or B‘, further comprises one or more solvents 
selected from the group consisting of Water, acetone, methyl 
ethyl ketone, acetonitrile, benZene, toluene, tetrahydrofuran, 
dioxane, chloroform, pentane, hexane, cyclohexane, methyl 
acetate, ethyl acetate, butyl acetate, and methylene chloride. 

[0064] In one embodiment, the liquid mixture, B or B‘, 
comprising one or more polymers, monomers, or mac 

romonomers, has a viscosity from 15 cP to 5000 cP. 

[0065] In one embodiment, the liquid mixture, A or B‘, 
comprising a boehmite sol further comprises a binder, as 
described herein. In one embodiment, the binder is present 
in the amount of 5 to 70% of Weight of the pseudo-boehmite 
in the pseudo-boehmite layer. 

[0066] In one embodiment of the methods, subsequent to 
step (d), there is a further step of delaminating the separator 
from the substrate. In one embodiment of the methods, 
subsequent to the third coating layer, there is a further step 
of delaminating the separator from the substrate. In one 
embodiment, at least one outermost surface of the substrate 
comprises a cathode active layer and the ?rst liquid mixture 
of step (a) is coated onto the cathode coating layer. 

[0067] In another embodiment of the methods of the 
present invention of forming a separator for use in electric 

current producing cells, Wherein the separator comprises: at least one microporous pseudo-boehmite layer, in contact 

With (ii) at least one protective coating layer and Where the 
protective coating layer is on the side of the separator 
opposite from the cathode active layer in the cell the 
protective coating layer is formed by a physical deposition 
process or a chemical vapor deposition process. In one 
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embodiment, the protective coating layer comprises a single 
ion conducting glass conductive to lithium ions. In one 
embodiment, the single ion conducting glass is selected 
from the group consisting of lithium silicates, lithium 
borates, lithium aluminates, lithium phosphates, lithium 
phosphorus oxynitrides, lithium titanium oxides, lithium 
lanthanum oxides, lithium silicosul?des, lithium borosul 
?des, lithium aluminosul?des, lithium germanosul?des, and 
lithium phosphosul?des. In one embodiment, the protective 
coating layer comprises a conductive polymer selected from 
the group consisting of poly(p-phenylene), polyacetylene, 
poly(phenylenevinylene), polyaZulene, poly(perinaphtha 
lene), polyacenes, and poly(naphthalene-2,6-diyl). 

[0068] Yet another aspect of the present invention pertains 
to a method of making an electrolyte element for an electric 
current producing cell, Wherein the electrolyte element com 
prises a separator comprising: at least one microporous 
pseudo-boehmite layer in contact With (ii) at least one 
protective coating layer; Wherein the method comprises the 
steps of forming a separator, as described herein for methods 
of forming a separator, and after formation of a separator, 
there is a further step of contacting a surface of the separator 
With an electrolyte, as described herein, thereby causing 
infusion of the electrolyte into pores of the separator. In one 
embodiment, the electrolyte is an organic electrolyte. In one 
embodiment, the electrolyte is an aqueous electrolyte. 

[0069] In a preferred embodiment of the method for 
making an electrolyte element, the organic electrolyte is a 
liquid electrolyte. 

[0070] Still another aspect of the invention pertains to an 
electric current producing cell, said cell comprising a cath 
ode, an anode, and an electrolyte element interposed 
betWeen said cathode and said anode, Wherein said electro 
lyte element comprises: (a) a separator; and, (b) an electro 
lyte; Wherein, said separator comprises: at least one 
microporous pseudo-boehmite layer, as described herein, in 
contact With (ii) at least one protective coating layer, as 
described herein; and, said electrolyte, as described herein, 
is present Within pores of said separator. 

[0071] In one embodiment of the electric current produc 
ing cell, the cell is a secondary battery. In one embodiment 
of the electric current producing cell, the cell is a primary 
battery. 
[0072] In one embodiment of the electric current produc 
ing cell, the anode active material is selected from the group 
consisting of lithium metal, lithium-aluminum alloys, 
lithium-tin alloys, lithium-intercalated carbons, and lithium 
intercalated graphites. 

[0073] In one embodiment of the electric current produc 
ing cell, the cathode comprises a cathode active material 
selected from the group consisting of electroactive transition 
metal chalcogenides, electroactive conductive polymers, 
and electroactive sulfur-containing materials. 

[0074] In one embodiment of the electric current produc 
ing cell, the electroactive sulfur-containing material of the 
cathode comprises elemental sulfur. In one embodiment, the 
electroactive sulfur-containing material comprises a sulfur 
containing polymer comprising a polysul?de moiety, Sm, 
selected from the group consisting of covalent —Sm— 
moieties, ionic —Sm_ moieties, and ionic Sm2_ moieties, 
Wherein m is an integer equal to or greater than 3. In one 
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embodiment, m of the polysul?de moiety, Sm, of the sulfur 
containing polymer is an integer equal to or greater than 8. 
In one embodiment, the sulfur-containing polymer has poly 
mer backbone chain and the polysul?de moiety, Sm, is 
covalently bonded by one or both of its terminal sulfur atoms 
on a side group to the polymer backbone chain. In one 
embodiment, the sulfur-containing polymer has a polymer 
backbone chain and the polysul?de moiety, —Sm,— is 
incorporated into the polymer backbone chain by covalent 
bonding of terminal sulfur atoms of the polysul?de moiety. 
In one embodiment, the sulfur-containing polymer com 
prises greater than 75 Weight percent of sulfur. 

[0075] A further aspect of the present invention pertains to 
a method for forming an electric current producing cell. The 
method comprises providing an anode, as described herein, 
and a cathode, as described herein, and interposing an 
electrolyte element, as described herein, betWeen the anode 
and the cathode. In one embodiment of the method for 
forming an electric current producing cell, the electrolyte of 
the electrolyte element comprises one or more materials 
selected from the group consisting of liquid electrolytes, gel 
polymer electrolytes, and solid polymer electrolytes, as 
described herein. 

[0076] As Will be appreciated by one of skill in the art, 
features of one aspect or embodiment of the invention are 
also applicable to other aspects or embodiments of the 
invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0077] FIG. 1 shoWs a sectional vieW of one embodiment 
of the separator of the present invention comprising (a) a 
?rst layer 20 comprising microporous pseudo-boehmite and 
(b) a second layer 30 of a protective layer, on a substrate 10 
comprising a cathode active layer 15. The microporous 
pseudo-boehmite layer 20 contains a three-dimensional net 
Work of pores 50, and the protective coating layer 30 further 
comprises a pigment 60. 

