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A Ed olgst ZAIRS aldsty] Sl 2 AFelde wE S5
(Metal Foam) 2 %= (Cathode) © & o]&ajx A= 34 Ut
Cell size 450ume®] 7 1.6mm =719 NiCrAl foam¥E A}E3}o]
oA 714 F7 ¢ Metal Foam Cathode® AZ33it); Metal foam=
L.6mmelA 0.5mm=zE 5 (Press) ¥ &8lg FH=Z ves SE4S
AL A, 1.6mm FAANA =4S A9 €31 0.5mm=E Pressst A
1.6mmolA &=L QY Yl firing 3 Fo] 0.5mm= Pressdst %

1.6mm FA] &EAS A1 pressZF = 2, 18317 0.5mmE

Discharge Testing), Charge-rate FTWd Ad, sadtdFH
(Cyclic  Voltammetry  Analysis) 2831 wFAIEAAH(AC
Impedance Analysis) 5742 dto] d7]slet4 545 463
PressE A& #4 Fol AA| sl=ifel wet Aso] =A skt
dE4S AF7] Aol metal foame pressst F=o] 22+ A3 (Bulk
Resistance) ¢] 4602 1811 Z3dtolE=A 38 (Charge  Transfer
Resistance)> 4.0Q0°.% 7pd &4 eyt A7 22 &9 FAY
£ T3t 71 13 kinetic performanceE ¢ 4 & Cyclic
Voltammetry oA %= FHto] A7/ (Peak current) 7} 0.3A/gC. 2 7} =7
Lhghth.
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of 22k AL 9.60Q, Aol ATFL 1107 7F4 IA gkt
e FAZ AvkE & IR U= metal frame©] 7] wliel As A
st (Triple Junction) ©] o} Hk-g-o] ©] wZ A 2=}

o] A%, metal foam< 1.6mmolA 0.omm=z F=231 5SS =)
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A1 HE

1.1 Li—1on battery

ACE, wEX 5 Fie AAAE Aol Bol Fu, AR

F2 olgdlE AEAE vAe @7 (Electric Vehicle) 2] A7}

)

HA I Q7] wiEe] &Y 9 w8+ Li—ionwE 2l A5 2

HU

ska QtH[1-6]. Lead—Acid, Ni—-Cd, Ni—MH, Li—ion #&°] =% 7}5
& e 2l 20417] FubRE @us] ATEo] gow, AFSoME &
Tof wgt geFstAl wig el sl AR 7], old A st wl

HElE FolA, Li—ion wWiHE 7} iR oyx A xAAvloz 713
Aghgd], 1 o] Li—ion HiE 27} Hold oA ek power S&=

T 97] wEolt} (specific Energy Density, 150—250 Wh Kg™!;

P

volumetric energy density, 250—350 Wh L7} specific power
density, 300-1500 W Kg™ ) [8—12]. tt& F4 7158 wEglEel vl
al Holdh &= Zhal AN, digtE &l AE38h7] Sl oy
A dEel Ar]stetA e ol FEoloF g

dee Folv WHORE A=l So7ks &4l daiA dAyst=
Ze] 9tk LiCoOs, LiMn,Os 183l LiFePO, 55 o] 2ol glom,

o] 59 &3} cyclic performances A7)+ WS toksith. 1



2
=
oo
1o
=4
g
1%
ftlo
o
ol
rlr
olr
ui
02
<
oZ
rE
o
2

71 nano size® Y=

gzdol gt ARt oYz}, =9 7 xE o RAN 5S4 &

Al AFESla 9= Li—ion ®E# Y] FH A A (current collector) &=

foil—types 223 ¢low oFFo= Al foilE 21 == Cu foil&
A3 Stk =3 559 Foil Yo7t 22 &84S =335t & 2

ohS Atole] Wil ol wiE S AlFET AWt ow  k=o] T

ol

= ¢F 100um A% 3}y, 1&Y

mlo

st AFe weee T %
7= 60umZ o grkTH24,25].

o 2 RS olux 43S s g4 o FAA Y o 6
wEolof s, FAA 42 A% BEA FTARE A4 w: Li ol

o] Eitdlo & A7t AojA|7] W] Ado] A fArk26]. it

d=dol T dHelA Eop AAE w foilvk FEdo] 27t o
Z dojdrt[27]. WA wE A9 Al foil, Cu foil 2831 #e|vha 2

o] geFo] AR O T HLS &% = EA wal wA ulSo|ol &b,

T s AR BAGAT A5 AW A 5ol o AolAA B
oh[28].

old wAIE ;MAst] S84 foil typedt 2 234 tilel 3xd o






1.2 Metal Foam Current Collector

Foil-type current collector?} #o] 2ztgdozw HIE WE H$
large—scale® WE7]od&= B2 FAlE0] %A, oldd EA=S A

a7 Q)8 22 thAalel Interdigitated rod ¥ interdigitated plate
electrode, textile 5 3x¢ 9% ¥ current collectore] tjst A7}
o] Fo FHtF[29-31]. AW, Interdigitated ¥ rod T+ interdigitated
plate electrode: & A7|Z W&7] =t o] Sl textile ¥
22 HlgE50 2 © 32 current collectori= A &o] AA 7] s}eH4]
EAo] v do] Qi

A= A RbE7] SEeb a5z Hoglo] AR H:
T7F vgERT 948 By =4 (Metal Foam)o] AbESth Figure
1.2.1°> Metal Foam® FARAA#T A (SEM, Scanning Electron
Microscope, JEOL—5600) ©]v]A| %, back—scattered electron (BSE)
detectorgd AFE33ith. Metal Foam? 7]|&2 T30 = Ho{glow,
Figure 1.2.1(@)°lA 2 #&9 ZolE Cell Sizeztil il o] Cell
sizeoll WeF Metal Foam® =7]& WAl €k Fo]7] wZol A& ¢
= A& =% ZHglel A F e oW A7) Pore sizedt
3l 3t} Figure 1.2.1(b)+= cell size7} 450 £ m<! Metal Foam©| t}.

