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Preparation of Si/C Anode with PVA Nanocomposite for

Lithium-ion Battery using Electrohydrodynamic Method

Hui Cheol Jeong

Department of Chemical Engineering, The Graduate School

Pukyong National University

Abstract

Silicon (Si) is considered to be a promising anode material for next-
generation lithium ion batteries (LIBs) due to its extremely large capacity
of 4,200 mAh/g (Li4.4Si phase). However its large volume change during
charging and discharging leads to a severe crack in the electrode and
rapid capacity decrease. Fortunately, a size dependence of fracture was
discovered and it turned out that there is a critical size of ~150 nm for
avoiding fracture in Si nanoparticles. Meanwhile, a binder is
homogeneously mixed with active materials to withstand the volume
change but large volume expansion drops its cohesiveness. Polyvinyl
alcohol (PVA) is known to form a hydrogen bonding with partially
hydrolyzed silicon oxide layer on Si nanoparticles. For this reason, PVA
replaces existing binders like PVDF, SBR/CMC in the Si based LIBs but

the cracks in the overall structure of the electrode caused by large

Vii



volume change still happens.

To overcome this binder problem, we have introduced
electrohydrodynamic methods (electrospray/electrospinning). By using
electrospraying method, PVA nanoparticles were added to make
adhesive pores through the drying process to withstand the expansion
of Si nanoparticles. By using electrospinning method, the resulting
nanofibrous PVA structures were expected to stably weave the active
materials. Stresses from the large volume expansion of Si nanoparticles
could be spread out and the loss of the electrical contact from the
contraction of Si nanoparticles could be eliminated by the elasticity of
nanofibrous PVA structures.

Accordingly, we have confirmed that the capacity retention of Si-based
LIBs using electrospun PVA matrix is much higher compared to the
electrospraying method and the conservative method (only dissolving in
the slurry); the 25th cycle capacity retention ratio based on the 2nd cycle
was 37% for the electrode with electrospun PVA matrix, compared to 22,
27, and 8% for the electrodes with the electrosprayed PVA, PVdF and

PVA binders, respectively.

viii



dojatete] ¥AZ Foll A2 WP F5tL oy, 53] o=
IT(information technology)?]&0] =%A|A LEdto] et opget §od
RAR7]1719] AH&o] F7tstal ot ol2dt WA-S Fol Hx At a0
Tofl glol AAF717]19] AMgo] Jhsoig o AR BEol LAQ HEow

Arelteh. BO1@ MRS ALEAIZRE A2 ouAl AR o3
ARy e olejg Axle Wi o] MAY T U
AR e wasoz Wasojop k. 2008 WAlE M|
Mot £ Wol #rda Aush A9tk 1 shis LAHEROIA
ol 20| WHo|x, ThE s ASALY Aol o7&
o] olabEAIY WEHA HL 2 Vel

= Y
AsHY, 30 Wh/kge] 3d9d oyXx|Z=et 100 Wh/LE dA] Xst+=

ro

= —
2y ouAUEE L Jglou 1990 Eo]  Agatd
FolRAAY AL 3.7V oy &2 AEALY AFTFL /IFO2 200

Wh/kgo FFF oUX|E=e 600 Wh/LO] RmF UAUES 7HX]L
Aol 71719] ggeter Bishe] TE axdS FFAZE & UAJH1L
AR 71€9 TR g oA TEo W3t= Figure 10| YEHITh
olxAAIY AFA Ni-MH X9 Qo= we ASALH x| L]
AE KRl RTE . =2 RS dige= sojHIE
A 7| AH=-RAHhybrid electric vehicle, HEV)o]| &€Aj&lo] & £2-& vtu 9t}
J=iy 23 F591 Qe 2819 stoldel= H7]|AHsAH(plug-in hybrid
electric vehicle, PHEV) @ X 7] X=X} electric vehicle, EV)o]] A-85}7]0f| =
50| @A UL Qo] ke 834u £ UEst: 2 FoledAs}

2 z22 wn o)

