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(57) ABSTRACT

The present mvention relates to the use of porous structures
comprising sulfur in electrochemical cells. Such materials
may be usetul, for example, 1n forming one or more elec-
trodes 1n an electrochemical cell. For example, the systems
and methods described herein may comprise the use of an
clectrode comprising a conductive porous support structure
and a plurality of particles comprising sulfur (e.g., as an active
species) substantially contained within the pores of the sup-
port structure. The mmventors have unexpectedly discovered
that, 1n some embodiments, the sizes of the pores within the
porous support structure and/or the sizes of the particles
within the pores can be tailored such that the contact between
the electrolyte and the sulfur 1s enhanced, while the electrical
conductivity and structural integrity of the electrode are
maintained at suiliciently high levels to allow for effective
operation of the cell. Also, the sizes of the pores within the
porous support structures and/or the sizes of the particles
within the pores can be selected such that any suitable ratio of
sulfur to support material can be achieved while maintaining
mechanical stability 1n the electrode. The inventors have also
unexpectedly discovered that the use of porous support struc-
tures comprising certain materials (e.g., metals such as
nickel) can lead to relatively large increases 1n cell perfor-
mance. In some embodiments, methods for forming sulfur
particles within pores of a porous support structure allow for
a desired relationship between the particle size and pore size.
The sizes of the pores within the porous support structure
and/or the sizes of the particles within the pores can also be
tailored such that the resulting electrode 1s able to withstand
the application of an anisotropic force, while maintaining the

structural integrity of the electrode.

o6

50

_ 40
_

30
20



Patent Application Publication  Mar. 24, 2011 Sheet 1 of 15 US 2011/0070491 Al

02

_

32

10

FIG. 1



Patent Application Publication  Mar. 24, 2011 Sheet 2 of 15 US 2011/0070491 Al

a4 a e a
& & F F

3
d bk B oA ok kA ok ko

= e
o F d & F FF
a4 a e a

a2 e aa s a e e a PR i,
LB L I L B I L I I I I DR I I B D O I |
LR - - 4 bk 4 bk
-1 mmw
LI BE BE I
- a

a4 a2 b a
4 1k
4 b A

a2 aa a2 aa a2 aa Py

IREE E AR R R E R EE K]
4 bk 4 bk n hh A -
- T -
' LI B B B BEC IS N B B ) 4 h ok h vk hoh
P S S S S S
A EEEE R R A AR E EE EE
LI 4 bk 4 bk
] \ \
et N L
" "
' . L . .
et e e e N N R 4
LI B B ] L EE B R N B B R B B B ) LR B B BE N U B BE B |
vl T e
L ] 4 b ko L]
) Tt
LI B B 4 bk 4 & LB B
v S v
- LI BB LI ] L] - LB B
e e . atat, )
- - 4 bk 4 bk
v Tt T . T S
- LR 4 bk 4 4 N
I - i“ii‘ii'!i‘ii i‘ii 'ii'i.'i L] L] i‘ii'!i i‘ii'!i‘i
L] - LI L B B B LB B LI B
L L L e N L R S ) 1
4 & LI B B I L] LB B LI BN
e - atat, at
- 4 bk LI B B
v . . T S
- 4 bk LI BB
‘i“‘i ‘ii‘i i‘ii - L] i‘i“i‘ i‘ii'!iii
LN | - LR - & LI B
T v vl T
L EE R | - - 4 bk LI BN
AR, e atata Y
4 ok h v hh A - L] LI B B ] 4 bk
LT ST S
L B B I R B B B - 4 bk
‘i“‘i i‘iii."iiii'!iiii‘iiii - 'i.'ii ‘i“ii‘ii'!i‘ii‘i‘ii bk i‘ii'!i‘i
' - 1k oh - LI B ] - & 4 & 4 & LB B
T L v v
- LI - L] L] L] LB B
. “aty -, atat,
LI 4 bk
. T
LI LI ]
i“i L] i‘i“i‘
L] LR ] - &
e vl T o
‘ L] - - - &
iiii'ii ‘ii‘ii'!i ‘ii‘i
4 b A I.i
- . - -
D) e - -
- - [ ] -
Y v L
- - [ ]
- -
b 4
- -
v v
LI - -
* KRR “u o
- - - [ ] LI B B 4 bk
v L St
4 &
- -
)
- -
v
- -
LR
-
-

LI BN B B B
4 & & 4 b4 4 hh
- = . 1

LI IR NN UL W




Patent Application Publication  Mar. 24, 2011 Sheet 3 of 15 US 2011/0070491 Al

LR R EEREEREEEEREEREEEEREEEREEREREEREENRERIENRIREIN®I LI I IR IR IR IR IR BE I O B I IR |

LI RN EREEEREENRERENIEINRIEEIIENEE IR I I R RN R R RN RN R R R RN R R Rl RN R R R R R R E R R RN EREREREREERELRIENRENR!
Ll n n Ll Ll Ll Ll Ll Ll

rod & d F F

' . 3 . 3 3

1“‘1‘.““‘ iiiilii i"!‘i - 4 l_‘i i"!‘h‘i 4 1.k Ly [ ] L] P ‘i"‘i.‘li i‘i‘i“li 4 ‘i"!i‘i.'i.‘lili‘i"ii'!‘iliil‘li l‘i i‘-|
e . Bt S h R LR 3 .
LI L] -
Tmm Ll

"
PR T Ry i

-
LIENEEE BE BE B B U
' P '}

e vk

F & d

S, S
Tatat "i‘i:d"i*i'i:i*i‘i iy
] -

a
Fl

F & &

N
-
-
<
-
.
.
-
.
L
e
- 4
I
. L
't}
- .
B BERE B IR BN DL BN L BE NE DN BE B DE RN BE N DR R B DR BN BE BE U BN B I | LB RN B B B RE B B B B B B BN BE BE *'i "i."i
e e AR TN . . A S . e T N .
. o LR
. W
- - -
' .
. < -
. . .
- - .
P . . P
AR R A R E KA EA R - - A EREER R
. . N Tt
- .
L v

L
-
-
*
L

e -k e Py + a R Fiary P a a + aa = aa - - a +a - a + a aa - oa [ty 3 +a
LIE IR SR U DR B B DL O B O | LN I I I I I NI NI I I I N [ ] I EE RN EE RN EREEREEEREEERENEERLREREENENRENIEINRENREIEIENIEIRIERIE IR
T T AT XTI WA AT AEAEAITTNENATATENAEAETATANENATATATTNENATAWAEAT AT AATTATNNATIWATTEEATIRNEA LD R 7T7T T AT WA AT AEATTINNATAEAEATEEATITNEA LR
- Loa Fary [y - a + a iy + a Py + a e L + a Ery - - e - a Py L a + a s a a + a -
n

Fary Py s 3 ry - a e ey -
k4 hhohov ok hd bk h o hch ok ch ok d b h ok bEd vk d hhh oy h hd Eh ko bk hh R d b h oy h d ]y hd bk h R d b d achchd hdhhyh b hhd A ch oy B Ry bk dd kR d e

Ll
P
4

[ |
L
*

y Fs - - a a + a a a + a Fiary e - a Py - a + a Py - a
LR I IR I B IR B I IR D I IR LI I RN R RN R R R R RN LR RN R EREE R RN ERENEREEE I ENIEE LI ENE RN
L] T ETTITTTITEATETTINENAT IR EEATTINRAEDE R

[ ]
[ ]
a
[
d
d
a
d
[ ]
a
d
d

F
F

+a - a + a Fary Loa e a a  a o a Ery e Ery
choy bhhd vk hhhrchhd bk hh oy hh oy hd by h E ]k Ed e h oy h R E ok

L]
F

I

FIG. 3



Patent Application Publication @ Mar. 24, 2011 Sheet 4 of 15 US 2011/0070491 Al

: N A . N RN o~ .\l: : l o : ‘u'"‘_*-‘u; !\ '._.‘:\:“{ﬁ ' \:\\X\\ 25 -{{.:":: ‘:‘._':.g‘ et
- m " m ~ : - *\\\\ e, Lk l.\ - - ‘::_ l"-"-." "
. . - WA e i, \ oo W b ) ey .
: 3 RN RS \\%\&x K \\‘\\ T
: o - N o S : " i e N R
: AR R, RN : o R R “\\“--ix' N RN e
. . " n'n s " "'\... R m L " o . &*{; - ‘1:.::"‘:\.\_\- oy o o n bt e
' RN .S N RN R e
RN \ N R - .'.:-.."':L:{T":‘ R :‘1\ R \ ‘:.‘- R = = R N "‘:‘.'*. X
. o RN o : Ry _ AN N L B
) n ' . " .. n s " l. " ) "\. o '....:::.:."!..'q. ‘."' . w e - "'-"-.. IL"' n . :
R R R R R '
n . m - . 0 n - .Iq. . ‘-:E'lllt:.l -
. e . . " " e

h
o o '-."\
LY . .:. l.‘. l..-,. -.|.... , l‘al.
- [ .:.._l :,._ I.:,.\ Il."q.._ h

o X 'Q.h ) -.,"-L .:":-L"'-u,, .‘::-.h
\ . _:I_x nimen \h:.:'\.\‘ q
N RN |
| | :‘ " .: l.-. | l. L} :. | .'!.-. | L} l‘h_._l
s : T R W

'q_.l. o " e M e T
iiiiiiiii

o~ .'T'-+ e e el
N kit
++_::a‘.‘:*'. . -:l.::l.l_-' aa "'q-_ Tt _:E-:::':‘.

B a} l-. "y Q\
B \ RN . B % \
R \\x N % -:"-‘:\‘ R

R TR R
S m " E..
\ R T Ny \L\\\..\\é\\\\\ 3
N S
b e
L, i,

lllllllllllllllll

] 1
................



Patent Application Publication  Mar. 24, 2011 Sheet 5 of 15 US 2011/0070491 Al

T AT EEEEEE T E E R LI EE E R E E I T E E I E E E R E T T E E E R R E R R I E E E T E R T R E E E T E E T E R E I E E E LT E E T E E E R E E E E E E T T A E I R E R R E E T E E E T E E E R R E I E E E R E E T E E E R E E E T E E T E E R E E E T E E T R E R R E T R E R E T E E E T E E T E T E E E T E E E E Y
Ll Ll ' ' '

T e bk e e e e o T

o

e 20Rg o SO HPVOR) 47.547.88

P

A g g g
'
P A Y

el
| |
- :
fq-.-}f:" o
1]
e
.- -
.-
1]
L]
1]
1]
L]
1]
1]
1]
L]
.
1]
L]
1]
1]
1]
L]
1]
1]
L]
1]
.
F
L]
-
1]
F
[ ]
1]
F
[ ]
1]
.
F
[ ]
1]
F
[ ]
1]
.
F
[ ]
1]
.
[ ]
1]
1]
F
[ ]
1]
.
L]
-
F
L]
[ ]
1]
F
L]
1]
1]
au
g g———
1]

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

g g g T g g g g g
- - .

[ i ol ol ol ol ol ol ' ol ol ol ol o o

‘,,
L]
i

M L L L T T L T L S T L T L T T S T L S S T L T S T L T N S T L S S S A A S A

g o
-

- - '-'\"-. - X
L L
L )
r

el

o I

Y
ik

3 ol il o plf ol ol ol ol ol o ol o ol
ey,

.H l-“. H..u t' _‘l-l
F { - . D S S D T R

) . t.l

S . o

[ T |

v

|

L]

. f:'} ELIPN

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

WA L L L L L T S L L T S S N S S A A A S A A

' ]
' . ‘
]
) %
]
]
]
%
]
]
. \
S -._ . ‘
.s.‘:_. N
- . 1 I"-l- iiiiiiiiiiiiiiiiiiiiiiiiii d 4 & & A& 4 4 A A d A Ak - kA A d A Ak d Ak Ak e Ak + =
% ~
et K
' ]
L
"
]
L
]
]
]
%
- "
]
' IR 1
' L
]

wh

o
o o,
.
S
.

Specific Discharge Capacity (mAh/g)
s

" L

00 60

- Rl \rqtﬁ: .r'. \..-l
. . > -
| }{ B R e
. . - . . N 1
. ' . ' . ' ' .
- - X 3 [ ] 3 , . . Y b il
. . 1l.: . -. .. : I.:
: ok . . . h
. ' ; . ' N ) o
L yma - . . ' i \ K] ' K : .
2Tt P T 3 : : , .,
! ! 1: -y N RT T TTTI T I T T i, R R R R L R I N R R R LI N UL LR T NE R R R R R R R R R R R T R R R N AL IR R IR R I R R R R R I R I I L IR NI N LI R R I +
. ' ' ' . ' ' .
' " -£} ' b "t "% S ’ a Y * W
. , . 3 - . . .
@'- | N S R T e 3
- v . .

-
e
atie B T R

A 'I... ] r . . :., "

:\I:}_ oot h T B T ‘.:1{..'
o | = &~ 1" m L | L . L]

[ B T R T T R -_._.,-‘-r-r-n_n_qﬁ&r;‘lhn‘:ﬂ:‘.‘;h..‘;‘;:‘;;_; o "-‘rt‘r.‘r-"_l.l.l.l.'q._‘_-'._-'._1h-‘|‘|‘\ ..... R I I I B TR T T T B R T S T R B R R R S R R B R R B S R T B R R B SRR B

e 2 AT Mt Ll sa et et
-y l\.\:\ ."‘1\_-._-._1:'."'.{". Fun . . TEET TR u N AL '
O s, N e e S . " ’,
RISl | . T :

= J{a

.
- . - s e e

"::'l 3 B e s Ry, iy % : 1
. h - = ‘:1\- SR e ! - “‘l‘i"ﬁ?—:‘_‘_‘h_‘l.'..‘..‘.;- - .
' ! . ~ ST e T, - A .

: : y . -~ e - LR T S
. . Y . T T e WA T T R N e T . K
- A . - R e T : T X
JIE, . A ' Lol . A R L T, R T . L. 1
RO Y - : : : - o B T i T L, W b
.'. ) :I. ) ) LT R 4 4 44 44 4L 44444 4 dd L LA a4 da 4o doddod 4l 4 Al ddo-ddddmoaoa "R 4 s - a4 adaramaoaan "L a s a’a o aaaan "L 4 aaoaa . J-a.-a.-al‘.:'-.;-."*"i e a4k 4 & Lk 4 & - d A LA L A LA A k- h kLA Ak dd Ak -k daoa .
;_ N o ' . - K R .
) I- 1 1 . - - .- FI .I
- . k| A . ' ' B .
" - ' - L . b '
' ' . ) " N Y
i . " .I
Y
] [ ]
n 1
'ﬂ Fy K

L " L .