[0078] FIG. 2 shoWs a sectional vieW of one embodiment 
of the separator of this invention as a free standing separator 
comprising (a) a microporous pseudo-boehmite layer 20 and 
(b) a protective coating layer 30. The pseudo-boehmite layer 
20 contains a three-dimensional netWork of pores 50, and the 
protective coating layer 30 further comprises a pigment 60. 

[0079] FIG. 3 shoWs a sectional vieW of one embodiment 
of the separator of this invention comprising (a) a ?rst layer 
30 of a protective coating and (b) a second layer 20 
comprising microporous pseudo-boehmite, on a substrate 10 
comprising a cathode active layer 15. 

[0080] FIG. 4 shoWs a sectional vieW of one embodiment 
of the separator of this invention comprising (a) a ?rst layer 
20 comprising microporous pseudo-boehmite, (b) a second 
layer 30 of a protective coating, and (c) a third layer 22 
comprising microporous pseudo-boehmite, on a substrate 10 
comprising a cathode active layer 15. 

[0081] FIG. 5 shoWs a sectional vieW of one embodiment 
of the separator of this invention comprising (a) a ?rst layer 
20 comprising microporous pseudo-boehmite, (b) a second 
layer 30 of a protective coating, and (c) a third layer 22 
comprising microporous pseudo-boehmite, on a smooth 
release substrate 12. 
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[0082] FIG. 6 shoWs a sectional vieW of one embodiment 
of the separator of this invention as a free standing separator 
comprising (a) a microporous pseudo-boehmite layer 20, (b) 
a protective coating layer 30, and (c) a microporous pseudo 
boehmite layer 22. 

[0083] FIG. 7 shoWs a sectional vieW of one embodiment 
of the separator of this invention comprising (a) a ?rst layer 
20 comprising microporous pseudo-boehmite, (b) a second 
layer 30 of a protective coating, (c) a third layer 22 com 
prising microporous pseudo-boehmite, and (d) a fourth layer 
15 of a cathode active layer, on a smooth release substrate 
12. 

[0084] FIG. 8 shoWs a sectional vieW of one embodiment 
of the separator of this invention as a free standing separator 
and cathode active layer combination comprising (a) a 
microporous pseudo-boehmite layer 20, (b) a protective 
coating layer 30, (c) a microporous pseudo-boehmite layer 
22, and (d) a cathode active layer 15. 

[0085] FIG. 9 shoWs a sectional vieW of one embodiment 
of the separator of this invention comprising (a) a ?rst layer 
20 comprising microporous pseudo-boehmite, (b) a second 
layer 30 of a protective coating, (c) a third layer 22 com 
prising microporous pseudo-boehmite, and (d) a fourth layer 
34 of a protective coating, on a substrate 10 comprising a 
cathode active layer 15. 

[0086] FIG. 10 shoWs a sectional vieW of one embodi 
ment of the separator of this invention as a free standing 
separator comprising (a) a protective coating layer 30, (b) a 
microporous pseudo-boehmite layer 20, (c) a protective 
coating layer 34, (d) a microporous pseudo-boehmite layer 
22, and (e) a protective coating layer 38. 
[0087] FIG. 11 shoWs a sectional vieW of one embodiment 
of the separator of this invention as a free standing separator 
comprising (a) a protective coating layer 30, (b) a 
microporous pseudo-boehmite layer 20, and (c) a protective 
coating layer 34. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0088] The separators of the present invention provide 
superior electric current producing cell properties, particu 
larly in cells utiliZing separators With thicknesses beloW 
about 25 microns. Suitable electric current producing cells 
for use With the separator of the present invention include, 
but are not limited to, primary and secondary batteries, 
capacitors including supercapacitors, fuel cells, and electro 
chemical sensors and displays, including bipolar con?gura 
tions of batteries and capacitors, as these various electric 
current producing devices are knoWn in the art. Conven 
tional separators, such as porous polyole?ns, porous ?uo 
ropolymers Where the porosity is provided by a solvent 
extraction process, and glass ?ber papers, and the like, are 
dif?cult and costly to manufacture, especially at thicknesses 
beloW about 25 microns. Due to the nature of the processes 
used to manufacture these separators and the relatively large 
pore siZes intrinsic to these separators, electrical shorting 
may be a signi?cant challenge at separator thicknesses of 
beloW about 25 microns, especially at thicknesses beloW 
about 15 microns. To overcome these limitations, the sepa 
rators of the present invention for use in electric current 
producing cells comprise at least one microporous 
pseudo-boehmite layer in contact With (ii) at least one 
protective coating layer. 
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[0089] Microporous pseudo-boehmite separator layers, as 
for example, described by Carlson et al. in copending US. 
patent application Ser. No. 08/995,089, to the common 
assignee, are effective in many electrochemical cell con?gu 
rations. HoWever, pseudo-boehmite separator layers may 
lack suf?cient strength and ?exibility to be con?gured into 
cells With, for example, a prismatic con?guration. The 
separator of the present invention provides an improvement 
Whereby the pseudo-boehmite layer of the separator is 
coated, in one embodiment of the invention, With a protec 
tive coating layer comprising a polymer. This protective 
coating layer provides a protective layer Which enhances the 
strength and adds ?exibility to the pseudo-boehmite layer of 
the separator. Electrochemical cells in a prismatic con?gu 
ration, such as those described in copending U.S. patent 
application Ser. No. 09/215,030 to Thibault et al., to the 
common assignee, may be successfully built With, this 
protective coated pseudo-boehmite separator. Furthermore, 
the protective coating layer is resistant to electrolytes. 

[0090] Protective Coating Layer 
[0091] The separators of the present invention comprises 
at least one microporous pseudo-boehmite layer Wherein the 
separator is in contact With at least one protective coating 
layer, and Wherein at least one of the at least one protective 
coating layers is on the anode-facing side of the separator 
opposite from the cathode active layer of the cell. In 
embodiments Wherein the protective coating layer com 
prises a polymer, the one or more protective coating layers 
enhance the strength and add ?exibility to separators com 
prising one or more microporous pseudo-boehmite layers. 
When the protective coating layer is on the side of the 
separator opposite from the cathode and When this layer Will 
be in contact With the anode, the protective coating layer 
may additionally function to reduce or eliminate undesirable 
degradation of the anode by the electrolyte. 

[0092] The protective coating layers of the present inven 
tion possess a Wide range of compositions including com 
positions Which may have porosity and compositions Which 
may lack porosity but may be single ion conductors. The 
compositions Which possess porosity may function as a 
component of a separator Whereas those compositions Which 
lack porosity Will not function as a separator component. 