Metal Foam®] A2} 2 Figure 1.2.29F o] =Y WA 3214

polyurethane|th7} #4-S sputtering 3Fil, polyurethanes tf 9-&

4
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T AESE FrHH o2 =+ (plating) & 3t} Polyurethanes #|A3}H7]
A dAeE Fal ek sk, H ¢ 32k current collector?l

metal foam<S & & Ut

§

= A, A=H3A (Triple Junction)©] @t} Triple Junction ©]gh
Figure 1.2.1(c) oA EAIHA|F] Metal frame ¥ &2 1837 A2
Al 7R Abel ] A golth. A &EA AloloA 2E o] o]
o]Fo] A olw Hslgg BHHF7] Qs AAE Fesirh Triple
Junction AAHE FF 8T current collector® 3l Q7] witel
gh-g-o] WA o] Fod ¢ gt}

A A Foil—type current collector® 2% dHFd o2 100umd = F
7ol dEde Abgetet, s o] FARY FHA 2o x5
oA current collectore} #2171 dojd 4 it}

kA9 Metal Foam?] 7% Metal Foam? FAWE FE2S A9
doja ghE7] dite] shie] 100um T8 A wHs 4 Sl

T 9= A3 9k (cathode)o] #&= 3t

f
iy

vl gkl FHA
e AL 55 (anode) = e W o R WE7] W] Rbgel

HAA o FofhA] s 540 AFgo] FojEo Fa 7 HlEE A



old AHAEL 7}A 11 Metal foam= cathode current collector® A}

tlo

&3l foil typed} Hlwsto] A+E SFATH32]. Foilell ®l&f %2 C-

rated] X S0l FA uta, ol 545 o Y] S&AH o @2

AT Eo] o] HA 1 Yr}[24,27,28,33,34]

A&t 8 i



&

SNU 5.0kV 10.1mm x30 SE(M)

Figure 1.2.1 SEM images of 3000um metal foam (a), 450um metal

foam (b), metal foam filled with active materials(c).

5 4 2T 8t
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Polyurethane

Metal Sputtered Metal Foam
Polyurethane
Metal Sputtering Metal Plating

Heat Treatment

Figure 1.2.2 Schematic diagram of fabrication of metal foam.



1.3 & 979 =53 2 UE
Li—ion W& ER, Ful¥E, Ry & &2 Fd§ d=x717]
of wo] AlgE glom 9 yelrt A7) (Electric Vehicle) ¥ =&
o= AREStth[1-6]. Li—ion wWiEglel& oe 7FA7F Qlow, O 5
Metal Foam WlE]|2]i= Foil-type #lElglel vls] e FHES 7HA 2
Aol I st W2 AFEo] M Eo $hrh([24,27,28,33,34].

SHARE Metal Foam cathode”} foil—type cathodeel ®H]3| =& C—
rateo] A Q713484 Aso] FA U A &l HASU[27], oA

nEeel A8HY) 9% A5 FAG A% we] WaeA AT

Metal Foam® EAS 2g]d A energy density® Z7FA7]= A7}

3 Q331 Metal Foam cathode®] A& v ol st A7 f & Q&)

2 A= Metal foam= cathode current collector® ©]8-3Fo] 2214

A=z s o, FAY I, AZ dA A AA Pressshi= A8, Pres

of WE AZ)HeH AEe B 4 ot wHe 2 AR R A



2.1 Metal Foam cathode®] #|2%t

Metal Foam< Alantum Corporation®]A #|Zst NiCrAl alloy foam
2 AFE3R Y. 33FY polyurethane©] Nig sputtering & =4S 3
T gH g E F3 polyurethanes EfY Ni foam substrate® Y=L}
1 o, w5 NiCrAl &= 993 & Ni foamel @32]& 8o NiCrAl
et foams ATt o] 3x¢Y NiCrAl foam® Z7]& 7FZ1cm A=
3cm®E F21.6mmE AFEFth NiCrA foaml? cell sizex= 450 g m=
AR Rl 7= 1.6mme]t.

Metal foam cathode®] E°7h= &&% &el8]l= Figure 2.1.13% 29|
=2t} LiFePO,/C (Hanwha Chemical Co., Korea) ¢ Super P Li

conductive carbon black (TIMCAL Ltd., Switzerland) “12 31 binder

o35S = Polyvinylidene fluoride (PVdf, Sigma—Aldrich) A 7}A
@S A HE 75:15:100% Ao £% TR wen 1§, Y
#-S N-—methyl—2—ptrrolidone (NMP, Sigma—Aldrich) &3} 4
oA 284 s wETh NMP= &3 <ol 3l pvdf &%

[o

S o Wtz E vkt LiFePO,/C 9F Super P Li conductive carbon

blacke] & &4 E=¢}t).

10



Preparation of Slurry

+'3‘-, "'%30 » H

LFP/C Carbon Black PVdF

NMP solution

Figure 2.1.1 Preparation of slurry for loading the slurry into metal

foam.
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g424 &8 2 WEZE Figure 2.1.29F #o] oAl 749 NiCrAl
Foamel <#dE MY cathodeE WEY. 1lem * 3cm 37]9
NiCrAl foame®] lcm * lemWE &2 &8 E AP, A= W

ol we} cathodeE 57HA & bt

19 cathode, NiCrAl foam< 500 #m® mechanical polishings 3
T &£98E AR F firings o A,

2% cathode, NiCrAl foamel €£28]& A-$1 firing & 3+ A.

i

3¥ cathode, 7] NiCrAl foam< WA 500 £ m%E pressdt & =&

|

il

HE A3 firings 3 3L

49 cathode, NiCrAl foamel] £&18]& AL § 5004 mE F& U+
firingS 3k 7l

59 cathode, NiCrAl foamell &£&#g]E A+ & firings 3 o5 500

pm=zE FE A

oAl 7FA] cathode® Figure 2.1.3% o] 233t}

N
2
2
%

JoAA firinge] Eo1zk=dl, ol £8dd = NMPE

718A 7171 S5t o2 AFE97]el 120 T 10hr o]/ st

O:

12



Preparation of Cathode

Metal foam Cell Size 450pum
Thickness: 1.6mm

size: lcm * 3cm

w=) Firing at 120°C

Polish Metal foam to 500um Load slurry by 1em * Iem

‘X:Z‘f‘fx
7 =) Firing at 120°C

AGTE T oo

Load Slurry by Iem * 1cm

# Firing at 120°C

Press Metal foam to 500um Load slurry by lem * lem

= Firing at 120°C

Load Slurry by lem * lem Press to 500pum

(5)