B TR T T A s :.
P . . - 1]
'E_'I_- ' II|
. - 1
H - [ ]
- .I
o ) X
. - . 1
. . .
-l "‘-".l F % !
w Ll M, ° |_. 1'1 :I
i-‘ . 4._:.._- ________________________________________________________________________________________________________ ':
ﬁ i -.
L "I'.. 'i-"' 2] LS
.I
:.
.I
.I
1
.I
1]

-‘.-‘h.‘ " .|_"-I ] : ::
. Ly ":_,.--"*"h-'-. o N II:

rl
ol B " . .
.
.
+

I e
:1T+"I‘++++++‘|++++++++++‘|+++++" . Vt‘- :
. . . .. . . . - i a L] '
o - om SRR N 3 - . == "oy - g me 4 T ) .

: B - ‘}. N 'y 0 o- '-'1:{. '-"{{.‘Pﬁ‘ . ii L i [ "Li ] . :- K '_"ql:r . . .
Lenbas ;{-ﬂkg:tm SOy 2_'._*__}_ L % eckR v . ? e :..':' i : :

apaci

Ll
o ok F ok F -k FFFFFFEFFFFEFEFFFFFFEFFFEFEF AR FAF
"

“
-~
i
iy
i

C

F-
1
1

13

h - -.-\-.-\-:.
L.H 2 '

y

T e T

* oA 'l '1L 1 - .
v R . ) . o Ml A, a ey oy ‘.|'1. o .
) o ——e s — — . }{l.m‘- ! " . ﬁ“ﬂ . }: T4 .'-"ﬁ b A LA A M A A A 4 s A e A A e A A A a A s LA A s A s e s s aaaaaaaa LN .
. . fl . b Tl W e A r N e A R e T '
. ll.‘ ] = : : - :I
. 1
1]
.
1
[ ]
1
ll

") by "
Ty 'l ] “u
. "' ' . R - .
‘14 l‘.'{l‘.‘.‘.'L".'l‘.‘.‘.‘.\".‘.‘.'L".'llllllllllll‘llllllllll“. T i iPTI1I 11 1L L1 L 1L 1L 1T L L LT L LATI L LA LA LT LA LA LA LI LA L LAEALLLLLL ‘.‘.'L".'l‘.‘.‘.‘.\‘.‘.‘.l‘.‘.“.‘.'l.'l‘.‘.".l‘.‘.“.‘.‘.‘.‘.‘.‘.‘.‘.".'l.'l‘.‘#.‘.".‘.‘.'l.".'l.‘.‘.‘.'I.‘.‘.‘.‘.".‘.'l.lllllllllllllllllllll\l‘
s " - ¢ u
] 0 I ] %

1 L]

el Tt

N s { :




Patent Application Publication

Mar. 24, 2011 Sheet 6 of 15 US 2011/0070491 Al

b a4 - "N
TP in R
- M T m .r'
AN T
AR AN
] L] )

i‘.‘-l [ ] -
‘I ;-'; -h

At
Vo
U A

L] l':,

L
fr

- _:r.l
r::' S ‘:—'"
d

r
‘-I
[ ]

. =

FIG. 6C

e
,r':‘\- "-{-' ¥

-::f:

i

.r."'-'.r':'j"'-
%

'11 L e Ay
LA ".'-:'-a -
O

il_'l.‘_ ,.1_"“.“|

b d B % 0 4w v Eom
]

LI L T N B N I

L
L
+

*

L
u
+
L
*
+

L
[
L
*
L)
+
"'I-
+
+
o F F
+ +

b o+ F o+ F Pk FF PR
[ +

*
+

L EL U L N B B

Ll
I"ii+++iii
+ +
L]
+ + +

* -
+ [ d
+ + & F P4

+

L
+
+

= % 4 + F 4 4 4
+ 4+ F 444

L

+ *
ok Bk ko F

-
-
L]
L)
-
-
L]
-
L]

+

[
 + + +
*

L]
+

rE R
I B N

+l

*

e BN

+

)

&

+

o

*

+ + & 4 d d W
+ +

+ 4 + + + LI

- -
-+
- + -
- 4 + +
-
-
-

.
.+
+ +

4 + b h
r 4 0 &N
-
-

[
+ &

r + r 4 + -
+++i|- LI

* 4
+ &

+
+ +
+ +
a
4 *
+ *
+ +
1+ + F +
+
+
T
4
+
-
+ 8 kAP
+
+ 4
-
My
4+

LK ]
L] +“'-.I'-

- B
[
+
*
*
 + + + +
+
*
4
[ ]

[ B B
-+ + F

 F + o+

+
+
L
a
*

r +

+ +
-r-r-l-lii

- -
+ 4 T+ttt Tt +

+*
[ |

+
+
-
4
+
4
+
4
[ d
L]
+
+
L)

* + ok F S
+ +
1 4 + + + +
r
+
+
+
*
L]
+
+
L
+
d
L

T T+ + F t ok

4 F % + + + % & % ¢ P
4 + + + + + + F + + 4

+
+
+
L]
4
4
L]
+
+
+
+
+
L

*
+

+
a4 4 a
1 + & + + + + & ¥ 5 &
d -

+
4
4

ok ko + g +.-l|--'l"l
e e e e T .

T+t + T +
L] -
T
n+ + o

L I

L N

+ + F

+ & &

T

s

4

4

4

+ + + +
1 + + + + & &
"I"I'I'I-I'I'li'l'll

r+ + o FF P
L +
+ 4

 + + + + 4 + % r -
=r T 4 4% Akttt
'r++ v 4 % F h ok o+ -

. '..: ::" - :- ..'I "I [ |
A A

u

-
[a3
=

g
s

foh
07

r’

T Ty ] -
- AR gk e
L IS = d.'|". El F. . I.I

RO .af-:u':b'.‘u

RS

s

L} I*r
rﬁr-‘l - L}
ua .

i
-

. _;".. a
F._|_:|_|- _I:'- [ ll’III -
A ety

r

L]
o
%

N

R T
i R .
T -q'l_.-l_“q'h.h:\‘: ' ' "y
n - L Irl-l.'-.. .i“l i*t"r- iy K
A N
y et ‘."}rl‘.l‘-l‘l*d._h.l."-*i L‘-‘-h i,
e ] T, - L y NG
4 iy ‘:'::‘ ‘-:‘.-'-' ‘f‘:“::‘-:i!::::h:“‘-:lxl:‘.l" :h 1 [ .
' Mt 1 A
- :;b\ |:.‘.'|:'.-.:l:-i .-:1:41-\:."_1.?4'_'1-.1:‘1:-:‘:-' n."r_lll" u?'h‘{ b
t - .“."l"':.'ﬁ :_r“i:'q.: " I:|'1.||"|-:._ lq‘_l,‘l_' -
LN ':_

T B T mTere
Ilr“ ] ;

P
......

-----------
||||||
1111111

-----

.'l-:;1 ':"'":-‘1 - .
r [ -
r-l-l-"‘q- !-"'-
L
-
T "y el
L. T L I L
LI +l|.'-|l-||-|l."l-|""u'l .ul r

1
1



US 2011/0070491 Al

Mar. 24, 2011 Sheet 7 of 15

wor SN N N
o e e - o —lh,— ’
llll li.ll-.l lll.l ll ll lI. ll e o "

r D 1.-..1__ !.__ -.1...... I.q. -ﬂ-ﬂll...'.-..__. x
mﬁﬂh&w;u mr ey s
o A Ry s A
.. A e S
e T _ e G R oty Sy
o Rt . . e L
k: OOt 5 ,

o g
I
e
lI. oo -.I. oo
w o
o e e e
“1.! li. llul-. lI. lllllllllllllllll!ll

-t o o o o e om
d
e

ll o
)
| |
u.‘.l lI.
|

255

b
o

L]
"‘!

s
l\“&“‘“l II. ll ll ll ll ll ll ll ll

U w,
i."'l

L]

|

s 7 e e |y B eVl - D e e T T e Rl N B B2 e e A e el L

n
L1

R

"
n
-'-

frrr
+ + H
LI

.......

W |

e,
o o o
1lulululul lululut 1".1
et
e
e

...
0 , = :

. . . v _ lllllllllllllllllll

.-ﬂ-. . o o 1.

o
o

"

L]
"
n
L

n

ey ey ey e
ot “l“l“l“l“l ll ) ll ll ll
e e

U._...l o
E
¥ 1llul
-

"

oo
)

oo
l“l“l.“l l“l L
lllllll lll o
llllllllll.l
e e
l

LN AR
- Ny W
!

Tt

LU A
L
LI
L]

LN N NN RN RN RRR

o

I.I. ll.ll.l o l“l A W - s g W o e R e an e i e Tt T T T A A e e e WA a0 L e e e . U L DL UL I S S T I S L N L N

w t-rj S

SR
|} |

L LAY
n

..-
R
R

n
-

LY
LY

m Tk
.
L3

.........
....................
|||||||||||||||

n,
LWL
L1

4 &
L.
o ]
qI.
L |
I-I'

LJ

G

X

L N F BN o N i B B N B oy gF I oy e g B B MR R e R W al L'k = o o p W - - ok - L A L = e e s e g = e s R e s = e b= o= s ko= R= R« ks s ek e e A e = e A

N
L

&

*u

%1-"1-
L |

»

. .
[ I B N I I
- |1.-.L.il

R

-
L)

o =

r
"
s a * = Cal i)
= L . e L e W T e Ll [ T e o A
P " ™ e o N N o i R A e . [ P . = ™ P T T T L T e e T e T T T T T e e e T e e e T e T T et T
o+ - PN o il gl i g o e e L NP R o g o v . [ 9 & » r . @ A ® ¢ ~ - b .o . o.or waad o~ e ape .
__..lll..-l.. n‘t‘ﬂ .\\. .-..-.. ...........
+mp =2 e
I R N sl W sl r g o F o Sty o g NN LI B SN N R s e AT L Tk s e e e e e e T e e e e e ST ek e e e T T e e e
.—_.-“1.. -
”.- .-.__. P N IR N RN S R F gl o FF I e - . i e K e o e s S r - P - E b 4 e = e e e R A gt - rrd+r - T rrr -
L S
e L ] N ol N R K e o m ol I I I I R T - e R i L o e B 4 A 0 N & . - # & . . 4 o x 1 - B+ F b oar = ogmos ko= kA oaw Ak P+ Fox .= a # e R e R = md e . = A Ao
oy l_-_._l..'-...._\-._i.
Lok rermacr A rmdnm rr o=
", _..”_.- ) S e ]
L ]
e T e L R e T AU
R T R T R R S L A e T A L
CL N N R NN L BNl g o o I U R N g gt B MO Rl B B o R LR ML D N e e I - F kR o R a0 Fa k- ke e e TaTe e o ae e e e e kR R e e ke e e e
- m .
|1._._”... .......
-.l”._.”.-. X 4 J T I SRCIA g
£. 0 [ ] . ' L] r A
o o e O R Al S S R Ay o5 = ) T R SO SRS PR i S L SR A S SR
rfF "% FF -k LI 4 r = Fr &7 L] L] tokd k- L - “ b F 1...‘...1|| 1-.“_.1.. - .....l-. r —_1-.._-.- "oroT [ ] r L
.-q__... .-1..1.._l--.:...-.-..-..m“h.“‘“‘l;.-..”lr"_ﬁ..-_-.-.- .....-.._..._-.._.i.h-l.”.n....__”-.-_ _.l-..- I_.-.“__|| | .--.H...-.._-..-.-.__.-...l.__.-r._.l" .‘.- l.._.l- .l.-..-.--.l.“.-_... .—.......l.!v.:ﬂ-...nnl W _-“..“.-._..-......._.-_._.l-_-.-.h .--.___-.._-. a --...- -_-._.-_ . .rI.l .....
L L N R L] L ._....._-..____..,..._..1....-...-._.i-ln.._...,.....-.-.._.r1.-..-._1..._ Fa e, Fol ] L PRI N L FIE A L R I N T R L T R i B e
[ ] a4 &8 F i r 4 4 ..‘-.1 .l-_.nnq.-. ¥ oau g L-.l.l....t.... L] a __1.__. + 820 P [ K] r [ ] LA RN R B | d Sk .-l‘ . r o
T L N .l.....-!--...-_u-_..-_.-...l.-u.‘l-._.___.- ..-....l-.... -....1__-.-.__.1 t.‘._.._- .-..r.“l.‘._.- [ ] FE Y r 1....-‘-.._-.-.- = - - ¥ I - 4 ] 1 -
N -__. . 1_-._.l 41 1L L - . - ._.....-_. o 4 . . _._.-. - - +! - . __..r .l...“.\-.
Mt ' L : . _ . . . e
" - - r . ' i T . St
- . e : :

o
--------
I

|||||

o A w T rr s mr - =T r rmTCr

- .
S

O ey

L] --.lilﬂ.. 4 .
...-.\.....Unn-..-u...__._..”.-l.-...-. '

2 .|l|l..l....._..-.._____.-“- .1. I.”.-..v
.ﬂih.‘.“l .___.._..\......_ "

-~

._!.

n

7
o

"

"

!..!.

e

e ﬁ%ﬂ&hﬁﬁ%&
s s
l‘. lll

u

o

7

7

L1

e

e

L ] -‘
l..‘i
l|'\.

=
0

*
-
-
- h.1:.'.
L
4.:.
o
Y
-3

.
"
ar.
o8
f‘r*
“

L

e

oot

..‘l.'

