WO 2013/028598 PCT/US2012/051543

1/15

C D

FIG. 1



WO 2013/028598 PCT/US2012/051543

2/15

Silicon wafer Macroporous silicon formation Oxide formation Oxide ‘;hsgo[utiogl

Lift-off
Heated at 550° C Dipped into PAN
for 24 hours

in Argon

MPSF/pyrolyzed PAN PAN infilfrated MPSF

FIG. 2



PCT/US2012/051543

WO 2013/028598

3/15

o
18
o
W
=)
Q
3
w
O e
n
=z —_
P ~
o o TR
= =
> n
™
=
o
=
h- 2%
o
6 =
[+ W —_
S5 T
g o =
mE O
O%
| ) T T T T
=} [ f) ) - =
[=] o o) = > =
© LT =t o o~ —
(‘'n"e) [isusyuj

80

70

60

50
20

40

30

20

FIG. 3



Discharge Capacity{mAhig)

WO 2013/028598

1400

1200

oy
[vev]
<
[se-]

o]
o]
55

cn
5]
&

360

200

G

5 o™
Y *
5 RS e
o X

4/15

N :
Arvrv ootz vgie crar oy atday s v e R S L sy veady ses vy
__\‘.,}‘.\.,\.--;};~ SRS W fay vegdoy RAN M g

41-‘/

S S —— g
o ey W o g
o W™ \\\\\\

o

-
~s Discharge Capacity Pyrolyzad PAN infittrated MPSF

~g Discharge Capacity{Bare MPSE}

-« iz Coplombic Efficiency(%-Bare MPSE)

2 4 6 8 18 12 14 16 18

Cycle number

‘l}.\;“".\\.\

-t Coopombic Efficiency{%- Pyrolyzed PAR infiltrated MPSE)

PCT/US2012/051543

- 100
- 80

< ¥i Fyeermsfder oy ., \\\\.\“\\\\“,@ \\\\\\
'E‘g"“.b}““{:j\x, . _ N 7{}
e, - NB‘.-H‘Q_“,' . .“\\'."_\“

B 60

Coulombic Efficiency(%)

FIG. 4



PCT/US2012/051543

WO 2013/028598

5/15

8
g > i
m\ m 4m & /m\
Ll 2 £
g% 5 5
5 gk e 3
: 8 g -2
3 £
o~ 3 ~
o
o
(QV
—
\\\\n\\“u\\\s\
A
o
o
©
—
\ H\
\Wl«.«.“ m
. e Yy
: - -
{ c\\ - O
s e\
2 N
,ml
/- \
-
A I m
%
» \\;\\\\\\““\\\\ 2
) g
.|T-. o
/...1, CQ \\\\\“\\ 3
s ki
HzC\ Z \\\WWW\\
L A t ()
50 7
o
o d
HC’ i 8
mlq\W%\ Al
.I.T_

(‘ne) 8oueqIOoSqQyY

Wavenumber (cm™)

FIG. 5



WO 2013/028598 PCT/US2012/051543

6/15

FIG. 6



WO 2013/028598 PCT/US2012/051543

7/15

Etching Lifeof

Siliconwafer Macropofous silicon Fresstanding macroporous silicon film

§ Sication Mixing ALS5°C
¥ ot -
-} with PAN inAr
? \
Macroporous silicon micro- MPSPIPAN

Freestanding macroporous silicon film oariiculates (MPSP)

Mixing

with PAN

Macraporous silicon micro- MPSPIPAN

pariculates (MPSR)

Freestanding macroporous silicon

FIG. 7



WO 2013/028598 PCT/US2012/051543

8/15
A B
25 -
5
g 20 -
5
£ 15 -
g
© -
2 10 ¢ —B—Adsorption
2 54 A Desorption
2
O 1 J 1 J 1
0 0.2 0.4 0.6 0.8 1

Relative Pressure(P/Po)

FIG.8



WO 2013/028598

9/15

PCT/US2012/051543

20000 - A
18000 - h n
16000 -
8 12000 - ~B-MPSP/PPAN composite M4 B
> 1\
210000 4
& 8000 - S \
£ 6000 4 |
4000 - \
3 B
2000 - \‘/ J
§ N\
0 = ¥ Ll ' - ' '
0 05 1 15 2 25
X-ray energy(KeV)
S11H
SH220)  si311)
. ,
8
> Si(400)
§ C l ( SK331)
ol E MPSP/pyrolyzed PAN | !
FE wad ;\ﬁepﬁwgtowws“.e e W~W&¢wjtwwwf \M'W**}‘\%M
i MPSP %
spdtitnbad Moo iy %éskxgﬁ»:g*i-& T ‘
20 30 40 it
2 Theta