[0093] In an assembled cell, the protective coating layer of 
the separator may directly be in contact With the anode 
surface and thereby provide protection for the anode. 
Although protection for the anode may be provided, for 
example, by conductive polymer coating layers or single ion 
conductive coating layers coated on the anode, it may be 
more desirable to coat the protective layers as a layer of the 
separator on the side opposite from the cathode. This con 
?guration in an assembled cell may more effectively accom 
modate the changes during charge and discharge cycles of 
the cell, such as, for example, thickness changes of the 
anode during charge and discharge cycles. 
[0094] The term “monomer” is used herein to describe the 
moieties Which have a reactive moiety and are capable of 
reacting to form a polymer. 

[0095] The term “polymer” is used herein to describe the 
molecules that have tWo or more repeating moieties formed 
from a monomer moiety. 

[0096] The term “macromonomer” is used herein to 
describe polymers With molecular Weights from several 
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hundreds to tens of thousands With a functional group at the 
chain end that may be polymeriZed. 

[0097] The polymer of the protective coating layers of the 
separator of the present invention comprises one or more 
moieties from the polymeriZation of one or more monomers 
or macromonomers. Examples of suitable monomers or 

macromonomers include, but are not limited to, acrylates, 
methacrylates, ole?ns, epoxides, vinyl alcohols, vinyl 
ethers, and urethanes. 

[0098] Preferred ole?nic monomers include, but are not 
limited to, ethylene, propylene, butene, pentene, hexene, 
octene, and styrene. 

[0099] Preferred acrylate monomers or macromonomers 
include, but are not limited to, polyethylene glycol diacry 
lates, polypropylene glycol diacrylates, ethoxylated neopen 
tyl is glycol diacrylates, ethoxylated bisphenolAdiacrylates, 
ethoxylated aliphatic urethane acrylates, ethoxylated alky 
lphenol acrylates, and alkylacrylates. 

[0100] Further examples of suitable polymers for use in 
the protective coating layer are those comprising one or 
more moieties formed by polymeriZation of one or more 
monomers or macromonomers selected from the group 
consisting of monomers and macromonomers having the 
formula: 

R1(R2O)n-R3 
[0101] Wherein: 

[0102] R1 is the same or different at each occurrence 
and is selected from the group consisting of 

O 

[0107] R2 is the same or different at each occurrence 
and is selected from the group consisting of 

[0113] R3 is the same or different at each occurrence 
and is selected from the group consisting of 

[0114] cyano, methyl, ethyl, propyl, isopropyl, 
butyl, isobutyl, hexyl, 2-ethylhexyl, decyl, dode 
cyl, phenyl, butylphenyl, octylphenyl, nonylphe 
nyl, R1, —X—(OR2)m—R1, —Y[(OR2)O—R1]2, 
—Z[(ORZ)P—R1]3; 

[0115] X is a divalent radical selected from the group 
consisting of 



US 2001/0053475 A1 

[0116] and 

[0117] —(CH2)I—, Where r is 3, 4, or 6; 

[0118] Y is a trivalent radical selected from the group 
consisting of 

[0119] Z is a tetravalent radical selected from the 
group consisting of 

[0120] 

[0121] 

[0122] 

[0123] 

m is an integer ranging from 0 to 100; 

n is an integer ranging from 0 to 100; 

o is an integer ranging from 0 to 100; and, 

p is an integer ranging from 0 to 100. 

[0124] Yet further examples of suitable polymers for use 
in the protective coating layer include, but are not limited to, 
polyacrylates, polymethacrylates, polyole?ns, polyure 
thanes, polyvinyl ethers, polyvinyl pyrrolidones, acryloni 
trile-butadiene rubber, styrene-butadiene rubber, acryloni 
trile-butadiene-styrene, sulfonated styrene/ethylene 
butylene/styrene triblock polymers, and mixtures thereof. 
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[0125] The protective coating layer of the present inven 
tion enhances the properties of the one or more pseudo 
boehmite layers, for example, it provides ?exibility and 
toughness to the separator. At the same time the protective 
coating layer should not negatively impact the desired 
separator properties of the one or more pseudo-boehmite 
layers. Suitable polymeric protective coating layers should 
add ?exibility and toughness to the separator While at the 
same time alloWing cations, such as lithium ions, to pass 
through the separator. In one embodiment, it is preferred that 
the polymeric protective coating layer sloW or inhibit the 
passage of sul?de or polysul?de ions. 

[0126] Multiphase polymers Which are characteriZed by 
highly polar segments and less polar segments possess these 
properties and can be suitable for the protective coating 
layers. Examples of multiphase polymer structures include 
but are not limited to: (a) ethylene oxide polydimethylsi 
loxane graft copolymers as described in US. Pat. No. 
5,362,493 to Skotheim et al.; (b) block copolymers, for 
example, sulfonated ole?n/styrene polymers, such as sul 
fonated styrene/ethylene-butylene/styrene triblock copoly 
mers, as described in US. Pat. Nos. 5,468,574 and 5,679, 
482 to Ehrenberg et al., Which comprise ion conducting 
components and ?exible connecting components; (c) poly 
mer blends such as described in US. Pat. Nos. 5,585,039 
and 5,609,795 to Matsumoto et al.; and (d) graft copolymers 
such as acrylonitrile/butadiene/styrene polymers (ABS) as 
described in US. Pat. No. 4,064,116 to Papetti. 

[0127] The polymer blends (c) include, but are not limited 
to, acrylonitrile-butadiene rubber, styrene-butadiene rubber, 
and mixtures thereof. These polymers are elastomeric and 
thermoplastic composites and may possess toughness and 
good dimensional stability. By experimentation one skilled 
in the art can choose polymer blends With the desired 
?exibility and toughness in the protective layer. Further 
more, the polar nature of the highly polar segments, for 
example, from the nitrile function in acrylonitrile, alloW 
cation passage needed for the separator function. 

[0128] In one embodiment, the protective coating layer on 
the separator comprises a single ion conductive layer, for 
example, including, but not limited to, inorganic, organic 
and mixed organic-inorganic polymeric materials. In one 
embodiment, the protective coating layer comprises a single 
ion conductive glass conductive to lithium ions. Among the 
suitable glasses are those that may be characteriZed as 
containing a “modi?er” portion and a “netWor ” portion, as 
knoWn in the art. The modi?er is typically a metal oxide of 
the metal ion conductive in the glass. The netWork former is 
typically a metal chalcogenide, such as, for example, a metal 
oxide or metal sul?de. Suitable single ion conducting 
glasses include. but are not limited to, lithium silicates, 
lithium borates, lithium aluminates, lithium phosphates, 
lithium phosphorus oxynitrides, lithium titanium oxides, 
lithium lanthanum oxides, lithium silicosul?des, lithium 
borosul?des, lithium aluminosul?des, lithium germanosul 
?des, lithium phosphosul?des, and combinations thereof. 

