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C,,, = &S/ (3-3)
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KW R S5 M A A S e ] 3-29 A BB A B AR 2 AR AR 22 4 3 T )
XRD 35 & IR L o A2 I FIAR A AR AR 4R I 10 S 4 A s AR i 71 26° 2o
HH IR PR SR AT S WA T A B2 ) 002 ATART U, 40~45° 2[RI 55° AeAq B = i
AT VST 50000 110 V&L 101 U855 004 U; £ S8 914K AE 1M LiPF6-EC:DEC:DMC Hi
R 28 D7 A A IR AR e 413 e 3L 002 06, 110 U6, 101 U5 004 D& )04 53
U 5 15 R 22 [ FELAN 2E A PR AR 22 1) JRU U AT 58 SRR A LG LT 8 A R AEAT A AR
1k, WAL B AMAE IM LiPF6-EC:DEC:DMC FAMFR 1 25 7 B Ak 22 AR AR 22 F 14
Jo s A EERORH ARG B R, DR ORFEA SRR A0 88 SRR

-75 -



W= AR SET BURBLEIBISC

(002)
(110)

(b) (101) (004)
(b)

@) M e s

: } . } . ) | ) ] L1 . Nl |
20 25 30 35 40 40 50 60 70
2-Theta 2-Theta

&l 3-29 f s SR AL SR MR L HTEFA BT R B9 XRD
(a) BAFET, (b) BTG

3.6 RENG
AT A SEAT S O IR AR AR AL I B2 ) EIS RRAEANT, PRITANA] it p 5

(= it . PR i) FURFERS &) G, Ktk SRS

REAE PRI SEI s I M 5E T HUA B A% 0T Y S A 855 AR 1k BERT SET B8 Fsa AL 1l )

SN MR EERIVR NG VC X SEL JRSBEAL N1 7 F LA K HLAR 2 A A 0 A 8 47 b

SEI B2 . EELRUR

(1) FEFEHI T, A7 s SO R I A I R EIS 1K) Nyquist 12171 1£) HFA
BT 5 SEI BEMTE R Ak, & SHAHPTH K. X —BeflbHPT E 22 T
ETAR SRR Z I (35 S5, 7E = r BBl Lt Y, 3K — %A BH 47 T A
PH BRI B o DRI BI A 8 BB A = P AR, F it i 1 1 2K B AR A A dod
FErf EIS #RFHE AR 4k, w] F-FRIFST SEL ISR

(2) HARTE IM LiPFe-EC:DEC:DMC FMRE /KRG & 7740 55 i Ay v
Rl 700 4 A SRR R B 68 T AR € 1K) SETEE, AR AT 1) IR FELA DX ) AN TR,
FESIPERG A 7740 88 AR T SEL I 4 2E4E 1.0~0.6 V ZIJERL, MAEKE M
Rl 77044 55 4 AR 1T SET I 2 4E 0.8~0.55 V 2 A JE ks

(3)  FImENS A 8 AR Ik B 5 o 5 R AR 9B PR B 2 A 00, S AR o 5 /)
T 0.1%I,  FEAAS LM AT S5 AR 78 OB E A P, (HR T 0.5%, W+
G it . WA SR SO R M AL, AR 2.0 V ZEA7 38 J5U AR B
SRR s ORI b, TR A WI4G SEL IR, HEMSEM T EC 1L i 45

-76 -



e B b R S TR R ST JE4sEE TR 2007

firt F I A 5

(4) 60CHfEMAE IM LiPFs-EC:DEC:DMC  HLfd & T 1 1 IR I A A Ak 3k

FEA,  HUPRBANRE IS AT A7 B O AR T EIE 4 1) SET JBE, - AT XH HRL AR 1 gk
DRI ARSI AR, A A SR R/ R T . YR TN
5%[) VC Ja RSN A S URAE 60°C T 1 IR BIARAR AL R h e e A1
DR A T (o JSE 73 g, 3 T o5 A s B bW/ P ARV T PR RS E

(5) EIS. Raman Y5iEA1 XRD %} f1 2 51 fE IM LiPF6-EC:DEC:DMC HLf#

H AL AT A T R O 45 R W], AR A2 AR 2494 4~10 4
WP, SEL B r BELEE Fi A A AR A1 R i 1 e PR e 4G, (AT S £
e/ FEL VB T BELATE - P Ay A% s P BEL R PR T s o A 2B SRR AE 22 1 Ak
FARA R, JEEMRLER B R AR E AL, A SRR A, B
A RHO ARG BAT LA, VIR IRFEE SE 3100 SRS o

S 3

(1]

(]

B A Johnson, R E White. Characterization commercially available lithium-ion batteries. J] Power Sources,
1998,70:48-54.

J M Tarascon, and M Armand. Issues and challenges facing rechargeable lithium batteries[J]. Nature, 2001,
414: 359-367.

E Peled. The electrochemical behavior of alkali and alkaline earth metals in nonaqueous battery systems—
the solid electrolyte interphase model. J Electrochem Soc,1979,126(12):2047-2051.

E Peled, D Golodnitsky. SEI on lithium, graphite, disorder carbons and tin-based alloys, P Balbuena, Y
Wang (Eds. ), Lithium-ion batteries Solid-electrolyte interphase, Imperial college press and world scientific
pulishers,2004.

K Xu. Nonaqueous liquid electrolytes for lithium-based rechargeable batteries. Chem. Rev.,2004,
104:4303-4417.

B V Ratnakumar, M C Smart, S Surampudi. Effects of SEI on the kineticks of lithium intercalation. Journal
of Power Sources,2001,97-98:137-139.

Doron Aurbach, Maxim Koltypin, and Hanan Teller. In Situ AFM Imaging of Surface Phenomena on
Composite Graphite Electrodes during Lithium Insertion. Langmuir 2002, 18, 9000-9009.

D Aurbach, J S Gnanaraj, M D Levi, et al. On the correlation among surface chemistry, 3D structure,
morphology, electrochemical and impedance behavior of various lithiated carbon electrodes. Journal of
Power Sources,2001,97-98:92 -96.

M G Scoot, A H Whitehead, ] R Owen. Chemical formation of a solid electrolyte interface on the carbon
electrode of a Li-ion cell. Journal Electrochem Soc,1998, 145:1506-1510.

[10] D Zane, A Antonimi, M Pasquaci. A Morphological study of SEI film on graphite electrode. Journal of Power

-77 -



= 4B SN SE BSOBLAL IS

[21]

[22]

(23]

[26]

[27]

(28]

[29]

Sources,2001,97-98:146-150.

J O Besenhard, M Winter, J Yang, et al. Filming mechanism of lithium-carbon anodes in organic and
inorganic electrolytes.Journal of Power Sources,1995,54:228-231.

M Inaba, Z Siroma, Y Kawatate, et al. Electrochemical scanning tunneling microscopy analysis of the
surface reactions on graphite basal plane in ethylene carbonate-based solvents and propylene carbonate.
Journal of Power Sources,1997,68:221-226.

M R Wagner, ] H Albering, K -C Moeller, et al. XRD evidence for the electrochemical formation of
Li+(PC)nd' in PC-based electrolytes. Electrochem Comm,2005,7:947-952.

D Aurbach, M D Levi, E Levi, et al. Failure and stabilization mechanisms of graphite electrodes.
J.Phys.Chem.B, 1997,101:2195-2206.

S —K Jeong, M Inaba, Y Iriyama,et al.Surface film formation on a graphite negative electrode in lithium-ion
batteries:AM study on the effects of co-solvents in ethylene carbonate-based solutions. Electrochimica Acta,
2002,47:1975-1992.

E Peled, D Golodnitskya A U V Yufita. Effect of carbon substrate on SEI composition and morphology.
Electrochimica Acta,2004,50:391-395.

D D Macdonald, M A Rifaie, and G R Engelhardt. New rate laws for the growth and reduction of passive
films. Journal of The Electrochemical Society,2001,148(9):B343-B347.

V Eshkenazi, E Peled, L Burstein, D Golodnitsky. XPS analysis of the SEI formed on carbonaceous
materials. Solid State Ionics,2004,170:83-91.

D Aurbach. Review of selected electrode—solution interactions which determine the performance of Li and
Li ion batteries. J Power Sources,2000,89:206-218.

J S Gnanaraj, R W Thompson, S N Iaconatti, J F DiCarlo, K M Abraham. Formation and growth of surface
films on graphitic anode materials for Li-ion batteries. Electrochemical and Solid-State Letters,
2005,8(2):A128-A132.

C R Yang, J Y Song, Y Y Wang, C C Wan. Impedance spectroscopic study for the initiation of passive film
on carbon electrodes in lithium ion batteries. J Appl Electrochem,2000,30:29-34.

C Wang, A J Appleby, F E Little. Electrochemical impedance study of initial lithium ion intercalation into
graphite powders. Electrochimica Acta ,2001,46:1793-1813.

J -S Kim, Y -T Park. Characteristics of surface films formed at a mesocarbon microbead electrode in a Li-ion
battery. Journal of Power Sources,2000,91:172-176.

A Funabiki, M Inaba, Z Ogumi. A.c. impedance analysis of electrochemical lithium intercalation into highly
oriented pyrolytic.J Power Sources,1997,68:227-231.

K Dokko, Y Fujita, M Mohamedi, M Umeda, I Uchida, J R Selman. Electrochemical impedance study of
Li-ion insertion into mesocarbon microbead single particle electrode Part II. Disordered carbon.
Electrochimica Acta, 2001, 47:933-938.

M Umeda, K Dokko, Y Fujita, M. Mohamedi, I. Uchida, J.R. Selman. Electrochemical impedance study of
Li-ion insertion into mesocarbon microbead single particle electrode Part I. Graphitized carbon.
Electrochimica Acta ,2001, 47:885-890.

S Zhang, P Shi. Electrochemical impedance study of lithium intercalation into MCMB electrode in a gel
electrolyte. Electrochimica Acta,2004, 49:1475-1482.

T Piao, S -M Park, C -H Doh, and S -1 Moonb. Intercalation of lithium Ions into graphite electrodes studied
by AC impedance measurements. Journal of The Electrochemical Society,1999, 146 (8): 2794-2798.

Levi M D, Aurbach D. Simultaneous measurements and modeling of the electrochemical impedance and the

cyclic voltammetric characteristics of graphite electrodes doped with lithium. J Phys Chem B,

-78 -



e B b R S TR R ST JE4sEE TR 2007

[40]

[41]

[42]

1997,101(23):4630-4640

Martinent A, Le Gorrec B, Montella C, et al. Three-electrode button cell for EIS investigation of graphite
electrode. J Power Sources, 2001,97-98:83-86

Chang Y -C, Sohn H -J. Electrochemical impedance analysis for lithium ion intercalation into graphitized
carbons. J Electrochem Soc, 2000,147(1):50-58

Holzapfel M, Martinent A, Allion F, et al. First lithiation and charge/discharge cycles of graphite materials,
investigated by electrochemical impedance spectroscopy. J Electroanal Chem, 2003,546:41-50.

C Wang, A J Appley, F E Little. Electrochemical impedance study of initial lithium ion intercalation into
graphite powder. Electrochimica Acta,2001,46:1793-1813.

Chusid O, Ein-Eli Y, Aurbach D, et al. Electrochemical and spectroscopic studies of carbon electrodes in
lithium battery electrolyte systems. J Power Sources, 1993,43(1-3):47-64.

C Wang, A J Appleby, F E Little. Irreversible capacities of graphite anode for lithium-ion batteries. J
Electroanal Chem,2002,519:9-17.

