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(57) ABSTRACT 

Embodiments described herein provide methods and systems 
for manufacturing faster charging, higher capacity energy 
storage devices that are smaller, lighter, and can be more cost 
effectively manufactured at a higher production rate. In one 
embodiment, a graded cathode structure is provided. The 
graded cathode structure comprises a conductive substrate, a 
first porous layer comprising a first cathodically active mate­
rial having a first porosity formed on the conductive substrate, 
and a second porous layer comprising a second cathodically 
active material having a second porosity formed on the first 
porous layer. In certain embodiments, the first porosity is 
greater than the second porosity. In certain embodiments, the 
first porosity is less than the second porosity. 

/400 

413 

Zhuhai CosMX Battery Co. EX1011 
Zhuhai CosMX Battery Co. v. Ningde Amperex Tech. Ltd.



Patent Application Publication Jul. 14, 2011 Sheet 1 of 14 

100, 

111 

104 

·::::::::::.·:::::::.·:::. 
·······•··················· ............................... .......... , .. ,,,, ............ , ............................... 

... . . . . . . .. . . .. . . .. . . .. . . .. . . .. 
·•························· 

-:-:-:-:-:::::::::::::::::::::::::::::::::::::::::::::::.:-:-
· · ·· ·· •" '' "'' '''' '"'' ''' ''" ..... , ....................... . 

·:::.·:::.·::::.·::.·.·::.·::::.·::::: 
·:::::::::::::::.·.·:::::::.·::.·:: .............................. . . . . . . . . . . . ' . . . . . . . . . . . . . . . . . ' 
·:::.·::::::::.·.·:.·.·:::::::.·::::: 
. ::::::::::::::::::::::::::: .. 
:-:-:-:-:-:-:-:-:.:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-
········••·············•···•·· 

/::\:\: 1 02 /:\::::::: 
.............................. 
························ .............................. 
::.·:: ... · ... · ... · .. ::::::.·.· .................... . ............................................................. 
................. ·:.·::::: ............................ . 
····························· ······························· ····················••······•· ·.·:::.· .. .-:.-............... ·:::.·: ........ _._. .. .. 
·.·:::.·:.-.. .-............................... ·.-:::: 
······················ .. ······· ····························· ............... _._. .. _. ...................... .-... ·::.-.. : ......................... , ..... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ............................... ............................................................. 

·······•·············••··· .............................. 
.-:•:•:·:·:·:•:•:•:•:•:·:•:•:•:•:-:•:•:•:•:•:•:•:•:•:-'.•'.•:•: 

101 

........................... . ............................ . .............................. 
······•········•·······•·•··· ·:::.·::.·.· .. .-... ·.-:::.·:.·: .. :: ... ·::::: 
··········••·········••«••··· .............................. . ........................... .. ............................. 
............................... .............................. 

. ......................... . ............................ 
· .. :,:.:.:.:. :.:•:•:•:•: •:•:•~•:•:• :·:•: •:• :• :•>:• :•:.:•:• · . . ............................. . .............. _. .... _._._. .................................. . .............................. . ............................. . 
............................... 
············••················ 
:/:/: :/ 103 ::::\:\( 
.......... •· ................. . .............................. . ............................ . . ............................ . . .. . ·• ...... ··••· .......... . . ......................... . . .. . .. . . . . .. ... . . . .. . .. . . . . .. . . ............................. . ········•· ... · .. · ............ . .............................. •·····••"··•··· .......... . ............................... 
............................... .............................. .............................. 
:::.·.·.· .. :.·.·.·:.· .......... _. ..... ·.·.·:.·.· .. .-.. . 
···•···•--··············"··· ·.·:.·.·::.·::::.·::.·.· ... · ... · .. .-: .... .- ... ·.-: . ............................. . . .. . . .. .. . . . ... . . . •· ......... . ... . . . . .. . . . . .. . .. .. .. . . .. . . .. . ..............•.......... •·•• . . ............................. . .............................. ·.-.. :.·.·:.· ... · ............. · ... ·.-.•.·:.·.· .. .-:.· .. .-

FIG. 1A 

121 135 

133b 

US 2011/0168550 Al 

103 

) 

113 

124b 
120, 

131a 

124a 

............................................................. 

............................... 
:.·.-... ·:.·.-.· .. .-:.· .. .-.... .-.... .-... ·:.· ... ·.-.· ... ........................... ............................... .............................. 
·.·:.·:.-... · ... ·.· ... · ... ·.·:.·.·.·.·.· ... · .. .-... ·.-: .. 
.............................. .......................... ...................................... _._._. ................ . . .. . .. . . . . .. . . . .. . ... . .. .. . . .............................. .. _. .. _._._. .................. _._. .... _._._. .. _. .. _._. ...... . 
:•:•:-:•:·:·:·:•:•:•:.:•:•:•:•:•:•:•:•:•:-:·:·:•:•:•:•:•:•:.: 
···•······••·•···•·········· . ............................................... .- ... ·.-:: 
/:/:/ 134a /:/:/ ............. .-. ~ .. .-.-.-.-.-.. .-. .. .-. .-...... _._._._. ........ _._. ........................ .-. 
. ··••· ........................................ . 
. ......... .. .. . .. . . . . . .. . .. .. . 

.. .......................... . . ·.•:;:;:: ... • ... ·.·.-.. :::.-:.·::; .... .-...... . 
•··•··· .. ······ ... · ... · ... .. 

...................... :.·:::.·:.·:.·: .... .- .. .-;.-.·. .............................. 
·•···························· :.· ... ·.-:::.-.. .-.-.................................... . .... . .. 

133a 

................ . ................ :.·::.·.·: ... · .. .-:.·.·: .. . ......................... 

.. .......................... .. .............................. . ........................... . 

.. .... .-.-.-:.-.· .. .-.-.. .-:.-.· .. :::::.·:::.-:: .............................. 
·······················•····· . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .......................... ·.·::::.-... · .. .-... ·.· ... ·.·. 
···························•·· .................................................... ·.·.·.·. 

:/:::::/ 132a \/:/ ............. .-.. ~ .. .-.... .-.-..... 
. .......................... _. .. _._._. .. _._.,. ........... . ... ......................... . 
............................. _. ...... .-.-.•.·.-... ·.·::.· . .............................. 
·:•:·:·:·:·:-:•:-:•:·:-:-:·:•:•:•:<·:·:·:•:•:•:•:·:-:·:-:•: .............................. ............. .-.. .-:.-::.-.-............ _. ..... . .............................. 
.............................. ................................. _._. .................... . 

··•····"·•········· . . .... _. ...... .-.-::::.·: .. .-:.-........ .-... ·.-.-.-.·. .............................. . ............................ . ....................................................... .-.. . ... . ... . 

.. ............... . 
·: ...................................................... . 

............................................ _. .... _._._._. ........................................................ _. .. .............................. ............................ ........................... 

... ·.·:::.·::::::.·: .. ::::::.·::::::: ............................................................ ............................. 
·:::.·:.-... · .......................... _. .............. . . .......................... . 
•:•:•:·:•:•:•:•:·:•:•:•:·:•:•:•:•:•:<•>:•:•:•:•:•:•:·:•:•: .............................. ............................................................ 

........................................... .-... ·.-:.·: ... . ......................... .. 
·····••········•···•·········· . ................ . .. ........................... . 
·:·:·:·:·:<·:·:·:•:•:·:·:·:-:-:·:·:·:·:·:·:·:·:·:·:·:·:·:< ·········•················· ...... _._._._._._. .. _. .......... _._._. .. _._. ........... . 
.............................. ........ _. .... _. ............................ _._._._. ...... . ............................. 
·.· .. .-.................... ::.·:.·:.· .. ::.· .. :.·: .. . 
. .................... .-.·.-;.· .... .-.-.·.-.. .-.·.-.-.-.-.. . . ............................ . 
·:::.·.·:.·::::.·: ................................ . 

l..__~,---___,J L..__-__,..--~J t~---.~~J 

( ( ( 
122a 123a 123b 

FIG. 1 B 

. ....................................... _. .. _._._. .. .-... ·.·. . ............................ . 
. ............. . . ............................. . .......................... 
.·::.·:.·:.·.·::.·:: ... •.·.•:.·:::.·.· ... ·.-.•: . .. ........................... . . ....................... . . ........................... . · .................... _. .............. _. .................. .. 
. ................ ·:.·:::::.·.·.·: ... · .............. .. ............................... 
•·••·•······•··"'•············ . .............................................. _. .......... .. ............................... ............................. 
·:::::.·::.·::::.· .. :.·.·.· ... ·.·.·:.· .. :::.· 

:/}/: 134b /\/: 
··:::: ....... ~ ... ::::::: . ..........•............... . ............................ . . ........................ . 

···········•···•···•·•········ .............................. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ............................ . .............................. . ............................ . ............... . .......................... . . ................ . 
·;.-.· .. .-.·.-;:,· ............... ·.·::.·::::.·:.·: . ......... . . ............................ . . ............................. . .......................... :.·.-.· .. :::::.·: .. :.· .... . 
. ................................. ... .- .. :::::: . ............................. . .............................. 

( 
122b 

) 

131b 



Patent Application Publication Jul. 14, 2011 Sheet 2 of 14 

103, 

/ 201 

113~---------~L-----, 
i I 

103, 

210 

113 

103, 

210 

FIG. 2A 

FIG. 2B 

222 

FIG. 2C 

US 2011/0168550 Al 

212 

202 

216 



Patent Application Publication Jul. 14, 2011 Sheet 3 of 14 US 2011/0168550 Al 

300 ~ 

310 - " PROVIDE A CONDUCTIVE 
SUBSTRATE 

320 - .... DEPOSIT A FIRST POROUS LAYER 
HAVING A FIRST POROSITY OVER 

THE CONDUCTIVE SUBSTRATE 

330 -
OPTIONAL COMPRESSION 

340 DEPOSIT A SECOND POROUS 
- .... 

LAYER HAVING A SECOND 
POROSITY OVER THE FIRST 

POROUS LAYER 

350 --
OPTIONAL COMPRESSION 

FIG. 3 



Patent Application Publication 

0 
0 
'tj-

I 
w 
0 
O>-
F~ 
<( a.. 
(.) (./') 

LO ...... 
'tj-

• • 
D:4:.•· •••• ,.--. • -• • • 
D:4:.•· --·· , ____ 

• • • -• D:4:.•· •••• ,.--. • • -

Jul. 14, 2011 Sheet 4 of 14 

0 ..-
v 

• -·-::C] •••• .. , . -• • -• • ·-::C] •••• .. , - . • • • 
• ---::C] •••• .. , . -• • • 

C") 
..-
v 

US 2011/0168550 Al 

..c 
0 
N 
'tj-

\ 
w 
0 
0>-
F~ 
<( a.. 
(.) Cf) 

ca 
~ 

■ 

(!) 
LL 

<( 
~ 

■ 

(!) 

LL 



Patent Application Publication Jul. 14, 2011 Sheet 5 of 14 US 2011/0168550 Al 

103, 

/ 201 
113--~-------------L_.____, 

' I 

FIG. 5A 

103, 

FIG. 5B 

103, 

502 

510 
512 

FIG. 5C 



Patent Application Publication Jul. 14, 2011 Sheet 6 of 14 US 2011/0168550 Al 

600 ~ 

610 - PROVIDE A CONDUCTIVE 
SUBSTRATE 

620 -- --. DEPOSIT CATHODICALL Y ACTIVE 
PARTICLES HAVING A FIRST 
DIAMETER TO FORM A FIRST 

LAYER OVER THE CONDUCTIVE 
SUBSTRATE 

630 -- -, 
OPTIONAL COMPRESSION 

640 - DEPOSIT CATHODICALL Y ACTIVE -
PARTICLES HAVING A SECOND 
DIAMETER TO FORM A SECOND 
LAYER OVER THE FIRST LAYER 

650 -
OPTIONAL COMPRESSION 

FIG. 6 



Patent Application Publication Jul. 14, 2011 Sheet 7 of 14 US 2011/0168550 Al 

1700 

713 

710 

715 

720b 

FIG. 7 



Patent Application Publication Jul. 14, 2011 Sheet 8 of 14 US 2011/0168550 Al 

103, 

L 201 
113----..., ___________ ..__ _ _, 

' I 

FIG. 8A 

103, 

810~ 

113 

FIG. 8B 

103, 

820 
802 

810 

FIG. BC 



Patent Application Publication Jul. 14, 2011 Sheet 9 of 14 US 2011/0168550 Al 

900~ 

910 - PROVIDE A CONDUCTIVE - ~ 

SUBSTRATE 

920 - DEPOSIT A FIRST LAYER ... 