[0129] In one embodiment, the protective coating layer 
comprises a conductive polymer. Suitable conductive poly 
mers include those described in US. Pat. No. 5,648,187 to 
Skotheim, for example, including, but not limited to, poly(p 
phenylene), polyacetylene, poly(phenylenevinylene), polya 
Zulene, poly(perinaphthalene), polyacenes, and poly(naph 
thalene-2,6-diyl). 
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[0130] Alternatively, the required porosity of the tough 
and ?exible protective coating layer can be provided by 
dispersed polar ?ne pigments in non-polar polymers, such 
as, for example, silica in ole?n polymers. Another approach 
to porosity in polymer coating layers is the formation of 
vesicular ?lms. In a vesicular or voided structure the voids 
or bubbles are produced by decomposing a vesiculating 
agent by, for example, uv irradiation to generate a gas such 
as nitrogen upon exposure to light With subsequent heating 
to expand the siZe of the void or vesicle. Suitable vesicu 
lating agents include a Wide variety of diaZo-compounds 
Which liberate nitrogen upon exposure to light such as the 
quinone-diaZides, aZides, and carbaZide compounds 
described in US. Pat. No. 3,143,418 and conventional 
diaZo-compounds such as those mentioned in US. Pat. No. 
3,779,768. Suitable resins for producing vesicular coatings 
are described, for example, in US. Pat. No. 4,302,524 to 
Mandella et al. and US. Pat. No. 4,451,550 to Bennett et al. 

[0131] The molecular Weight of the polymer of the pro 
tective coating layer is preferably greater than 10,000. More 
preferred is a polymer of molecular Weight greater than 
50,000. 
[0132] The thickness of the protective coating layer com 
prising a polymer of the separator, may vary over a Wide 
range from about 0.2 microns to about 20 microns. In a 
preferred embodiment, the protective coating layer has a 
thickness of from about 0.5 microns to about 15 microns. 
More preferred is a thickness of from about 0.5 microns to 
about 10 microns, and even more preferred is a thickness of 
from about 0.5 microns to about 5 microns, especially When 
multiple protective coating layers are present. The thickness 
of the single ion conducting protective coating layer may 
vary over a Wide range from about 5 nm to about 5 microns. 
More preferably the single ion conducting protective coating 
layer has a thickness of from about 10 nm to about 2 
microns. The thickness of the conductive polymer protective 
coating layer may also vary over a Wide range from about 5 
nm to about 5 microns. More preferably the conductive 
polymer protective coating layer has a thickness of from 
about 10 nm to about 2 microns. 

[0133] Conventional separators, such as polyole?n mate 
rials, are typically 25 to 50 microns in thickness so it is 
particularly advantageous that the protective coated 
microporous separators of this invention can be effective and 
inexpensive at thicknesses Well beloW 25 microns. In other 
Words, it is preferable that the combined thickness of the one 
or more pseudo-boehmite layers and the one or more pro 
tective coating layers be beloW 25 microns. 

[0134] The protective coating layer comprising a polymer 
of the separator of the present invention may further com 
prise a pigment. Suitable pigments for use in the polymer 
protective coating layer include, but are not limited to, 
colloidal silicas, amorphous silicas, surface treated silicas, 
colloidal aluminas, amorphous aluminas, conductive car 
bons, tin oxides, titanium oxides and polyethylene beads. 
Preferred pigments for use in the polymer protective coating 
layer are colloidal silicas, amorphous silicas, surface treated 
silicas, or a combination thereof. Surface treated silicas, 
including hydrophobic silicas, are especially preferred. 

[0135] One embodiment of the separators of this invention 
is illustrated in FIG. 1, Which shoWs a sectional vieW of the 
separator comprising (a) a ?rst layer 20 comprising 
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microporous pseudo-boehmite and (b) a second layer 30 of 
a protective coating, on a substrate 10 comprising a cathode 
active layer 15. As used herein, the term “cathode active 
layer” relates to any layer in the cathode of an electric 
current producing cell Which comprises a cathode active 
material. The pseudo-boehmite layer 20 contains a three 
dimensional netWork of pores 50, and the protective coating 
layer 30 further comprises a pigment 60. In one embodi 
ment, as illustrated in FIG. 2, the separator of this invention 
is a free standing separator comprising (a) a microporous 
pseudo-boehmite layer 20 and (b) a protective coating layer 
30. The pseudo-boehmite layer 20 contains a three-dimen 
sional netWork of pores 50, and the protective coating layer 
30 further comprises a pigment 60. 

[0136] The microporous pseudo-boehmite layers and the 
protective coating layers of the separators of the present 
invention may be coated in any order on the substrate. For 
example, as illustrated in FIG. 3, in one embodiment, the 
separator comprises (a) a ?rst layer 30 of a protective 
coating and (b) a second layer 20 comprising microporous 
pseudo-boehmite, on a substrate 10 comprising a cathode 
active layer 15. 

[0137] US. Pat. No. 5,463,178 to SuZuki et al. describes 
an ink jet recording sheet in Which a substrate is coated With 
a porous layer of pseudo-boehmite and a layer of silica is 
formed on the porous layer of pseudo-boehmite. The silica 
layer is stated to provide improved abrasion resistance to the 
recording sheet, but no requirement for a polymer in the 
layer of silica or for durability during Winding and folding, 
such as occurs in the fabrication of electric current produc 
ing cells, is described. 

[0138] The Weight ratio of the polymer to the pigment in 
the protective coating layer may vary from about 1:10 to 
about 10:1. In a preferred embodiment, the polymer and the 
pigment are present in the protective coating layer at a 
Weight ratio of from about 1:4 to about 6:1. In a more 
preferred embodiment, the polymer and the pigment are 
present in the protective coating layer at a Weight ratio of 
from about 1:3 to about 4:1. 

[0139] The particle siZe or diameter of the pigment is 
preferably larger than the average pore diameter of the 
pseudo-boehmite layer so that the pigment does not pen 
etrate pores of the pseudo-boehmite layer, in those cases 
Where the protective coating layer comprises a pigment and 
is coated onto a microporous pseudo-boehmite layer. The 
particle siZe of the pigment may range from about 10 nm to 
about 10,000 nm. In a preferred embodiment, the pigment 
has a particle siZe from about 20 nm to about 6,000 nm. In 
a most preferred embodiment, the pigment has a particle siZe 
from about 50 nm to about 3,000 nm. 