!
v
) . llm“" . . . ) r ” .
. ; : - ; . . d - .. . . . L. L . .. LT . . e L“.... o |_“ ._.-_...____.. ¢ S A
lI. o . .. - . . - . R . . - 1.._-._-...._. a . A r .._..-_._.1.' a a ¥ L]
E .“Mmuuu... L ST e T el T T T e T T e .ﬁ.v.hMﬁmﬁ s S e
. e . P P P e A e L T .
e .\.\ = T T ST Sl LI e B S e Ryl A e A Y At
" N\. llltl- S ) e TR . O T r & l-...l_-...-_-l_...,.-.. ..”\s-.-.“\.n.___._.-. e _-.._..-._ Far) _........-..__..“.........-v.“h.“....r-.q.q._.rl—_.|11|.____. ..__n-.-_.-__..
: ! h\. n“ . ' nT T - S ST e o - s - ..... ,.n.-..-._r.-._.iul .nlir_-..-. l...-t_.__.n...\-.kr Myt AL ._.n..._..__.-n._. ."-_.-..__ . .....__.”......__- Ny
. e i LT e T R T S
—r lli.- . ' .0t ' B ' =Lt .... o 1...-.... " .... “ - - ) ......_.”._1-.._..‘ .- -”‘ l.lv. " 11_-“..__._+h.._.1.__..q_._.-...1|r.l.i__-.l._.11....._h e _-..-.__.!..._._-”..._“....”-q.._.-.. )
- T, S TP RS ST . i g A
. e . — T : R N R N R oy R AR

Patent Application Publication




Patent Application Publication  Mar. 24, 2011 Sheet 8 of 15 US 2011/0070491 Al

o Specific Discharge Capacity (mAh/g} vs Cyele

= 1250 -

< -+ Composite

g

2 Mechanical Mixture

"D

S

¥

=

S 950 |l gl TS MRS o

P

=0

=

=

>,

Z

-

S

E-l:

> v

S

:

o _ | ~ composite .
0 50 100 MX- 150 200

Cycle

FIG. 7



Patent Application Publication @ Mar. 24, 2011 Sheet 9 of 15 US 2011/0070491 Al

S AN 1.““ 3 \,‘\%E'?:.‘q‘ '\. N . :,
X ";x.\\*- A

' ;\ .

q_

TR ‘:\:h “
: N N ‘h}a AR "“\‘
.\ _ }q\\%\ AR

lan
LR o5 um

‘wﬁﬁ‘ﬂ&%&@}}ﬂhﬂiﬁhﬂih B \

n - 'll,,lII
L | L |
' e l‘l:li l‘I.. ., ."‘.
‘-: “.1 - h B
'.-*. ‘.‘l :
oo
R -
.::"-.".

o Ak
:\ " .Hl. :I"l' ::.\. \\t '-"::“::% ':"Il' .
o \\; RN '\H@& R
!‘; L] ﬂ.-. L N -“. L] u -I?..I-‘ ﬂ:.-:.‘ ..... - 1‘,:.. L

L] L | L}
- o
L] -




US 2011/0070491 Al

2011 Sheet 10 of 15

24,

Mar

o T o)
IM__-“...“-..‘”“.-.-“.- L_-. | |

."_.."__.“.._.“» A M_.H..x\.- .n%\“m"“xﬂh S . o . . A : H, - g ’ A ! .:..m...u...“ ...1 k
" M.VW%%&H@&%-\ S . ! 2 o, g .. s _..... AR, s . ”.“......“ .........”..
) b P ; " 2l L X o n . . -

. .lﬂl . - : u_..__. ~.un1_m-.u1__ﬁ-. -"..inm-ﬂ“: u._...."_u_._n_.ﬁn.l 7 o -._.._” .ﬁ. I nl\-_-b ‘_.._,...”.._.. : oy .____n_-"_.__._-__..-“.. : . I - ... m “..-.... .” . . ... .” —— .. . ..”-... . .....”. G . L . “.... — “. ....-. ...l.wm.-hl_n |”_-.r 0 . q“- .
1 P ST © |
.\_\

7 LA A e R
N S LY X LAY S
| ..lu-._l.. .‘H..”- |-ﬂ_.__ u.u-.._‘ﬂ“ - .I L.
Lt T L T ST L

o, = . ....-... I.-__.n._.L...l...ﬁ.-. .

A MO AT R e
T g e o A vy S
bomr e ”....-..I-...._..u.. LR e

..- ..-.- w -". -.-. S “- .-... .u -1 ..-- i ” ] .ﬂ - -, ] . .|1..”“ .-“I-.-|L.“ -

A -“ 4 R, .hﬂ».sh..\.”u..\..* : =
o
.ﬁ%x%hﬁm%xmﬁﬁmﬁu e
w\.__._.\\ hkm.\.\._- ..u..__. n”. ..u.v\u_.__-...tﬂ.,.n\nq\.‘.“-.v ...1, -
o’ o h\\.ﬁ\“ﬂ.\“\ ad A
e
e

;._J_.. L e B
...:.fi"-_-i.:-- Y

T

R

|

s ..x Bl
. ._._._..u._nvm\ o .ﬂ.n._.‘..,...-.\nﬂ. ...”.n_.«\-“u.,_...-_..u....\._.u.
e S \.W\ .

0]

L

= ...I- ] .-".1

.

.,

| r T B l_-ﬂ .
.,.mﬁnm...ﬁ%wuv G
s
i

e
oo

A

..q."v,..”

o B i A -
¥ r _-__.. l-\ l..‘l y 1 @ H
e

|
.,
r.
"n1
",
=

" . ) .l * ._.. Lot . . ....- . |.|..- .-” . .. . .-.l .I.-.-.. II ..l el
h%._\lh-”“. - ﬁ.lL... ¥ i : ¥ p “ “... " - A .-l.-. ' .-..”. L -.-m -lu-h“.--.-_ h l-hl.-‘.“ ' -l-h . -..l-|-.. -Iu.-.r..
- .._..,.hu._. ey . LA il . .. . _ Vi ilm .._. LI .wl..quq.._......ﬁﬁ-.._.u.;_” e ._". ]

- m .I-.-

WL " §

| el

el e T e T
I

1011

t

Tl

e
1 l.“uu_.._uu“u._._-._.n.,. Pt n%...“...baw._mn”v&m..mtﬂ\ :
i il

1 FES

SK

Al K

Ay \nﬁ%%ﬂm.\w £
S e
nu\wﬂnuﬁt.h._rathhﬂﬂn.uxnmﬁﬂ.. L “..- A "

1r.... Ph.-...! lu_..” - ] -
e e
.u“-n".._n.”.._._._.mﬁnn.ﬁn ‘s .hnmwm\uﬁ ...\u._vn..u. Py *.% ...r...“\LJ.,.u \KF
ﬁ%..ﬁ.vm_ﬁf A L e St e
A N e AR

ica

Publ

1011

Patent Applicat

<C
o
O
LL



Patent Application Publication

SK

. D l."'q.:" ]
::-’."'.'.‘_'b'\*.* B
.\HH‘.:

]
''''''

L I B

Mar. 24, 2011 Sheet 11 of 15

US 2011/0070491 Al

0

R Y S O AR

W --"-"1 -.:.:‘.I' I.."E:::‘.:::'.

] [ "
q. LN
h..-. - T,

SO
’*-::;?M:\

X

L

"=

1"!-
RS S
1 1|.||‘l " I ey

T :. B -q. .
L | ." L] v t.li
,_'.';_';__ i, e ::.l"m. E
TR 2t Pih
X "1?-: ?‘i‘?:f::- :
: SR RN
o ~
X 3

¥

. ..r‘::\:::\ -; "-«.-':.|I
Q'**.Tﬂﬁ-' N
i‘ .

g
A
DL,

oA
ﬂ_*::-‘.:'?.":".:f\“‘ R
R
e \}
R R

i
-; '
TR RN
| ] [ L |‘

' l,h ta .'.,,lh.Hiiq‘_a- £l

\ R
N R

FIG. 9E

[
-

N N

._.,.II L} .":_FI'- .

.o
A h

Loa W s

L

L PR
e T kA
"y

FIG. 9F

oy e M e els
TR

SRR

At

M:' ‘I. -y . ™. '?‘ﬁ:‘iﬁ_“ill- . i‘ :tl:ﬂ-'l".!}‘l'tq" -‘l!‘. ‘h 'l. T
A e A
R A PN A I N g
"L “-‘. + ":" -il'alh--l-"'l "lll.:}"\ .-\F‘h:ﬂr"q- " - - q.-lr i-:h-ll- o,
o -ﬂ*?:-‘:-:qb\v w}*-ﬂ:-l'-ﬁ-.u.,‘*\_-‘?‘-:;: e,
e, B e e A ;.'ﬁ\.&. R e

_ P R

R T R R R
«“i‘:ﬁb"‘ﬁ:‘ﬁ:ﬁ\‘* AR et
3 a 3 h.. " = 4 U -

.
L] L] 4
- *.‘ - &

'\“a-‘% _H-“_"-F:‘:.

hy .

-
l.% || iLr . -
w l'“'l"-.-_‘l LT

vvvvvvvvv
LI B |
3

o

N
'
L

)
P, :'-.:.‘:E:::\\ ;

I‘.\'I . ".h . 1Y .
N S e

b e

RN AR IO OOR 1"-‘:1.511.-.-'3{‘ RN
%r :'..": AT P S "“*,,“;.h“?::"\_'-.‘\""x-:'-“n e

 Fa )
*‘.'I“h s -yt Fa o
. x.}\‘-,“:"\ RN

R

WS

LT, ‘:'_

- .fl )
]

P
L

L,

T‘JA-

s oa
-4 T LI

n
" ¥ a
[

. I-‘:.'r, [ .'I-' r . i T -.-..l"':'-."". 1‘:._-‘ et

:'Eﬂl.lrﬁ_;?::i-.u:.‘j-pl .. :..-.... . ..|-"I_I-' ,I'..,' .:I.'."-

- ._.‘-l:'__f."l'-'* T R
- I

ol R
U .1!.."'! IL'-l:".;l-_
e ]

.-'." R

iy . v, v
ﬁh - M

R
L
.I‘I.

L} . "

=y~

e R A

. '
[ o [

.Y, l_-.*_..l_l ..'.:':11{:

X

ey

..-'_;"1' ' g, AL

. .'L'.'. '1i..

b

!

‘-'_;::_-;g:g'

= 1 Fum _|-:.:!._I-!_|-;I i

'l‘ .I-l i

-
I. 1
L

.
4" . . Ll
N . o= e
b r -
=1 .




Patent Application Publication  Mar. 24, 2011 Sheet 12 of 15 US 2011/0070491 Al

frich

k-

R

G
!

-~ A1 fod - go pressws
LN

)

ﬁﬂ foil --08 Newtons/cmz (10 kg-f/emz)

¥
s

—¢— W1 fomn - 50 WESE‘HTE

wﬂ-—}i";i fs:}ﬂm_-i 98 Newtons/cm= {10 kg-ffcmﬁwf;
. . I :

apacity Ay

g
-,d

Specific Discharge ¢




Patent Application Publication  Mar. 24, 2011 Sheet 13 of 15 US 2011/0070491 Al

Rate Capability at 15th Discharge Cycle

: == Stitored Nicket Cathode
a0% 4. —— Sinfered Nicket Cathode
’ —— Sintered Kicket Cathode
5 - fAtestone Tyoe Cathade
SOTG e ~e §ittasione Tyge Cahode
: ~wfitestone T yoe Catbode
oo 4o -#- Jiteskone Tugeﬂtﬂri}{i&
i ~u iiestone Tyoe Cathode
: - ditastone Type Cahode

Percent of C/5 Capacity at Given Rate {%)




Patent Application Publication

Mar. 24, 2011 Sheet 14 of 15

US 2011/0070491 Al

% Sample 3, #3 =

e, #1 =(a)
EJ,#‘?:[b)

e 1, #3 = {c)
el, #4 = (d)
92,_#1 = {e)

0.250
% & Samp
'\,‘n
0.200 N # Samp
N |
— Y ¢ Samp
E 3 * Samp
"";' 0.150 & Samp
% & Samp
: :
A ¥ Samp
9 -
— ® Samp
— & Sam
3 NN ik
R R . | |
o DTN x\‘\‘i\\*ﬁ\*&m\*ﬁ%\m&k\ﬁm\m # Samp
. A e
c 0.050 (c) ' SRR m T .
O (h) (f) @ N, TS| & Sample 3, #4 =
(k)
0000 i 1 | | | | | |
0 2 4 8 10 12 14 16 18

Pressure (kg;/ cm?)

FIG. 12




Patent Application Publication  Mar. 24, 2011 Sheet 15 of 15 US 2011/0070491 Al

NEPQ022 Specific Discharge Capacity (mAh/g) vs Cycle — SFCs (FOM to 800 mAh/g)

Campressed 0040004

Lompressed OO0

Caompressed JTIHDE (33

RN

Not compressed 0040004




US 2011/0070491 Al

ELECTROCHEMICAL CELLS COMPRISING
POROUS STRUCTURES COMPRISING
SULFUR

RELATED APPLICATIONS

[0001] This application claims priority under 35 U.S.C.
§119(e) to U.S. Provisional Patent Application No. 61/237,
903, filed Aug. 28, 2009, and entitled “Electrochemical Cells

Comprising Porous Structures Comprising Sulfur,” which 1s
incorporated herein by reference 1n 1ts entirety for all pur-
poses.

FIELD OF INVENTION

[0002] The present invention relates to electrochemical
cells, and more specifically, to systems and methods involv-
ing electrochemical cells comprising porous structures coms-
prising sultur.

BACKGROUND

[0003] A typical electrochemical cell includes a cathode
and an anode which participate 1 an electrochemical reac-
tion. Generally, electrochemical reactions are facilitated by
an electrolyte, which can contain free 1ons and can behave as
an electrically conductive medium. The performance of an
clectrochemical cell can be enhanced by increasing the
amount of contact between an electrode active material and
the electrolyte (e.g., by employing porous electrodes), which
can lead to an increase in the rate of the electrochemical
reaction within the cell. In addition, the performance of an
clectrochemical cell can be enhanced by maintaining a high
degree of electrical conductivity within the bulk of the elec-
trodes (e.g., between an electrode active material and a sup-
port on which it 1s deposited). Accordingly, systems and
methods that increase the amount of contact between elec-
trode active materials and electrolytes as well as increase the
clectrical conductivity within the electrodes would be benefi-
cial.

SUMMARY OF THE INVENTION

[0004] The present invention relates to electrochemical
cells, and more specifically, to systems and methods involv-
ing electrochemical cells comprising porous structures coms-
prising sulfur. The subject matter of the present imnvention
ivolves, 1 some cases, interrelated products, alternative
solutions to a particular problem, and/or a plurality of differ-
ent uses of one or more systems and/or articles.

[0005] Inoneaspect, amethod s provided. The method can
comprise providing a ceramic porous support structure coms-
prising a plurality of pores, wherein the plurality of pores of
the ceramic porous support structure together define a total
pore volume, and at least about 50% of the total pore volume
1s defined by pores having cross-sectional diameters of
between about 0.1 microns and about 10 microns; and depos-
iting an electrode active material comprising sulfur within the
pores of the ceramic porous support structure.

[0006] Inanotheraspect, anelectrode1s provided. The elec-
trode can comprise, 1n some embodiments, a ceramic porous
support structure comprising a plurality of pores; and a plu-
rality of particles comprising an electrode active matenal
comprising sulfur substantially contained within the pores of
the ceramic porous support structure, wherein each particle of
the plurality of particles has a maximum cross-sectional
dimension; each particle of the plurality of particles has a

Mar. 24, 2011

particle volume, and the plurality of particles has a total
particle volume defined by the total of each of the individual
particle volumes; and at least about 50% of the total particle
volume 1s occupied by particles having maximum cross-sec-
tional dimensions of between about 0.1 microns and about 10
microns.

[0007] In some instances, the electrode can comprise a
ceramic porous support structure comprising a plurality of
pores; and a plurality of particles comprising an electrode
active material comprising sulfur substantially contained
within the pores of the ceramic porous support structure,
wherein the plurality of particles together defines a total
quantity of particulate material, and wherein at least about
50% of the total quantity of particulate material 1s made up of
particles having maximum cross-sectional dimensions of
between about 0.1 microns and about 10 microns.

[0008] The electrode can comprise, in some embodiments,
a ceramic porous support structure comprising a plurality of
pores; and an electrode active material comprising sulfur
substantially contained within the pores of the ceramic
porous support structure, wherein each pore of the plurality of
pores has a pore volume, and the plurality of pores has a total
pore volume defined by the total of each of the individual pore
volumes; and at least about 50% of the total pore volume 1s
occupied by pores having cross-sectional diameters of
between about 0.1 microns and about 10 microns.