M -S Zheng, Q-F Dong, H -Q Cali, et al.. Formation and influence factors of solid electrolyte interphase film
on the negative electrode surface in lithium-ion batteries. J Electrochem Soc,2005,152(11): A2207-A2210.
Ein-Eli Y. Dimethyl carbonate (DMC) electrolytes-the effect of solvent purity on Li-ion intercalation into
graphite anodes. Electrochem Comm,2002,4(8):644-648.

J Vetter, P Novdk, M R Wagner, C Veit, K —C Méller, J O Besenhard, M Winter, M Wohlfahrt-Mehrens, C
Vogler, A Hammouche. Aging mechanisms in lithium-ion batteries.J Power Sources,2005,147:269-281.

D Aurbach, B Markovsky, A Rodkin, M Cojocaru, E Levi, H —J Kim. An analysis of rechargeable lithium-ion
batteries after prolonged cycling.Electrochimica Acta,2002,47:1899-1911.

Kim Y O, Park S M. Intercalation mechanism of lithium ions into graphite layers studied by nuclear
magnetic resonance and impedance experiments. J Electrochem Soc,2001,148:A194-A199.

MO Yao-wu , XIA Yi-ben , HUANG Xiao-qin et al (325, B XA, HEHE%E4E) | Acta Physica Sinica ()
FRZEHR) , 1997 , 46 (3):618-624.

HAO Zhao-yin , CHEN Yu-fei , ZOU Guang-tian(ffJKEl, FR527K, 4F) H) . Synthetic Diamond (A L&
%4 WIF7) . Changchun : Jilin University Press (K7 i #k K2 HfAL) |, 1996. 70.

-79 -



VU LiCoO, IEMK/ HUR LS IR YERI 5T

EME LiCoO, EAR/BMBEREIFEMR

PR 7 At AR R T SET RS i it ) AR S PR AT I, SR 1

R R NSRS, (BN IEM R b SEI B SGER M, sz b 7F IE R R
WAE R SET M3 AL AT IE AR A 2 A PR B b R AT+ PR, e
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FUIEARER I SET R0 F I AR I (¥ SET L) 4k 28 . ¥R %) T fif IEAR% i SEI
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HAEFHRUAEL, HEARUPUT SET A4 81l it b A4 L, R It ok 20 el 4
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41775, P OX (R SL T B HERL, LiT 5 Co A5k di 4l Eh 45 M9 (111) 2 1 £
3a53bf E, O-C-OZ PR 1 LAsREELE £, 1) M MIFEup e SR i, T iX
PO S RS, B B I AE AT IS I T AR I i A R 4 R DR 45 44 (A2
HJE 21 LiCoO, A Rl ik A i Hi 1) = e 2 4 0.5/ s, B HE 0.5/ LT,
Li;,CoO, St ATEE, Bhies 7 # N EA B B BB 7T fEf b, i
AN TE R G5 AR A, T HLA 5 5 AR A A SR SR, T s BE R R AN w3
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TR G (<39 V), i HAa il B R i (AN AT 8 s R BN, REAPERE
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BT UL EFELE, ARFEIEEL LiCoO, VE LR ¥ it IESE TEARE,  BLH TR
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B 0 Oxyien
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5 7 H B SR T SET JEANIRI ), IERAA BER I EEAF AR T 4R 1)
SEI Ji, FEIEMS e i fe b CRAMIMHL 461 1), #04R SET LA IE
Bm PERRLA 5 ) o5 F R 5 U BUR R OB, 3 80 4R SEI BRI A RSO 3 15 4
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AR ALK R A B AR/ VR LT B S 1 AR T, e AR
T R TE A/ AR S TR RIE 5 LA 2 R b TR I8 OGS 2 VA RAIE SET ) 20
FUHEIN I M LIS, e Ak 2 B (BIS) S W 9% Ha W/ b 5 S 1 o 2 () LAk 2
WA ) LR —, O ZHNH A S0 SET R Ul 72 1%
1iE, BB N B 5 R AE - MR T SEL A et F21™, i AR i SEI i [
RSB IR, AHIX — LARIE A AR W SRR IE « A, 7R 3CER T T 9T T A
Z K F A H ) B AT T8 00 rEAR, e T ot A B 12 vt o ) AR A 2L R A o
B ST AR HAAE—E I ZE 5o R T ISRV SC S50 45 TR 5 S o i it A L 125 #l
HHIAH IS, DLRAE AR SO T as A 50 H gl P, 7R A op JRA 142 v A0
251 FLH LiCoOs 1E MR I ZH B AN i) 28 25 116l 46 T LiCoOs 1E#K - LiCoO, 1EAR % 92%
RS AR 5%0¥ PVDF —HFP K& AT 3% 1) 5 i R IR it 1 4 Lh AL e, 7
J& 1R A% 5 e A it I S BT R R B F it ol A 7 2 i, A2 SR AR F ) =
FELBI SRR HL A 5 B e 32 ) EIS BT LA M9 b (A R o R A A,
MR SET ) SBRAIL A A A S 2B 1 JE R

4.1.1 LiCoO, IEtR & R AX R T2 H EIS &Ry EACHHE

4-2 24 LiCoO, IEMRFE FEH FLAY. E T 5L EIS w484k AT BLE Y, OBl
£ 1) LiCoO, IEARAE FOARME P I I WAL A 3.5V, H EIS 3 (Nyquist ) 7E 24Nl
1w SN R AN B S HSR (7  Up e £ A AN S Sl S (1951 £ R Y
Aurbach Z NUCTHR I, @A 5 SEL AT G, A RAR X Bk B R
R A P A A 33 PR BELRIODU R B FEUS A O BB E T v, P AR 3 B I g i %)
AW, 3.85 V R —ANF [ 3.9 V B EIS =3B 41, B miAi
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ol 2 A B T ] A O FE A A 2k . 3.95 VI EIS f— S B B4 A 2 A e
X 45 L 5 A S 2 [ (inductive loop, &K IL) , 4 4.0 V IS EIS 1 4 M5¢
EAHE B IRAL %, B HFA. IL. MFA DL RS kARl 2k. 4.3 V i EIS
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K 4-14.05 Vi EIS L3RG KSR B B S M E

Parameter  Value Uncertainty
R, (Q) 0.83486 4.6865%
Rszr (Q) 2.253 2.5793%
Oser-n 0.50358 2.505%
Oser-Yy (F)  0.0035728  12.403%
R (Q) 2.572 1.8635%
Qarn 0.96045 1.3457%
Ou-Yo (F)  0.02422 2.6441%
Op-n 0.66819 3.7617%
Op-Y,(F)  5.929 7.5729%
L (H) 0.0057467  4.1055%
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r 8.5031E-4
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4.1.3 LiCoO, \FAR7E R I A A B Ik A F2 SEI PR A KR
4-5 F1E 4-6 73 54 LiCoOy IEARAE H Mg i v A I I At B2 S R

Oser-n F Qs Yo BRI H] ¢ FIHAR AT E (1324 K4 SEIBEAY, SEI )
BH Rsgy FIHLZY Copy 5 SEL KD HLBH 28 o1 A1 HLHE H0 ) 06 R 7 AR (32D F1(3-3)
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(¥ 1 R N A 28 A L AT BUBR IR AL &), X5 Wang %5 A4
P A7 AR S LA FIRT 2O 45 R B Osgrrn B ¢ ZEKCTRIE/N, XTI SEI
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I FE P LiCoOs IEM AR A AT ARAR AT K. 4.2V B L, Reg A1 Qspren PRI K,
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s IL 2 TS (0 I T A B R B A S L IR o e AR R R R T
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Lij«CoO, (0<x<0.5) ZI[AIJE il Jaitife 22 it . BAICA SEI M JIFAN & 58 3 Jo ik i),
FEAR S I R, A R skt 2= e b o 1 LR [ st A SR I i g, A
177 A L AR B 1 B P A R g e DR — SR 2 LA LiCoO, 1E B
70 FLIE R A 7 A BHL R 25 1 A LiCoOy IEBR B0 S (R BN i, B ad A 5 4 A Je
PUre AR 4. O T AT Li/LiCoO, iR R AP AEAE M IL, FRATIER 4-7
Hh Y LiCoO; LA LiCoO4/Li;CoO, Rtk 72 vt B ) 7R 2 &l . 7F LiCoO,
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TR, HRME T A (RNYT LiCoO, 4% #4224 LipsCo0,), Bl LiCoO,
IR P AS FAF AR 3 P (RIR ZE AL . TR LiCoO, 1E AR M )3 — SEI kAl ny
FRA “¥20% SELJE” (Leaky SED . BL EZF#T R, ASCHE H 1) Li/LiCoO, HL A4
FRPUEPUK LiCoO/LiiCoOy JRitayk 72 Hu it HL il w] LA I b i T J 4453 117) 52 56 45
Ro MM, Gnanaraj 55 AU Li/C it fA R IR BT AR T 474
LiCe/Ce ¥ 25 Mt o M1 LA b JRdalook 2 Ay ABS AR, AT T mf A0 £ BB A5 229 PO
t, 4 LiCoO, IERK 1) LiCoO, #7424 LigsCoO, I, HIHRES -~ Rk 2= Ak
15 B KA, B LiCoO2/LiyCoOy Jry ik 22 Fity ™= A= If st 23 I — /MR AE
K 4-8 hsRIe A RN Ry A L B E THe AN, BE—SDAER T A
Li/LiCoO, Fith & & H BT 2 HH T 77 4E LiCoOo/Li; . CoO, Jaylfiik 2= b 5 [ 2 .
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E/VvsLi/Li E /N vsLi/Li

& 4-8 LiCoO, BARAEEFE X B RES, R AL BE E FH=KIA4L.

4.1.5 R A3 PO REL R B AR FRLAL R AL K 20 AT
P £ 328 FLBEL Re, 1R Reais st (4-10 PR

Rct = 1
ol JoE

(4-1)

Horbror, JoE NAERSAAAE N, VAR S AU AR AR AL I Bl o o AR BT
1, 55 T 32 B B4 (blocking diffusion conditions) BRI ALY, Fa
R ERAE PR o DALk FR A A s FL BHL T 37 A

RC[ = 1
JFAv,

(4-2)

Hrb p = F/RT (U F VBRI SR, R OVRHEL T AR, A
Sy BAT WS PRI R T AR, vk ST SR N S (R A sl P . TR Ao RE % 3
b (4-2) AT E . B 8 i LiCoO, IEMAE i BB R FE v, SE3G 7 InR.,
bt E THE AR Ak, T LAE L, 7F 4.05 V LU EE ALK InR, 5 E REMXR,
Blve E RIRECCR, M

v, =kexp(—afE) (4-3)

M 4-9 il HERLRI AR a = 0.5, X —HUH 5 AL 223 ) 5 Wi i
3 (RS PR IR AR — B FA DR A (4-3) HEETIRA SRR (insertion
isotherm) AR A I FEAC Hedi A B 10 R A SBEA TR LU o W RABUE B 1 i ANl e
AR AT O 2 HTHRA LiCoOy IEBR BB 7~ 2 18] 18 3~ 55 W 22 0 1R R A
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OAE R, W) 36 i 423 20 (Frumkin isotherm) AJ3& I T4 2 Fk A
LiCoO, IEARMRE AR, 78 RIRMBEBE R, ACHidien Fom 4

vy =K ,M"c, (1-x)exp(-a,gx) = K,c,xexp(e,gx) (4-4)
K AT K, 53 ) A A AR 5t 5 0 P H Ay A 166 1l 0 15 4

K,=k,exp(e,/E), K, =k exp(-a,fE), a,+a, =1 (4-5)

o My H AR S I ARARIR B, e RN LiCoO, IR B T i KR . o
Fla, 73590 R S8 AR SR s Y R RR IR o g A IR B 4S5, g>0 Fil g<0 43 Xt
RN LiCoO, 1 R HH 25 1~ 2[RRI B8 -1 55 R R 2 A 2 18] PR AR B HE R AR 5 4
H.

