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Abstract

The passive layer, which is generally called the solid electrolyte interface layer
(SEI layer), covered on both anode and cathode of a Li-ion battery plays a key role in
the electrochemical property of the lithium ion battery, and has attracted extensive
attentions in past years. The formation mechanisms of SEI film in the first
charge-discharge process, the thermodynamics and kinetics as well as the physical
mechanism of lithium intercalation were systematically investigated in this thesis. The
emphasis was put upon the effects of temperature, charge-discharge process, electrode
potential and electrolyte on the mechanism of SEI formation. The electronic
properties of active materials, the charge transfer process and the mechanism of
inductance formation were also thoroughly discussed. The main results are
summarized below.

(1) The mechanism of SEI formation on graphite anode. It has found that, in a
coin cell, the arc appearing in high-frequency range (HFA) observed in the Nyquist
diagram recorded in the first lithiation of graphite anode depends not only on the SEI
film, but also on the interface contact problem between the electrode and current
collector. It has demonstrated that such contact problem can be eliminated completely
in a three-electrode cell system. Thus the mechanism of SEI formation can be
investigated through the EIS features and their evolution recorded in the first lithiation
of graphite materials. The results showed that, the SEI can be formed between
0.8~0.55 V in the 1M LiPFs-EC:DEC:DMC electrolyte on a graphite anode using
water-soluble binder (F-103), while in the potential region of 1.0~0.6 V using
PVDF-HFP as binder. It has demonstrated that trace (< 0.1% ) methanol contaminant
may not affect the electrochemical performance of graphite electrode, whereas a
significant deterioration is observed when methanol contaminant exceeds 0.5%. Based
on experimental data and analysis, a mechanism of the deterioration of
electrochemical performance of graphite electrode caused by methanol contaminant
was proposed as below: lithium methoxide was generated through methanol reduction

near 2.0 V and deposited on graphite electrode surface to form an initial SEI layer,

m
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which can not passivte efficiently electrode surface and caused excess decomposition
of ethylene. At high temperature (60°C), the excess decomposition of electrolyte in
the first lithiation of graphite anode can be avoided by adding 5%VC (volume ratio)
to the 1M LiPFc-EC:DEC:DMC electrolyte. As a consequence the interface stability
between the graphite anode and electrolyte is improved. It has determined that the
resistance of the SEI film is increased almost linearly during prolonged
electrochemical cycling within 4-10 cycles. However the total interface resistance
between the graphite anode and the electrolyte solution is decreased due to the
decrease in charge transfer resistance. After having subjected to electrochemical
cycling, the surface of the active material was exfoliated, pulverized and become
amorphous, but the bulk of the active material keeps unchanged.

(2) Properties of LiCoO; electrode/electrolyte interface in Li-ion batteries. It has
illustrated that, the common EIS features of a LiCoO, cathode depend strongly on its
composition and preparation procedure. When the LiCoO, cathode composition was
80 weight percent (wt %) LiCoO, powder, 10 wt % ployvinylidene fluoride binder, 3
wt % carbon black and 7 wt% graphite, an arc in Nyquist plots relating to electronic
properties of the material can be observed. The results showed that the inductive loop
observed in the impedance spectra of the LiCoO, cathode in Li/LiCoO, cells is
originated from the formation of a Li,.,CoO,/LiCoO, concentration cell. Moreover, it
has demonstrated that the lithium-ion insertion-deinsertion in LiCoO, hosts can be
well described by both Langmuir and Frumkin insertion isotherms; the symmetry
factor of charge transfer was measured at 0.5. In 1M LiPF4-EC:DEC:DMC or 1M
LiPFs-PC:DMC+5%VC electrolyte, the energy barrier for the ion jump was evaluated
at 37.74 and 26.55 kJ/mol, the thermo active energy of electronic conductivity jump
was determined at 39.08 and 53.81 kJ/mol, and the active energy of lithium
intercalation was obtained at 68.97 and 73.73 kJ/mol, respectively.

