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(57) Abstract: Dual sided coating system and method for coating substrates, such as substrates useful as battery electrodes. In certain
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downstream, 1n the direction of substrate (or web) travel, of the dryer, and upstream of the rewind. In certain embodiments, the calender
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WEB COATING AND CALENDERING SYSTEM AND METHOD

BACKGROUND

0000000000000000000000000000000000000000000000

1he embodiments disclosed herein reiate {0 a system and method for coating a
supsirate, such as coating operations, for example those used i manufacturng
patieries, where the substrate i1s coailed in a series of discrete paiches (intermittent
coating) and/or in lanes.

There are various applications in which it is desiraple {¢ deposit a coating onto at
least a portion of a8 sheet of matenal. For exampile, the electrodes of battenes may bde
proguced by applving a iayer or coating {0 & substrate such as a sheet or web, and then
cutting the substrate into portions of a suitable dimension. Of particular importance is
that the layer be applied at a uniform thickness. For certain applications, the layer or
coating i1s not applied to the sheel in the region where the sheet will subseguently pe
CUt.

Accordingly, systems are used thal can apply a uniform layer or coating 1o a
sheetl, with the ability 10 enable and disabie the application of that layer as regquired. For
axample, in the manufacture of iithium ion balteries and the like, a coaling process may
e employed that appiies anode siury 10 a conductive subsirate (e.g., copper foi) and
another coating process that agpplies cathode siurry to a conductive substrale (e.g.,
aluminum foil), such as with a siot die coater. in these two coating processes, there are
two aifferent methods of coaling: discontinuous, aiso referred 10 as skip or paich
coaling, and continuous coating. in the practice of aither methodg, the coaling maternal

:
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may pe applied {0 the continuousily moving supstrate in the form of one or more anes
running paraliel 1o the travel direction of said continuousily moving substrate.

in conventional lithium ion battery electrode manufacture, the current coliector
substrate {(&.¢., copper foil} may be coated with siurry of acltive material {(e.g., a lithium
nased matenal such as ithium oxide) on one side at a time.  The most common coating
ine layout is the siandard single side line. This layout typically nas an unwind, coating
station, drver, and rewind. FiG. 1 fHustrates a simpiified schematic drawing of this
single side layout. As can be seen in FlIG. 1, the current collector substrate 200 is
unwound from a roll 300, andg i proceeds 1o coating station where a first side of the
substraie is coated using a coating head 400 {such as one that is part of a siot die
coaler) while peing supporied on a backing roil 500. The substrate 200 proceeds inlo a
dryer 600 where the coaling 1s dried, and then the single side coated substrate is wound
on a rewind roll 700, The singie side coated roil of current collector substrate 200 18 then
coaled on the second, opposite side foliowing the same process {(not shown). 1This
process 18 very inefficient and [abor intensive, pecause the coated rolls of current
coliector supstrate are moved mullipie imes. £ach time a roil of maternal 8 unwound
and rewound, Process scrap 1s produced, increasing cost.

An allernative to fhis process involves a tandem coater wherein the coaling
machine typically has an unwind 300, first coating station 400, first dryer 600, secono
coating station 4007, second dryer 600, and rewind 700, FIG. 2 shows this type of
layout schematically. As can be seen in FIG. 2, the system used and process carried

oui for appiving the coating to the first side of ithe substrate 200 is the same as ihe
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single side coating system and process of FiG. 1. However, instead of rewinding the
singie side coaied substraie 200, it is directed 10 a second coating station, followed by a
second arying station, after which it is wound on a rewind roll 700, Although a tandem
coater solves the problem of muitiple unwinding and rewinding steps, the factory
footprint for the coating line 18 doubled In size. In addiion, even in a tandem coater
system, the current coliector substrate 1s subjecied to two separaie drying steps; one for
drying the coating on the first side, and a second for drving the coating on the second
side. Tne coating on the tirst side 18, therefore, gried twice.

A turther problem of the prior art 18 that because each side 1S coated and dned
seguentially, the coating has a tendency o curl dgurng drying due o the coaling
shrinking and creating internal stress N the dned coating. this stress causes ihe
substrate 200 to curl up as shown in FiG. 3. Unce this dried, curled coaling is passed
through the next coating station, the curl prevents the coated foll from lyving flat against
the backing roll. One of the critical parameters for backing roll siot die coating is that the
gap belween the siol die and substrale must be uniform and paraliel. The siot coaling
Drocess aiso requires unform pressure drop across the width of the coating nead in
order 1o form a uniform coating thickness. Any difference in pressure grop, which can de
caused by a non-uniform coating gap, causes non-uniformity in the wel coating layer.
this is shown in FIG. 4, which illustrates that the curl induced from the first-pass coating
prevents tne foi from lying fiat on the backing roll 500, This non-paraliel gap petween
the siot gie and substrate causes the wet coaling layer {0 be non-uniform. This Non-

uniformity 1s a direct resuit of the non-uniform coating gap and resulfing pressure
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ditferential in the coating fiud exiting the sict die. ideal baliery performance generailly
requires that the coating be uniform on the metal foil substrates. Non-uniform coaling
resuits in a difference in the ithium-ion concentration which can create hot spots in the
patiery that may lead (0 decregsed batlery life and/or performance.

Ancther weill-known problem of the existing prior art s that the two side coated
electrode must go through an intermediate "dry-down” period in which the previously
coated and dried rolis of foil are held for a certain time interval, typically from several
nours 1o several days in a ciimale controlied environment, such as a low-humidity
atmosphere controlied storage champer/room, Or 8 vacuum chamber where a vacuum
drying step is carried out, prior {0 calendenng. This is time consuming, but is reguired
o bring the residual solvent levels in poth sides of the electrode coating to the same
concentrations. Calendering the electrode without this additional vacuum drying step
resulis i the top and potiom sides of the electrode having different densities and
porosifies, which is not acceptabie.

A still further issue is that because one side of the esiectiode s dried twice, the
composition of the electroge 18 gifferent from one side {© the other in terms of residual
solvent, density, porosity, and even binder distnibution.  The resuiting battery electrods
produced in this process must then go through a further vacuum drying step (or dry-
down period) o further reduce the residual solvent levels within the electrode.

it is therefore an opject of embodiments disclosed nerein 1o provide a system ang
method for dual siged coating of a supsirate that goes not suffer from the foregoing

drawbacks.
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SUMMARY

Propiems of the prior art have been overcome by embodiments disclosed herein,
which relate {0 a dual sided coating sysiem and method for coaling substrates, such as
subsirates useful as pattery elecirodes. in certain embodiments, the system includes an
niine calender station positionad between the dryer and the rewind of the substrale; L&,
positionaed downstream, i the direction of substrate (or web} travel, of the dryer, and
upsiream of the rewind. In the embodiments disciosed herein the ferm "iniine” refers to
carrying out a first process operation on a conlinuous web of substrate without winding
and supseguent unwinding of said web prior o enterng a second process operation.
1he second operation s then defined as being carried out inline with respect to said first
operation. Further, in a series of process operations camed out without intermediale
winding and unwinding of the web being processed between said series of process
operations s hus gescrived as peing carmed oul niine. Accordingly, the ferm nine
differentiates from an ofi-ine process step, the iatter being carred out with at least one
infermediate winding sitep (or other web accumulation siorage means) and subseguent
Lunwinding step (or other de-accumulation siorage means) prior to said off-line step. in
certain embodiments, the calender operalion 18 positioned immediately downstream of
ine drver, no intermediate equipment that processes the subsirate, such as a vacuum
dryer or a controlied atmosphere chambper/room in which the substrate is held for a dry-
down period, is positioned between the dryer and the calender. Advantages of such a

system and method mnclude twice the throughput compared 10 single side coaling
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operations, a smaiier eguipment footpnnt compared 1o andem coating ines, lower
capiial cost and operating cost compared (o tandem coaling ines, and fewer issues with
wrinkies in the substrate.

in certain embodiments, the system and method eliminates the need for a dry-
AOWI DEriod OF vacuum Jrying prior 1o calendering, by controling the moisture content
of the substraie exiting the dryer.