[0009] Insome cases, the electrode can comprise a ceramic
porous support structure comprising a plurality of pores; and
an electrode active material comprising sulfur substantially
contained within the pores of the ceramic porous support
structure, wherein the plurality of pores of the ceramic porous
support structure together define a total pore volume, and at
least about 50% of the total pore volume 1s defined by pores
having cross-sectional diameters of between about 0.1
microns and about 10 microns.

[0010] Other advantages and novel features of the present
invention will become apparent from the following detailed
description of various non-limiting embodiments of the
invention when considered in conjunction with the accompa-
nying figures. In cases where the present specification and a
document incorporated by reference include conflicting and/
or inconsistent disclosure, the present specification shall con-
trol. If two or more documents incorporated by reference
include conflicting and/or inconsistent disclosure with
respect to each other, then the document having the later
elfective date shall control. All patents and patent applica-
tions disclosed herein are imncorporated by reference 1n their
entirety for all purposes.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Non-limiting embodiments of the present invention
will be described by way of example with reference to the
accompanying figures, which are schematic and are not
intended to be drawn to scale. In the figures, each 1dentical or
nearly identical component illustrated 1s typically repre-
sented by a single numeral. For purposes of clarity, not every
component 1s labeled in every figure, nor 1s every component
of each embodiment of the invention shown where illustration
1s not necessary to allow those of ordinary skill in the art to
understand the mvention. In the figures:

[0012] FIG. 1 1s a schematic illustration of an exemplary
electrochemical cell;

[0013] FIG. 21saschematicillustration of an electrochemi-
cal cell, according to another set of embodiments;



US 2011/0070491 Al

[0014] FIG. 3 1s a schematic illustration of an exemplary
electrochemaical cell;

[0015] FIGS. 4A-4B include scanning electron micro-
graphs (SEMs) of exemplary electrodes;

[0016] FIGS. SA-5B include (A) a plot of specific dis-
charge capacity as a function of the number of charge-dis-
charge cycles and (B) a plot of capacity as a function of
C-rate, according to one set of embodiments;

[0017] FIGS. 6A-6F include (A) a secondary electron
image of a sulfur-carbon composite, (B-C) X-ray spectral
images of the composite in FIG. 6A, (D) a secondary electron
image ol a cross-section of a sulfur-carbon composite, and
(E-F) X-ray spectral images of the composite 1n FIG. 6D,
according to one set of embodiments;

[0018] FIG. 7 includes a plot of specific discharge capacity
as a function of the number of charge-discharge cycles,
according to one set of embodiments;

[0019] FIGS. 8A-8B include secondary electron images of
clectrodes, according to one set of embodiments;

[0020] FIGS. 9A-9F include X-ray spectral images outlin-
ing the distributions of (A) sulfur 1n a composite cathode, (B)
carbon 1n a composite cathode, (C) aluminum 1n a composite
cathode, (D) sulfur 1n a mechanically mixed cathode, (E)
carbon in a mechanically mixed cathode, and (F) aluminum 1n
a mechanically mixed cathode, according to one set of
embodiments;

[0021] FIG. 10 includes a plot of specific discharge capac-
ity as a function of the number of charge-discharge cycles for
exemplary electrochemical cells;

[0022] FIG. 11 includes an exemplary plot of percentage
capacity as a function of C-rate, according to one set of
embodiments;

[0023] FIG. 12 includes, according to one set of embodi-
ments, a plot of cathode thickness as a function of applied
pressure; and

[0024] FIG. 13 includes an exemplary plot of specific dis-
charge capacity as a function of cycle number, according to
some embodiments.

DETAILED DESCRIPTION

[0025] The present invention relates to the use of porous
structures comprising sulfur 1n electrochemical cells. Such
materials may be usetul, for example, 1n forming one or more
clectrodes 1 an electrochemical cell. For example, the sys-
tems and methods described herein may comprise the use of
an electrode comprising a conductive porous support struc-
ture and a plurality of particles comprising sultur (e.g., as an
active species ) substantially contained within the pores of the
support structure. The mventors have unexpectedly discov-
ered that, 1n some embodiments, the sizes of the pores within
the porous support structure and/or the sizes of the particles
within the pores can be tailored such that the contact between
the electrolyte and the suliur 1s enhanced, while the electrical
conductivity and structural integrity of the electrode are
maintained at suiliciently high levels to allow for effective
operation of the cell. Also, the sizes of the pores within the
porous support structures and/or the sizes of the particles
within the pores can be selected such that any suitable ratio of
sulfur to support material can be achieved while maintaining
mechanical stability 1n the electrode. The inventors have also
unexpectedly discovered that the use of porous support struc-
tures comprising certain materials (e.g., metals such as
nickel) can lead to relatively large increases in cell pertfor-

mance. In some embodiments, methods for forming particles
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comprising electrode active material (e.g., comprising suliur)
within pores of a porous support structure allow for a desired
relationship between the particle size and pore size. The sizes
of the pores within the porous support structure and/or the
s1zes of the particles within the pores can also be tailored such
that the resulting electrode 1s able to withstand the application
of an anisotropic force, while maintaining the structural
integrity of the electrode.

[0026] In developing the systems and methods described
herein, the inventors have identified several challenges asso-
ciated with producing electrodes comprising sulfur. First,
sulfur possesses a relatively low electrical conductivity (e.g.,
about 5.0x107"* S cm™" for elemental sulfur), which can
inhibit the electrical conductivity of the electrode and hence,
cell performance. In addition, small particle sulfur, which can
be useful in producing uniform thickness and high surface-
area electrodes, can be difficult to produce using traditional
mechanical milling, as the particles that are produced can
quickly re-agglomerate. Moreover, high surface area carbon,
which can vyield relatively high specific capacity and cycle
life, can be difficult to process as a traditional slurry because
it possesses a high absorption stifiness resulting in a slurry
with a relatively low amount of solids. Finally, traditional
slurry processing of sulfur-containing electrode materials can
lead to re-distribution of the slurry components, which can
produce uneven porosity within the cathode and decreased
anode utilization. The inventors have unexpectedly discov-
ered that these traditional disadvantages can be overcome by
disposing particles comprising sulfur within the pores of a
support material to produce an electrode that includes rela-
tively uniform porosity, particle size, and component distri-
bution.

[0027] The porous structures described herein can be used
in electrochemical cells for a wide variety of devices, such as,
for example, electric vehicles, load-leveling devices (e.g., for
solar- or wind-based energy platforms), portable electronic
devices, and the like. In some cases, the porous structures
described herein may be particularly useful as electrodes 1n

secondary batteries (i.e., rechargeable batteries) such as
lithium-sulfur (L-S) batteries.

[0028] In one aspect, an electrode for use 1 an electro-
chemical cell 1s described. The electrode may comprise a
porous support structure comprising a plurality of pores. As
used herein, a “pore” refers to a pore as measured using
ASTM Standard Test D4284-07, and generally refers to a
conduit, void, or passageway, at least a portion of which 1s
surrounded by the medium 1n which the pore 1s formed such
that a continuous loop may be drawn around the pore while
remaining within the medium. Generally, voids within a
material that are completely surrounded by the material (and
thus, not accessible from outside the matenal, e.g. closed
cells) are not considered pores within the context of the mnven-
tion. It should be understood that, 1n cases where the article
comprises an agglomeration of particles, pores include both
the interparticle pores (1.e., those pores defined between par-
ticles when they are packed together, e.g. interstices) and
intraparticle pores (1.e., those pores lying within the enve-
lopes of the individual particles). Pores may comprise any
suitable cross-sectional shape such as, for example, circular,
clliptical, polygonal (e.g., rectangular, triangular, etc.),
irregular, and the like.

[0029] The porous support structure can comprise any suit-

able form. In some instances, the porous support structure can
comprise a porous agglomeration of discreet particles, within
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which the particles can be porous or non-porous. For
example, the porous support structure might be formed by
mixing porous or non-porous particles with a binder to form
a porous agglomeration. Electrode active material might be
positioned within the interstices between the particles and/or
the pores within the particles (1n cases where porous particles
are employed) to form the inventive electrodes described
herein.

[0030] In some embodiments, the porous support structure
can be a “porous continuous” structure. A porous continuous
structure, as used herein, refers to a continuous solid structure
that contains pores within it, with relatively continuous sur-
faces between regions of the solid that define the pores.
Examples of porous continuous structures include, for
example, a piece of material that includes pores within 1ts
volume (e.g., a porous carbon particle, a metal foam, etc.).
One of ordinary skill in the art will be capable of different-
ating between a porous continuous structure and, for
example, a structure which 1s not a porous continuous struc-
ture but which 1s a porous agglomeration of discreet particles
(where the interstices and/or other voids between the discrete
particles would be considered pores) by, for example, com-
paring SEM 1mages of the two structures.

[0031] The porous support structure may be of any suitable
shape or size. For example, the support structure can be a
porous continuous particle with any suitable maximum cross-
sectional dimension (e.g., less than about 10 mm, less than
about 1 mm, less than about 500 microns, etc.). In some cases,
the porous support structure (porous continuous or otherwise)
can have a relatively large maximum cross-sectional dimen-
s10n (e.g., at least about 500 microns, at least about 1 mm, at
least about 10 mm, at least about 10 cm, between about 1 mm
and about 50 cm, between about 10 mm and about 50 cm, or
between about 10 mm and about 10 cm). In some embodi-
ments, the maximum cross-sectional dimension of a porous
support structure within an electrode can be at least about
50%, at least about 75%, at least about 90%, at least about
95%, at least about 98%, or at least about 99% of the maxi-
mum cross sectional dimension of the electrode formed using,
the porous continuous structure.

[0032] In some embodiments, the support structure can be
an article with one relatively thin dimension relative to the
other two, such as, for example, a film. For example, the
support structure can be an article with a thickness of less than
about 1 mm, less than about 500 microns, less than about 100
microns, between about 1 micron and about 5 mm, between
about 1 micron and about 1 mm, between about 10 microns
and about 5 mm, or between about 10 microns and about 1
mm, and a width and/or length at least about 100, at least
about 1000, or at least about 10,000 times greater. As used
herein, the “maximum cross-sectional dimension” of an
article (e.g., a porous support structure) refers to the largest
distance between two opposed boundaries of an article that
may be measured. Porous support structures described herein
may also be of any suitable shape. For example, the support
structure can be spherical, cylindrical, or prismatic (e.g., a
triangular prism, rectangular prism, etc.). In some cases, the
morphology of the support structure may be selected such
that the support structure can be relatively easily integrated
into an electrode for use 1n, for example, an electrochemical
cell. For example, the support structure may comprise a thin
f1lm upon which additional components of an electrochemi-
cal cell (e.g., an electrolyte, another electrode, etc.) can be
formed.
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[0033] In some cases, porous particles can be used as a
porous confinuous structure. In some such embodiments,
material (e.g., electrode active material) can be deposited
within the pores of the particles, and the particles can be used
to form an electrode. For example, porous particles contain-
ing electrode active material within their pores might be
bound together (e.g., using binder or other additives) to form
a composite electrode. Exemplary processes for forming such
composite electrodes are described, for example, 1n U.S. Pub.
No. 2006/0115579, filed Jan. 13, 2006, entitled “Novel com-
posite cathodes, electrochemical cells comprising novel com-
posite cathodes, and processes for fabricating same™, which 1s
incorporated herein by reference 1n 1ts entirety.

[0034] Insome embodiments, the porous support structure
might comprise a relatively large-scale porous continuous
structure that, unlike the porous particles described above, 1s
s1zed and shaped to serve as an electrode. Such structures can
be formed of a variety of materials such as, for example,
metals (e.g., a metal foam), ceramics, and polymers.
Examples of such matenals are described in more detail
below. In some embodiments, the maximum cross-sectional
dimension of a porous continuous structure within an elec-
trode can be at least about 50%, at least about 75%, at least
about 90%, at least about 95%, at least about 98%, or at least
about 99% of the maximum cross sectional dimension of the
clectrode formed using the porous continuous structure.

[0035] The use of such relatively large porous continuous
structures can, 1n some embodiments, ensure that little or no
binder 1s located within the electrode because binder would
not be required to hold together small particles to form the
porous support structure. In some embodiments, the electrode
can include less than about 20 wt %, less than about 10 wt %,
less than about 5 wt %, less than about 2 wt %, less than about
1 wt %, or less than about 0.1 wt % binder. In this context,
“binder” refers to material that 1s not an electrode active
material and 1s not included to provide an electrically con-
ductive pathway for the electrode. For example, an electrode
might contain binder to facilitate internal cohesion within the
cathode.

[0036] The porous support structure may comprise any
suitable material. In some embodiments, the porous support
structure can be used as an electrical conductor within the
clectrode (e.g., as an electrolyte-accessible conductive mate-
rial). Accordingly, the porous support structure may comprise
an electrically conductive material. Examples of electrically
conductive materials that may be suitable for use include, but
are not limited to, metals (e.g., nickel, copper, aluminum,
iron, or any other suitable metal or combination in pure or
alloyed form), carbon (e.g., graphite, carbon black, acetylene
black, carbon fibers, carbon nanofibers, hallow carbon tubes,
graphene, carbon filaments, etc.), electrically conductive
polymers, or any other suitable electrically conductive mate-
rial. In some embodiments, the bulk of the porous support
structure may be formed from an electrically conductive
maternal. In some cases, the porous support structure may
comprise an electrically non-conductive material that 1s at
least partially coated (e.g., via solution-based deposition,
evaporative deposition, or any other suitable techmque) with
a conductive material. In some embodiments, the porous sup-
port structure may comprise a glass (e.g., silicon dioxide,
amorphous silica, etc.), a ceramic (e.g., aluminum oxide, tin
oxide, vanadium oxide, and others described below), a semi-
conductor (e.g., silicon, germanium, gallium arsenide, etc.),
non-conductive polymers, and the like.
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[0037] The porous support structure may comprise pores
with a s1ze distribution chosen to enhance the performance of
the electrochemical cell. In some cases, the porous support
structure may comprise pores than are larger than sub-na-
nometer scale and single-nanometer scale pores, which can
be too small to allow for the passage of electrolyte (e.g., liquid
clectrolyte) into the pores of the electrode due to, for example,
capillary forces. In addition, 1n some cases, the pores may be
smaller than millimeter-scale pores, which may be so large
that they render the electrode mechanically unstable. In some
embodiments, the porous support structure can comprise a
plurality of pores, wherein each pore of the plurality of pores
has a pore volume, and the plurality of pores has a total pore
volume defined by the sum of each of the individual pore

volumes. In some embodiments, at least about 50%, at least
about 70%, at least about 80%, at least about 90%, at least
about 95%, at least about 99%, or substantially all of the total
pore volume 1s occupied by pores having cross-sectional
diameters of between about 0.1 microns and about 10
microns. In some embodiments, at least about 50%, at least
about 70%, at least about 80%, at least about 90%, at least
about 95%, at least about 99%, or substantially all of the total
pore volume 1s occupied by pores having cross-sectional
diameters ol between about 0.1 microns and about 20
microns, between about 1 micron and about 10 microns, or
between about 1 micron and about 3 microns. Stated another
way, 1n some embodiments, the plurality of pores of the
porous support structure together defines a total pore volume,
and at least about 50% (or at least about 70%, at least about
80%, at least about 90%, at least about 95%, at least about
99%, or substantially all) of the total pore volume is defined
by pores having cross-sectional diameters of between about
0.1 microns and about 10 microns (or between about 0.1
microns and about 20 microns, between about 1 micron and
about 10 microns, or between about 1 micron and about 3
microns).

