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Abstract: It is well known that spinel lithium manganese oxide cathode materials lose their charging capacity with repeated cycling in Li
secondary batteries. In this paper, we attempt to clarify the origin of capacity losses, and suggested a method to overcome this problem. The major
findings fall into three categories: (1) the capacity loss stems from the spinel dissolution, which is promoted by acids generated from
electrochemical oxidation of solvent molecules on the carbon surface at the charged state (at > 4.1 V vs. Li/Li’) of the cathode. (2) the cathodic
capacity loss, arising from the solvent oxidation and spinel dissolution. can be minimized by using the electrolytes composed of carbonates and/or
fluorine-containing lithium salts. (3) the spinel capacity loss is accounted by two factors: material loss arising from the spinel dissolution and the
polarization loss caused by an increment in the cell resistances. The relative importance between the two, the spinel and polarization, seems to be
determined by the carbon surface area. The material loss is dominant for a large surface area of carbon, where the spinel dissolution is severe.
Whereas for the polarization loss, it is more of a problem for a small carbon swrface area. In the case of doped spinel lithium manganese oxides
with the nominal composition of LiMeosMme«Os (M = Mn, Li, Al, Co, Ni, or B), the structural breakdown, due to the repeated change in lattice
volume, is the most important failure mode, and the second major role is played by the spinel dissolution.
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LiAlL LiPb )& &322 2489, 2§ ol Ax4E 7MAe
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Ztotal Mn content)® B@ %3t 434 (average oxidation state
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E(PTFE) Z¥ A& 4Y 4o 24 F759 4& w7 4
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Table 1. Powder and Cathode Properties Observed with Spinel
Manganese Oxides Calcined at Different Temperatures

o ial Initial
Calcination  Surface  Total Mn Average  Initial open itia

Temperature area’® content” oxidation circut charge
state of Mn voltage capacity
1) mg" (%) iV (mAhg ")
600 2120 3824 361 34 124
700 1189 39.68 3% 3.36 131
800 364 5991 333 330 14

* Measured by BET method (N adsorption)
® Calculated by potentiometric titration

& vycor tipe 2 E2|8%d. oEA A& FAHE Fe] HF
J & FEHIol HAA Hale 4L D & oy, A
gzto] B88E F& WHARE BAdd T+ AUt A&
A e %7t o] 29 %& AN - FAEYEI] Hdtd B2 Ao
Z a2 18 9)(differential pulse polarography)E °l&3&4%t. °l&
98, EG&G PARCAMS model 174A polarographic analyzer$t
EG&G PARCAF® model 303 SMDE(static mercury drop
electrode)2 ©]g38%th o] o AHEF AFL AL tartaric acid/
ammonium hydroxide (pH = 9.0)Z ol &34t A @2 ¥
o] duda wzlE 245y e i JdHd2y(ac
impedance spectroscopy)® o4&tk $%A A AHEE &
23 e Yoz AL FYF F, FYAS HEHUA 9
dAE 250 dudz9 S WHE Bl OCV 4H
oA QA A WA(UA T ol )dte] HYo =2F ¥ sy
o, ®E Jyds 48 EG&G PARC 173 potentiostat/
galvanostat, 276 interface, 12l 5208 lock-in analyzer& Q73
o Fgsgd. 238 FasE $49 739 0006 Hz ~ 100
kHz9) 9o S A& dPANE9 271E 5~10 mVE
gk 234N 717] 2% EG&G PARC M378 software
g o838 n 2AZA BA A4 softwareS AHE3HEITH24]
EVS 4382 913t EG&G PARCAFY 362 scanning potentiostat/
galvanostat®} PCL812pg interface® @7Fdld AHYE Aosln &
2+ 3¢ AFE 238929 potential step 10 mV2 &1,
threshold current® 002 mAZ stk 2zt A9dlN 52& HF
€ ARso] v|RAsy Ao i FHE dU

3. &z % 1@
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Table 19 234 A8 FAA, ¥ 53, FT Y3+
59 BUEAT 45 B2 ABHUS W B, F 27
T

OCV (open circuit voltage)$} %7] 284S UYetid. 800

oA stad Aud AEL PF WAASFTL 35328 w2 &
E(600 T, 700 T)olAN 2@ 2udud e 38 B9, 27|
OCVE 7% #& 3¢ Jehidnh 33 38 Mn*7 Mn* 2
A EA AYH7| dEo) P PRSI FE4E FHE
Fe AA JERT e B 2RAA AT 23¥d H3E
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Table 2. Lattice Constant and Average Oxidation State of Mn
of Various Spinel Manganese Oxides

Con.mosition of 5 Cl;zt:::t Average oxidation Reference
spinel phase a (A) state of Mn
LiMnzO, 8245 © 350 %
8232 3.50 %
o
800 T -fired 0.03 8244 353 this work
700 T -fired 0.05 8.240 356 "
600 C-fired 0.11 8233 361
LiMn2Os- 5 0.10 8218 360 %
Li2MniQo 8162 400 %526
LisMnsOnz 8137 4.00 22

< 9o vigsE gL BT 299 AsiEe XA AR
(x-ray powder diffraction) 23, 600 T o]¥oA d4¢ 299
A3 ge 2y o)9d g #¢EY ¥zt FFHA YU
g dALE7} RoldSE 9a9 L oAk Table 29&
38ty A3 U(stoichiometric spinel)® 4+4 7% oxygen-rich)
29 de] Ay Ja PHsieE Yehidd. 4 2y,
Atae ol F7M84E AR gadA o). 800 TolA
sag 239 A8 AAYsY A vRYEF aEn
W7ke] HFAE Fol HEFH AvMdsm FAS g BAUY
a8y FALEs} RolALE i @] A&HoE FUhe
o 600 TolAE & = 011 3t o]2A @) o)t 42k} @
ol A& Atadge Ando] dojA: Ao} A HHz Q)
o [26]. W& REOA 4% Aud AR89 HFE PHANRS
7t 3, 33 d(diffraction line)] ZFo| W& R& FAHHoA
S43) setgy Avde A8HA] 2Y7) AEQY Ao 4749
o gy 600 TollA gt2d 209 AT A4 F7
YAl 3V ojdelA A9 £3FE Ho|A gt RoE
427 LMnOoolHt LiMnsOz & 2R3 FHE BE Aol& Hole
AoR Heof, o]} B F& EAFA 4L ¢ F UNL, 4V
Aol A& Mol Aoy gl Y 29dg =43 &
AVe ghe& R o6l