g (4-5) rp g=0, RIMEEAEAE KA LiCoO; IFAR M4 & -1~ IA)FIAH 25
T H IR Z B RAH AR, FATTPI 43 8] 2% 8 R IR A S8 (Langmuir
insertion isotherm). AR, A (4-3) HREANX (4-4) MRMIEA, B
FHATIR IR T (x—~0,E~o0) , {4t k=k M'c,, U a=a . ML L
WHRAT LA S, 7R IR AN IE BN, A8 R I AN ST 2R 9 & 0 5
TN S U8 T A M AR 2 1A LiCoOy 1E R P R i il 2

IR FERARE (4-4) it g=0 K M=1, [R5 ]R8 % 5 5 ey X —
Vs, M (4-4) Anlfe
vy =kx" (1-x)", k, =k exp(~a,/E,) =k, exp(-a,fE,) E, =%ln% (4-6)

¥ (4-6) AN (4-2) A

1

R, = 05
JFAkx" (1-x)

ct

(4-7)

(4-7) LUK, 2 x=0.5 I R AFAEMR/MEL, 24 x<0.5, Re Bl x /NG K, x>0.5,
R Bl x BRI K. AT LAE L, AR (4-7) BRI MR 4-9 3.7 V DULE
InRy Bt E THi R AL IS8 45 5. 3.7V BLR, InR, bl E T K ZE ARG
WA (A7) RN fE, WA SN LiCoO, IEAR AL T-41 B 158 A it (1R
A, kN LiCoOy 1IEAR 14 251 A1 R B 15 ik 2 07 2 IR A7 A 5 B A
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4.2 LiCoO, IR B FFI5 FrE 451409 EIS AR

fEid 22 104E 7, LiCoO, M AT AL NI, Co, O 1 8l B 1 L i ) 1E AR A
BT T Z RN, T eI iS5 i g5 A RIAR AR A Rt gL,
FEVERERIRE M AR AR NP2, A IR T 45 R4, AEdE T
I BE(Li,Co0,, 0.75<x<0.95), LiCoO, & HATEMILINI;,Co, O IR A71E LT
LS SR AR I R, 51 e AT N A B Ak ) 4x JE 5  (metal-insulator
transitions), [l 1x>0.950], Li,CoO, &I A - F A FHIEF, *1x<0.758f, Li,CoO,
R &) 5 b o208

T H A TR ALiCoO, 1E Mt F FP EIS Ny quist & i = 5B 20 4 i, BRI 4 X
S PRI A AR — A B, BRI — 4Rk . HEr AN O #2
0172930 e AU 3k~ [ 5 SEIIRAT G, P8 X 3 [ 5 vl iy A o I AT G, MG
S XI5 1) T 26 U S e T B B8 T ELICoO, IEAR P (4 8L, SR Croce I 7T /N A K
B2371, BISIRIRIF A 45 H N 1% RENS S BRLICo O, 4 8 — 48 Sk AR i A4 5 (14 Hi A A 1k
BHAT SR AR R, RILICoOL7E IR ZS N (delithiated state) EIS[¥/Nyquist[&] 1
IAFAE— 55 HF HUE A I B, ATATEIS (R Nyquist B i YA A 2B oo
PP A PO SRMES X A 7E— AR, SR Al — 4 Rk AT
A HFA 5SEIEAH G, MFAS HUf A& I il FEA DG, AR 18127 (Low frequency
arc, fAIFRLFA) W5 L1 HLU S35 00, EURAATI I SE 0 45 S S i A g R4,
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TEEISI{INyquist & o JL-F-H A = AN B2 0 B [, XA R FH 45 25 v i
AT AU IR AT R OR B S RN e P o BB Ah, ABATIAEARFEAL R (3.7 VELR)
AT HILiCoO, M HAT A MILiNi;,Co,0, 1E A% I EIS 45 S 5 1 A FIAF 57 45 i th —
B, YIRS AL, R X Sk SETRAH G 1 2 R RIS X 11— BRI,
AFLALATToRE N ATD 388 755 1 DR o A s o 2 e A8 BEL S AT 0 1R 3 — R SIS PR T
LiCoO, IE#) Hi 7 Hi 3 3 (WA fb . ZERATHT I (MW 9T 4, A WS AEEIS 1)
Nyquist & HAEE— A 5 i 7 oS RA G|, BR A&, AR 3 [
N7 I It FEL R PR ) A R g e £ £ 33 L LI P ST PR A A R Ll — B3

LiCoO, 1EAR — e FiE MEADRE . S H FRUFIRG 5 7R 2 B ) 2 45 v, Horp 7
SRR B S 2 BT FL T BURTLIC 0O, 1 AR v 15 5 HE I 4 2 T 17 4 i &5 7 18 119
. Bk, HA MLICoO IEM & A & 88115 LRI T HLiCoO, 1E M i 5t 15 4R it
R B R ey, BISE R BRLICoO,IE AR & T s E DR 2 R (1 B
71 AT BE WL 5 B LiCoOx 1E AR 3 PR A4 R v 7 H 3 2 B AR LA IR AR A0 o e 4k,
LiCoO, IERR A H MM b I Ak R ey, JLREVEADRL 2 B A 5 Fo Al i R A SO, T
J 78 AR H R IISELEL, I AEBEL B 1~ LiCoO, tE AR IE AR 1) B & i
AL 2R TE IR Cos04 4128, 1R I FE 1 i 7 B LiCo0, IE R I L T HIL 2 3 Rk
ARRIARA . JE T DL B8, A i B AT A T R ARG A R s AR s 1
O & Eb 23 1) 4 10%)LiCoO, IEM.,  LiCoO, IE M4 80% 3G HEA4 £, 10%[¥)PVDF
— HFP K & v 7% 19 7 58 A0 3% B 58 1 ot & 1 4 bL 4, H R R
IM LiPF¢-EC:DEC:DMC, FHHTIR LA SR AT = A AR BLAT, f it h e jle R
T HORLICoO, IF AR 5 AR 2 1] R4 e, e v I T4 )5 I LiC 0O, IF A
FEVRELHL BT T 7™ R AR . 32 FHEISHF ST T il 4% I LiCoO, HBK 77 HaLfi
W A7 LA BE IS B 78 I R I AR, 3R A T LiCoO, 1E AR IR L 3 L 5 8 FI SELEEAE
LiCoO IE AR AE MM H I A7 LA K B8 i 1) 7 80 s A o PR A A AR

4.2.1 LiCoO, IEARFE BB P I {FFANFEM L T IE & EIS 1SR B A4HT
LiCoO, 1F M AE HELAR H T HLA(3.5 V) FIEAE 3 1 6 7N 1) Nyquist B £E 38

ARG ] AT 73 Sy S B R DX R ) A /N 2 [ AT A X B 1 — B [
R CanlEl 4-10(@)FT71%), X5 SCHRARIE (1 45 B — 22T, SR ATTHT TH (KR
TG RAMFEAAMA o iy Arag o220, e s o 5 SET AT G, RAIX
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ol 147 152 IR0 55 5K 1 i A2 3 R BELRIOU R 2 AT G, fHL Croce 85 ARSI X 15K
X B AR T LiCoO, 1E 4K HiL 7 L S 3 AR {11227,

FATEIL, 24 LiCoOy IEFRAE MR T A7 9 /NI AE EIS B A B L T
TA—AE (MFAD, BEICAER T E— D AE K 2 42 /NIRRT, MFA A
HGR, AH EIS FIBEARHEA TR AR, Wil 4-10(0)F178 . IX— 7 Re K SR 45
RIEA WA WICHRIBE  BAR IR MFA [ IS A7 R LiCoO, - AR A4
B HU AL 53 TAH ELAE FH A DGO S RAT T A AT 45 A — 3%, B LiCoO, IEARAE
PR A7 L R ST 1) 1 % F MR LAk 2 W5 1 W T Co304 K14 23 S 80
THSRRAERRBN. BRUWIE Croce 25 NHIWLA, MFA 5 Hf(&# feAH
R, WITGVEMER: LRI . B, AHATCA ARG, LiCoO, 1EALTE Hif#
WA AE 9 /NSFLLUE EBIS HHHEL MFA R EEH AT H 7 2R, WE
4-10(b) 1153, LiCoOy IERAE FEMEEHIEAF 9 /NI LUS I BIS B =73 2R,
B A X 35l 5 SET AR DGR [, Al 3 b5 vl B R ARG I, DA AR
DX 358 5 PR A 3ot Pl LR R 2 Fl 28 11— B R

-2000 -800

@), [ (b) ~[==—9hour
| /' I / — o —42 hour
-1500 /',/ 600 . /0 50
/.'/ 3 / [ o
S oo | /"/ S 400 | / ! —
= 4’-/ N -~ / 7 30 -
NI -500 -—fll 70 N' 200 | .'./ ."./ 00 50 100 150 200 250
0t 1 1 1 L ] 1 ] 0 ‘!"L—T/,I | . | . |
0 500 1000 1500 2000 0 200 400 600 800
Z/Q 7' /0

B 4-10 LiCoO, FEMKTE AR BEIC A7 (B FEK EIS 1724k, (a)FI(b)H
FI37 1 43 51 4 10°-50 Hz 1 105-0.5 Hz X IR Bl

& 4-11 24 LiCoOy IEMR AL MM T A7 42 /NI, EIS B FAK FLAT TH i (1A
o WTLIBEER, B R TR (RIS AR, 7 3.85 V LURT EIS [HAEAKY
AESTE R I AE 9 /NI S IEEARHIEAR TR 3.9 V IF MFA SURIAS /N 1 Ttk
] SEI I BHBTEAIIREL R, 75 EIS AR IX S G A 31— e 2 (1) = [, 1R 20
S/ NBURISI, ARSI X 3 55 vy A 328 e R AH G 1) — BRI SN Sy — AN A 5
HEN)EIA; 3.95 VI EIS BRARIX S8 H L T 5 80 8 1A ri R R b O DG TR A3
2, ULAF EIS HIPU#B/ 40 : HFA. MFA Fl LFA DL ARSI $k 55 5 oA e &
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2. WAL AT — DT R R 4.35 V RRERE R, EIS 1 ASEAREAEAS R A
B, S8t R 3.95 V (1) EIS % LA HEH F] .