~" == Firing at 120°C =)

Load Slurry by lem * lem Press to 500pum

Figure 2.1.2 Schematic of Fabrication of Metal foam cathodes.
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Figure 2.1.3 Fabrication of Metal foam cathodes.
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2 2412 %@ metal foam cathode?] A= W=

i

T QTh

omV(1—-P) = 0,V (1-P" )

oV P =M,
V =tA
Vo=t A

(p: electrode density, o, mass density of the metal, V: volume
of the metal foam including the pore before pressing, V' : volume of
the metal foam including the pore after pressing, P: porosity of the
metal foam before pressing, P’ : porosity of the metal foam after
pressing, M,: mass of the active meterial in the metal foam, t:
thickness of the electrode before pressing, t° : thickness of the

electrode after pressing, A: one side of the electrode area= 1 cm?)
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2.2 Li vl A Az

Cell2 pure argon gas@® YA 3+ dry glove boxolA Z§ It}

A
Figure 2.2.13 o], z}zte] Wb o7 wtEolxzl of=28 g&zo] |9

o

A~

2 lem * lemE 98 5 dunt §2o0% AleR UF

30
r
W
M

719
T AN e, FF3h Sl tapE 2ok pouch el Bl

Cell& ¥ % ethylene carbonate(EC): diethyl carbonate (DEC)

ol

(1:1 v/v)°ll LiPFg 1Mo] Q= A3l&d-& €3l pouchs: HWHeTh 1

T Agow 14 s
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Stack Cathode, Separator and Anode

Cathode ~ Separator ~ Anode -Schematic of pouch cell

-Schematic of metal foam cell

Inject Electrolyte and cell in a Pouch

Figure 2.2.1 Schematic images of Li battery cell preparation.
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Z—A A (dFdA)galvanostatic WHOE AAHdE=Y, =
AL 2mAE, AL 2mA, 5mA, 10mA, C—rate 0.2, 0.5, 1.0, 2.00.%

Tk A W9l 25-4.0 VE RS vk o] Ao &F

=

€2 FA v]E, IR drop, Plateau voltageE #4

98 % 99tk

!
of
&
1
2
rlo

<879 AFH (Cyclic Voltammetry Analysis, CV)

oX
ojr
o

Ael B0 RS dolrRis Aoz o] wiEgle 77387

>
o;'
;9,

t}. 2.5—4.3 V Alo]o]lA] constant voltage scan rates
FolA At -9 Ady CV 42 WBCS3000 battery cycler
system (Figure 2.3.1) & A&t}

WFAGEAH (AC Impedance Analysis)& ©] HlEl2]o] WYP2Ag
Charge Transfer Resistance (A3} o] #3) 23 Mass Transfer
Resistance (4 Ag A3 o] o] 7HA] AFdEs BAL + 3

= Aoy, 47 AES TS WS A7l Fof two—electrode

system= AFEEA BA Gt Fa4 M= 10°904 0.01-0.02Hz,

signal of 5mV amplitude ©]1t}. AH| = electrochemical analyzer

(Model CHI608) (Figure 2.3.1)& AF2-3}4ith,

18



|

"’\‘ Bcsso 00

—_ PWH!rr

il R

Electrochemical analyzer
(CHI6084)

Figure2.3.1 WBCS3000 Battery Cycler System and Electrochemical

Analyzer (CHI6G08A).
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A 3 A AHAy
3.1 Thickness Effect

2 Ao = F7 1.6mm NiCrAl Foam< mechanical polishing9]
WHoE 500m=E Y &£¥EE Y1 firings ¥ (1)Polish—
Load—Fire cathode®} 1.6mm NiCrAl Foamel| €gl& Y1l firingst
(2)1.6mm—Load—Fire cathode F+ &2 #7384 AsS v|wd

At} 747} e] cathodeo] FEZ9 FA= 18mg cm 28 72mg cm 20]
o{

Weight Density

Type of Cathode Thickness (mg/cm2) | (g/cm3)

(1) Polish-Load-Fire 500pm 18 0.43
(2) 1.6mm-Load-Fire| 1600pum 72 0.53

Table3.1.1 Analytical data of (1)Polish—Load—Fire and (2)1.6mm-—

Load—Fire cathodes

20



Figure 3.1.1% Z}7}9] cathode® 2mAZ FH&

10mAZ A ¥ wdsh 2g2s vwsk Zojn, Wd 2 FHE T
o cell?]

Hek At (Plateau voltage) T-7Fo] Yete= A& &1 & 4 Sl
o] LiFeP049] E7Jolt}[35—-44]. Cathoded 3 Wol & FEZ 0]

LiFePOA3 FePOA F 7HA7F ¥F&38l7] wj&ol el Plateau

region®]t}. o] F 7] Aro] st s Aow WHIhH Aol FZHSH

Me &

o,
2
=
Ac)
52
2
N
X
=
s
i
i)
=
2
c
o
o
Ao
ot
£
1B
kit
rlr

Al gt o] 9l
7] wj&olt}. (1)Polish—Load—Fire cathode$} (2)1.6mm—Load—Fire
cathode & U plateau regions H<QIth A%k (1)Polish—Load—
Fire cathode® 7% &%ZFAst7F o A%tk (2)1.6mm—Load—Fire
cathode®] 2mA 130mA h g™'& YEbE O 5mA, 10mA 2 AF=E

SN

W 3

[e]

m §Fo] 124mA hg ' 281 87mA h g '2 o EAA T,

tlo

(1)Polish—Load—Fire cathode™ 2mAWdAE= £8Fo] 125mA h g !
Z YEbY T 5mASF 10mAoAE 247 123 mAhg '¢ 116 mAhg!