(3) Synthesis and characterization of spinel LiMn,04 and its doped compounds.
The spinel LiMn,04 and its doped compounds with Ni. Fe and Ti were synthesized by
sol-gel methods, and the effects of temperature and doping elements on the spinel

LiMn,Oy/electrolyte interface were investigated by EIS. It has found that the high

v
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frequency arc in Nyquist plots consists of two overlapping semicircles that relate
respectively to SEI film and electronic conductivity of active material. The influence
of varying temperature on resistance of SEI film is small, while the electronic
resistance and charge transfer resistance are increased rapidly at high temperature
(557C) in the first charge-discharge process, attributing to the contraction of hopping
length (Mn-Mn interatomic distance) is smaller than the expansion of hopping length
in the charge-discharge process. As for the LiCoO, cathode, the inductive loop
observed in the impedance spectra of the LiCoO, cathode in Li/LiCoQO; cells has been
interpreted by a model of formation of a LiMnyO4Li;..Mn,Os and a
LipsMn,04/Lig 5..Mn,O4 concentration cells. It has also demonstrated that the doping
with Ni and Fe affects slightly the resistance of SEI film, but it can slow down the
increasing rate of the electronic and charge transfer resistances with decreasing
electrode potential in charge-discharge processes. The doping of Ti results not only in
increase of the resistance of SEI film, but also in decrease of electronic conductivity
of active materials. The doping of Ti can maintain the fast increase of the electronic
and charge transfer resistances with the decrease of electrode potential in the
charge-discharge process. Furthermore, the doping of Ti has eliminated the inductance
formation of spinel LiMn,0y electrode. Based on important effects of conduct additives
on lithium intercalation-deintercalation process, a model of physical mechanism
involved in lithium intercalation is proposed.

The results of this thesis throw insight into the SEI film formation mechanisms
and lithium intercalation-deintercalation process, and are of significance in
developing relevant fundamental theory. The study is also of great importance in
exploitation of new cathode materials and in development of green rechargeable

batteries with high-specific energy density.

Key Words: lithium ion batteries, EIS, SEI, Electronic conductivity, inductance
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FEXKAMEMES SHSIIR

SEI (Solid electrolyte interphase): [il {4« FE fid )i AH 7t [
a (the jump’s half distance): 257~ BREL - #0 2
v (the vibrational frequency in the lattice): A il IR s %K
z (the ion’s charge): & HLfif
W (the energy barrier for the ion jump): &7 BkikEE22
N (the ion’s concentration): 251~ [FI¥R
E (the electric field): HiI75m
F (the Faraday number): Faraday 7 %{
7 (over potential): it HL{7
pe ( electronic conductivity): HLFHF%
[ (thickness of SEI film): SEI JI5 1) J5 Ji

AV\\s (the difference between the redox potentials of active metal and the solution

species): B4 MR A 4 2 A IR F #8 e

icorr (the corrosion current density): J& i HL I %5 i

R, (ohm resistance): KK} HiFH

S (the electrode surface area): I T PEA4 R} 2 HI AR

& (the permittivity of SEI film): SEI JI5 [/ Ha 7 %

p (the resistivity of SEI film): SEI JI5 1) H BH %

R, (interfacial resistance): [ PH$T

Rsgr ( the resistance of SEI film): SEI fi #BH

R (the resistance of charge transfer): FH iy % 328 LB

R. (the electronic resistance): Hi, ¥ HiFH

P (the electron hole carrier concentration): [ FH 25 7RI &

o (electronic conductivity): L7 H 5%

4 (carrier hole mobility): #iiFITB %

AG (the active energy of lithium intercalation): {ik A NiF 4L HE
L (the inductance): J&PL

Ry (the parallel resistance to the inductance): 5 &HTX} W 1) FLBH
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O , 0 (Symmetry factors for the oxidation and reduction reaction): S AVFNIE JFH 2 WY
[RIRF R AL T

vo (the exchange rate for the insertion reaction): V-7 I 4k A 5 3 ) A $8t 38

A ( the total electroactive surface area): F.A7 HLIE P 1) HLMK K I AR

a (symmetry factor of charge transfer in electrochemical kinetics): AL 2% i W 6T
FSSR

