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2.3.1.1. €44

R =
= I

o Al(non-graphite) & 4

=
=

)

Al (graphite),

5|
Rl

r},

& AL Bt= FREolg

R

A LIB oA 7 7]

of A=l LiGTxE ©l

=

&

S o
ERE

t}.[32] 1991

o] 372mAhg*9 °|& &F& Zh
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23t
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dol At A 57kA
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FLIB 7F Hx2 Adddste o]
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=
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olg} 3t [33]
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AZE FFE(0]ZAFA ¥4, graphitizable carbon)S 2000°C ©]tell Al B3}
Colre S Fx7F & daEEva deA Qlrh[25, 34] 900°C
ojglel Al AT A~XZE FHES S w3 2HE AF §7o] AT FH
Hlal] wrde] Hdeto] we 5SS Rl & 33, o] Y(hysteresis) 542 ol
AL AZE JhEed EAes Fae b wde] le=dl, o wiEel 1000°C

LG, oy 540l

2=
J
_OL
g
4
B>
2,
1o
ol

ojdeld AAYsAY, TS

AHRAIA "g ete FFE(ES IS ®4y,  non-graphitizable  carbon)<-

1000°C oldellA dA st FAE AASJEHE & §%Fe HolsdH oA

Fol FH2E HEHE A 2 5 e vA Fo] FHeta, v WEd
el F2=7] WjFo 2 FAsta vt HSAA dahE S vls = 540]
F3, 53] 3kt 7hEol Ae dgw, kg £ BAS HAtgs Ao

BN
=
oo
o
iy
o
o
2
Lo
2
_(|}1_|/
N
~
30
o

x]l:!, H] ].oﬂ }lal:o] =3 xﬂ

32

2.3.1.2. A

SdaA =40 si o A 54 dLlelA =lE ol alloying/dealloying W3-

HU
g
8
3
>
=0
@
o
o,
1o
oo
ol
tlo
ne
o
>
bt

HHow @ 5 g, oln oo

5 vke 2 = Q7] wEolvh S w5 e vt 2Th[25, 34]

xLit + xe~ + M & LiyM
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Halo] st A o] Fojgo] SH| FA MAAY FLEo] 7= AH7E drh
Si o] A% °F 400 w7/tA] FI7t AFSHA HER S A fddo] A7]al o]

Az wmEE FHels oAl el gt ofdl /S A&etd Xl dAkEo]

WolA 3 o] AL Aolo] HA Aol ofsdA HAY nAH AT AAA
A7) 9] gepol 7haal et

olgA ¥ wael oF A% HIE oAE] 9@ WEe]l AFH
gt gt

A, BEAY 271S AA W R dse] BE $¥e Aks ¥ 5 ok
23] sl o AEAZ} QA AAM BAH 7k @ W ZW U
Z7HE ok ol A AVE TRORA I IR AR A/E F5 @

T =, 1A v 2k

32.2y(1 — 2v)2V¢Z
EAV?

derit =

A AlA deie & AAF GA A7),y E B YA, v = ZekEH], Vo & 27

W3] AV &= ) wsloltt,
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4

2.3.1.3. Ao]

Co0, NiO, FeO ¢

CoO + 2Li & Li,0 + Co

7

&2 97} Lo 9}

tol Y =719

S

oo

t}. o] Z-S A3 (conversion) ¥H-g-o]a}

A A

t}. Li,0 &=

Eix

344

QA7

2~
AR, = E

A = o

HAl

S

=
o

3ol 7}

Els

oI
]

S R A

2 F% QA

a8y FGA

7]9]

Jojd 4

olo
Gt

P
e~

B

ZH ZA Afolo] A 27F AR = Ao E

©] 0.8 V(vs. Li/Li*) o] o.& solA] oA U

)
At

A

2, Li,0 o ¢

Hol&

ol
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HE olxAY = AR HolugE Astes FE o]&dth A oyXA
Aot =8 drE dAsed s Aste]l Tad A4S ske=d, dE

5
Wi
Al
2,
2
=2
R
ot
ol
oy
=
=2
2
1o
N
-
-
ot
-

1 %H(Open circuit voltage, OCV)+= Th&7}

)

o] A7 r}.[26, 35]

cathode (X) anode

Ve =~ ze

ol wi = HF o] 3} ZelX(chemical potential), x = A9 F
ZA(LiM:Op), z &= BlF ©]&2 Atsl, e = AAFe A ol ek S50%
gF 555 olgdud 4= fF ok 3 xdlde] w2t ocv vt
gt s, S5 FEAY AR Fx dedA gE o9 3 xulde] JIEs
2= 2Rl () BlEel A4 WelA f1Alsk= 3o Akl ol X|(site energy)
gHF ol Aol AR 2ok 4 Qlth LiMnOs & LiMn0s = 722 2399
Tzl ARE ZA7ke] glEol abAshE HAA A | A L zto] wiiel]
Aeto] 1V 7k o)z} Wk ®3F LiCoO, ¢ LiMnCoOs £ #2 Co ©]&o
shelell FrojetAwt z4zt A A4 AolmE glEe] A dux7t dEbA
WAade]l 1 v A% Aok w3 S LipNiO: & Immm 7-%9] LiNiO, +

Az ule] dE LB 2o Aesh thEEm Z4ae] whkE Aele] ols] WA

o
_
G

2
L
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°
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&
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&
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gt

afat,

Az ol&E Aol
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=

LiFeO, 2}
¥}(inductive effect) 2t
e

3L glojof

3%
&

B
CCP)&

=]

o

TE7F

o] AAEka oW LiNiO,, LiMnO; 7} a1 7}7;

—_—

Sje)

X

N

7]

LiCoO; 9]

A3t o] Agto g AAHo] ¢la MO, & MO, T
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LiCoO, = §Aol daL g Ate] &oldto] Co o HIR 7HA % &7-3stal 7+
de] 2ols = 54 F ol Co 9] 3+/4+ Abs), $Hd WS BT ol 8¥S
BF ol& &l 274 mA h gtell EepA R, gl AR o] weluw H7e
Frlolg Holn® AR o2 &% AMthu £ W2 °F 150 mA h gt ot
o] g3t 4 Qltf. 53] LitkCo0; oA x>0.72 ¢l A& Co 7} 4tsts] 7] wh

ARl AxE PEee w3l S AWA PR SEHT BT Ao

LiNiO; = LiCo0, H.t} 7}Ao] A1 e Wt JAoA ddshs &3] o #HA
LiCoO; & thAlat7] 918t &4 =2 Ao, YA o]&o] 3+ETh 2+Q1 Aol A]
O Fdeto] Ni0 59 &Ew&o] MY shstekE4] 49 LiNiOo; & Aot
o] uf$ ofHt}, wa Ni*7b Litel A7|7F vleste] glF Sl A e ol
W ZH(cation mixing) @7do] & dojdrt & ol T Niz*e g o9 Fhs
mowrng gy FE EAXo] AJFAZIY EI LiCoO, 9 AR HE
SOC(state of charge)ollAd] FZxA o7 EorHdte] AL YolA Atir WEEH
NiO; o] H|7}FSZQl Ao ze] Hol7t dojurz 5 dadz ARRHA 9
A TH[25, 34]

A=l

e Aol AN A or & bl nE g0l o Hk a-NaMnO; &

K

ol

LiMnO; = 2~4.5 V(vs. Li/Li*) H$] <¢kolA ©F 200 mA h gt 9] &3S el

ol meor dAsh= o] TheskANE Al sOC 7F w2 AEielA

TERACR Etgste] Aud Aoz o] o]t dojdtt[25, 38]
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Co, Ni, Mn

ol =

il

LiNixCOl—ZanxOZ O]]:]' ]’]7421 }1\1'§:]'

fEd 240

o

Jo

= 15 7g

ol

A

718kt

=
hu

ola ofel 7b 24N o

lEl] o] o]

-
.