[0140] In addition to polymer and pigments, the protective 
coating layer of the separators of the present invention may 
further comprise other additives as are knoWn in the art for 
coatings, especially those knoWn for use in ?exible and 
durable coatings. Examples of suitable other additives 
include, but are not limited to, photosensitiZers for radiation 
curing of any monomers and macromonomers present, cata 
lysts for non-radiation curing of any monomers, mac 
romonomers, or polymers present, crosslinking agents such 
as Zirconium compounds, aZiridines, and isocyanates, sur 
factants, plasticiZers, dispersants, ?oW control additives, and 
rheology modi?ers. 
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[0141] Microporous Pseudo-boehmite Layer 

[0142] Microporous pseudo-boehmite layers for use as 
separators in electrochemical cells are described in copend 
ing US. patent application Ser. Nos. 08/995,089 and 09/215, 
112, both to Carlson et al., of the common assignee. 

[0143] The term “pseudo-boehmite,” as used herein, per 
tains to hydrated aluminum oXides having the chemical 
formula Al2O3.XH2O Wherein X is in the range of from 1.0 
to 1.5. Terms used herein, Which are synonymous With 
“pseudo-boehmite,” include “boehmite,”“AlOOH,” and 
“hydrated alumina.” The materials referred to herein as 
“pseudo-boehmite” are distinct from anhydrous aluminas 
(A1203, such as alpha-alumina and gamma-alumina), and 
hydrated aluminum oXides of the formula Al2O3.XH2O 
Wherein X is less than 1.0 or greater than 1.5. 

[0144] The term “microporous,” is used herein to describe 
the material of a layer, Which material possesses pores of 
diameter of about 10 microns or less Which are connected in 
a substantially continuous fashion from one outermost sur 
face of the layer through to the other outermost surface of 
the layer. Porous separators Which are made from ?bers, 
such as glass, TEFLON (a trademark for polytetra?uoroet 
hylene available from DuPont Corporation, Wilmington, 
Del.), and polypropylene, are generally characteriZed as 
non-Woven separator materials and have pore diameters too 
large to be called microporous, thereby making them unac 
ceptable for rechargeable cells Where dendrite formation is 
a potential concern. 

[0145] The amount of these pores in the layer may be 
characteriZed by the pore volume, Which is the volume in 
cubic centimeters of pores per unit Weight of the layer. The 
pore volume may be measured by ?lling the pores With a 
liquid having a knoWn density and then calculated by the 
increase in Weight of the layer With the liquid present 
divided by the knoWn density of the liquid and then dividing 
this quotient by the Weight of the layer With no liquid 
present, according to the equation: 

Pore Volume : 

[0146] Where W1 is the Weight of the layer When the pores 
are completely ?lled With the liquid of knoWn density, W2 is 
the Weight of the layer With no liquid present in the pores, 
and d is the density of the liquid used to ?ll the pores. Also, 
the pore volume may be estimated from the apparent density 
of the layer by subtracting the reciprocal of the theoretical 
density of the materials (assuming no pores) comprising the 
microporous layer from the reciprocal of the apparent den 
sity or measured density of the actual microporous layer, 
according to the equation: 

1 l 
Pore Volume: — 

[0147] Where d1 is the density of the layer Which is 
determined from the quotient of the Weight of the layer and 
the layer volume as determined from the measurements of 
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the dimensions of the layer, and d2 is the calculated density 
of the materials in the layer assuming no pores are present 
or, in other Words, d2 is the density of the solid part of the 
layer as calculated from the densities and the relative 
amounts of the different materials in the layer. The porosity 
or void volume of the layer, expressed as percent by volume, 
can be determined according to the equation: 

100(Pore Volume) III 

[0148] Where pore volume is as determined above, and d2 
is the calculated density of the solid part of the layer, as 
described above. 

[0149] In one embodiment, the microporous pseudo-boe 
hmite layer of the separator of the present invention has a 
pore volume from 0.02 to 2.0 cm3/g. In a preferred embodi 
ment, the microporous pseudo-boehmite layer has a pore 
volume from 0.3 to 1.0 cm3/g. In a more preferred embodi 
ment, the microporous pseudo-boehmite layer has a pore 
volume from 0.4 to 0.7 cm3/g. BeloW a pore volume of 0.02 
cm3/g, the transport of ionic species is inhibited by the 
reduced pore volume. Above a pore volume of 2.0 cm3/ g, the 
amount of voids are greater Which reduces the mechanical 
strength of the microporous pseudo-boehmite layer. 

[0150] In contrast to conventional microporous separators 
Which typically have pore diameters on the order of 1 to 1 
0 microns, the microporous pseudo-boehmite layers of the 
separator of the present invention have pore diameters Which 
range from about 1 micron doWn to less than 0.002 microns. 
Microporous separator layers, such as the microporous 
pseudo-boehmite layers of the present invention, With pore 
diameters in the range of about 1 micron (100 nm) doWn to 
less than 0.002 microns (2 nm) are also commonly referred 
to in the art 67 as nanoporous materials. In one embodiment, 
the microporous pseudo-boehmite layer has an average pore 
diameter from 0.001 microns or 1 nm to 0.3 microns or 300 

nm. In a preferred embodiment, the microporous pseudo 
boehmite layer has an average pore diameter from 2 nm to 
30 nm. In a more preferred embodiment, the microporous 
pseudo-boehmite layer has an average pore diameter from 3 
nm to 10 nm. 

[0151] One distinct advantage of separators With much 
smaller pore diameters on the order of 0.001 to 0.03 microns 
is that insoluble particles, even colloidal particles With 
diameters on the order of 0.05 to 1.0 microns, can not pass 
through the separator because of the ultra?ne pores. In 
contrast, colloidal particles, such as the conductive carbon 
poWders often incorporated into cathode compositions, can 
readily pass through conventional separators, such as 
microporous polyole?ns, and thereby can migrate to undes 
ired areas of the cell. 

[0152] Another signi?cant advantage of the separators of 
the present invention comprising a microporous pseudo 
boehmite layer over conventional separators is that the 
nanoporous structure of the microporous pseudo-boehmite 
layer may function as an ultra?ltration membrane and, in 
addition to blocking all particles and insoluble materials, 
may block or signi?cantly inhibit the diffusion of soluble 
materials of relatively loW molecular Weights, such as 2,000 
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or higher, While permitting the diffusion of soluble materials 
With molecular Weights below this cutoff level. This prop 
erty may be utilized to advantage in selectively impregnat 
ing or imbibing materials into the separator layers during 
manufacture of the electric current producing cell or in 
selectively permitting diffusion of very loW molecular 
Weight materials through the separator during all phases of 
the operation of the cell While blocking or signi?cantly 
inhibiting the diffusion of insoluble materials or of soluble 
materials of medium and higher molecular Weights. 