K., K, (rate constants for the charge transfer of reduction and oxidation): %t Fl1id Ji7
IS N FR B Ay A 328 0 5 B

M (the bulk concentration of lithium-ion in solutions): HifiF# IR ASARHE 25 1 IRk &

g (Frumkin interaction parameter): Frumkin 24§

cr (the maximum (saturation) concentration of the inserted species): H NHRELIR
x (the intercalation level): A&

CPE (constant phase element): {EAHf ol

MCMB (mesocarbon microbead): H [A] FH L ER B

MCF (mesophase-pith-based carbon fibre): 471 8s 4t/ F2AH I T FE bk 41 4

NMP (1-methyl-2-pyrrolidone, CsHoNO): N-H JE-IE g4 il

PVDF-HFP (poly(vinylidene fluoride-co-hexafluoropropylene)): i L4 — 75 9
LR )

EC (ethylene carbonate): HxI& £ Il

PC (propylene carbonate): AR . g

DMC (dimethyl carbonate): HkfR — I ig

DEC (diethyl carbonate): xR — Z g

VC (Vinylene carbonate): & V. £ Ji lif

HFA (high frequency arc): & [X 3 - 5]

MFA (middle frequency arc): H A5 X 35 (1 2= [

LFSL (low frequency slope line): & 1 [X 385} 2k

IL (inductive loop): JE&Hi5K

HMFA (high to middle frequency arc): H =40 [X Jak - ]

HFIL (High frequency inductive loop): A& HTik

LFIL (Low frequency inductive loop): AU HTIN
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LFA (low frequency arc): {EAi[X 452}~ [

CV (Cyclic voltammetry): IR %

EIS (Electrochemical impedance spectroscopy): HEA 2% BHHT i

SEM (Scanning electronic microscopy): Hi, ¥ $14 L. Es

FTIRS (Fourier transform infrared spectroscopy): {837 25 27 41 ik
XRD (X-ray diffraction): X-%f 275}

XPS (X-photoelectron spectroscopy):  X-H 266 H 1 BE i






e BT R P AR S TR E T ST JE4sEE TR 2007

F—F #it

21 R AR LS BRI A5 R L RIAEE I A R KA. AE NS ABE 1 n)
FRER RETE S, RIS PR N At 2 AR A7 A JRE B a6 ZAU TR ) P A 71U S )
WL, TF OB BEVSRT Al FE AR IR AEI S A o T S 22 B b e L e MRS R Y LA HoR
A — o BT REUR A AT A e NRAL S AT Rk R B SR o B 4 IR UF
RIA FERIRISZ I RED , NAT IS rl B 3 REVE IV 7 3K H 2t B9 00, R Jall S ek 2 Fa s 203
L RS A T K ISR L A R T AN B e ORI, ARG ) BEUR IR AN WA
Wy, CANBEWAE NN E ARSI 22, I FLAPIRORH K RGeS MR 8336 sl ER I
VT QRN o TR AR ORT R BEVR (10 T R AR AR B e AR TTRE . A RE L MURE
A REREH AP, IR, AR e S L REAN LA K B
T B RO A S R REUR I T BB . AELHLAE N B R UE A I =
B, A YA Ik At AN n AR AR o R AR T VARG e,
R i FDBT A S04 0%, AR SR AT 505 7, O ANATTH W 2R i AN mT
DR B0y o A DA S YR A B 1 L e 1 LA e A R R AN T R
13N O = WA ST = 18 [ O R TR VAT ¥ VAN (187 7= 18 SN R S S I
TR THE R 8 Bl o B BRI B S HE ) — U, A2 Y AR 2 A N BRI 5T