2l &°l2

r2

Aol §Fe F2 F3W 239 §Yo o5 AP G2

-1 -



e 839 YFoleAAE AU AMAL FIold 339 2R
Y5 ot Az AA Mgo Wasih 55 g3z F2

ASEE gAK 22 @E ol shbt 6719 @AS AR G
Aol wsiA b 2 U 8Fol APHolch FH  nEY
SoleAxY 23 ARA B ol2d 8FL L A E(S)B3-6]
ZH(Sn)7-8], AENBY(SHI9-10], HIABEBO-11] 5o F5T2
ARt 222 wa QoHI2). 22U oled 2433 o3 A A
oz B9 Wap}l FuE7] G2 o] Fdo| WAL

Afo2o] W] wat 2ol FAs AAg B
Jlemoz axde] Y& ARl F™ol WAIsHA glotop shid,
Uxte] %9 150 nm olate] AZolME FHol WAISHA ¢ru steimoz
289 AU LAt s Aol WAFTHI3L o2 olgdtel, WeEe
Uheofolol[14], F3F UAHISL Zol@ Felo) YRH1El 52 Fol
FPE oLt Yresd EQe UWHOR ke

gto] o2 AA o ool & ==l

et
rh

=
ol
o
off

[

iz

ol
o
)
=)
Mo
é o
o
oo
j
4



400
<300 8
= 5
S E
2 5
2 200
()]
o
o
o))
o)
o 100 Lead-
:
Lighter weight e
0
0 50 100 150 200 250 300

Enegy density (Wh/kg)

Figure 1. Comparison of the different battery technologies in terms of

volumetric and gravimetric energy densities[2].
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Table 1. Characteristics of commercial Li-ion battery

cathode materials[17].

Theoretical | Commercial Average
Net density
Compounds capacity capacity potential 3
o (8/cm”)
(mAh/g) (mAh/g) (V vs Li/Li+)
LiCoO3 274 ~150 3.9 5.1
LiNiO, 275 215 3.7 4.7
LiNi(1-xCo0xO2
~280 ~180 3.8 4.8
(0.2<x<0.5)
LiNi1/3Mn1/3CO1/302 278 ~154 3.7 4.8
LiNig.sMng 502 280 130~140 3.8 4.6
LiMn,04 148 ~130 4.0 4.2
LiMnz-yMxO4
148 ~100 4.0 4.2
(M=Al, Li, etc.)
LiFePo4 170 ~160 3.4 3.6
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Table 2. Electrolytes for lithium secondary battery[17].

organic solvent

Solid
Liquid Ionic liquid Gel polymer
polymer
electrolyte electrolyte electrolyte
electrolyte
temperature polymer +
polymer +

organic solvent

Composition molten salt +
+ lithium salt lithium salt
lithium salt + lithium salt
Ionic . ‘ relatively
conductivity high L low high
Low
temperature relatively boor D relatively
property good good
High
¢ t relatively
emperature poor good good
good
property
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2.3.5. Fa9

SoledAg wste 1 A2 AsIsket wgo] Aelsix 2k
g AAAE ARE AEAI7] Yotel AR 2AF olo] ol Fshe
A22 Agste, F2 239 2AR AEL Est: Fad 2AEA
F3. &3, szt A A HE L EA] T FFS AL A
A7 59 shelct. x| UolMel AslUel S4S ©g s olsfsh]
AL BTt sl 15 U S42 shotsts Zlo] e Fastct

Ol 2MA & %2 & nmolA & pm 3719 7]FZ ZA= U4

o3y DEA golch sbg @l AgHD Qr RemozAr
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Za]o|d3(polyethylene, PE), Za|=zd3(polypropylene, PP) 509]
22 &2 W(polyolefin)AE & & UAeH ols2 42t 7148 F= %
shebd ogde JMNL glon b4 E§ we Aol rH30-32l
Argstel Bajake of7f 0.03~1 pm 3719 7|23} 30~50 % AT
712 & (porosity)= UE 1, A M & =(thermal shutdown
temperature, PE: ~135 °C, pp: ~165 "C)7} ¥t}. e}y Yy eto g AKX
U 2271 843 468 4% 2Tl &850l 71352 HZe=HN IF
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g9&3 o
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Table 3. Characteristics of separators.

Parameter

Value

Thickness *"
Electrical resistance
Electrical resistance

Gurley d
Pore size ©
Porosity
Puncture strength d
Mix penetration strength
Shrinkage
Tensile strength h
Shutdown temp
High-temp melt integrity
Wettability
Chemical stability
Dimensional stability

skew

<25 nym

< 8 (MacMullin, ‘dimensionless)

< 2 Ohms cm?”