3.1.2. A5'd 83

Figure 19| A2 & LEold 823 299 2ug g3oz
# LiLiMnOs A9 $ALFE 294 35 g8 Yl
o Table 1944 B vis} o] sALE7} Eo}d4E 2vy
qzte] EHHS Fasaou AYd ol & FuA H36 V
~ 43 Vs LVLDAAE 3247 o 34 Yol 48 &
o, 800 Cold 848 299 WX 364 mg ol 603
FHA%, 27) 4042 8% FAHRD. 28 600 TAA
a4 2ude gFHFo| 212 mig oA 603 24A F9
$3 271839 Aoz FasAch 600 TAM 4 24
2 603 WA ¥ XRDZ BAY A3 Y 7229 Hole
#28 + QA o] ARZRE Jahn-Teller distortiond] %
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Figure 1. Discharge capacity of Li/LiMn:0; cells according to
cycle numbers. Cycling was carried out galvanostatically at a
current density of 1 mAcm” between 43 and 36 V. The
cathodes were composed of spinel oxides, acetylene black
(Vulcan XC-72) and PTFE binder (75:21:4 in wt ratio).
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Figure 2. Differential pulse polarograms in 0.2 M ammonium
tartrate buffer (pH=9.0). (a) after 20th cycle of Li/LiMn-Oy cell,
(b) recorded with 056 mM of Mn” solution, and (c) after 40th
cycle. The spinel oxide was calcined at 600 C, and the cathode
composition and cycling conditions were the same as those for
Figure 1.
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Figure 3. (@) Concentration of Mn” ions in the electrolytes (1
M LiClOs in PC/DME) with repeated cycling. (b) Fractional
capacity losses estimated from the Mn dissolution.
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g 239 97 438 A8 Mn¥'9) Yelz $3HEL & £
ATk aga FPA =3 AHAL AH AAD v &3
Ho| At Mn¥9 ¥ EA& Figure 3@ ebhdc. 19
dx A A7 AF 2FoA FWAcl AFHA o AHA
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A A Aol 7 AU o)AL 2 AEY 3 A
A7 25d YA AN Yojur] fEo) Axd YA B
Hyo] ZE4E 7 HA Qo= Aoz AU BHY
S A9 A3E 32 s YAH: FEHY &40
AN £3P20) v)AE v &L Figure 3(b)ol YeRiTh 230l
A opd gBFe) &4 AN £3%4 N ~ 3% F=E A
g ole F39 £¥FA7 239 ARE §d2 A
op7|HE §BAY &4 olgd g 294 o3 AuHn Y&
£ gAEE Aot

3.1.3. 214 839 87|37

Gl A AFE ANY, 29 MFEL 43V ~ 36 V Ao|E
A A4 ASHA AgE2 St 4 209 FdE
g8 Ak A& S 24 7] At BRGTl 38 VA 42
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Figure 4. Concentration of Mn” ions in the electrolytes as a
function of time and cathode potentials. The composite cathode,
loaded with 600 T-calcined spinel, was polarized at a fixed
potential and Mn”* concentration was monitored with time.
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Figure 5. EVS (Electrochemical Voltage Spectroscopy) differential
charge plot recorded with carbon electrode (Vulcan XC-72:
Teflon binder = 95:5 in wt ratio) in PC/DME (1:1) + 1 M
LiClO4 electrolyte. The corresponding cyclic voltammograms
recorded with different solvent compositions (with 1 M LiClO)
were presented in the inset. Scan rate = 1 mvs™.

V Alolg] dAALE A7tE F, Aol wet PHA2 8IS
F0%E 489 Figure 40 Uebhth 2@y 2R, F30f
A7HEE Aol 40 V (vs LiLi) Bk & Afole 2349 4
e g3 FAL F A& BEE A} 22U 40 V o9
Age Aletd AHAE F¥He YLYol 2438 FHA.
¥z Apde 239 A3HEe] 837} Figure 59 Uehd 24
g FteASelA g A A fAE ARAEYE B
t= Aol PCS DMEY) EFEvle 712ASA 40 V o439
Hgkel A7tew Absts)7] A A@rHFigure 5). EVSe A2
(steady-state)®) ZAFE Webdl7] B, da3 Bapt3e] A
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Figure 6. Concentration of Mn® ions in the electrolytes (IM
LiClOs in PC/DME) against the elapsed time: (@); both carbon
electrode (Vulcan XC-72:Teflon binder=95:5 in wt ratio) and
composite electrode (spinel oxide:Vulcan XC-72:Teflon binder=
75214 in wt ratio) were left under open circuit conditions, and
(A). the carbon electrode was held at 42 V, while the
composite electrode under open circuit condition. Two electrodes
were placed as close as possible.
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E4e ZFA¥Y(mass transfer)oll &¥ Qo] vjAslo] Ut
28). o] ¥ 747 A2 HE A Ao] FEBHAN AdsgoR
ARE FA7E 299 AstEe &30 o] AAH UL
g 4+ AN ol @ 7ML ] Astd FEATE o
g3t A 7tR g EFLdlel dis c$AGAFPlceydic
voltammetry, CV) 4¥8& 4339 tHinset of Figure 5). o] &¥
AL A 73 M(cyclic voltammogram)22E 139 F 712 A4
< ¥ 4 AU AAE DMEY #Fo] F7185+E AAF
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ddtn e A% £ AU A9d AHEY 3 wge
(DAAY Mn* o] 8253 ¥-$(disproportionation reaction)& %
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Figure 7. (¢) Concentration of Mn” ions in the electrolytes
against cycle numbers. The spinel oxides were calcined at 60
0T. Carbon contents in the composite cathodes were varied.

(b) discharge capacity profiles according to cycle numbers.

{c) fraction of material loss (due to Mn dissolution) over the
total capacity loss.
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Figure 8. Charge/discharge profiles of the Li/LiMnz0s cells.

The spinel oxides were prepared by firing at 600 T: (a) the 1st
charge/discharge curves and (b) the 24th cycle curves.

2 Mn'9 Hel2 &3 9o ()42 Ed Yojus Ay
d AstE e S8le 33 mud Aoz Y
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THAY S AWBAA = A3 ALY Ao £3)
o] Qe B ¥ 23 AM §37A F 299 A9
&7t A=At vl& 52 Figure 79 el 29d B
600TolA 2 AL A3, SAAE Vulcan XC-T28 %
A2 21, 30, 37%7F HA 3 AL HAYsigen HAHAL |
M LiClOs in PC/DME® o183tk £ 4gdA Sojg AL &
AAe gegol FNUFE BEAY LS} Sz Bign
427 4%0 FAgde Aotk dFU AA L3gA F 29
4371 ARt HEE TAAY o] FHE4E FHE
S Btk 2PN Y BEAY $HFLS THRY FFo)
Bl F7kstn . ole UM AFF ANPD A Tt
o] BS7E WajAY A3} vkgol o5 WHEHE A9 ofo] 27}

s A12E A 2 &, 2001

571 @Eoltt, a8y Figure 7(a), (oM BE AANY &3 7
AE BAAY WS EAY &) WA 2RE B
Adct. oY, Figure 7(0)A BE AAY AR o] 37
%% AFAME 289 4329 Lo I3 FEFAH &40
372 A= Hgo] 80% wHHC TAAS FHako] 21%<
AFS AALFEL 5 G249 &40 20 ~ 40% FEE AR
gtk 2n2, =AY FPo| FEY AHAE EW I %
7t 23 AF)de GEIY &40 SF7gae FH dAo)g
g 5 gtk oJAL £FHAE & A3 uiE HAw And
AtstE o] g3oll od B &40 Bl fFo) niFAF A
2 ot a2y 29 &4 Zo7] Y& AN P
Eold Al 29 8419 93 ¢ 2 £FFAI) dojdh. fqPA
€ fFEA7IE Al 29 2L 849 &N 7UsE d3A
ol F7tAN #& 4 g