] 4-12 S 80 HL CRIT HA AT A D ok At BIS (K175 4 o S P 1 56 L 20 pves™
U R F B HL AT 2 P A 2 4.35 'V, Bl S I i FE v BIS (AR 4k . AT UG
i, 435V AR EIS SR =/ANHE 2 B[R], 3X 2 BT HFA F1 MFA 1)
PARKAN, BFE RS B — AR BTG B AR AT B ZR 3.95V, EIS i1
ARFFAELS 4.35 V IRSEAHMH; 3.9 V I EIS i 4 AE S 78 L FE P 3.9 V I EIS
TS IRFEAREL, MFA A A — BN, 75 ikl gt — P B A, rhi
DX 38 ) — B B W Ay — A2, &2 3.4 VI MFA JA8 ok — A Se 34 12
5, T LFA Wl —ANSe 38 (103, Wi — BRI

0 [--3.60v , -100 = 399y 161 305v
50 =385V / . r I
| / I -2 F
40 + T i
s |/ S 4
e A L N
140 F 20k J——— ~ N .
({%I. Lo 1o, 0-.f§/‘|'.”.|.|.| Oar-'.'".;. ' -:v.
()\—111(')/280 20 560 700 0 20 40 60 80 100 16 20 24 28
710 Z'IQ Z'Q
&l 4-11 LiCoO, IEARTE AR I A7 42 /M fE, FRAEES EIS KIZR4k.
G A 10°-0.5 Hz V5 HIBORE .
90 sy 100 m3.90v -
o 6 g-or 420
N4 N o g 280
N
. N/ sy )
0 rl .‘.\ ||||||| 0 M 1 I‘\ ] 0 1 1 1 1 J
20 22 24 26 28 30 20 40 60 80 100 0 140 280 420 560 700
7'/Q Z'Q 7'
& 4-12 LiCoO, IEMZH BT FEH EIS fIZE4L, H&ER 10°-1 Hz JE UK
L3N
4.2.2 F3 IR HYIEER

M PE IG5 R, FRAT TR HE LiCo O, 1 K AE FE A HR I A A0 78 3 L Ik A2 HP BIS 25
MBI 4-130T 78 . AP RACK BRI, Rgprn RANR. 4373 JSEEHLFH . H
AT e BELRN P i A 8 FELBEL, SEDEHL 2 Csprn HL T HLFHAH R RS Con XUHEZ HLZS
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Ca A B A WA BT 5 F AR i 76 (CPED Qsern Qv QuifOpETR o

A FE P A RYE EIS ARSI UL B AFAE 59 BUROCIIRIZ, 1l Vs ik
Op SEHU AN AL EIS FILAr o 1B 4-13 BT IR45 20 i i B 5 i oL & AR [ R
F7 R EIS SZR Kl o R gE SR 4-14 FioR, LA h 138005 i 2 50
HIT 42 P WA, SRl thek S0E IS 8, S55R00a
SHEANG R RH DT 15%.

Oskr

Qe le

—ef I

—/ VW
Rs
Rse

126 Izﬁ Q?D

] 4-13 LiCoO, IR FE AR H I A E R A RIS REF EIS MESHEE.

— = — Experimental data
— o — simulation result

- 60,
400 |
300 f 201

)
200 F

AN

f?“mwm@ﬁﬂdﬁﬁ

20 40 60 80
_ /-.%IFI:.;'Q.\”'% x

4~/ ~o, 3

100
Oé’ 1 ] 1 ] 1 ] ]

7' /0

&l 4-14 JRCRRIEAE A 3.5 V I EIS SER R 548 FT ] 4 BT S 250 A B A
GiIRXT L, UERBHSHIITR 1+,
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£ 4-2 FHEITFEF 3.5V I EIS Bl B3| %

BB S HUE .

Parameter Value Uncertainty
R 20.75 0.70549%
Rsgr 24.47 4.085%
Oser Yo 3.4614E-5 15.903%
Osern 0.77337 2.2416%
R, 29.66 7.6092%
07 0.002062 13.736%
Ocn 0.69975 5.9917%
R 465.2 1.775%
OurYo 0.0084102 1.3786%
Qurn 091124 0.94703%

%*=0.0012681

4.2.3 LiCoO, iR 7E ERA P InFiI 2R EIS SR HE ST
K] 4-15 3 LiCoO, IEMAE L R A7t B2, N EIS Zds 3R13 1 Regrs R

Osern~ Qen OserYo Rl Qe Yy B AFI T FE KA e Roprn Osern B AT IV ]
IEKFEARAAE, A0 Qg Yo BEIC A TR AE-K AWK, A 30 /NI BEAS LR KF
AR, RIREEREM, E M P ICAL I RN T 9 /NS LiCoO, IEAEE I D&
JIEEA SE B SET i, 9-30 /NI 22 TH] (I A7 LR 1 LiCoO, AR I 32 2 % A SEI
BRI BRI RS (aging process). fF SEI JEFRALRIFEH, SEI ML 5y U S i 4
S IR B K R AR LiCOs, R 4> SEL IRAHLA 5y, S5 SEI
R

LiCoO, 1IEARAE MR R I AF IR v, BEIC A I TAISE G R K, Qen FEA LR
FEARAS, QYo I/ FIREE KW, LiCoO, LMK HLT HL 3 R ZUHK T LiCoO,
TERRAE AR BRI AF I T ol T IeAE R iR AT IR AR FF7E 3.5 vV, bR
SRR, LiCoO, IERR K HL 7 HL R AR 4k 5 LiCoO, IE MR I AL RHFI Ho figt
W TR AR AR A DG, AN A S HA R A B CHEL S 7 (Bt ) K
LiCoO, IEARLE iU e AF il e, 1 ox  LiCoO, IEARIE MEA LT A Kk
Vi, AR A E TEYI T o304 228, DN, LiCoO, 1IEAR I HL 7 HL 5 3
X LiCoOs IEARAE H AR P I A7 I TR IR O OC R, £ 2 KT LiCoO, IE AR AT AL fi
TR AE I R VR PERA R R AR T B
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50 100 0.95 ") 1.00
—-—RSE] SEI
sl R | a0 0.90 . 0 10095
o—9 o,
G I ! o/°/°/ . | 60 < S —o% 4, o 4 o
< 40t / o A /._./ O(Q . 0.85 - OQO(SQ
2 L] Ve " " =40 = & R R 5
@] I J " o) (@) L} | R B =
35 / 0.80 - 0.85
— 20
L o
30 1 1 N 1 | 0 0.75 1 1 1 1 0.80
10 20 30 40 10 20 30 40
Time /hour Time /hour
80 1.0
° =0T,
\ el O-Y
=R Qo 0 e e S
S \ o H08 L
g | oy =
g% 60 \o /_/ L4 51
(]
L - 0.6
50 |- '~0»,,°,,,°1°
40 ! ! L 04
10 20 30 40
Time /hour

& 4-15 LiCoO, B 7E BB H W AF, Rsern Res Osern~ Qe-n QOsgr-Yy F
0.-Y, BERF7 I TR) SE K 2R 4L

4.2.4 LiCoO, iR E X FTM A ZFIERY EIS B HT
Kl 4-16 K1 4-17 43 53 24 LiCoOs 1EMAE 1 IR 78 AN R L R+, M EIS £k 3k

1410 Ry F1 R b6 PO ARARAL A T IR AR AL o 70 B R P B AR AL LA TH g, 3.8 V
LART, Rser G080/, 3.8~3.95V 2 [a] CEIEEE 1M LiCoO, HH it tH#TH) Rggr bR
BN, 3.95V BUG, Rep 2Nk : TR 2 o b B AR FELAT BRAIR, 4.0 V BARI,
Rspr TENEHIK, 4.0 V LUS Reg IR, FIAZEREKW, LiCoO, IEMZKIH SEI
FR BT 0 5 ] 3 IR, 7 AR X IR T e PR st ] (1) SEI
AT (B (2) BB T i 511 LiCoO, IEARE PEAELH 7 i 5
FTl . A7 A8 thal LIRS, Rser 5 R HATHIR AR, B Regy (3G K
SR/, BRI AERE R (3K ER N . IR LT, LiCoO, IEAR K fi SEI
I RH BT 70 8 A R R U ORI, R BT LiCoO, 1IEARIE HEA R H
THPRNARTE.

LiCoO, IERRAE 78 HL I R B AR AL HLA T, 3.9V LR, R ARk 3.9V
LA B, RGN, JLFAREEAAR . 7RO IR PR AL AL ARG, 4.0V BLE,
RAZMEHER, T THREAAE; 4.0V LR, R PGB, RIS kP
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1K) LiCoO, IE AR AT 78 ML R vh (R AR A A b3, B A7 71 3.0~3.9 V Z[AlI,
PEREEE 7 Bk, JEr i R R, 3.9V BLE, LiCoO, IER L7 HL T
Fa T AL, TS LiCoO, IEM LT HL FHR AN K. thah, Rt
H1, 3.5V I R RE 82 Q, 3.9V LK) R AEAE 2.5~5.0 Q2 (i), 5 3CiikiRis
() LiCoO, 1E AT 78 LI AR T WL 1~ FIL o T iy 7744 1~2 MR AR ) 5 .

DA EAEFESE RAUESE, 4 EIS oD sl [ H BT i L S R (AR 4L, Reig
LiCoO, IEARAT 78 F L2 A A BE AR 2 10 M 1ok L F 2 3 AR S AR A A — 2

40 b a—m—n__ —=—RSEI - 80
RN _
o ~-R,
30 AN - 60
g | \ I
5 20 ~40 &
S [ u 1 e
10 - \ - 20
0k L = SRR )
] ) ] ) ] ) ]

3.4 3.6 3.8 4.0 4.2 4.4

E/Vvs. Lit/Li

& 4-16 LiCoO, RIRAEE IRFE T RE T, Reer M1 R, BEFEARARAL
AL R AR AL
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y 60
- .\ _._RSEI A
. —o—R 4 45
24 L \ |
| } 430
g \o\:t ] ®>U
=12 :}'&"" 175
wn ) :O
G | S
:c.b:o-o~o~o-o-o_ 0
H-g.
O i H-B-m-m
| | | , . -15
3.2 3.6 4.0 b

E/V vs. Li/Li

Bl 4-17 LiCoO, BAREH KR EIEEF, RserF R, BEHFAR
b B = R4

425 X FHEFESENITE
AFTAENT ), LiCoO, & SUALNY) p AL Sk CRIBRIEIE E, =2.7eV ), F %
ST AT LiCoOyr M x<1 EEA TS M. B—MEE TN
LiCoO, affs FH B N, mhasAEphaii b= A — Ay, /)
p=l-x (4-8)

Hh p HAHMZWE. 24 x<0.758, Li,CoO, " atHA L2/
PRI B RIAE IR — DB R i S R AR TR A, AT Li,CoO,
RUUH A B T FORAT A T LT AN T35 I it B3 1K i) 375 2% b0t % )
At 25 s R A s e T 73 B3E 520, Rk LiCoO, IEMMAE 7o it Lt Fit v, JL
L1 L SR AR A 20 o = AN X (1) LiCoOy R 2 Sk T vt i 1) (X Ja 5
(2) AN XE; (3) Li,CoOy £ A 4@ T i BT it X 5,

X p MR (BB SAT HRIUh L Se 2 &) s, Hiyh
SHo KRN

o =pqu (4-9)
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Hrp oy 7?2 j OB, g LT .
B R S-S FH W M IR,
S
oL
e 1AMBHERE, S MR
WAREE LiiCoOs AR B 1 2 [ RN 251~ b5 R B0 3 i 2 TR PRV AH AR
B R AR R T 22 R IR NS5 0 (Langmuir insertion isotherm)
RS, BB TR x S £ RN EAT R RPY,

x/(1-x)=exp|f(E - E,)] (4-11)

R= (4-10)

HA f=F/RT (GNP F ONERIRHA, R NSRER, T I #i%), E

FHEo 538~ HRIR AT FEB IR S B A b o4 AR FELAT
o (4-8) N (4-11) 3 T 7

p=1/{l+exp[f(E-E,)]} (4-12)
H4(4-9)M1(4-10) AN (4-12) 2R A
In R =In(S/qud )+ In{l + exp[f (E - E, )]} (4-13)

X In{l +expl £ (E — E, || AT ZR BN ZERETT . I 20 i U T 43
InR = ln(2S/q,uZ)+% f(E-E,) (4-14)

H(4-14)207540, InR~E N =&ML R,

MU LS HT a5, Gk EIS H AR B 3] 5 v 7 HL 3R AR, B4 InR,
B E AR AR I = AR5y, B (1) LiCoOp HUFAT AR
PR FHMESUN, InR~E TRV R R (2) F/CRAEEEALR, InR.
b E Mk kBS54 (3) LiCoO, L FAT AR A 48 F M RN, InR~E
[CRIR PSS i