[0038] In some embodiments, 1t may be advantageous to
use porous materials wherein the plurality of pores has an
average cross-sectional diameter within a designated range.
For example, 1n some cases, the porous support material may
comprise a plurality of pores wherein the average cross-sec-
tional diameter of the plurality of pores 1s between about 0.1
microns and about 10 microns, between about 1 micron and
about 10 microns, or between about 1 micron and about 3
microns.

[0039] Asdescribed below, the pore distributions described
herein can be achieved, 1n some cases, while an anisotropic
force (e.g., defimng a pressure of between about 4.9 Newtons/
cm” and about 198 Newtons/cm?, or any of the ranges out-
lined below) 1s applied to the electrochemical cell. This can be
accomplished by fabricating the porous support structure
from materials (e.g., metals, ceramics, polymers, etc.)
capable of maintaining their porosities under applied loads.
Fabricating an electrode from a material which resists defor-
mation under an applied load can allow the electrode to main-
tains 1ts permeability under pressure, and allows the cathode
to maintain the enhanced rate capabilities described herein. In
some embodiments, the yield strength of the porous support
structure (and the resulting electrode produced from the
porous support structure) can be at least about 200 Newtons/
cm?, at least about 350 Newtons/cm?~, or at least about 500
Newtons/cm®. Methods of fabricating such structures are
described in more detail below.
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[0040] As used herein, the “cross-sectional diameter” of a
pore refers to a cross-sectional diameter as measured using
ASTM Standard Test D4284-07. The cross-sectional diam-
eter can refer to the minimum diameter of the cross-section of
the pore. The “average cross-sectional diameter” of a plural-

ity of pores refers to the number average of the cross-sectional
diameters of each of the plurality of the pores.

[0041] One of ordinary skill 1n the art would be capable of
calculating the distribution of cross-sectional diameters and
the average cross-sectional diameter of the pores within a
porous structure using mercury infrusion porosimetry as
described 1n ASTM standard 1D4284-92, which 1s 1incorpo-
rated herein by reference in its entirety. For example, the
methods described in ASTM standard D4284-92 can be used
to produce a distribution of pore sizes plotted as the cumula-
tive intruded pore volume as a function of pore diameter. To
calculate the percentage of the total pore volume within the
sample that 1s occupied by pores within a given range of pore
diameters, one would: (1) calculate the area under the curve
that spans the given range over the x-axis, (2) divide the area
calculated 1n step (1) by the total area under the curve, and (3)
multiply by 100%. Optionally, in cases where the article
includes pore sizes that lie outside the range of pore sizes that
can be accurately measured using ASTM standard D4284-92,
porosimetry measurements may be supplemented using BET
surface analysis, as described, for example, 1n S. Brunauer, P.
H. Emmett, and E. Teller, J. Am. Chem. Soc., 1938, 60, 309,

which 1s incorporated herein by reference in 1ts entirety.

[0042] In some embodiments, the porous material may
comprise pores with relatively uniform cross-sectional diam-
cters. Not wishing to be bound by any theory, such uniformaity
may be useful 1n maintaining relatively consistent structural
stability throughout the bulk of the porous material. In addi-
tion, the ability to control the pore size to within a relatively
narrow range can allow one to incorporate a large number of
pores that are large enough to allow for tluid penetration (e.g.,
clectrolyte penetration) while maintaining sufficiently small
pores to preserve structural stability of the porous material. In
some embodiments, the distribution of the cross-sectional
diameters of the pores within the porous material can have a
standard deviation of less than about 50%, less than about
25%, less than about 10%, less than about 5%, less than about
2%, or less than about 1% of the average cross-sectional
diameter of the plurality of pores. Standard deviation (lower-
case sigma) 1s given 1ts normal meaning in the art, and can be
calculated as:

n

;:l (Dz - Da'u‘g)2

g:\ n—1

wherein D, 1s the cross-sectional diameter ot pore1, D, 1s the
average of the cross-sectional diameters of the plurality of
pores, and n 1s the number of pores. The percentage compari-
sons between the standard deviation and the average cross-
sectional diameters of the pores outlined above can be
obtained by dividing the standard deviation by the average
and multiplying by 100%.

[0043] Theelectrodes described herein can also comprise a
material substantially contained within the pores of the
porous support structure. A material that 1s said to be “sub-
stantially contained” within a pore 1s one that at least partially
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lies within the 1imaginary volume defined by the outer bound-
aries of the pore. For example, a material substantially con-
tained within a pore can be fully contained within the pore, or
may only have a fraction of its volume contained within the
pore, but a substantial portion of the matenal, overall, 1s
contained within pores. In one set of embodiments, material
(e.g., material comprising sulfur) 1s provided, at least 30% of
which by mass 1s contained within pores of a porous support
structure. In other embodiments, at least 50%, 70%, 80%,
85%, 90%, or 95% by mass of the material 1s contained within
the pores of the support structure.

[0044] The material within the support structure can com-
prise, 1n some cases, particles, which may be substantially
solid or porous. In some embodiments, the material substan-
tially contained within the pores may comprise 1solated par-
ticles or agglomerated particles. In some embodiments, the
material may comprise a film (which may be substantially
solid or porous) on at least a portion of the pores within the
support structure. In some embodiments, the material may
substantially fill at least a portion of the pores within the
support structure, such that the material assumes the shape
and/or size of the portion of the pores.

[0045] The maternial within the support structure may com-
prise, 1n some cases, an electrode active material. As used
herein, the term “eclectrode active material” refers to any
clectrochemically active species associated with an electrode.
For example, a cathode active material refers to any electro-
chemically active species associated with the cathode, while
an anode active maternial refers to any electrochemically
active species associated with an anode.

[0046] In some embodiments, the electrodes of the present
invention may comprise a relatively large amount of material
comprising electrode active material within the pores of the
porous support. For example, 1n some embodiments, the elec-
trode (e.g., cathode) may comprise at least about 20 wt %, at
least about 35 wt %, at least about 50 wt %, at least about 65
wt %, or at least about 75 wt % material comprising electrode
active material, such as the electroactive sulfur-containing
materials described herein.

[0047] The material within the pores of the porous support
structure may comprise a variety ol compositions. In some
embodiments, the material within the pores can comprise
sulfur. For example, the material within the pores can com-
prise electroactive sulfur-containing materials. “Electroac-
tive sulfur-containing materials,” as used herein, refers to
clectrode active materials which comprise the element sulfur
in any form, wherein the electrochemical activity involves the
oxidation or reduction of sulfur atoms or moieties. As an
example, the electroactive sulfur-containing material may
comprise elemental sultur (e.g., S;). In another embodiment,
the electroactive sulfur-containing material comprises a mix-
ture ol elemental sulfur and a sulfur-containing polymer.
Thus, suitable electroactive sulfur-containing materials may
include, but are not limited to, elemental sulfur, sulfides or
polysulfides (e.g., of alkali metals) which may be organic or
inorganic, and organic materials comprising sulfur atoms and
carbon atoms, which may or may not be polymeric. Suitable
organic materials include, but are not limited to, those further
comprising heteroatoms, conductive polymer segments,
composites, and conductive polymers.

[0048] In some embodiments, an electroactive sulfur-con-
taining material of a cathode active layer comprises at least
about 40 wt % sulfur. In some cases, the electroactive sulfur-

Mar. 24, 2011

containing material comprises at least about 50 wt %, at least
about 75 wt %, or at least about 90 wt % sulfur.

[0049] Examples of sulfur-containing polymers include

those described 1n: U.S. Pat. Nos. 5,601,947 and 5,690,702 to
Skotheim et al.; U.S. Pat. Nos. 5,529,860 and 6,117,590 to
Skotheim etal.; U.S. Pat. No. 6,201,100 1ssued Mar. 13, 2001,
to Gorkovenko et al. of the common assignee, and PCT Pub-
lication No. WO 99/33130. Other suitable electroactive sul-
fur-containing materials comprising polysulfide linkages are
described in U.S. Pat. No. 5,441,831 to Skotheim et al.; U.S.
Pat. No. 4,664,991 to Perichaud et al., and 1n U.S. Pat. Nos.

5,723,230, 5,783,330, 5,792,575 and 5,882,819 to Naoi et al.

Still further examples of electroactive sulfur-containing
materials include those comprising disulfide groups as
described, for example in, U.S. Pat. No. 4,739,018 to Armand
et al.; U.S. Pat. Nos. 4,833,048 and 4,917,974, both to De

Jonghe etal.; U.S. Pat. Nos. 5,162,175 and 5,516,598, both to
Visco et al.; and U.S. Pat. No. 5,324,599 to Oyama et al.

[0050] While sulfur, as the active electrode species, 1s
described predominately, 1t 1s to be understood that wherever
sulfur 1s described as the active electrode species herein, any
suitable electrode active species may be used. Those of ordi-
nary skill in the art will appreciate this and will be able to
select species (e.g., from the list described below) for such
use

[0051] In embodiments in which the material within the
pores comprises particles (e.g., particles of electrode active
material), the particles can be of any suitable shape. For
example, in some embodiments, the particles may be substan-
tially spherical. In some cases, a particle can be similar in
shape to the pore 1t occupies (e.g., cylindrical, prismatic, etc.).

[0052] The size of the particles (e.g., particles of electrode
active material) within the pores of the porous support struc-
ture can be selected to enhance the performance of the elec-
trochemical cell. In some embodiments, each particle of the
plurality of particles within the pores of the porous support
structure has a particle volume, and the plurality of particles
has a total particle volume defined by the sum of each of the
individual particle volumes. In addition, 1n some embodi-
ments, each particle of the plurality of particles within the
pores of the porous support structure has a maximum cross-
sectional dimension. In some instances, at least about 50%, at
least about 70%, at least about 80%, at least about 90%, at
least about 95%, at least about 99%, or substantially all of the
total particle volume within the pores of the porous support
structure 1s occupied by particles having maximum cross-
sectional dimensions of between about 0.1 microns and about
10 microns. In some embodiments, at least about 50%, at least
about 70%, at least about 80%, at least about 90%, at least
about 95%, at least about 99%, or substantially all of the total
particle volume within the pores of the porous support struc-
ture 1s occupied by particles having maximum cross-sectional
dimensions ol between about 1 micron and about 10 microns,
or between about 1 micron and about 3 microns. Stated
another way, 1n some embodiments, the plurality of particles
together defines a total quantity of particulate material, and at
least about 50% (or at least about 70%, at least about 80%, at
least about 90%, at least about 95%, at least about 99%, or
substantially all) of the total quantity of particulate material 1s
made up of particles having maximum cross-sectional dimen-
s10ons of between about 0.1 microns and about 10 microns (or
between about 1 micron and about 10 microns, or between
about 1 micron and about 3 microns).
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[0053] As used herein, the “maximum cross-sectional
dimension” of a particle refers to the largest distance between
two opposed boundaries of an individual particle that may be
measured. The “average maximum cross-sectional dimen-
sion” of a plurality of particles refers to the number average of
the maximum cross-sectional dimensions of the plurality of
particles.

[0054] One of ordinary skill 1n the art would be capable of
measuring the maximum cross-sectional dimension of a par-
ticle by, for example, analyzing a scanning electron micro-
graph (SEM) of a particle. In embodiments comprising
agglomerated particles, the particles should be considered
separately when determining the maximum cross-sectional
dimensions. The measurement could be performed by estab-
lishing 1maginary boundaries between each of the agglomer-
ated particles, and measuring the maximum cross-sectional
dimension of the hypothetical, individuated particles that
result from establishuing such boundaries. The distribution of
maximum cross-sectional dimensions and particle volumes
could also be determined by one of ordinary skill in the art
using SEM analysis. The total particle volume of the particles
within the pores could be determined by one of ordinary skall
in the art by employing mercury intrusion porosimetry
according to ASTM Standard Test D4284-07 (optionally with
BET surface analysis) to measure the volume within the pores
before and after the particles are disposed within the pores.
When the matenal iside the pores of the support structure 1s
itsell porous, mercury intrusion porosimetry measurements
(with optional BET surface analysis) may be supplemented
with visual analysis of SEM micrographs to determine the
volume occupied by the material (e.g., particles) within the
pores.

[0055] In some embodiments, the particles of material
(e.g., electrode active material) within the porous support
structure may have an average maximum cross-sectional
dimension within a designated range. For example, 1n some
cases, the particles of matenial (e.g., electrode active material)
within the porous support structure can have an average maxi-
mum cross-sectional dimension of between about 0.1
microns and about 10 microns, between about 1 micron and
about 10 microns, or between about 1 micron and about 3
microns. In some embodiments, the ratio of the average maxi-
mum cross-sectional dimension of the particles of matenal
within the porous support structure to the average cross-
sectional diameter of the pores within the porous support
structure can be between about 0.001:1 and about 1:1,
between about 0.01:1 and about 1:1, or between about 0.1:1.

[0056] In some embodiments, particles within the pores of
the porous support structure can have relatively uniform
maximum cross-sectional dimensions. Not wishing to be
bound by any theory, such uniformity may be useful 1n pro-
ducing relatively consistent performance along a surface of
an electrode comprising electrode active material particles. In
some embodiments, the distribution of the cross-sectional
dimensions of the pores within the porous material can have
a standard deviation of less than about 50%, less than about
25%, less than about 10%, less than about 5%, less than about
2%, or less than about 1% of the average cross-sectional
diameter of the plurality of pores. Standard deviation (lower-
case sigma) 1s grven its normal meaning 1n the art, and can be
calculated, and expressed as a percentage relative to an aver-
age, as described above.