Li1-xNi1zC013Mny30.

A

0<x<0.8 ©°f A4

tobar e A QITh[10, 39, 40] =g Y =FE] w2 8]l Ni, Co, Mn AFs}= 9]

5]

o
TT

)

—

el

¢+

Ni, Co,

o) AbsHE Ak(lithium-rich phase)?! xLi:MnOs-(1-x)LiMO, (M

lsal

M
iy

ofi
o
ofo

&
=0

Mn)7} ZAdel wel 250 mA h gt ©]49

LizMﬂOs 94—

AT HQIvh[13, 15, 42] XLizMnOs(1-x)LiMO; +

l

115

<

oF 0.2

o=

o3 A
=17

Mn & Atstert 4+= 7

1
L.

LizMﬂOs

2 vgAoltt. 28y 45 V (vs. LilLit) ool A

Z o
- —

center)o] §lorw A7|s}st

dolgo] F2 MnO;

g

12 MnO;

= 2 Th[43, 44]

= A

Li,MnO; —» MnO, + 2Li* + 1/20, + 2e

(LiMnOy)

-
.

olwl MnO,
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g A

o] VpE

SOC 7+A] Z=/vA

J

XO

o|J
Y

ol LiMnO; & ©] &

[oi3
=

S

A

Ay

=
=

XLizMﬂOs'(l-X)LiMOz

g, =2

HEL/\
of| A Barwa Qlth[12, 14, 45, 46]

Al 45 V(vs. Li/LiY) o]delA Ata 714

%

F4

A

i

il

ol 3 WA Aol ZofA <]

k4

o] ¢}

3} Hk-2 42 Jahn-Teller distortion, <

Al = &

=1
R

59

SEE ]

Eix

°f 9

st

&

£y

h=N

0

=

14 5]

9|

7] w2l Al

0

27ol

2‘;]_14
fL R

43k A7

2322 ~9d Fx

9] ¥} - %(FCC, face centered

Al
o

B

Ak ol

23 Tz A

cubic)ZA 3+ AbsEo|A e} FAF

S A ol 7k

il

=r

ATt

2fo] 7}

ol
e

i

)

oF
i

Giia
A

X

ol
Mo

k= EZAF LiMn0s 7} Utk 4 V (vs. Li/Li*) GlolA o] & A

Al 2w
o] o= 148 mA h gt 9

B

o

1

S

= 4

o
=

A7k wol A o] gk 1eft M

Eix

<)

il

7 1

}o}.[47-49] ©]

S

"

Jahn-Teller

lsal

3

I LizosMniesOs 2} o] 2

w7 )

=
=

A7)

T gE Al 39 AFstEE A LiNipsMnysOs &

2314l Li[Mn*Mn**]04 o4 Mn3*2]
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$8l Mn 2 E5F 4+2 E=A Sk mEbA Mt 93k xR A EQbgA] O 2 FE
A EFH, Nzl Abksl, ghelo] 4.7 V (vs. LilLiY)olA o] Fojx g =2 o X
Urel ¢ dAes Fdsked f88kth[50-52] LiNiosMnisO, = 34 =719

el Mn¥*E A ¥3835= Fd3m, Mn#YF ER)5HE P432 T 7FA] B7ETo)

g olAAE 9% 45 dEdE aH 3l

TZ(MX0)E Zh= tfEA< B4 LiFePO, ©Jth[25] A o= Ed=z 714

rir
B
ek
it
()
of
o
AC)
e

Wol ol gste ATE AbstEo] HIZ ZhAo] EAVE HER Az FHE H=

©]-8-8= LiFePOs = "= AQ1 wiqke] Hrt. Fst Ak 992 34 V & H& d=
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ALt olE ®AFSH] f8 JEE Foly, JHEE FIHSE 59 AHErF oty
o] wjol] Ax ¥ @rt7t Skt whio] At
T A SAAQ] S S At S4de]l w5 soC W elellA B EekAl
Uebdths Zlolthf2s] olZlS F Al A AF(LiFePOs) I B A (FePOs) ]
’Fe] 7 A 7Hphase boundary) ©l-&3dt= 7d-5-o YERE AL S E(two phase reaction),
el Tt S AW = WE glo] gEe #htew ydAuE FEA
K

FE| 2 ZFAA A et (one phase reaction).

Zkar Qlojol & B4 T dtue w2 ol® ARE'E hAck e Zlojt YF

o)A ANN AMA o o gati AAl AALelA o] HEEL Thew Be

i o dstr, &, o] RS Uetit. TR o2 FE4 ol xE x| S8

Axe §7) gule BF A9 2L F= Ao Festh AdwHoz oUF

=l A& Abgsith ol AFL3l= 33 JlE o] E &= ethylene carbonate(EC), 13

kK U]o] E & diethyl carbonate(DEC), dimethyl carbonate(DEC), ethylmethyl carbonate(EM-

TOo% 3 JIHUYOEE 2 &S ZtorE gFE 98 & dMHAd F

e
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2.4. SEI (solid electrolyte interphase)
dsfjdo]l A7gstaow b £ Sl A WA AAF
stability window) HrellA= dsdo] g9 = AbsiEo] Fajdch. divk9]
=43 Ak = 24 FHelAd dsijd vl dojdrh Sd 559 B¢
2 HA T Al ethylene carbonate(EC)7} S+ ¥ o] 5 e UH(SEl, solid electrolyte
interphase) & RHE O 2X o] %2 Aajd & 9S4 gt} olu A EH = SEl 9
S4ol wel S A= Ar)seA, 44 Asol dEbAA HE=E SEl 9] A4
HAUSEH 54 ¢ olE Aofste= Fo] Fasith 459 Afol: nds
F= =4 Ae Asde] At a7 2HYstEE 559 SEl §F 2S£
uts vbEo] F& Zo] AA Aol & FFS vAY o] HelANe= HE
AR S5 ol Hol= wute] 54 disjA drgety ot
SEI 9] =49, 34 542 /7] &,
¢ wormz EC, DEC &
a7k deldt
resonance)