COMPRISING A FIRST CATHODIC 
MATERIAL 

925 - - ... OPTIONAL COMPRESSION 

DEPOSIT A SECOND LAYER 

930 COMPRISING A SECOND CATHODIC 
- ... MATERIAL, WHEREIN THE FIRST 

CATHODIC MATERIAL IS DIFFERENT 
THAN THE SECOND CATHODIC 

MATERIAL 

940 - --
OPTIONAL COMPRESSION 

FIG. 9 



1020 1020 

FIG. 10A FIG. 108 

1050 

1050 

1054 ffl 1054 ~ 1 054 ffl 1054 I 1 054 

FIG. 100 

~1013 

~ 1013 

fl fl fl ..... ..... .. ... •'• .. •, . '• .. •, ,•, .. •, • • • • • • ••••••••• • • • • • • • • • ••• 

10541§11054 I 1054 I 1054 l!i 1054 

1054 m 1054 m 1054 ~ 1054; 1054 

• • • • • • • • • ••• • • • • • • • • • • ••••• • • • • • • • • • • • •••• ·-·••' ._.... ._ .... 
n n n 

FIG. 10E 

FIG. 10C 

""O 
~ ..... 
('D 

= ..... 
t 
"e -.... (') 

~ ..... .... 
0 = 
""O = O" -.... (') 

~ ..... .... 
0 = 

2' 
:-' .... 
~ ... 
N 
0 .... .... 
rJJ 
=­('D 
('D ..... .... 
0 
0 .... .... ... 
c 
rJJ 
N 
0 .... .... 
---0 .... 
O'I 
QO 
Ul 
Ul 
0 

> .... 



u ..... 
••••• • • • • • • • • • •• 

u u ..... .. ... 
•• • • • • •••• • • • • • • • • • • •••• • • • • • ••• 

1054 I 1054 !lll 105411054 H 1054 

1054 ~ 105411054 l§i 1054 ill 1054 

• • • ••••••• • • • • • ...... 
n 

• • ••• ••••• • • • • • ...... 
n 

• • • • •••••• • • • • • ...... 
n 

FIG. 10F 

1070a 

1070b 

FIG. 10G 

1070a 
1060a 1060a 

1060b 1070b 
1060b 

FIG. 10H 

""O 
~ ..... 
('D 

= ..... 
~ 
"e -.... (') 

~ ..... .... 
0 = 
""O = O" -.... (') 

~ ..... .... 
0 = 

2' 
:-' .... 
~ ... 
N 
0 .... .... 
rJJ 
=­('D 
('D ..... .... .... 
0 .... .... ... 
c 
rJJ 
N 
0 .... .... 
---0 .... 
O'I 
QO 
Ul 
Ul 
0 

> .... 



Patent Application Publication 

0 

""" ..--..... 

0 
0 ..-­
..--

N ..-­
..-­
..--

<.D ..-­
..-­
..--

0 
N ..--

Jul. 14, 2011 Sheet 12 of 14 

""" ('I? 
..­
..-

0 
L.(') 
..­
..-

OE~ 
E~ 

~ ~ --..-­
..--

~ ~ ..--

~ ~ 

US 2011/0168550 Al 

■ 

C) 

u.. 

X 



1200 \ 

4.6 IITT~-----r-7,----------,----
44 l I 

1 1 

! 1 . I ! I I Du+=6x10"11m2/s I 

~ 4.2 !'Ii;,_ I I I I D,, ~2.5x1 o·"m"' I I I i ! I 

~ 4 
ctl g 3.8 I 'I',.',.~"',..__--_! I I f I I I I 

~3.61 I ['l?:tJ:f1l . 
3.4 I 175 µ I I I ttf V I I ~ I 

I • I I ' I II I I I I I 3.21 · 1200 ~7 : I . -
3 

0 0.1 0.2 0.3 0.4 0.5 0.6 0. 7 0.8 0.9 
Utilization 

FIG. 12A 

1210 \ 

4.6 

4.4 

-4.2 
G, 
~ 4 
ctl -~ 3.8 

'3 3.6 

3.4 

3.2 

I I I I I 
I I 
I I 

\ 

' !\ 

~~ 
,,I I __ .,___ 

I ,~-::-....~~-

I I 

I I 
' ' ' 

D . =6x1 ff11m218 
L1+ 

-os,p=2.5x10"14m215 . 
i i i 

_,,,,~=Eave± Q .3Eave 

I l ! I 

E =Eave± 0.2Eave 
i ' 

I I I 

AE=: 
I 
Eave± 0.1 Eave 

~ r:-~ ..... 
~~ ~ ~ 1.,..----. 

I'-. 

E =save 

I"<\ \\ 
\ \ 

I \ I 
i I I I I I' 3 

0 20 40 60 80 100 120 140 160 180 200 220 
Spefic Energy (Wh/kg) 

FIG. 128 

""O 
~ ..... 
('D 

= ..... 
t 
"e -.... (') 

~ ..... .... 
0 = 
""O = O" -.... (') 

~ ..... .... 
0 = 

2' 
:-' .... 
~ ... 
N 
0 .... .... 
rJ'1 
=­('D 
('D ..... .... 
~ 

0 .... .... ... 
c 
rJ'1 
N 
0 .... .... --0 .... 
O'I 
QO 
Ul 
Ul 
0 

> .... 



1300 \ 

Li1-xMn204 

Li2-xMnSiO4 
,-+----,/ 

Li1-xCoPO4 

(x).Li2MnO3 (1-x).550 

FIG.13 

Li1-xNi1/2Mn1/202(550) 

Li1-xNi0.8Co0.15AI0.05O2 

Li1-xNi1/3Co1/3Mn1/3O2 (333) 

""O 
~ ..... 
('D 

= ..... 
t 
"e -.... (') 

~ ..... .... 
0 = 
""O = O" -.... (') 

~ ..... .... 
0 = 

2' 
:-' .... 
~ ... 
N 
0 .... .... 
rJJ 
=­('D 
('D ..... .... ... 
0 .... .... ... 
c 
rJJ 
N 
0 .... .... 
---0 .... 
O'I 
QO 
Ul 
Ul 
0 

> .... 



US 2011/0168550 Al 

GRADED ELECTRODE TECHNOLOGIES 
FOR HIGH ENERGY LITHIUM-ION 

BATTERIES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims benefit of U.S. provisional 
patent application Ser. No. 61/294,628 (Attorney Docket No. 
14493L), filed Jan. 13, 2010, which is herein incorporated by 
reference in its entirety. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 
[0003] Embodiments of the present invention generally 
relate to lithium-ion battery cell components, and more spe­
cifically, to a method and a system for fabricating such com­
ponents. 
[0004] 2. Description of the Related Art 
[0005] High-capacity energy storage devices, such as 
lithium-ion (Li-ion) batteries, are used in a growing number 
of applications, including portable electronics, medical, 
transportation, grid-connected large energy storage, renew­
able energy storage, and uninterruptible power supply (UPS). 
In contemporary, secondary and rechargeable energy storage 
devices, the current collector component of the electrodes is 
generally made of a metal foil. Examples of materials for the 
positive current collector (the cathode) include aluminum, 
but stainless steel, and nickel may also be used. Examples of 
materials for the negative current collector (the anode) 
include copper (Cu), but stainless steel, and nickel (Ni) may 
also be used. 
[0006] The active positive cathode electrode material of a 
Li-ion battery is typically selected from a wide range of 
lithium transition metal oxides. Examples include oxides 
with spine! structures (LiMn2 O4 (LMO), LiNi0 _5Mn1.5O4 

(LMNO), etc.), layered structures (LiCoO2 , nickel-manga­
nese-cobalt (NMC), nickel-cobalt-aluminum (NCA), etc.), 
olivine structures (LiFePO4 , etc.), and combinations thereof. 
The particles are mixed with conductive particles, such as 
nano-carbon ( carbon black, etc.) and graphite, and a binding 
agent. Such positive electrode material is considered to be a 
lithium-intercalation compound, in which the quantity of 
conductive material is in the range from 0.1 % to 30% by 
weight. Next generation cathode materials are under active 
research with the goal of increasing capacity, i.e., > 1 Li+ per 
redox center, or higher voltage (>4.3V). 
[0007] Currently, anode material is generally carbon based, 
either graphite or hard carbon, with particle sizes around 5-15 
um. Silicon (Si) and tin (Sn)-based active materials are cur­
rently being developed as next generation anode materials. 
Both have significantly higher capacity than carbon based 
electrodes. Li15Si4 has a capacity of about 3,580 mAh/g, 
whereas graphite has a capacity less than 372 mAh/g. Sn­
based anodes can achieve capacities over 900 mAh/g which 
are much higher than next generation cathode materials can 
achieve. Thus, it is expected that cathodes will continue to be 
thicker than anodes. 
[0008] Currently, the active materials only account for <50 
wt% of the overall components of battery cells. The ability to 
manufacture thicker electrodes containing more active mate­
rials would significantly reduce the production costs for bat­
tery cells by reducing the percentage contribution from inac­
tive elements. However, the thickness of electrodes is 
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currently limited by both the utilization and the mechanical 
properties of the materials currently used. 
[0009] Accordingly, there is a need in the art for faster 
charging, higher capacity energy storage devices that are 
smaller, lighter, and can be more cost effectively manufac­
tured at a high production rate. 

SUMMARY OF THE INVENTION 

[0010] Embodiments described herein provide methods 
and systems for manufacturing faster charging/discharging, 
higher capacity energy storage devices that are smaller, 
lighter, and can be more cost effectively manufactured at a 
higher production rate. In one embodiment, a graded cathode 
structure is provided. The graded cathode structure comprises 
a conductive substrate, a first porous layer comprising a first 
cathodically active material having a first porosity formed on 
the conductive substrate, and a second porous layer compris­
ing a second cathodically active material having a second 
porosity formed on the first porous layer. In certain embodi­
ments, the first porosity is greater than the second porosity. In 
certain embodiments, the first porosity is less than the second 
porosity. 
[0011] In another embodiment, a method for forming a 
graded cathode structure is provided. The method comprises 
providing a conductive substrate, depositing a first porous 
layer comprising a first cathodically active material having a 
first porosity on the conductive substrate, and depositing a 
second porous layer comprising a second cathodically active 
material having a second porosity on the conductive sub­
strate. In certain embodiments, the first porosity is greater 
than the second porosity. In certain embodiments, the first 
porosity is less than the second porosity. 
[0012] In yet another embodiment, a graded cathode struc­
ture is provided. The graded cathode structure comprises a 
conductive substrate, a first layer comprising cathodically 
active particles having a first diameter formed on the conduc­
tive substrate, and a second layer comprising cathodically 
active particles having a second diameter formed on the first 
layer. In certain embodiments, the second diameter is greater 
than the first diameter. In certain embodiments, the second 
diameter is less than the first diameter. In certain embodi­
ments, the particles are mirco-particles. In certain embodi­
ments, the particles are nano-particles. 
[0013] In yet another embodiment, a method for forming a 
graded cathode structure is provided. The method comprises 
providing a conductive substrate, depositing a first layer com­
prising cathodically active mircoparticles having a first diam­
eter formed on the conductive substrate, and depositing a 
second layer comprising cathodically active microparticles 
having a second diameter formed on the first layer. In certain 
embodiments, the second diameter is greater than the first 
diameter. In certain embodiments, the second diameter is less 
than the first diameter. 
[0014] In yet another embodiment, the first layer has dif­
ferent binder-conductive additive-active materials than the 
second layer. In yet another embodiment, the current collec­
tor comprises Al or Ni mesh, wires, or three-dimensional Al. 
In yet another embodiment, the three-dimensional Al is 
formed using a punch-through process, electrochemical etch­
ing or imprint lithography process. 
[0015] In yet another embodiment, a substrate processing 
system for processing a vertically oriented flexible conduc­
tive substrate is provided. The substrate processing system 
comprises a first spray coating chamber configured to deposit 
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cathodically active particles over the vertically oriented flex­
ible conductive substrate, a drying chamber disposed adja­
cent the first spray coating chamber configured to expose the 
vertically oriented flexible conductive substrate to a drying 
process, a second spray coating chamber disposed adjacent to 
the drying chamber configured to deposit cathodically active 
particles over the vertically oriented flexible conductive sub­
strate, a compression chamber disposed adjacent to the sec­
ond spray coating chamber configured to expose the verti­
cally oriented flexible conductive substrate to a calendaring 
process to compress the deposited particles to a desired net­
density, and a substrate transfer mechanism configured to 
transfer the vertically oriented flexible conductive substrate 
among the chambers, wherein each of the chambers com­
prises a processing volume, a feed roll disposed out side the 
processing volume and configured to retain a portion of the 
vertically oriented flexible conductive substrate, and a take up 
roll disposed out side the processing volume and configured 
to retain a portion of the vertically oriented flexible conduc­
tive substrate, wherein the substrate transfer mechanism is 
configured to activate the feed rolls and the take up rolls to 
move the vertically oriented flexible conductive substrate in 
and out of each chamber, and hold the one or more flexible 
conductive substrates in the processing volume of each cham­
ber. In certain embodiments, the substrate processing system 
further comprises a three-dimensional Al formation module 
for shaping the vertically oriented flexible conductive sub­
strate into a three-dimensional vertically oriented conductive 
substrate positioned prior to the first spray coating chamber. 
[0016] In another embodiment, an integrated separator is 
formed onto the electrode to reduce separator material cost 
and simplify manufacturing. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] So that the manner in which the above recited fea­
tures of the present invention can be understood in detail, a 
more particular description of the invention, briefly summa­
rized above, may be had by reference to embodiments, some 
of which are illustrated in the appended drawings. It is to be 
noted, however, that the appended drawings illustrate only 
typical embodiments of this invention and are therefore not to 
be considered limiting of its scope, for the invention may 
admit to other equally effective embodiments. 
[0018] FIG. lA is a schematic diagram of one embodiment 
of a Li-ion battery electrically coupled with a load according 
to embodiments described herein; 