Figure 8¢l 600 TolA st4d Axd 4382 4= gE2=
81 ZAAY gEg gEldtd UHE A3 A v YA 2
WA A4S et 2ol 2a 2] Wd mge &A
Ao #Fol ARl NE FAEHT & & L vy T
gAY F4d EgE o F3 ey FuAA B3% A §
Abetl dojvz o 2@y 24K FEAdME UE A
Btk &, TAAY o] 37% AFL WA 2go] L9
A% FANE B9 ofdet £39 F7tE A9 gt g 21%
A AFL £39 F7bl 93] 2-phase ¥Hgo] $AF Ty @
& BHoA cut-off Astell £ FHo| FEHNYeH 1 43
Fdo] 43 dojuhx R3Yy| dfFol WALEFE Z4sA HY
o old B4AE FHLE AFHGo] FrlHo] B2o| AR/ o
Foltt. 230 Fwdo| wrEgo ua AFAgo| Z7tEE o

= FAY7? 2 @A & Figure 1, Figure 3(a) 28]3 Figure
@)% (bl A 2& 4 ded o8 vus] BY F9xo] uig
g gt 239 3389 s £3ULT FAY AYHL
AL AEE 4 5 Aok 99 ZREHE G 2L HEe
Ag & ik 239 4312 8 w7 TN AFE AN
2949 A3 ge &7t AL YW $EA U FdHAE 2
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Table 3. Deconvoluted AC Impedance Parameters as a
Function of Carbon Loading and Cycle Numbers

R @107
@y

Carbon | Number R, Cq Q@
content | of cycles (2) (Farad) Yo

Ra Zw
(@) (@

n n

mtal 200 010 522x10% 0% 63 106x10° 067 483 01l
0 185 027 101x10° 089 127 se6x107 058 336 010
2%

3 185 037 170x10° 084 178 405x107 061 399 008

4 185 05 177x10° 084 208 37Mx10* 061 470 009

iniial 132 017 L14%10° 10 00 126x10” 06 62 018
13 151 03 33x10° 10 350 158x10” 068 92 014
3%

T 156 041 33x10° 10 50 135x107 068 117 013

B BT 046 339x10° 10 55 g;x10® 074 123 0l

* @ is the circuit description code representing the constant-phase element
(CPE). Representation of CPE in admittance is Y(®) = Y, - (jo/".
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e initial
®  after 20th cycles
90 | 4 after 31t cycles |
v aher 415t cycles
G
“E 60l
N
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0

Figure 9. Ac impedance spectra obtained with two composite
cathodes of different carbon loadings. The spinel oxide was
prepared by firing at 600 C. The solid line indicates the
best-fitting with the equivalent circuit depicted in the inset.

A7t M2 gar] gioly, Furdoe] wiEgor Ay o3} u
oA 2 ¥stZo] of$ agtrh. QE CPE(constant phase element)
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oAz EPY & ¢k CPEY EAL n #tog 2AY 5
A=Y, Qe nol 19 2HE T ZE AoZVE &£58 A
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Figure 10. Evolution of Remax and Re with repeated cycling.
Two composite cathodes with different carbon loadings were
compared to each other.
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Figure 11. Linear sweep voltammograms recorded with a
composite carbon electrode (Ketjenblack EC : Teflon binder =
8 : 14 in wt ratio, apparent area = 1 cm’) in different mixed
solvents (1:1 volume ratio with 1 M LiClOs). Charging current
was subtracted from the raw data. Scan rate = 1 mVs ™.
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A3t7] Hatof, WA A2 g2 g ol g3 APAE wEA
2 o A Mgl oW Wt YeAE ZAEHAC.
Figure 119 Ketjenblack EC$} Teflon binder& FAMIZ 86 : 14
2 EYde] AR ARATNAN #7180l FHA BE A4
#9 4718 Yehidth ol g9 LiCIOE ZAsAT 40
= AA ether AY3F} carbonate AY2 FEHAT. 2PN B
%ol 4V ool Me] H#AFE ether AES $v47} carbonate
A gujrc 953 2A Jehkx, ether ALNAE THF7
DMERT A yehite}. olg 4vl& A2 A% o 394
FPAN $HHE Bl L) FEE 38 Figure 120 Y&}
Wgln 2¥olA B9 SHRASAN HA AEE ether A 0]
€ AP AHSEW 299 UE9 &7 F43 dojxh
EY 299 329 &7t 343 Yol PC/THF £i8l
AxNe §F347 & Aol vY 2 YojtthFigure 13).
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Figure 12. Mn” contents dissolved from composite cathodes
during the charge/discharge cycling. Cycle test was carried out
galvanostatically at a current density of 1 mAcm > at 4.3-36 V
(vs. L/Li"). The composite cathodes were prepared with spinel
oxides, Ketjenblack EC and Teflon binder (72 : 20 : 8 in wt
ratio). The indicated mixed solvents with 1 M LiClOs were used
as the electrolyte.
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Figure 13. Discharge capacity profiles of 4V Li/LixMneOs cells
in different electrolyte solutions. The cells were designed to be

cathode-limited such that the observed discharge capacity values
represent those of spinels.
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1) Direct oxidation of THF
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2) Mediated oxidation via perchlorate radicals
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3) Further oxidation
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EGAY 457t $7bEth Etherd o 91349 9g4o] 2 olf&
HA¢ ghrjdo] 3% Hresonance effect)od I3 YA A3Hs
7] @&t} WA carbonated) 39l carbonyl 719 AA ¥
71 & 3Helectron-withdrawing effect)ol <& glcjde] Ao o
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Figure 14. Dissolved Mn® contents in aqueous solutions of
different pH. For this measurement, 13 mg of spinel powder
was dispersed in 200 ml of pH-adjusted aqueous solutions and
then stirred for 80 min. The solution pH was adjusted by
dissolving a proper amount of LiClO; and HCIOs in distilled
water.

£olatA dojubs AdAY H Fx7F 28X 42 HF AR
g o ades A& ¢ F AN gL AHAY A3 igoz
A4 Hol #d 239 U389 L& LA Aol sl
dol B gttt Huntere(35] 294 2§ 3¢ 438 & A 34
AMnO27t A8EUR Rusty Qed 2 wgS Hojud o
&3 2o

2LiMn,0y + 4H' — 34 - MnO,
+ Mn** + 2Li* + 2H,0 9

299 A8 MY FEdolA Lit o]Re] FEHHYA A
-MnO7b A45E A Ftol Mn*9 Yel2 geject 9
3ol U@ pH E4E 24 A3l H $E& #shi7)d
A 840z 38t Mn"o $& Yaio) EJ2adue ¥
At olF A3t HUA 100 mL HlojAo FF5E 70 mL A
= 93 01 mol LiCIOE 9ol 43 SRt 7)o e 43
€ 92 ¥ F92MHCI0)E A7IsdA dte pHE 23U
of $4& 100 mL 8 Feh23d &7 9 FHTE o d7t
39 100 mLE TEUT. 7)o 299 £Z 13 mge ¥ &
B F AR g 842 ARG F84d Ho} e F
9 & £439 Figure 149 YebATE THAN BH F§A
o W=7t TS AHE PP ALHAA St
A9 5 7HA A3 - A A3} g g f71HsHE W
H 37 $7Hdde A3 49494 H 527t 371E4% 2
Hd dEe $371 2Adde R -2 2E dsd 43 @
$22 S H7L 2949 U329 §38 2A4PL 993
AE + AU :