A7}
Asae 4
magnetic

Ad o
JF 9o FRY 2% %
F @40 4% dFe =
AndlelE Ade] ANAT FEA} 5
A3y} dluto] A E =, o] A yuke] Fxof tste] XPS(X-ray photoelectron
spectroscopy), FTIR(Fourier transform infrared), NMR(Nuclear
spectroscopy & S = =48k A} LiF, Li,COs, LiOH, Li;O 52 F7]1&= lithium alkyl
carbonate 52 f7]1E0] thF FXE o|F 1 Utk Fo] BuE I gt
A 559 wke ddke] A dAf el wE TS| worw
o= Hajdo] FLdxo] SEI 7} HAELY A £ SEI =
-25-



exfoliation) . 124 EC

k] o] ARgRA L 2lE ol2Wh 59 7x UE AT 98ES A
Atk olw] SEI 7} A E= A= AR, basal-toedge WO v S, A F7
, 3 2o ot ey, BE 05~1.7 V(vs. Li/LiY)olA SEI 7} A7)

AFste] 5 bol2E WHESIEA S %52 Sh SEI 7L vHEel A,

o
H

¢
N

Si otk sn 2 wEA e

+
)
riet
(Z
olo
o
N
rlr
al
1B
2
oty
it
1o,
=3
ne)
K-
>
(o

SEI = AA Aol T83 945 v 53] o3t 2452 S/ Al e

w37} A ARFEE ol A HA FES JIAH FAYe] T

=d& HEE Si, Sn o SEI E g | 271 SEl ¢F ol #7]=
FrlEe] ve 7EE HogleE oy el Rasta odvh ojw A
arolell wE 2F o9 olFRE Li*Y F9dAd LTS ol&dte] A d
o] A ZE H8Ith SEl 7F AdE A5E eLi+E e gE 9ol Hople
Aefjdde] Wil SEI QtolA SLite] 91AE TOF-SIMS = F2ste] ik FEg

ZbEstivk. 1 A% SEl RPEERS] §71E FelAMe g SRV k%
FrlEelA Bk wkE As 4 F QAT = #F ol olFEI f71E T
271 2R o =9k} [55, 56]

7153 F71=A Y gF olF X xfolinl ofie} SEI QtellA o] 52| &
e =0 dr)stetd, 44 4dE] zelE Hugh 2R Qlvh olE EdelA
F71Eol FH-& guto] AA Aol o fstrtal ojopy] sh=dl 23S tha
2ok (i) F71Ee] FHSE vvto] S5 HHE ¢ 1EA Yo, HEuo g A9
od3ks o #Z & F Qvh[57-59] (i) ¥ WEUF & 559 Ag FUIEERGY

§71%0] ExR wuo] sAHow §Adte] BEA AWEE A wuEi

——}
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HAE7F ATh[3] (iii) 85°C & alef =& Al F7lEo] F58 o] f7]E 9
gurd o =g, o FrE5e

o] th[21]

N
1o

_

oA ARNoR P Hg 5

g/
N

F=9 IS ATk AF wRe]l @A 7] wiizol7|® stk 59 v
daiA s 2 EA oFHE SEl 8 22 s T 7 A diE A7kA opA
= gk Q77F SUFstHA o] =2 A
T2 SEI & whEo] F7] S1F H7HAl Tl Wig Ag7F Freta Sl FAlelth
FFolde A Fals FEdd 2E 949 FFel wet aA gedd =
LiNiOz o1 4] 9} LiCoO ol 412l Ha A wallell whE 71 whaye] Alz zdgte] 747} 4.2
V & 48 v 2 FA =23, §ro] Holgls HE Al webd R o] Hdste]l A4
gebA = Zo] Bag v gk o] A ©@<=d] EC, DEC, EMC $} 22 /7] &2
HOMO #te= Arst dhs oSFats Zlo] A3 @3t & zels: 2Y F Uvhs
o}
£3k oF=o] Fulo M= LiF 7} 2} BZETh[60, 61] LiIF &= Asje] Eo <3k
2 F Y(LiPFe)el Zhriallel o= A o i, & o] g WA= F sl
HF 7} &E49] Li 3 whgete] vtsojdivty defA Qv @2 £dA LiF =

F=o A F7He FHE dloe® oloprlstal QleHl o8k o] FSolME

A

o

HA]

o

i_.ﬂ

wolld el o] F7l=d f7lEe]l E¢Ee] vuts ofFaL g9low ol LiF ¢}
2 FlEe] AA L Aol FFEut g g dE vvkal Bkl Sk
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3. 49 U
3.1 A= A
|28 9% SEA 7 IO Tanaka Chem. Corp. 1A T+ 3+ LiNiosMnis04

]
$sk wRel) 2 polyvinylidene fluoride(PVdF, Solef 6020)5 % 7}l t). PVAF &

il

4
2

[€)

ME
1=}
flo

o

ATk olw] A= M7 AEEE SR 93 THAZHA Super P,

ofo

—_

X
£
S

N-methyl pyrrolidone(NMP, Sigma-Aldrich Co.)oll 5¢ & =149} &E48 A s}
bAoA 23, EYEE AXSGTE EEelA mE HES AushA o

A=l e = g=d, 234, vy e A% vjEs 9433 o2 FYd skslth

15 % tste] &8s Axst 9 &8 E 20 om T dFvE
7}

rﬁ
BN
_OL
32
o
o
o
>
2
BN
e
[y

T Uo] E3x3Fo] 120°C oA 20 =3t S roll-press &

Abgsto]l bR o B YAt HFS FLARAL, ol AF 11l mm 9 Ao

EN

A F3sle] 120°C o4 10 A1 7F R F A

LiNigsMn1sOs $IAFell ALO:s & FHS= AL ta3 Zrhfl
g

Zusith, Je 39y E 4000C oA 5 AZF ¥V FoA dAeglstd ALOs 7}

adFulF FH WA | graphene oxide(GO)E FHal= 2 b3 #uh WA #

427 GO /AWl modified Hummers method & ©]-8-3F31 th. [62] Graphite 2} NaNOs

'_L4

7+ 192 2HHS04) 46 ml o] ¥

v}

r_&

23 s FFA 30 & FF &3S st 1A
o{

Tl °o]F 50°C oM 2 AIRE ZgHet

3

oL

A7 (KMNO,) 5 g = A
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o]7]o] S5 100 mL ¢} FAFShEAa(Ha0z, 30 %) 8 ML 3 &9 FUtE ¥ &
°o]5 GAHHCI, 30 %) THF EF £ (47 50 mL, 200 mL)OR® o Hshd
graphite oxide & €& F SQIth ©]& THF 400 mL ¢ Img mL?! & FEE FolA

120 & sonication 34 GO & 42 F St} GO & LFvu|wo| IHEF7] 9ste] 75

3.2. Ax]o] A=

vl

had

N
1

A7188 A8 98t A= 2032-type coin cell & AFEFTH olw 7

_ﬂ

(reference electrode)¥} ®rtl A= (counter electrode)= | F &< TUS o] &3 o

1o

w2 ul (separator) ©. = Tty ] polypropylene(PP)2} polyethylene(PE)7} PP/PE/PP ©
Pz AFE e ARESATh