[0057] In some embodiments, the material (e.g., particles)
within the pores of the porous support structure may occupy
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a relatively large percentage of the pore volume. For example,
in some embodiments, the material within the porous support
structure (e.g., particles comprising an electrode active mate-
rial) can occupy atleast about 10%, at least about 20%, at least
about 35%, at least about 50%, at least about 70%, or more of
the accessible pore volume of the porous support structure. As
used herein, the “accessible pore volume™ 1s consistent with
the above definition of a pore and refers to the percentage of
the pore volume that 1s exposed to the external environment
surrounding a porous article, as opposed to pore volume that
1s completely enclosed by the matenial forming the porous
article. The volume occupied by material within the pores
should be understood to include an imaginary volume that
surrounds the outer boundaries of the matenal (e.g., particles)
within the pores, which may include material (e.g. particle)
void volume 1n cases where the material within the pores 1s
itsell porous. One of ordinary skill in the art 1s capable of
calculating the percentage of accessible pore volume, for
example, using mercury intrusion porosimetry measurements
according to ASTM Standard Test D4284-07/, optionally
supplemented by BET surface analysis. The percentage of
accessible pore volume within a porous article that 1s occu-
pied by particles can be calculated, for example, by perform-
Ing mercury mtrusion porosimetry measurements (optionally
with BET surface analysis) of the porous article before and
alter the particles are positioned within the pores. When the
material mside the pores of the support structure 1s itself
porous, mercury intrusion porosimetry measurements (with
optional BET surface analysis) may be supplemented with
visual analysis of SEM micrographs to determine the volume
occupied by the material (e.g., particles) within the pores.

[0058] The electrodes comprising the porous support struc-
ture may comprise a relatively high percentage of electrode
active material (e.g., sulfur), 1n some cases. In some embodi-
ments, the electrodes comprising the porous support structure
can comprise, for example, at least about 20 wt %, at least
about 30 wt %, at least about 40 wt %, or more electrode
actrve material. It should be understood that, for the purposes
of calculating the amount of electrode active material within
an electrode, only the weight of the electrode active species 1s
counted. For example, 1n cases where electroactive suliur-
containing materials such as polysilfides or organic maternials
comprising sulfur, only the sulfur content of the electroactive
sulfur-containing materials 1s counted 1in determining the per-
centage of electrode active material within the electrode. In
some embodiments, the electrodes comprising the porous
support structure can comprise at least about 20 wt %, at least
about 30 wt %, at least about 40 wt %, or more sulfur.

[0059] The electrodes described herein can comprise any
suitable weight ratio of electrode active material and support
material (e.g., any suitable ratio of sulfur to carbon). For
example, 1n some embodiments, the electrode can comprise a
weight ratio of sulfur to carbon of at least about 1:1, at least
about 2:1, at least about 3:1, at least about 4:1, at least about
5:1, or at least about 6:1. In some embodiments, the electrode
can comprise a weight ratio of sulfur to carbon of less than
about 6:1, less than about 5:1, less than about 4:1, less than
about 3:1, less than about 2:1, or less than about 1:1.

[0060] In some cases, the concentration of the electrode
active maternal (e.g., sulfur within a cathode) can be relatively
consistent across one or more surfaces of the electrode, or
across any cross-section of the electrode. In some embodi-
ments, at least about 50%, at least about 75%, at least about
85%, at least about 90%, at least about 95%, or at least about
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98% of the area of the surface of an electrode (e.g., cathode)
defines a uniform area that includes a unmiform distribution of
clectrode active matenial (e.g., sulfur). In some embodiments,
at least about 50%, at least about 75%, at least about 85%, at
least about 90%, at least about 95%, or at least about 98% of
the area of a surface of a cross-section substantially perpen-
dicular to the thickness of an electrode (e.g., a cathode)
defines a uniform area that includes a unmiform distribution of
clectrode active matenal (e.g., sulfur).

[0061] In this context, a “‘surface of an electrode” refers to
the geometric surface of the electrode, which will be under-
stood by those of ordinary skill 1n the art to refer to the surface
defining the outer boundaries of the electrode, for example,
the area that may be measured by a macroscopic measuring,
tool (e.g., a ruler) and does not include the internal surface
area (e.g., area within pores of a porous material such as a
foam, or surface area of those fibers ol a mesh that are con-
tained within the mesh and do not define the outer boundary,
etc.). In addition, a “cross-section of an electrode” defines an
approximate plane viewed by cutting (actually or theoret-
cally) the electrode to expose the portion one wishes to ana-
lyze. After the electrode has been cut to observe the cross-
section, the “surface of the cross-section of the electrode™
corresponds to the exposed geometric surface. Stated another
way, “surface of an electrode” and “surface of the cross-

[

section of the electrode” refer, respectively, to the geometric

surface of the electrode and the geometric surface of a cross-

- -

section of the electrode.

[0062] In some embodiments, an electrode active material
(e.g., sulfur) 1s uniformly distributed when any continuous
area that covers about 10%, about 5%, about 2%, or about 1%
of the uniform area (described in the preceding paragraphs)
includes an average concentration of the electrode active
material (e.g., sulfur) that varies by less than about 25%, less
than about 10%, less than about 5%, less than about 2%, or
less than about 1% relative to the average concentration of the
clectrode active material (e.g., sultur) across the entirety of
the uniform area. In this context, the “average concentration”™
of an electrode active material refers to the percentage of the
surface area of the electrode (e.g., exposed surface area, sur-
face area of a cross section of the electrode) that 1s occupied
by electrode active material when the electrode 1s viewed
from an angle substantially perpendicularly to the electrode.

[0063] One of ordinary skill 1n the art would be capable of
calculating average electrode active material concentrations
within a surface or a cross-section of an electrode, and the
variance 1n concentrations, by analyzing, for example, X-ray
spectral 1mages of an electrode surface or cross-section. For
example, one could obtain an x-ray spectral image of an
clectrode surface or cross-section (e.g., by physically slicing
the electrode to produce the cross-section), such as the images
shown 1n FIG. E6A-E6C. To calculate the average concentra-
tion of sultur over a given area in such an 1mage, one would
determine the percentage of the image that 1s occupied by the
color corresponding to sultur over that area. To determine
whether the average concentration within a sub-area varies by
more than X % relative to the average concentration within a
larger area, one would use the following formula:

C; —C.,
- 2. 100%

Variance (%) =
L
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wherein C; 1s the average concentration within the larger area
(expressed as a percentage), C_ . 1s the average concentration
within the sub-area (expressed as a percentage). As a specific
example, 1f the average concentration of the electrode active
material within a sub-area 1s 12%, and the average concen-
tration of the electrode active material within a larger area 1s

20%, the variance would be 40%.

[0064] Stated another way, 1n some embodiments, at least
about 50% (or at least about 75%, at least about 83%, at least

about 90%, at least about 95%, or at least about 98%) of the
area of the surface of the electrode (or of a cross-section of the
clectrode) defines a first, continuous area of essentially uni-
form sulfur distribution, the first area having a first average
concentration of sulfur. In some cases, any continuous area
that covers about 10% (or about 5%, about 2%, or about 1%)
of the first, continuous area of the surtace of the electrode (or
ol the cross section of the electrode) includes a second aver-
age concentration of sulfur that varies by less than about 25%
(or less than about 10%, less than about 5%, less than about
2%, or less than about 1%) relative to the first average con-

centration of sulfur across the first, continuous area.

[0065] In another aspect, a method of making an electrode
for use 1n an electrochemical cell 1s described. The method
may comprise, 1n some embodiments, depositing a material
(e.g., particles) substantially within the pores of a porous
support structure. The material deposited 1n the pores of the
porous support structure can comprise an electrode active
maternial such as, for example, sulfur. The porous support
structure and the material can possess any of the characteris-
tics (e.g., materials, sizes, porosities, etc.) described herein.

[0066] Porous support structures (and resulting electrodes)
can be fabricated using a variety of methods. For example, 1n
some embodiments, particles can be suspended 1n a fluid, and
the fluid can be subsequently removed (e.g., via heat drying,
vacuum drying, filtration, etc) to produce the porous support
structure 1n which the particles are adhered to each other. As
mentioned above, 1n some cases, a binder can be used to
adhere particles to form a composite porous support structure.

[0067] In some embodiments, porous support structures
can be fabricated by heating individual particles of a material
until the particles are altered to form a porous support struc-
ture (e.g., a porous continuous structure). In some embodi-
ments, particles (e.g., metallic particles, ceramic particles,
glass particles, etc.) can be arranged such that they are 1n
contact with each other, with interstices located between the
particles. The particles can then be sintered to form a fused
structure 1n which the interstices between the particles con-
stitute the pores 1n the sintered structure. As used herein,
“sintering’” 1s given its normal meaning in the art, and 1s used
to refer to a method for making objects from particles, by
heating the particles below their melting point until the par-
ticles adhere to each other. The total porosity, size of the
pores, and other properties of the final structure could be
controlled by selecting appropriate particles sizes and shapes,
arranging them to form a desired packing density prior to
sintering, and selecting appropriate sintering conditions (e.g.,
heating time, temperature, etc.).

[0068] In some cases, particles (e.g., polymeric particles,
metallic particles, glass particles, ceramic particles, etc.) par-
ticles arranged such that they are 1n contact with each other
can be heated such that the particles melt to form a porous
continuous structure. The interstices of the original structure
can form the pores of the porous continuous structure 1n some
such embodiments. The total porosity, size of the pores, and
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other properties of the final structure could be controlled by
selecting appropriate particles sizes and shapes, arranging
them to form a desired packing density prior to heating, and
selecting appropriate heating conditions (e.g., heating time,
temperature, etc.).

[0069] In some embodiments, the particles can be control-
lably arranged prior to melting or sintering. For example, 1n
some cases 1n which the particles are used to form a porous
layer, 1t can be advantageous to arrange the particles such that
they are distributed relatively evenly and relatively flatly
against a substrate. This can be achieved, for example, by
suspending the particles 1n a solvent that 1s volatile (e.g., at
room temperature), and pouring the solvent onto the substrate
on which the porous structure 1s to be formed. After the
particle solvent 1s deposited, the volatile solvent can be
allowed to evaporate, leaving behind a relatively well-ordered
array of particles.

[0070] The sintering and/or melting processes described
herein can be carried out 1n a controlled atmosphere, in some
cases. For example, the volume in which melting or sintering
1s performed can be filled with a relatively inter gas (e.g.,
nitrogen, argon, helium, and the like), in some cases. In some
instances, the melting and/or sintering can be carried out 1n
the substantial absence of oxygen, which can reduce or elimi-
nate oxidation and/or combustion of the material used to form
the porous support structure. In some embodiments, a reduc-
ing atmosphere (e.g., forming gas with the balance nmitrogen
and/or argon, hydrogen, or the like) can be used to reduce the
final oxygen content of the sintered and/or melted article.

[0071] The sintering and/or melting temperature can be
selected based upon the material being used to form the
porous support structure. For example, when melting par-
ticles to form the porous support structure, the heating tem-
perature can be selected such that it 1s above the melting
temperature of the material from which the particles are
made. One of ordinary skill 1in the art would be capable of
selecting an appropriate sintering temperature, based upon
the type ol material being sintered. For example, suitable

sintering temperatures for nickel might be between about
700° C. and about 950° C.

[0072] As mentioned above, the sizes and shapes of the
particles used to form the porous support structure can be
selected to achieve a desired porosity. In some embodiments,
the particles can be substantially spherical, although particles
with other cross-sectional shapes (e.g., ellipses, polygons
(e.g., rectangles, triangles, squares, etc.), irregular, etc.) can
also be used. The particles can be relatively small (e.g., in the
form of a powder), 1n some embodiments. For example, 1n
some cases, at least about 50%, at least about 70%, at least
about 80%, at least about 90%, at least about 95%, at least
about 99%, or substantially all of the particles have maximum
cross-sectional dimensions of between about 0.5 microns and
about 20 microns or between about 3 microns and about 5
microns. Such particle sizes can be useful i producing
porous support structures with the advantageous porosity
properties described elsewhere 1n this application.

[0073] Insome embodiments, the porous support structure
can be formed by combining a first material with a second
material, and forming the pores of the support structure by
removing one of the materials from the mixture. Removing,
one of the materials from the mixture can leave behind voids
which ultimately form the pores of the porous support struc-
ture. In some cases, the structure of the non-removed material
can be substantially maintained while one or more of the
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materials within the mixture 1s removed. For example, in
some cases, the support structure material (e.g., a metal,
ceramic, glass, polymer, etc. which might be melted) or a
precursor to the support structure material (e.g., which might
be converted to form the material of the porous support struc-
ture via, for example, a reaction (e.g., polymerization, pre-
cipitation, etc.)), can be mixed with a plurality of templating
entities. The templating entities can be arranged such that
they form an interconnected network within the support struc-
ture material or precursor. After the templating entities have
been arranged within the support structure material, they can
be removed from the support structure maternial to leave
behind pores. The support structure material can be hardened
before the templating entities are removed and/or during the
removal of the templating entities. As used herein, the term
“hardened” 1s used to refer to the process of substantially
increasing the viscosity ol a material, and 1s not necessarily
limited to solidifying a material (although in one set of
embodiments, a porous support structure material 1s hardened
by converting it into a solid). A material can be hardened, for
example, by gelling a liquid phase. In some instances, a
material can be hardened using polymerization (e.g., IR- or
UV-induced polymerization). In some cases, a material can
being hardened can go through a phase change (e.g., reducing
the temperature of a material below 1ts freezing point or below
its glass transition temperature). A material may also be hard-
ened by removing a solvent from a solution, for example, by
evaporation of a solvent phase, thereby leaving behind a solid
phase material.

[0074] Thetemplating entities can be of any suitable phase.
In some cases, the templating entities can be solid particles.
For example, the templating entities might comprise silica
particles, which can be dissolved out of a porous structure
using, for example, hydrotluoric acid. As another example,
the templating entities might comprise ammonium bicarbon-
ate, which can be removed by dissolving 1t 1n water. In some

embodiments, the templating entities can comprise tluid (e.g.,
liquid and/or gas) bubbles.

[0075] The templating entities can also have any suitable
shape, regular or irregular, including, but not limited to,
spheres, cubes, pyramids, or a mixture of these and/or other
shapes. The templating entities may also each be formed of
any suitable size. In some embodiments, the templating enti-
ties may have an average maximum cross-sectional dimen-
sion roughly equivalent to the size of the desired pores within
the porous support structure.

[0076] As a specific example, a metallic porous support
structure can be fabricated using metal 1njection molding. In
an exemplary process, a “green” of metal particles, binder,
and templating entities can be formed 1nto a suitable structure
(e.g., a relatively thin sheet) via 1injection molding. As the
green 1s heated, the metal particles can be melted or sintered
together while the binder and templating entities can be
burned off, leaving behind a series of pores.

[0077] Porous ceramic structures can also be produced
using a templating methods. For example, in some cases, a
ceramic foam can be produced by including ceramic particles
and templating entities within a polyaphron solution (1.e., a
bi-liquid foam). The resulting mixture can be used 1n a sol gel
solution, which can form a stable emulsion with the use of, for
example, appropriate surfactants. Once the gel has been hard-
ened, the templating entities can be removed by heat treat-
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ment. The size of the polyaphrons can be controlled by vary-
ing the type and amount of the surfactants 1n the bi-liquid
foam.

[0078] Templating methods can also be used to produce
porous polymeric structures. For example, a plurality of solid
particles might be dispersed within a monomer solution. After
the monomer 1s polymerized to form a polymer, the solid
particles can be selectively dissolved out of the mixture to
leave behind a series of pores within the rest of the polymeric
structure.