3.2.3. Y2+ SHol A3t 2T LicMn,0,9) 7= it

2309 A8Bo] Ao FAL WA HW 299 FEAA Y1
& Busio] AN Ma™e] Y2 Sslach 2% olE &
A4 Fol 234 TR olme AN} 4272 4ol 32

J. Korean Ind. Eng. Chem., Vol. 12, No. 2, 2001



132 ol%d AR - ATE - 252

Table 4. Analytical Data for Acid-Treated Spinel Powders

Average
Exposed Li Mn 0 oxidation  Empirical
tume () (wt %) (wt %) (wt%) state of formula

Mn

0 374 0 7B 360 LiowMnaOs

67 366 583 B0 362 LioiMnisOs

20 371 %08 %43 357 LiogMmeOs

767 358 610 42 35  LiMmumOs

stoichiometric 50/ 608 B3 350 LioMnaOs
spinel
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Figure 15. (a) Fractional Li and Mn contents in acid-attacked
spinel powders as a function of treatment time and (b) Average
Mn valence calculated from the chemical analysis data and
open-circuit potential of a composite electrode (spinel :
Ketjenblack EC : Teflon binder = 72 : 20 : 8 in wt ratio). The
electrode potential was monitored while a separate composite
carbon electrode (Ketjenblack EC : Teflon binder = 8 : 14 in
wt ratio) was being held at 42 V (vs. Li/Li") to facilitate acid
generation.
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Figure 16. Potential variations of a proton-selective glass
membrane electrode in different salt solutions (PC/DME).
Potential was monitored while a separate composite carbon
electrode (Ketjenblack EC : Teflon binder = 86 : 14 in wt ratio)
was held at 42 V (vs. Li/Li") to facilitate acid generation. A
more positive potential in the scale corresponds to a higher
proton concentration.

Table 5. Dissolved Mn Contents Analyzed after the Composite
Cathode (Spine] : Ketjenblack EC : Teflon binder = 72 : 20 : 8
in wt ratio) Was Contacted with Freshly Prepared Electrolyte
Solutions of Different Li Salts for 2 days

Li salt Dissolved Mn contents (mM)
1 M LiPFs 0.55
1 M LiBF, 0.03
1 M LiClO4 negligible
1 M LiAsFs negligible
1 M LiCF3S0s negligible

LiPFeu LiBF7F 2#50) gl Agdoide 299 4329 &
7k dolutm k. o)k oY AHFBEo| o] AFdL 43
A7) 7ol FEF JEe A I UL u@d. =@
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Figure 17. Dissolved Mn® contents in different salt solutions
(PC/DME) which were monitored while a composite electrode
(spinel : Ketjenblack EC : Teflon binder = 72 : 20 : 8 in wt
ratio) was being polarized at 42 V (vs. Li/Li").
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Table 6. Surface Area of Carobns in This Work

Carbon Tbyll:;kof Source Sufﬁ-ﬁm
Ketjenblack ECP-600JD Furnace AKZO 1250
Ketjenblack EC Furnace AKZO 0
Vulcan XC-72 Furnace Cabot 180
Acetylene Black Thermat Guif Oil 64
Super S Black Furnace . Ensagri 38

07

— — Ketjenblack ECPB00JD (1250m’g") ,’
——~ Ketjenblack EC (750m’g™) /
~— Vuican XC-72 (180m’g"") /
Acetylens biack (64n'g”) /
—— Super S biack (38m’g") /
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Figure 18. Linear sweep voltammograms recorded with carbon
composite electrodes (carbons : Teflon binder = 86:14 in wt
ratio, apparent area = 1 cm’) in 1 M LiCIO in PC/DME(1:1)
electrolyte. Scan rate = 1 mVs'. Background currents were
subtracted from the raw data.
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A9 E BF fumace blackelt}, o8 7ol AHF Mg
ZALE7) 8] FHERo 2 HYE AT olfdld Ny &
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Figure 19. Dissolved Mn” contents in the intermittently
sampled electrolytes with repeated cycling. The analysis was
made utilizing differential pulse polarography. The composite
cathodes consist of spinel powder (surface area = 21.2 m’g),
carbon additive and Teflon binder in a weight ratio of 72:20:8.
The experimental conditions were the same as for Figure 1.

EHAL M2 & AHolg. Figure 189 uleA F(background
current)Z W N¥ & A%-AF FH(linear sweep voltammogram)
S YT 28 B 2 AT Aol 40 V ool H
A AsA A3 whgo] ARy T JHRAT FHAHA A3
AR A7)7t dAF o2 s FIS 8ol Ut ol ¢
M AFE AAY dePe Aspwrgo] F2 JEFTUANA Yo
U7l qEoletn Yztech 2y FHH o 22 super S blackol
Ao} A8t F7) acetylene blackeldl Btk 24 Jeh}a ey
oly¥ AL Al FAuHol 7] gEA Ao 4ddn
[36-38]. Super S black2 furnace black & elo] 1 acetylene black
< thermal black Hejolmz EHHS ojolA 7]9ddE 29
ojgo] T2 JF - FEFER EAde AsHEr)d FFUY
FE S - ol Axe Ao AREY. YA OS2 furnace black
FHEAZA 3719 F9E SEZ APsr] o EA A3das
719] F%7} acetylene blackel HlE #FH& Roz 4AA U
[3637). old Az = zfo] o] EHAC] FZE &3
2 ABAF7} acetylene blackel via] 2A Yelye Aoz 47
o} o]d FHE SAAZ BYAFE HYdd 36 ~ 43 V ¥
AqAN FHASFAE d AsFd L= G ¥ =AY
Figure 199} 1e}yc}. Figure 183 Figure 198 ®js] 59 A3
A A3} ggo] foldtA Yolue RS TAARZ AEE A2
A F4A TFE A 2¥d 4389 437 4&A Yo
Ui A2 4 4 ok 2@y super S black® SHAZ AMg3)
A& B4 A9 Y A Yk F AP HAF
£ super S blackol A7} acetylene black®th 23 AA uJeld:
d 9] o 25y A8 & A 9 HA Jdey
o o] A& thg oA d39 E3ojge BPog A 44
/L

3.3.2. THAMe EwHo| gYLol olxiE ¥Y
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Figure 20. Discharge capacity profiles of Li/Lix 4 cells. The
experimental conditions were the same as for Figure 1.

08 . T T

Fraction of capacity loss by Mn dissolution
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Figure 21. Fractional capacity losses by spinel dissolution
(dissolved Mn®" concentration/total capacity loss) as a function
of cycle number. The capacity losses due to spinel dissolution
were estimated from the results in Figure 19 and the total
capacity losses from the data in Figure 20.