~ 25 s/mil

<1 pm

~40 %

> 300 kgf/mil

> 100 kgf/mil

<5 % in both MD & TD

< 2 % offset at 1000 psi

~130 °C

> 150 °C

completely wet out in typical battery electrolyte
stable in battery for long period of time
separator should lay flat; be stable in electrolyte

< 0.2 mm/m

®ASTM(American Society for Testing and Materials) D5947-96. "ASTM D2103.
°D.L. Caldwell, K.A. Pouch, U.S. Patent 4,464, 238(1984). ASTM D726. °ASTM
E128-99. 'ASTM D3763. 8ASTN D1204. "ASTM D882.
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Figure 5. Volumetric change of graphite in accordance with charging.
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(a) Spot adhesion

(b) Interfacial adhesion
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(c) Degradation of conductivity

Figure 6. Adhesion model of binder in the active materials.
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2.3.8. PVA

284 1FARI ZH]d Y A-E(polyvinyl alcohol)> ZZ|H|'JotAH0|E
(polyvinyl  acetate)dFAS  F¥st]  dZA =AM Hg)
(saponification)S &3] A|&R3$IcH33-34]. PVA:=  Ast%(degree of
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ol QItH38-39]. PVAQ & oA 2 o J}AAS 100~140 °C o],
SAIZie] JtdRE Webt ot 160 °C AEOIH PAS Wt Loju]
AAFste] 1 ool MAS] APE| D, 300 °C $2o)4 BT PVAS)
sttt x = Figure 79 =9} A3te ZRjojo] <3t £/ Figure 89]
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2.3.8.1. HIQI 2 49] PVA

50| 2FX]9] vQIfzA PVA:= H-NMR(proton nuclear magnetic
resonance), TGA(thermogravimetric analysis), DSC(differential scanning
calorimeter) 24 & 31 @A, 7Sk Aol AEHIL
PVAL 713 &3l ALSEE PVAFuTH =& HAS wozLh o]

Awe PVAY Edsts 24kl dgol

AMAdst7] w20 PVAE Huo wsist
wR1517] ol Atrte] 5 2
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>
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HO |,

Figure 7. Molecular structure of PVA.
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Increased viscosity

Tensile strength, Water resistance

Increased flexibility
Water sensitivity Adhesive strength, Solvent resistance
Easy solution Oxygen-barrier property

Molecular weight (DP)
I >

|
Saponification (DS)
Increased flexibility Increased Water resistance
Water sensitivity Tensile strength, Solvent resistance

Adhesion to hydrophobic surface Oxygen-barrier property

Adhesion to hydrophilic surface

Figure 8. PVA features according to DP and DS[40]
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2.4. Electrohydrodynamics(electrospinning, electrospraying)

2.4.1. Electrohydrodynamics?] #j7 =} €2

UL A9 (nanofiber)2 A|Rxst= dWHoz= t 29l(drawing), EIZHo|E

st (template synthesis), A} ¥32](phase separation), A}7] A &(self-

assembly), F7]'§AHelectrospinning) 5ol JATH50]. H7|GAPH2 Chget
=]

VA2 2 H nanofiberE A&A ol TiFez A4 £ Qe WUyolt
LN

17959 Bosex H‘UZHO 95| wAII Lo miFy e T2
TAGE 7 4 2% BUHOA 04 LAWET BEEHE NS
AT 19149 Zeleny= A7) sto|lA AAY-Eo] EUHASHA
coneo] PAE L, AA AL olFoA = W2o] oz Xog Axno] H=
dAre wrAstyich 1934W3t 1944F  Atolo] Formhals: A7

S
o] &3 AFAL WHE A4 7]z B 555 FYLsSHAUTHS1]. SHR|TH
19949 Reneker’} A7|9FAIHO| 9]5] PEO nanofiber& A7|7}A] fiber2]
A7o] YR shsold Agiol Qcke g2 we A7st WAEA et
A71YA7]e2 1009 AREH d3X 2 M2 7]s0] obdxzte I
Wt 717 Aute] 24 2 =AY Hi Q= kT]eo g