% UEREIL Figure 3.1.2¢] Abe]lEel whe WIS Uehgic &

o}
=

o

2 4 B]&°] (1)Polish—Load—Fire cathode¢] $-3ltt= A

2 1

#;rﬁ'! _CIJI_ 1—l| -_.fJ]_ T_III-



I JdAt. (2)1.6mm—Load—Fire cathode® 2mA<2] AFoAE= Y
7FA] Li o] o] il & AJzto] QAR =2 AFolA = FAakstr] e

BN wgo] Hol UFAX SHE wee A R A

peformance7} Eepxitta 48 4 Qdvh. R oy, AT}
#HE IR drop¥t plateau T-ZFellA] overpotential 3k (1)Polish—
Load—Fire cathode?} A77F 571255 24 Ykth. Figure 3.1.3¢]
UEld AC impedance©] =W, bulk resistance®} charge transfer
resistance’} (1)Polish—Load—Fire cathode”} © 2HAl uERSLTE A
=9 32 (1)Polish—Load—Fire cathode bulk resistance”} 5.5Q
charge transfer resistance’} 9 Q 2% YE 1 (2)1.6mm—Load—
Fire cathodet 77} 9.6Q, 11Q©°] Wgta Table3.1.2¢] YWt} ©]
A A4 5492 IR drop?} overpotential®] (1)Polish—Load—Fire
cathode”} $-4=3}A vhgkt}. (1)Polish—Load—Fire cathode”} © Sk
7] W&ol bulk resistance”} ZAl Y231, charge transfer resistance

TSk A7 gatefol & ARz A7) Wil #A UEhd Zlew F4
gk = QAL ¥ &2 charge transfer resistance’} LA FAA o =

< power performance®} H & % 7HXth= Aoz #4388 4+ Q)
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Figure3.1.2 Comparison of the capacities with cycle number of

(1)Polish—Load—Fire and (2)1.6mm—Load—Fire cathodes
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Figure3.1.3 Comparison of the AC impedance curves of

(1)Polish—Load—Fire and (2)1.6mm—Load—Fire cathodes
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Bulk Charge Transfer

Type of Cathode

Resistance Resistance
(1) Pollfsh—Load 550 90
-Fire
2) 1 .6rr3m—Load 9.60 11.00
-Fire

Table3.1.2 Value of Bulk resistance and Charge Transfer
Resistance of (1)Polish—Load—Fire and (2)1.6mm—Load—Fire

cathodes

26



(1)Polish—Load—Fire cathode%} (2)1.6mm—Load—Fire cathode+

Zb7b Solgt A7ko]l v=7] wiitel &7Fo] vEvh e e &7
o] 44 At ¥ F e AR C-rateoll whE A3 WdS sh3l
il Figure3.1.4% 0.2C, 0.5C, 1.0C 18] 2.0CE AWA Fx 7 B

2] BTACI S AL AL LS S KA

Type of Cathode 0.2C 0.5C 1.0C 2.0C
(1) Polish-Load-Fire | 0.5mA | 1.4mA | 2.7mA 5.4mA
(2) 1.6mm-Load-Fire| 2.2mA | 54mA | 8.4mA | 21.6mA

Table3.1.3 Value of C—rate current of (1)Polish—Load—Fire and

(2)1.6mm—Load—Fire cathodes
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Figure 3.1.5+= (1)Polish—Load—Fire cathode®} (2)1.6mm—Load—
Fire cathode?] Cyclic Voltammetric (CV) =4S YeRja o] ug
scan rate ¥ 0.1mV s 'o]t}. ¢17}st #Agto] 3.4Voldd w ArEyHES

of dolubil, A% AHESE FEEL Lig e woldry B2

}:l:l

Holl 2] Li =787 AA, dFQ o] Fick's 1% Lawol

gl S7bekAl gt kA EEA Qte At Ligk witel Li &
v 7 Hefghel =gebAl Han, Lio] FEYHe ZF gAtEE #o] i
371 AlZEth o w2 HddAM T dAFIE FoltE olfolth kgt
o] olFold w= 3.4V olstellA whgo] vEru, AgS Q17FEe
wet AF7F S7HTE Hdgks =ee & gasit o] w Hojd R
7FoEesE, 289 HAOAdRrE yetde Aol open  circuit
voltage (OCV) el 7W7l& 4% £ kinetic performanceEd WEMITFIL
238 4= 9ty (1)Polish—Load—Fire cathode®} (2)1.6mm—Load—
Fire cathode® AFghubg-olAel FHol AF e 27 0.26A g '¥
0.13A g 'o]az 71 o] wje At Zkz+ 3.61V ¢ 3.75Volt}h, g-giks
lME AF %S 42 -0.2A ¢ '3 —0.09A g "thgka Wk 3.29V
¢} 3.13Velth. 1 #ES Table3.1.4°] YeERTE (2)1.6mm—Load—

Fire cathode® #t=°l WA U A2 F77F F47] wtel vi-olA

A+ Lio]l o ®EGSH] flsliAe o & Aol destthy A7
CV #4S %3] (1)Polish—Load—Fire cathode”’} AFapdk-g-3} sk
<ol AF7F B ol vhgo] o wWEA dojuyes Aom AT 9l
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Aok &3k Hol A7V el Aol OCVeF 717k A2 A do] zF
7] wjFo]w ulgbr] kinetic performances (1)Polish—Load—Fire

cathode”} ¢Sttty BA3 4 9)oth
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Figure3.1.5 Comparison of the Cyclic Voltammetry (CV) curves of

(1)Polish—Load—Fire and (2)1.6mm—Load—Fire cathodes
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(1) Polish-Load
-Fire

3.61

0.26

3.29

(2) 1.6mm-Load
-Fire

3.75

0.13

3.13

-0.09

Table3.1.4 Value of peak current voltages and peak currents of

(1)Polish—Load—Fire cathode and (2)1.6mm—Load—Fire cathode.
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o] A¥S %M, Foil-type cathode Hth= FHA & A [28],
500 #m F79 metal foam cathode”} bulk resistance®t charge
transfer resistance7} il Li o] o] &&= ol FAtsfof & 7e
7h A7) wjzel A7)steAd Adsol skl vtk xRt ASEEE
H w3 w  (1)Polish—Load—Fire cathode: 0.43g cm “o]A| %k
(2)1.6mm—Load—Fire cathode: 0.53g cm ™02 Yt} ATdE =S
Z7HA 71 9k F712] metal foamol that A3 o5 Aoa] =2o

st
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3.2 Press Effect

B A3 oAM= pressEs B3 AIFHEE FUHE A1A AYS ST
PressE o 4 Q&= WL £ 371AolH, 57 1.6mm NiCrAl Foam
S WA 500em=z FE & dEHAS A firings $F (3)Press—