A3l A2 ethylene carbonate (EC), diethyl carbonate (DEC), ethyl methyl carbonate
(EMC)E Zt7te] HulE 352 o H&ER T3 g ZF A< lithium
hexafluorophosphate (LiPFe)E 1.3 M =04 o] &35ttt dade] Zoldls &9
k& 3~4 ppm O & Karl-Fischer Ag¥ oz st} A9 A2 HEA

71411 Ar & AYEL =zto] A (Model HE-493/Mo-5, Vac. Co.)oll A Z & &}t
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ol Majde]l A= FeElHel S He e w71 S& =HE AAE

25°C | A 24 AIZF B9t By & A7)ste S S35kt
3.3. d7]3ksr &4

AAE FMEsl= 23S WonATech battery  cycler(WBCS3000)S o] -&3}¢]
STt A2 (25°C)oll A A A F(constant current, CC) /% A] 12 mA g(2F 0.1
Crate)] AHF WEES 35 ~ 49 V (vs. Li/LiNG Ao <7kt
AL2(60C) A T/ AE Al AdRoA 3 3 FMEE AA SiA Ao 9uks
FAA AT+ pre-cycling IS AFTE Precycling 3+ AR & 2o 1 A|ZF B3t

T 120 mA gt AF UER M9l FA AWl FrEH go ol

=)

A A 49 VvV oA AdEs FAE T FF (YA, constant  voltage)<
At A A AR UE7F 12 mA gt oletE iyt FREES

CEEE-Y

Electrochemical quartz crystal microbalance(EQCM)2 o] &3+ A afa 4k3} A=
A FAF A AFH(linear sweep voltammetry, LSV)<, grapene oxide & &3k

A Fu)Fol ALl ek AS HAES] Ykl =3k H< A FH(cyclic voltammetry,

CVHls &8skt ol Afl FAREHCAA FAF SR 01 mv st =

&l
oX
ol
32
o

], LSV &} CV Ay eA Z+7; A W9l 3~5.2V,35~4.9V (vs. LilLi")
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3.4. 7]17]1 %A

3.4.1. XA FH A 3 (X-ray photoelectron spectroscopy, XPS)

EHE AR UAE Sl

o

=4 ouAe X A& ATl 2A

uj
et gol AAe A oUAZ AL & Utk [64
Ebinding = Ep/joton — (Ekinetic + ®s)

Ebinding 'ST @X]'Q] é?:l]- OﬂL‘]X]' Ephoton 'ST X }dp/] OﬂL‘]X]' Exinetic 'ST Hol—%% @X]'P/]

| = noenATI

A7 n& dAke] Fue A 4 (atoms cm?), ¢ & X A 2] =2 X (photons cm? s,
ot 57 QA4 2] photoelectric cross-section (cm?), &+ YAISH= X A3 WEEHE=
Axp Ato] o] Zhmef o8 AAE = a8 AAh n & FAA YA A -E(photoelectrons
photon?), A &= FAA7} WEH= 99 Hel, T & 3424 A& 528, | & AE
Qtoll A FAAte] Fit A W E(mean free path) ottt WFE T 54 dxks

23700 distel AT e Fol = Folsd e ek
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meb AT X Adow 54 dvpd v Al s d=ae] AV 1 = &S

Wag qlA ol wlalslAl Hol WA A/E el A% st AHs sk

Ix/
N, S,
Cx(%) = 100 x S, =100 X
i l/S
= Addo A XPS = 107 mbar ©]3ste] 11 FFoAx F35ATE Al Ko (1486.6

eV)E FgOo = o]&q oju 72 150 W (15 kV, 10 mA)©]t}. Constant-analyzer-
energy mode, pass energy 30 eV, 0.1 eV step oA S F L X-ray o] ~F A7 400

pm2 o] Tk XPS ol A A& A& kS C1s 2| hydrocarbon & C-H, C-C bond °fl & @3}
peak < 285eV E H A= HALS AR To EAE9TH

3.4.2 =74 %5 A+ v A& (Electrochemical quartz crystal microbalance, EQCM)

W A= flelA Aside] Atst & A AV 9ure] SAS B7] $ste

T XA v A A 2(quartz crystal microbalance, QCM)< ©] 23} th 9 MHz AT-cut
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WA ol WPl FHE WAFE olg3AAL o)

o
oX,

Figure 2 °|A XoJ= niel o] A X542 3%

o
=
i
o
ofo
_OL
2
N
4
rE
IB
2
N
i
4
o
_O‘L
32
o

g wr A 7FE AT

all
b
fol

3 28 1.3 M LiPFs in EC/ DEC/EMC (3:2:5 in vol. ratio) = ©] &3}t Ao A=

=

217}sk7] 913 potentiostat ©F CH instrument, model CHI660b =, 47375}

2 417)= Seoko EG&G Co. Ltd., model QCA 922 2 A3} T},

A=el RF(Radio frequency) A91E <A7betd st ayte] osf 1f9 XFeT=
Assct olu ¥ Fars 4w 4T 54 g =23 53] 773
s EHel F2E 249 AZHe] AadAZE Saverbrey o s tE9
2o FEE gt [65]

2f?
Af= —— . Am=C-Am
(1" po)?A
A7 Af = FRAFIFY] WHEl f = T F35, Am 2 FERTAe] AR

M3}l i S5 A2 shear modulus(u=2.947 X 10* g cm? s?), po & 74

U5 (po =2.648 g cm®), A = T 5 AFe] 1T 4 (A=0.196 cm?)©] Tt

= -

gEde] Az d=9 state of charge(SOC)E  Eelshy] 98 X-A
3] " ¥4 (X-ray diffraction, XRD)E A}&3}21 T}t Cu Ka radiation source(A= 1.541 A)7}
2o l= Rigaku 3] HEA171 5 AFRF O™ 40 kV, 40 mA & Ak, AR oA

S Ar 08 A =gfo] wiiolA 34 o & T

e
o,
_0|L
52
s}
Oﬂl
oL
2L
1
1o
=L
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d 55 AA g8l DEC = AHEY. 22l MEEBe) Aol £

PAFe] Efolu ™ ofF T Flsr] Sl AAE FARAE dnl A (field-
emission scanning electron microscope, FE-SEM, JEOL JSM-6700F) 3} o\ #] FAka X A
=7 7] (energy dispersive X-ray spectroscopy, EDX, JEOL JSM-6700F)Z &-§3}%] a1
Ao @dAS #A#3517] 98] cross-section polisher(JEOL, SM-09010)E- ©] &3} t},
Cross-section polisher = Ar o] RIS o] &3 dHS A== A2 2 APofA =

05W (5kV, 0.1 mA) Z7o|A S=a8&Fdt},

ElS(electrochemical impedance spectroscopy):= CH instrument ] model CHI660b &
o]-g3}o] 5~ 100 kHz o] F3t= HelolA FAsA L olw A7telE wFe AV
5 mv olth 574 ASOC oA 1 AIZHEe WAte] FHPo] mES F YL
A3

i
=

i3
rO
o
o
ofo
12
o
oo
&
il
Aol
1%
ol
&
al

b
o
o
1o
off
bt
rulm
o
o,
ol
2
)