[0019] FIG. 1B is a schematic diagram of another embodi­
ment of a Li-ion battery cell bi-layer electrically connected to 
a load according to embodiments described herein; 

[0020] FIGS. 2A-2C are schematic cross-sectional views 
of one embodiment of a graded cathode electrode structure 
formed according to embodiments described herein; 

[0021] FIG. 3 is a process flow chart summarizing one 
embodiment of a method for forming a graded cathode elec­
trode structure according to embodiments described herein; 

[0022] FIG. 4A is a perspective view of one embodiment of 
a porous conductive substrate prior to deposition of cathodi­
cally active material on the porous conductive substrate 
according to embodiments described herein; 

[0023] FIG. 4B is a schematic cross-sectional view of one 
embodiment of a graded cathode electrode formed according 
to embodiments described herein; 

2 
Jul. 14, 2011 

[0024] FIGS. SA-SC are schematic cross-sectional views 
of one embodiment of a graded cathode electrode structure 
formed according to embodiments described herein; 
[0025] FIG. 6 is a process flow chart summarizing one 
embodiment of a method for forming a graded cathode elec­
trode structure according to embodiments described herein; 
[0026] FIG. 7 is a schematic cross-sectional view of one 
embodiment of a graded cathode electrode formed according 
to embodiments described herein; 
[0027] FIGS. SA-SC are schematic cross-sectional views 
of one embodiment of a cathode electrode structure formed 
according to embodiments described herein; 
[0028] FIG. 9 is a process flow chart summarizing one 
embodiment of a method for forming a cathode electrode 
structure according to embodiments described herein; 
[0029] FIGS. l0A-l0H are schematic cross-sectional 
views of one embodiment of a cathode electrode structure 
formed according to embodiments described herein; 
[0030] FIG. 11 schematically illustrates one embodiment 
of a vertical processing system according to embodiments 
described herein; 
[0031] FIG. 12A is a plot illustrating a simulation demon­
strating the effect of electrode thickness on electrode utiliza­
tion; 
[0032] FIG. 12B is a plot illustrating a simulation demon­
strating the effect of graded porosity on specific energy; and 
[0033] FIG. 13 is a plot depicting the theoretical energy 
density for various cathodically active materials that may be 
used in accordance with the embodiments described herein. 
[0034] To facilitate understanding, identical reference 
numerals have been used, wherever possible, to designate 
identical elements that are common to the figures. It is con­
templated that elements and/or process steps of one embodi­
ment may be beneficially incorporated in other embodiments 
without additional recitation. 

DETAILED DESCRIPTION 

[0035] Embodiments described herein contemplate meth­
ods and related apparatus for forming an electrochemical 
device, such as a battery or supercapacitor, and components 
thereof using thin-film deposition processes and other meth­
ods for forming the same. Certain embodiments described 
herein include the manufacturing of thick cathode electrodes 
having an increased capacity for active material by modifying 
various properties of the cathode electrodes. In certain 
embodiments, the cathode electrodes have graded properties, 
such as, porosity, conductivity, particle size, and combina­
tions thereof that vary throughout the cathode electrode struc­
ture. In certain embodiments, it is desirable to modify the 
properties of the cathode electrode through the inclusion of 
additives such as conductive additives and/or binding agents. 
In certain embodiments, the graded properties of the cathode 
electrode may be further modified during the manufacturing 
process through the use of such techniques as calendaring, 
annealing, and various drying processes. 
[0036] In certain embodiments, the cathode electrodes have 
a graded porosity such that the porosity varies throughout the 
structure of the cathode electrode. In certain embodiments, 
the graded porosity provides for a higher porosity adjacent to 
the current collector and a lower porosity as the distance from 
the current collector increases. The higher porosity adjacent 
to the current collector increases the active surface area of the 
electrode providing for higher power performance but yield­
ing a lower voltage electrode whereas the lower porosity 
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provides for a higher voltage electrode with slower power 
performance. In certain embodiments, the graded porosity 
provides for a lower porosity adjacent to the current collector 
and a higher porosity as the distance from the current collec­
tor increases. 
[0037] In certain embodiments, the cathode electrodes have 
a graded particle size throughout the cathode electrode struc­
ture. In one embodiment, the smaller particles positioned 
adjacent to the current collector provide for higher power 
performance but yield a lower voltage electrode and the larger 
particles which are positioned at a greater distance from the 
current collector provide for a higher voltage electrode but 
decreased power performance. 
[0038] In certain embodiments, the cathode electrodes 
comprise a multi-layer structure where the layers comprise 
cathodically active materials having different properties. In 
one embodiment, the active material deposited over the cur­
rent collector provides higher power performance but a lower 
voltage electrode and the active material deposited at a dis­
tance from the current collector provides for a higher voltage 
electrode with slower power performance. 
[0039] While the particular apparatus in which the embodi­
ments described herein can be practiced is not limited, it is 
particularly beneficial to practice the embodiments on a web­
based roll-to-roll system sold by Applied Materials, Inc., 
Santa Clara, Calif. Exemplary roll-to-roll and discrete sub­
strate systems on which the embodiments described herein 
may be practiced are described herein and in further detail in 
commonly assigned U.S. patent application Ser. No. 12/620, 
788, (Attorney Docket No. APPM/012922/EES/AEP/ES­
ONG), to Lopatin et al., now published as US 2010/0126849, 
titled APPARATUS AND METHOD FOR FORMING 3D 
NANOSTRUCTURE ELECTRODE FOR ELECTRO­
CHEMICAL BATTERY AND CAPACITOR, and commonly 
assigned U.S. patent application Ser. No. 12/839,051, (Attor­
ney Docket No. APPM/014080/AEP/LES/ESONG), filed 
Jul. 19, 2010, to Bachrach et al, titled COMPRRESSED 
POWDER 3D BATTERY ELECTRODE MANUFACTUR­
ING, both of which are herein incorporated by reference in 
their entirety. 
[0040] The use of various types of substrates on which the 
materials described herein are formed is also contemplated. 
While the particular substrate on which certain embodiments 
described herein may be practiced is not limited, it is particu­
larly beneficial to practice the embodiments on flexible con­
ductive substrates, including for example, web-based sub­
strates, panels and discrete sheets. The substrate may also be 
in the form of a foil, a film, or a thin plate. In certain embodi­
ments where the substrate is a vertically oriented substrate, 
the vertically oriented substrate may be angled relative to a 
vertical plane. For example, in certain embodiments, the sub­
strate may be slanted from between about 1 degree to about 20 
degrees from the vertical plane. In certain embodiments 
where the substrate is a horizontally oriented substrate, the 
horizontally oriented substrate may be angled relative to a 
horizontal plane. For example, in certain embodiments, the 
substrate may be slanted from between about 1 degree to 
about 20 degrees from the horizontal plane. As used herein, 
the term "vertical" is defined as a major surface or deposition 
surface of the flexible conductive substrate being perpendicu­
lar relative to the horizon. As used herein, the term "horizon­
tal" is defined as a major surface or deposition surface of the 
flexible conductive substrate being parallel relative to the 
horizon. 
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[0041] FIG. lA is a schematic diagram of a Li-ion battery 
100 electrically connected to a load 101, according to an 
embodiment described herein. The primary functional com­
ponents of Li-ion battery 100 include an anode structure 102, 
a cathode structure 103, a separator layer 104, and an elec­
trolyte (not shown) disposed within the region between the 
opposing current collectors 111 and 113. A variety of mate­
rials may be used as the electrolyte, such as a lithium salt in an 
organic solvent. Lithium salts may include, for example, 
LiPF 6 , LiBF 4 , or LiCIO4 , and organic solvents may include, 
for example, ether and ethylene oxide. The electrolyte con­
ducts lithium ions, acting as a carrier between the anode 
structure 102 and the cathode structure 103 when a battery 
passes an electric current through an external circuit. The 
electrolyte is contained in anode structure 102, cathode struc­
ture 103, and a fluid-permeable separator layer 104 in the 
region formed between the current collectors 111 and 113. 
[0042] Anode structure 102 and cathode structure 103 each 
serve as a half-cell of Li-ion battery 100, and together form a 
complete working cell of Li-ion battery 100. Both the anode 
structure 102 and the cathode structure 103 comprise material 
into which and from which lithium ions can migrate. Anode 
structure 102 includes a current collector 111 and a conduc­
tive micro structure 110 that acts as an intercalation host mate­
rial for retaining lithium ions. Similarly, cathode structure 
103 includes a current collector 113 and an intercalation host 
material 112 such as a metal oxide for retaining lithium ions. 
Separator layer 104 may be a dielectric, porous, fluid-perme­
able layer that prevents direct electrical contact between the 
components in the anode structure 102 and the cathode struc­
ture 103. Methods of forming Li-ion battery 100, as well as 
the materials that make up the cathode structure 103 are 
described herein. 

[0043] The electrolyte containing porous material on the 
cathode side of the Li-ion battery 100, or positive electrode, 
may comprise a lithium-containing metal oxide, such as 
lithium cobalt dioxide (LiCoO2 ) or lithium manganese diox­
ide (LiMnO2 ). The electrolyte containing porous material 
may be made from a layered oxide, such as lithium cobalt 
oxide, an olivine, such as lithium iron phosphate, or a spine!, 
such as lithium manganese oxide. In non-lithium embodi­
ments, an exemplary cathode may be made from TiS2 (tita­
nium disulfide). Exemplary lithium-containing oxides may 
be layered, such as lithium cobalt oxide (LiCoO2), or mixed 
metal oxides, such as LiNixCo 1 _2xMnO2 , LiNi0 _5 Mn1.5O4 , 

Li(Ni0 _8Co0 _15Al0 _05)O2 , LiMn2O4 , and LiNiO2 . Exemplary 
phosphates may be iron olivine (LiFePO4 ) and it is variants 
(such as LiFe1_xMgPO4 ), LiMoPO4 , LiCoPO4 , LiNiPO4 , 

Li3ViPO4 ) 3 , LiVOPO4 , LiMP2O7 , or LiFe1.5P2O7 . Exem­
plary fluorophosphates may be LiVPO 4 F, LiAIPO 4 F, Li5 V 
(PO4 ) 2 F 2 , Li5Cr(PO4 ) 2F 2 , Li2 CoPO4 F, or Li2NiPO4 F. Exem­
plary silicates may be Li2 FeSiO4 , Li2MnSiO4 , or 
Li2 VOSiO4 . An exemplary non-lithium compound is Na5 V 2 

(PO4 ) 2 F3 . Other exemplary electrolyte containing porous 
materials include Li3 FeF3 , Li2 MnOyNMC, and the porous 
materials shown in FIG. 13. 

