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(57) Abstract: Methods and feedstock compositions for preparing porous electrodes as contained in lithium ion and lithium poly-
mer batteries that comprise an electrolyte composition are described. The methods are characterized by depositing on a substrate a
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ing the solid pore former from the electrode using at least a portion or constituent of the electrolyte composition. The feedstock
compositions axe characterized by a pore former that forms a two-phase system with at least one constituent of the electrolyte
composition. The feedstock does not contain materials that are not also substantial ly contained in the lithium ion battery.
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Hethods and Compositions for Preparing Porous Fleetrodes

Statement Regarding Federally Sponsored Research Or Development
100011 This tnvention was made with United States Government support under contyact

nunber WOTINF-07-2-0083. The Governunient has cortain rights in tus wvention.

BB2] Thas tnvention clatims priority from United States Patent Apphication No.

12/176,720, fled July 21, 2008, emitied, “Methods and Compositions for Preparing Porous

Electrodes.”

Background

£0031  In the field of eleetrochemical devices, electrode composition, morphology,

ey

and/or archrtecture caf have significant wiluence on device performance. Fabrication
processes, which can he overly complex, are also of concern with regard to device quality,
facility cost, andior device cost, In one example of how device performance can be

influenced by electrode properties, the presence of water in electrodes, which water can be

mtroduced duning fabrication, can significantly reduce the energy density and lifetime of

ot

lithium-ton batteries. Furthermore, transport paths can determine hattery power and
recharge rates making porosity and conductivity important elecirode properties, As an

example of bow porosity affects performance, cwrent methods for production of lithium fon

Y

batteries for antomotive transportation applications regquire about 40% porosity in the

electrode to fheilitate rapid discharge rates and hence high power. Common fabrication
i



WO 2010/011496 PCT/US2009/049905

processes often utilize pore formers that can be hard 1o remove, can gonorate significant
waste products, and/or can vtroducs process steps having high potential to reduce deviee

guality and inerease failure rates, Dxamples of such pore formers inchude, commonly, N-
racthyl pyrrolidinone (NMP) and, less commonly, dibutylphthalate (DBP). These matenials
play no active role w performance of the lithtwm battery and must be extracted from the

electrode prier to cell assembly. That extraction adds substantially to the complexity and

cost of the fabvication process and can reduice the performance of the electrochemical

devics. Accordingly, a need exists for methods, compositions, and apparatuses 1o prepave

£

084  FEmbodiments of the present invention inclade methods and compositions for

prepaning porous electrodes as contained in slectrochemical dovices, In particular,

eloctrochemical devives can include, but are not limited to, lthium ion battéries, which

inchudes lithium lon polymer batteries, having an electrolvie composition. Preferably, the
ctrolvte composition Is a Hquid, gel, or other fluid. The methods are charactertzed by

a feedstock comprising a soluble pore former. Deposition of the

et
i
z
v
o
e
P d
=
3
ot

depositing on a subsiy
feedstock on the substrate initiates formation of an electrode. Seme time before, dwring, or
alter formation of the electrode, the method involves precipitating at least a portion of the
soluble pore former from the feedstock. This precipitation causes that portion of the soluble
pore former to exist as a solid phase within the clectrode. The pore former can later be
dissplved fron the electrode using at least a portion, or 4 constituent, of the clectrolyie

composition. Rumoval of the pore former from the electrode leaves voids that constinnte
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pores in the clectrodes. In some embodiments, precipitation of the soluble pore former cun
ocenr by evaporating at least a portion of the feedstock, Alternatively pregipiiation can
oceuy by altering the temperature of the feedsiock. More specifically, the tenperature can
be decreased.  Additional methods for causing precipitation of the soluble pore former can

be suttable and ave based on the concentration of the soluble pore former tn feedstock and on
the conditions mmposed on the feedstock.

03] Insome embodiments. the soluble pore former forms g twoe-phase system with at
least one constituent of the clectrolyie composition. In specific instances the soluble pore
former can comprise ethyvlene carbonate. In such nstances the feedstock can fusther
comprise dimethy! carbonate, diethyl carbonate, propylene carbonate, or g combination of
these glecirolyie vonstitneonts, Preferably the feedstock does not contain materials that are
not alsu so substantially contained in the Hthium lon battery. While many of the examples
and embodiments deseribed hevein involve feedstook constituents that perform a function in
the lthiuny ton battery, anvactive role is not a requirement. In other words, the feedstock
constiivents, wihich can include & pore former and the solvent for the pore former, can he
L a0 long as their presence does not negatively inflnence the parformance of the battery
and/or complicate the fabrication

{00061 In preferred embodiments the feedstoek s an ink for ink jet printing.