FIG. 9



WO 2013/028598

PCT/US2012/051543
10/15
¥n0<}
.
4% ®)
)
=2
o -4
o 3t B
£ - ;
3 z
8% -
X
O s %) é%
wi b PRETCEe Y
1 \}-‘\\\E\"‘«‘\\\N\m (‘\\.\_.,\‘\_\\\;-:\ﬁ*‘*"i?\";%Q\?\"'\*\\\\\\}“\ SR N U_) B

NN R
R Y N,
N gt

1100 1000 500 800 700 600 500 4060 30C 200 100

D

0
Binding energy {eV)
(a)
5000 t T T T T T 1 1 T 3
Cils 4\ C=C, C-Cand
Y C-H(284.51)
4000F \
Iy
& 3000} v
1) X
€ 3 i
g ‘\
© 2000F / L
lll‘ \\
1000 e P \\
3 - \\.“.\M
200 289 288 287 286 285 284 283 282 281 280
Binding energy (eV)
3000
i £\ N=C (398.1)
N 1s N=C (399.24) . / }
2600} (399.24). 7 1} ]
& l‘;’ ‘
Q i i \‘i i
2 /
£ 2200} b
= ! i
3 I / {
O § h '.' 1
1800} i { \
i N-C (399.99) / - i \
i\
1400} \
NP — . Y
N
1000 { | ! | I . { | -
405 404 403 402 401 400 399 398

Binding energy (eV)

397 396 395

FIG. 9



WO 2013/028598 PCT/US2012/051543

Discharge Capacity (mahg™)

11/15

§308 $6C
94
000 C—— NP Q
=
! ¢ S
8OO " =
3 g o
: b 3]
L o Discharge & Coulombic P
BL% % Capacity % Efficiency e (.__:)n
; A .. 2
A o sample & e ¥ g
: Sample B 7 - =
b A Ei J—
\ STy ' =
200 o Sample C \\\\\\\\“ 3 =
Sample D R I
H I 46 ) £ o0 G 43 wWh fEn Mo
Cycle Number
2300

b 9
T 2060 80 c
E ; 70 S
& s5a0 4 L g0 ©
L] : [
[\ S0
3 ® 5
() Discharge  Coulomhbic F 40 O
Capacity  Efficiency )
'E Crushed Si =i A g6 <
. 2
32 MsPSPN e (O 10 &
= —— o
[ L &5 &0 80 100 124 140

Cycle Number

B

FIG.10



d@i&i%(mﬁhfg?}

WO 2013/028598 PCT/US2012/051543

sltags (v}

&8 - » Gysle 4

0.8 4 » Gyle 50
G.F s Lyl 100

G4 4

f-:"
o -
£

12/15

= gels 10

« Tyele 180
w Lpghe 170

Rty "
AW G W

N SR
NN

- o XY
At \\\\\\\\\\M

R

o 500 490 a0 500 008

Capasityimabg Yy

{:9
Pl

5.4 06 0.8 1
VoltageiV)

FIG.10



WO 2013/028598 PCT/US2012/051543

13/15

FIG. 11



WO 2013/028598 PCT/US2012/051543

14/15

1200 - s e o @ (00
;&f : Cf2 Rate 5 » |05 =
2 1000 1 y 90 5
g {_____________! 21200 10 . wes [ 100 _ a5 g
2 800 - % 1000 45 2 2 Lo 5 B
Q 2 ¢ | & F8 2
& 600 - Sy s L5 B
S S oo C/5 Rate s L
o 400 - g4 s [7002
] £ 200 L7s & | 65 o
E 200 - 0 : T ' r . 70 - 60 3
&2 o 5 10 150 200 250 300 L 55 O
(o) Cycle#
0 J ] |} ¥ | 1 1 L 1 ] 50
0 50 100 150 200 250 300 350 400 450 500 6850
Cycle #
- Cyele 1 4
1 . Cycle 100 E gi%
s Cycle 200 - o
0.8 14 4 Cycle 300 - \EE‘*
» Cycle 400 = S

Voltage(V)

= Cyele 500

S88avanaatacy

oﬂ\‘\xmﬁ.‘.o\i.\.\é‘\&e.\ A&aR
i RN & AR,
— ; ; PR
- OO A

Capacity(mAh g")

FIG. 12



WO 2013/028598

3000

P
[
Low]
=

2000

1500 4

1000 A

Discharge Capacity(mAh/g

500 -

15/15

g D Beia v CapacitelSilwer-nhig)
~wDistharge Capacity{Gohl-maivy)

—s Bischarge Capacity{Carbonized P AH-mdhig)
—=—~Coulonbic EfficiencySilver )
~eCoyloambiic EfficiencyiGold®s)

~-- Coulomohic EfficiencyiCaibonized PAH o)

\ SN
§¢

PCT/US2012/051543

100

- 80

- 60

SN ‘
s g S
AR

40

Coulombic Efficiency (%)

- 20

10 15 20 25
Zycle Number

30

35 40

FIG. 13