A2 T HF 9 F55 S437] 8 AddfdS F33 3 HF 8% 7] (Metrohm,
905 Titrando)E ©| &35}t M2 0.8g = F=sto] TF 100 ml o] &3l A7 <,

0.01 N NaOH &Mooz AHAsItt Ad AI7H 10 & o|UolA &535t%5 1 2 3
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Li electrode

e

/ o Electrolyte
i
il i
| \

Pt coated quartz electrode

Figure 2. Design of homemade EQCM cell
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A s 9T

UE ole ME FEEE olYw &F BRALAY FAL BRAL ALE
et olekel B4 wa ARE WA SuHe 94E Aty Ak S
odd 43 F shb AF Agol Wk glolth 53] tlpe] Aol lFe)
F 89 A9 ] 03 V olstelA] o] Fo] Mk A )

]
o
G Halde] APHoE EAL F 97 Wl F, @F ol

l:l:l
r{

by
HiE] g oA AFEEHE 7] el A A9 (electrochemical stability window) BoilA]
A=E] F/gdol o]Fojx7] wiel] M=o WA dajdo] g Hajech
A 5= FdolA defjdo] AHAow et 2lF3 AAFe] ko] AlghE o]

9E ful cell & w7k} wrgom sl W spolIvick MO s dofup

pdARAe B0 QowlelA wrks] U SHE Aol zAelAE
Aaldel o AF mHelN 9 BaHe] REULE wEo] A9 o]FL
A, oo el A BT U2+ Qew BAe oled FEue] 2

[21,66,67] o1ZA A7 FFH =S solid electrolyte interphase (SEI)2} STt

Figue 2 & 591 &3¢ FPA Lzsidd 2 BE&S e Zelth 34

(vs. Li/lLi" oAl SEI 7} A& A& Fig. 3a oA & 4 Stk =
-3

V . g
Fig. 3a 9] Mt £3 349 2F 0.8 V (vs. Li/Li*) FollA dafjdo] g9

ot
Whgo] A9 Wewow vehpt ot Fig 3a o A &% A5 FAL e
el geld 4 otk @ W SE 7F A HW the 34 A dsld FelE
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47 V (vs. Li/lLi*) o]0z Hajdo 9] & ulofA

A FARSE 2del Stk v v g S8 gl wel dasid
LaA7E AEEo] v TF &85 Kol o] Ho] A&t MY & AHE
shuteltt. (Fig 4b) 3 F/4dolA] 87.6 %S W2 &85 HolA vk 7 HA|, Al A
AolFoME FEH &8 F7PF vEuA ok o okdel 10 3] /e
AFstd s 2%

Z71o] Asfid REalloll oFk HZFARke] AA gk =Tl 1 FAEE0]
A= Fde] Fees F4sA 2= e r g

Asfjzlo] Atstste] FEaHols wWel AHEET, gas w)oll wih A= g
wale] A= sk Aqtel Bl gglo] stk eiu o2] group oA dalA
Abshe] =9 WEg-Eol2l o =% &= ethylene carbonate & AF3l WAYUSFS A4

ig. 5 ] YERAITE D. Aurbach & FTIR & o] &3to] Z/4dS A3 LiNIO;

o
-
X2
R

&
Y
o
n

A=) #mwol polycarbonate species 7F A= S @FE EC ghuZo]
polymerization & sk Fig. 5b o} 2> ¥H§S AlbsHArh[68] o2t frAlst
Z37+E B. Lucht = FTIR-ATR 7} XPS #2415 o] gate] dglrkar Histi 9lrh[69)]
EC 7} #dlgte] Aol oS wrEolFE Ay 2 EAEgo]

=
wallH ol vut gl FofshkA] Xote S M= MAYUES AT Bis

-37-



hia

OO]

=

71-8-vj &}
A E=Z CO, CO,

o

i

to

g, ol

e}

Q

vl Qo [22, 73, 74] L)

o]

=

[e)

=

[e;
i

B

z2 AS

ole] 7kA AR AL

Aeh At s ALY

[e)
acetone, propanal & <=

T

] O. Borodin

A9

T W oy o B o W o
U o S S S o
mﬁ < Moo oot oF o QX
< Tl > —_ A I
xT o0 N ol
- B B e {F Y _.ﬂo - oy
PER:) W= WE BN
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) = ® < T w_ﬂ. DA = 0
N R R
R ¥ 5 35 il
™ J_%V Po_ _ % - o
T W MMH Wm zZ ® n -
N o XN T e g BT
—_— | I i
o ‘LLW N ot X ﬂw ‘Bo H.:l BR
R VR R + T
=X B To = rln o — o
LAY X o =r AN
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(@) 35

3 0 _ TAmAg' 25°C

: - 0] — 18t = —_—
1 2nd ——
-
2 5 5"}/ r/_/y

15 - s
00 05 1.0 15 20 25
1 0 _ Potential / V vs_ Li/ Li*

05

&
=3

1
AUV [ mhA ()
: L

5

]
=1

1

Potential / V vs. Li/Li"

0.0

0 100 200 300
Specific Capacity / mAh g”'

400

100

98

96

94

74mAg’, 25°C

—e— Coulombic efficiency

92

90

Coulombic efficiency / % )

88 T T I I T

Cycle number

Figure 3. (a); the charge/discharge voltage profile obtained with the graphite/Li cell and its

dQ/dV plot for 5 cycles. (b); coulombic efficiency change within 5 cycles. Voltage cutoff =

0.005~2 V. Current density = 74 mA g*. Temp.=25°C
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—_—
b
—

. 5.0
4 L
3 45
g
2 4.0 A
E -1 Q
E 35 12mAg ,b25°C
- 1st cycle
8 30
0 20 40 60 80 100 120 140
Specific Capacity / mAh g'1

(b)

100
P og | 12mA g'/25°C
= ] PUPEFSE S o S g
2 e Al
c 96 1
@
£ 94 4 ® wodo.
| z P T
Q 921
= g
£ 90 - S
= g —:—E:’:;\g:rga
Q 88 A S R —
O 5 10 15 20 25

86 +— ——7 7

0 5 10 15 20 25

Cycle Number

Figure 4. (2); the charge/discharge voltage profile obtained with the LiNiosMn1sO4/Li cell and

(b); coulombic efficiency and cycleability within 25 cycles. Voltage cutoff = 3.5~4.9 V. Current

density = 12 mA g. Temp.=25°C
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- P O . —= e
etc. OR 0 o
T

Figure 5. Oxidative decomposition path of EC
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411, W AZor o A=A A3}

e Qs Aol Vel He AEE AV fH He A

AEA v ASERE Ae FRT BAL o AL AL g g

L
rhe

Aol dialA s 3.4.2 dejA Ay Aol d= Am o] 98] U2

[a

T dAgslr® A4(C)= FHFshd C = 9356 Hz pg! 2, ol 1 ug o AT

vjdto] Yol 9356 Hz o M& W7t e &vdth

H

EQCM oCo=2HE dL& AyE figure 6 o “AIPT NI HAYE /W 3=
71 <t(Open circuit voltage, OCV)ellA 5.2 V (vs. Li/Li*) 7FA] 0.1 mV st ¢ 5=

ZAEIT oW sEr dARE dddel ArsstHom s Hiu YL
A
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47 V (vs. LilLi*) o]/FellAl I uo] dol= ®Ego] F3leth= Seoldl whek )4
a7 A7 wFolebd kst dFo] g o]l ZolFojokdt stk IRy
ko] PARESEE Hojd B Abst ARTF AXTE AL (1) BPEHAE It
Faeutezm AsatA] xetrke AR (i) A Ak o wo] doju=w
a

AglEo] W= Fwo] yuto® Z=E x| Eris AL oudt, 39 A
3

FHo tiFEe] EC 7 AAE Qi ¥ Fal /bR wAkge] A2 4R 44

.