24 UYrolele] H97ba] 95 £ 9ol Bhe 2 WYL T Yt

o
=

B2 AZAPIeS o8N LEA ARE AEE & At 29l
HuEY Aot ol AVYAL Al AMEE AEA &4 2SS 2
24 7hsstd, olFA Ax" A A7l Y UkolHoN IAE
A OojER 7R st o] [7]EAHelectrospraying)=til gt

At 271: glo] EaE Pl s, A8H: 97189 FE.

al
A7|Ake] A7), goo] 4o what Fapct.
]

AP =52 S Y
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o]Atol ] TaylerconeC 2 UaZl PxF wgo] FuFojx A=
Figure 9 o= o] g2 UEPd 2Aloltt. Jeto] Fert @2 &40 F&
A o So o)A ¥re 2 2alstc}. a2y ALl =S QoMo AL jet:
B R 4n $A7)(collector)Z O & o]EslHA LUj7} ZuslA H

U g7t ol Al gt

d < o8 oA ot EAIE o, ARG wigo] 47t
g 23 F30] PYE = Rayleigh instabilityE ZA ot 1L@2A}

< 37190 =9 FHo] osf I mEZ s, I ohEo] AFA
ARt JolA fd4d 2719 JAE wEo WA EHol AHAMA
A71#At2 dol7H ©th. o]ZA2 Figure 10014 glgd £ ot
A71gAreE A7 2AHE 9 ZYl9] L2+ Figure 110] e QITH52].
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Figure 9. Hydrodynamic instability of drawn fibers[53].
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Figure 10. Development of instability of electrospun micro-fibers[53].
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Metal Electrode
- Electrospinning Electrospray

High Voltage
Power Supply

Charged Fibers prirged Drops

Grounded Collection Plate

Figure 11. Schematic diagram of the electrospinning and

electrospray processes[52].
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2.4.4. gujo] J3F

L= DEA 899 AN J|A &% (conductivity), -§F-&(dielectric
constant), d =(viscosity)ol &S F7] "o H7GAtol] o3t ol
molt= &uf gHEo]| w2t WHalstA "ot &ujo] F=7ol RoH FHo
@2 o]FoA =Fi S737](collector)Ato]l9] AL A2 Aol EolE
ga, 23710 2% W JE7E fRIEH= FAol Ao SHAT F=Hol
HUE 32 3¢ A7I2A Al =5 BoA 2+ 4ol BAste TRl g0
&Uuje] ¢ charge?t § 37 Z27] g, gA&° 2 &Us
=) w2 PR AFS 22 & Jo. &l HVNPEETL
245 JAA g9 HA==rF AR wigo] FAZ|LA Al FA7N%
Hold  Astde 57 7HAA o olz Qs kZEoA HlEEH=

g2 Foldrle Aol ARA ol Meu st AFL Fols

2.45. RA7|WAL 339 =4
2.4.5.1. A L(voltage)

7179 A7l A FElol 2 FF2 tlRl= Aoz A 58]
Table 40]= Aol ThE RN YA JEIE HERAJATHSI). Lutxo=z
M71ge] M717t F7kgto]l wetd  dripping FEfOIA  cone-jet FEjR
vtk |5 &2 JA713AAE &9 FAE SRS TEAY o2
719 jetz YAE =S ghEo] YA 377t FLSHA] @Al HoH60].
cone-jet FEH= AT 7|9 W2 IFHe=z TS| HIL
FEjoltt. AZIMALE & ol AYY A7I7t FUhstH gEolu fx9
A7go] AopRA "t AT AARYS FolAA =Y multi-jet FEI7}
g0l dojxl& ARy VRS 2717t Atol7t uA
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2.45.2. 2U4 % (feed rate)

¢t 3719 ARE /RIS HsiAdE ATIGAL Al FASE
x72st0] Taylerconeo] {AE=5 3stojof ot AZYALE F3l H4