Accordingly, in some embodiments, a system s provided for coating a substrale
SUCH a8 a wel. The system may nciude a costing station where coating of both siges of
ine subsirale i a single pass 18 camed oul, and a drying station where the coaled
substraie is dried. In some embodiments, the coating of bolh sides of the subsirate is
carried out simulianeously. Since both sides of the subsirate are dried once, the coating
composttion on poth sides of the subsirate has the same or subsiantially the sams
characteristics, nciuging resigdual solvent ievel density, porosity andg pindger
composition. In ceriain embodiments, the drying 18 camed out such that a
predetermined residual solvent content remains when the substrate exits the dryer. This
enapies e subseguent calenderng process 1o be carmead out without first carmrying out
8 secondary drying process such as vacuum drying.

in certain embodiments, ihe sysiem s for coaling first and second sides of &
subsirate in a single pass, and inciudes a first coater for applying a first coaling layer to
the first side of the substirate; a second coater for applving a second coating laver to the
second side of the substrate; a dryer downstream of the second coater for drying the

first and second coating iayers such that the first and second coaiing layers retain a
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predetermined level of a residual soivent wnen the substraie exits the dryver; and a
caiender positioned downstream of the dryer for calendering ithe first and second
coaling iavers. in certain embodiments, the substrate 1s a metal foil, 1s planar, and the
first side 13 opposite the second side.

in its method aspects, empodiments disciosed herein reiate o a method of
coaling two sides of a substrate in a single pass, nciuding coating a first side of the
substrate, coaling a second, opposite side of the substirate, subsequently drying the
coatings on ithe substrate 1 a dryer {0 a predetermined resigual seolvent ievel, and
calendering the subsirate without carrying out & secondary drying process prior o
calendering. in ceriain embodiments a secondary drying step i1s carmed out foliowing
said calendering process. in a preferred empodiment the secondary drying step is
carried oul inline following calendering.  in certain embodiments, the tirst and secong
sides of the substrate are coated simulianeously. The aiignment of the coatings on the
WO siges IS improved with simuitaneous two-sided coating. in certain embodiments, no
vacuum drying or dry~-down period of the substrate prior o the calendering operation i1s
carried oul. In some empodiments, the drying 8 carmed out in a non-contact manner,
e.g., with a fictation dryer where the subsirate is floated in the dryer nousing without
contact with dryer components.

These and cother non-limiting aspects and/or opjecis of the disclosure are more
particularty describaed pelow. For a petler understanding of the embodiments disclosed
naerein, reference s made {0 ihe geeompanying drawings and descnplion forming a part

of this disclosure.
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BRIEF DESCRIPTION OF THE DRAWINGS

The embodiments disclosed herein may take form in vanous components and
arrangements of components, and in vanocus process gperations and arrangements of
process operations. The drawings are only for purposes of iliustrating preferred
embodiments and are not to be construed as imiting.

Fi(s. 118 a schematic diagram of a single pass coating layout in accordance with
the prior art;

Fi(s. 2 i1s a schematic diagram of a tandem coating layout  in accordance with
the prior art;

Fi(s. 318 & diagram of a curled substrate in accordance with the prior art;

(5. 4 1s g schematic diagram of a coated substirate in accordance with the prior
art.

(3. 5 is a schematic diagram of a system for dual side coating of a substrate in
accordance with certain embodimeants:

Fi{a. 6 18 a schematic diagram of a systiem for dual side coaling of 3 subsirate In
accordance with an alternative embodiment

(5. BA s a schemasatic diagram of a system for dual side coating of a substlrate,
including a controlier, in accoraance with an alternative embpodiment;

Fi(s. 7 1S a schematic diagram of a system for dual side coating of a substrate in
accordance with an alternative embodiment:

Hi(. 8 is 8 schematic diagram of a system for dual side coating of a substrate in

accordance with an alternative embpodiment

8
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Fi(s. 9 18 a diagram showing a substirate being slit with a shitler in accordancs
with certain embodiments:

HiG. 10 is a schematic diagram of a system for dual side coating of a substrate
Nncluding wet [amination in accordance with certain embodiments;

Fila. 11 18 a diagram of an edge coating sel up in in accordance with certain
embodiments;

Fis. 12 18 a schematic diagram of an inline secondary drving operation in
accordance with certam embodiments; and

Fi(s. 13 18 a schematic diagram of ancther embodiment of an inline secondary

drying operation.

DETAILED DESCRIPTION

A more complele understanging of the components, processeas, systems and
apparatuses disclosed herein can be oblained by reference o the accompanvying
drawings. the figures are merely schemalic represeniations based on convenience
and the ease of demonstrating the present disciosure, and are, therefore, not
necassarily intended {0 indicate reiative size and dimensions of the devices or
components thereof and/or 1o define or iimit the scope of the exemplary embodiments.

Although specific terms are used in the following description for the sake of
clarity, these terms are mnlended 10 refer only 0 the particuiar structure of the

empodiments selected for Hustration in the drawings. in the drawings and the foliowing
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description below, i 18 10 bDe undersiood thatl like numeric designations refer {0
components of like funclion.

¢ 83

Tne singuiar forms "g," "an,” and "the" include piural referents uniess the context
clearly dictates oiherwise.

AS Used in the specificalion, various Jdevices andg paris may be described as
‘comprising’ other components. The terms “comprise(s),” "inciude(s),” "having,” "has,”
‘can,” ‘contain{(s),” and varianis thereof, as used herein, are intended {0 be open-ended
transitional phrases, terms, or words that do not preciude the possibiity of additional
Componants.

Al ranges disciosed herein are inciusive of the reciled endpoint and
independently combinable (for example, the range of "from 2 inches {0 10 inches” is
nciusive of the endpoints, 2 nches and 10 incheas, and all the intermediate values).