[0044] The electrolyte containing porous material on the 
anode side of the Li-ion battery 100, or negative electrode, 
may be made from materials described above, for example, 
graphitic particles dispersed in a polymer matrix and/or vari­
ous fine powders, for example, micro-scale or nano-scale 
sized powders. Additionally, microbeads of silicon, tin, or 
lithium titanate (Li4 Ti5O12) may be used with, or instead of, 
graphitic microbeads to provide the conductive core anode 
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material. The electrolyte containing porous material on the 
cathode side of the Li-ion battery 100, or positive electrode, 
may be made according to the embodiments described herein. 
[0045] FIG. 1B is a schematic diagram of a single sided 
Li-ion battery cell bi-layer 120 with anode structures 122a, 
122b electrically connected to a load 121, according to one 
embodiment described herein. The single sided Li-ion battery 
cell bi-layer 120 functions similarly to the Li-ion battery 100 
depicted in FIG. lA. The primary functional components of 
Li-ion battery cell bi-layer 120 include anode structures 122a, 
122b, cathode structures 123a, 123b, separator layers 124a, 
124b, and an electrolyte (not shown) disposed within the 
region between the current collectors 131a, 131b, 133a, and 
133b. The Li-ion battery cell 120 may be hermetically sealed 
with electrolyte in a suitable package with leads for the cur­
rent collectors 131a, 131b, 133a, and 133b. The anode struc­
tures 122a, 122b, cathode structures 123a, 123b, and fluid­
permeable separator layers 124a, 124b are immersed in the 
electrolyte in the region formed between the current collec­
tors 13 la and 133a and the region formed between the current 
collectors 131b and 133b. An insulator layer 135 may be 
disposed between current collector 133a and current collector 
133b. 
[0046] Anode structures 122a, 122b and cathode structures 
123a, 123b each may serve as a half-cell of Li-ion battery cell 
120, and together form a complete working bi-layer cell of 
Li-ion battery 120. Anode structures 122a, 122b each include 
a metal current collector 131a, 131b and a first electrolyte 
containing material 134a, 134b. Similarly, cathode structures 
123a, 123b include a current collector 133a and 133b respec­
tively and a second electrolyte containing material 132a, 
132b, such as a metal oxide, for retaining lithium ions. The 
current collectors 131a, 131b, 133a, and 133b may be made 
of electrically conductive materials such as metals and metal 
alloys. In some cases, a separator layer 124a, 124b, which is 
an insulating, porous, fluid-permeable layer, for example, a 
dielectric layer, may be used to prevent direct electrical con­
tact between the components in the anode structures 122a, 
122b and the cathode structures 123a, 123b. It should also be 
understood that the embodiments described herein are not 
limited to Li-ion cell structures shown in FIG. lA and FIG. 
1B. It should also be understood, that the anode and cathode 
structures may be connected either in series or in parallel. 
[0047] FIGS. 2A-2C are schematic cross-sectional views 
of one embodiment of a cathode electrode structure 103 
formed according to embodiments described herein. In FIG. 
2A, current collector 113 is schematically illustrated prior to 
the deposition of the graded porous structure 202 on the 
current collector 113. In one embodiment, the current collec­
tor 113 is a conductive substrate ( e.g., metallic foil, sheet, or 
plate). In one embodiment, the current collector 113 is a 
conductive substrate with an insulating coating disposed 
thereon. In one embodiment, the current collector 113 may 
include a relatively thin conductive layer disposed on a host 
substrate comprising one or more conductive materials, such 
as a metal, plastic, graphite, polymers, carbon-containing 
polymer, composites, or other suitable materials. Examples 
of metals that current collector 113 may be comprised of 
include aluminum (Al), copper (Cu), zinc (Zn), nickel (Ni), 
cobalt (Co), tin (Sn), silicon (Si), manganese (Mn), magne­
sium (Mg), alloys thereof, and combinations thereof. In one 
embodiment, the current collector 113 is perforated. 
[0048] Alternatively, current collector 113 may comprise a 
host substrate that is non-conductive, such as a glass, silicon, 
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and plastic or polymeric substrate that has an electrically 
conductive layer formed thereon by means known in the art, 
including physical vapor deposition (PVD), electrochemical 
plating, electroless plating, and the like. In one embodiment, 
current collector 113 is formed out of a flexible host substrate. 
The flexible host substrate may be a lightweight and inexpen­
sive plastic material, such as polyethylene, polypropylene or 
other suitable plastic or polymeric material, with a conductive 
layer formed thereon. In one embodiment, the conductive 
layer is between about 10 and 15 microns thick in order to 
minimize resistive loss. Materials suitable for use as such a 
flexible substrate include a polyimide (e.g., KAPTON™ by 
DuPont Corporation), polyethyleneterephthalate (PET), 
polyacrylates, polycarbonate, silicone, epoxy resins, sili­
cone-functionalized epoxy resins, polyester ( e.g., MYLAR™ 
by E.I. du Pont de Nemours & Co.), APICAL AV manufac­
tured by Kanegaftigi Chemical Industry Company, UPILEX 
manufactured by UBE Industries, Ltd.; polyethersulfones 
(PES) manufactured by Sumitomo, a polyetherimide (e.g., 
ULTEM by General Electric Company), and polyethyl­
enenaphthalene (PEN). Alternately, the flexible substrate 
may be constructed from a relatively thin glass that is rein­
forced with a polymeric coating. 
[0049] In one embodiment, the current collector 113 is 
treated prior to formation of the graded porous structure 202 
to improve contact resistance and adhesion of the electrode to 
the current collector 113. 
[0050] As shown in FIG. 2B, a first porous layer 210 com­
prising a first cathodically active material 212 having a first 
porosity is formed over a surface 201 of the current collector 
113. In one embodiment, the first porous layer 210 has a 
thickness between about 10 µm to about 150 µm. In one 
embodiment, the first porous layer 210 has a thickness 
between about 50 µm to about 100 µm. In embodiments 
where the current collector 113 is a porous structure, the first 
porous layer 210 may be deposited within the pores of the 
current collector 113. 
[0051] In one embodiment, the first cathodically active 
material 212 is in the form of particles. In one embodiment, 
the particles are nano-scale particles. In one embodiment, the 
nano-scale particles have a diameter between about 1 nm and 
about 100 nm. In one embodiment, the particles are micro­
scale particles. In one embodiment, the particles of the pow­
der include aggregated micro-scale particles. In one embodi­
ment, the micro-scale particles have a diameter between 
about 2 µm and about 15 µm. In certain embodiments it is 
desirable to select a particle size that maintains the packing 
density of the particles while maintaining a reduced surface 
area in order to avoid unwanted side reactions which may 
occur at higher voltages. In certain embodiments, the particle 
size may depend on the type of cathodically active material 
used. In one embodiment, the cathodically active material 
212 is selected from the group comprising: lithium cobalt 
dioxide (LiCoO2), lithium manganese dioxide (LiMnO2), 

titanium disulfide (TiS2 ), LiNixC0 1_2xMnO2 , LiMn2O4 , 

LiFePO4 , LiFe1_xMgPO4 , LiMoPO4 , LiCoPO4 , Li3ViPO4 ) 

3 , LiVOPO4 , LiMP2O7 , LiFe15P2 O7 , LiVPO4 F, LiAlPO4 F, 
Li5 V(PO4 ) 2 F2 , Li5 Cr(PO4 ) 2F2 , Li2CoPO4 F, Li2NiPO4 F, 
Na5ViPO4 ) 2 F3 , Li2FeSiO4 , Li2MnSiO4 , Li2VOSiO4 , 

LiNiO2 , and combinations thereof. 
[0052] In certain embodiments, the first porous layer 210 
further comprises conductive additives 214 for providing a 
conductive path between the highly resistive particles of the 
first cathodically active material 212. In one embodiment, the 
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conductive additives 214 may be selected from the group 
comprising: graphite, graphene hard carbon, carbon black, 
carbon coated silicon, tin particles, tin oxide, silicon carbide, 
silicon ( amorphous or crystalline), silicon alloys, doped sili­
con, lithium titanate, composites thereof, and combinations 
thereof. 
[0053] In certain embodiments, the first porous layer 210 
further comprises a binding agent 216. In certain embodi­
ments, the binding agent 216 coats the surface of the particles 
of the first cathodically active material 212. In one embodi­
ment, the binding agent 216 is a carbon containing polymer 
having a low molecular weight provided at a ratio ofless than 
about 100 polymer molecules per particle. The low molecular 
weight polymer may have a number average molecular 
weight ofless than about 10,000 to promote adhesion of the 
particles to the substrate. In one embodiment, the binding 
agent 216 is selected from the group comprising: polyvi­
nylidene difluoride (PVDF) styrene-butadiene rubber (SBR), 
carboxymethyl cellulose (CMC), water soluble binders, and 
combinations thereof. In one embodiment, N-methyl-2-pyr­
rolidone (NMP) is used as a carrier for the binding agent. 
[0054] As shown in FIG. 2C, a second porous layer 220 
comprising a second cathodically active material 222 having 
a second porosity is formed over the first porous layer 210. In 
one embodiment, the second porous layer 220 has a thickness 
between about 10 µm to about 150 µm. In one embodiment, 
the second porous layer 220 has a thickness between about 50 
µm to about 100 µm. 
[0055] In one embodiment, the second cathodically active 
material 222 is in the form of particles. In one embodiment, 
the particles are nano-scale particles. In one embodiment, the 
nano-scale particles have a diameter between about 1 nm and 
about 100 nm. In one embodiment, the particles are micro­
scale particles. In one embodiment, the particles of the pow­
der include aggregated micro-scale particles. In one embodi­
ment, the micro-scale particles have a diameter between 
about 2 µm and about 15 µm. In one embodiment, the second 
cathodically active material 222 is selected from the group 
comprising: lithium cobalt dioxide (LiCoO2), lithium man­
ganese dioxide (LiMnO2), titanium disulfide (TiS2), LiN­
ixC01_2xMnO2, LiMn2O4 , LiFePO4 , LiFe1_xMgPO4 , 

LiMoPO4 , LiCoPO4 , Li3ViPO4 ) 3 , LiVOPO4 , LiMP2O4 , 

LiFe15P2O7 , LiVPO4 F, LiAlPO4 F, Li5V(PO4 ) 2F2, Li5 Cr 
(PO4 ) 2F2, Li2CoPO4 F, Li2NiPO4 F, Na5ViPO4 ) 2F3 , 