[0153] Another important advantage of the extremely 
small pore diameters of the separators of the present inven 
tion is the strong capillary action of the tiny pores in the 
pseudo-boehmite layer Which enhances the capability of the 
separators to readily take up or imbibe electrolyte liquids 
and to retain these materials in the pores. 

[0154] The microporous pseudo-boehmite layer may 
optionally further comprise a variety of binders to improve 
the mechanical strength and/or other properties of the layer, 
as for example, described in the tWo aforementioned 
copending US. patent applications, both to Carlson et al. of 
the common assignee. Any binder that is compatible With the 
boehmite sol during mixing and processing into the 
microporous layer and provides the desired mechanical 
strength and uniformity of the layer Without signi?cantly 
interfering With the desired microporosity is suitable for use. 
The preferred amount of binder is from 5% to 70% of the 
Weight of the pseudo-boehmite in the layer. BeloW 5 Weight 
percent, the amount of binder is usually too loW to provide 
a signi?cant increase in mechanical strength. Above 70 
Weight percent, the amount of binder is usually too high and 
?lls the pores to an excessive extent Which may interfere 
With the transport of loW molecular Weight materials through 
the microporous layer. The binder may be inorganic, such as 
for example, silicas, gamma aluminum oxides, and alpha 
aluminum oxides, that are knoWn to typically form gel 
matrix structures With pseudo-boehmite present, for 
example, as is knoWn in the art of microporous sol gel ink 
receptive layers for inkj et printing. Preferably, the binders in 
the microporous pseudo-boehmite layer are organic polymer 
binders. Examples of suitable binders include, but are not 
limited to, polyvinyl alcohols, polyethylene oxides, polyvi 
nyl pyrrolidones, copolymers thereof, and mixtures thereof. 
Binders may be Water soluble polymers and may have 
ionically conductive properties. Further preferred binders 
may also comprise plasticiZer components such as, but not 
limited to, loW molecular Weight polyols, polyalkylene 
glycols, and methyl ethers of polyalkylene glycols to 
enhance the coating, drying and ?exibility of the pseudo 
boehmite layer. 

[0155] The thickness of the microporous pseudo-boehmite 
layer, With or Without additional binder, for use in the 
separator of the present invention may vary over a Wide 
range since the basic properties of microporosity and 
mechanical integrity are present in layers of a feW microns 
in thickness as Well as in layers With thicknesses of hundreds 
of microns. For various reasons including cost, overall 
performance properties of the separator, and ease of manu 
facturing, the desirable thicknesses of the microporous 
pseudo-boehmite layer are in the range of 1 micron to 50 
microns. Preferred are thicknesses in the range of 1 micron 
to 25 microns. The more preferred thicknesses are in the 
range of 2 microns to 15 microns. The most preferred 
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thicknesses are in the range of 5 microns to 15 microns. 
Conventional separators, such as the porous polyole?n 
materials, are typically 25 to 50 microns in thickness so it is 
particularly advantageous that the microporous separators of 
this invention can be effective and inexpensive at thick 
nesses Well beloW 25 microns. 

[0156] The separators of this invention comprising a pro 
tective coated microporous pseudo-boehmite layer essen 
tially retain the desirable properties of the uncoated pseudo 
boehmite separator as described by Carlson et al. in the tWo 
aforementioned copending US. patent applications to the 
common assignee. These include blocking particles and 
insoluble materials, blocking or inhibiting the diffusion of 
soluble materials of relatively loW molecular Weights, such 
as 2,000 or higher, While permitting the diffusion of soluble 
materials With molecular Weights beloW this cutoff level. 
Desirable properties also include permitting the diffusion of 
soluble materials especially electrolyte cations such as 
lithium ions. In other Words, in a preferred embodiment, the 
polymer coating does not signi?cantly modify the ability of 
the microporous pseudo-boehmite layer to alloW the How of 
desirable materials but may inhibit or at least sloW the How 
of undesirable materials. 

[0157] Separators With Multiple Microporous Pseudo 
boehmite Layers and/or Protective Coating Layers 

[0158] The separators of the present invention may have 
more than one microporous pseudo-boehmite layer, for 
example, as illustrated in FIGS. 4 to 10. Also, the separators 
of the present invention may have more than one protective 
coating layer, for example, as illustrated in FIGS. 9 to 11. 
The compositions of these multiple microporous pseudo 
boehmite layers may be the same or different for each such 
layer in the separator. Also, the compositions of these 
multiple protective coating layers may be the same or 
different for each such layer in the separator. 

[0159] In one embodiment, as illustrated in FIG. 4, the 
separator of this invention comprises (a) a ?rst layer 20 
comprising microporous pseudo-boehmite, (b) a second 
layer 30 of a protective coating, and (c) a third layer 22 
comprising microporous pseudo-boehmite, on a substrate 10 
comprising a cathode active layer 15. When the separator of 
this invention is subsequently utiliZed as a free standing 
separator, the separator may be conveniently formed on a 
release substrate, as illustrated in FIG. 5, from Which it may 
be delaminated to provide a free standing separator, as 
shoWn in FIG. 6. In one embodiment, as illustrated in FIG. 
5, the separator of the present invention comprises (a) a ?rst 
layer 20 comprising microporous pseudo-boehmite, (b) a 
second layer 30 of a protective coating, and (c) a third layer 
22 comprising microporous pseudo-boehmite, on a smooth 
release substrate 12. In one embodiment, as illustrated in 
FIG. 6, the separator of this invention comprises (a) a 
microporous pseudo-boehmite layer 20, (b) a protective 
coating layer 30, and (c) a microporous pseudo-boehmite 
layer 22. 

[0160] As another example of the Wide variety of options 
for designs of the layers of the separators of the present 
invention and of the order of these layers relative to a 
substrate or to a cathode active layer, FIG. 7 shoWs a 
sectional vieW of one embodiment of the separators of this 
invention comprising (a) a ?rst layer 20 comprising 
microporous pseudo-boehmite, (b) a second layer 30 of a 
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protective coating, (c) a third layer 22 comprising 
microporous pseudo-boehmite, and (d) a fourth layer 15 of 
a cathode active layer, on a smooth release substrate 12. 
Also, the separator illustrated in FIG. 7 may be delaminated 
to provide a free standing separator and cathode active layer 
combination, as shoWn in FIG. 8. In one embodiment, as 
illustrated in FIG. 8, the separator of the present invention 
comprises a separator and cathode active layer combination 
comprising (a) a microporous pseudo-boehmite layer 20, (b) 
a protective coating layer 30, (c) a microporous pseudo 
boehmite layer 22, and (d) a cathode active layer 15. 