7Ve/del ¥ E& Aolth olgA A Xl CO., aldehyde 5> I 2Hs A 3sh=tl
FrolatA] ¢ka Asfj el sV A HE SAsHA Pk

4.7 V olstell A Hig e Yl vluto] A o] AbsEEE o AlEHA
o5 Yotr7] flE 54 AstelA FHe] gd 2AS XPS & Fal
wHh oA 42, 47, 49 V oA wrEolzl It mH o] /98 figure 7 o
e ITE EQCM CZFE] 42 V = ¥uto] A7 Al&sh= @, 47, 49 V &
o= A% ¥uto] Holu yA Fut o] E3EE WAl & Qlrh ol

ZAe] & WHale= HA Li 3 F o] 42 V oA 9 gute= 217F 102 %, 17.6 %X

F

N

ZAst=d uhE] 47 V A= Li & 9HHs] Al 3 F o] 8.3 %k Wolgt=

¢

»

olth, 49 V oIAxZ 47 V & AT AL fARSITE 3 42 V oA Li 7 F 7}
Aol A wiFE AbebAEA W] wge] 10 % °d Sk Ae gl
ATh o|Z5E EWe °oF 30 %E AAskal 9l
ARRRAEA W =) el kEH T As 52 ¢ vk ofdl A=

3letEo] Folelx deldtr] 9 Fls AFMEHS figure 8 ol 4] #4138 ®H.gkt}

R

uit
r
B=)
M
o
kel
%
ol
ol
rlr
Loty

ol
e
©
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1.4

12 ] Ptelectrode (25°C) -
' — Current N
< 107 AMass
3 08- .
E 0.6 -
5 04 1
o -
0.2 -
0.0 - i
_02 T T T T
3.0 3.5 4.0 4.5 5.0 5.5

Potential / V vs. Li/Li"

0.5

0.4

0.3

0.2

0.1

0.0

-0.1

A Mass / ug

Figure 6. Current and mass change of Pt electrode during linear sweep voltammetry. The

potential of Pt electrode was swept from OCV to 5.2 V (vs. Li/Li*).
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Atomic Percent / %

42V 47V 49V
Potential / V vs. Li/Li*

Figure 7. Compositional change of deposited film on Pt electrode.
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Figure 8a & 7} AstelA wigol Hel Iue] F 1s ~AHEFo|t} o] 7] 4 686.5
eV ol f1X3t Ha+= gHE 49 F8 =<2 LiPFRO, 687 eV = Pt 9 F o] A3t

688 eV + FAEZ T2 ZHE A(LiPF) T+ PF(OH)y, & 3143131 th[36, 53]

AHER O ZRE 6865 eV 9 LikPFRO, FA7F Asto] &eb7tdA A A4S
e B 5 ]k o]y dAto] Wi HIo] 3tE = Zlelx], AYE Fold

HEAow dojuh= @dAA glst7] 938l LiNiosMnpsOs oA = & WHow
33 Bkl LiNiosMnisOs A5 &3 A 2%S 7 T f ZHA=
skl Fulgnh olgA Axd ded= =AY vIbzE $17] wiEel XPS
Aol golslth LiNiesMnisOs A= Al 7ol 12 mA gt 2l AFE <7kske] 747t 4.2,
47,49 V(vs. LIILIN7HA] 4 & &&54 2o gl & XPS 2 w43} figure
8b o Uehigith ol Ma =y fARE dAde] dEbsted, A= xHel A
LiF ¢} LiPFyO;, = F 3} Li & 23abe F71E0] Aol Seb7biaA] AlgkAl= A
gl 3 4 Ak ol e HAZAR dojue Wsrt okl I F
ARbel]l A7 WghdS F20 =4l LiNiosMnsOs Aol A 2] Fjuke] 24 W=
o] A= TF && Watel # Ao vhs AelA A =osEy sith

W A= LiNigsMnis0s A=5elMe] Aoz iE vus FAs= AE 5

™,

ftlo

LiF Y} LixPF,O, &} 22 Li 3 F & X85t F71E0] ndgel Al E 2le &
T AT AbAl = ARl a9 abst Eafol Az 3 T A=
Ay s B 4 9tk 28y LiF Y4 LiPRO, 8 B2 e dr|stetdow
Fgste] Abst HaE 7] ofHoh webA djAE §aE = RbEY 7hsAdo] =T

A" 42 V olME faEHA &L A AT mHo =AU 47 Voot A

a7 fleides 7Hdo] dastth S 42 vV ooAE gAY FREA duvt
Aafjde Abst 28l Ay nAY@.T V)elAdol vlEAs s A A=
ZHel sle FlEs ol ¢ 249 A4S 7ok dh
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(a) F 1s (Pt electrode) (b) F 1s (LiNiy, sMn, [O,)

LiF
Li,PF,0,

/ PF,(OH),
LiPF, \

PF,(OH),
LiPF,

4.2V\

™ prr

47V i e lePFf)z
@’A N

692 690 688 686 684 682 692 690 688 686 684 682

Binding Energy / eV

Figure 8. XPS (F 1s) spectra obtained from (a) Pt and (b) LiNiosMn1504 electrode at specified

potential.
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olet 2 7o vlwd # "= Z#o] EAkhydrofluoric acid, HF)°|t}. HF &

ofu] & ebelzl A A} #a) YYEFEA LCoO, F LiMnOs 5 A9 thie

()

olt}. 3] LiMn0s2 A% HF 7}
& JHZE AFZH 559 HIkEs

7H44171 70 LiMn0, E el tha] Mnf, = Bskel 432

= B-Ae HI} Al FHOE ASYE &
L
i=1

S 7= Qglow
H e QUh[19, 20, 75] 3 HF = LiIF S # o] gujojt} =, 12°C oA HF
o} 2 A Slvh[76] whebA

