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surface and interfacial cutting analysis system (SAICAS) %

Abstract
A solvent-soluble polyimide (PI) polymeric binder was synthesized by a two-step reaction for silicon (Si) anodes for lithium-ion
batteries. Polyamic acid was first prepared through ring opening between two monomers, bicyclo[2,2,2]oct-7-ene-2,3,5,6-tetra-
carboxylic dianhydride (BCDA) and 4,4-oxydianiline (ODA), followed by condensation reaction. Using the synthesized PI poly-
meric binder (molecular weight = ~10,945), the coating slurry was then prepared and Si anode was fabricated. For the control
system, Si anode based on polyvinylidene fluoride (PVDF, molecular weight = ~350,000) having the same constituent ratio
was prepared. During precycling, PI polymeric binder revealed much improved discharge capacity (2,167 mAh g') compared
to that of using PVDF polymeric binder (1,740 mAh g'), while the Coulombic efficiency of two systems were similar. PI
polymeric binder improved the cycle retention ability during cycles compared to that of using PVDF, which is attributed to
an improved adhesion property inside Si anode diminishing the dimensional stress during Si volume changes. The adhesion
property of each polymeric binder in Si anode was confirmed by surface and interfacial cutting analysis system (SAICAS)
(Si anode based on PI polymeric binder = 0.217 kN m™ and Si anode based on PVDF polymeric binder = 0.185 kN m™).
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2.1. Polyimide &
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Bulky$t +2% 7 Dianhydride?] Bicyclo[2,2,2]oct-7-ene-2,3,5,6-
tetracarboxylic dianhydride (BCDA, Sigma-Aldrich, USA)[27]2} <1
3 722 Kinked¥ 38432 71 Diamine?] 4,4-oxydianiline (ODA,

HoN (0] NH,
(@)
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CH.
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Figure 1. Molecular structures of monomers, solvent, and azeotropic
agent : (a) 4,4-oxydianiline (ODA), (b) Bicyclo|2,2,2]oct-7-ene-2,3,5,6-
tetracarboxylic dianhydride (BCDA), (¢) N-methyl-2-pynolidone (NMP),
and (d) o-xylene.
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Figure 2. Reaction mechanisms of (a) polyamic acid and (b) solution imidization.
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Figure 3. FT-IR spectra of PAA and PIs with different synthesis times
(1.5, 3, and 4.5 h).

mm T8 VA g o] 838l um 7Y AES A B %731‘
Al wo] 318 =A%t &4 Z'd-S Boron Nitride Blade (& :

mm)S AR OH, 0.1 pm s'e] 2 ol% &x¢) —’FX]HO]'BQ:EE
02 N 0 AUE LISl o, Lol FAAY Bl
FHTFOR 0.1 pm 7 9] HER o)FehA A= IFFE vk @
ok 7] a9l vt _‘?Jioﬂ’ﬂ 39 78 UE YFn= ol
Aol vidste] A2 A= A 1k A7 E(Shear Strength,
9] - MPa) @ 2] 7 (Peel Strength, T+ - kN m")E 4keloich

Shear Strength = Fu/(2w - d * cot @) 2)
Peel Strength = Fu/w 3

8 WG Y F, 2

1o
I

Z
E

: d, Shear Angle : @

-

X
=

a
K

3, Zdap g

A A58 vlviz H2E 3 gddo] sk E gl
_EL ;\HE SFA] o]_oi];]. Flgure loﬂ X-]a—s]_ u].g], 7}

2] BCDA S} ODAS NMP £ ALg3to] Ah2ofA 3
lﬂtﬂ, Qo @Ol PAAT £ AEE dojxith
% o-xylene2 A7) f-loll Yol 180 Coll 71dsle] ojn|=3}A]7)
W, §do] F2 Ao w Wit o, Rk F AYHE B2 oxy-
lene®] FH] EFES FAsto] AAEE

AzE PAAT PIS] FA HF-5 Hdslr] $lsted, FT-IRS 5743}
Ko 7 A= Figure 30 YERHSITE 2 54 3= 3380~3450
em” (N-H : Stretching), 2950 cm™ (O-H : Stretching), 1666 cm™ (C=0
: Symmetric Stretching), 723! 1543 cm’ (N-C-O : Stretching)”} #2
=971l PAAC] AH3] = vk ek Ti30]. PIo] A9 wkE
AIZbe]l W FT-IRS 74813, & PIelA 1780 cm” (C=O :
Symmetric Stretching), 1710 cm” (C=O : Asymmetric Stretching), 1386
em” (C-N : Stretching), 723 788 cm' (C=0 : Bending)2] °]v]= &
g Azt #EEHG SARL AEE o EstEE ERlEky] S8
HHg- AJ7ke] W 'H-NMRS 573351.0m, 1 A 7S Figure 4(a)°]
elaksltk PAACIRE EA1ER= 7.5~7.6 ppm®] N-H 54 9137} wb