Accordingly, the step of depositing the ink on the substrate is accomplished by printing with
an ik jet printer on the sabstrate.
{607 Another aspect of the present tnvention encompasses g feedstock composition for

preparing the porous slectrodes. The feedstock composition can be characterized by a pore

former that forms a two-phase system with at least one constituent of an electrolyte

™

3



WO 2010/011496 PCT/US2009/049905

composition of a Hthium ion battery. The feedstock composition should net contain

substantially any materials that are not also contained in the lithium fon battery. A specific

~

example of a pore former can Include, bat s not Himited to, cthylene carbonate. In instances

where the pore former is ethylene carbonate, the electrelyie composition can comprise

£

dimnethyl carbonate, diethy] carbonate. propylene carbonute, a combination of these or piher

pitay)

solvonts useful as the electrolyte  In some embodiments the pore former is also a consiituent

of the electrolyte composition. Alternatively the pore former can be an inert constituent of

m
p£8

the lithiom battery, Additional pore formers, which form a two-phase systeny with at lea

one constituent of the electrolvie composition of the lithium ion batery, exist and can

suitably replace ethylene carbonate. However, in proferred embodiments, the alternative
pore formers are not sacrificial pore formers in that they must vldmately be removed and in
that they are not subsiantially contained v the Hithium on batlery. Specifically, the

feedstock shoudd not contain NMP or DBP as pore formers.

The purpose of the foregoing summary s {o enable the United States Patent and

& =g

{3008

Virrrid
w”

e

Trademark Otfice and the public generally, especially the scientisis, engincers, and
practitioners in the art who are not feniliar with patent or legal terms oy phrascology,
determine quickly from a cursory inspection the nature and essence of the technival
disclosure of the application. The summary 18 neither intended to define the invention of the
application, which is measured by the claims, nor s 1t intended to be lmiting as 1o the scope
of the nvention in any way

HIB09]  Varous advaniages and novel features of the present invention are described
herein and will become further readily apparent to those skilled in ths art from the bllowing

b3

detailed deseription. Inthe preceding and following descriptions, the various embodiments,

4
~
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mcluding the prefe wbodiments, have been shown and deseribed. Incloded heremn s 2
description of the best mode contemplated for carrving out the invention. As will be
realized, the invention is capable of moditication i various respects without departing from
the invention. Accordingly, the drawings and desceription of the preforred embodiments set
forth hercalier are to be regarded as ilustrative in nsture, and not as restrictive.

Description of Brawings

018 Hmbodiments of the invention are described helow with reference to the

following accompanying drawings.

WO} Figure 1 is an fustration depicling the preparation of porous electrodes as
contained in slectrochemical devices, according to embodiments of the present invention.

12§ Figure 2 is a general example of a phase diagram depicting a change between

two different phases that can lead 1o pore formsation in an electrode secording to
embodiments of the present nvention,
{HHI3] Pigwre 3 v agenerad example of g phase diagram depicting a temperature-based
change between different phases that can lead 1o pore formation in an electrode according o

embodiments of the present invention.

Detailed Deserviption

{H814]  The following description includes the preferred best mode of one embodiment

g ¥

of the present invention. It will be clear from this description of the invention that the
investtion is not Hmited to these lusirated embodiments but that the invention also includes

a variety of medifications and embodiments thereto, Therefore the present description

5
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should be seen as ihustrative and not Hmiting. While the vention s susceptible of various
modifications and alternative constructions, it should be understond, that there is no
intention to ot the invention to the spocitic form disclosed, but, on the contrary, the
Invention is to cover all modifications, alternative constructions, and eguivalents falling
within the spinit and scope of the tovention as defined w the clanmus,

W018]  Figures 1-3 show a variety of embodiments of the present 1nvention, Referring

o

first o r;mz

(’v
o
v

. the Hlustration depiets the preparation of porous elecivodes as would be

contained in an electrochemical device according to one embodiment of the presemt

-~

3

ivention: Iy particular, feedstock 188 e p mxture comprising an elecirode material 182, &
binder 1858, a pore former 111, and other feedstock constituents 186, The feedstock canbe a
Suspension, an orgatic solution, a slurry, awbior other type of hquid-containing mixture,
Common electrode materials for Htlaum fon batteries can inchude, but are not limited to,
raanganese oxide, cobalt oxide, and graphite. One exemplary binder includes
polyvinyidifopride. Other binders can include ather Sourinated polymers such as

tetrafluorosthvlene or non-flouringted polymers. Other constituents 186 of the feedstock can

include a solvent such as propylene carbonate (PC), dimethyl carbonate (DMC), andfor

carbonate as a pore former was an unexpeeted resolt. Whale EC, PC, DM, and DEC can
have dual functions, it is not a requirement of the present invention that the solvent or the
pore formmer serve an active role in operation of the eloctrochemical device, In other words,

some embodiments can ntilize solvents and/or pore formers that are inert and non-

participatory in the functioning of the electrochemical device, so long as their presence does
I
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uot degrade the performance of the device. Depending on the feedstock composition andfor

the technique used for electrodeposition, still other constituents may be added to the

b 3

feedstock including, but not Hmited 1o, suriictants.