WE AZe Age &Y W Asidel EaHWA HF A4e] Fu Avkd
¢

10 g 9 LiIF & =< & otk Zlo] dgAe

Futell Al 7] E(LiF, LkPRO)C] 55 F Sl &

HFE o A4 wiAYSS 24 7 7=z ddA gled A
EAEE GF ALiPF)T EEEQ HO o) kel o A3 F WAE EC U
DEC & 7] &9} PRt Sol22] ZHE(complex)©] 4k3}sto] A/ w= Zlolt}. o]

e AR R vheyt Lok

1. LiPF4 © LiF + PFs
PF; + H,0 — HF + POF;

2. [EC — PFg!] > HF + PF5 + EC- +e

Ade ArEdzA Aae AY el g 8 W, F A YA

2

golil Fa= A A9 wkge] G, Al oEsh= A7) et wrgoldh
et FA7b dskel wE vvhe] x4 wstel Bgett wols B 4 gluk

| o] W52 7% EC, DEC & Svl= dstgql Atsl ZSsto] oF 6 V(vs,

i
ol

Li/Li*)old o2 3] =A%t wkok PRet 9} 22 (complex)S o] &t Zhzto] whz



NS wrHh A Aslsle] A3 7eto] 45~5 V(vs. Li/LiY)E "ojztty W a1s}
UTH[70] 2ely olefdt Biale A s o] &gk AL At 7|Nkst Zlo]
Zol FAQsity olF flal nlolA A= As st 44

OCV, 42 V, 49 V oA 10 A7t =<t B33t & AfAS 3438t HF 9 &=

R

e
!

~

=48tk 2 A3 ocV oA 72 ppm, 4.2 V o4 140 ppm, 4.9 V = 187 ppm O &
HF o %7t dgel diste] S7hshs 21s AT 5 ATk whebA A gtelA
Al o] wald w w3 AHER HF 7F RO AE 4 5 Stk old HF
sEE NaOH goox AAstel S4spglornw () Al A HF 7} 25
gl & ojor st A} (i) H7F 2% HF o] 7]Q18 Zolgt= 7pgdo] F st} F+
7 B AR ERlay] ofg Aol o, Al Alzel tiste] HF szl HErt
AL FAFE Zolgts A3 dsfjde] 74 el vFo] Kol FAatowA #gdt

W B APl FHgol

H

mb

T 9l Aol HE 7b fEstrhs Al wjFo] Kk

HE o A4 ol Elnt @7 HF 7b suhe] T8 o

= sA4%ts v7IdFel At 1ol desitt vE @A £ Fols

[
]
it
i)
_~
2
__>&‘
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Figure 9. Schematic illustration of surface film evolution during anodic polarization of Pt

electrode. Electrolyte should be decomposed on newly exposed surface at 4.9 V.
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Figure 10. FE-SEM image and XRD pattern for LiNiosMn1 504 particles
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(a) C 1s (b)F 1s

PF,(OH),

LPFS\\

LiF

47V iij fif

292 288 284 692 688 684
Binding Energy / eV

Figure 11. The C 1s and F 1s XPS spectra obtained from the charged (delithiated)
LiNiosMn1504 electrodes in the 1st cycle. The electrodes were prepared by embedding the
LiNiosMn1504 powder onto gold foil to eliminate the spectroscopic interferences coming from

carbon additive and polymeric binder.
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(@) 4.2V

—e— C1s
—h— F 1s
—a— LiF

25 A

20 A

15 4

10 -

Atomic Concentration / %

25 4

20 A

15

10 A

Etching Time / s

Figure 12. Atomic concentration of C and F in the surface films, which is derived from the

depth-profiling XPS spectra. The atomic concentration of the other elecments (Mn, Ni, O, Li

and P) were also calculated, but not provided for clarity.
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(@)4.2V (b)4.7V

w
‘Ué PF (OH),
3 LiPF, Ao
5
60 vy
" s 30 0 S
9, go2 688 684 g92 688 684

s Binding Energy / eV Binding Energy / eV Binding Energy / eV

Figure 13. The depth-profiling F 1s XPS data obtained in the 1st charging: (a); after charging
up to 4.2 V, (b);after charging up to 4.7 v and (c); after charging up to 4.9 V. Note a drastic

decrease in LiF population with an increase in the charging potential.

-59 -

3
MqET
 m—

18]

n



60

o

o st 1 3rd 110th >
~ 12{—e— LF | 1 e '5070:"‘
Ll |—2— Carbon| | ] i o
= 10 40 &
T O
2 87 B - L 30
O &}
O 6- . . -
Q - i - 20 O
£ 47 i y 0
2 - - - 10 £
< 2 T 1% 2
0 I I 1 i I I 1 O (

40 44 48 40 44 48 40 44 48
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Figure 14. The atomic concentration of LiF and C in the surface films, which was derived from

the depth-profiling XPS spectra taken with cycling. The results obtained after etching for 40s

are represented. Note that the scale bar for LiF and C is different to each other.

-60 -



(a) 1st (b) 3rd (c) 10th

PF,(OH),
LiPF
4.2V e N\

49V m N N

| L I | A A I r ' 'l ‘1" °

692 688 684 692 688 684 692 688 6384

Binding Energy / eV

Figure 15. The F 1s XPS data obtained at each cycle: (a); 4.2 V and 4.9 V spectra in 1st
charging, (b);2nd charging and (c); 10th charging.
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Figure 16. Atomic concentration of C and F in the surface film. The electrode was collected

after the 10" charging (4.2 V)
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4097 Mn2p+Ni2p (4.2V)
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Figure 17. The atomic concentration of metal components (Mn and Ni). The results obtained at
4.2 V in each charging are represented. Note that lower metal concentration is a signature for

thicker film deposition on LiNiosMn150.a.
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Figure 18. Ac impedance spectra obtained with the Li/LiNiosMn1504 cell in the 1st charging.

- 66 -

53

o
b
=T

—

| 8} 7



800

600 -
G
TE 400 -
E
4
200 -
0 I 1 I

4.0 4.4 4.8
Potential / V vs. Li/Li"

Figure 19. The evolution of film resistance with continued cell cycling. The charging potential

and cycle number where the impedance spectra were obtained are indicated.
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Li,PF,0, LiF

1st LiNio_sM n1_5°4
4.2V
3rd  LiNiysMn, ;0,
| == R

10th  LiNig sMn, 50,
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/ exposed
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LiF removed
Charging

49V

Ni; sMn, 0,

Charging

Charging e e ST
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Figure 20. Schematic illustration for compositional change of surface film deposited on

LiNiosMn1504 electrode with cycling.
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Figure 21. Al 2p XPS spectrum and Al mapping image obtained by EDX. Both indicate that the

Al,O3 are coated on surface of LiNigsMn150a.
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Figure 22. The Al 2p obtained from the charged (delithiated) LiNiosMn1504 electrodes in the

1st cycle. The electrodes were prepared by embedding the LiNigsMn1504 powder onto gold foil.
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(a) F 1s (Al,O,-coated) (b) F 1s (Uncoated)

LiF
% E/ 42V

Al-F
Li,PF,0,

PF (OH),

LiPF,
N

Binding Energy / eV

Figure 23. The F 1s XPS spectra obtained from the charged (delithiated) LiNiosMnis04
electrodes in the 1st cycle. The electrodes were prepared by embedding the LiNigsMn1504

powder onto gold foil to eliminate the spectroscopic interferences coming from carbon additive

and polymeric binder.
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Counts/s