AS used herein, approximating ianguage may be applied © modiy any
guantiiative representation that may vary without resuliing in a change in the basic
function to wnicn it 18 related. Accordingly, a value modified by a term or terms, such as
‘apout” and "substantially,” may not be limited 10 the precise vailue specified, in sgme
cases. Tne modifier "about” shiould alse be considered as disclosing the range defined
oy the absolute values of the two endpoinis. For exampie, the expression "from about Z
{C about 47 also discloses the range "from 20 47

it should be noted that many of the terms used herein are relative lerms. For

exampie, the terms "upper and "lower are relglive o each other in iccation, 1.e. an

upper component i1s located at a nigher elevation than a lower component, and should

10
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Not pe construed as requinng a particuiar onentation or iocation of the structure. As a
further exampie, the ferms “interior’, "extenor’, "inward’, and "outward” are relative 10 8
center, and should nol be construed as reguirnng a particular orientation or iocation of
the structure.

ine terms "fop” and "botlom” are relative {0 an apsciute reference, (e ihe
surface of the earth. Put another way, a top iocation is always located at a higher
alevation than a bottom location, toward the surface of the earth.

Tne terms "nonzontal® and “vertical” are used to indicate direction relalive 10 an
apsolute reference, Le. ground level. However, these terms should not be construed {0
require structures {0 be absoluiely paraliel or absoluiely perpendicuiar {0 each ofher.

The term “consisting essentially of” 1s used herein to imit the scope of a claim o
the specitied materais or steps and those that do not matenally attect the basic ang
noveil characienstics of the claimed subject matter. The term permits the inclusion of
elements which do not materially affect the basic and novel characteristics of ihe
apparatus under consideration. Accoraingly, the expressions "consists essentially of” or
‘consisting essentially of mean that the recited embodiment, feature, component, sic.
must be present and that other embodiments, features, components, eic., may be
present provided the presence thereof does not materiaily affect the performance,
character or effect of the recited embodiment, feature, component, elc. For example,
the inclusion of a vacuum drying step or other dry-down operation between the tiotation

dryer and the calendering operation 1o remove virtually all residual solvent would pe

11
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consigered 1o matenally aftect the basic and novel characternstics of ihe claimed subject
matier.

Tuming now to FiG. 5, there is shown a dual side coating, drying and calendering
system 180 in accorgance with certain embpodiments. A substrate 20, such as a current
coliector, 8 shnown wrapped arcund an unwingd roller 22, in certain embodiments, the
current collector is a melal foil suitable for use as an electrode for a battery, such as a
ithium-ion pattery. Typically the metal foil 1s copper for the anode and aluminum for the
cathode. Those skiled in the art will appreciate that subsirates other than current
coliectors may pe used in the sysiems and metnods disciosed herein, and the metal {oil
current collector subsirate 1s merely an exempiary embodiment.

in certain embodiments, the substrate 20 is generally flat, and includes first and
sgcond elongated sides, with ihe first side being opposite the second side. In he
embodiment shown in FIG. 5, the first side 20A is coated with a first coating head 24,
and ihe second side 20B 18 coaled with a second coating nead 2. The coaling
operations may be carried out simullaneocusly or nearly simultaneousiy. A packing roll
22 may be used to support the substrate 20 guring the coating application with the first
coating head 24,

suitable coatings applied to the first and second sides of the substrate 20 are not
particularly hmited. In empodiments where electrodes are being manufactured, ihe
coatings are typically siurmies that may nclude active matenal such as graphnite (for the
anode) andg ithium (8.g., lithium oxide, for the cathode), and a binder. Aclive materials

are typically in amounts greater than 90% by weight. Other additive materials such as

12
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condauctive additives, pinders, and thickening agents may be inciuded. Binder content
typically ranges from asbout 1% fo about 10%, with lower amounts preferred. Suitable
binders include TEFLON {(PTFE), polyvinviidene fluonde, SBR latex, etc. The typical
goai 18 o maximize the active matenal content whie mamntanng optimum  cell
parformance and life. 1he coatings appiied {0 each side of the substrate 20 can be the
same or different, and can be applied in the same amounts or in different amounts. in
ambodiments where electrodes are being manufactured, typically the coatings applied
{0 each side of the substrate 20 are the same and are applied N simiar amounts, e.g.,
simiar thicknesses.

Once the first and second sides of the substrate 20 have been coated, ths
substrate 20 i1s directed into dryer 30, In certain embodiments, the dryer 30 18 a flotation
dryer, since it desirable that the substrate 20 pe contactiessly supporied during drying {0
avold damage (o the coatings (and the substrate) that have been applied. One suitable
arrangement for contacliessly supporting a substrale (or web) aurng drving inciudes a
dryer housing containing horzontal upper and lower sets of nozzles or air bars between
which the substrate travels. Hot air issuing from the arr pars poth dries and supports the
web as it travels through the dryer 30. The dryer housing can oe mamntained at a shightly
sub-almospheric pressure by an exhaust dblower or the like that draws off the moisture
or other volatiles emanating from the supstrate as a resull of the drying of the water
coating, soivent, sic. thereon, for exampie. In ceriain empodiments the air bars may
nciude flotation nozzle(s) which exhibit the Coanda effect such as the HI-FFLOAT® air

bar commercially available from Babcock & Wilcox Megtec, LLC, which exhibit high heat

13
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transter andg excelient fictation characteristics. In a typical dryer configuration with such
Coanda flotation nozzles, upper and lower opposing nozZzie arrays are provided, with
each nozzie in the lower array (except for an end nozzie) positioned belween wo
nozzies in the ypper array: 1.e., the upper and lower nozzies are staggered with respect
0 each other. Those skilled in the art will appreciaie that other contigurations of
nozzies in the dryer 30 may be used, and that drying and/or flotation may be carried oul
or enhanced using other technoliogies nciuding infrared, ultraviolet, electron beam, or
any combination of the foregomng to effeclively and efficiently achieve flotation and
suitable drying or curing of the coaling layers. For example, one or more of the nozzies
may be a direct impingement nozzie, such as a direct impingement nozzie having a
piuraiity of apertures, such as a hole-array bar, or a direct impingement nozzie having
one or more siots, which provide a higher heat transfer coefficient for a given air volumse
and nozzie veiocity than a fictation nozzie. As between the hole-array bar and the siot
par, the former provides a nigher heat transter coefficient for a given air volume at egual
nozzie velocilies.

Tne fiotation dryer 30U may be comprised of a8 single zone naving a set ar
temperature and set air (et velocity from the conveclion nozzies throughout the entire
dryer iength or, in preferred embodiments, comprised of iwo or more zones each having
an independent set of ar temperalure and air velocity settings.  Further, one or more
zones may include the aforementioned technologies, INCluding infrared, ultraviolet,
eiectron peam, or any combination, 10 enhance the heating and drying of the coating