Zstax} 5tAS W FUAKETE S7t6tH UAHbead)?] JE 2 TSoi7
FALE7E 245 F71 So2 s ARy ARt Aol FrstAl =
47t Eobrtz] At Alzro] sojdth. 1 Ad wfFo] 2A7](collector)
7HA] &7t AAE SEe ARto] glenz YEHVF Ao {A=A g2
ARY 4R dojRln. meEpA FASETE FrbstE AYe 3] et
S718loF 2%t FEHE FRIE 4 ATH501

mlm fuj

2.4.5.3. :=Z(nozzle)

w50 A7(diameter)e A7/FAY Aol JFL FA ok Yol
e =32 dolule] 2712 FY B ohia A/IWAVL H: S ol
g9 w3 FEst A7] G| wZo| W5k Fyo FolsA it
A9 317t e =5 ASSY w39 Eol T W2(dropletd]
3717b Folgol, Weo EWFol FI/KITH50L IU Yol ug
sow A Rotn D £ SR FErt o Aol AL

Y79 =& AHE517]71 Brt5stiot
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Table 4. Characteristic features of the modes of EHD spraying[59].

Mode of spraying | Forms of liquid Dynamics of meniscus/jet | Spray pattern
1. Dripping Meniscus: Semi-spherical. Axially vibrating Single drop (with siblings)
Drop: simple spherical
) (with trailing thread or sibling).
@]
2. Micro-dripping | Meniscus: cone/hemispherical. Axially stable Linear series of droplets
ten Drop: small, simple spherical (accompanied with fine mist)
i (in some cases with trailing/leading thread).
o/
@]
3. Spindle Meniscus: cone/semi-spherical. Axially vibrating Spindles disrupting into small
i Drop: elongated fragment of liquid droplets
A (spindle)(with trailing thread).
u
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4. Multi-spindle
==

\

Meniscus: flat/multi-cone.
Drops: multiple spindles

(with leading/trailing thread).

Stable/Lateral vibrating

Spindles around the axis disrupting

into small droplets

5. Ramified-

meniscus

fr\&

Meniscus: irregular short jets.
Oriented in random directions.

Drops: irregular fragments of liquids.

Irregularly deformed

Fragment of liquids sputtered in

different directions

6. Oscillating-jet

Meniscus: skewed, oscillating cone.

Jet: linear, oscillating in a plane.

Oscillating in a plane, kink

instabilities at its end

Droplets sprayed in ellipsoidal-base

cone

Meniscus: skewed, rotating cone.
Jet: spiral, rotating around the capillary

axis.

Rotating around the
capillary axis, spiral
instabilities.

Fine aerosol sprayed in a regular

cone
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8. Cone-jet Meniscus: cone (linear, concave, convex, | Axially stable, varicose or | Fine aerosol sprayed in regular
skewed) kink instabilities. cone

Jet: simple straight linear.

9. Multi-jet Meniscus: flat, with small cones on the rim. | Stable (usually with kink | Fine aerosol sprayed in distinct
& 1 Jet: linear, multiple. instabilities) directions
10. Ramified-jet Meniscus: cone. Mother jet with randomly | Droplets sprayed around the
Jet: linear, ramified in random directions. changed sub-jets capillary axis

47 -



3.1. A%

odt

W

Polyvinyl alcohol(PVA, Mw = 30,000-50,000, Mw = 130,000), Triton X-
100, dimethyl sulfoxide(DMSO)- Sigma-Aldricho|A] JLofjs}3ioy,
polyvinylidene fluoride(PVdF, Mw = 600,000), N-Methyl-2-pyrrolidone
(NMP), silicon nanopowder(99+%, 100 nm), mesocarbon microbeads
graphite powder(MCMB, A 4}A 82k 345.2 mAh/g), TIMCAL Super P A
w2 FHREALS MTI Koreaold FUlsteich. FHEEae wolge 22
A7) 9ol AL A AEQBAIH 150 ‘ColA & A7 AX T AR
I, o] 9o 7Y BE Aok Sud A glol AHgstct. @yt

P

std Edat AA|Q 15 532 2032 coin cellZ AE35to] ¥HE

Holgl Thojo] £52 motaxl PVAFE o] &3 WIL PVAF-E, PVAS
o] &35t XN=2X2 PVA-E 2]l o]of| electrospinningd} electrospraying<

17t ESpinPVA-E, ESprayPVA-E ©2 m7|3tc}. PVAF-E9]