Kl 4-18 45t LiCoO, FEARAE 15 I e A I A2 v InR, Bl H AR B A R A7 T s ) 2
o fEFRHBFES, InR~E 7F 3.85 V LU FAI3.90 V UL 38 2 BT AR 1k,
3.85~3.90 V Z[i] InR, K AFRAZ , HAHRE FLAL T i SURIB N o (HIE, TEIR&AE 3.85
V LUFIESZ 3.90 V BAE, InR~E BIRIABEMEM KRR, AT AIXTEIH
RlJ- LiCoOs IEARAE 1 ¥k 7o I AR i, R 4 I T 52 2% (M6 id 72 . 75 LiCoO,
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FPUE LiCoO, LM/ R S IR ERT ST

IEARBCEREFE S, InR~E TCIEAE 3.95 V LU NIESE 4.00 V RLE, 5 SEEBIAIN 4%
IFIERPER R 3.95~4.00 V 2] InR, KA, JAHKE AL TSR K. |
BEE TG, BATISLR PRGN InRA~E (AL 5 FE T e v &
BE— PRSI T ELS (R DX Al [ 2 388 257 kB A2 LiCoO, i HIL 3
AR AL BT 2 2

— —m— charge

4 I Bl § —o— discharge H 4 =
A~ 0\ ]

qb)l) °\°\o\ O?U
ée %-9l0-0 a
< —_
L 2r 12 8
o u-m- N =
% N‘U:g'l-l-l g
— - (TCQD
ok ° o~

1 I 1 I 1 I 1

33 3.6 3.9 4.2 4.5
E/VvsLi/Li
] 4-18 LiCoO, R E B XK RS, InR, BE ARG
R =T Y

4.3 BRRINCHAITEXS LiCoO, IEARME AN R E S RIS
WIHTSCHTIR, LiCoO, IEARTE MR I AF it R, JLvm M bl ox 15 AR
TETCAM I R4 At H R MR AR OB, T s i A0 JL R TR 1Y) SEX B, 1X—id %
XF LiCoOy 1EAR M1 Fo AL S PR 1 e A T s 2 B SR ZH R e () b e A7 S I kAT
s, TER T T K I (] AR AE 5 FRBEAT A B, 3X — I [ R A7 I FE % LiCoO,
TERR R HLAL A G PR B S MR 2 SRR IR, AN R PR LB S o P AR AT R i 2 b
A, AN FRUAEBONS FEHT SRR AE AT (T 52 e 2 Lok il JUAE H A1 A0 SRR LT
WHEATATE % Ak, AER 1M LiPF-EC:DEC:DMC. 1M LiPFs-PC:DMC F1
IM LiPFs-PC:DMC+5%VC =Fi i, AR AT 9R 4% 80% G A4 AL
10%[] PVDF—HFP A&7, 7%M A 528 3%0k B IK 5 [ 4y LB, A T
LiCoO, 1EMAE 1k =i e figt i v 00 A7 36t L A 240 A 1 R BEL B R R A 11
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SN o S BATIAEFN A A AR Se i, JoEIT AL T CRITEAM N L s 25 A'F
PO EAE LA, RIEREAT 7RO S, RO SR e O DI EIS B HUAR
AL o

4.3.1 RHABLELER

€ 4-19 4 LiCoO, IEMAEA R U, 76T FEAL R I AF — N 35 IR 78 i
Wil & o ®f BLE P, LiCoO, IE % 7 IM  LiPFe-EC:DEC:DMC A
IM LiPF-PC:DMC+5%VC PR HLAR T, TSR H B A R F AL A AR PR m]
PE: ARIMAE IM LiPFe-PC:DMC AR, ETFEHAL FIEAF— ] )5 LiCoO,
AR AL AR v T EAR 22, R )T 4 RFSBCAMEIN G, Hnlgi 28 & L 5 0l
A 0. FRESHELH, WU RIS IREENT LiCoO, IEARTE T % Hifr NIk
TS TBORAGEATERE, 76 IM LiPFs-EC:DEC:DMC Al IM LiPFs-PC:DMC+5%VC
HL R T, R T H AL K A ) L 78 R A B R BE R LN, (R
IM LiPFs-PC:DMC HUfi# T, EFFEE AL R I A2 0T L 78 78 P A A T e 5 i
Ko TG =Fh U AL AT A1, 24 LiCoOy IEARAT TT B WAL T 22 1 K I i A7
JE ATy AR 2 I 8 e e S LA A W] R R R AR R T, S BC RS EC 45 MK
LU VC, FHEMBB T4 EC k5 EC 452U VC, XTH43% LiCoO, IE
PR T e AL R R A S e P R S E - . 1f PC B8RS EC ARLL, 4%
TE R HAHZE A FIE, EHERBEE R B EGEE LiCoO, IEARLEFF I AL 1K)
fEAEIIRSE TEMIVE ] . #8 IM LiPFe-PC:DMC HLFHH RN 5% 1) VC RS 3%
23 LiCoO, 1IEARAEFF 6 LA NI A7 (AR e Ik, o P BC B VC, X
T LiCoOs IEMATIT % FiAL R A it A7 ¥ A e P LA I L = 2 (A .« k4,
XF LI 4-19(a)FH(b) T LUARCEL,  HUMFABCH A IR VC BIAFEALE, RERS AR LiCoO, IE
PAE T FBAE R 5 7 MU T RS A7 5 i IR R T L B I P 3 5 o o X P B2
H1T VC 2 F b S Ao, BRItk VC (1938 )50 9 ml e 18 1 XU e .
T R 2 -OCO,Li SEFIR AW, X LA WAL IAEAE, ANIEIN T SEI i
fRoRbsatt, ) T AR HF. AsFs. PFs 2522 1138 pl AR S T BE0H
(RIRSy, 0 LiF, (A R Rl Jse I3 1) 2k
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[ (2)
4+ >_<
E I
o 3F
en
2
©
> 5|
| L | L | L |
0 2 4 6
Capacity (mAh)
[ (b)

T

Voltage (V)

2 | 1 | 1 | 1 | 1 ]
0 1 2 3 4
) Capacity (mAh)
(©
4 L ¥
3
o 3
en
3
2
2+
| 1 | 1 | 1 | 1 ]
0 1 2 3 4
Capacity (mAh)

& 4-19 LiCoO, IEARTEAR R AR, FEFHEA FTEF—NABRREK
o2& (fE% 01C). (a) IM LiPF-EC:DEC:DMC ,

(b) 1M LiPF¢-PC:DMC+5%VC, (¢) 1M LiPFs-PC:DMC.
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432 EIS ARGER
K 4-20 4y LiCoO, IEMAE IM LiPFs-EC:DEC:DMC HIfEEH, 4 5 7S
fE¥ J5, EIS wEHFALRE A AL AR . AT BLE Y, LiCoO, IEMRAE 1M
LiPFs-EC:DEC:DMC HLfi## 1, 3.7 V i EIS ] Nyquist & [ -F sfix s (10°~10
Hz) SAFTE A58 AR B Ar B8, ARSI SR I — B A9, R i T i
WFEs Sl n, mAX R (HFA) 5 SET AT G, i R (MFA) 5
LiCoO, [ FLF HL 3345 ¢, AR S B 9R (LFAD W5 s AL sl FE A 0% . bl
HIAR LA T, LEA ¥ AR AN BTN, 22 3.8 VAR B — N Bl TE 4 1) 2
5. 3.825 VN, FESACARD I LT S WO B 1 AU R, IR EIS 11
Nyquist B fHPYAN 58240 B4 B 13853 2, B HFA. MFA. LFA LU e By
T AP HURR 2R .3.825 V LL_E EIS [ Nyquist K35 B _ER DU/ FH 43 2535441
Be BT PR AW I AR . HAMERTEIE F, EIS 1) Nyquist El[#) HFA (#2142
IHZ/NT MFA 342
K 4-21 24 LiCoO; IEH%AE 1M LiPFe-PC:DMC R, 28 5 J8 78 i FBLAR A )i
EIS $5RFF B FAR FEAT (148 4k o 3.7 V I, LiCoOs IEMKAE 1M LiPFs-PC:DMC Hifif
W 576 IM LiPFe-EC:DEC:DMC H[f] EIS [¥) Nyquist FIAS[A], o Ao x 3
(10°~10 Hz) AEAEPIA5EAAN B Y B (12 [, AR 7E IM LiPFe-PC:DMC Hifi#
#irh, HFA 5 MFA KA THHERS . H4h, 57E 1M LiPF-EC:DEC:DMC 1
ANF], {E 1M LiPFe-PC:DMC HLfiFH 1 HFA (1212 KT MFA (1212, B F AR
ALHITEE, 3.85 VI, MFA ZBMIE AR A — A58 B E I, 4.0 V IRy, ARSI Y
LT S W B 1 LAY B ALk, (AE S EAIAS] 42 V,  Nyquist Bl @i
DXL P-4 BEAT R AEATATT W SR (AR
4-22 g LiCoO, IEMAE 1M LiPFs-PC:DMC+5%VC HERH, 25 78K
HLIE IR 5 EIS E4RRAE BE A AR FB AT (19784 . 24 4E 1M LiPFe-PC:DMC FLMAE 48
5%VC J, EIS WHRFE R AE TR K IR, B4R 3.7 V I Nyquist 1) s 4 X 38547
PN RS R R4, H 576 1M LiPF-EC:DEC:DMC Hfig i 2518,
HFA 1142/ T MFA K42, B FEAZ T 22 3.95 'V, Nyquist B9 i
DX 35 AR O W S 58 4 A B 4y B R B4 B, b I Nyquist B 5 A
IM LiPFe-EC:DEC:DMC  HLf# 1 AL F 56 4 AH T 43 55 (1 DY A6 43 2H B o B F
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W HALE— DT, BAR MFA R LFA &4 T3k, {5 Nyquist BIFEA ik

FERILA =AM B

XFECHTIT (4.3.1) Feil g R, ATLLE S|, LiCoO, 1EMKFTBURIEIA I ]
Witk 5 EIS AR ] I SCPE,  BIY LiCoO, 1A B A B I 1R 78 T HU I Bh
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ANIIRATAR G A T 2 b =5y, B3 A DX I R 35 % A7 AE — A
o . BE W FE I A LiCoO, IE M /£ IM  LiPF¢-EC:DEC:DMC Al
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TJERE— 0 Th il B b, AT S5k P Ak e 12 1) e X 38R e, {HL IS (1 B4R AIE
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& 4-28 4.14 V B}, LiC00, IFAZZE 1M LiPF¢-PC:DMC+5%VC HfERK + EIS
BELE BE T = R AE AR AL

4.4.2 B FEXT LiCoO, IEARZRHE SEI E K
HR 4 SETRE A J H, 81 58 13 o SETIAT A% 11 5 7 23 B m) FH A0 28 1 76 [ 4

hiT

BRI A (4-15) SkHiA B34,

i = 4zFacvexp(— W /RT )sinh(azFE/RT)

(4-15)

Hodaky 87k EE 2 (the jump’s half distance), v SASIRSIAIE, 2 BT
BT HIKEE, EZ&HIgumE,

Hfr, WHERES ToRIGEET1; WS FEkEkRES:, ¢

Fi&Faraday'i %

S ITAT (V) FL S B AT A P AESEIR B

n="ng =El

Forp n el Wiz, 104 SET IS .
FEAR I 9 N, B Htohn 1 H IS BN, X (4-15) SN T et AL B n)

7.=|
~

i = (42> Fa’cv/RTI)exp(— W/RT )y

MM, SEI R FH Regr I &7~ A,
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Ry, = (RT1/42> F*a*cv)exp(W/RT) (4-18)
Xt (4-18) it Al 13,
In Ry, =In(RTI/4z>F>a’cv)+ W/RT (4-19)

M (4-19) ATLAHH, InRspr T RLEVEAELL.

