WO 2013/028598 PCT/US2012/051543

1/15

.

X I I h sk

FIG. 1



WO 2013/028598 PCT/US2012/051543

2/15

Etch pores
m

Oxide dissolution

Silicon wafer Macroporous silicon formation Oxide formation
Lift-off
Heated at 550° C Dipped into PAN
in Argon for 24 hours
MPSF/pyrolyzed PAN PAN infiltrated MPSF

FIG. 2



PCT/US2012/051543

WO 2013/028598

3/15

—
-
)
o]
h-—
)
P
[an)
L]
=
W
D0 e
)
= —
<L S
o o
- —
@ (03]
i
>
fo)
|-
p-23
f=3
6 =
o F
= > <
S0 =
mE 0
0%
| ) ] ] ) ]
o o oo} o= [ses] o
o o] o ] o= [ ] =
[ $=] [Fol -t ) [t |
(‘n°e) Misuayu

80

70

50 60
20

40

30

20

FIG. 3



o

Discharge Capacity(mAn

WO 2013/028598

1460

1260

1060

00

8o0

460

260

PCT/US2012/051543

4/15

- 100

. Sevevendaess oy N 3 RS Y S A N e s

Feoomr . RRATEYON

s o \\\“\““\\\‘“““‘\\\\\\\\\\\\\\\\\\\\'\\ “.\\“&“\\\\\\\ \‘\\\\Q““‘“‘\\\\\\ . R 90
& ‘\\\\\\\\'\‘0 el SN h \\\\\\\\o““ \
o o \

: . L 50

=0 ey “ . \\\\\\\\\§-~ y \\\\\\
'Enu)h}vua{?\“ . _ X T

"'F“"““E‘“”L‘)“-. EN"“\‘—N*‘-

ettt hitRad

~ Digcharge Capacky! Pyrolyzed PAN infiltrated MPSF}
~&- Discharge Capaciyi{Bare MPSF}

sodee Coufombic Efficienay{™- Pyrolyzed PAN infiltrated MPSF}

Coulombic Efficiency(%)

s« iz Copkombic Efficiency(-Bare MPSH}

16 12 14 16 13 20

Cycle number

FIG. 4



PCT/US2012/051543

WO 2013/028598

5/15

2800

2900
Wavenumber (cm™)

8
—( IS
~~— 2

)
ot
i

)

(2

2170

Wavenumbel cm’”)

2240

st
% \\\\\\\\\\\\\\\\\\\
I o cstoersraseseserereiean,

Ve

\

)

3

s
Weiotrseen,,
,

77

1600
Wavenunber (cm")

1700

1800

1500

2000

2400

2800

(‘ne) 80UBQIOSQY

1200

1600

Wavenumber (cm™)

FIG. 5



WO 2013/028598 PCT/US2012/051543

6/15

FIG. 6



WO 2013/028598 PCT/US2012/051543

7/15

Etzhing Liftof

Silicon wafer Macroporous silicah Freestanding macroporous siliconfilm

Sofiicati Mixing ALSE0NC
with PAN inAr

Macroporous silicon micros

particulates (MPSP) MPSPIPPAN

Freestanding macroporous siliconfilm

Mixing

wiith PAM

Macraporaus silicon-micro- MPSPEAN
particulates (MPSR)

Freestanding macroporous siiicon

FIG. 7



WO 2013/028598 PCT/US2012/051543

8/15

25 1
g 20 -
T
£ 15 -
9
T
@ - .
& 101 -B-—Adsorption
2 5- A Desorption
2

O 1 1 1 1 1

o
©
N

0.4 0.6 0.8 1

Relative Pressure(P/Po)



WO 2013/028598 PCT/US2012/051543
9/15
20000 -
18000 -
16000 o
3 14000 - A ypsp
S 12000 - ~B.MPSP/PPAN composite
>
= 10000 -
[%2]
& 8000 A
£ 6000 4
4000 -
Y B
20004 N
§ N\
0 > L) L) L) L]
0 05 1 15 25
X-ray energy(KeV)
Si111}
Si220)  sia1)
uﬁr-
s
%‘ o Si{400)
5 l ¢ SK33
E el % MPSP/pyrolyzed PAN | i i
e b MPSP .. i i il
SEARE R o »;ommwm&w«gm&wwm Fntemaeradad® ) $ Spponatgoand wadde
20 30 40 50 &0 70 80
2 Theta

FIG.9



WO 2013/028598

Counts/sec

PCT/US2012/051543
10/15
x104
1]
—
4t o)
1]
—
O R
o 3% ]
@
,tf 1]
£ - ]
= =
321 |
O {
X
Q , 0 &
i A -\:é\é$\§\ﬂ\'«\l&s“\:‘.\-e:¥ > :.‘ [SV A
1 -E"‘*"\”‘"\\“\XS \\v .\‘\\'\w‘\«"\"‘ﬁ“"‘m\‘sf"’&\\\\ S '\““\‘a\-\\;\,‘\'\\‘ﬂ:\\ O D
N