F7He B3 47
A9 MIzeal2 Mzstz] 9Jstel NMPo| PVAF(Mw = 600,000, 10

wt. %)5 F7iet & e AP 7HF utadY WE]E o]85to @3] =<l
£ Si nanopowder(25 wt. %), MCMB(50 wt. %), E=ERAIZA ANzH
72E34(15 wt. %)2 A7Istq 3ARPEE 43 JHE7E 2 7R

Ak, PVA-E, ESpinPVA-E, ESprayPVA-E 2] 739 NMPe} PVdF
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il DMSO% PVAZ 2 o2 Agstidl ot uleloz Apgsl:

PVAFet PVAZH 83isl: Ul ch2oz WZAs: Zloln, o3 A3

Axsgol Ui RE ol =7] geo] Y@As uxE JFe
AR

ojo]stcta 2 4 9lck

i)
)
|m
=2
>
~J
(]
oﬂ
hu
S
2
Y
]
i
9%
fo
2]
ok
o
rle
=2
o)

ESpinPVA-E, ESprayPVA-E = 0|3 Z7}89l A7|4Al/A7|8AF 24
A¥ % Azstoct

3.2.2. A71GA/A712AF 373

PVA(Mw = 130,000)2t Z/4+E A7IYAR 4L 11109 FJH|=
HM718Ae] 39 11139 Fu|2 EFste] 80 ColA vy d wybr|s
o]-g3to] 2AIF ol ¥R =Ah A27HA] ARl & AV|ZAE AT
R71HALE Qg gHogt AHEAQ Triton X-1002 U]F A7t & 84
Co. Korea)E ©]&sto] &2 ZH7F 10 ml9] E2tAH syringeo] d9]
Zy|stct. A7|9AL/ A7 2AL A] syringe tipo|A] collectorZtx]e] #H2]Ql
TCD(Tip-to-collector distance)= 15 cmz sttt E3H QA7 AYL
20 kVolQi1, goo] Wkl £ &L 1.0 mli/h2 st AI|WAL/ A7 A=
ESpinPVA-E, ESprayPVA-EZ2 93] Zu|st AN2&yt =z
Fejado] 919 2o g 1A S AILA/ AT ZALE SHAH.
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AMAX glove box QA A xEgon, Ax=E 220 2§ YL A
A= A 728207 o]8&5t¥ 1L Celgard 2500 separatorsS w2jatoz
Atgstgct. AL 1 M LiPFg EC(ethylene carbonate)/DMC (dimethyl
carbonate)/DEC(diethyl carbonate) (1:1:1 v/v/v)& ©0]&35}3 1 A X9
AL Crimping IS olgatgch. AatE Mxe] FuWA HAEL
Hjglg] &-9A7](WBCS3000L, WonAtech Co. Korea)& AHE5to] 0.01~1.0
Vol AN £3PstR L FYAEEE 0.1 C-ratez F3ystch. E3L

29 542 gAst] 93] 25 cyclertr] AL 2SI

3.2.3.3. doHA BEIH(EIS, electrical impedance spectroscopy)

=4y 24 PVAS A7l et wststs Mol wWets BAS
o] QmuA EaWS o]23590nw PVAF-E, PVA-E, ESpinPVA-E,
ESprayPVA-E9| ®IE HX|S FHd ZHS Bdd HHS doux
B AR (ZIVE SP1, WonAtech Co.)& o] &5to] Fo}4 50 mHz oA 100

kHz H9Io1A 30 mVe] AZo 2 SAstgirt.

3.2.4. Morphology

ESpinPVA-EQ] A71YALE a9 FEl= FAMEALAD7(SEM, scanning
electron microscopy, S-2700, Hitachi Co. Japan)S o] 835} &Q1519ct.

&2 19t H|& 3t1 7FEAYL 15 kVE Q715
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& QUTH62].