4-29 24 LiCoO; IEMAE IM LiPFe-EC:DEC:DMC FHLf# ¥ 7 2 i SEI Ji5 L B
(AR XS R BB R 2k . InRep~E RBUFEEMEAR LR, K 4-29
HR L RER AR 4.05. 4.065 F1 4.17 V IR W 550510 36.32. 38.78 Al
38.13 Kl/mol, P31 A 37.74 KJ. Lk 4R LW, LiCoO, IE M 7
IM LiPFs-EC:DEC:DMC Hfi#i 1, W (R B Fo Bk Fe A7 i3 /s, BRI 1T SEL
AR R e, FAR A I S LT A . B 4-30 4 LiCoO, 1EMKTE
IM LiPF¢-PC:DMC+5%VC Hififi 3 1 SEI 5 FH I 15 4800 5505 il 5 131 50 %
sk, WTLLEH, InRgrE REEMEHEENLR, TR LiCoO, IEMAE
IM LiPF¢-PC:DMC+5%VC Hif# i H L3 I SEI IAs e B2, Ml 424k, SEI
BREE R RN AL BT e A A2 T 048 . W 4-30 T RIS A 2], 4.03. 4.08
1414 VI W EIE 5 918 22.68.24.35 F132.62 KJ/mol, 2T #41E 4 26.55 KI/mol.
PRI LA PR e A R RAROK,  1  H AR R PR S AR IR 3SR, R B LiCoO, 1IE K
£ 1M LiPFg-PC:DMC+5%VC HLf#R T, bR RS B AR P REXS SET I 255 1) 11
2 RSB AT ORI SE M, X AT e H T AR A T R R AL R B0 . B
4h, SFE LiCoO, IEMAE IM LiPFs-EC:DEC:DMC Fl IM LiPFs-PC:DMC+5%VC
PR AR W REME, ATRAURBLAE 1M LiPF-PC:DMC+5%VC LR,
MBS IR L SET M I R% 6ol 5 B 4 UK

24 _ ° E?(perin'lental data (@ 24 @ Experimental data  (b) __ @ Experimental data  (c)
| Simulation result | simulation result 20k Simulation result

2.0 | W=36.32 KJ/mol 20| wess 78 Kifmol | W=38.13 KJ/mol
- - 16 -

1.6 = L6 L

E 7] E 12 F
EIRE e E I ’
N o ~ osl
I - 04| /
04 n 1 n 1 n 1 n 1 I ] 04 1 1 n 1 n 1 I 1 I ] N 1 N 1 N 1 N 1 N ]
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1000/T (K 1000/T (K 1000/T (K

& 4-29 LiCoO, IEAZTE 1M LiPF-EC:DEC:DMC Hf#¥ 2 1H SEI i FH
K B RN SEE RIS R L. (a)4.05V, (b)4.065V, (¢c)4.17V.
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r . 40 _ 9  Experimental data  (b) 44 - .
L4 Qpenmmtal data  (a) g Simulation result ° | 9 E_xpenn_]ental data ()
321 Simulation result " W=24.35 Kl/mol a0l Simulation result
| W=22.68 KJ/mol 36 T w262kl 8
I 36
28 —
3 2T 5t
5 E Lol T sr
T 24t o -
I 28 -
24+ . °
20 N 1 N 1 N 1 N 1 N | " 1 " 1 L 1 L 1 L ] 24 " 1 " 1 " 1 L 1 L ]
32 33 34 35 3.6 37 32 33 34 35 3.6 3.7 32 33 34 35 3.6 3.7
- -1 -1
1000/T (K™ 1000/T (K) 1000/T (K

& 4-30 LiCoO;, IEAZZE 1M LiPFe-PC:DMC+5%VC Ff#W T2 SEI i
HBHF B RN B SRE R A ML, (a)4.03 V, (b)4.08 V, (c)4. 14 V,

4.4.3 BT LiCoO, IEARTE AR BT B S K Wi

M 3o 5l B OC R H 1 Arrhenius 7245 H
o= Aexp(- E,/RT) (4-20)
o A CHFRATIR 7, E ARSI RE .

HIFL R SH 3R AW N XA,

S
R="—" (4-21)

ol

Horp L AMEHERE, S M EHETAR o
MM,
S

R= Zexp(Ea /RT) (4-22)
X (4-22) sk — DA A AT 1,

InR = lni+i (4-23)

AL RT

M (4-23) KATDIAFH, InR~ T [FIFE R LR PEAE L IE R

4-31 1 4-32 43 5l A LiCoO, IEM E IM LiPFs-EC:DEC:DMC #l
IM LiPFg-PC:DMC+5%VC FLF I 1 FL - L BHL IR B 9R00) 20 5 il 131 85 5 & ot
%, {E IM LiPFs-EC:DEC:DMC #1 1M LiPFs-PC:DMC+5%VC 1, InR~T"' ¥ %
BUFMZMEZER. WE 10 Al 11 P ELRPRITEISE], LiCoO, IEMLE
1M LiPFs-EC:DEC:DMC Hi i  4.05.4.065 F14.17V I E, 5351 4y 40.50.36.65
A 40.10 KJ/mol , I ¥ ¥ {H & 39.08 KlJ/mol ; LiCoO, 1E % 7t
IM LiPFs-PC:DMC+5%VC AR 4.03. 4.08 Fl1 4.14V B [ E, 73 7K 55.56
52.96 F152.91 KJ/mol, L V#4{EH % 53.81 KJ/mol. IR#FFT4E LW, LiCoO,
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IEA%7E 1M LiPFe-EC:DEC:DMC F1 1M LiPFs-PC:DMC+5%VC ] E, ANFl, &
N E, 52 R I AR5, BRATHHNIE i) G855 LiCoO, 1EARAE HUM Hh I A7 ot
Ferp, JLURTEAD RS AR S B AR RN, AR A 2E A PRI Co304, I
BUMBH 23 il A1 K

4~
0 Bgpoimentaldita  (a) 36 - 36r .
— Sinulation result ’ ® Experimental data (b) L ° E?(perm}ental data
L F Simulation result Simulation result
E =050 Kol 32 £ =36.65 K/mol 3.0 - E =40.10 KJ/mol
3k i L
28 -
° . 024 1
E 2ol E
I 1.8
2F 20
A gel A s s v b e
32 33 34 35 36 37 32 33 34 35 3.6 3.7 32 33 34 3.5 3.6 3.7
1 -1 -1
1000T(K") 1000/T (K) 1000/T (K'")

& 4-31 LiCoO, IE#%7E 1M LiPFe-EC:DEC:DMC F A& B 7 FFH K B4R
S EEREEBERRMNL. (a) 405V, (b) 4065V, (c) 417V,

) Experimental data  (b)
5L Simulation result
E =52.96 KJ/mol

@ Experimental data  (c)
51 Simulation result
E =52.91 KJ/mol

[ o Experimental data (a)
51 Simulation result
E =55.56 KJ/mol

o 4

3+

32 . 33 . 34 . 35 . 3.6 . 37 32 I 33 I 3.4 I 35 I 3.6 I 37 32 . 33 . 34 . 35 . 3.6 . 3.7
1000/T (K 1000/T (K 1000/T (K)

& 4-32 LiCoO, IEAZZE IM LiPF¢-PC:DMC+5%VC H 73 - B8 7 Ea ALK B 4R %F
HERERHHRRXRIL. () 4.03V, (b) 4.08V, (¢) 4.14 V.

4.4.4 5 FEXT FLfr 1% 3 L BE X R R
BB T4 LiCoOy H MR M I R ) 7 A -

(1—=x)Li* +(1=x)e + Li,CoO, < LiCoO, (4-24)

B E 1 S, LB TR S (R B IE LG T o (1— x) A H AR R T v
AR IR IE M7, IXH e, (1-x) 7R Li,CoOy WAFRA R E HIAL B, x A ke %
(the intercalation level), cr H7E LiCoO, "4 & F [ 5 Kk N CHLAy
mol/em®)o S RN, CHLES T IR SN (M IELE T opx s opx AT GEHEH B
T ILE, PRI I 1 SRR o AR i) S ST 7, 1] o Ay .

r,=kc; (1—x)M " (4-25)
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r, =k,c.x (4-26)
NIl
i=r, —r, =nFe,(k,(1-x)M" —k,x) (4-27)

Hordr n R Je N A RS 1 FL A
BB IR AT E Y LiCoO, HIEEKIR A H HBE AG,, BB W R IR K,
AG,, =a+gx (4-28)

Forba AU g 93590 8 5 BEAN RN B R RIS (AT AR RS PN IR R i N B RS 1
TP EAE AT R £

R E S Ee, IF5IE EIRHLE TR A S LiCoO, I /RIRA H
HAEAG,, 1Ak, T kA &, 55 HLAL IO R 2

FE +AG,, )

k=K exp =2 4-29

r =% p[ RT } (4-29)
1—a)nFE + A

k, =k, exp{( @ RT+ Cin )} (4-30)

Ferbr ook A2 OB RR IR T ey T Ao 5059 DA R 27 DAL 3% R 1D L i) R [
SN B R AR F R B s D R e 1 ) N AL REI G &R Al - Arrhenius
ARG

-AG
k,=A,¢ 0 4-31
=4y XP( RT j (4-31)
_AG,,
k= 4, exp(R—Toj (4-32)

H (4-27). (4-29) FI (4-30) R A[75

R exp anFE+AGmt Krexp (1-a)\nFE+AG,,) (433)
T b RT

VAT, E=E,, BHRi=0, KA HEREL i KR Nl

i, =nF chﬁ (1 - x)M - exp{ a(nF ]f; AGlm)} =nFc.k x CX{(I a)(nii+ AGy, )} (4-34)

Mt
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i() — nFCTkO( +)(1_“)(1_x)(1—a)xa (4_35)
oot ko ARt N IR R, e R G A HE R AL Eg W R

L —a(nFE,+AG,)| o [(-a)nFE, +AG,, )} )
ky=k; exp{ RT } =k, exp{ RT (4-36)
H Ao A 28 FL B 5 SR
R, = RT/nFi, (4-37)

M (4-35) Fi1 (4-37) A n[1§
RT

a = _a (4-38)
! nzechO(M+)(1 )(l_x)(pa)xa
M( (4-31), (4-36) Fl (4-38) A%
_ RT_ exp AG,, + a(nFE, + AG,, ) (4-39)
t 2 -2 +\I-a) (-a) _a RT
n'F cTAf(M ) (l—x) x
5T SR RV AL RE 4G
AG = AG,, +a(nFE, + AG,,) = AG,, +a(nFE, +a+ gx) (4-40)
¥ (4400 XN (4-39) Al
R, = R(?:a) exp(A ) (4-41)
nzecTAf( +) (1—x)") xe RT
XF (4-41) Xt A1
In Rct =1In I(elia) + AG — ll’ll (4_42)
nzecTAf( +) (1-x)"“)x* RT T

2 UT RN, X In(UDREAT BB EVETT, I 2Oy B, W) (4-42) 3 r]
AN

InR.=In

ct

R (AG-R)

n*Fepd, (M) (1= x)) x T
M (4-43) WTRUER H, 7E1E 8 U A RN e i (RIS T, B e FRRFAN AR AN
UTAR/NEE, InRe~ T FAIFEAR LR E R

4-33 HI 4-34 73 54 LiCoO, IE# /£ 1M LiPFs-EC:DEC:DMC A
IM LiPFg-PC:DMC+5%V C HLfF H A Ao 42328 FELRELFR) 151 28000 250 5 il B2 (3180 5 3R
4. LiCoO, IEMLAE IR BRI IR, InR.~ T ) BRIV LF LRI R, N
K10 A1 11 P E LR R 543 8] LiCoO, IEMAE IM LiPFe-EC:DEC:DMC Hifi#

1 (4-43)
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W 4.05. 4.065 M1 4.17 V I AG 7379120 67.40. 69.80 A1 69.71 KJ/mol, F-F
BIME A 68.97 KJ/mol; LiCoO, IEAAE 1M LiPFs-PC:DMC+5%VC HLff i H 4.03.