layers af a given stage of the drying profile within the overaill drying time in the dryer.
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in certain empodiments, the drying or cunng of the coating lavers on ihe
substraie 20 in dryer 30 is regulated so that a predetermined level of residual solvent
from the coalings i1s retained when ine substrate 20 exiis the dryver 30. tThe residual
solvent load atfects the subsseguent calendering force required 1o achieve the gesyred
coaling thicknesseas or densities; greater residual solvent ioag reduces the requireq
calendering force needed (0 achieve the required thicknesses and densities. in certain
ambodiments, it I8 desired to achieve porosities of from aboul 25% 1o about 40%,
praferaply apout 30% 1o apout 35%. The reguction in thickness from calendarng and
resuiting reduction in porosity typically ranges from 40 to about 35%. Elecirode porosity
as-coated typicaily ranges from around 50 to 60%, and 15 most often caicuiated by using
the true densilies of the individual components and their relative perceniages in the
aslectrode formulation. FPorosity s gitficult 1o measure or predict accurately pecause the
eieciroge coalings dry and compact, or settie difterently during the drving process
pased on the pariicie sizes and particie morphologies. In some embodiments, the drying
s carried out so that a residual solvent level of from between about U.05% 10 about 5%
s retained on the substrate 20, with more preterable solvent level in the range from
0.2% 10 2%. Uniform coating thicknesses are the objective, and in certain empodiments,
thickness varnances within aboul 1 micron are preferred, measured by methods kKnown
in the arl. Since both sides of the substrate 20 pass through the dryer 30 oniy once, the
properties of the applied coatings {(&.g., resigual solvent lavel porosity, density, pinder
composition, etc.) are the same or substantiaily the same when the subsirate exits the

dryer 30. Those skilied in the art will recognize that a number of seleclions for solvents
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may be used in ihe preparation of patiery elecirode siurry o pe mixed, coaled and
processed in embodiments disclosed herein, depending on, for example, reguired
properiies of the siurry. in addiion {0 organic solvents {(e.g.. N-methyl-pyrrolidone
(NMPY), waler is also a commonly used sglvent for certain slurry preparations (e.9.,
agueous electrode siumes/coatings). Accordingly, residual solvent may refer 1o walter
or organic solvents as may be present as constifuenis of an electrode siury 1o be
processed, for exampile, and accordingly moisture remaining in the product after drving
or further processing may be referred (0 as residual moisture” or "resiqual solvent’.
typicaily the target residual solvent level atter all drying operations are compieie (8.9,
the residual soivent level just prior (o cell assembly) is 5% or iess, and is often less than
200 ppm, and can be less than 100 ppm. In order to assist in calendering, however, in
cerfain empodiments the tirst drying operation 18 camed out s as o achieve a residual
soivent level higher than the final targeted residual solvent ievel. For exampie, in certain
embodiments where NMP 13 the solvent, and the targeted final residual solvent level is
iess than 100 ppm, the first drying operation can be carried out so thal a residual
soivent level upon exiting the first dryer 18 about 1.5% in order (o effectively reduce the
amount of force reguired for calendering {0 the desired thiCkness/porosity. in some
embodiments, a secondary drying operation can be carmed oul downsiream to reduce
the residual solvent level to the final targeted amount {e.g., less than 400 ppm,
preferably less than 200 pom and in some cases pelow 100 ppm).

in some embodiments, upon exiting the dryer 30, the substrate 20 1s next

subiecled 1o an inline calendering operation. In cerlain embodiments, the mnine
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calendering operation 8 carned outl immediately atter the substrate exits the dryer 30. In
some embodiments, there is no off-iine operation between dryer 30 and the calender,
such as an off-iine vacuum arying operation or dry-aown period where typically the roll
of supstrate 13 removed from the process iine, placed into a separate, off-ling vacuum
Arying oven wnere i 18 vacuum dried, or piaced i a8 controlled aimosphere storage
chamber/froom, and then placed back info the roli-o-roll process line, causing stari-up
and shui-down scrap generation. Accordingly, in certain embodiments, the inilial drying
and calendering are camed out without any mntermediate oif-iine operstions or
apparatus. in some empodiments ail of the apparatus and process steps 1o dual side
coat the substrale 20 are carned out between the unwind and rewind rolis (or shtling/cell
processing) without any off-ine requirements.

As shown in FiG. 5, calendering may be carried out by passing the substrate 20
petween the nip or gap formed peiween two opposing roilers 324, 328. Unilike
conventional sysiems, no intermediate vacuum {(or other} drying IS necessary prior 1o
the calendering operation. Since in some embodiments residual solvent or residual
moeisiure 18 retamed in the coating layers afler drying in dryer 30, the residual solvent or
residual moisture remaining may benave iike a plasticizer and reduce the amount of
compressive force reguired to densify the coated substrale, to the desired {hickness. in
certain embodiments, the roll diameters are designed to minimize roli<to-roll surface
detlection from the calendering forces. in certain empoaiments, the rolis 324, 328 are
made of sieel, and are polished and/or chrome plated. in other embodiments, the rolis

3Z2A, 328 may be deformable 1o improve a lamination process, and thus may be made
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of rubber or other elastomer. In some embodiments only one of the rolis is deformable.
The nip between rolis may pe controlled by constant force, but may aiso pe controlied
by tixed gap control, or by a combination of consiant force and fixed gap control

Calendering may be carried out at elevated temperatures. Suitable calendernng
temperatures range from aboul ambient temperature {(e.g., 25°C) o about 100°C.
Higher temperatures can be used in the case of lamination, .g., where a battery
separator 18 laminated belween cathode and anocde foils. (alendering temperatures
nigner than ampient can be achieved by neating one or botn of the calendenng rolis, as
IS known in the art.

suitable convevying speeds of the substrate are not particularly limited, and can
be from about 0.1 melers/minute 0 about 50 melers/minute, and may be as nigh as
about 200 meters/iminute.

in certain empodiments, an inline secondary arying step may pe carred out after
calendering. As shown in Fi(z. 5, a secondary drver 34 may be positioned downstiream
of the calendernng operation 1o further dry the coatings on the substrate and reduce the
residual solvent level (0 the final targeled value. In certam embodiments, et
solvent/moistiure levels of 5% or more may be contained in the coatling entering the
secondary dryer, with typical values in the range of 0.1 to 2%. The applied convection
from heated air st temperatures in the range of 20 to 180°C with conditioned drving
atmosphere humidity ievels dry the residual solvent/moisture leveis in the coating o a
target value, typically less than 400 ppm and preferably less than 200 ppm, and

sometimes less than 100 ppm depending on the sclvent/moisture residue requirement
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N cell production. Although a flotation dryer may be used as ithe secondary dryver,
contactiess support of the substrate is not necessary in this stage of the process since
the coatings will No ionger be damaged by contact wilh eguipment such as rollers. in
cerfain empodaiments, the secondary dryer 18 conhigured (o contain and convey 3
continuous web of substrate inNside a drying enciosurg, where the web 18 guiged in 8
serpeniineg or “festoon” hike path with the coaling having been solidified or cured in a
prior drying step. This arrangement provides a web path of substantial cumulative
length to be contamed within the volume of the secondary dryer while exposing both
sides of the coaled substrate 1© a drying atmosphere. Relatively long exposure times,
such as drying times in the range of one haif minuie {0 5 minules may be accomplished
N a smaller volume foolprint as compared to other web path arrangements such as
planar or arched roll support ovens. Exposure iime may be calculated by dividing the
cumuiative path iength of the festoon by the transport speed of the substrate ¢ be
dried. Tolal cumulative path lengths from 10 {0 50 metlers are practical with cumulative
path lengths of 100 meiers or more achievable with low inertia rollers or driven rollers.