RR/AAY APUS FHTEE /L o] PF ole ¥R
R

wEsts 230 F2 AgHE Wuolch ol 2AY FS =
Sl Ay

g IF ole SE st WAL wetd 3L

X

NEES AT AL U URA FHs| SN 2%

=
=2 ar
4 gooz YAR/AHL NFWS Agstl FF ALY WA
_]

JARE 542 stn olold FPY FHL otol HEs FHT 2 9
Jfos SAMY fEoleAAY FWA JVld: FER/PALW
72 Zguc

Figure 12 PVdF-E, PVA-E, ESprayPVA-E 9] Z-4}A A|do] Aitz
M3 w2 29 S4e Wohshrl sl AWEPen 0.1 C-rate
0.01~1.0 VO] ®oA AP At A WA Afo]Z9] PVAF-E, PVA-E,
ESpinPVA-E, ESprayPVA-E 9] wtd8&=ko Z+7F 807, 952, 1137, 1182
mAh/go]| ). Siet Ceo] o]2X gk 4200, 372 mAh/gOo2A AZE
Azt "lgo o2t AMZ o 1236 mAh/golth. A WA Apo] 2
SEIF/dol 7199gt &30l 13%7] gZo] FX|9 A-AAQ 7t9¥S A+
€32 F WA Ato] 24 &9l 7535te PVAF-E, PVA-E, ESpinPVA-E,
ESprayPVA-E= ZtZ} o]|24& 87F9] 39, 64, 88, 67 %2 AitS HoFct

PVAF-E= 5 WA Ato]3oA &F2 485 mAh/goz T &FG4E
HAW ol o] Ato]ZoME FA3] Fastrt ol WA Abol 204
250 mAh/gZ&olA 2 Wt Qlo] &Fol AAs] FastAo o=
obgidol Y&E PVAFuRIEiel MCMB7F o= Axol &2 Qx|o
Z1015t7] WiZolct. spA|gt PVAFEIQIE = Si2 &4l g B, +58
T27bA] ®sto] viQIEeh AL Apolof] A71A wfo] F2s] KPHTH63].
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PVA-EL Chl WA Alol27kx: Mgl 49 542 Bk ol
PVAFuleltiel @2 PVAlelclel 943 A& Syoz Aste i
BegAte] WM 2HME AR AR B SANE o=
sfotgich. JEu gAY ARte] B SAEGD SHtE AAA
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177t gutst Aoz o ke 83 etk A71EAd
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§ol o 44" 2+ 9
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Figure 13& ESpinPVA-E 9] 4£% EXS& PVAdF-E, PVA-EQ} H|ugt
Jdj=o]n, ESprayPVA-EQt Z2 =z =
Az"E PVA yxMHag+e AX AT 2x2E 9

590 T yuol s 2300 2L 2 e PEY FYHE A
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A7kelE g 7 4 oA FITH49, 63]. ol U PVA-ESH- e] A%
29R8t Fo1SUL ASTHA WA Alo]2o] 4£¥L 310 mAh/go A
= ¥R Aol o] 37 %7} SA=lgon o ge PVAF-E, PVA-E
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Figure 12.

*PVDF-E +PVA-E +ESpayPVA-E

e o | 11 '
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Cyclic performance of the ESprayPVA-E compared with
PVdF-E and PVA-E.
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Figure 13. Cyclic performance of the ESpinPVA-E compared with
PVdF-E and PVA-E.
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A7TGA/RAZ1 2 oA TSk 2420 o Zaz wdddh
RPN = BBEUE &= E22A 5ol == HPL= Si
Yrdats A7) AE/do] Honz EZdy =AY JFol uAls
FERE 27t AgE 2 220 a5 met ¥l o] @Aste] AU1H
o] BEXoz Arjn AVIGA/A7IZANE FEZ QA olHFT ZAI7L
gotey HA 27t oAl A" weba gEstA] xRt 33 S4o)
ST o) W] gAag2 iz gEd 34dol A==
F&ESHQUE= Si U=ARPT WAFste] A7IA DEo]l BAYSIAE  HEol
oAl M| A7] dizolct. A5 ®iK Ato] 20X = ESprayPVA-Ex PVdF-E,
PVA-E9} Zo] 5o Yo aued Zez Hop Si LAt
A2 LEsH olRARX] YgS & 4 UXTL ESpinPVA-Ex o713
oo

1HA] 2 TAE UMY Si YAt F-9do] AaPey A3
o 4 k. Es] HAY pgto] E5] 71 Ho2 Mol 2R =als}
doju B0l 3 H=XW AL AALHL YFS & 5+ A
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1.2
20th 10th 5th 2nd

Voltage (V)

2nd
0 200 400 600 800 1000
Capacity (mAh/g)

Figure 14. Charge-discharge curves of the PVdF-E at 2nd, 5th, 10th
and 20th.