4.08 A1 4.14 V B AG 53514 76.93. 70.17 A1 74.10 KJ/mol, HP¥I{E N 73.73
KJ/mol. #&M0 (27) X AG W52 X, AG NBEHBALKI T &, R x (RN,
SRIMTCIEAE IM LiPFs-EC:DEC:DMC A1 1M LiPFs-PC:DMC+5%VC Hf# T, AG
(IR VA R, S0 EH PR AN IRUE (9 i N 28— 2 AL A LA FH 5 1 g g
IR B REMRAAR /N, 1500 RG22 Vu Y, A AL B nl AN 2% 16 1%
A% . X LiCoO, IE#E 1M LiPFs-EC:DEC:DMC #1 1M LiPF-PC:DMC+5%VC
HURIRH AG HPFISME, "R BILE IM LiPFs-EC:DEC:DMC HUfiFH 4G 1113
{H/NT1/E IM LiPFe-PC:DMC+5%VC HLEE T AG V- BME, RWILE LR Py
P E A2 TR 3R e TR R SIS RE AN R], X R] g B AR il SEI
JRHT, T AR RN ], B T A T R REE A 9‘%[4610

- 6 . —
@  Experimental data (a) / @ Experimental data  (b) 6 @  Experimental data
Simulation result i Simulation result

Simulation result

5 AG=67.40 KJ/mol s 5 |-AG=69.80 KJ/mol 5 | AG=69.71 KJ/mol
/ g
5 / 54 5 4
R - =
/ 3k

32 . 33 . 34 . 35 . 3.6 . 37 32 . 33 . 34 . 35 . 3.6 . 3.7 23.2 . 33 . 34 . 35 . 3.6 . 37
-1 -
1000/T (K 1000/T (K 1000/T (K™")

& 4-33 LiC0O, IEAZZE 1M LiPFs-EC:DEC:DMC HL A7 = o {45 185 B BE
BN S5RERHBEIRRNLZ. (a)4.05V, (b) 4.065V, (c)4.17 V.

Tr 7r r
@ Experimental data  (a) @  Experimental data
Simulation result Simulation result

6 I~ AG=76.93 KJ/mol 6 - AG=70.17 KJ/mol

@  Expeimental data
Simulation result

6 [ AG=74.10 KJ/mol

351 55+ 55
E g E
4t 4 4
3 P R R R R B PR U SR R MU B | VIR NS T N — E——
32 33 34 35 36 37 32 33 34 35 36 37 32 33 34 35 36 37
1000/T (K 1000/T (K 1000/T (K'")

&] 4-34 LiCoO, IEAZZE 1M LiPF¢-PC:DMC+5%VC FLAE W H FaL A7 4533 Fo BE 1
HARNH GREREMNXRIMLZL. (a)4.03V,(b)4.08V, (c) 414V,
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4.5 RENG
WL T LiCoO, IEARFR M SEL AT I A7 B i 15 M AT i 2 i il v 7 1 A2 £

PR, F A AL P BEL B Bt PR 1) AR A R, BT AR ROL, H T R T R B LA

AR, DLATCA I 46 fF R A7 A X LiCoO, IEARAGERPE RE 1 5 1)

o FEAIRT.

(1) K LiCoO, IEARAE MR, BERVET A K ILZR T SEL AW =,
AR LiCoO, 1E b5 FARLZ A1 IR R S I 385 A 2 Al — 2 vy ) v
MG DUBRIREEAL AW 5T 45 AR LiCoO, 1EAR B YR FE rpr, SEI e
3.8~3.95 V HIALX )R A v I, R LA AR B T R A R Y, Y
HLAZ KT 4.2 V SEL IV JE . WT5E 45 RIFIN R W], Li/LiCoO, HLIHAA R )
EPURIE T 2B FE T LiCoO, IEM T A7AE LiCoO,/Li;CoO, a7
o RIVBLETAE LiCoO, IEAR H iR it A2 nl ALl b FH 22 M B R IR N S5 Ui
ORI U A i N SR AR, AT LiCoO, 1M HH A4 B8 1 1ok Mt ok 2 H Ay
36 S SR FR AL P o = 0.5

(2)  EHUMELEY LiCoO, IEMAT AR T I AFIE ] 9 /NIFTE EIS 1 A X 5k
HIL—ASF R, BEI A TR EE— P A K AT K 7E R O 2
H, 3 RO 3 ] I P AR AR P SR T RT3 (R DRI o 0 LB LR
HUST AR IR A3 B 26 1], AR R S LiCoO, HL 1 1AL 3 44 B F A HELAE [
AGFAEAT — 3. RWX Y EIS FFEN IS LiCoO, IEARAEN A7l
BRI R, LiCoOy HLT- L 346 (AR T 3 B WFFU 45 A8 IR LiCoO,
IERR 1T SET REBHBLAE 78 750 i ok i ml i b 38 Rk s, n g5 78 s o i
LiCoOy IEARIG AT L HL 3 3R AR AT K

(3) MR 45 LKW, LiCoO, IEWAE IM LiPFe-EC:DEC:DMC Fl
IM LiPFs-PC:DMC+5%VC B, FETTEE FLAL R R 583
H U 1) AL AR A AT 38 s AR TTFE 1M LiPFe-PC:DMC HLfE T, 75T %
HUAL FIEAE—N )G LiCoOs IERR AL AR il PRI 22, 74T 4 JH Il
RIS, ol E LT s s 0. EIS [RFST4 KB, LiCoO, IEMK
FILBAEA LS EIS WRFEAAAE B MARSCHE, BIY LiCoO, IE A
AT I 7S TG R AW PR, EIS K] Nyquist P B A 40 85 = AN [,
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124 LiCoO, 111 78 15 AR PA m] 10 P4 Z2 I IF, Niyquist ] A sy 4 X3 1) iy A4
e R AT Rl
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20 °C tH PR S B RS 7 B S YT EC I R 2 . W /3 LiCoO, IE % 1E
IM LiPF¢-EC:DEC:DMC #11 IM LiPFs-PC:DMC+5%VC Ui, 215 11T
il SEI I 2 5~ BEER BE 22~ S{E 70 ) 4 37.74 F126.55 KJ/mol: LT H
SR PR BT 275k 39.08 AT 53.81 KI/mol; ik A &N i Ak BE T
BIME 4393k 68.97 F1 73.73 KJ/mol.

S 30k

[10]

[11]

[12]

Xu K. Nonaqueous Liquid Electrolytes for Lithium-Based Rechargeable Batteries. Chem Rev, 2004,
104(10):4303-4418.

Moshkovich M, Cojocaru M, Gottlieb H E, Aurbach D. The study of the anodic stability of alkyl carbonate
solutions by in situ FTIR spectroscopy, EQCM, NMR and MS. Journal of Electroanalytical chemistry,
2001,497:84-96.

Zhang S S, Xu K, Jow T R. Formation of solid electrolyte interface in lithium nickel mixed oxide electrodes
during the first cycling. Electrochemical and Solid-state letters,2002,5:A92-A94.

S S Zhang, K Xu, T R Jow. Understanding formation of solid electrolyte interface film on LiMn,0, electrode.
J Electrochem Soc,2002,149(12):A1512-A1526.

B A Johnson, R E White. Characterization commercially available lithium-ion batteries. J] Power Sources,
1998,70:48-54.

E Antolini. LiCoO,: formation, structure, lithium and oxygen nonstoichiometry, electrochemical behaviour
and transport properties. Solid State Ionics,2004,170:159-171.

Z Chen, J R Dahn. Methods to obtain excellent capacity retention in LiCoO, cycled to 4.5 V. Electrochimica
Acta,2004,49:1079-1090.

Aurbach D, Gamolsky K, Markovsky B, et al. The study of surface phenomena related to electrochemical
lithium intercalation into Li,MO,, host materials(M=Ni,Mn). J Electrochem Soc, 2000,147(4):1322-1331.
Wiirsig A, Buqa H, Holzapfel M, et al. Film Formation at Positive Electrodes in Lithium-lon Batteries.
Electrochemical and Solid-State Letters, 2005, 8(1):A34-A37.

Eriksson T, Andersson A M, Bishop A G, et al. Surface analysis of LiMn,0, elctrodes in carbonate-based
electrolytes. J Electrochem Soc,2002,149(1):A69-A78.

Matsuo Y, Kostecki R, Mclarnon F. Surface layer formation on thin-film LiMn,O, electrodes at elevated
temperatures.J Electrochem Soc, 2001,148(7):A687-A692.

Ostrovskii D, Ronci F, Acrosati B et al. Reactivity of lithium battery electrode materials toward non-aqueous
electrolytes:spontaneous reactions at the electrode-electrolyte interface investigated by FTIR. Journal of

Power Sources,2001,103(1):10-17.

-115-



VU LiCoO, IEMK/ HUR LS Ik TERI 5T

[13]

[14]

[23]

[24]

[25]

Ostrovskii D, Ronci F, Scrosati B, et al. A FTIR and Raman study of spontaneous reaction occurring at the
LiNiyCoy,.y)O, electrode/non-aqueous electrolyte interface.J Power Sources,2001,94(2):183-188.

Wang Z, Huang X, Chen L. Characterization of spontaneous reactions of LiCoO, with electrolyte solvent for
lithium-ion batteries. J Electrochem Soc,2004,151(10):A1641-A1652.

Z Wang, L Chen. Solvent storage-induced structural degradation of LiCoO, for lithium ion batteries. J Power
Sources,2005,146:254-258.

Levi M D, Salitra G, Markovsky B, et al. Solid-state electrochemical kinetics of Li-ion intercalation into
Li;.,CoO,: simultaneous application of electroanalytical techniques SSCV, PITT, and EIS. J Electrochem
Soc, 1999, 146(4):1279-1289.

Levi M D, Gamolsky K, Aurbach D, et al. On electrochemical impedance of Li,Cog,NigzO, and LiNiO,
intercalation electrodes. Electrochimica Acta, 2000,45(11):1781-1789.

Gnanaraj J S, Thompson R W, Iaconatti S N, et al. Formation and growth of surface films on graphitic anode
materials for Li-ion batteries. Electrochemical and solid-state letters,2005,8(2):A128-132.

Montella C, Review and theoretical analysis of ac-av methods for the investigation of hydrogen insertion I.
Diffusion formalism. J Electrochem Chem, 1999,462(2):73-87.

Holzapfel M, Martinent A, Allion F, et al. First lithiation and charge/discharge cycles of graphite materials,
investigated by electrochemical impedance spectroscopy. J Electroanal Chem, 2003,546:41-50.

M D Levi, D Aurbach. Frumkin intercalation isotherm - a tool for the description of lithium insertion into
host materials: a review. Electrochimica Acta,1999:167-185.

M Shibubuya, T Nishina, T Matsue, I Uchida. In situ conductivity measurements of LiCoO, film during
insertion/extraction by using interdigitated microarray electrodes. J Electrochem Soc,1996,143:3157-3160.

H Tukamoto, A R West. Electronic conductivity of LiCoO, and its enhancement by magnesium doping. J
Electrochem Soc,1997, 144: 3164-3168.

S M Lala, L A Montoro, V Lemos, M Abbate, J] M Rosolen. The negative and positive structural effects of
Ga doping in the electrochemical performance of LiCoO,. Electrochimica Acta,2005,51:7-13.