\\\\\\\\

1.1 BB FHEEINY
1.1.1 BEFHAEXRHE

BB OB an T 20 2L 604 AR, Hln T AR B AR S b b v F A e AR
(-3.045V), Jimm#£(6.939 g/mol ), L7 A (3860 mAhWg) (M4 )&, Wil IR
G N FEAR Rk R R LA LA R, R R BOR R CP ARSI AT, 20 i
LL704E A R — I b IR e L SR IR TR 4 R R A
19724, Exxon’ ) B 4G T LA JBA A 570k, TiSo o 1IEAR ) 4 J8 41— Yk it o
SR, H T R AR A I R AT R T AN ST TR, T, SRR
A Pyt PR e K LR, SBUT R A, IS, R Sel] fiR e —ik



L

HEL T 22 A P Il AT T AR AT, (ELIX A <5 J B ok vl b e 20 A7 SE LR
At o

70 FACK, VA Armand S ASEJEEEH T BRI UG AT (D RAE
EYEARAR T, EA SRR, ISR b (2) SR
FHARAIG o 35t R AR B9 1IN R TR AR S L, AT & J Ay TE AR R 6743
K FH BB 7 R N ADRH I 1 R .

MRS S M Yuik 4T, 19904F H AXSONY 2 m] FF 4 T LAAT i 454 B i,
LiCoO, A7 1EAR (I8 25 v~ Hth (0 i AR AR 77, I 27 IR A8 1 FML X — 4
e T SR A AR T R IILI G s, vk TR R P Fa it
L dt il @, ANTFTAR K A i T F R 22 APk e IR BRRAS 7 — it g
S ER—KCRER, RS R I0RE T, RIS T 5 AR JE

HAT, BEg it ) 2 N R TR s ) (50l A i B
(5 AN DGR A, B X LE B g 1 m el s b, X 21 s Y 75 oK
R BOA D) o T IG N RS T I R R R LA, B R AR AR [ R
BB TT IR, WA S AR R SR AE 3 ) R I BBk 2 —, AR )
HAR B M AR K T2 e 5 TR s H ) R 1o R i 5P,

1.1.2 EEFRBTIERE

FIT VS AL 25 1 HL 2 8 23 il FH A B8 RT3 b AR T ik 2 8 1 AL S A N
TE ARG IR — it AR B IR B R 1A “RE A 20 (Rocking Chair), RITHLIH
TE AR ISR FAT AN [F] AT (R AN AR, FL I PR 70 T30 HE e R B A 8 A P A )
(s AR, AT AR A L e 7 480 el b i (O8RS ot . LA e T

PEES TR FEZHIEN . k. 5. FEIRESAPRI AL R, ARIEEE 1
AR R AL AR AR -
(+) LiCo0; | LiPF¢-EC:DEC |Cs (-) (1-1)

HAECHDECHIMARR L A 1:1, DL A4 Z B st A 41, R i 1 A 80 J .

. A . 122
C,+ LiCoO, <51:> Li, .CoO, + Li C, (1-2)
TBCHE,
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ATLVE Y, HR sy b M kR B, R UK PR AN RN
BB TR DA .

B 1-1 AR AR R R S, FERN, LT TE AR 22
JRHR A, SFORAE T BURZS, IEAR AL T-STRNIRES, RIS A Ah v i A
EAR 1) SRR AEAT HLAE AN o TBCRUINI AR B, LT SRR Y 200 AR IR I
B, IERAL TR DR, SOAE TETERGS, AN, R A A L SRR 1]
IEAR AT Wy A2 o A2 SR 7 WLt 1) A W s 5 A R AR RO B S 1 R AL 5 )
LA IR B IR A K

B 1-1 EE T R TR R

1.2 $EEF A R
1.2.1 ER#H

BB 7 I E AR R B AR ERIRLIMO, M A0 LML O, 45 M AL 54
(M=Co. Ni. Mn. V&SRS U2, —@ims, BRI EA T
RS20 (1D FEFTELR I 7 O i S TR Py, AT 5 PR ST 1) HL Ak 27 A 2%
Pes (20 AP R 2 (3) BRI (4) AEIRES TR A
(KR ko foc B B8 1 it IE AR R E =R LiCo0, LiMnyO4#
LiNiO;.