[0161] The separators of the present invention may com 
prise tWo or more microporous pseudo-boehmite layers and 
tWo or more protective coating layers, as, for example, 
illustrated in FIGS. 9 to 11. In one embodiment, as illus 
trated in FIG. 9, the separator of this invention comprises (a) 
a ?rst layer 20 comprising microporous pseudo-boehmite, 
(b) a second layer 30 of a protective coating, (c) a third layer 
22 comprising microporous pseudo-boehmite, and (d) a 
fourth layer 34 of a protective coating comprising a polymer, 
on a substrate 10 comprising a cathode active layer 15. Also, 
for example, in one embodiment, as illustrated in FIG. 10, 
the separator of the present invention is a free standing 
separator comprising (a) a protective coating layer 30, (b) a 
microporous pseudo-boehmite layer 20, (c) a protective 
coating layer 34, (d) a microporous pseudo-boehmite layer 
22, and (e) a protective coating layer 38 comprising a 
polymer. Also, for example, in another embodiment, as 
illustrated in FIG. 11, the separator of the present invention 
is a free standing separator comprising (a) a protective 
coating layer 30, (b) a microporous pseudo-boehmite layer 
20, and (c) a protective coating layer 34. 

[0162] As a further example of the options for designs of 
the layers of the separator of the present invention, and of the 
relative order of the pseudo-boehmite layers and protective 
coating layers, tWo or more layers of one type may be in 
contact With each other, as for example, illustrated by the 
tWo protective layers overlying a pseudo-boehmite layer 
described in Example 10. 

[0163] Yet another example of the options for designs of 
the separator for use in an electrochemical cell of the present 
invention, is an embodiment in Which a microporous 
pseudo-boehmite layer is in contact With a protective coating 
layer upon Which is coated a second protective coating layer; 
Wherein the protective coating layers are on the side of the 
separator opposite from the cathode active layer of the cell. 
In one embodiment, the second protective coating layer is a 
single ion conducting layer, preferably a single ion conduct 
ing glass. 

[0164] Methods for Forming Separators 

[0165] One aspect of the present invention pertains to 
methods of making a separator comprising at least one 
microporous pseudo-boehmite layer in contact With (ii) at 
least one protective coating layer, for use in electric current 
producing cells Which overcomes the disadvantages of the 
aforementioned conventional methods for forming separa 
tors. 

[0166] In one aspect of the method of the present inven 
tion to form a separator comprising at least one 
microporous pseudo-boehmite layer in contact With (ii) at 
least one protective coating layer, as described herein. In one 

Dec. 20, 2001 

embodiment, Wherein the protective coating layer comprises 
a polymer, the method comprises the steps of: (a) coating 
onto a substrate a ?rst liquid mixture, A, comprising a 
boehmite sol, or alternatively, coating onto a substrate a ?rst 
liquid mixture, B, comprising one or more polymers, mono 
mers, or macromonomers, to form a ?rst coating layer; (b) 
drying the ?rst coating layer formed in step (a) to form a 
microporous pseudo-boehmite layer, if the ?rst liquid mix 
ture A Was utiliZed in step (a), or alternatively, drying the 
?rst coating layer formed in step (a) to form a protective 
coating layer, if the ?rst liquid mixture B Was utiliZed in step 
(a), to form a dried ?rst coating layer; (c) coating onto the 
layer formed in step (b) a second liquid mixture, B‘, com 
prising one or more polymers, monomers, or macromono 
mers to form a second coating layer, if a microporous 
pseudo-boehmite layer Was formed in step (b), or alterna 
tively, coating onto the layer formed in step (b) a second 
liquid mixture, A‘, comprising a boehmite sol, if a protective 
coating layer Was formed in step (b), to form a second 
coating layer; (d) drying the second coating layer formed in 
step (c) to form a protective coating layer, as described 
herein, if the second liquid mixture B‘ Was utiliZed in step 
(c), or alternatively, to form a microporous pseudo-boehmite 
layer, as described herein, if the second liquid mixture A‘ 
Was utiliZed in step (c), to form a dried second coating layer. 

[0167] In one embodiment, subsequent to formation of a 
protective coating layer, the methods further comprise cur 
ing the dried protective coating layer to form a cured 
protective coating layer. The dried coating layer may be 
cured to form a cured protective coating layer comprising a 
cured polymer by treatment With an energy source. Suitable 
energy sources include, but are not limited to, heat, ultra 
violet light, visible light, infrared radiation, and electron 
beam radiation. In one embodiment, after step (d), steps (a) 
and (b) are repeated to form a third coating layer. Examples 
of separators that may be formed by this method of forming 
a third coating layer are illustrated by FIGS. 4 to 8 and 11. 
In one embodiment, after step (d), steps (a), (b), (c), and (d) 
are repeated to form a third coating layer and a fourth 
coating layer. An example of separators that may be formed 
by this method of forming a third coating layer and a fourth 
coating layer is illustrated in FIG. 9. In one embodiment, 
steps, (a), (b), (c), (d), (a) and (b) are repeated to form a third 
coating layer, a fourth coating layer, and a ?fth coating layer, 
as illustrated, for example in FIG. 10. 

[0168] Examples of suitable monomers and macromono 
mers for use in the liquid mixture to form the protective 
coating layer include, but are not limited to, acrylates, 
methacrylates, ole?ns, epoxides, vinyl alcohols, vinyl 
ethers, and urethanes. Suitable acrylate monomers and mac 
romonomers, include but are not limited to, compounds 
selected from the group consisting of: polyethylene glycol 
diacrylates, polypropylene glycol diacrylates, ethoxylated 
neopentyl glycol diacrylates, ethoxylated bisphenol A dia 
crylates, ethoxylated aliphatic urethane acrylates, and 
ethoxylated alkylphenol acrylates. Further, the monomers 
and macromonomers of the liquid mixture may be selected 
from monomers and macromonomers having the formula 
R1(R2O)n-R3, as described herein, to form the protective 
coating layer. 