43¢ 394 5o A el 2YPelM BE Ketjen-
black ECE =HAZ A& AFo] 713 $L2 7194 S ngen
super S blacke.2 AYF AFo| 71F FA F& NYYL vy
t. Figure 2191 ¥EAe| &40 AL FRA0) MHE vlgg
UetliAh 2ol vl 240 &4z s HP=E 437
A AALFLLY 10 ~ 60% HEES AN} =8 AH &
FAL FoN @29 &40 AAd}e: vl g3} Y LIS
Nz Z RgEn gon g3y o 5L EAANY Ao
HeErE AN S 1YY A8 S0 B AYPAA AL 7}
£ % E¥3Ho] 713 2 ketjenblack ECP-600JD9] Z S0l 99
F g0l EF Huighg dolxm glon guFo] 4% AL super
S black®] A4dlE Higg Holm gith oA AFF AN
Figure 20¢] A& %39 3742 oz 88229 &Avtoz:
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Figure 22. Ac impedance spectra obtained with Vulcan XC-72
composite cathode. The cathode composition and cycling conditions
were the same as for Figure 1. The measurements were made
under an open-circuit condition after the cells were discharged
down to 36 V. Solid line indicates the best-fitting with the
equivalent circuit depicted in the inset.
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Yzz BAY ddd2 ¥559 & Table 79 vrebdd.
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Table 7. Impedance Parameters Obtained with the Vulcan
XC-72 Loaded Composite Cathode

umber R Ca Q@) R @) Ry %
of cvcles (@) (Farad) vy, n (@ Yo n @ (9"

il 37 010 1774107 100 134 490x107 100 040 043
13 3% 02 041410° 100 36 140x107 100 18 ol
B30 02 18x10° 0% 103 787x107 081 361 088
B 360 02 1Mx10° 098 119 6%Hx107 081 43 007

63 349 064 1810 098 137 18x10° 06 603 007

* Q is the circuit description code representing the constant-phase element
(CPE). Representation of CPE in admittance is Y(@) = Y, - {jo)"

120 T —— T
wl @ |
80 4
]
3
£ %r ]
m" ~{1— Ketjenblack ECP600JD
40 L —O— Keljenblack EC
—— Vulcan XC-72
20
0
0 20 40 60 80
Number of cycles

Re/Q

Number of cycles

Figure 23. Evolution of Reomat and Re with repeated cycling.
The results were obtained after deconvoluting the observed
impedance spectra, one of which was presented in Figure 22.

Vulcan XC-72 ol8ld] t}E EAAE oj§sto P HAFe
YA~ ~HEY(impedance spectrum)E 49 HEE AL B
%t Figure 2390 olg# 339 AZAY AN$AYS 3%
A ged dd Yehldo 2@olM B ketjenblack ECS
ketjenblack ECP600JDE =AAZ ALE3HE @ 27 Romaed

Fdss, A28 A2 £, 2001
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Figure 24. Charging profiles of Li/LidMn:0; cells. (a) the st

charging and (b) the 20th charging. The cathode composition
and charging conditions were the same as for Figure 1.
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ECP-600)D)S AR A& AFLE AEAG] A9 F7H8A
FRo, EHHo] # & JES THAR AHSF AT L FEHY
9] F71Ee] ok F HEAYY F7Ie} st EUHL Mz g
Hlaste 2%E 2o FHye] E JE S EHAR AHEE A
F& 259 g A Alo]o HEFZHUHo] FR3 FrEH
A7l Mo Avdo] SalsolE FEAG] HY FrHA ¥}
o wtde] FHAo] e FHEE THAZ AMEE $FE Amd
I 2AF YAAlole] FEHHo] FEA £317] o A4
A3HEo 87 EAg Fulo Ay 4 v opavt
A& Figure 23(b)ol BRHP AAP AFuhe HI: HEAF e
7t AR AgE BT 39 do] s g del Agukge
Agol F7tsHeE olfE 239 B fa7t 9A) Li o9
ZUAY - 37FE 3o dojue AU (AYY AR 7}
2 Q& zgn Fdde] AEda e AW)Y "IY L F4A)T]
7] @i},

Figure 2491& Li/LiMnOs A59 A WA 2084 FHAZA
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2 Jehigth AMRE 7M. SdAE 29l el 2994
B2y 3 HA 2AINE Az dsd AHY Ao 24 F
o 2 Sodtt 5d A WA FAEEL 2719 Ra? Reonan®]
gl dhEt Aee & 4 Atk F 27 AFAY go] 7t
A 2 super S blacke ZAHAZ AMRE AF9) 43| 73 Az
%719) AFAgo] FAY £ & H=E AL ketjenblack ECE
CAYRE ALY AT FAEHo] 7Y Atk 208A FAFA
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AL glo] #H&+E FAEFol At 1M Soly ug
He vE cHAE sty Qe AFH 2, super S blackS
THAZ ¥Pain de I Fd £EF $#5ol FAHAYE
Aot &, Fe] Aol 24 EF 43 Vil £287] W& ¢
2 A39t %8 8 mAhg A FARHEo] FEHAUD. o
EaAdg $4L 93 AFAYY F71E Q4 FH @8
gt B3] 27157 Wfold).

olx %dolA HE v]FQAY super S blackS EHEdZ Y& A
Fo 299 AgEe LAYl Bl AFHAT. Super S
blackel acetylene black 2t a9l A3jutgo] Lold}A do
YA gHFigure 18) 2949 3189 L8] AL o]fE UgH
2o, 2949 4389 §8s SHGI Azkse Ase 278
Agto] Q7tE= Aol 98 EechFigure 4. § 43 §&
Agtol Q7ML FE £ AYAT Aol DojA4E 23y A3
29 g3l 2 dojdth Figure 49 2HFHAN B RAAY,
super S black® EAAZ AHSE AFL AIFY ¥F F712 ¢
& FAHANI] FolRy) WE) 23de] £38 & Y& AUY
7t Azs b gk wek 9o F 23 - 439 AsEe A
e A s AlZE - & GAANUHE 299 Asee] $HF
< Aajde AAFY 27| vlFSA Bt

ANFAAY ARzie, 299 AEe £ FEHE $E
Ao £43 £39 FE U3 SFPLE HA}Y F U= W
2t ketjenblack EC 20%(w/0)8 TAHAZ, EG/DEC 1 M LiBF,
E AHAZ ASEE A9 49tk g AAAE ol =4
o AAAL AHgste] Avd Mg $3HE YL E @
Uehds 2ud 48489 Subd Aol o8 dFduA @

3.4, [@E Auldojrel SFUL

LiMnOsE 4 V 999liA AHgsiA Hd 294 A H9el 8
A w7 HFAsest 35 ool 57| wWEo] Jahn-Teller
distortionel] 9@ FHo|7} dojd Fgo| HF YH3E7t 35
~ 30 Alolel A wstsle 3V 99dA Boh ) wabM iy
FRE FASE 4V A 3V AR & AY4E HAF
tH40-43]. 2¥olE BF3T R 4 V AXAE FFHo| 4t
Egd ma A&Hd §3g27 BEHD QrH44-54). o|H @
4349 gAER o 7l BuHe edl 1F Yoshio
Fl44-461¢ 24AA e 2vd Fz9 AqHYg §FP%29
ez nIuH: givh A}FH AMI(LiMnO)d 4 g2
F gAY A veg AX AYdd. §, gEY ¥l 1
< x < 04 ¢ BHoME 1-phase ¥Hgo] Yojyz 04 < x <
0.19) Sl A= 2-phase HH-3-0] dojdt}. ©o]F 2-phase o]
dojul= Al T 4ol EARR U7 WEe) FRHoZ
Byt §33447t qE o] Wgo] AYHE GHoA 24
g o5 AAFAH Avde 2ES FF(10 mol%)22 7}t
st SEAE 299 Az 2lEo] 2 A Weld 3
H o)zt pRHA ¢for, mebd 1-phase W Loluy
2o & 7tYAL BEFuin wE Ak