Load—Fire cathode, 57 1.6mm NiCrAl Foame¢l] &&&S =2

o

500 #m=% FE21 firings 3t (4)Load—Press—Fire cathode, W}X] %}
o2 FEAS A9 firinge] EU 500p¢m=E pressE A A
(5)Load—Fire—Press cathode”} $1t}. ©] cathode®] ¥Al= A U=
18mg cm ™2, 30mg cm 2 181 56mg cm 20] Sojzkw zhzte] A=
T= 0.71g cm™@F 1.19g cm® I3 2.22g cm o]y on,

Table3.2.19 YeER AT}

Type of Cathode Thickness (n‘fgeficgn]:g) gﬁ:i:g
(3) Press-Load-Fire 18 0.71
(4) Load-Press-Fire S00pm 30 1.19
(5) Load-Fire-Press 56 b

Table3.2.1 Analytical data of (3)Press—Load—Fire,

(4)Load—Press—Fire and (5) Load—Fire—Press cathodes
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Figure 3.2.12 Z}Z}9] cathode® 2mAZE FTHS 8l3, 2mA, SmA,

10mAZ A WA WA 722 ulwsk Aot} 2mA, 5mA, 10mA

td

= "Wz kel (3)Press—Load—Fire cathode”’} £3%o] 7F& =4

gfom, 7zt HAFolAe £%HE 140mA h g '$ 134mA h g '9}

-

117mA h g 'olleh vhgoz &7o] ¥A U2 H& (4)Load-
Press—Fire cathode® 122mA h g !¢} 10IlmA h g '9} 68mA h g*
oldtt. wlx¥to # (5)Load—Fire—Press cathode:™ 55mA h g '¢}
44mA h g '¢} 30mA h g 'o]dth o] S plotdlA] Figure3.2.24 ¥
el e g3 A3st7} (3)Press—Load—Fire cathode”} 7F& Al
1 &< (5)Load—Fire—Press cathode$lil (4)Load—Press—Fire
cathode”} A 8t7F 7 Zlth

Zy7+e] cathodet firings 3t NMP7F Eeb7bdA 1 #gle] 7]%
o] A7IAl A}, o] 7]F2 cells Wi AMAE ©& W dafdo] o

B4 2ol ¢ IEE ER 9SS ). Foil-type Li—ion BJE|E]

AA = B 7 2 [43], AFDE7}F 0.71g cm P02 AtjFH o g
Zro] (3)Press—Load—Fire cathode: Hafjzo] UYRolx HES

O T
A= Ao

4
il
M
1%
(i)
4

oy U F-o| A 9 Hk-go] &wks] o]Fo] A
QAT AW (4)Load—Press—Fire cathodex (3)Press—Load—
Fire cathoded] H]3] A=W E7t =ola] UHF 7= da|do] FF3s17]

N7 wRo| vEAFE 42 570487 AFT (5)Load—Fire—

-":rxﬁ-! ":I:I '|_



rir

Press cathode: H|E AFdUE: 7F4 A9 (3)Press—Load—Fire

cathode] A v o]AFel 2.22g cm 2O 2 UFoA e wE-So] o] %]7]

Aol EReA wkSo] T o] FolAA o] 4 AL Aow AzE

At #d Q= IR dropd plateau region® (3)Press—Load—Fire
cathode”} 7F4 A%l (4)Load—Press—Fire cathode®} (5)Load—
Fire—Press cathode H]58kAl YEF T AC impedance®] Z123Z<l
Figure3.2.3°] W=, bulk resistances 217} 4.6 Q, 6.1 Q, 4.5 Q=
YEl 11, charge transfer resistance= 4.0 Q, 9.0Q, 11.0 Qo= 1}
E}uk3l Table3.2.20] WEFWHTE (3)Press—Load—Fire cathode”} bulk
resistance®} charge transfer resistance & U} YWQt1l 71 % charge
trasnfer resistance”’} 7Fg WA ygitk, W& charge transfere
reistance Witol A=} olFe] W7t 7F AojA whgo] &wts] o]

Tolgm PAgFe] b I e ZoE B

i)

AT,

¥2

2
(5) Load—Fire—Press cathode® 7% bulk resistance:= 7Fg& ZA v
kA RE, charge transfer resistance”’} 11.0 Q © 2 (3)Press—Load—
Fire cathode®th oF v = yela Hd7|3}eta Aso] @A v A

SE A AT
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Figure3.2.1 Comparison of the charge—discharge curves of
(3)Press—Load—TFire, (4)Load—Press—Fire and (5)Load—TFire—

Press cathodes at 2mA (a) 5mA (b) 10mA (¢)
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Figure3.2.2 Comparison of the capacities with cycle number of
(3)Press—Load—Fire, (4)Load—Press—Fire and (5)Load—Fire—

Press cathodes
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Figure3.2.3 Comparison of the AC impedance curves of
(3)Press—Load—Fire, (4)Load—Press—Fire and (5)Load—Fire—

Press cathodes
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Charge

Bulk

Type of Cathode . Transfer
= Resistance -
Resistance
(3) Press-Load-Fire 4.6€2 4.0€2
(4) L.oad-Press-Fire 6.102 9.0
(5) L.oad-Fire-Press 4.5 11.0€2

Table3.2.2 Value of Bulk resistance and Charge Transfer
Resistance of (3)Press—Load—Fire, (4)Load—Press—Fire and

(5)Load—Fire—Press cathodes
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(3)Press—Load—Fire cathode, (4)Load—Press—Fire cathode 1%
1 (5)Load—Fire—Press cathodei= 7}7 503+ A&o] th=7] W&
of Z}7tel §&Fo] thEnt A I &%l 4 AtE | ¢ e A
7?1 C-rateel W& Sd3 WAS s%la Figured.2.4+ 0.2C, 0.5C,