SR,

1100 1000 800 3

Binding energy {eV)

00 700 €0C 500 400 300 200 100

=
e,

¢

(a)
5000 F— . . . .
Cils %, C=C,C-Cand
} C-H(284.51)
4000} y
1]
i
3 i
23000 {
£ i
= {
= 1
3 : \
© 2000f / \
{).‘ \
/ \
1000} e 4 \\
= . \\\=n—
200 289 288 287 286 285 284 283 282 281 280
Binding energy (eV)
3000 —
i 7\ N=C (398.1)
N 1s '
2600}
2200}
1800F
1400
1000

405 404 403 402 401 400 399 398
Binding energy (eV)

397 396 395

D

FIG.9



WO 2013/028598

PCT

11/15

/US2012/051543

6o

95

2 o
o o
£ c
= 5
=
= & O
g & o
T Digcharge * Coulombic | . m
%] R : [
(] B X Capacity % Efficiency -
o
® o
o Sample & a0 rvs L
= AQn =
m A - l:._.:l
— ‘ Sample B L ‘0 s
I I TR—
L . = e N R a?
D EE'S . ample \\\\\\ s L =
Sample D "‘R\N“‘ “““
& 20 44 #) Ex oo i 40 R i8R M0
Cycle Mumber
2530 e 2 100
< - 50
o _ i
T 2000 °F r 80 2
£ : - 70 S
b =
2 1500 - &a 2
&) o
] .
T \ 50 1]
i ‘E . . =h
iy 000 - Dizcharge  Coulombic - 40 O
Capacity Efficiency T
@ 4 * 30 2
= 3 : P o
E 500 4 Crushed i --;& P - i
O i s &
% b S PSP A ~§,~ & L 19 2
y ‘ ® ¥ &
31 86 100 134 148

Cycle Number

FIG.10



IV (mAhlgV)

-é:i

WO 2013/028598

0.2
0.5
o.¥
&8
.8
0.4

T

Yoltage (V5

&.3

o 4
o4

459 ks

12/15

» Lygle 4

= Lyl 10
» Eypele 5
s Oyele 108
« Eyele 150
» Dpgle 178

. S
X \.\\\\\\\\\\\\\\\\\\\ SR

PCT/US2012/051543

-2000

-4000 -

5

g9
Sapacibymshg Y

S A

a4 0.8
Yoltage{V)

FIG.10



WO 2013/028598 PCT/US2012/051543

13/15

FIG. 11



WO 2013/028598 PCT/US2012/051543

14/15

1200 e e e s e e e e e e e e i o ] ()
| Ci2 Rate 3 % | 05
1000 s . : | o0

800 -

TG

- 80
- 75
- 70
- 85

200 - 0 T T T T T 70 - 60
0 30 100 130 200 250 EL ]
Cycles B 55

600 - -
500 1 CI/5 Rate - 85

100 { - B0

400 -

Ivis charge Capacity{mAhg
Coulombic Efficiency(’}

200 1 F 73

Discharge capacity(mAh/g)
Coulombic efficiency(%)

0 I I I I 1 | 1 1 1 1 50
0 50 100 150 200 250 300 350 400 450 500 5540

Cycle #

- Cycle 1

» Cycle 100
s Cycle 200
0.8 1 4 Cycle 300
s« Cycle 400
06 4 = Cycle 500

Voltage(V)

AL a4 S adg &
RS ‘\\-»\mm.\u.\;« LT
N _., f\\\\\\‘\\\\\\\\\\\\\t\{ \\;‘:\,;M‘\m‘\“u\\h\.;\
Dol A, \\\\\:\\\\\\\\\\\\\:

0 200 400 600 800 1000
Capacity(mAhg™)

FIG. 12



Discharge Capacity (mAhfg

WO 2013/028598 PCT/US2012/051543

15/15

3000 100

2500 oo

2000

¢
o “ L
. N SN FBD
¢ o . PO R W — JESN
N R A g™ N “\“\a B \ N e e
1500 < N ¥
F B
o ¥ g "

Coulombic Efficiency (%)

1000 - ) weiprenn [ @oh¥A TERR. Capacitey(Eilver-mdhig)
~a~Discharge Tapacity{Gold-mdhiyg)
—s— Discharge Tapacity{Carironized FAH-mdh:g)
e Gtz EfficiencyiSilwer %} L 20
500 1 wx~Coulombic EfficiencyiGelds)

~-g- Coulombic EfficiencwCarbonized PAH %5

[:I 1 1 1 1 1 1 1 [:I

0 5] 10 15 20 25 20 35 40
_ycle Mumber

FIG. 13