Table 8. Chemical Formulas and Theoretical Capacities of
Undoped and Doped Spinels

Average  Theoretical
oxidation  capacity”
state of Mn (mAhg ™)

Mn

. Li
Dopant Chemical formula (wt %) (wt %)

Li  LiioeMmgOs 399 606 356 128
B LiwBosMmeQOs 382 593 351 143
Al LiowAlesMnieOs 368 600 352 142
Co  LiopwConosMnis0: 373 386 354 141
Ni  LiowNiggsMmeQOs 375 383 336 133
None LioggMn200s 37 608 331 148

? Based on a one-electron charge/discharge reaction.

Tarascon $[47-49]& 2349 FzoA §3 ¥t AeulE
#AAH(cation mixing)ol| o8 719X L& AA FFE Wwevh
2 5333 gtk ARA e EAse Pe drolgde
Aggo) 27 BFo] BEY FH2UANE Mn"2 2394 @
2o ¥ Agel Basit wEd AdA e EAse ¢
€ 45V (vs. LVLINAIA 4250 ol AelupEdAe] FAR
A o] Aol peakE A ABHACEH

A A gl g AFde zANGFE 7pAA o] A3ty
E Qo ¥aste dFAE Ak Dahn 5[5051]& F4€ A
(> 42 V vs. L/LDOA 210 ~ A3 2ol Aa)AE3)
SujEA)o) Azt Aste MajFo] A dAe} whgdto A
A2 Z % oxygen defects)S FE3ctn Bud ok 2EL o)
A BRE A2AFo s HAA 33V ZHAA H7pE A &
#F2 Roju] HAx9 £H& dEHAYL Rudn ot

El — (oxidized EI)™ + e~ (13)

Li, Mn,0y + 28¢™ — Li, Mn;0,_; + 60°~ (14

AHo 2 LiMn0:S §3428 JAsy] A% Yoz 3
7 o]29 YRE UE FL£oj2oR A#sE WHEo] HiEo
AlcH26,55-58]. 2189 7]E A< £ Jahn-Teller distortiont
Ao 838 gAse Holoh A@Fo| AL, LiMMnz Oy (v
< 02 234 SIPRAE B BB dAsE AWRE Holy
N@Fo] BE ASE 3V EE 5 Vol £3& Hol: H2e
YFARRZAY EAHL RAYE559-61). £ HolAe= 23]do &
FAAE JAS7] At B3 ol YR UE F& o]0
2 A#¥ LiMMn.,Os (M=Li, B, AL Co, Ni) & ZA4& 7}3le
Agd 29 9(doped spinel)S FAs 7I&€9 B5 A Fe& A
9 d(undoped spinel, stoichiometric spinel)ol A YElY= Fukdq
0E £ 748 JdAE £ U A8 FAEAY 3L ¥ F
&o) &g AgFozHN, 299 LFAAE JA}D, 1 ol f
g3 71&9 ol Bud A7 vwste] X AH(dopant)e] I
7 7194 el i Y4de A7t

- =

3.4.1 X8 Aujdel SExAD Al0|F B
$4E 294 452 S5y FF PRARSE Table 8
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Figure 25. Change of the discharge capacity (discharge capacity/
initial capacity) observed with the Li/IM LiBFs; in EC/DEC/
spinel cells according to the cycle number. The cells were
cathode-limited. The galvanostatic cycling was carried out at a
current density of 1 mAcm” (04 C) between 435 and 36 V. The
cathodes were composed of the spinel oxide, ketjenblack ECP-
600JD, and PTFE binder (73:20:7 in wt ratio). The initial discharge
capacity of each spinel cathode is indicated in the inset.

Potential / V vs. LilLi*

oped |
il
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Figure 26. Galvanostatic charge/discharge potential profiles
traced with the Li/IM LiBF; in EC/DEC/spinel cells. In each
profile, the upper curves correspond to the charging and the
bottom to the discharging. Only those traced at the 1st, 25th
and 100th cycles are provided.

38 *.f

o JeliTh 3 3HEY 4L 499 24 vsEA Y
weow ofzte] 2§ AYol YUHUEH, AL 22 2ARA
oMol 25 Y @R Aoz AAHAY. HgEAARaR
B, x89 ~5de o]& £3L 12804 148 mAhg' ¢ Rez

T4 A 124 A 2 3, 201

- —— Table 9. Electrical Conductivities and Activation Energies for
100 o Conduction
Electrical conductivity’ Activation energy”
4 D t » ty eTRY
2 (mScm ') (eV)
z °
0 Ni 055 034
©
o
8 . U .
pe F . i 030 0.34
2> —o— Ni-doped (125 mAhg™) i
| L —a— Co-doped (122 mAhg™)
K —o— Al-doped {133 mahg™') Co 025 034
20 —o— Li-doped (127 mAhg")
I ~—&— Undoped (136 mAhg’)
—&— B-doped (85 ,1:::'?) B 009 0.36
80 L . ° None 0.29 035

* Measured at 30 T.
® Determined at 303-363 K.

A4E A, Figure 259 WA S%F9 Add g WAL 3/27
YALHE el 27 WA £33 39 W) ®71skn
2YM B9, Be] A#E 29U(B-doped spinel)e £FHA7}
AsA e yAut g Féol o] gy Ande g3gar)
AR e AEG HA Yeiyeh o6& 5o, 1008 FYAF,
g5 A ¢4 A9 4d(undoped spinel)d £F7AE o 16%0/d,
B XNgd ~3de 4% 8l Ni @Y 29 9(Ni-doped
spine) ¢ 2% %k 37FA A3d 9k AEe) Futd TAHL
Figure 26¢) Jeliigith 2ol 24, X85 g 29dsy
Ni g8 29dd H& B g9 2734 FuHe E3o
743 A Ueidd. Qutdes Ine BIEAL o 7
YN A g Sof, AINE AY, F= HE AU
i Aol ok B Ayl g ZAHFE Ketjenblack
BCP-600]Dol22 ¢ HolA 4dd TAAe @) Fonz
A7le £3L A A7 HA] gon, g $EF 29 #
olol A 7iQlsks RAeletn HAHUL ol HUsy] Hdd, &
g 2dg A7) AEEE ZAHHYYG. A E S UYL
g3 2ok A9 B2 pellet (A% = 10 mm : 574 = F 1
mm)& 20 MPad] ¢&8og ¢hatsta, 800 CollA 12 h A3t
o Fv|3gd olFA MEE AR YEEF Archimedes o2
23% 43}, ol&x9 o 60%FEL 26 gem® 9 Hoz gy
Ack. AEE 2HL AF 42189 4% van der Pauw ¥
2 ZR8A0H62). o1& 93, EG&G PARC Model 3628 dH94
o2 AHg3R R, A% UAY HEVH (Keitheley 2001)8
o434 3004 90 TY 2EWolH ZHsArt Table 900 30
TN 279 7] AEEE Yehldoh Ni g 2ud
o AREE AP ¥ Ao v&) 2 ge YelyAul B
APY 2A¥de we AREE Bt Wws), ZuA =4
(Figure 25)% &3 A7) AxTAolcls AdaAs ot
ol A BA(REDY A7) AxE9 FFo FWA EA4)d
Hallde 2do] nuso] gled, 42 Mg gy e M3
2(LiMgoosCooss02)0] A FE A & R(LiCoOzoll Hl&l 2F 10008
olel A7) AEx9 4L BAL, oA /tHA FAE o