1.0C 182 2.0CZ Al ¥4 T893 B Adde Hlwd g zo|t

10mA 5 B2 PR ez eh viet Ads et les 342
T A
Type of Cathode 0.2C 0.5C 1.0C 2.0C
(3) Press-Load-Fire 0.5mA 1.4mA 2.7mA 5.4mA
(4) Load-Press-Fire 1.0mA 2.3mA 4.5mA 9.0mA
(5) Load-Fire-Press 1.7mA 4.2mA 8.4mA 16.8mA

Table3.2.3 Value of C-rate current of (3)Press—Load—Fire,

(4)Load—Press—Fire and (5) Load—Fire—Press cathode.
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Figure 3.2.5% (3)Press—Load—Fire cathode, (4)Load—Press—
Fire cathode ZI#31 (5)Load—Fire—Press cathode? Cyclic

Voltammetric (CV) A4S YeRfa o] w9 scan rate & 0.1mV s

o]t}. (3)Press—Load—Fire cathode?} AFgHFE-ojA 9] Ho HAF+=
0.3A g lojgdy awe] dere 357V, AntsoAe A dF= —

0.2A g lelda  we]l ek 3312 7P 4% kinetic
performance® HXF¢lth. (4)Load—Press—Fire cathode 123l
(5)Load—Fire—Press cathode? AFslHbgox Ho AxF+= 247
0.22A g~'¢k 0.1A g '& vhghar 9] Ak 247t 3.63Vek 3.59V¢]
t}, B]= (5)Load—Fire—Press cathode? %+ ©] W& ZotoA Hoj
AF7F e A, 71 AF3S (4)Load—Press—Fire cathode?
Hrp 22 0.1A g o]l wkgel o A dous Aow #4 &

At FAur-SoA Ho) AFE 2 -0.15 A g7 '9F —0.08 A g =
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Figure3.2.5 Comparison of the Cyclic Voltammetry (CV) curves of
(3)Press—Load—Fire, (4)Load—Press—Fire and (5)Load—Fire—

Press cathodes
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Oxidation Peak Reduction Peak
Peak Current Peak Current
Voltage (A/g) Voltage (A/g3

Types of

cathode

(3)Pres.s-L0ad— 3.57 0.3 3.31 -0.2
Fire

4) Loa(.l-Press— 3.63 0.22 3.25 -0.15
Fire

(5) Load-Fire- 3.59 0.1 3.3 -0.08
Press

Table 3.2.4 Value of peak current voltages and peak currents of
(3)Press—Load—Fire, (4)Load—Press—Fire and (5)Load—Fire—

Press cathodes
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3.3 Press Effect vs. Non—Press Effect

B A= 500 #mE PressE 3t&

i

iy

T 7Hd 71384
U2 (3)Press—Load—Fire cathode®} mechanical
polishing®] W¥ o= 500xm FAZ %= (1)Polish—Load—Fire
cathode®} BT O ZH Press Effects 3§+ ax7} A=A vl w s =2k
t}. Z7+e] cathodeo] EE49 #A= 18mg cm 9 18mg cm %] &

247y 0.71g cm ¥ 0.43g cm 0] gkl Table

. weight density
Type of Cathode Thickness (mg/cm2) | (g/em3)
(1) Polish-Load-Fire 18 0.43
500pm
(3) Press-Load-Fire 18 0.71

Table3.3.1 Analytical data of (1)Polish—Load—Fire and (3)Press—

Load—Fire cathodes
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Figure 3.3.1<

7k7ke] cathode® 2mA® FH& 8kl 2mA, SmA
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Tty 2mAQ°t SmACA &
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Fire cathode”} A7|3}8% whg-o] Frpar @& o Ity o4 7 2mA
¢} bmAelA §Fo] ¥ E=A UL olf+= (3)Press—Load—Fire
cathodei= pressE % 7 ©]7] witol cathodeWel metal frame©] &

o] EAE. =, tri

triple junctiono] o] &EAJst7] wZol ykg-o] uF-7}
A ks] Aot 4 gl

=y

HtH o (1)Polish—Load—Fire cathode+=
FAE ZA

E

]9 frame©] mechanical polish@ <Ql&l] o] =%7] Wk
AT} 5

A
(3)Press—Load—Fire cathode°l] H]3] ZA dojt Zloz HA
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10mA7} C—rate® <k 4.0Co|t}. 4.0CE= cello] 158%¢r WA S 3=

ARz we 52 A7Fol7] "ol F cathode®] WiF-olA whg-3st7] A
of ®rellA whgol v E%t7] wiEel wd §FS JEhd Jor #

A& 4= 9l9tt IR drop¥ overpotential plateaus H]528hA] vrgko L
u]) A 3}+A] (3) Press—Load—Fire cathode”} ZHAl v}k, Figure3.3.3¢]
U2 AC impedance® T3l <2Q1ad 4 Sldlth. Bulk resistance®t
charge transfer resistance (3)Press—Load—Fire cathode+ 22} 4.6
3} 4.00] Yk, (1)Polish—Load—Fire cathodew 5.5¢ 9.0°=%
Table 3.3.2¢] YEFUIATE o] gAl A¥EE <l A 3dto] (3)Press—Load—
Fire cathode”} ZA o} wks-of A dlo] A 523, 2mALF SmAc]

A ol ¥ =A stk
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Figure3.3.2 Comparison of the capacities with cycle number of

(1)Polish—Load—Fire and (3)Press—Load—Fire cathodes
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(1) Polish—Load—Fire and (3)Press—Load—Fire cathodes
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Bulk Charge Transfer

Type of Cathode

Resistance Resistance
(1) Press-Load-Fire 5.5Q 9.0Q
(3) Press-Load-Fire 4.6Q 4.0Q

Table3.3.2 Value of Bulk resistance and Charge Transfer
Resistance of (1)Polish—Load—Fire and (3)Press—Load—Fire

cathodes
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Figure3.3.4 Comparison of the Cyclic Voltammetry (CV) curves of

(1)Polish—Load—Fire and (3)Press—Load—Fire cathodes
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Oxidation Peak Reduction Peak

Types of cathode Peak Current Peak Current
Voltage (A/g) Voltage (A/g)