H Cao, B Xia, Y Zhang, N Xu. LiAlO,-coated LiCoO, as cathode material for lithium ion batteries. Solid
State ionics,2005,176:911-914.

G Ceder, A Van der Ven.Phase diagrams of lithium transition metal oxides: investigations from first
principles. Electrochimica Acta,1999,45:131-150.

A Van der Ven, M K Aydinol, G Ceder, G Kresse, J Hafner. First-principles investigation of phase stability
in Li,Co0,. Physical Review B,1998,58(6):2975-2987.

Jvan Elp, J L Wieland, H Eskes, P Kuiper, G A Sawatzky, F M F de Groot, T S Turner. Electronic structure
of CoO, Li-doped CoO and LiCoO,. Physical Review B,1991,44(12):6090-6103.

M G S R Thomas, P G Bruce, and J B Goodenough. AC impedance analysis of polycrystalline insertion
electrodes: application to Li;_,CoO,. J Electrochem Soc,1985,132(7):1521-1528.

J S Gnanaraj, Y S Cohen, M D Levi, D Aurbach. The effect of pressure on the electroanalytical response of
graphite anodes and LiCoO, cathodes for Li-ion batteries. J Electroanal Chem, 2001,516:89-102.

D Aurbach, B Markovsky, M D Levi, E Levi, A Schechter, M Moshkovich, Y Cohen. New insights into the
interactions between electrode materials and electrolyte solutions for advanced nonaqueous batteries. J
Power Sources, 1999,81-82:95-111.

F Nobili, S Dsoke, F Corce, R Marassi. An ac impedance spectroscopy study of Mg-doped LiCoO, at
different temperatures:electronic and ionic transport properties. Electrochimica Acta, 2005,50:2307-2313.

F Nobili, R Tossici, F Croce, B Scrosati, R Marassi. An electrochemical ac impedance study of

Li,Nij 75C00.,50, intercalation electrode. J Power Sources,2001,94:238-241.

-116 -



e R L R S TR PR ST JE4sEE TR 2007

[34]

[35]

[39]

[40]
[41]

[42]

[44]

[45]

[46]

F Nobili, R Tossici, R Marassi, F Croce, B Scrosati. An ac impedance study of Li,CoO, at different
temperatures. J Phys Chem B,2002,106:3909-3915.

F Croce, F Nobili, A Deptula, W Lada, R Tossici, A D’Epifanio, B Scrosati, R Marassi. An electrochemical
impedance study of the transport properties of LiNij75C0g,50,.Electrochem Communications, 1999, 1:
605-608.

F Nobili, F Croce, B Scrosati, R Marassi.Electronic and electrochemical properties of Li,Ni;_,CoO, cathodes
studied by impedance spectroscopy. Chem Mater,2001,13:1642-1646.

F Nobili, S Dsoke, M Minicucci, F Croce, R Marassi.Crrelation of ac-impedance and in-situ x-ray spectra of
LiCo0,. J Phys Chem B, 2006,110(23):11310-11313.

N Liu, H Li, Z Wang, X Huang, L Chen. Origin of solid electrolyte interphase on nanosized LiCoO,.
Electrochemical and Solid-State Letters, 2006, 9(7): A328-A331.

C M Julien. Lithium intercalated compounds charge transfer and related properties. Materials Science and
Engineering R,2003,40:47-102.

C A Marianetti. Electronic correlations in Li;CoO,. Ph. D. Thesis, M.I.T., 2004,pp51-83.

A Van der Ven. First principles investigation of the thermodynamic and kinetic properties of lithium
transition metal oxides. Ph. D. Thesis, M.1.T., 2000.

E Peled. The electrochemical behavior of alkali and alkaline earth metals in nonaqueous battery systems—
the solid electrolyte interphase model. J Electrochem Soc,1979,126(12):2047-2051

A K Vijh. Electrochmistry of metals and semiconductors: the application of solid state science to
electrochemical phenomena (Marcel Dekker, New York, 1973.), eds. by J W Diggle and A K Vijh. The
anodic behavior of metals and semiconductors series: oxides and oxide films(Marcel Dekker, New York,
1976.),Vol. 4.

Li Yongfang, Wu Haoqing. Theoretical treatment of kinetics of intercalation electrode reaction
Electrochimica Acta,1989,34(2):157-159.

Barrel G, Diard J P, Montella C. Etude d'un modele de reaction electrochimique d'insertion—I. Resolution
pour une commande dynamique a petit signal Electrochimica Acta,1984,29(2):239-246.

S Kobayashi, Y Uchimoto. Lithium ion phase-transfer reaction at the interface between the lithium

manganese oxide electrode and the nonaqueoud electrolyte. J Phys Chem B,2005,109:13322-.13326.

-117 -



BTR AT LiMnyOy &AL Niv Feo Ti B4 MG i, RAE S FHHAHRFPERE T

FTRE RLBEA LiMn,O, XH Ni, Fe. TiBRFEMHER. &
E5 R SR

BT EAE R (R . Atk il PR AN L2 ) Ak I 3R, IE AR
BHE H 7 B B . BLE TR IE AR 2247 Li-V-O. Li-Ti-O.
Li-Co-O. Li-Ni-O # Li-Mn-O &5 KM R, (HEZEPLEZIR LiCoO,. LiNiO,
R4 LiMnOg RN, 78 CIFR I EIRMRL 1, LiCoO, I Hifh 24 25 1 i
TEINRFPEGr B i B A s Ak, 9 7 P 1 e b ) =
IERRAEL: ESR LINIO, [MBiRRe w2 e, (HIRFRAPEREZE . TR MR e
PEZE,  HATUE B SR ST BE,  LiMnaOy RS R UL AR B 95 E 5
JRAAL(Mn/Co 2128 1/40~1/20) A PELF TCIRBETG s Sl S, 24 5)
o3 VL ) IEARAA LT, DRI S R B A 1

LiMn,O4 B AT IIST I A i A G510, P3m2S (B, OJ51-H4) Jli i 0 7. 7 ' 85
HERUCCP), #EAECCP HER DU IR E (8a), FIRLIOMESE; HERfECCP HERUK
JNIHAARL B (16d), FI M, O4 M 45 HESE ;DY 4K Sl A% 8a 48FF1—>25 1) )\ THI 44
PR 16.C T THT T 4] ol T 1) — 408 Do) 4 T, 480 85 1 RS A0 X R 45 44 mh 1 B L R
N, HEMREE-WmESs- 1R, £, Lit \8af B H, Mn* /Mn*' LhAZ
N, B RA-MnO,, H B R [Mny]iedOafe s IR i AT B 4, LiMn,04
YE4 VLI LR L 25 5 0 148 mAh/g, (HSEFRBCFR A i — M7 120 mAh/gBL T
U8, FLge R pEgdcl, iR A B S

AR, X 5IRAR A A LiMnyOy 255 REIRMLEE, (B NS ETT T — R 5110
GBI AN AR A R R R AT LR LA T (1) R4 LiMn,O4
TEAGIR IS R e A= Jahn-Teller 20N, S35 dh AT Sl ks R AEWAR, 1 BEA 1R IR 44
FUARA, AL AR BTG, AT S R A Rk (20 g, 7R i
YEA R LisMnO4 1 Mn® R AR R B, A2 Mn® R Min* e Min® 5\ figt
Wb, SBURIAVERE TR (3) WU BRI AL o0 o DRI e DR RF 40 A AL A 11
SRS E ME— R B BRI TS R I A, Feh AT A S R R R SN A
A Th B I G B T,

BT UL EEIE, ARERHEIR-EIREG BT 984 LiMnO4 3 Ni. Fe,
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Ti K452%774), & EIS W57 T R A7 LiMn,Os 3 Ni. Fe. Ti KB4~ W1E
IM LiPF-EC:DEC:DMC HUfA A7 A i Ik e i L FE A, AR R SEI %
LR o PR~ FELBHL . Ly A it B Bt O 7 s TR R e AR AT PO AR A DL R T A AL
il

B 5-1 REA LiMn,O4 KA.

51 REA LiMn,0, ZH Ni. Fe. Ti £~ ER SR
5.1.1 XRD FR{E

5-2 IAMhAT LiMnoOy S 3 N Fes Ti 52477901 XRD B3t 5 brHERT S
R B o B 0™ 0 T P A 00 5 R R T 350 7 5 ) P B A ek LA 23 P i T 5 A A
o M 52 ATLUE H, ARSI TG ™ )8 AT SR A1 LiMnaOy (1 8 AN B i,
REAIE G, HDYASFE S IR BB 55 92 i A0 LiMnoOg FRvERTH RS ARV 75, 8 Fd3m
IR, TCHERPUEAAAE, UGB W2 aio i Al Zi R . 18] 5-3 JRiiAr
LiMnO4 S Niv Fe. Ti 457710 (111 A&, nfUHEH, HRBRAR
fif1 LiMnpO4 AL, 28 Ni F1 Ti B0 5 IR Ai A1 LiMnyO4 1) (1110 WA E L
TR R Fe 5245 A5 A1 LiMnyO4 1 (111) WL TR/ K
Pk, XAREZm T Fe' M Mn* Z [0 [0 8 7R AE e B I =i . b 4G
REW], 7RI LiMnoOy T4 Te FEA A A S HE AR, B2 )5 11
FERARFFRIF (1D AT G548 o

-119 -



BHE RAA LiMnOy &I Niv Feo Ti BAT“ MG K. RAES SRR

- o
= T 8
(]
~—’ - §
N - b -~
= | a 3 | B
) A
S A
= b A J\ A
a
H A—}
l | ] l | ] l | ] l | ] l | ]

20 30 40 50 60 70
20 (Degree)

& 5-2 935 FA LiMn,O4 K3 Ni Fe. Ti B247=H1] XRD & 5 bRk &3 X B .
(a) LiMn,0y4; (b) LiMny.0sNig.0504; (¢) LiMny.osFe0504; (d)LiMny.o5Tig.0504.

Intensity (a.u)
e p (g)
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20 ( Degree)

& 5-3 43 A LiMn,O,4 2 E: Niv Fe. Ti BZ=WI (111) A5,
(a) LiMn,0y4; (b) LiMn;,95Nig.0504; (¢) LiMnj 95Feg 0504; (d)LiMny.95Ti¢.0504.
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5.1.2 XPS FRiE

XPS SEZHG KA E R G A LiMnOg K3 Niv Feo Ti 524%™ 3K 121
MBS AR EEAIRES . ] 5-4 42280 LiMnoOs X H: Niv Fe. Ti %™
Pty XPS A>3l . AILLE R, PURFE M RIHFR Mn, O, Ni. Fe Ml Ti 4b, AEfEYS
He e s A RIS, SoREA1E s =Y R A R e, WHZHHE
A TGN S . B 5-5 R4 LiMnoOg S FE Niv Fe Ti B2 #1 Ols 1%,
e EEAR S K 0 (01D DAA— M BEAR/NME R IE (02) 41, EATII4,
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AT LiMnoO4 K FE Niy Feu Ti 324 07 B 70, i 02 JH W n] i
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eVo WIRLAHEMA/NAT A, i T 854.4 eV IIEIEN HJE T Ni*™, HubMir
T 857.5 eV Kk H)E T NP 1224, FiRgE L0, £F LiNigosMny 0504 8
BT DL +2 A3 TR A S T A AE
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BSI1 DUk B 7 R =N EK 8 110 Ti2psn 45 AR5k 458.7 F1 457.5 eV, "Bl
2p3n M 2p1p Z B A3 24620 51K 5.6 A1 6.3 eV. 54K LiTigosMnyosO4 H Ti2p (1)
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5.1.3 SEM F{E
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