Li2FeSiO4 , Li2MnSiO4 , Li2 VOSiO4 , LiNiO2, and combina­
tions thereof. In one embodiment, the first cathodically active 
material 212 and the second cathodically active material 222 
are identical materials. In one embodiment, the first cathodi­
cally active material 212 and the second cathodically active 
material 222 are different materials selected to vary the prop­
erties of each layer. 
[0056] In certain embodiments, the first porosity of the first 
porous layer 210 is greater than the second porosity of the 
second porous layer 220. In certain embodiments, the first 
layer has a porosity or "first porosity" of at least 40%, 45%, 
50%, 55%, 60%, or 65% as compared to a solid film formed 
from the same material. In certain embodiments, the first 
layer has a first porosity up to 45%, 50%, 55%, 60%, 65%, or 
70% as compared to a solid film formed from the same mate­
rial. In certain embodiments, the second layer has a porosity 
or "second porosity" of at least 20%, 25%, 30%, or 35% as 
compared to a solid film formed from the same material. In 
certain embodiments, the second layer has a porosity up to 
25%, 30%, 35%, or 40% as compared to a solid film formed 
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from the same material. In one embodiment, the first porosity 
is between about 40% and about 70% as compared to a solid 
film formed from the same material and the second porosity is 
between about 20% and about 40% as compared to a solid 
film formed from the same material. 
[0057] In certain embodiments, the first porosity of the first 
porous layer 210 is less than the second porosity of the second 
porous layer 220. In certain embodiments, the first layer has 
a porosity or "first porosity" of at least 20%, 25%, 30%, or 
35% as compared to a solid film formed from the same mate­
rial. In certain embodiments, the first layer has a porosity up 
to 25%, 30%, 35%, or 40% as compared to a solid film formed 
from the same material. In certain embodiments, the second 
layer has a porosity or "second porosity" of at least 40%, 
45%, 50%, 55%, 60%, or 65% as compared to a solid film 
formed from the same material. In certain embodiments, the 
second layer has a second porosity up to 45%, 50%, 55%, 
60%, 65%, or 70% as compared to a solid film formed from 
the same material. In one embodiment, the second porosity is 
between about 40% and about 70% as compared to a solid 
film formed from the same material and the first porosity is 
between about 20% and about 40% as compared to a solid 
film formed from the same material. In one embodiment, the 
second porosity is between about 40% and about 70% as 
compared to a solid film formed from the same material and 
the first porosity is between about 20% and about 35% as 
compared to a solid film formed from the same material. 
[0058] In certain embodiments, at least one of the first 
porous layer 210 and the second porous layer 220 is exposed 
to a compression process such as a calendaring process to 
increase the density of and decrease the porosity of the first 
porous layer 210 and/or the second porous layer 220. 
Although discussed as a two layer structure, it should be 
understood that any number of layers comprising different 
materials, particle sizes, and/or density may be used to form 
the porous cathode structure described herein. For example, 
in certain embodiments, the graded cathode structure com­
prises three of more layers with the porosity of each layer 
increasing relative to the previously deposited layer as the 
graded cathode structure extends from the current collector 
toward the separator. In certain embodiments, the graded 
cathode structure comprises three of more layers with the 
porosity of each layer decreasing relative to the previously 
deposited layer as the graded cathode structure extends from 
the current collector toward the separator. In certain embodi­
ments where a dual sided electrode is formed, each porous 
layer may be simultaneously deposited on opposing sides of 
the substrate using a dual-sided deposition process. 
[0059] FIG. 3 is a process flow chart summarizing one 
embodiment of a method 300 for forming a graded cathode 
structure similar to cathode structure 103 as illustrated in 
FIGS. lA, 1B and 2A-2C, according to embodiments 
described herein. In block 310, a substrate substantially simi­
lar to current collector 113 in FIG. 1 is provided. As detailed 
above, the substrate may be a conductive substrate, such as 
metallic foil, or a non-conductive substrate that has an elec­
trically conductive layer formed thereon, such as a flexible 
polymer or plastic having a metallic coating. 
[0060] In block 320, a first porous layer similar to first 
porous layer 210 having a first porosity is deposited over the 
conductive substrate. The first porous layer may be formed by 
depositing particles of a first cathodically active material as 
disclosed herein. In certain embodiments, it may be desirable 
to deposit conductive additives and/or a binding agent in 
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conjunction with the first cathodically active material. In 
certain embodiments, the first cathodically active material 
may be pre-mixed with particles of conductive additives and/ 
or binding agents prior to deposition on the conductive sub­
strate. In certain embodiments, the binding agent coats the 
particles of first cathodically active material. In certain 
embodiments, the first cathodically active material may be 
concurrently deposited along with the particles of the con­
ductive additives and/or binding agents from separate sources 
over the conductive substrate. 
[0061] In one embodiment, the particles may be applied by 
particle application techniques including but not limited to 
sifting techniques, electrostatic spraying techniques, thermal 
or flame spraying techniques, fluidized bed coating tech­
niques, roll coating techniques, slit coating, and combina­
tions thereof, all of which are known to those skilled in the art. 
One exemplary process is a two-pass deposition process 
wherein a first pass deposits particles over the conductive 
substrate using a spray coating method followed by a second 
pass over the substrate to deposit additional particles via a slit 
coating process. Another exemplary two-pass deposition pro­
cess involves depositing particles over the conductive sub­
strate using a slit coating process followed by an electrostatic 
spraying process to further densify the structure. 
[0062] In certain embodiments, electrostatic spraying 
methods are used to deposit particles or powder over the 
conductive substrate. Electrostatic spraying charges the pow­
der particles and then sprays them toward the area to be 
coated, such as the conductive substrate, with an opposite and 
attractive electric charge. Since the charged powders in the 
spray stream are attracted toward the area to be coated, the 
electrostatic process helps minimize overspray and waste. 
[0063] In certain embodiments, fluidized bed coating meth­
ods may be used to insert cathodically active particles over 
and/or into the conductive substrate. In fluidized bed systems, 
air is blown up through a porous bed or screen to suspend the 
powder thereby forming a fluidized bed. The item to be coated 
is inserted into the fluidized bed allowing the particles to stick 
onto the exposed surfaces. Coating particles in a fluidized bed 
can also be charged for the application of thicker coatings. 
[0064] In certain embodiments, thermal, plasma, or flame 
spraying techniques may be used to deposit the cathodically 
active particles over the conductive substrate. Thermal spray­
ing techniques are coating processes in which melted ( or 
heated) materials are sprayed onto a surface. The "feedstock" 
( coating precursor) is heated by electrical ( e.g. plasma or arc) 
or chemical means ( e.g. combustion flame). Coating materi­
als available for thermal spraying include metals, alloys, 
ceramics, plastics and composites. The coating materials are 
fed in powder form; heated to a molten or semi-molten state 
and accelerated towards the substrate in the form of microme­
ter-size particles. Combustion or electrical arc discharge is 
usually used as the source of energy for thermal spraying. 
Exemplary thermal spraying techniques and apparatus are 
described in commonly assigned U.S. patent application Ser. 
No. 12/862,265, Attorney Docket No. APPM/014344.02/ 
AEP/LES/ESONG), filed Aug. 24,2010, to Shang et al., titled 
IN-SITU DEPOSITION OF BATTERY ACTIVE LITHIUM 
MATERIALS BY THERMAL SPRAYING, which is herein 
incorporated by reference in its entirety. Exemplary plasma 
spraying techniques and apparatus are described in com­
monly assigned U.S. patent application Ser. No. 12/862,244, 
Attorney Docket No. APPM/014344/AEP/LES/ESONG), 
filedAug. 24, 2010, to Shang et al., titled IN-SITU DEPOSI-

6 
Jul. 14, 2011 

TION OF BATTERY ACTIVE LITHIUM MATERIALS BY 
PLASMA SPRAYING, which is herein incorporated by ref­
erence in its entirety. 
[0065] In certain embodiments, roll coating techniques 
may be used to deposit the cathodically active particles over 
the conductive substrate. In one embodiment, the coating is 
made by forming a slurry of the cathodically active material 
in a solvent, such as, N-methyl pyrrolidone (NMP). In one 
embodiment, the coating further comprises binding agents 
and conductive additives. After application of the coating, the 
solvent may be removed using the drying techniques dis­
closed herein. In certain embodiments, the drying process 
may be used to encourage close settling of the particles. 
[0066] In certain embodiments, where a dual-sided elec­
trode is formed, the first porous layer may be simultaneously 
deposited on opposing sides of the substrate using a dual­
sided deposition process. For example, a dual-sided electro­
static spraying process which uses opposing spray applicators 
to deposit cathodically active material on opposing sides of 
the substrate. In certain embodiments, where a dual-sided 
electrode is formed, the first layer may be formed using a 
two-pass process where the first layer is deposited over a first 
side of the current collector during a first pass and the first 
layer is deposited over an opposing side of a substrate during 
a second pass. 
[0067] In block 330, the first porous layer may be exposed 
to an optional compression process. After the particles are 
deposited over the conductive substrate, the particles may be 
compressed using compression techniques, for example, a 
calendaring process, to achieve a desired net density of com­
pacted particles while planarizing the surface of the layer. In 
certain embodiments, it is desirable to perform a calendaring 
process after deposition of the first porous layer in order to 
increase the net density of the first porous layer. 
[0068] The first porous layer may be exposed to an optional 
drying process to remove any remaining solvents from the 
deposition process. The optional drying process may com­
prise, but is not limited to, drying processes such as an air 
drying process, for example, exposing the porous layer to 
heated nitrogen, an infrared drying process, a marangoni 
drying process, and an annealing process, for example, a 
rapid thermal annealing process. 
[0069] In block 340, a second porous layer similar to sec­
ond porous layer 220 having a second porosity is deposited 
over the first porous layer 210. The second porous layer may 
be formed by depositing particles of a second cathodically 
active material as disclosed herein. In certain embodiments, it 
may be desirable to deposit conductive additives and/or a 
binding agent in conjunction with the second cathodically 
active material. In certain embodiments, the second cathodi­
cally active material may be pre-mixed with particles of con­
ductive additives and/or binding agents prior to deposition on 
the first porous layer. In certain embodiments, the second 
cathodically active material may be concurrently deposited 
along with the particles of the conductive additives and/or 
binding agents from separate sources over the conductive 
substrate. In certain embodiments, the particles may be 
deposited using the deposition techniques discussed in refer­
ence to block 320. 
[0070] In certain embodiments, where a dual-sided elec­
trode is formed, the second porous layer may be simulta­
neously deposited on opposing sides of the substrate using a 
dual-sided deposition process as discussed with reference to 
block 320. 
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[0071] In one embodiment, the first cathodically active 
material is identical to the second cathodically active mate­
rial. In one embodiment, the first cathodically active material 
is a different material than the second cathodically active 
material. 
[0072] In one embodiment, the particles of the first cathodi­
cally active material are a different size than the particles of 
the second cathodically active material. In one embodiment, 
the particles of the first cathodically active material and the 
second cathodically active material are approximately the 
same size. 
[0073] In block 350, the second porous layer may be 
exposed to an optional compression process. After the par­
ticles are deposited over the conductive substrate, the par­
ticles may be compressed using compression techniques, for 
example, a calendaring process, to achieve a desired net den­
sity of compacted particles while planarizing the surface of 
the layer. In certain embodiments, it is desirable to perform a 
calendaring process after deposition of the second porous 
layer in order to increase the net density of the second porous 
layer relative to the first porous layer. In certain embodiments, 
a drying process similar to the process of block 330 is per­
formed. 
[0074] FIG. 4A is a perspective view ofone embodiment of 
a porous conductive substrate 413 prior to deposition of 
cathodically active material into and over the porous conduc­
tive substrate according to embodiments described herein. 
FIG. 4B is a schematic cross-sectional view of one embodi­
ment of a graded cathode electrode 400 formed according to 
embodiments described herein. The graded cathode electrode 
400 is similar to the cathode electrode 103 except that the 
graded cathode electrode 400 is formed using a porous con­
ductive current collector 413, the first cathodically active 
material 412 is deposited within the pores of the porous 
conductive current collector, and the graded cathode elec­
trode 400 is a two-sided cathode electrode with a shared 
three-dimensional porous current collector 413. It should be 
understood that although the graded cathode electrode 400 is 
depicted as a two-sided electrode, the graded cathode elec­
trode 400 may also be a single sided electrode. 
[0075] The graded cathode electrode 400 may be formed 
using processes similar to the process depicted in FIG. 3 
except that a first porous layer 410, similar to porous layer 
210, is deposited within the pores of the porous conductive 
substrate 413 using a dual-sided deposition process and sec­
ond porous layers 420a, 420b are formed on opposing sides of 
the porous conductive current collector 413 using a dual­
sided deposition process, for example, a two-sided spray 
coating process. 
[0076] The substrate or current collector 413 is similar to 
current collector 113. In one embodiment, the substrate or 
current collector 413 is an aluminum substrate or an alumi­
num alloy substrate. In one embodiment, the current collector 
413 is perforated or porous three dimensional structure hav­
ing a plurality of pores 415. In one embodiment, the three­
dimensional structure may be formed using, for example, an 
imprint lithography process or a patterned punch through 
process. In one embodiment, the three-dimensional structure 
comprises a wire mesh structure comprising a material 
selected from aluminum and alloys thereof. In one embodi­
ment, the wire mesh structure has a wire diameter between 
about 0.050 micrometers and about 10 micrometers. In one 
embodiment, the wire mesh structure has an aperture between 
about 10 micrometers and about 100 micrometers, for 
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example about 90 micrometers. In certain embodiments, it 
may be desirable to use the wire mesh structure as the three­
dimensional cathode structure since its formation does not 
require imprinting or etching. 
[0077] In one embodiment, the porous current collector 
413 is a three dimensional structure having a porosity of from 
about 50% to about 90%. In one embodiment, the current 
collector 413 is a three dimensional structure having a poros­
ity of from about 70% to about 85%, for example, about 81 %. 
[0078] As shown in FIG. 4B, a first porous layer 410 com­
prising a first cathodically active material 412 having a first 
porosity is formed within the pores 415 of the porous current 
collector 413. In one embodiment, the first cathodically active 
material 412 is vertically sprayed into the pores of the porous 
current collector 413 using a single or multi-step deposition 
process. In one embodiment, the first porous layer 410 has a 
thickness between about 50 µm to about 200 µm, for example, 
about 100 µm. In certain embodiments, the first porous layer 
410 has a porosity greater than the porosity of second porous 
layers 420a, 420b. In certain embodiments, the first porous 
layer 410 has a porosity less than the porosity of second 
porous layers 420a, 420b. 
[0079] As shown in FIG. 4B, second porous layers 420a, 
420b comprising a second cathodically active material 422 
having a second porosity are formed over the first porous 
layer 410. In one embodiment, second porous layers 420a, 
420b have a thickness between about 50 µm to about 100 µm. 
In one embodiment, second porous layers 420a, 420b have a 
porosity less than that of the first porous layer 410. In one 
embodiment, second porous layers 420a, 420b have a poros­
ity greater than that of the first porous layer 410. In one 
embodiment, as initially deposited, the porosity of the first 
porous layer 410 and second porous layers 420a and 420b are 
substantially identical, however, after exposing the second 
porous layers to the optional compression process described 
in block 350, the porosity of second porous layers 420a, 420b 
is reduced relative to the porosity of the first porous layer 410. 
In embodiments where the optional compression process is a 
calendaring process, the overburden portion ( e.g. the second 
porous layers 420a, 420b) are more effectively densified 
while the first porous layer 410 within the three-dimensional 
structure is less densified due to the typical mechanical 
behavior of the composite structure. In certain embodiments 
where the first porous layer 410 has greater density than the 
second porous layers 420a, 420b the first porous layer may be 
exposed to an optional compression process similar to the 
compression process described in block 330. In certain 
embodiments, the second porous layers 420a, 420b have a 
porosity between about 40% and about 50% as compared to a 
solid film formed from the same material and the first porous 
layer 410 has a porosity between about 30% and about 35% as 
compared to a solid film formed from the same material. 
[0080] FIGS. SA-SC are schematic cross-sectional views 
of one embodiment of a graded cathode electrode structure 
103 having a particle size gradient formed according to 
embodiments described herein. In FIG. SA, current collector 
113 is schematically illustrated prior to the deposition of the 
graded particle structure 502 on the current collector 113. 
[0081] As shown in FIG. 5B, a first layer 510 having first 
cathodically active particles 512 having a first diameter is 
formed over a surface 201 of the current collector 113. In one 
embodiment, the first layer 510 has a thickness between about 
10 µm to about 150 µm. In one embodiment, the first layer 510 
has a thickness between about 50 µm to about 100 µm. In one 