(1) Press-Load-

N 3.61 0.26 3.29 -0.2
Fire

(3) Press-Load-

N 3.57 0.3 3.31 -0.2
Fire

Table3.3.3 Value of Peak current voltages and Peak Currents of

(1) Polish—Load—Fire and (3)Press—Load—Fire cathodes

55



Al 4 A&

B o A= Metal foam T, o= Az WA oA Press® gk
1781 Presse] W& Metal Foam cathode® #7]38H4 A5l gk

of ofslA obmgror], ke e ARES UL F UYL

1. 500 xm® mechanical polish3dt & FE=&LS 2| (1)Polish—
Load—Fire cathode”’} (2)1.6mm—Load—Fire cathodeX.t} #17]3}st4

Yol 45, ol FAZ B g Wi Age] A Li o] o]

F54 UelA sk At o 27 9ol wgol WA olfa
S glgle,

2. Press& 3= 9AIE Y24 ¢S 4F-F, metal foam= press WA
3t & FEAS A9 (3)Press—Load—Fire cathode?’} E&E4& 2%
3l pressdt (4)Load—Press—Fire cathode$®} firing $-°f pressdgt

(5)Load—Fire—Press cathode©°l H|&| #7]3}s4 Azo] 9435},

N
of|
2,
©
k)
o

W charge transfere resistance”’} AA Hh-go| = A A
Tk 7l 3Ado] wow Aol WFHA] FAFS FAE wEA JEE

T e B T FAM WA §FAN P4 FA

56



3. Press 3 ZA F 7FF 2y (3)Press—Load—Fire cathode$}
press’} §l+ (1)Polish—Load—Fire cathodeZE B3-S W press=
3t (3)Press—Load—Fire cathode¢] Z=WE7} HO0WHA A 7]3}sH4

s

IF-2-o] A Ugkow, o] metal foamWel triple junction®] o}

)

charge transfer resistance”} 2to] whg-o] w27 o] A 4 QIglth,

57



s
2 ES

[1] M. Ge, J. Rong, X. Fang, and C. Zhou, nano lett., 12, 2318
(2012).

[2] B. Scrosati, nature, 373, 557 (1995).

[3] W. Lu, A. Jansen, D. Dees, P. Nelson, N. R. Veselka, and G.
Henriksen, J. Power Sources, 196, 1537 (2011).

[4] Y. S. Chen, K. H. Chang, C. C. Hu, and T. T. Cheng, Electrochim.
Acta, 55, 6433 (2010).

[5] C. K. Park, Z. Zhang, Z. Xu, A. Kakirde, K. Kang, C. Chai, G. Au,
and L. Cristo, J. Power Sources, 165, 892 (2007).

[6] W.J. Zhang, J. power source, 196, 2962 (2011).

[7]1 R.—S. Liu, L. Zhang, X.sun, H.Liu, J.Zhang, , Wiley—VCH,
Germany, Volumel (2012)

[8] J.M. Tarascon, M. Armand, Nature, 414 (2001) 359—367.

[9] M. Armand, J.—M. Tarascon, Nature, 451 (2008) 652. [10] K.
Kang, Y.S. Meng, J. Breger, C.P. Grey, G. Ceder, Science, 311
(2006) 977-980.

[11] V. Etacheri, R. Marom, R. Elazari, G. Salitra, D. Aurbach,
Energy & Environmental Science, 4 (2011) 3243—3262.

[12] Y. Li, J. Song, J. Yang, Renewable and Sustainable Energy

58
A 21

| &) =

'Iu



Reviews, 37 (2014) 627-633.

[13] Xiaoling Xiao, Jun Lu, Yadong Li, Nano Research, October
2010, Volume 3, Issue 10, pp 733-737

[14] T Ohzuku, Y Makimura — Chemistry Letters, 2001 Vol.30 ,
No.8, pp. 744 — 745

[15] J. Wang and X. Sun, Energy Environ. Sci., 5, 5163 (2012).

[16] Y. H. Ding, H. M. Ren, Y. Y. Huang, F. H. Chang, and P. Zhang,
Mater. Res. Bull. 48, 3713 (2013).

[17] G. Liang, L. Wang, X. Ou, X. Zhao, and S. Xu, J. power sources,
184, 538 (2008).

[18] P. P. Prosini, D. Zane, and M. Pasquali, Electrochim. Acta, 46,
3517 (2011).

[19] N. Ravet, Y. Chouinard, J. F. Magnan, S. Besner, M. Gauthier,
and M. Armand, J. Power Sources, 97—98, 503 (2001).

[20] L. H. Hu, F. Y. Wu, C. T. Lin, A. N. Khlobystov, and L. J. Li,
Nat. Commun., 4, 1687 (2013).

[21] C. C. Yang, Y. C. Chen, and Y. C. Liao, Mater. Res. Bull., 47,
2616 (2012).

[22] F. Croce, A. D’ Epifanio, J. Hassoun, A. Deptula, T. Olczac,
and B. Scrosati, Electrochem. Solid—State Lett., 5(3), A47 (2002).

[23] Y. S. Hu, Y. G. Guo, R. Dominko, M. Gaberscek, J. Jamnik, and

59

A L-tfj &3

'Iu


http://link.springer.com/journal/12274
http://link.springer.com/journal/12274/3/10/page/1

J. Maier, Adv. Mater., 19, 1963 (2007).

[24] G.—F. Yang, K.—Y. Song, S.—K. Joo, RSC Adv., 5 (2015)
16702—-16706.

[25] J.S. Wang, P. Liu, E. Sherman, M. Verbrugge, H. Tataria,
Journal of Power Sources, 196 (2011) 8714—8718.

[26] H Zheng, J Li, X Song, G Liu, VS Battaglia, Electrochimica Acta
Volume 71, 1 June 2012, Pages 258-265

[27] G.—F. Yang, S.—K. Joo, Electrochimica Acta, 170 (2015) 263—
268.

[28] G.F. Yang, K.Y. Song, S.K. Joo, J. Mater. Chem. A, 2 (2014)
19648-19652.