[0079] Another method that might be used to produce the
porous support structures described herein includes 3D print-
ing. 3D printing 1s known to those of ordinary skill 1n the art,
and refers to a process by which a three dimensional object is
created by shaping successive layers, which are adhered on
top of each other to form the final object. 3D printing can be
used with a variety of materials, including metals, polymers,
ceramics, and others.

[0080] A variety of materials (e.g., in particle form, in melt
form, or other forms mentioned herein) can be used to form
the porous support structure. The material used to form all or
part of the porous support structure can include a metal or a
metal alloy, 1n some embodiments. Suitable metals include,
but are not limited to, nickel, copper, magnesium, aluminum,
titanium, scandium, and alloys and/or combinations of these.
In some embodiments, the metal or metal alloy from which
the particles are formed can have a density of less than about
90 g/cm” or less than about 4.5 g/cm”.

[0081] In some embodiments, a polymeric material can be
used to form all or part of the porous support structure. Suit-
able polymers for use in forming porous support structures
include, but are not limited to, polyvinyl alcohol (PVA), phe-
nolic resins (novolac/resorcinol), lithum polystyrene-
sulfonate (L1PSS), epoxies, UHMWPE, PT1FE, PVDE, PIFE/
vinyl copolymers, co-polymers/block co-polymers of the
above and others. In some embodiments, two polymers can be
° used for their unique funcionalities (e.g. PVA for adhesion,
and L1PSS for rigidity, or resorcinol for rigidity and an elas-
tomer for flexibility/toughness). The material used to form
the porous support structure might include one or more con-
ductive polymers such as, for example, poly(3,4-cthylene-
dioxythiphene) (PEDOT), poly(methylenedioxythiophene)
(PMDOT), other thiophenes, polyaniline (PANI), polypyr-
role (PPy). Those of ordinary skill in the art would be capable
of selecting a counter 1on for a conductive polymer system,
which can be selected from a variety of chemical species such
as PSS for PEDOT, other well known conductive polymers,
and co and block co-polymers as above.

[0082] A ceramic material might be used to form all or part
of a porous support structure, 1n some 1nstances. Suitable
ceramics include, but are not limited to, oxides, nitrides,
and/or oxynitrides of aluminum, silicon, zinc, tin, vanadium,
Zirconium, magnesium, indium, and alloys thereof. In some
cases, the porous support structure can include any of the
oxides, nitrides, and/or oxynitrides above doped to impart
desirable properties, such as electrical conductivity; specific
examples of such doped materials include tin oxide doped
with indium and zinc oxide doped with aluminum. The mate-
rial used to form the porous support structure can comprise
glass (e.g., quartz, amorphous silica, chalcogenides, and/or
other conductive glasses) 1n some embodiments. The porous
support structure can include, in some cases, acrogels and/or
xero gels of any of the above materials. In some cases, the
porous support structure can include a vitreous ceramic.
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[0083] In some embodiments 1n which the bulk of the
porous support structure 1s made of a material that 1s substan-
tially electrically non-conductive, electrically conductive
material can be deposited within the pores of the support
structure to 1mpart electrical conductivity. For example, the
bulk of the porous support structure might comprise a ceramic
(e.g., glass) or an electrically non-conductive polymer, and a
metal might be deposited within the pores of the support
structure. The electrically conductive maternal can be depos-
ited, for example, via electrochemical deposition, chemical
vapor deposition, or physical vapor deposition. In some cases,
aiter the deposition of the electrically conductive material, an
clectrode active material can be deposited within the pores of
the porous support structure. Suitable maternals for placement
within the pores of the porous support structure to impart
clectrical conductivity include, but are not limited to carbon

and metals such as nickel and copper, and combinations of
these.

[0084] The bulk of the porous support structure can be
made electrically conductive, 1n some embodiments, by
incorporating one or more electrically conductive matenials
into the bulk of the porous support structure matenal. For
example, carbon (e.g., carbon black, graphite or graphene,
carbon fibers, etc.), metal particles, or other electrically con-
ductive materials might be incorporated into a melt (e.g., a
non-conductive polymeric melt, a glass melt, etc.) which 1s
used to form a polymeric porous support structure to impart
clectrical conductivity to the porous support structure. After
the melt 1s hardened, the electrically conductive material can
be included within the bulk of the porous support structure.

[0085] The mechanical properties of the porous support
structure can also be enhanced by incorporating materials that
structurally reinforce the porous support structure into the
bulk of the porous support structure. For example, carbon
fibers and/or particulate fillers can be incorporated into a melt
(c.g., a metallic melt, a glass melt, a polymeric melt, etc.)
which 1s hardened to form a porous support structure. In some
cases, carbon fibers and/or particulate fillers can be 1ncorpo-
rated 1nto a solution 1n which the porous support structure 1s
formed (e.g., in some cases 1 which the porous support
structure comprises a polymer).

[0086] In some embodiments, the surfaces on or within of
the porous support structure may be activated or modified
prior to depositing the material, for example, to provide for
enhanced attachment of material to the surfaces of the porous
support structure. Porous support structures can be activated
or modified by exposing the porous material to reactive or
unreactive gasses or vapors. In some embodiments, the acti-
vation or modification steps can be performed at elevated
temperatures (e.g., at least about 50° C., at least about 100°
C., at least about 250° C., at least about 5S00° C., at least about
750° C., or higher) and/or aub-atmospheric pressures (e.g.,
less than about 760 torr, less than about 250 torr, less than
about 100 ton, less than about 10 torr, less than about 1 ton,
less than about 0.1 ton, less than about 0.01 ton, or lower).

[0087] Flectrode active matenial (e.g., particles, films, or
other forms comprising e¢lectrode active material) may be
deposited within the pores of the porous support structure via
a variety ol methods. In some embodiments, electrode active
material 1s deposited by suspending or dissolving a particle
precursor (€.g., a precursor salt, elemental precursor material
such as elemental sulfur, and the like) 1n a solvent and expos-
ing the porous support structure to the suspension or solution
(e.g., via dipping the porous support structure into the solvent,
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by spraying the solvent into the pores of the porous support
structure, and the like). The particle precursor may subse-
quently form particles within the pores of the support struc-
ture. For example, in some cases, the precursor may form
crystals within the pores of the support structure. Any suitable
solvent or suspension medium may be used 1in conjunction
with such a technique including aqueous liquids, non-aque-
ous liquids, and mixtures thereof. Examples of suitable sol-
vents or suspension media include, but are not limited to,
water, methanol, ethanol, 1sopropanol, propanol, butanol, tet-
rahydrofuran, dimethoxyethane, acetone, toluene, xylene,
acetonitrile, cyclohexane, and mixtures thereof. Of course,
other suitable solvents or suspension media can also be used
as needed.

[0088] Flectrode active material can also be deposited
within the pores of the support structure, 1n some cases, by
heating a material above 1ts melting point or boiling point
(optionally adjusting the surrounding pressure to, for
example, aid 1n evaporation). The heated material may then
be tlowed or vaporized into the pores of the support material
such that particulate deposits or other solids are formed. As a
specific example, elemental sulfur powder can be positioned
next to a porous support material and heated above the melt-
ing point of sulfur, such that the sulfur flows into the pores of
the material (e.g., via sublimation, via liquid flow). The com-
posite can then be cooled such that the sultur deposits within
the pores.

[0089] Insomeembodiments, electrode active material can
be deposited within the pores of the support structure via
clectrochemical deposition, chemical vapor deposition, or
physical vapor deposition. For example, metals such as alu-
minum, nickel, iron, titanium, and the like, can be electro-
chemically deposited within the pores of a porous support
structure. Alternatively, such materials may be deposited, for
example, using a physical vapor deposition technique such as,
for example, electron beam deposition.

[0090] In some embodiments, catalyst may be deposited
within the pores of the support structure 1n addition to the
clectrode active material (e.g., betore or during the deposition
of the electrode active material). In some cases, the catalyst
may catalyze the electrochemical conversion of the electrode
active material (e.g., the conversion of sulfur to L1,S and/or
the conversion of Li,S to sulfur). Suitable catalyst can
include, for example, cobalt phthalocyanine and transition
metal salts, complexes, and oxides (e.g., Mg, N1, ,O).

[0091] The electrodes described herein may comprise one
or more advantageous properties. In some embodiments, the
clectrode may exhibit a relatively high porosity. In some
cases, the porosity of the electrode may be at least about 30%,
at least about 40%, at least about 50%, at least about 60%, at
least about 70%, at least about 80%, or at least about 90%.
Such porosities (and any of the pore distributions described
herein) may be achieved, in some cases, while an anisotropic
force (e.g., defining a pressure of between about 4.9 Newtons/
cm” and about 198 Newtons/cm?, or any of the ranges out-
lined below) 1s applied to the electrochemical cell. As used
herein, the percentage porosity of an electrode (e.g., the cath-
ode) 1s defined as the void volume of the electrode divided by
the volume within the outer boundary of the electrode,
expressed as a percentage. “Void volume™ 1s used to refer to
portions ol an electrode that are not occupied by electrode
active matenal (e.g., sultfur), conductive material (e.g., car-
bon, metal, etc.), binder, or other materials that provide struc-
tural support. The void volume within the electrode may
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comprise pores 1n the electrode as well as interstices between
aggregates of the electrode matenal. Void volume may be
occupied by electrolyte, gases, or other non-electrode mate-
rials. In some embodiments, the void volume of the electrode
may be at least about 1, at least about 2, at least about 4, or at
least about 8 cm” per gram of electrode active material (e.g.,
sulfur) in the electrode.

[0092] Insome embodiments, the electrode can comprise a
relatively large electrolyte accessible conductive material
area. As used herein, “electrolyte accessible conductive mate-
rial area” 1s used to refer to the total surface area of the
conductive matenial (e.g., carbon) within the electrode that
can be contacted by electrolyte. For example, electrolyte
accessible conductive material area may comprise conductive
material surface area within the pores of the electrode, con-
ductive material surface area on the external surface of the
clectrode, etc. In some 1nstances, electrolyte accessible con-
ductive material area 1s not obstructed by binder or other
maternials. In addition, in some embodiments, electrolyte
accessible conductive material area does not include portions
of the conductive material that reside within pores that restrict
clectrolyte tlow due to surface tension efiects. In some cases,
the electrode comprises an electrolyte accessible conductive
material area (e.g., an electrolyte accessible carbon area, an
electrolyte accessible metal area) of at least about 1 m>, at
least about 5 m?, at least about 10 m?, at least about 20 m?, at
least about 50 m>, or at least about 100 m~ per gram of
clectrode active material (e.g., suliur) in the electrode. The
relatively large electrolyte accessible conductive material
areas described above can be achieved, 1n some cases, while
an anisotropic force (e.g., defining a pressure ol between
about 4.9 Newtons/cm* and about 198 Newtons/cm?, or any
of the ranges outlined below) 1s applied to the electrochemical
cell.

[0093] Although the electrodes described herein can find

use 1n a wide variety of electrochemical devices, an example
of one such device 1s provided 1n FIG. 1 for illustrative pur-
poses only. A general embodiment of an electrochemical cell
can include a cathode, an anode, and an electrolyte layer 1n
clectrochemical communication with the cathode and the
anode. In some cases, the cell also may comprise a contain-
ment structure. The components may be assembled, 1n some
cases, such that the electrolyte 1s placed between the cathode
and anode 1n a stacked configuration. FIG. 1 illustrates an
clectrochemical cell of the mvention. In the embodiment
shown, cell 10 includes a cathode 30 that can be formed on a
substantially planar surface of substrate 20. While the cath-
ode and substrate 1n FIG. 1 are shown as having a planar
configuration, other embodiments may include non-planar
configurations, as will be discussed in more detail later. As
noted above, the cathode and/or anode can include a porous
support structure within which electrode active matenal 1s
contained. For example, 1n a lithium-sulfur battery, the cath-
ode can comprise a porous support structure within which a
clectroactive sulfur-containing material 1s contained.

[0094] The cathode may comprise a variety of cathode
active materials. For example, the cathode may comprise a
sulfur-containing material, wherein sulfur is the cathode
active material. Other examples of cathode active materials
are described more fully below. In some embodiments, cath-
ode 30 comprises at least one active surface (e.g., surface 32).
As used herein, the term “active surtace” 1s used to describe a
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surface of an electrode that 1s 1n physical contact with the
clectrolyte and at which electrochemical reactions may take
place.

[0095] An electrolyte 40 (e.g., comprising a porous sepa-
rator material) can be formed adjacent the cathode 30. In
some embodiments, electrolyte 40 may comprise a non-solid
clectrolyte, which may or may not be incorporated with a
porous separator. As used herein, the term “non-solid” 1s used
to refer to materials that are unable to withstand a static shear
stress, and when a shear stress 1s applied, the non-solid expe-
riences a continuing and permanent distortion. Examples of
non-solids include, for example, liquids, deformable gels,

and the like.

[0096] Electrochemical cells described herein may make
use of a relatively low mass of electrolyte relative to the mass
of the cathode active material or the anode active material, in
some embodiments. For example, 1n some 1nstances, the ratio
of electrolyte to cathode active matenial (e.g., sultur) or anode
active material, by mass, within the electrochemical cell 1s
less than about 6:1, less than about 5:1, less than about 4:1,
less than about 3:1, or less than about 2:1.

[0097] An anode layer 50 can be formed adjacent electro-
lyte 40 and may be 1n electrical communication with the
cathode 30. The anode may comprise a variety of anode active
maternials. For example, the anode may comprise a lithium-
containing material, wherein lithtum 1s the anode active mate-
rial. Other examples of anode active materials are described
more fully below. In some embodiments, anode 50 comprises
at least one active surface (e.g., surface 52). The anode 50
may also be formed on an electrolyte layer positioned on
cathode 30, for example on electrolyte 40. Of course, the
orientation of the components can be varied, and it should be
understood that there are other embodiments in which the
orientation of the layers 1s varied such that, for example, the
anode layer or the electrolyte layer i1s first formed on the
substrate.

[0098] Optionally, the cell may also include, 1n some
embodiments, containment structure 56. In addition, the cell
may also, optionally, include additional layers (not shown),
such as a multi-layer structure that protects an electroactive
material (e.g., an electrode) from the electrolyte, may be

present, as described 1n more detail in U.S. patent application
Ser. No. 11/400,781, filed Apr. 6, 2006, entitled, “Recharge-

able Lithium/Water, Lithium/Air Batteries” to Aflinito et al.,

which 1s incorporated herein by reference 1n 1ts entirety. Addi-
tionally, non-planar arrangements, arrangements with pro-
portions ol materials different than those shown, and other
alternative arrangements are useful 1n connection with the
present invention. A typical electrochemical cell also would
include, of course, current collectors, external circuitry, hous-
ing structure, and the like. Those of ordinary skill in the art are
well aware of the many arrangements that can be utilized with
the general schematic arrangement as shown 1n the figures
and described herein.