in certain empodiments, the wed path may pe defined py a piurality of rollers
arranged as depicted in FIG. 12 in contact with the substirate or web 20, each roller
aitering the paih of the web as ii travels and is guided around each rolier. As shown in
FIG. 12, a supply of heated and conditioned drying air 1 from an electnic heater 80 is
ntroguced 1o the dryving enciosure of secondary dryer 34 in order (o create/control the
drying atmosphere. Recirculated air 2 from the drying enciosure recirculales back o the

air handling system. iIn some embodiments the air handiing system may include
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desiccant dryer 81, whiCh receives Jgesiccant daryer secondary aiw 9 for desorption
(typically ambient air), which IS heated by heater 83 {0 produce heated desiccant dryer
secondary air 10 for desorption. the resuiting conditioned air 8 from the desiccant dryer
81 18 fed to circuiation blower 85 where it 3 then introduced {0 heater 30, Desiccant
dryer secondary air exhaust 11 may be exhausted with fan 82. Make up air ©, which s
typically ambient air that is filered and preconditioned (by means of a suitable HVAC
Lnit for removal of particuiate contaminants such as dusi, aerosois and the like and
initial reduction of numidity {0 less than 6L°F due point) may pe combined {o form &
mixture of recirculated and make up air 7, which I8 recircuiated o the desiccant dryer
81. Suitable desiccant dryers include rotor-type dryers such as those commercially
avaiiable from Munters. In some embodiments, the web entry and exit siots of the
sgcondary dryer 34 may nave air seals, andg extiltration of aw from the dryer
enciosure/alr seal web entry and exit siols are respeclively shown at 3 and 4.

in certain empodiments, the ntenor of the secondary drver 34 mnciudes a web
entry guide roller 85 and a web exit guide roller 96 to respeclively direct the web paih
iNto and out of the drver. A plurality of rollers 70A {0 70K are preferably arranged in
pairs and supported in ihe drver frame (o a set distance between these pairs of rollers.
The web is guided around a first rolier /7CA by wrapping and exiting at a tangent point
/1A and follows a path gefined by the tangent entry point /1B of a8 second roller 708
spaced from the hirst roller 70A by the support distance. After wrapping the second

rofier 708, the web 20 exils the second roller 708 at an exit tangent point 728 and takes

a path to the eniry tangent entry point of a third roller 70C, preferably adjacent to the
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first roller 70A.  This pattern 18 repeaied in giternating fashion to define a cumulative
web path around the rollers made up by ihe piurality of strands defined by the pairs of
rollers. Thus, top rollers 70A and 700 are neighboring or adiacent (next {0 each other)
as are rollers 70C and 70k, 70k and 700G, and 700G and 701 Similarly, bottom rollers
708 and 70D are neighboring or adiacent {(next {o each other), as are rollers 700 and
70F, 70F and 70H and 70H and 704, The number of rollers 1s not particularly iimited.
the arrangement may pe vertical as shown or horizontal or any web strand path angile
conducive o the space availaple for the drying enciosure. Wrap angies around roliers
may pe 180°% as shown, or from 80° o siightly over 180° such as o fit nozzies and be
most compact. The rollers may be supporied on a frame or the ike (not shown). The
web 20 exits the dryer 34 and may be wound on rewind roil 36.

Fi(s. 13 ilustrates a simiar embodiment, except that it is a roli-to-direct process
arrangement rather than the roll-to-roll arrangement of Fi. 12, Thus the rewind
operation 1s eiiminated, and ihe subsirate is direcled {0 post processing (€.g., a sitting
operation) immediately after i exits the secondary dryer 34.

Tne drying atmosphere in the secondary dryer 18 preferaply heated o an
alevated temperature up to 180°C, more preferably in the range of 80 to 140°C such as
by an electric, steam or thermal fiuid coll in communication wilh the secondary drving
enclosure and further in communication with a fan or the like proviging the means of
cireuiating drying air though the neating coil and within the secondary gryer enclosure.
N some empodiments, the circulating air 8 brought into contact with the web path

sirands between supporting path rollers afler being heated and conditioned by ducting
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ine circulating air nto nozzies or biow poxes Y0 mounted near and between the web
path strands. In cerfain embodimenis the air may de directed info contact with the web
by circuiating the drying atmosphere in a co-current path (relative 1o the direction of web
travel) along the web path strands or alternatively in a countercurrent path (relative to
the direction of web fravel). in a preferreg embodiment, the drying air 1s girected inio
coniact with the web by air jets emanating from the nozzles or plow boxes 90 providing
convection heat transfer o the web. The air jets may be discharged from siots or arrays
or noies or other aperture shapes configured 10 provide neat transter coetlicients o he
web surface. in some embpodiments, the air jets are configured 1o provide heat transter
coefficients to the web surface in the range of 10 to 50 watis per square meler per
degree C. In some embodiments the web may be oplionally healed by infrared emitters
(not shown} in adaition 1o or nstead of convection air from nozzies or plow boxes 90, In
certain empodiments the festoon path roilers may be heated in order {0 conguct heat ©
ihe wep as i contacts the rollers. In certain embodiments the rollers may be heated by
a healed thermal fluid circuiated through the rollers via rotary unions in fluid
communication via rolier journals (o aliow flow of the thermal fluid through internor fiow
channeis in the rollers. in some empodiments the rollers may be heated internally by
eleciric resisiance elements {e.g., heater rods) supporied within the rollers and
connecied by electrical conductors through jourmais (o a variable power supply such as
a stlicon controlied reclifier device (o control the temperature ¢of the rollers and the

resultant heat conducted o the web.
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The drying atmosphnere i the secondary dryer enciosure may pe further
conditioned to a iow humidity to promote moisture removal from the drying atmosphere.
For example, a desiccant drver unit 81 or other suitable air dryver may be used in
communication with the aforementioned circuialing air heater ang fan {0 reduce the
numidity of the drying alr, such as reducing the humidity below 1000 ppm water by
volume, preferably in the range of 50 to 200 ppm. Makeup ar may be similarly
conditioned {o a low humidity betore being admitied into the secondary dryer enclosure.

Tne drying atmosphere in the secondary dryer enclosure s solated from the
room Dy means of narrow web entry and exit siots and preferably may be further
isolated from room air infiltration by air seals 74A, 748 which prevent room air from
entering the secondary dryer enciosure by mnjecting dry seal air creaiing a slight
gverpressuras compared to room pressure in the range of & 1o 30 Pascals. A portion of
the circulating air may be expelied through the web slois as exhaust. Oplionally exhaust
may be expelled from the secondary dryer enciosure through an exhaust port {o relieve
the bulldup of organic solvenis if present in the coaled maternial peing dred.

After the secondary drying step, additional process steps may be camed out, or
ine subsirale may be conveyed with sullabie web handiing apparatus and ullimately
rewound on a rolier 36, for example.

Hiz. & fllustrates an embodiment where a shifting station 39 15 provided
gownstream of the calenderning operalion and secondary dryer, it present. Alternatlively,
the sitiing station 39 could pe positioned gownsiream of the calendering operation but

upsiream of a secondary dryer. in some embodiments, siitling of the substrate 20 {an
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example of which is shown in FIG. 8) may be carried out {0 create regions for current
collecting tab attachment, for exampie. In the embodiment shown in FIG. 9, the coating
19 18 shown in black, and the substrate 20 i1s siit inlo four sections 204, 208, 200 and
200, Suitable shitters 21 include shear siitters with knives.  In some embodiments, a
differential rewinder may pe used o rewindg multiple siit rolis of matenat.