US 2011/0168550 Al 

embodiment, the particles are nano-scale particles. In one 
embodiment, the nano-scale particles have a diameter 
between about 1 nm and about 100 nm. In one embodiment, 
the particles are micro-scale particles. In one embodiment, 
the particles of the powder include aggregated micro-scale 
particles. In one embodiment, the micro-scale particles have 
a diameter between about 2 µm and about 15 µm. In one 
embodiment, the first diameter is less than 10 µm. In one 
embodiment, the first diameter is about 5 µm. 
[0082] As discussed herein, in certain embodiments, it may 
be desirable to deposit conductive additives and/or a binding 
agent in conjunction with the first cathodically active par­
ticles. 
[0083] As shown in FIG. SC, a second layer 520 having 
second cathodically active particles 522 having a second 
diameter is formed over the first layer 510. In one embodi­
ment, the second layer 520 has a thickness between about 10 
µm to about 150 µm. In one embodiment, the second layer 520 
has a thickness between about 50 µm to about 100 µm. In one 
embodiment, the second cathodically active particles 522 
have a second diameter greater than five times the particle size 
of the particles of the first layer. In one embodiment, the 
particles are nano-scale particles. In one embodiment, the 
nano-scale particles have a diameter between about 1 nm and 
about 100 nm. In one embodiment, the particles are micro­
scale particles. In one embodiment, the particles of the pow­
der include aggregated micro-scale particles. In one embodi­
ment, the micro-scale particles have a diameter between 
about 2 µm and about 75 µm. In one embodiment, the second 
diameter is between about 5 µm and about 50 µm. In one 
embodiment, the second diameter is about 15 µm. In certain 
embodiments, the second diameter of the cathodically active 
particles 522 is greater than the first diameter of cathodically 
active particles 512. In certain embodiments, the second 
diameter of the cathodically active particles 522 is less than 
the first diameter of cathodically active particles 512. 
[0084] In certain embodiments where the particles are 
micrometer sized particles, for example, layered oxides and 
spinels, the second cathodically active particles have a par­
ticle diameter greater than five times the particle size of the 
particles of the first layer so the solid state diffusion time is 
noticeably different. In other embodiments where cathode 
materials are nano-sized, such as, for example, LiFePO4 , 

Li2 MnSiO4 , the cathodically active particles of the second 
layer may be greater than five times the particle size of the 
particles of the first layer. Additional diffusion enhancement 
can come from surface treatment. 
[ 0085] In one embodiment, the first layer 510 has a porosity 
greater than a second porosity of the second layer 520. In one 
embodiment, the first porosity is between about 40% and 
about 50% as compared to a solid film formed from the same 
material and the second porosity is between about 30% and 
about 40% as compared to a solid film formed from the same 
material. In certain embodiments, the first layer 510 has a 
porosity less than the porosity of the second layer 520. In 
certain embodiments, the first porosity is between about 30% 
and about 35% as compared to a solid film formed from the 
same material and the second porosity is between about 40% 
and about 50% as compared to a solid film formed from the 
same material. 
[0086] In certain embodiments, the second layer 520 is 
exposed to a compression process such as a calendaring pro­
cess to modify the shape of the particles and increase the 
packing density of the particles in the second layer. In certain 
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embodiments where the first layer 510 has greater density 
than the second layer 520, the first layer may be exposed to an 
optional compression process similar to the compression pro­
cesses described herein. 
[0087] FIG. 6 is a process flow chart summarizing one 
embodiment of a method 600 for forming a graded cathode 
structure having a particle size gradient similar to cathode 
structure 103 as illustrated in FIGS. 1 and SA-SC, according 
to embodiments described herein. In block 610, a substrate 
substantially similar to current collector 113 in FIG. 1 is 
provided. As detailed above, the substrate may be a conduc­
tive substrate, such as metallic foil, or a non-conductive sub­
strate that has an electrically conductive layer formed 
thereon, such as a flexible polymerorplastic having a metallic 
coating. 
[0088] In block 620, a first layer similar to first layer 510 
comprising first cathodically active particles having a first 
diameter is deposited over the conductive substrate. The first 
layer may be formed by depositing particles of a cathodically 
active material as disclosed herein. In certain embodiments, it 
may be desirable to deposit conductive additives and/or a 
binding agent in conjunction with the cathodically active 
material as disclosed herein. 
[0089] In block 630, the first layer may be exposed to an 
optional compression process. After the particles are depos­
ited over the conductive substrate, the particles may be com­
pressed using compression techniques, for example, a calen­
daring process, to achieve a desired net density of compacted 
particles while planarizing the surface of the first layer. 
[0090] The first layer may be exposed to an optional drying 
process to remove any remaining solvents from the deposi­
tion process. The drying process may be tailored to adjust the 
thickness of the first layer. The optional drying process may 
comprise, but is not limited to, drying processes such as an air 
drying process, for example, exposing the porous layer to 
heated nitrogen, an infrared drying process, a marangoni 
drying process, and an annealing process, for example, a 
rapid thermal annealing process. 
[0091] In block 640, a second layer similar to second layer 
520 comprising second cathodically active particles having a 
second diameter is deposited over the first layer. The second 
layer may be formed by depositing particles of a cathodically 
active material as disclosed herein. In certain embodiments, it 
may be desirable to deposit conductive additives and/or a 
binding agent in conjunction with the cathodically active 
material as disclosed herein. 
[0092] In block 650, the second layer may be exposed to an 
optional compression process. After the particles are depos­
ited over the conductive substrate, the particles may be com­
pressed using compression techniques, for example, a calen­
daring process, to achieve a desired net density of compacted 
particles while planarizing the surface of the second layer. In 
certain embodiments, it is desirable to perform a calendaring 
process after deposition of the second porous layer in order to 
increase the packing density of the particles of the second 
layer relative to the particles of the first layer. 
[0093] In one embodiment, the first cathodically active 
material is identical to the second cathodically active mate­
rial. In one embodiment, the first cathodically active material 
is a different material than the second cathodically active 
material. 
[0094] In one embodiment, the second layer is exposed to a 
drying process similar to the optional drying processes 
described for the first layer. 
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[0095] In certain embodiments, the active material spray 
may include at least one of the following: simultaneous dry­
ing during spray, ultrasonic spray of highly viscous slurry, 
and water-based, low or no solvent slurry. 
[0096] FIG. 7 is a schematic cross-sectional view of one 
embodiment of a graded cathode electrode 700 formed 
according to embodiments described herein. The graded cath­
ode electrode 700 is similar to the cathode electrode 103 
depicted in FIG. SC except that the graded cathode electrode 
700 is formed using a porous conductive current collector 713 
having a plurality of pores 715, the cathodically active par­
ticles 712 having a first diameter are deposited within the 
plurality of pores 715 of the porous conductive current col­
lector 713, and the graded cathode electrode 700 is a two­
sided cathode electrode with a shared three-dimensional 
porous current collector 713. It should be understood that 
although the graded cathode electrode 700 is depicted as a 
two-sided electrode, the graded cathode electrode 700 may 
also be a single sided electrode. 
[0097] The graded cathode electrode 700 may be formed 
using processes similar to the method 600 depicted in FIG. 6 
except that a first layer 710 having first cathodically active 
particles 712 having a first diameter is deposited within the 
pores of the porous conductive substrate 713 using a dual­
sided deposition process and second layers 720a, 720b hav­
ing second cathodically active particles 722 having a second 
diameter are formed over the first layer 710 on opposing sides 
of the porous conductive current collector 713 using a dual­
sided deposition process, for example, a two-sided spray 
coating process. 
[0098] The substrate or current collector 713 may be simi­
lar to current collectors 413 and 113. In one embodiment, the 
substrate or current collector 713 is an aluminum substrate or 
an aluminum alloy substrate. In one embodiment, the current 
collector 713 is perforated or porous having a plurality of 
pores 715. 
[0099] In one embodiment, the porous current collector 
713 is a three dimensional structure having a porosity of from 
about 50% to about 90%. In one embodiment, the current 
collector 713 is a three dimensional structure having a poros­
ity of from about 70% to about 85%, for example, about 81 %. 
[0100] As shown in FIG. 7, a first layer 710 having first 
cathodically active particles 712 having a first diameter is 
formed within the pores 715 of the porous current collector 
713. In one embodiment, the first layer 710 has a thickness 
between about 50 µm to about 200 µm, for example, about 
100 µm. In one embodiment, the particles are nano-scale 
particles. In one embodiment, the nano-scale particles have a 
diameter between about 1 nm and about 100 nm. In one 
embodiment, the particles are micro-scale particles. In one 
embodiment, the particles of the powder include aggregated 
micro-scale particles. In one embodiment, the micro-scale 
particles have a diameter between about 2 µm and about 15 
µm. In one embodiment, the first diameter is about 5 µm. 
[0101] As shown in FIG. 7, second layers 720a, 720b hav­
ing second cathodically active particles 722 having a second 
diameter are formed over the first layer 710. In one embodi­
ment, second layers 720a, 720b have a thickness between 
about 50 µm to about 100 µm. In one embodiment, the par­
ticles are nano-scale particles. In one embodiment, the nano­
scale particles have a diameter between about 1 nm and about 
100 nm. In one embodiment, the particles are micro-scale 
particles. In one embodiment, the particles of the powder 
include aggregated micro-scale particles. In one embodi-
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ment, the micro-scale particles have a diameter between 
about 2 µm and about 20 µm. In one embodiment, the second 
diameter is about 15 µm. In certain embodiments, the second 
diameter of the cathodically active particles 722 is greater 
than the first diameter of cathodically active particles 712. In 
one embodiment, the second diameter is about 15 µm and the 
first diameter is about 5 µm. In another embodiment, the 
second diameter is about 5 µm and the first diameter is about 
15 µm. 