[29] J.W. Long , B. Dunn , D.R. Rolison , H.S. White, Chem. Rev.
2004, 104 , 4463

[30] N.S. Ergang , M.A. Fierke , Z. Wang , W.H. Smyrl, A. Stein, J.
Electrochem. Soc., 2007, 154, A1135

[31] Liangbing Hu, Fabio La Mantia, Hui Wu,Xing Xie,James
McDonough, Mauro Pasta, Yi Cui, Volume 1, Issue 6, November,
2011, Pages 1012-1017

[32] G. F. Yang, J. S. Song, H. Y. Kim and S. K. Joo,

Japanese Journal of Applied Physics, 2013, Volume 52, Number 10S

60


https://scholar.google.co.kr/citations?user=Ja7NvcEAAAAJ&hl=ko&oi=sra
https://scholar.google.co.kr/citations?user=UtcL58wAAAAJ&hl=ko&oi=sra
http://www.sciencedirect.com/science/journal/00134686
http://www.sciencedirect.com/science/journal/00134686/71/supp/C
http://iopscience.iop.org/journal/1347-4065
http://iopscience.iop.org/volume/1347-4065/52
http://iopscience.iop.org/issue/1347-4065/52/10S

[33] K. Y. Song, G. S. Jang, Jin Tao, J. H. Lee and S. K. Joo, J.
Electrochem. Soc. 2016volume 163, issue 14,A2981—-A2987

[34] Q. Wang, D. Wang, B. Wang, Int J Electrochem Sci, 2012

[35] C. V. Ramana, A. Mauger, F. Gendron, C. M. Julien, and K.
Zaghib, J. power sources, 187, 555 (2009).
[36] J. M. Tarascon and M. Armand, nature, 414, 359 (2001).
[37] L. X. Yuan, Z. H. Wang, W. X. Zhang, X. L. Hu, J. T. Chen, Y. H.
Huang, and J. B. Goodenough, Energy Environ. Sci., 4, 269 (2011).
[38]. M. Takahashi, H. Ohtsuka, K. Akuto, and Y. Sakurai, J.
Electrochem. Soc., 152(5), A899 (2005).
[39] J. Wang and X. Sun, Energy Environ. Sci., 5, 5163 (2012). 14.
Y. H. Ding, H. M. Ren, Y. Y. Huang, F. H. Chang, and P. Zhang,
Mater. Res. Bull., 48, 3713 (2013).
[40]. G. Liang, L. Wang, X. Ou, X. Zhao, and S. Xu, J. power sources,
184, 538 (2008).
[41] P. P. Prosini, D. Zane, and M. Pasquali, Electrochim. Acta, 46,
3517 (2011).
[42]. N. Ravet, Y. Chouinard, J. F. Magnan, S. Besner, M. Gauthier,
and M. Armand, J. Power Sources, 97—98, 503 (2001).
[43] S Yu, S Kim, TY Kim, JH Nam, WI Cho, Journal of Applied
Electrochemistry, 2013, Volume 43, Issue 3, pp 253-262

6 1


http://jes.ecsdl.org/search?author1=Kyung+Yup+Song&sortspec=date&submit=Submit
http://jes.ecsdl.org/search?author1=Gil+Su+Jang&sortspec=date&submit=Submit
http://jes.ecsdl.org/search?author1=Jin+Tao&sortspec=date&submit=Submit
http://jes.ecsdl.org/search?author1=Jae+Ho+Lee&sortspec=date&submit=Submit
http://jes.ecsdl.org/search?author1=Seung+Ki+Joo&sortspec=date&submit=Submit
https://scholar.google.co.kr/citations?user=G99KBM8AAAAJ&hl=ko&oi=sra
https://scholar.google.co.kr/citations?user=XPZ4u9gAAAAJ&hl=ko&oi=sra
https://scholar.google.co.kr/citations?user=NpYr4BYAAAAJ&hl=ko&oi=sra
http://link.springer.com/journal/10800
http://link.springer.com/journal/10800
http://link.springer.com/journal/10800/43/3/page/1

Abstract

Press Effect on Electrochemical

Performance in Metal Foam Cathode

Jae Ho Lee
Deparment of Materials Science and Engineering
The Graduate School

Seoul National University

Li—ion batteries have been studied since 1990. Because Li—ion
batteries have high energy density and higher power performance
than other secondary batteries, Li—ion batteires have been used in
portable devices. Furthermore, Li—ion batteries have been studied
to use in drone or Electrical Vehicle (EV). However, Li—ion
batteries’ energy density and electrochemical performance need to
be enhanced to apply to large capacity energy storage devices

Foil—type current collector is used in commercial batteries.
However, the fact that active material cannot be made thickly on

foil—type current collector is one disadvantage. The thickness of
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active material used in cell phones is around 60~80 ¢ m. High power
performance batteries’ active material thickness is only 20~60 g m.
To make large capacity batteries using foil—type current collector,
larger area is required. More use of inactive materials, such as
current collector and separator, makes battery bigger and heavier.
To solve this problem, metal foam was used as a cathode in this
study.

By using thickness 1.6mm and cell size 450 #m NiCrAl foam, 5
kinds of metal foam cathode were fabricated: metal foam pressed to
0.5mm before slurry form of active material was filled, metal foam
pressed to 0.5mm after slurry was filled, metal foam pressed after
firing, metal foam filled with slurry with no additional press and
metal foam mechanically polished to 0.5mm before slurry was filled.

After five cathodes were fabricated, electrochemical performance
were evaluated by galvanostatic charge—discharge test, Cyclic
Voltammetry analysis (CV), and AC Impedance analysis.

The performance turned out differently depending on the time it
was pressed during fabrication process.

Metal foam cathode which was pressed before active material was
filled showed the lowest resistances, which were 4.62 (bulk

resistance) and 4.092 (charge transfer resistance). It showed the
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highest specific capacity and the highest peak current (0.3A g™ 1) of
cyclic voltammetry curve, which could tell a degree of kinetic
performance.

Because un—pressed was thick and had long Li diffusion length, it
exhibited highest resistance; 9.6 £ bulk resistance and 11 &
charge transfer resistance.

Pressed metal foam cathode showed better performance than
polished metal foam due to more triple junctions.

As a result, metal foam pressed to 0.5mm before paste filling
achieved the best performance.

Based on the study, metal foam is one of the promising current
collector for commercial application of high power and high capacity

Li—ion batteries after reducing the weight and cost

Keywords: Metal Foam, Current Collector, Li—ion batteries, Press,
Triple Junction, Active Material Thickness,

Student Number: 2015—20856
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