- 60 -



1.2

. | 20th 10th 5th 2nd
S 0.8 -
Q
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=
O
> 0.4

0.2

20th th 5th  2nd
0 200 400 600 800 1000
Capacity (mAh/g)

Figure 15. Charge-discharge curves of the PVA-E at 2nd, 5th, 10th and
20th.
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1.2
20th 10th 5th 2nd

Voltage (V)

200 400 600 800 1000

Capacity (mAh/g)

Figure 16. Charge-discharge curves of the ESprayPVA-E at 2nd, 5th,
10th and 20th.
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Figure 17. Charge-discharge curves of the ESpinPVA-E at 2nd, 5th,
10th and 20th.
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4.3. AuHAA HEBH(E[S, electrical impedance spectroscopy)
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opRlep 45°9) Zte2 Wolurh: Rypp(R) S22 A" A%k Z2
S7H2E 4% & ol ZAIFA 2F Z 29 non-linear least square
fittingg 345t o288 77| NG A o= £X9] PZ Ao E 5
o dojdl g2 F5fl AA AJoIAd &4 J&F AZol ARst= A
3715 mosto Arjstst ¥ WAUE 2 §42 A5 . Figure
1991 & 30149 54 Adol T EIS 43 235 Uedd=d,
Aol WotdaE £ M whd Aol F3ol LET, H|71Y ¥ES9]

27t 42 AF Rem ©1 F70H= AEZ BHT £ AY. o2 EIS

Ade EXMAMoz AAES xHst & OCV(open circuit voltage)ol A
AoEr s FAsHAY, 242 9o HRASHY FHAGEHCA OE AYGolA 5
mV FE2 10 mV o|jol4 AHgdtch. 240 mat b2 NARS Ueryo

]

AAE AASAY AlolZ £4 & Aaks x7)0] At wl@sto] Bl

7}s-shet62].

Figure 20%E| Figure 237}X]= PVdF-E, PVA-E, ESprayPVA-E,

=L}
77} Gepfict. weo] Hnge BRI Z.go] Hathde] T
A ggro.2 PVAF-E, PVA-E, ESprayPVA-E, ESpinPVA-EX 72t7}F 3
120, 240 QO 24, o] Fo| ¥4 FIIA Li o9 M
dojpy] ofele oz WU 2 9k EIS AMEL (A2 Hatd
Aol 89 et WA HERct ¥ %S A =i, ol
389 Adoldr WYl 3 RN AFel Ao Si
Begabt 2557 ggd 2Esoz MM Gatel wAstel Aol
Z7kte Aoz WUE 2 91, FRR/AAY AWM BTE
SR WSt /1R Dol EAJF Aolat WLty Ax|dt.
PVAF-E9] Ashd2 Mol &5 2 olgt PVdFulIte Syoz
A3 Si Ue=QRte] B 252 welrtxl Rote] o] Folx7] G2
Agol A Z7Hch PVA-ESH ESprayPVA-E: $3® AeolA

- 65 -



AYPe QAL WAE AHHlY AYS  ESprayPVA-EL W
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YA PVA-EHCH o Yo RPS 7ML Aoz AZEch ESpinPVA-
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(c)
Figure 18. (a)Nyquist plot, (b)general form of Nyquist plot for

the battery and (c)its equivalent circuit[62].
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Ly QM

Figure 19. EIS results of the graphite anode according to the charge
voltage[62].
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Figure 20. EIS results of the PVdF-E.
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Figure 21. EIS results of the PVA-E.
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Figure 22. EIS results of the ESprayPVA-E.
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Figure 23. EIS results of the ESpinPVA-E.

-72 -

600



4.4. Morphology

Figure 24= ESpinPVA-EQ SEM AlXlo=2A A7|9AE  PVA
£ WEY 4 ok PVA Un¥eE 1 m olste] ot F71=

191‘
EAist AxRPS AREA dR718 A &2 Bak

A & ot
ol2dt PVA Ui et 3o Wy 2504 WA JAY 2
Zue Agstel, S8 FFIHOlN WASE A/HY Ut Sy
S5 Folxt A¥e Pl Hrt. SAY EIS EHNE AT > U5
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Figure 24. SEM image of the ESpinPVA-E.
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