S TR A TR B T O ) IE AR A B A LiCoO,,  H 4R RS M e T



BT i

o-NaFeO ), EEHE Ik A SHH . HEIRAEAN274 mAWg, SEPREELAN
140 mAh/g. LiCoO M RLEA A T 2 5, ks rkgetese, Wb, By
T, WA KRB, AR E, PR ERELF IR A JLER R, Coliirdk B ot
i H R B —Fris v, o a W, mTaSERS, AT
LA B 5 o AR B T HT AR T, ARG T LIC 00, H40% . BRI TG A
FRACIE SE PRI F E 25 18, SR IZF A R 25 1 I vl RE R AR SE N 25,
IR PR RIS, R Bty AT B A I R (A 257 P i 1 W P ) T
B F RS R I F AR UE . PRI, 7R DALICoO, 2 IEAR IF AR B 1 F it 38T 1)
A, G T FHERLICoO IERA BHIFFT T AF . LiNiO, A A5 5 LiCo0; 7
FEJo-NaFeO 0 — 4 SRR g5, H IR 755 274 mAh/g, SEFRZE R A15190-210
mAh/g, JFH ARG, SN, 5HBBAHAMELE . (RIXP RS A A,
TE FR I I T 5y 20 A%k FEAL 23S M 25 R LGN 0O, BRI AR g 5 R
W, Bl 24 ) B, XL HIZ T LiNIOL IEB AT A RNV ALY A o LiMnyO4 /2
A i A B AL S ) SURACER , B R R K 2T EELIC00,{1%20% A2 45 (RI120
mAh/gZi A7) o« REA LIMn O ANUAEM A b A IR R AR FA, 1M AT e A kb
TEIBEG I TAEM R m . B AERE Ao L= 2 B 45 4 L IR S 8
ATFI TR T R N A, 36 2T P YRR S ) st (9 AR . (B (R 25
PR T . AN, R A LiMn O R 25, 5 ) S AE il ik
A 5 T T it — P L T s ) — A 5 ) A,

H AT i PERE AR B () 397 2880 28 vl b 1 BRI 9 A B 2 2 - (1)
FROT LR R R R AF IR I BE B IRA I iy bU 2 SRR PR B 1) vy 22 4 Pk A AR R
KEERE R MO TKHRE . B BEMEMEMSE 56 B 52 o0
FIFAME SR A @ rn A tE . i SO RN 451
LiMPO4(M=Fe, Mn, VZ)[JuletERIRN B, ()l HES s TR . R IR
PUNVER IR 55 IEARM BT OUE . 3B 2RsiiE M.

122 SuiRbHl
T R 5 P T LA B AN (AL BB R, [
e gy GO G RS U S B T H 0 SRR 2 ) T B 1 TR
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VRN 1 Hb i) O R R R DU N RR R (DR T IO A R, (2)
HA RIFATCBERRE: (3) T A HRARPUE BPERIRES: (4w n g
RSN (5) 5 WU BT RAT RAFIRAH AP o AR DA A S 2 fi T B 1K) P e (A A
Bl AR S AR BT R A5 2 Tz R A,

FETR A AR E S R M IR A KL, 19904F Sony 2> ) 14 56 HiE H 18 B 1~ H ith
S T AEBRARME S R R Herold (S48 L, BHLAE A yih A vp (1 B KB
WA N B LIC,, L2851 186m Ah/g. X FEE T4, BTk
SREMFNEI, SRR AR (R S5 R BRIEFEAS T AT IZ I . £EBRAD R
(AR SR 5 R AR S AR o DUAR B A SR P 0 1 r b v e LA T
PCHE MR FEBIMDRHI B8R 0t T AR IR G MRS T, DRl B 1
(RN / e RS A s RIS T A R TR, S URISENZ 22, [RIAN W] 30 25
PN ED