f

10016}

X

in order o form an electrode, the feedstock 188 13 deposiied 184 on a substrate
181, Suttable deposttion techniques can inchede, but are not timited to, doctor blading, roll
coating, spraying, tape casting and, in preforred embodiments, ink-jot printing

BT After deposition, and in some cases during deposition, the soluble pore former
precipitates mte a solid phase 183 within the electrode. o some instances, at least a portion
of the seluble pore former precipitates in the feedstoek, however such is a less preferved
cmbodiment. The selid pore former can subsequently be removed in solution from within
the elerirode by the addition of more selvent, It s important 1o note that all of the feedstock
constituents and the solvents will aliimately be contained in the final clectrochemical device.
For example, in lithium fon batteries, both cthylene carbonate and its solvents {e.g. DM,

DEC, PU) are constifuents of the electrolvie that is added prior to sealing the lithium fon

battery. Therelfore, addition of the electrolyte serves also to dissol
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the electrodes, thereby leaving pores 187 within the electrodes. The resultant porous
clectrode 199 is prepared without the use of a sacrificial pore former. As used hereln, a
sacrificial pore former is one that must uiimately be vemoved as i€ s not substanddally
contamed within the electrochemical device.

{0038]  Referring to Figures 2 and 3, exemplary phase diagrams depict two ways of
causing phase changes i the soluble pove former. Referring first to Figure 2, the pore

\

former can go froms Hguid State A 1o a solid procipitate In the Hquid, State B, and back o a

Hiquid, State €, based on the mole fraction of the pore former in the solvent. In particular

¥
{
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State A can represent the feedstock, which may bhave a relatively low mole fraction of the
pore former. State B can represest the feodstook during or after deposition, when a
significant amount of the solvent has evaporated. The evaporation of the solvent can
cffectively cause the mole fraction of the pore former (O Increase, causing precipitalion (o a
solid phase. The introduction of additional solvent can then decrease the mole fraction of
the pore former and cause a change back into the lguid phase, which is represented by Siate
(. As described elsewhere herein, the introduction of additional soivent can oveur during
assernbly of & Hithiwm lon battery when the electrolyte, which containg a solvent for the pore

o

former, 15 added.

{019 Alernatively, referring to Figure 3, the phase change can be caused, at least in

N

part, by changes in femperature. For example, State A can represent the dissolved pore

CL
E

former at a first temperature. By decreasing the temperature, & phase change can be induced

o Btate B, in which solid precipitates exist in the solveni. The solid precipitates can then be

3

dissolved by the addition of more solvent. Again, using the previous example, the

introduction of solvent can pecur with the addition of & electrolyte containing that solvem,

Example ~ Preparation of Perouy Electrodes for Lithinm Battery Appleatinna:
{0028 In the instant example, inks were formed as & feedstock by mixing in the
appropriate propertions the selid constituents {e.g., PVDF, flake graphite and ethviene
sarbonate} w g dimethyl carbonate solvent. Typically the PVDF and graphite wi%g were
ept constant at a ratio of 10% 1o S0%, respectively. This was then mixed with ethyiene
carbonate dissolved in dimethyl carhonite 1o prepare a solution that contained (9%, 25% 50¢%

and 73% wi%% of ethylene carbonate to PVDFrgraphite, In some cases a small guantity of
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surfactant was added to stabilize the ink. A wi% solids loading of approximately 3% was

used for inkyet printed samples. A wi%i solids loading of approximately 20 wis solids

.,,ﬂ

Ioading for doctor bladed samples,

-3

18021 Hileetrodes were prepared by doctor blading the ink on copper current collectors.
The elecirade mass was determined by weighing and then assembled in 2 coin cell without

further processing. A solid hithinm metal electrode was used as the counter electrode in the

T ~

coin cell. Just prior to sealing the cell additional electrolyte was added comprising LiPF,
dissolved i an alky! carbonate solvent. The cells were then tested for Coulombic

capacitance gt various rapid discharge rates up to 4C untif the cell voliage dropped to 3 mV,