Fi(s. 7 dllusirates an embodiment where a lamination step is carried out prior to
the dual coated supstrate entering the tiotation dryer 32. An unwind roll 41 is provided
for unwinding the matenal 42 being lammnated onto the supsirate 20, such as a polymer
alectrolyte coated on a carrier web such as skived TEFLON. Immediately after the
coating step, an expanded Pirk (ePiFE) web may be wet laminated into the wet
polymer electrolvte betore entering the dryer for drving. The lamination can pe a wet
lamination process such as that illustrated in FIG. 10, An opltional (secondary) further
lamination step can be carried out after the substrate exits the dryer, such as gunng the
calendering step. In cerlain embodiments, a carrier liner can be laminated 10 one or
poth sides of the coated subsirate, using either a wet or dry lamination process. {he
lamination could also be a8 coating process that laminates directly onto the substrate or
ihe camer, or an indirect coating method that s transferred onto the coated web or
lamination carrier.  in the case of wel lamination, a nip cannot be used because the wet
coaling layer can pe disturbed. instead, in some embodiments the fim to be laminated
13 fed from an unwing that s preferably driven inrougn an idler placed near ine wet

coating layer. The lamination point on the substrate occurs at ancther idler seen in Fil.
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10 above where the wet coating on the substrate "wraps” over angier. This “wrapping’
noint creates the iamination point for the process.

in certain embodiments, secondary coating applications can be included, such as
for edge coating of the supstirate at the prnimary coating neads, or anywnera eise in the
Process fiow. For exampie, secondary coating operations can be carried out at existing
coaling stations, at the first wel lamination station, or before or afier the calendering
operation. For example, the edge coating process may be an insulaiing coating, such as
a mxture of PVDF as a Dinder in NP, with fumed silica, or some other ceramic type of
material. FiG. 11 shows a typical setup for edge coating. These coating heads 60, 61
are more like syringes, or a siot die with @ more rounded opening, but not exclusively
ihe case. [These egge coating heads 60, 61 can be piaced against a pbacking roll 63, or
near a freespan die for the tensioned-weab side coating.  In other embodiments, a
muitilayer siot die could be used, which feeds muitiple coatings through multiple siots in
ine same slot die bogy. Multilaver dies are well known in the exirusion art and
photograpnic tim mdustry.

in some empodiments, a serigs of combined dual side coaling and calenderng
operations can be combined o ¢reate mullidayer, variable density elecirodes, or
elecirodes with varying coating composiiions. These multilayer elecirodes could be
coaled in multiple lavers at the preterred coating location, or a series of seqguential or
tandem simuiianeous dual sie coating machines could be connected in senes 1o carry
out {0 coat, dry and calender multilayer or variabie density or slectrodes with varying

composiions.
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in some empodiments, a coniroiler may pe provided, the conirolier naving 3
processing untt and a storage element. The processing unif may be a general purpose
computing device such as a microprocessor. Alternatively, it may be 8 specialized
processing device, such as a programmabie logic controller (PLEC). The storage element
may utilize any memory technology, such as RAM, DRAM, ROM, Filash ROM, EEROM,
NVEAM, magnetic media, or any other medium suitable 1o hold computer readable data
and instructions. The controlier unit may be in electrical communication (e.g., wired,
wirelessiy) with one or more of the operating units in the system, NCIUGing one or more
of the coaling neads, the dryer, the calender, the shitter, web conveying eguipment
sensors, etc. The controlier aiso may be associated wilh a human machine interface or
HIViE that displays or otherwise indicates to an operstor one or more of the parameters
nvolved n operating the system and/or carrving out the methods described herain. The
storage eiement may contain instructions, which when executed by the processing uri,
enabie the system to perform the funclions descriped herein. In some embodiments,
more than one conirclier can be used. in certain embodiments, all of the unit operalions
enabling the dual side coating operation are controlled by a single PLL system.

in certain empodiments, oNeg oF More sensors can be used o entify whnen the
thickness areas of coaling exceed a predeiermined level. The one or more sensors can
send a signal to the PLLC, and in response o that signal, the calendering operation can
pe moditied (such as by mcreasing the size of the nip betweean calender rolis o help
prevent damage 1o the calender rolis). In certamn embodiments, the sensors may be

laser thickness gauges, uitrasonic coal weight gauges, beta gauges, or simpie
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mechanical arop gauges. in some empodiments, sensors are upstream of the calender
o sense heavy or over-thickness, and prevent damage o the calender rolis. in certain
embodiments, sensors are downstream of the calender to sense thickness and provide
teedback controt in order {0 control the calender gap or nip. In some empodiments, both
Lpstream and downstream sensors may be used.

iz, 8 illustrates an embodiment where the ancde and cathode electrodes can
pe coated simulianeously. For example, the substrate can be a composite of insulating
matenal such as polyamide, TEFLON, polyethylene, etc. that s metalized or coated with
condguctive material on each side; copper 1or the anocde and aluminum for the cathode.
As this substrate passes through the sysiem, the anode aclive matenal is coated onio
the copper by anode coating head 50, and the cathode active matenal is coated onto
the aluminum by copper coating head 52, The dual side coated substrate s then dned
and calendered as described previcusiy, and may be subjected 1o agdiional unit
operations including shtting, lamination, etc. The result is a roli-to-roll wound batiery cell

N a single integrated process.

EXAMPLE
The foliowing exampie illustrates how the controlier, control elements and
process eguipment may function as an iniing process in accordance win the
ambodiment of FIG 6. It s to be understood this example serves only as an illustration

of control functionality for one set of process conditions and that many other conditions
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are possipie as needed {0 meel dried proguct requirements in the operation of the nNine
processes presently disclosed.

An aluminum Toil substrate 600 millimeters wide and 15 microns in thickness s o
pe coated polh sides with a water-pased catnode siurry and dried 1o proguce a dry and
calendered coating thickness of 50 microns per side at a density of 1.2 grams per cubic
centimeter with less than 200 ppm residual moisture. The line speed (fransport speed
of the web) is to pe 20 meters per minute. The aluminum substrate 20 is fed as a8
continuous web from a roll of said substrate mechanically Neid and unwound in unwing
22 and conveyed under controlled tension {0 foliow a web path backing roller 25
Coaling head 24 is fed wet coaling slurry having 33% solids from a suitable fluid
handiing pumping system {(not shown) and s discharged from a siot die aperture al a
volumetnc flow rate intially set in the control unit 1o coat the first side of the substrate
with wet coaling 1o an inttial target wet thickness of 175 microns (via setting the pump
speed and coating head 24 siol die gap and gap distance from siot die discharge o the
substrate). Following slurry application at the first coaling head 24, the gppiied mass of
coating 18 (optionaily) measured wilh an ullrasonc coal weight gauge 124 (or
aiternatively a beta gauge) posttioned o measure the amount of coating on the moving
web now coated on one side before reaching the position of the second coaling head
26. Based on said coat weight measurement and the specific gravity of the solids in the
wetl siurry as spectiied in the siurry Tormuiation, a mass-palance determination of the
eguivalent dry coating mass per unit area and caiendered thickness can be made in the

controfier unit 100 and compared to the coatl weight density and thickness specifications
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previously stated. 1These speciications or production targets are entered into the
controfier unit 100 memory through a human-machine interface (HMi} 101, These
specifications are sel up as recipes for easy retrieval and modification for the various
product type production targets stored within, it the calculateg coat weight differs from
the target vaiue, a new target wet thickness is caiculated automatically in the control
unit {or altermnatively by manual means) and the volumetric fiow rate of wet siurry
supplied to the first coating head 24 is increased in the case of the measured value
paeing less than fhe target, or decreased in the case where the measured thickness
vaiue exceeds the target. Accorgingly the pump speed I8 Increased or gecreased by
the control function ouiput to the pump drive in the control unit.