& FAEI). 28, £ AT 239 A9de] A7 AL
EE 340129 (¥A v Ax FAHAY Z& FL Hol=w),
259 Wzl gy old AL FAHU w2by, A7) A
Exot £39 ozt ¥39 M4 2 J¥L F= Fad €
Slojgln AEZE F AT £F 0004 0 T 25 HYdA
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Figure 27. EVS (differential capacity plot traced with the

undoped spinel. Note the absence of the peaks at 3.3 V and 45
V. The other spinels gave the similar results.
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Figure 28. (o) Concentration of Mn®' ions dissolved from the
spinel cathodes during the charge/discharge cycling, and (b)
factional capacity loss arising from the spinel dissolution. The
cathode composition and cycling conditions were the same as
for Figure 25.

Table 10. The Lattice Constants (a,) at the Fully Lithiated
State and Their Changing Rates(Aay/AXx) as a Function of
Depth of Charge

Lattice

Dopant L a/an Capacty loss (56
- 823 0131 2
. 82% 0137 5
Al 8238 013 g
g 8220 0142 9
) 035 013 “
...... N Onesw 0.170 16

? Calculated after 100 cycles.

243 A3 A9A(Table & FA zol7t Q= HoE Ho},
e 9 3% o] Xgo] 2uy Y3EFY Fx HH 2
AYL T3 @t Aoz AZEUY

3.4.2. Anyd U439 2L A<l

239 ¢F9 L3F 74 9ol disA @y A8, &€y
YA A7)E £F T4 4ol disiy AA g wo)
Figure 27 X852 @ 29dd @ EVS(electrochemical
voltage spectroscopy) 228 UEHd Zlolth. IgelM Hole A
A, APHA] ¥ 299 FFME 33 V peak & 45 V 4t
/84 peak7t B5 1SS #9ddd oA & gy A9
oAz SRR gdtt mel, B 7N A &E Add ¢
9] $37%4E Yol EfHcation mixing)# 4H4 A3 oxygen
deficiency)® F2E AYL FAsgch ABHA ¥ 299y
B, Ni Agd 25do|M9] Brgao] 9§ &3 FAE A3
7] 918 IM LiBF; EC/DEC Asjd& ol&dte Fyd 4¥L +
#3Ath. Figure 28(a)= 3440 B Mn™ o]29 ¥x9 ws)
& FAY Aold. PR ¥ Avdy Ni AgY 29dn}
B AgE 20dolA Mn” o|& $E& M FA yepdh 97
287k AL F2 dojynz JuHog FAAo} B
B @d 2mdoMe 293 Bol £3E ¢ AE A7) F
7l A Aoz AZEHYY e Aude A £ #4 F
zhg87k A8 H&S Figure 28(b)ol e 1ol A
B A5 e AMdd Ni Mg 299 gHgss A
A 4% AL T F A%E AANGARY, B AP¥E 29de HAA
£3F A2 F 10% ool P % £F a9l Ao
vehdth & M3 43 247 J8A Yojue B A#d 23
oA Bzhe-del o 4L 2t JA e dA g3 7
47} 16% BE Aot AR ¢ A9d3z N 43g A5
dfME FHgso o g AY HeE TR AHY
oAl &3 ZAre 7€ AAE £3F BA2E dYo] A ¢
T 2 28 490 USE 75 F AU

3.4.3. Axl'del £X20|(depth-of-charge)oll W& Fxis}

2394 829 XA 54 B4(x-ray diffraction) 23, 4B =
343 A9le B&EL glE Aoz #Fadgdh Figure 30(a)9) 2
238 Jeldth Table 1001 X4 34 2AZ32%e ANd 2
ydo} Azd(a, at the fully lithiated state)E Yebdch B A
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Figure 29. (@) Change of lattice constants (@) with x during
the first charging. Si powder was used as the internal standard,
but its peaks were removed for clarity, and (b) change of lattice
constants (ao) observed with the Ni- and B-doped spinels as a
function of x during the first charging. Note the lattice
contraction with Li’ removal in (a). Also note the difference in
the slopes (Aao/Ax) between two spinels. The lattice constant
at the fully discharge state (x = 1.0) for the other spinels and
their changing rate are listed in Table 10.

#9 2992 A4St A A 42 Al wg AAR, v
A AgE 23dL FopAnt Fuizd AL AARFFT AL R
£9-4% Zavt A Aotk o] A dHAE M T4
AFY Holth IHoz 23 FRol/dA HF o] 2o] ¥U/
gesle AgelA 299 A 3 Hast 47, gz 7
2302 BIASAY g QY F22 o] He Ao U
A Slch B dFdAE, 3 AR0N Arle 299 729 9
e gAd7] A%A, EF oL F2FE Qe FuE 2
9 F3d A8 XH 3E £4E Uk AEHA F2 2929
A 29d7zdA ggol2e] &9 w Jago] A ¥
e yEZgez o]Fdd, x < 03 (x in LiMneOs) oM F 7R
Haz ESActk Figure V) F F&3o ©E A5
o ¥3g Jehlifth adeld 29, 05 < x < 1.0 9 Hed
Ne ARRE7E 8244014 8167 ALE H¥Hog FAgon,
04 < x <055 ¢ HAANE A AT FE FA%T x <
03 e F 79 239d Jo] FE} oz FAHEH, o
A& Yoshio Tl44lel A8 AH vx@ Ao, 2L e
24 dolo we} FulE AP 299 g3 XRD 3¢ 9
st 2 A BE A8E 294N 2F F29 qalA, A
et A¥Yer gashs 4L AN FE 29d% F
dPA, 2lgel FEHE H 902 < x < 10004 e ¥
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Figure 30. X-ray powder diffraction patterns of the spinel
cathodes with cell cycling: (a) the B-doped spinel at the fresh
state, (b) the Ni-doped one after 200 cycles, (¢} the B-doped
one after 1 cycles, (d) the B-doped one after 100 cycles, (e) the
B-doped one after 200 cycles, (/); the undoped one after 200
cycles, and (g) the undoped one after 300 cycles.