AR HAT RGP 5, BB AR Z IR, TR RS, H—
I Gy 1 N LICs. A1 =2 (M ELIR 255 4372 mAh/g, {H40K 2 HMHiRAE A =
T LB IR A o 5 T B A BRRDRLZ Hh TR AH B SR (MCMB) R S840 ik 2T 4
(MCF) . MCMBJ&¥5 8 N 222400°C LL L (17 B A7 S A B, 378 L L 7 1 K
330 mAh, JHLEEAFE 304 mAh, A H TN BN Z A s ke R, BT
KBS B A BB T Bt P A FHMCMBAE Sk % IR ET AR A B K,
5 SR TR B B v, AR T M B A, A S AR rh s L AR RS E 1,
AR e 25 B 1 R P R SRR o S B PRI R I R B A A A e A
S, A7 BRI 2 VE T DL R SRR S5k . AR U, PO,
HUBE T, A0 AR SO AR B B AR N L, AEBE A HLE R 3L AN
LR RS IR P R P T o A N R DLV AR R AR SN, 5 B0 A B AR 7%
O HAR M BB PR . BRI AE A SR AR Ay bl ) A0 s 1 vl it b L BB A FHECTE R AR -
oA A7 B AR BRI T v TR BT, (1) A SRR sl SR R R Lt — 2
TR 5E)E, TR “H%5e” MR ARG (2) fE SRR I
W LIRS EBANY, TR 4E R 8 A Z T (3) R A b s L

[50,51]; (4) j;};%%%[SZ—SM .
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B B AT WU R — B R = 4L (D) g e (2) AL
Al (3D dnsle 1w E b R (>4 V) BEDKR, S IR
FIATHUFRAARR . — M AE Sy ST A 88 PV (90 L ARV Y 122 AT DA M
(1) ZRBEBS AL B i 3L n] B s
(2) HIAGZERRE 1 H A v BT RE 5
(3) B RAFRIFAFEE M, A R R mT RE 5
(4) RAFIpbFaesett, 5 it o i SR A RS P AN K A S v
(5) Rt AR BRI EIE, B e AR Y ik
(6) Wi fkHk.

W B HR AR B R T B AR LiC10, . LiBFy. LiASFs. LiPFs. LiCF3SOs Al
LiN(SO,CF3),%P%1 | LiClO W7 e K i dh, HiE 4 SR, HER
PrAf i AR A, e S S TR R, i ANBEH] TS A i, X2 A
NLICIOWA B i — Rl A pb 7], AATHHOAE R AN 2 (461 Bl RS 5 1iE 24
)8 ;  LiASFelR H b i As RAT 2tk AT M8, bR T & e s AT WL
¥ R LiCF3SO3 HILIN(CF3802), K H 7] 24 2 A7 R L (1 Hi A 27 B PRI 4 1) v
SR, AE Y M P AR TN, AH R TR AR A R A L X AR
PRk, PR T I T I H AT S AR SR BL: LiPFe LA
A AL A E PR ER ST A P T A B AR R T it SRAS T, T
"B LA TR AR 0 22 TSI S T o AR TR R R RIE SUR T R R AR T A = A
J7li: (1) LIN(SO,CFa), KR BET, (2) MM e (3) Hamm
B . LIN(SO,CF3), H A FILIPFAHT ¥ HL T 4, 1 H AT B I #AE e PERTK
R P o AEAEAE S U M AR SR A (B ™ o P BATROK o T A i B R
ALITFSTZ S LiTFST A IEARSE AR i) —Fh 22777 . LIN(SO,CF,CF3), M1
LiC(SO.CF): #8 L 8 K 1 4y 1 142, WF IEMRAE R B B ar o As e v,
LiN(SO2CF,CF3), [ EC+THF LA R AT R AL AR I 7E4. 4 V. ORI TLi/LiD
LL B0 BLIC(SO.CFa)s il i PR 5 2%, Wi B 0, % LA i 104 g 1
HLH R RS A F . LIN(SO,CFaCF3), %2 £ T A1 % (W RS2, LiBF, Al
LiPFe A7 B U IR SE AUk, AR B AT T8 A7 E AR A 2 5 7K gt 1y e i 10300,
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TP & TS5 Ao T o I NFLEWH TRE T, 32 i B R K A AR
SETE, T IR R AR AR 5T ) EE VRO, S SR Y I % B I R A
I 104 RO, JLARLiIBOBR I w1 5 (P RE>70 . (R4 & IR Ak A 4
TE L T R AIG, HRRAE A 4 B Al BB SR o 2 S BETRERAL S W) HE A | LiPFe
HH R R g R G B A UG AT, TR BB & ™7™, L LiPF3(CFACFs);3
HATR AP 25 PE RS Bk Jr 84 e A e 4k RO BF 9T 0 R LA T 385 22 11
R, AHMPERE. Brdg A T2ERANH LGS, LiPFAIR 2 r AL B 2
- HLIBR FH ) 3 2L A i 2