[0099] While FIG. 1 illustrates an electrochemical cell
arranged 1n a stacked configuration, 1t 1s to be understood that
any electrochemical cell arrangement can be constructed,
employing the principles of the present imvention, 1 any
configuration. For example, FIG. 2 1illustrates a cross-sec-
tional view of an electrochemical cell arranged as a cylinder.
In the embodiment shown 1in FIG. 2, cell 100 includes an
clectrode 130, an electrolyte 140, and electrode 150. In some
embodiments, electrode 130 may comprise an anode while
clectrode 150 may comprise a cathode, while in other
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embodiments, their order may be reversed. Optionally, the
cell may contain a core 170, which may be solid, hollow, or
contain a channel or channels. Cell 100 also includes active
surfaces 132 and 152. Optionally, the cell may also include, 1n
some embodiments, containment structure 156. As shown 1n
FIG. 2, electrode 130 1s formed on core 170, electrolyte 140
1s formed on electrode 130, and electrode 150 1s formed on
clectrolyte 140. However, 1n some embodiments, electrode
130 may be proximate core 170, electrolyte 140 may be
proximate electrode 130, and/or electrode 150 may be proxi-
mate electrolyte 140, optionally including one or more inter-
vening sections of material between components. In one set
of embodiments, electrode 130 may at least partially surround
core 170, electrolyte 140 may at least partially surround elec-
trode 130, and/or electrode 150 may at least partially sur-
round electrolyte 140. As used herein, a first entity 1s “at least
partially surrounded” by a second entity if a closed loop can
be drawn around the first entity through only the second
entity, and does not imply that the first entity 1s necessarily
completely encapsulated by the second entity.

[0100] Inanother set of embodiments, i1llustrated in FIG. 3,
the electrochemaical cell 1s 1n the shape of a folded stack. The
cell 200 illustrated 1n FIG. 3 comprises electrolyte 240 sepa-
rating anode 230 and cathode 250. The electrochemical cell in
FIG. 3 comprises an electrolyte including three folded planes
parallel to arrow 260. In other embodiments, electrochemical
cells may comprise electrolytes including any number of
folded planes parallel to arrow 260. Optionally, the cell may
also 1nclude, 1n some embodiments, containment structure
256. In addition to the shapes illustrated i FIGS. 1-3, the
clectrochemical cells described herein may be of any other
shape including, but not limited to, prisms (e.g., triangular
prisms, rectangular prisms, etc.), “Swiss-rolls,” non-planar
stacks, etc. Additional configurations are described i U.S.
patent application Ser. No. 11/400,025, filed Apr. 6, 2006,
entitled, “Electrode Protection in both Aqueous and Non-
Aqueous Electrochemical Cells, including Rechargeable
Lithium Batteries,” to Aflinito et al., which 1s incorporated
herein by reference 1n 1ts entirety.

[0101] Flectrochemical cells using the electrodes
described herein may be capable of achieving enhanced per-
formance. In some embodiments, the electrochemical cell
may exhibit high electrode active species utilization. As used
herein, “utilization” refers to the extent to which the electrode
active material (e.g., sulfur as the cathode active materal)
within a cell reacts to form desirable reaction products, such

that the electrochemical performance (as measured by the
discharge capacity) 1s enhanced. For example, an electro-
chemical cell 1s said to utilize 100% of the total sulfur in the
cell when all of the sulfur 1n the cell 1s completely converted
to the desired reaction product (e.g., S°~ in the case of sulfur
as the active cathode material), thus providing the theoretical
discharge capacity of 1672 mAh/g of total sultur in the cell. It
1s to be understood that wherever “sulfur” 1s used as an
exemplary electrode active material (e.g., cathode active
material), any other electrode active material suitable for use
with the invention can be substituted. The theoretical capacity
of any electrode active material can be calculated by the
following formula:
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C= 3600m
wherein,
[0102] Q=Theoretical capacity, Ah/g (ampere hour per
gram)
[0103] n=number of electrons imnvolved 1n the desired elec-

trochemical reaction,

[0104] F=Faraday constant, 96485 C/equi,

[0105] M=Molecular mass of electrode active material,
gram

[0106] 3600=Number of seconds 1n one hour.

Those of ordinary skill 1n the art would be able to calculate the
active material theoretical capacity and compare it to the
experimental active material capacity for a particular material
to determine whether or not the experimental capacity 1s at
least some percent (e.g., 60%), or greater, of the theoretical
capacity. For example, when elemental sulfur (S) 1s used as
the cathode active material and S* is the desired reaction
product, the theoretical capacity 1s 1672 mAh/g. That1s, acell
1s said to utilize 100% of the total sulfur in the cell when 1t
produces 1672 mAh/g of total sultur in the cell, 90% of the
total sulfur 1n the cell when i1t produces 1504.8 mAh/g of total
sulfur 1n the cell, 60% of the total sulfur in the cell when 1t
produces 1003.2 mAh/g of total sulfur 1n the cell, and 50% of
the total sulfur in the cell when 1t produces 836 mAh/g of total
sulfur 1n the cell.

[0107] In some embodiments, 1t 1s possible for the amount
of sulfur (or other active material) in the region of the cell that
1s enclosed by the cathode and anode (*available” sulfur) to be
less than that of the total sulfur in the cell. In some cases the
clectrolyte may be located both 1n the region enclosed by the
anode and cathode and the region not enclosed by the cathode
and anode. For example, during charge/discharge cycles
under pressure, 1t 1s possible for the un-reacted species in the
region enclosed by anode and cathode to move out either by
diffusion or by the movement of the electrolyte. The utiliza-
tion expressed based on this “available” electrode active
material 1s the measure of the ability of the cathode structure
to facilitate the conversion of the electrode active material in
the region enclosed between the cathode and anode to desir-
able reaction product (e.g., S~ in the case of sulfur as the
active cathode material). For example, 11 all the sulfur avail-
able 1n the region enclosed between the cathode and anode 1s

completely converted to desired reaction product, then the
cell will be said to utilize 100% of the available sulfur, and

will produce 1672 mAh/g of available sulfur.

[0108] Insome embodiments, the electrochemical cell can
be designed 1n such a way that either all of the electrolyte 1s
located in between the region enclosed by the anode and
cathode or the transport of un-reacted species from the
enclosed region to the outside 1s completely eliminated. For
such embodiments, the utilization expressed as mAh/g of
available sulfur will be equal to that expressed as mAh/g of
total sulfur in the cell.

[0109] FElectrode active material (e.g., sulfur) utilization
may vary with the discharge current applied to the cell, among,
other things. In some embodiments, electrode active material
utilization at low discharge rates may be higher than electrode
active material utilization at high discharge rates. In some
embodiments, the cell 1s capable of utilizing at least about
60%, at least about 65%, at least about 70%, at least about

12
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75%, at least about 80%, at least about 85%, at least about
90%, or at least about 92% of the total electrode active mate-
rial (e.g., sulfur) in the cell over at least one charge and
discharge cycle. In some embodiments, the cell 1s capable of
utilizing at least about 60%, at least about 65%, at least about
70%, at least about 75%, at least about 80%, at least about
85%, at least about 90%, or at least about 92% ot the available
clectrode active material (e.g., sulfur) over at least one charge
and discharge cycle.

[0110] In some cases, the utilization rates of electrochemi-
cal cells described herein may remain relatively high through
a relatively large number of charge and discharge cycles. As
used herein, a *“charge and discharge cycle” refers to the
process by which a cell 1s charged from 0% to 100% state of
charge (SOC) and discharged from 100% back to 0% SOC. In
some embodiments, the electrochemical cell may be capable
of utilizing at least about 60%, at least about 65%, at least
about 70%, at least about 75%, at least about 80%, at least
about 83%, or at least about 90% of the sulfur (e.g., total
sulfur 1n the cell, available sulfur) or other electrode active
material through at least a first charge and discharge cycle and
at least about 1, 2, 10, 20, 30, 50, 75, 100, 125, or 135 charge
and discharge cycles subsequent to the first charge and dis-
charge cycle. In certain embodiments, electrochemical cells
of the present invention will cycle at least 1 time, at least 2
times, at least 10 times, at least 20 times, at least 30 times, at
least S0 times, at least 75 times, at least 100 times, at least 125
times, or at least 135 times subsequent to a first charge and
discharge cycle with each cycle having a sulfur utilization
(measured as a fraction of 1672 mAh/g sulfur (e.g., total
sulfur in the cell, available sulfur) output during the discharge
phase of the cycle) or other electrode active material utiliza-
tion of at least about 40-50%, at least about 50-60%, at least
about 40-60%, at least about 40-80%, at least about 60-70%,
at least about 70%, at least about 70-80%, at least about 80%,
at least about 80-90%, or at least about 90% when discharged
at a moderately high discharge current of at least about 100
mA/g of sulfur (e.g., a discharge current between 100-200
mA/g, between 200-300 mA/g, between 300-400 mA/g,
between 400-500 mA/g, or between 100-500 mA/g).

[0111] Some of the electrochemical cells described herein
may maintain capacity over a relatively large number of
charge and discharge cycles. For example, 1n some cases, the
clectrochemical cell capacity decreases by less than about
0.2% per charge and discharge cycle over at least about 2, at
least about 10, at least about 20, at least about 30, at least
about 50, at least about 75, at least about 100, at least about
125, or at least about 135 cycles subsequent to a first charge
and discharge cycle.

[0112] In some embodiments, the electrochemical cells
described herein may exhibit relatively high capacities after
repeated cycling of the cell. For example, mn some embodi-
ments, after alternatively discharging and charging the cell
three times, the cell exhibits at least about 50%, at least about
80%, at least about 90%, or at least about 95% of the cell’s
initial capacity at the end of the third cycle. In some cases,
alter alternatively discharging and charging the cell ten times,
the cell exhibits at least about 50%, at least about 80%, at least
about 90%, or at least about 95% of the cell’s mitial capacity
at the end of the tenth cycle. In still further cases, after alter-
natively discharging and charging the cell twenty-five times,
the cell exhibaits at least about 50%, at least about 80%, at least
about 90%, or at least about 95% of the cell’s mitial capacity
at the end of the twenty-fifth cycle.
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[0113] In some embodiments, the electrochemical cells
described herein may achieve relatively high charge efficien-
cies over a large number of cycles. As used herein, the “charge
eificiency” of the Nth cycle 1s calculated as the discharge
capacity of the (N+1)th cycle divided by the charge capacity
of the Nth cycle (where N 1s an integer), and 1s expressed as a
percentage. In some cases, electrochemical cells may achieve
charge efficiencies of at least about 60%, at least about 70%,
at least about 80%, at least about 90%, at least about 95%, at
least about 97%, at least about 98%, at least about 99%, at
least about 99.5%, or at least about 99.9% for the first cycle.
In some embodiments, charge efficiencies of at least about
60%, at least about 70%, at least about 80%, at least about
90%, at least about 97%, at least about 98%, at least about
99%, at least about 99.5%, or at least about 99.9% may be
achieved for the 10th, 20th, 30th, 50th, 75th, 1007, 125th, or

135th cycles subsequent to a first charge and discharge cycle.

[0114] The electrochemical cells described herein may be
operated using relatively high discharge current densities, 1n
some cases. As used herein, the “discharge current density”
refers to the discharge current between the electrodes, divided
by the area of the electrode over which the discharge occurs,
as measured perpendicular to the direction of the current. For
the purposes of discharge current density, the area of the
clectrode does not include the total exposed surface area of
the electrode, but rather, refers to an imaginary plane drawn
along the electrode surface perpendicular to the direction of
the current. In some embodiments, the electrochemical cells
may be operated at a discharge current density of at least
about 0.1 mA/cm?, at least about 0.2 mA/cm?, at least about
0.4 mA/cm* of the cathode surface, or higher. The cells
described herein may also be operated, in some cases, at a
high discharge current per unit mass of active material. For
example, the discharge current may be at least about 100, at
least about 200, at least about 300, at least about 400, or at
least about 500 mA per gram of active material 1n an electrode

(e.g., sulfur 1n the cathode), or higher.

[0115] Some embodiments may include electrochemical
devices 1n which the application of force 1s used to enhance
the performance of the device. For example, the force may
provide improved electrical conductivity between conductive
material 1n an electrode (e.g., carbon in a cathode). In some
instances, the application of force to the electrochemical cell
may reduce the amount of roughening of one or more surfaces
of one or more electrodes which may improve the cycling
lifetime and performance of the cell. Any of the electrode
properties (€.g., porosities, pore size distributions, etc.) and/
or performance metrics outlined above may be achieved,
alone or 1n combination with each other, while an anisotropic
force 1s applied to the electrochemical cell (e.g., during
charge and/or discharge of the cell). The magnitude of the
anisotropic force may lie within any of the ranges mentioned
below.

[0116] In some embodiments, the application of force can
be used to enhance the performance of the device. In some
embodiments, the force comprises an anisotropic force with a
component normal to the active surface of the anode. In the
case of a planar surface, the force may comprise an anisotro-
pic force with a component normal to the surface at the point
at which the force 1s applied. For example, referring to FI1G. 1,
a force may be applied 1n the direction of arrow 60. Arrow 62
illustrates the component of the force that 1s normal to active
surface 52 of anode 50. In the case of a curved surface, for
example, a concave surface or a convex surface, the force may
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comprise an anisotropic force with a component normal to a
plane that 1s tangent to the curved surface at the point at which
the force 1s applied. Referring to the cylindrical cell 1llus-
trated 1n F1G. 2, a force may be applied to an external surface
ol the cell in the direction of, for example, arrow 180. In some
embodiments, the force may be applied from the interior of
the cylindrical cell, for example, 1n the direction of arrow 182.
In some embodiments, an anisotropic force with a component
normal to the active surface of the anode 1s applied during at
least one period of time during charge and/or discharge of the
clectrochemaical cell. In some embodiments, the force may be
applied continuously, over one period of time, or over mul-
tiple periods of time that may vary in duration and/or ire-
quency. The anisotropic force may be applied, 1n some cases,

at one or more pre-determined locations, optionally distrib-
uted over the active surface of the anode. In some embodi-

ments, the anmisotropic force 1s applied uniformly over the
active surface of the anode.

[0117] An “anisotropic force” 1s given 1ts ordinary meaning
in the art and means a force that 1s not equal 1n all directions.
A force equal 1n all directions 1s, for example, internal pres-
sure of a fluid or material within the fluid or material, such as
internal gas pressure of an object. Examples of forces not
equal 1n all directions include forces directed 1n a particular
direction, such as the force on a table applied by an object on
the table via gravity. Another example of an anisotropic force
includes a force applied by a band arranged around a perim-
cter of an object. For example, a rubber band or turnbuckle
can apply forces around a perimeter of an object around
which 1t 1s wrapped. However, the band may not apply any
direct force on any part of the exterior surface ol the object not
in contact with the band. In addition, when the band 1s
expanded along a first axis to a greater extent than a second
axis, the band can apply a larger force in the direction parallel
to the first axis than the force applied parallel to the second
axis.
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