£ dojuA) ggtrh Figure 20(b)ol Ni 288 2945 B 1§
g 29499 ARy M2 Yehhdd § Aude AxdSe
o W3 (Aay/Ax)7t BEE veh} o & 34 ol Ag F,
89 2HdoME x < 039049 FHol A4do] A3 AtetA
o} o]# @ oulolH MW, Yoshios [44-46]0] ALe AHY, x
< 03 dA9 AAold o Azl sl @z AF 23
9 Pz Bz} 2%E A9 dojM s HASA] FoBg o5
7t Aol gAsEE 4L Md9o) 7Hsdd. a8y, B @Y &
HAdol e FHo)7t 47z Foog ol d4E MUY
de e £3%4Y U0l AL Roz MZAHAT Table 10
o F ol F&o WE AaYFY WHE 1003 FHAEY
£ 7429 #$9 JehhAn QoA d38 AN, AR
Zobd PP AH DN, Co, Al Li 239 23d)e Azte B
A Ag,/Ax = 013-0.1H)E A§EHF] ¥& 27D Ag/Ax =
017090 Hl& gtk a3y, B (89 Ande 27 Az 3
718 A0, BIWs(Ag,/Ax = 019DE 7HE A& Aoz Yehy
o} olg% AnE B o, Avde] AzA7|(at the fully lithiated
state), 2 FFE0 GE Ao Fupazl £37gse yYas 4@
BAZE ANk O aE, Az Az e Avde] Rulwg
of AN B o Z Aus], 23 71N Ao £ JFL
e Aol

3.4.4. 34Tl g Amde] FxH I}
olg|g 2ol Fadsrt 29d ARz od YL F



JE 224 249 $348Y 2

A &gy M, $9d Fo 299 43 AN XAH 3
A 242 stk Figure (@) %x7]462 B A%e 2349
X4 33 24 298 Yy 98 294k o9 uj&d 3
HE Bolmg agel ¥x& ¥stth Figure 30(b) Ni X$d
23d9] 2008 Abo]ZF XA 3jd 24 Fijooh 1A Ho]
 AAY, A2 Holu, JAaEe] Yoix= o] GAsA &
on, F2Ho2 B9 HelE F FAFHY 23, Figure
30(c), ()9 B A 2999 1003 , 200 Ato]EF9 XA 33
4 298 B9 939 J}ex ®o| Fsor, gdq 299
Ao} BHEHA Y2 A2 E))o] A% PAHYE Aol &
A=At Figure 3Xf), (g)e XA oL 29de] 200, 300 A
o]2%9 XA 24 B4 Auold o] A$E, 27 Ry W3
o Zo] @o] HolA dew 20 =18 9 36’ AM N2 Ao
AAvE Zo] Helfd M2ZE 49 H(Figure 329 inset)=
B 289 294 a3 2& Yoy, o] L FIJZRE, 2
Ao 2fABAgE 23, A=A e 2 d)AA Yehte
N2 Fe Y Aolgtn AU Liv 5 XN@HX gL
2345 Co Agd 29de g AFNA 4ol AP
w2t P (tetragonal) LiMnOsde]l A7tk B usigched].
£ d¥dAME, 42 Ad Y 983 F4i4de RUAY,
Jahn-Teller distrotion @4 &% ALA 4Ac g A= §
A= AeH23].

g2 £

2 AT BAHL AF oAAAY FSAEA 4V 299 g
F Y ARES $FAAY 4L U, o] AT &
E ol W@ Ao Z3E FddE oe3 2o

(1) 299 AFNA FF9 &3Fo] ZAHE 92 F9
291 43489 4% 29499 fH= F2 HE YH(at
> 41 Vous, LULNCIA dojdet. 239 A3EE AsAg 4
kgl o BAHE H'Y 34L Po} A2 Li=AE,
H'Y 34L& @ 27)de A9d 2RUGAH F2 So|2(HF
3 A7 olR)o] HHFE LaEHo] Yoldo] AYH ¥ 2
A€ 7M. 28U 37t AL &gl vl 299 A3Ed
A oo ZHAEIL #AXE WA Ho 299 F2I} £
He d4¢ By

(2) A g BgYITo AxEE 7M7) 8 F
7hle =AY EHAN dojun), AL TART e &
9 2 EY Ado 9FsAt). Ether AQ(THF, DME 5)9 €
o§7} carbonate AY(PC, EC, DEC 5)9 $uj8t} of 44 A3
Aded o= &7l £3 a fX9 ggAHoz 4AH¥ £ YUtk
Fluorines ¥#3t2 9= 2]5H(LiPFs, LiBF,, LiAsFe)ol 233
%€ H(LiClO, LiICFSO Rt Atstdl g A&e) o, ma)
A AAE 2EYes AHEY o A A3 B A9 A3
29 £37F A%d. uul, LiPFsE AEHoE AMY Zfde
A8 W) BeEE EAsls 2% £8d s 4A £l
slo] H'E Hg7) g &o] A4 Fo7t "asid,

(3) 23y Ahslg o] S @ YT §FFAE F A &
W - 339 529 #i9 B3I Fitd 4F £FE4 - 9
A nlgofof gt Amd A3jBo] g na BT o
of st BEHY Fo| #Aadr] WEol F39 Lo #A
ok =3 23 AR Sdfe F2 AAF AdolA @
AE7] dgo] At FEHYo] #4E B o LiT o]
o FUHY - F0FE B8] dojus AR Yateg

d gstEe] &St &3gA 141

SR a2z AgHe HNZE HEsx gle AW B Fa&
so] &37t Ag gl bt A3 Hgo] FrlsHA dk oY@ d
A Zrhe AFuse dg 23 HANA ¥FY 8%
ZAasA ok FHREAA)Y FFE BAAIAY EHHo] &
& RS TAAZ ALEEY, 23 A3Ee S FE 74
o SR 29y dAAbele) AF Aol FbE o #Fd %
gZ&4o] Z7tEU v HEe I FAAANAY EW
Ho] 2 FHEE EAHANEZ AHEEH, £39 F7bo g3 £FE4
€ 29 £ oy, ¥y 433 Lo ot BEH &40
Z7t80) $3747 2 239 &4d o8 dojytth. o
A zAAqe oy gHAL Y st AU

@) @A Fe 2047 gd 299 o] &3] 29d ¢}
Fo] £ 74 4Udg ENE F, 7)&d AVl % B2 4
Sl - 299 AVHEE Zfo], Fol& EF, WA Ealld o3
Ax AF - o 3 £ FAE e HoZ FAHYR, FA
¥ 29 Fxto zZvigh FHAd wE Aude) Eu¥s A
&7 &% 7o 7MY 2 4% uAY, 31 Sdc 2848 F
28 gdojch

(5) 299 A3 7H44E P47 HallMe 299 438
9 858 AT & U APY2AE Ystes A Adde 2
A& zdse Aol HRdA A9 HE9 £HE dAEY)
A% UL 23 a9 FWHE Foln AP Akl
Aggo] 2 fluorine EF33 A AFHe carbonate AEE
g2 AMg# EC/DEC (1:1 volume ratio) 1 M LiBF4
EC/DEC (1:1 volume ratio) 1 M LiPFsE, =44 EBH0|
70 m'g 'Y ketjenblack ECE #AM2 20% BE AHgsHs Ro|
Ao 28ln A@EHR ¥ 2¥de BE MY & FHole
(Ni, Co, Al, L& &3 ~5d U3}ES 45 EF2 243
£ Aol 7MY S FHAY F dE ddolAT
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