[0102] FIGS. SA-SC are schematic cross-sectional views 
of one embodiment of a cathode electrode structure 103 
formed according to embodiments described herein. FIG. 9 is 
a process flow chart summarizing one embodiment of a 
method 900 for forming a cathode electrode structure 103 
according to embodiments described herein. 

[0103] In block 910 a conductive substrate, such as current 
collector 113 is provided. As shown in FIG. SA, the current 
collector 113 is schematically illustrated prior to the deposi­
tion of the bi-layer cathode structure 802 on the surface 201 of 
the current collector 113. 

[0104] In block 920, a first layer 810 comprising a first 
cathodically active material is deposited overt the current 
collector 113. In one embodiment, the first layer 810 has a 
thickness between about 10 µm to about 150 µm, for example, 
between about 50 µm to about 100 µm. 

[0105] In one embodiment, the first cathodically active 
material is selected from the group comprising: lithium cobalt 
dioxide (LiCoO2), lithium manganese dioxide (LiMnO2), 

titanium disulfide (TiS2 ), LiNixC0 1_2xMnO2 , LiMn2O4 , 

LiFePO4 , LiFe1_xMgPO4 , LiMoPO4 , LiCoPO4 , Li3ViPO4 ) 

3 , LiVOPO4 , LiMP2O7 , LiFe15P2 O7 , LiVPO4 F, LiAlPO4 F, 
Lis V(PO4 ) 2 F2 , LisCr(PO4 ) 2F2 , Li2CoPO4 F, Li2NiPO4 F, 
NasViPO4 ) 2 F3 , Li2FeSiO4 , Li2MnSiO4 , Li2VOSiO4 , 

LiNiO2 , and combinations thereof. In one embodiment, the 
first cathodically active material comprises LiFePO4 . As dis­
cussed herein, in certain embodiments, it may be desirable to 
deposit conductive additives and/or a binding agent in con­
junction with the cathodically active material. 

[0106] In block 925, the first layer may be exposed to an 
optional compression process as described herein to achieve 
a desired net density of compacted particles while planarizing 
the surface of the layer. 

[0107] In block 930, a second layer 820, comprising a sec­
ond cathodically active material different than the first 
cathodically active material is deposited over the first layer 
810. In one embodiment, the second cathodically active mate­
rial is selected from the group comprising: lithium cobalt 
dioxide (LiCoO2), lithium manganese dioxide (LiMnO2), 

titanium disulfide (TiS2 ), LiNixC0 1_2xMnO2 , LiMn2O4 , 

LiFePO4 , LiFe1_xMgPO4 , LiMoPO4 , LiCoPO4 , Li3ViPO4 ) 

3 , LiVOPO4 , LiMP2O7 , LiFe15P2 O7 , LiVPO4 F, LiAlPO4 F, 
Lis V(PO4 ) 2 F2 , LisCr(PO4 ) 2F2 , Li2CoPO4 F, Li2NiPO4 F, 
NasViPO4 ) 2 F3 , Li2FeSiO4 , Li2MnSiO4 , Li2VOSiO4 , 

LiNiO2 , and combinations thereof. In one embodiment, the 
second cathodically active material comprises LiNixCo 1 _ 

2xMnO2 . As discussed herein, in certain embodiments, it may 
be desirable to deposit conductive additives and/or a binding 
agent in conjunction with the cathodically active material. 

[0108] In one embodiment, the first layer 810 comprises a 
material that provides for higher power performance with a 
lower voltage electrode and the second layer 820 comprises a 
material that provides for a higher voltage electrode with 
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slower power performance. In one embodiment, the first layer 
810 comprises LiFePO4 and the second layer 820 comprises 
LiNixC0 1 _2xMnO2 . 

[0109] In block 940, the second layer 820 may be exposed 
to an optional compression process. After the second cathodi­
cally active material is deposited over the conductive sub­
strate, the material may be compressed using compression 
techniques, for example, a calendaring process, to achieve a 
desired net density of compacted particles while planarizing 
the surface of the second layer 820. 
[0110] The first layer 810 and the second layer 820 may 
also be exposed to the optional drying processes described 
herein. 
[0111] In certain embodiments, the cathode electrode 
structure 103 may be formed using a laminate process. For 
example, a first layer is formed on a conductive substrate 
using embodiments described herein and a second layer com­
prising a cathodically active material, a binding agent, and a 
conductive additive is formed on a separate substrate, for 
example, a glass substrate. The glass substrate is laminated to 
a top surface of the first layer to form the cathode electrode 
structure using a compression process and/or heating. 
[0112] FIGS. lOA-lOH are schematic cross-sectional 
views of one embodiment of a cathode electrode structure 
formed according to embodiments described herein. FIG. 
1 OA is a schematic view of a conductive substrate 1013 with 
a photoresist 1020 deposited thereon using an imprint lithog­
raphy process. FIG. 1 OB is a schematic view of the conductive 
substrate 1013 after a wet etching process to form a plurality 
of pores 1024. FIG. lOC is a schematic view of the conductive 
substrate 1013 after removal of the photoresist 1020. 
Although depicted as a one-sided imprint and etching process 
in FIGS. lOA-lOC, it should also be understood that a two­
sided imprint and etching process may be performed to form 
the porous conductive substrate or current collector 1050 
depicted in FIGS. 1 OD-1 OH. The conductive substrate 1050 is 
similar to the conductive substrate depicted in FIG. 4B and 
FIG. 7, however, whereas the plurality of pores 415 depicted 
in FIGS. 4A and 4B are through-pores which traverse the 
width of the current collector 413, the plurality of pores 1054 
do not traverse the width of the conductive substrate 1050 
allowing for the formation of two separate first layers 1060a, 
1060b as depicted in FIG. lOG with portions of the conduc­
tive substrate 1050 disposed therebetween. In one embodi­
ment, as shown in FIGS. lOE and lOF, the first cathodically 
active material 1012 which forms first layers 1060a, 1060b 
and second cathodically active material 1022 which forms 
second layers 1070a, 1070b may be deposited using separate 
deposition processes, for example, separate electrostatic 
spray processes. In one embodiment, the first cathodically 
active material 1012 which forms first layers 1060a, 1060b 
and second cathodically active material 1022 which forms 
second layers 1070a, 1070b are the same cathodically active 
material with the density of the first layers 1060a, 1060b and 
second layers 1070a, 1070b modified relative to each other 
using a compression process. 
[0113] FIG. lOG is a schematic cross-sectional views of 
one embodiment of a cathode electrode structure. The graded 
cathode electrode structure may be formed using processes 
similar to the process depicted in FIG. 3 except that first 
porous layers 1060a, 1060b, similar to porous layers 210 and 
410 are deposited within the pores of the porous conductive 
substrate 1050 using a dual-sided deposition process and 
second porous layers 1070a, 1070b similar to layers 420a, 