Bischarge was then continued at a fived coll potential of 3 mV until the current dropped

below 5 mA per gram of graphite.  As illustrated in Figure 4, the sample prepared with 50%
ethylene carbonate showed the highest Coutombic efficiencies for both the rapid and total
capacitances. The rapid discharge capacitance depended upon the percent sthvlene
carbonaie in the order of 7T3%0%<2 55680,

N

08022 Shown in Flaures 3g) and 5(b) ave scanning electron micrographs of' s

Virrrrs

wepared with 30% and 0% ethylene carbonate, respectively. The images show the enhanced

Ky

i

porosity afforded by metheds described horein. Also evident in Figure 5¢a) ave the strands

of PYDF between graphite flakes that help maintain the physical integrity of the electrode
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are not found i conventionally prepared
slectrodes where NMP is nsed a5 the solvent for PYDE.

{8023 These results show that ethylene carbonate can be successfidly used 1o form
pores in mechanically stable films, that ethylone carbonate can disrupt the lavered graphite

structure vesulting in reduced pore tortuosity, that ethylene carbonate is casily dissolved
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from the films without destroying the 8hay structure, that the use of cthvlene carbonate can

enhance the binding effect of PVDF and may be used to manipulste the electvode sty

3
b
o
&
oy
bl
5
5]
Er 3

that the porosity formed by the ethiviene carbonate can enable rapid gischarge rates, and that

the slectrode siructure does not require any post deposition processing prior to incorporation

inte the battery.

196241 While a nuimber of embodiments of the present invention have been shows and
deseribed, it will be apparent 1o those skitled in the art that many changes and modifications
may be made withowt departing from the nvention in its broader aspects. The sppended
clatms, therefore, are intended to cover all such changes and modifications as they fall

within the troe spirit and scope of the invension.

16
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Claims
We claim:
I A method {or preparing porous clectrodes as contained m thium-ion batteries that

comprise an electrolyte composition, the method characterized by

~

depositing on a substrate a feedstock comprising a soluble pore former,

pa

thereby inftialing formation of an clectrode;

precipitating at least g portion of the soluble pore former from the feedstock,
thereby causing said portion of the soluble pore former 0 exist in a solid phase
within the electrode; and

dissolving the pore former from the electrode using at loast a portion or
constituent of the electrolyie composition, thereby leaving voids that form pores in
the electrodes,

2. The method of Claim 1, wherein said precipitating comprises evaporating at least g

portion of the feedsteck.

Lk

The method of Claim 1, whereln sald precipitating comprises altering the temperature of

4. The method of Claim 1, wherein the soluble pore former forms a two-phase system with

at least one constituent of the clectrolyte composition,

k3

L.

‘The method of Claim 1, wherein the soluble pore former comprises ethylene carbonate.
6. The method of Claim 3, wherein the feedstock further comprises dimethy] carbonate,

diethyl carbonate, propylene carbonate, or combinations thereof

w3

The methed of Claim 1, wherein the feedstock does not contain a saerificial pore former.

faery
ik
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8. The method of Claim 7, wherein the feedstock does not contain Nomethyb-2-pyrrollidone
{NMP} or dibutyiphthalate (138P) as the sacrificial pore formes,

9. The method of Claim 1, wherein the clectrolyte corpposition comprises dimethyl
carbonate, diethy! carbonate, or combinations thereof.

~1 ., 3

16, The method of Claim 1, wheretss the feedstocd

¢ dows not contain materials that are not
also substantially contained in the Hthuen-ton batlery.

i1, The method of Claim |, wherein the foedstook is an ink for ink jet printing and said
forming comprises printing with an ink jet printer.

12, A feedstoek composition for preparing porous electrodes as contained in Hithium-ion
batteries that comprise an clectrolyte composition, the feedstock characterized by a pore
former that forms a two-phase syastem with at least one constituent of the electrolvie

composition, wherein the feedstock does not contain materials that are not also

substantially contained in the Hthinm-ion hattery,

soeris
s

. The feedstock of Claim 12, wherein the pore former comprises athyiene carbonate.

t4, The feedstook of Clain 12, wheretn the electrolyte composition comprises dinethy!
carbonate, diethyl carbonate, propylene carbonate or combinations thereof,

13, The feedstock of Claim 12, wherein the pore former is slso a constituent of the

electrolyie composition.

16, The feedstouk of Claim 12, wherein the pore former I8 an inent constituent of the Hthium-
1on battery.

17, The feedstock of Claim 12, wherein the feedstock does not contain a sacrificial pore

former.

18, The feedstock of Claim 17, wherein feedsiock does not contain NMP or DEP,
"}

Py
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19 The feedstock of Claim 12, whereln the feedstock is an ink for ink jet printing.

>
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