[0169] The molecular Weight of the monomers and mac 
romonomers of the liquid mixture may be selected so that 
the liquid mixture to form the protective coating layer does 
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not signi?cantly impregnate into pores of the microporous 
pseudo-boehmite layer, in those cases Where the liquid 
mixture to form a protective coating layer is coated onto a 
microporous pseudo-boehmite layer. In a preferred embodi 
ment, the molecular Weight of the monomers and mac 
romonomers is greater than 2000. In a more preferred 
embodiment, the molecular Weight of the monomers and 
macromonomers is greater than 5000. 

[0170] In one embodiment, the second liquid mixture, B or 
B‘, may comprise a solvent. The solvent may be aqueous or 
non-aqueous. Suitable solvents include, but are not limited 
to, Water, acetone, methyl ethyl ketone, acetonitrile, ben 
Zene, toluene, tetrahydrofuran, dioxane, chloroform, pen 
tane, hexane, cyclohexane, methyl acetate, ethyl acetate, 
butyl acetate, and methylene chloride. In one embodiment, 
the solvent of the liquid mixture may comprise one or more 
of the monomers of the present invention. 

[0171] In one embodiment, the liquid mixture to form the 
protective coating layer is in the form of a polymer latex. 
The term “latex,” as used herein, pertains to a stable col 
loidal dispersion of a polymeric substance in an aqueous 
medium. 

[0172] The penetration of the liquid mixture to form the 
protective coating layer into pores of the microporous 
pseudo-boehmite layer may also be controlled by selecting 
the viscosity of the liquid mixture. For example, an additive, 
such as a polymer may be added to the liquid mixture that 
forms the protective coating layer to increase the viscosity 
and to inhibit or sloW the penetration of the liquid mixture 
into pores of the pseudo-boehmite layer. Examples of poly 
mer additives include, but are not limited to, polyacrylates, 
polymethacrylates, polyurethanes, polyole?ns, for example, 
ethylene-propylene polymers, and cellulosics. Alternatively, 
for example, additional solvent may be used to loWer the 
viscosity of the liquid mixture. Preferably, the liquid mixture 
to form the protective coating layer has a viscosity in the 
range of 15 cP to 5000 cP. Besides particle siZe, molecular 
Weight, and viscosity, other approaches to prevent or mini 
miZe the penetration of the liquid mixture that forms the 
protective coating layer into pores of the microporous 
pseudo-boehmite layer include, but are not limited to, 
preWetting the pseudo-boehmite layer With a solvent to hold 
out the protective coating layer during the coating and 
drying steps. 

[0173] Where there is a defect, such as a small crack, in 
the microporous pseudo-boehmite layer, the liquid mixture 
to form the protective coating layer may be advantageously 
utiliZed to penetrate into the defect areas of the pseudo 
boehmite layer to repair the defects Where this is bene?cial. 
This is one of the advantages of the methods of forming a 
separator of the present invention. 

[0174] If increased mechanical strength or some other 
improvement in the properties of the protective coating layer 
of the separator is desired, the coating liquid mixture to form 
the protective coating layer may further comprise a pigment, 
and the resulting protective coating layer is dried and 
optionally cured to form the protective coated microporous 
pseudo-boehmite separator. Suitable pigments for use in the 
protective coating layer include, but are not limited to, 
colloidal silicas, amorphous silicas, surface treated silicas, 
colloidal aluminas, amorphous aluminas, conductive car 
bons, graphites, tin oxides, titanium oxides and polyethylene 
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beads. Preferred pigments for use in the polymer protective 
coating layer are colloidal silicas, amorphous silicas, surface 
treated silicas, or a combination thereof. Surface treated 
silicas, including hydrophobic silicas. are especially pre 
ferred. 

[0175] The single ion conducting glass protective coating 
layer or the conductive polymer protective coating layer 
may be deposited on the substrate by techniques such as 
physical deposition, for example, by sputtering or evapora 
tion, and chemical vapor deposition, for example, by plasma 
enhanced chemical vapor deposition. These protective coat 
ing layers may be advantageously applied to alloW only 
lithium ions to reach the anode surface. Other protective 
coating layers comprising single ion conductive layers may 
be deposited as sol gel formulations by methods knoWn in 
the art for coating sol gel layers. 

[0176] If increased mechanical strength or some other 
improvements such as improved adhesion to the substrate or 
coating uniformity is desired in the microporous pseudo 
boehmite layer, the liquid mixture comprising a boehmite 
sol may further comprise a binder, as described herein, and 
then dried to form a microporous pseudo-boehmite layer 
With binder present. The types of the binders such as 
polyvinyl alcohols, the amounts of the binder materials, such 
as, in the range of 5 to 70% of the Weight of the pseudo 
boehmite in the layer, and the thicknesses of the 
microporous pseudo-boehmite layer With binder in the range 
of I to 50 microns, preferably 1 to 25 microns, more 
preferably 2 to 15 microns, and most preferably 5 to 15 
microns, are as described herein for the microporous 
pseudo-boehmite separator. 

[0177] These methods of forming a separator comprising 
(i) at least one microporous pseudo-boehmite layer With or 
Without a binder present in the pseudo-boehmite layer, as 
described herein, in contact With (ii) at least one protective 
polymer coating, as described herein, may be used to 
produce either a free standing separator or a separator coated 
directly onto a layer of an electric current producing cell. 
The free standing separator may then be Wound or otherWise 
fabricated into an electric current producing cell. Also, the 
free standing separator may be laminated to another layer of 
the electric current producing cell. In one embodiment of the 
methods of forming the separators of this invention, Wherein 
the protective coating layer comprises a polymer, the sepa 
rator is coated directly onto the cathode active layer of the 
cathode of the electric current producing cell by (a) appli 
cation of a ?rst liquid mixture, A, comprising a boehmite sol 
or, alternatively, a ?rst liquid mixture, B, comprises one or 
more polymers, monomers or macromonomers for forming 
a protective coating layer, onto the outermost surface of a 
cathode coating on a suitable current collector substrate; (b) 
drying this ?rst liquid coating layer formed in step (a) to 
form a microporous pseudo-boehmite separator layer, as 
described herein, or alternatively, drying the ?rst coating 
layer formed in step (a) to form a protective coating layer, 
as described herein; (c) coating onto the layer formed in step 
(b) a second liquid mixture, B‘, comprising one or more 
polymers, monomers, or macromonomers to form a second 
coating layer, if a microporous pseudo-boehmite layer Was 
formed in step (b), or alternatively, coating onto the layer 
formed in step (b) a second liquid mixture, A‘, comprising a 
boehmite sol, if a protective coating layer Was formed in step 
(b), to form a second coating layer; (d) drying the second 
