10 
Jul. 14, 2011 

420b of FIG. 4B are formed on opposing sides of the porous 
conductive current collector 1050 using a dual-sided deposi­
tion process, for example, a two-sided spray coating process. 
The conductive current collector 1050 may then be exposed 
to a dual sided compression process to modify the porosity of 
second porous layers 1070a, 1070b relative to the porosity of 
the first porous layers 1060a, 1060b as described herein. 
[0114] The graded cathode electrode depicted in FIG. lOH 
which is similar to the graded cathode structure 700 depicted 
in FIG. 7, may be formed using processes similar to those 
described with reference to FIG. 6 except that separate first 
layers 1060a, 1060b having first cathodically active particles 
1082 having a first diameter are deposited within the pores of 
the porous conductive substrate 1050 using a dual-sided 
deposition process and second layers 1070a, 1070b having 
second cathodically active particles 1084 having a second 
diameter are formed over the first layers 1060a, 1060b on 
opposing sides of the porous conductive current collector 
1050 using a dual-sided deposition process, for example, a 
two-sided spray coating process. 
[0115] FIG. 11 schematically illustrates one embodiment 
of a vertical processing system 1100 according to embodi­
ments described herein. The processing system 1100 gener­
ally comprises a plurality of processing chambers 1112-1134 
arranged in a line, each configured to perform one processing 
step to a vertically positioned flexible conductive substrate 
1110. In one embodiment, the processing chambers 1112-
1134 are stand alone modular processing chambers wherein 
each modular processing chamber is structurally separated 
from the other modular processing chambers. Therefore, each 
of the stand alone modular processing chambers, can be 
arranged, rearranged, replaced, or maintained independently 
without affecting each other. In one embodiment, the process­
ing chambers 1112-1134 are configured to perform a simul­
taneous two sided process to simultaneously process each 
side of the vertically positioned flexible conductive substrate 
1110. 
[0116] In one embodiment, the processing system 1100 
comprises an imprint chamber 1112 configured to perform a 
three dimensional substrate formation process, such as an 
imprinting process or a punch-through process on at least a 
portion of the flexible conductive substrate 1110 to form a 
porous flexible conductive substrate. 
[0117] In one embodiment, the processing system 1100 
further comprises a first rinse chamber 1114 configured to 
rinse and remove any residual particles and processing solu­
tion from the portion of the vertically oriented conductive 
flexible substrate 1110 with a rinsing fluid, for example, 
de-ionized water. 
[0118] In one embodiment, the processing system 1100 
further comprises a wet etch chamber 1116 disposed next to 
the first rinse chamber 1114. In one embodiment, the wet etch 
chamber 1116 is configured to perform an etching process on 
at least a portion of the flexible conductive substrate 1110 to 
increase the porosity of the porous flexible conductive sub­
strate. In one embodiment, chamber 1112 and chamber 1116 
may comprise a chamber selected from an imprint chamber, a 
wet etch chamber, an electrochemical etching chamber, a 
pattern punch-through chamber, and combinations thereof. 
[0119] In one embodiment, the processing system 1100 
further comprises a second rinse chamber 1118 configured to 
rinse and remove any residual etching solution from the por­
tion of the vertically oriented conductive flexible substrate 
1110 with a rinsing fluid, for example, de-ionized water, after 
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the wet etch process has been performed. In one embodiment, 
a chamber 1120 comprising an air-knife is positioned adja­
cent to the second rinse chamber 1118. 
[0120] In one embodiment, the processing system 1100 
further comprises a first drying chamber 1122 disposed adja­
cent to the air-knife 1120 configured to expose the vertically 
oriented conductive substrate 1110 to a drying process. In one 
embodiment, the first drying chamber 1122 is configured to 
expose the vertically oriented conductive substrate 1110 to a 
drying process such as an air drying process, for example, 
exposing the conductive substrate 1110 to heated nitrogen, an 
infrared drying process, a marangoni drying process, or an 
annealing process, for example, a rapid thermal annealing 
process. 
[0121] In one embodiment, the processing system 1100 
further comprises a first spray coating chamber 1124 config­
ured to deposit a cathodically active particles, over and/or into 
the vertically oriented porous conductive substrate 1110. 
Although discussed as a spray coating chamber, the first spray 
coating chamber 1124 may be configured to perform any of 
the aforementioned deposition processes. 
[0122] In one embodiment, the processing system 1100 
further comprises a drying chamber 1126 disposed adjacent 
to the first spray coating chamber 1124 configured to expose 
the vertically oriented conductive substrate 1110 to a drying 
process, for example, an annealing process. In one embodi­
ment, the drying chamber 1126 is configured to perform a 
drying process such as a rapid thermal annealing process. 
[0123] In one embodiment, the processing system 1100 
further comprises a second spray coating chamber 1128 posi­
tioned adjacent to the drying chamber 1126. Although dis­
cussed as a spray coating chamber, the second spray coating 
chamber 1128 may be configured to perform any of the afore­
mentioned deposition processes. In one embodiment, the sec­
ond spray coating chamber 1128 is configured to deposit 
second cathodically active particles over the vertically ori­
ented porous conductive substrate 1110. In one embodiment, 
the second spray coating chamber 1128 is configured to 
deposit an additive material such as a binder over the verti­
cally oriented conductive substrate 1110. In embodiments 
where a two pass spray coating process is used, the first spray 
coating chamber 1124 may be configured to deposit cathodi­
cally active particles over the vertically oriented conductive 
substrate 1110 during a first pass using, for example, an 
electrostatic spraying process, and the second spray coating 
chamber 1128 may be configured to deposit cathodically 
active particles over the vertically oriented conductive sub­
strate 1110 in a second pass using, for example, a slit coating 
process. 
[0124] In one embodiment, the processing system 1100 
further comprises a compression chamber 1130 disposed 
adjacent to the first drying chamber 1122 configured to 
expose the vertically oriented conductive substrate 1110 to a 
calendaring process to compress the as-deposited cathodi­
cally active particles into the conductive microstructure. In 
one embodiment, the compression process may be used to 
modify the porosity of the as-deposited cathodically active 
particles to a desired net-density. 
[0125] In one embodiment, the processing system 1100 
further comprises a third drying chamber 1132 disposed adja­
cent to the compression chamber 1130 configured to expose 
the vertically oriented conductive substrate 1110 to a drying 
process. In one embodiment, the third drying chamber 1132 is 
configured to expose the vertically oriented conductive sub-
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strate 1110 to a drying process such as an air drying process, 
for example, exposing the conductive substrate 1110 to 
heated nitrogen, an infrared drying process, a marangoni 
drying process, or an annealing process, for example, a rapid 
thermal annealing process. 
[0126] In one embodiment, the processing system 1100 
further comprises a third spray coating chamber 1134 posi­
tioned adjacent to the drying chamber 1132. Although dis­
cussed as a spray coating chamber, the third spray coating 
chamber 1134 may be configured to perform any of the afore­
mentioned deposition processes. In one embodiment, the 
third spray coating chamber 1134 is configured to deposit a 
separator layer over the vertically oriented conductive sub­
strate. 
[0127] In certain embodiments, the processing system 
1100 further comprises additional processing chambers. The 
additional modular processing chambers may comprise one 
or more processing chambers selected from the group of 
processing chambers comprising an electrochemical plating 
chamber, an electro less deposition chamber, a chemical vapor 
deposition chamber, a plasma enhanced chemical vapor 
deposition chamber, an atomic layer deposition chamber, a 
rinse chamber, an anneal chamber, a drying chamber, a spray 
coating chamber, and combinations thereof. It should also be 
understood that additional chambers or fewer chambers may 
be included in the in-line processing system. 
[0128] The processing chambers 1112-1134 are generally 
arranged along a line so that portions of the vertically oriented 
conductive substrate 1110 can be streamlined through each 
chamber through feed roll 1140 and take up roll 1142. In one 
embodiment, as the vertically oriented substrate 1110 leaves 
the take up roll 1142, the substrate 1110 is further processed 
to form a prismatic assembly 1150. 
[0129] FIG. 12A is a plot 1200 illustrating a simulation 
demonstrating the effect of electrode thickness on electrode 
utilization for a NMC/Li cell. The y-axis shows cell voltage 
(volts) and the x-axis shows the electrode utilization. Elec­
trode thicknesses of75 microns, 100 microns, 125 microns, 
150 microns, 175 microns, and 200 microns are represented. 
As shown in the plot 1200 an electrode having a thickness of 
75 microns has a utilization of0.9 which means that 90% of 
the lithium is discharged from the electrode. The plot 1200 
further demonstrates that as electrode thickness increases for 
example, from 75 microns to 200 microns, although an elec­
trode having a thickness of 200 microns can hold more 
lithium, electrode utilization decreases from 0.9 for the 75 
micron electrode to 0.4 for the 200 micron electrode. 
[0130] FIG. 12B is a plot 1210 illustrating a simulation 
demonstrating the effect of graded porosity on specific energy 
in a NMC/Li cell for an electrode having a thickness of 200 
microns which is the worst case scenario from FIG. 12A in 
terms of utilization. The y-axis shows cell voltage (volts) and 
the x-axis shows the specific energy (Wh/kg). The simulation 
demonstrates the specific energy for four different scenarios 
using a 200 micron thick NMC electrode at Crate discharge. 
The first electrode has a porosity equal to an average porosity 
(E=Eave). The second electrode is a dual layer electrode as 
described herein having a first layer having a porosity that is 
10% less than Eave and a second layer having a porosity that is 
10% greater than EaveCEave±0.lEave). The The third electrode 
is a dual layer electrode as described herein having a first 
layer having a porosity that is 20% less than Eave and a second 
layer having a porosity that is 20% greater than Eave( E=Eave±0. 

2Eave). The fourth electrode is a dual layer electrode as 
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described herein having a first layer having a porosity that is 
30% less than Eave and a second layer having a porosity that is 
30% greater than EaveC E=Eave±0.3Eave). The plot demonstrates 
a 12% improvement in specific energy for a 200 micron thick 
electrode having graded porosity (E=Eave±0.3Eave) in com­
parison with a 200 micron electrode having uniform porosity 
( E=Eave). 
[0131] FIG. 13 is a plot 1300 depicting the theoretical 
energy density for various cathodically active materials that 
may be used in accordance with the embodiments described 
herein. 
[0132] While the foregoing is directed to embodiments of 
the present invention, other and further embodiments of the 
invention may be devised without departing from the basic 
scope thereof, and the scope thereof is determined by the 
claims that follow. 

1. A graded cathode structure, comprising: 
a conductive substrate; 
a first porous layer comprising a first cathodically active 

material having a first porosity formed on the conductive 
substrate; and 

a second porous layer comprising a second cathodically 
active material having a second porosity formed on the 
first porous layer, wherein the first porosity is less than 
the second porosity. 

2. The graded cathode structure of claim 1, wherein the 
conductive substrate comprises aluminum. 

3. The graded cathode structure of claim 1, wherein the first 
cathodically active material and the second cathodically 
active material are individually selected from the group com­
prising: lithium cobalt dioxide (LiCoO2), lithium manganese 
dioxide (LiMnO2), titanium disulfide (TiS2 ), LiNixC0 1 _ 

2xMn02, LiMn2 O4 , LiFePO4 , LiFe1_xMgPO4 , LiMoPO4 , 

LiCoPO4 , Li3ViPO4 ) 3 , LiVOPO4 , LiMP2 O7 , LiFe15P2O7 , 

LiVPO4 F, LiAlPO4 F, Lis V(PO4 ) 2 F2 , LisCr(PO4 ) 2 F2 , 

Li2 CoPO4 F, Li2NiPO4 F, NasViPO4 ) 2F3 , Li2 FeSiO4 , 

Li2 MnSiO4 , Li2 VOSiO4 , LiNiO2 , and combinations thereof. 
4. The graded cathode structure of claim 3, wherein the first 

cathodically active material has a particle size that is less than 
a particle size of the second cathodically active material. 

5. The graded cathode structure of claim 4, wherein the 
particle size of the first cathodically active material has a 
diameter between about 2 µm and about 15 µm and the par­
ticle size of the second cathodically active material has a 
diameter between about 2 µm and about 15 µm. 

6. The graded cathode structure of claim 4, wherein the 
particle size of the first cathodically active material has a 
diameter between about 1 nm and about 100 nm and the 
particle size of the second cathodically active material has a 
diameter between about 1 nm and about 100 nm. 

7. The graded cathode structure of claim 4, wherein the first 
porous layer further comprises a binding agent selected from 
the group comprising: polyvinylidene difluoride (PVDF), 
styrene-butadiene rubber (SBR), carboxymethyl cellulose 
(CMC), and combinations thereof. 

8. The graded cathode structure of claim 1, wherein the first 
porosity is between about 20% and about 35% as compared to 
a solid film formed from the same material. 

9. The graded cathode structure of claim 8, wherein the 
second porosity is between about 40% and about 70% as 
compared to a solid film formed from the same material. 

10. A method for forming a graded cathode structure, com­
prising: 
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providing a conductive substrate; 
depositing a first porous layer comprising a first cathodi­

cally active material having a first porosity on the con­
ductive substrate; and 

depositing a second porous layer comprising a second 
cathodically active material having a second porosity on 
the conductive substrate, wherein the second porosity is 
greater than the first porosity. 

11. The method of claim 10, further comprising calendar­
ing the first porous layer to decrease the first porosity to a third 
porosity. 

12. The method of claim 10, wherein the conductive sub­
strate comprises aluminum. 

13. The method of claim 10, wherein the first cathodically 
active material and the second cathodically active material are 
independently selected from the group comprising: lithium 
cobalt dioxide (LiCoO2 ), lithium manganese dioxide 
(LiMnO2), titanium disulfide (TiS2), LiNixC0 1_2xMnO2 , 

LiMn2O4 , LiFePO4 , LiFe1_xMgPO4 , LiMoPO4 , LiCoPO4 , 

Li3ViPO4 ) 3 , LiVOPO4 , LiMP2 O7 , LiFe15P2O7 , LiVPO4 F, 
LiAlPO4 F, Lis V(PO4 ) 2F2 , LisCr(PO4 ) 2 F2 , Li2 CoPO4 F, 
Li2NiPO4 F, Nas ViPO4 ) 2 F 3 , Li2FeSiO4 , Li2 MnSiO4 , 

Li2 VOSiO4 , LiNiO2 , and combinations thereof. 
14. The method of claim 13, wherein depositing a first 

porous layer further comprises depositing a binding agent 
selected from the group comprising: polyvinylidene difluo­
ride (PVDF), styrene-butadiene rubber (SBR), carboxym­
ethyl cellulose (CMC), and combinations thereof. 

15. The method of claim 10, wherein the first porosity is 
between about 20% and about 35% as compared to a solid 
film formed from the same material and the second porosity 
between about 40% and about 70% as compared to a solid 
film formed from the same material. 

16. The method of claim 11, wherein the first porosity is 
between about 40% and about 50% as compared to a solid 
film formed from the same material, the second porosity is 
between about 40% and about 50% as compared to a solid 
film formed from the same material, and the third porosity is 
between about 30% and about 35% as compared to a solid 
film formed from the same material. 

17. The method of claim 10, wherein depositing a first 
porous layer comprises performing an electrostatic spray pro­
cess and depositing a second porous layer comprises per­
forming a slit coating process. 

18. The method of claim 10, wherein the first cathodically 
active material comprise particles having a first diameter and 
the second cathodically active material comprises particles 
having a second diameter, wherein the second diameter is 
greater than the first diameter. 

19. The method of claim 18, wherein the first diameter is 
between about 2 µm and about 15 µm and the second diameter 
is between about 5 µm and about 15 µm. 

20. A substrate processing system for processing a verti­
cally oriented flexible conductive substrate, comprising: 

a first spray coating chamber configured to deposit cathodi­
cally active particles over the vertically oriented flexible 
conductive substrate; 

a drying chamber disposed adjacent the first spray coating 
chamber configured to expose the vertically oriented 
flexible conductive substrate to a drying process; 

a second spray coating chamber disposed adjacent to the 
drying chamber configured to deposit cathodically 
active particles over the vertically oriented flexible con­
ductive substrate; 
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a compression chamber disposed adjacent to the second 
spray coating chamber configured to expose the verti­
cally oriented flexible conductive substrate to a calen­
daring process to compress the deposited particles to a 
desired net-density; and 

a substrate transfer mechanism configured to transfer the 
vertically oriented flexible conductive substrate among 
the chambers, wherein each of the chambers comprises: 
a processing volume; 
a feed roll disposed out side the processing volume and 

configured to retain a portion of the vertically oriented 
flexible conductive substrate; and 
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a take up roll disposed out side the processing volume 
and configured to retain a portion of the vertically 
oriented flexible conductive substrate, wherein the 
substrate transfer mechanism is configured to activate 
the feed rolls and the take up rolls to move the verti­
cally oriented flexible conductive substrate in and out 
of each chamber, and hold the one or more flexible 
conductive substrates in the processing volume of 
each chamber. 

* * * * * 