AR T EASEIIRNE . BEFDRIRIESS . H A b EEOR IR Fa 28 A7 WLV A 7
an AR B B RS TN o XS RER R IR IS T 2L AEE EC (BRI LA TR |
PC (WIRNMAHE) DMC (Bkfg —HlE). DEC (B2 — W8 LA EMC (B
H R D 45, AR AT B — ol B 771 i 0% vt A L 2 LV A B LI SR 1 Pl 8K
DR] 1 3 78 PR A LIS S R VR S A ML 7 o B R A L R T R o o B 2 1 v
REM—NEZRR, HADH A I T AE B4R vh AR BRI A HL 7 A
J7 T o AT ALV Al A o 70 1 A LA R0 7o, 51 o 38 7 B Bl
FUR T IRE, HA L8 A A RIS BT DL IR B ARSI, T FLAE
% 388 1k A PR LB, b mT e [ )i a5 SR AT BEBA AL B >R BH b 3L e A AL
FIRRRE, M2 L2 EM. 1 TMPE (= FILBERREE ) A< 5 w240 K1)
BRIAF, RHATEAE A BB 1 AT AT LI 1 G 58 PT Yl 2 Hbofed vy RV PR 22 4 1Pk

BARIEA R 1B TS LB DG T0 B i A A B - Fvb A RS I R 4, (H
S IR — B A LRI 5T TR A i — N o 3 PR s I 751 B A
N, WA (R AL D8 BV ISR R 0 25 1 5 ol 0) S 6 P e A
NSRS 2 SN N[ E 7N € B UL S S B 1 N7 A S 7 N B 1 R s
RE 0 25 5 PR R SR Lo Ve e o AL ARV I 7] S A4 SETIE s iss gl ik
FEHLPRAPAS AR FCAARES IR (bR 3 FAS IR 25 BSOS IR BE% AR S 7
A s R R AR B BCSETIE, BH 1k 7 A AR HL AR (KR, 2405 SETR 20 ik,
IR SETIE BB IN A EZA CO,. N0 CO. BRI E -S> B IZES.
PS. VCPI R0 L ARRRIRIEC . VP (2- ZM3tntne) PP SR
T 72 S Vb R I 78 rE DR, o0 TR A Tt o T2, PR F e A BOAS



L

AT 7 o BT FUIE (K B N7 2 B2 — ek LA AR, Fe
Ru. Trali & Ce 5 [ LR s AT JERS IR 1) 42 JB 4 5 BRI B R ER A

A PR R — A i 32 S BRI 05 75 e B 7)o T AR S 0 e 484 Dol gty o
LiPFolPIfiff 255, FEARAT EL A Ak R 5 X AR E S i e A7 ML HL AV ) AR
PERIPE AT LRI FL %, AR AR A 78 L IR P T A 8 B M P S A
IRFN I FE 3R 1) P B o AR 03 A E AR 8 I = ZE A AL S ) R e

Fil et A4

1.3 (25 F BN EF TR E R
1.3.1 {BEi/BEEER T
AT RN, BV 2 ISR T RIA R, A ERRRE T, X2

M AR L AR T, e I — AR T B T B I Zilde, A AT TR FLRRZ R Bl i
BYSEIE (SEIRAY), AL —Fr ASENEIN, ek 2 ¥ dufith, SEI
T — LN URI HUER AL, 8 A7 £ B LA AR R R e ) 1k — 20 SN, A8
HURREL A 0 S R v, 3t Al /K AU — U b P SRA B S FH ) i B
{E4 AR Y At b, 78 0 R R T X SE TS E R e v e A WA 1 LA 2
TR, FRIB G ER 3 dr aim S AR TR IS A/ DU R v (AN AT i 25 &, SE