—— PI-4.5h]

L1

|
: z

80

60

40 4

Degree of imidization (%)

20 4

0 T T T T
4] 1 2 3 4 5

Time (hour)
(b)

Figure 4. (a) '"H-NMR spectra of PIs (0.5, 1.5, 3, 4.5 h) and PAA and
(b) degree of imidization as a function of reaction time.
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Table 1. Solubility of Polyimide

Sample NMP DMF DMAc DMACc/LICl  THF
PI-0.5 h ++ ++ ++ ++ -
PI-1.5 h ++ ++ ++ ++ -
PI-3 h ++ ++ ++ ++ -
PI-4.5 h ++ ++ ++ ++ -

++ : soluble at room temperature
+ : soluble at high temperature
- insoluble

25
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0.0 + + - v
0 1000 2000 3000 4000

Capacity (mAh g)
Figure 5. First charge-discharge curves of two Si electrodes having
either PI or PVDF binder (voltage : 0.05-2.0 V vs Li/Li’, current
density : 200 mA g”).
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Figure 6. Cyclic voltammogram of the PI and PVDF electrodes

between 0.05 and 2.0V at 0.2 mV s™.
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Figure 7. SEM images of Si electrodes at fully discharged states.
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Figure 8. Cycle performance of the PI and PVDF electrodes operated
at a current density of 1,200 mA g'1 for 10 cycles.

T

0.5 V ol3telA] PVDF HlQIEAE e g B3l £
SR Zlo] BAHIYTE o AR BAH] 98 U E A4F ol

3@ ¢
|

1E-r =, 31, 71 A= Figure 69 YER]
%7 F4 ZA3 FA18H) PL RFQIE 7} PVDF HEQIH 9= v}
ek o1& F3l, Pk A713}
Hk-S-of Fojslal 9l2o] gelEgl
Tof EA3R= =07} Bl F ol st
14531 Qlrh26]. 3HAIE), o] Whe-2 A S aellA
oA Wh-gol, o]Z Qg AE A=Y r)sket
7] wite] PIE A2 A= nlelgg A
dle A8 ZA7E ik ol AEEn 2E olo] Whgst
= & ¥3+& PI7F PVDFRETE 4 a9, 7] W $9%% PI7k
PVDFRET} #A] A=l olF RA3sta AthFigure 5).
olg} 72 pI wRIE 9] AAE W7|EetE 5L 7] T
Ay AT A= BZ2A] HEE SR 2o 7lssit
Figure 72] FE-SEM ©|w|x|of|A] #zkel ulel o], PVDF ulele 7}
Agd AT ZleE & Aol FAHN o PI vIv] e A
AT BEZZA7L 7 A=A Q) ol PI vlRIt] ] gt A ake o]
Ao T Al sk 23] B e = 72 BE 4
3] dAleta vk vkolth g, PL (Mw = 10,945)2] A
o] PVDF (Mw = 350,000)°] 1/32 %95 7ActshH, A= viole] &
Y= g Avka ekl
A&l F0 AElelA Y Pl HRIE Y A5S detElr] 94,
A2 d=to] AgE WE X2 25 T Y 54& BRI F
A 2138 AFUE 1,200 mA glollA 0.05~2.0 Ve HehH 9ol
CC R 218313 t) Figure 8o YR nle} o] PVDF HIRIH
v 890 F43] "olA 53] F - WA o]F A9 BE g7k &4
ATk AR, PL vRIE O] - 2714%<] 1213 mAh g' = PVDF
uleIE}(714 mAh g )BT} oF 500 mAh g o1A+9] =& 7hS e

2 g
o o
=
olo
o
)
2
ol
21
327
2 dfo
L
— o
3
i)

ol N

r oo @ o
|
£l
REe

N

d

2

o
i
(ot
o
of
2
O,
=)

i
2

o
L
i

|
X

ol
P
rlr

[F oo X rEorlr k1% 3@ oo



oAl delE A=

15
— Pl
12 ] T PV dE
g
=
N
&
i
(s
2
w
34
0 . r r
0.0 0.5 1.0 1.5 2.0
Depth (um)
(@)

& &l Eelolm= =Rl 679

0.5
— Pl
= 04] — PVdF
=3
= 0.3
=y
[
g 0.2
8
S 0.1
<<
0.0 T T .
0 50 100 150 200
Time (sec)
(b

Figure 9. (a) Shear stress (vs depth) of PI and PVDF electrodes during the cutting mode in SAICAS, (b) adhesion strength (vs time) of PI and

PVDF electrodes during the peeling mode in SAICAS.
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