Figure 24. The depth-profiling F 1s XPS data obtained in the 1st charging: (a); after charging

up to 4.2 V, and (c); after charging up to 4.9 V.
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Figure 25. The evolution of film resistance with 1st charging. The impedance spectra was fitted

with equivalent circuit presented in figure 18.
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Figure 26. Cycle performance (a) and coulombic efficiency (b) of LiNiosMn1sO4/Li cell at

25°C.
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Figure 27. FE-SEM image of mixed Al,O3 powder.
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Figure 28. Coulombic efficiency for three electrodes.
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Figure 29. (a) lllustration for self-discharge mechanism. Electrolyte oxidation on electrode

surface is accompanied with lithiation to make closed circuit. (b) The OCV changes of stored

electrodes at specific temperature.
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Figure 30. Electrochemical performance of LiNiosMn1sO4/Li cell after storage at 25°C during

27 days; (a) Voltage profile, and (b) cycleability.
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Figure 31. Voltage profile of LiNiosMn1sO4/Li cell after storage at 60°C during 7 days.
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Figure 32. lllustration for possible degradation mechanisms of positive electrode.
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Figure 33. Cycle performance of LiNiosMn1s504/Li cell at 25°C and 60°C. The current density

was switched from 120 mA g to 12 mA g for the 90th~92nd cycles and resumed back to 120

mA gt from the 93rd cycle.
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Figure 34. The galvanostatic charge/discharge voltage profiles obtained at 60°C. Voltage cut-off

=3.5-4.9 V (vs. Li/Li*)
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Figure 35. X-ray diffraction patterns of LiNiosMn1s504 cycled at 60°C (120 mA g?) (a). The
XRD patterns were obtained at the discharge state (3.5 V) after the predetermined period of
cycling. The magnified views of (111) diffraction peak (b). Note that additional (111) diffraction
peaks (arrows) develop after 40 cycles. The (111) diffraction peaks for the LNiosMni504
samples of different state of charge (SOC) (c). The result obtained from the pristine sample

(SOC =0 %) is also presented in (c).
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Figure 36. Cross-sectional views of LiNiosMn1504 composite electrodes; after 30 cycles (a) and

40 cycles (b) at 60°C. Current density = 120 mA g,
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Figure 37. Cycle performance of LiNiosMn1sO4/Li cell with a variation either in the electrode

composition (wt. % of LiNiosMn1504, carbon additive and PVdF) or Al current collector.
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Figure 38. Evolution of cell impedance upon cycling observed with two composite electrodes.

The composition (wt. % of LiNiosMn150s, carbon additive and PVdF) for two electrodes is: (a);

94:3:3 and (b); 80:10:10.
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Figure 39. Schematic description of protective role of graphene oxide coating layer. Graphene

oxide can preserve the Al foil from the attacks of anions and aluminum corrosion.
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Figure 40. FE-SEM images of uncoated Al foil, graphene oxide coated Al foil, and cross-

section images of both foils.
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Figure 41. Cycle performance of LiNiosMn1s504/Li cell at 60°C. The LiNiosMn1504 electrode
whose current collector is coated with graphene oxide showed better cycleability and coulombic

efficiency.
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Figure 42. The galvanostatic charge/discharge voltage profiles for two samples whose current

collectors are (a) Al foil and (b) graphene oxide coated Al foil.
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Figure 43. Schematic description for degradation mechanisms of Al foil.
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Abstract

The crisis of fossil fuel economy triggered the demand for lithium ion battery (LIB) whose

energy and power density are high enough for the criteria of electric vehicles. Among others,

spinel LiNiosMn1504 is one of the most promising positive electrode materials for LIBs because

its working voltage is over 4.7 V (vs. Li/Li*), which could deliver higher energy and power

density. Spinel structure of LiNiosMn1sO4 has excellent structural stability even at highly

delithiated state, contrast to other positive electrode materials of layered structure such as

LiMO; (M=Co, Ni, Mn------ ). Furthermore, the oxidation state of Mn ions remain intact during
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galvanostatic charge and discharge to eliminate the structural deformation of Jahn-Teller
distortion or disproportionation from which LiMn2O4 suffer. The advantages of its high working
voltage, however, is largely offset due to electrolyte decomposition. Electrolyte could be easily
oxidized on the surfaces of LiNiosMnys04 particles since the working potential is beyond the
electrochemical stability window of electrolyte. Electrochemical stability window is the
potential range in which the electrolyte could stay in stable without electrochemical oxidation
and reduction. It is possible to block the electrolyte oxidation if the passivation layer is formed
on LiNiosMnys04 electrode surfaces as a result of electrolyte decomposition. Unfortunately, it
has been widely believed that commercial electrolyte cannot make the protective film on surface
of positive electrode. To the best of our knowledge, however, there was no academic research
about a reason why the film formed in oxidation condition could not work as the protective
layer.

In this work, the stability of surface film derived by oxidative decomposition of electrolyte
was estimated on high voltage region (>4.7 V vs. Li/Li*). First, an EQCM (electrochemical
quartz crystal microbalance) was used to confirm whether the surface film is formed by
oxidation of commercial electrolyte or not. Because the EQCM measures the mass change of
electrode, we can monitor the quantity and rate of film formation in real time. Second, chemical
composition of surface film formed at specific potential was analyzed using XPS (X-ray
photoelectron spectroscopy). Comparative study of compositional change of surface film
formed on Pt and LiNiosMn1504 electrode clarified that inorganic phases, LiF and LixPF,O;, in
surface film formed at 4.2 V were removed at higher potential (>4.7 V). The removal of
inorganic phases, partial disappearance of surface film, could lead additional decomposition of
electrolyte on newly exposed electrode surfaces and low coulombic efficiency. Because the LiF
and LixPF,0O; are electrochemically stable species, the removal of them should be by dissolution,
not decomposition. Dissolution mechanism of inorganic compounds by hydrogen fluoride (HF)
was proposed and Al,O3 as an HF scavenger was introduced to prove the dissolution mechanism.

The Failure mechanisms of LiNiosMn1504 at elevated temperature were elucidated addition

to the former work. At elevated temperatures, new degradation mechanisms of electrode
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ignorable at room temperature could be significant since all kinds of chemical and
electrochemical reactions are accelerated due to an increase of rate constant. To clarify the
failure mechanism of LiNiosMn1s04 electrode, XRD (X-ray diffraction) and FE-SEM (field-
emission scanning electron microscope) were employed. Some evidences such as the
polarization increase in galvanostatic charge/discharge voltage profile, existence of charged
particles in fully discharged electrode, and cross-section image of electrode implied that
capacity degradation at elevated temperature is strongly related with contact loss in electrode
layer. The failure, however, was suppressed by reinforcing the electric network in electrode
layer; adding more conducting agent and binder, and using etched Al foil or graphene oxide

coated Al foil as a current collector.

Keywords: Lithium-ion batteries, LiNiosMn1504, high-voltage positive electrode, surface film,

failure mechanisms
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