-Hollowing application (and oplional measurement) of the coating to the first side
N the first coater, the web now traverses over a second coating nead 26 which 18
similariy fed wet coating siurry naving 33% solids from a sultabie fluid hanghing pumping
system (not shown)} and is discharged from a siot die aperture at a volumetric flow rate
nitially set in the control unit to coat the first side of the substrate with wet coating 1o an
intial target wet thickness of 175 microns (via seatting the pump speed and coating nead
26 siot die gap and gap distance trom sict die discharge (o the substrate) to form ithe
second side coating. Following apphication of the second coating the total applied mass
of both first and second coatings 18 (oplionally) measured with an ulirasonic coat weight
gauge 120 (or allernatively a beta gauge)} positioned 1o measure ine amount of coaling
on the moving web now coated on both sides betore entering the dryer 30. Based on

sublracting the previous first side coat weight measurement foliowing the first coating
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nead 24 from said vaiue of the total coat weight measurement and the specific gravity of
the solids in the welt siurry as specified in the slurry formulation a determination of the
equivalent dry coating mass per unit area and thickness on said second side can pe
made in the controller untt and compared 1o the thickness specification previously stated
as oU microns. if the caiculated second side coat waight and thickness differs from the
larget vaiue, a new farget wet thickness is caiculated automatically in the control unit (or
alternatively by manual means) and the volumedtrnic flow rate of wet siurry supplied to the
second coaling head 2b 18 ncreasead n the case of the measured value bemng iess than
ihe targel, or decreasead in the case where ihe measured thickness value exceeds ihe
target.

immediately following the aforementioned appiications of wet coating on both
sides of the substrate, the coated web 18 supsequently dried (both sides simultaneousiy)
i, for exampie, a 3-zone flotation drver 30 with 8 {otal drying length of 24 melers {©
remove the moisture from the wet coating. Drying air temperature and flow velocities
supplied (o the tiotation nozzies in the flotation dryer 30 are selected (o sufficiently ary
poth the top (first) and second (bottom) coalings uniformiy 1o a target residual moisture
level of 2.5% known o mamntain plasticity which s helpful in subseguent calendgenng
operations. The femperature of the coaled web 1S measured by means of non-contact
infrared temperature sensors (not shown) sighted at the moving web through ports in
the drver enclosure or mounted internally with suitadle cooling of the infrared sensors.
the web temperature 18 measured at the exit of the dryer by non-contact IR sensor 130

and in preferred embodiments similarly at the end of each dryer zone, each of said
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zones naving specific air velocity and air temperature setlings in order 1o reach a target
web exit temperatures corresponding to the target exit moisture of 2.5%. Said
corresponding web temperature and velocity settings are predetermined in the control
unit by algorithms  developed for each type of patlery coating from structured
experiments (such a “designs of experiments” known as DOE's), regression studies,
drying engineering models or other suilable fechniques alone or in combination as are
Kriown (o those skilled in the art of dryving operations. The predetermined settings are
typically stored as recipes in memaory in Hivil 101 and loaded in the controtier unit 100
(PLC) memory durning make ready procedures for the battery collector product to me
produced. In the present exampile the fiotalion air jet velocities are sei by the controf
unit are N the range of 30 10 35 meters per second in order (o deliver heat transter
coefficients in the range of 50 to 100 watlts per square meter per Celsius degree, and
the web exit temperature control in Zone 3 measured with sensor 130 (s set al 65°C as
determined in said aigorithm to reach the exit target of 2.5% moisture. Said zone air
temperatures are measured and regulated to set points of 110, 115 and 120°C in Zones
1, £ and 3 respectively by closed-loop control systems included for each zone. Nozzie
air et velocities are preferably measured and regulated to set point by closed-ioop
control systems included for each zone.

Following the dryer, the coated web 18 cooled by contact with ambient room air
and then enters the inline calender operation at about 30°CIn calendering operation, the
nip distance between calender rollers 32A and 328 18 set ¢ 8 minimum gap of 100

microns set by fixed mechanical stops with an applied nip compression force of 200
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N/mMim 10 increase the coating density and reduce the thickness (o the target vaiue of o0
microns per side.  Foliowing passage through the calender nip the applied mass of
coaling is preferably measured with an ullrasonic coat weight gauge 133A (or
aiternatively a beta gauge) posittioned {0 measure the amount of coaling on the moving
wab now coated on both sides, dried and calendered. Preferably the thickness of the
coaling layers alone s determined at this same {ocation wilh an optical laser thickness
gauge 1338 measuring total thickness and subiracting the known substrale thickness of
12 microns. Based on the measured coating laver thickness coat weight measurement
and the specifhic gravity of the soilds ang residual moisiure, a mass-balance
determination of the eguivalent dry coaling density can be made in the conirolier unit
and compared o the coat weight specification previously stated as 50 microns per side
and the target density of 1.5 grams per cubic centimeter.

FPrior (o undergomng the nine calendgernng process in the nip roflers 324 and 348, the
coaling fayer thickness on each side of the substrate is inspected for excess thickness
profile which could otherwise damage tnhe calender rollers. The nspection is carmried out
optically with @ high speed laser scanner device 131 (or 8 nigh spesd camera or other
suitable surface profile inspeclion device) capable of sensing a ump or iocal detedt
representing excess thickness of 30 percent or more ihickness above specification
before it enters the nip and triggering a response to avoid damage to the nip. The
triggered response iNciudes sending a signal to controlier unit 100 relieving nip pressure
and signaling high speed actuator 132 which opens the mip o 1 miliimeler or more for

safe passage of the delected thickness defect.
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From ne foregoing measurements andg caiculated values for coat weignt per unit
area, thickness and coating densily, the controller unit 100 18 programed {0 make
process adiusiments accordingly. T the coating weight 18 correct but the thickness
ditfers from the specified thickness of 7o microns per side, adjustments (o the calender
NP gap and pressure setiings are made while the amount of coating applied at the
coaling neads i kepl constani. For this case, if the coating thickness is greater than
the total of 50 microns per side plus substrate thickness, the calender nip gap and or
prassure are increased (o approach the specified thicknass., Conversely, if the coating
trHckKness is iess than the total of 50 microns per side pius substrate thickness while ihe
total coat weight s within specification, the calender nip gap and or pressure are
reduced {0 approach the specified thickness. These adjusiments are preferaply made
oy the controtler unit 100 as supervisory function acting on the set points of the calender
operation while iocal sensers monionng gap position and nip pressure and thew
associated confrol modules (nol shown) monittor and reguiale the high speed
mechanical funclions necessary in manipulating nip pressure and nip gap setiings in the
calender roll set. In the alternative case the (otal thickness of the coating layers mests
ine specification while the coating weight per unit area (8nd hence coating density)
differ from specification, the amount of applied coating from the coating heads 1S
adiusted {0 approach the correct value. in this case the calculation of the applied wet
thickness target at each respeciive coating head i1s recaicuiated i the control unit ana
the flow of wel coating fiow (pump speed) 1o each respective coating nead s adjusted

accordingly. these adiustments (o coating head operation are preferably made by ihe
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controfter unit 100 as supervisory function acting on the set points of the iocal coaling
nead fiuid delivery operation.

1o further emphasize the intent of the foregoing description of the control
function as an mnline control system, the coat weight of the first applied coaling 18
measured while wet, followed by application of the second wet coaling. The total weighit
per unit area of both wel coatings is preferably measured before drying in order to
achieve correct balance of the applied coat weights on each respective side of the web
(Hop and bottom).  Following dryving and calendering, the {otal thickness ang total coat
welght per unit area are measured aliowing awect caiculation of cosating density.
immediate inline agjustments of wet coating operation al the coating heads on each
side of the web and adiusiment to thickness adjustment in the calendernng operation are
made in response (o one or more of fhase measurements.

Continuing the example, following the calendering step and weight and thickness
measurements of the coaling, the web s preferably guided into an niine secondary
drying operation {0 reduce the residual moisture from £.5% 1o the target value, e.g., less
than 200 ppm. The target exit web temperature and drying atmosphere temperature in
the secondary dryer is predetermined o be 175°C in the control unit by algorithms
developed for each type of battery coating from structured experiments (such a "designs
of expenments” known as DOE’s), regression studies, drying engineering models or
oiner sullable technigues aione or i combmnalion as are kKnown {0 those skilied n the
art of drying operations. In the present exampie the air 18 heated by an eleciric coil o &

set point temperature of 180°C and regulated by a closed ioop control sysiem regulating
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ine heat output from the electric coill. The temperature of the web exiting the secondgary
dryer i1s measured at one or more jocations across the width of the web by means of &
non-contact infrared temperature sensor 134 (or array of infrared temperature sensors
or aiternatively a iine-scanner temperature sensor) signied at the moving web through
ports in the dryer enclosure or mounted intermally with suitable cooling of the infrared
sensors. Adjiustments (o the air sel point temperature are made based on the deviation
of the measured value of the web exit temperature and the target exit web temperature
adiusting the air set pont temperalure as a cascade control funchion.

Finally, following the secondary dryer 34, the wed s conveyed 1o an nine siithng
operagtion wherein the calendered and fully dried coated web i1s siit longitudinally into
four strands and wound into individual rolls marked and cataloged {0 pe consumed as
cathode material in lithium ion cell manutaciure,

in tne summation of the foregoing inling process steps it is 10 be appreciated that
ihe entire process history of each cataioged siit roll of collector material 1s captured in
the sicrage element of the control system controller unit 100 and can be further
processed and fransferred by data transter eifher wired or wirelessly (o a subseguent
orocess (typically battery cell assembly) for functional production control and as process
records for guality control and venficafion, and recordkeeping. HoOr exampie, exact
process conditions from recorded measurements faken at every inline processing step
are synchronized over the length of coated proguct produced and used as input process
vaiues representing real time measured vaiues for ihe coated and processed coliecior

material as the web 18 unwound and fed info the cell manufaciuring step. For example,
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ine stored process data inciuges coating density, thickness andg residual scivent values
mapped by posiiion in a given roll of matenal. This data may be used in a feed-forwardg
control fashion to divert off-spec matenal from said roll feeding the cell assembly step {0
serap or 1o a recovery step where the off-spec material may be retained being suitabis

for purposes of anctner cell having different thickness or density specifications.

30



CA 03073569 2020-02-20

WO 2019/050768 PCT/US2018/048847

VwWhat 1s claimed is:

1. A sysiem for coating first and second sides of 8 substrale in a8 single pass,
COMprising:

a. A first coater for applying a first coaling layer {0 the first side of said
substrate:

0. A second coater for applying 8 second coating layer 1o the second side of
said substrate;

c. A dryver downstream of said second coater for dryving the first and second
coaling layers such that the first and second coating lavers retain a
predetermined level of residual moisture;

d. A calender positioned downsiream of said dryer for caiendgenng the first
and second coaling fayers.

2. The system of claim 1, wnerein said calender is immediately downsiream of saio
dryer.

3. The system of claim 1, wherein said substrate is a metal foil.

4. The system of claim 1, wherein said first side s opposite said second side.

5. The system of claim 1, wherein said first coaling laver comprises an active
electrode maternal.

6. The system of claim 2, wharein said active electrode matenal comprises ithium.

/. The system of claim 1, wheremn the predetermined level of residual moisture Is

gifective for achieving a farget coatling ihickness on said substrale wilnh a
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calendering force applied by said calender that 1s iess than the force reguired at
a level of residual moisture higher than said predetermined level.
. The sysiem of claim 1, wherein said substrale proceeds from said arver 1o saio
calender without being subjectaed to an gffline dry down period.
9. The system of claim 1, wherein said substrale proceeds from said aryer 1o said
calender without being subiected to offline vacuum drying.
10. The sysiem of ciaim 1, wherein said drver is a fiotation dryer.
11. The system of claim 1, turther compnsing a secondary dryer downstream of said
calender.
12. The system of claim 10, wherein said secondary dryer is a festoon dryer.
13.A method of coating first and second sides of a substrate in a single pass,
COMPrsing:
g. Applving with a first coater a first coating iayer 1o the first side of said
substraie:
0. Applving wiln a second coater a second coating laver o the second side
of said substrate;
¢, Non-contactiessly drying said first and second coating layers in a tflotation
dryer positioned downstream of said first and second coaters such that the
first and second coating lavers retain a predetermined level of a residual
moeisiure when exiting said dryer;

d. Calendernng said coated substrate downstream of said drying.
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14 The method of claim 13, wherein said calender 1s immediately downstream of
said dryer.

15. The method of claim 13, wherein said substrate is a8 metal foil.

16, The method of claim 13, wherain said first side 18 opposite said second side.

17.The method of claim 13, wheramn said first coating iayer comprises an active
electrode material.

18. The method of claim 17, wherein said active electrode material comprises
ithium.

19. The method of claim 13, wherain the predetermined level of residual moisture i1s
effeciive for achieving a target coating thickness on said substrate with a
calendering force that s less than the force reguired at a level of residual
moisture higher than said predetermined lavel

20. The method of claim 13, wherain said substrate s not subjecied to an offline ary
down period between the steps of non-contactiessly drving said first and second
coating layers and caiendering.

21. The method of claim 13, wherein said subsirate 8 not subjected to offine
vacuum drying between the steps of non-contactiessly drying said first and
second coating layers and calendering.

22. The method of claim 13, further comprising, after calendering, subjecting said
substrate to secondary dryving.

23. The method of claim 22, wherein said secondary drying is carmed out in a festoon

aryer.
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