R O R E Hrh A AR . X FEOE R T RU N R PRIE R (1D H4
JiB R P AR 2L 2 T ) e I s ) b R gt Fh L 3R T SE I [ B Ak Mk g vk o
U (2) B R -DOR R R A B R SETR A 2E, T HAR B Il R SEIIR YT
R BOAR - i R A R P P B, B TR ORR - i R 0 2 ) ko 49l
WISEURE IR 45 A6 AV s 2oy Sy Py, R U TR R B 3 A Pt s o S i AR
SRR RIS SR AL IR, 4 e g v A A8 A Jo Rt v 3 G e S o At XA
AR S P CLSRAS LI A A % (3D Bl B8 1~ B8 3 1 SELBE A AE 21 I Ui AR IS
filt, ARALEISARFIYTRIE R T, BT 32 B2 h B 141 23 21 K SEB AR M Y ik
MFRER AR, KIHSELR A AR, SET “B8” 14, BRE
55 A IR B0 1A N o DR AE () S S R el R e, R A 4
AW FE, FECE AR AEREIRY . (4 SEUBEIMRL 2 T EUE 18
P AN, T TSt T A o7 A PR LR R Atk i, 5 SO, P A T P I 4 T )
ANB S PEAR i ARG, T I — R P 22 4 1) R o T Al < J R 2 HAL Yl 7
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At N FE T ) R R SR AU s B 4 AR LT BT R AR A R
UNTE S eI R 16 G PR SOR ARG, DABSC AR AEAE 7S A 1) 4 J 48— i o
FAFNH
(1) SEI FRRYE5HI 548/

Xt SET G MR CLHAT 1732 HutgF ol 01080, EE % i 2 52 (1 A LA
[ SET BRAAEES Ay (1D N AR ZS I T HLER 4 e 303 5 43 (2D AR EH
ANLZ LI 2 LR 53 X520 i 1 RE 1 (XPS) A2 o AR A e sk 198 T 5 1L A
WP TR SEL ISR FEHIAT 4R i, SET Bk — R B3R 2 2 454, ki
VTR B2, SET AL I AL A K™, X FE LiAsFs 5 DMC. T4
(1) EC:DEC #1 EC:DEC %5 FELAEVR - 7 1) 5% (1 2 FELA R THI 1K) XPS 3 A e ]
B Li RO SEL B S A REAL SO 73t Z . SEI B AR SR ) SEI
i B SRS ISP ER I LiOL LisN. LiX (X=F. Cl %) 4]}, SEI
FES ) A7 ) 2 2 — 48 = 4 AL A (W 414 1 ROLi. ROCO,Li LiOH. LiyMF, %541
M R BT (AFMD A SRR, A TH (R4 K S5 4 R ]
G BRI A, abial St =2 LixCOsy LixO LA A HIARIR )L S5t
PR LiCl SRR E A P AAAEAR 2 A AR bg . B TR R PRSI 2
GRSt i i RPN = DU TY A L6 B 11y S o e @ (PP N1 P8 A [EL B
e AR RO, B E e R U S T SR
(SEM) FUE L AR 2T 4h 1S (FTIRS) ST EE R Bor, HULT-AETE RIR
i P A Y ) R O R A R R R, AE BB S BJR R SEL M AR 2 A2
LiOCO;R. Li,COs. LiOH LLR )2 LirO 4. 4R & & HF i, A
A7 2 BRODR TR ) P OB A T 1 o 3 ) T A )2 AR Y
(20~50A) H1 LiF/Li,O EApHIR MBI A o, M AR A RS & HF
(IR R VA RIS ALTC G, 43R IR SET S 4L ot /> & HF (AR IR U, X
A RESE D 7 LR P LiF 2 — R AR AR e,

FEA N, A R R THT SETRE A il 1= A48 i i (1 41 - 0 F A ML
L BLERBIBS 7L WS INGR LA K R e AT (R A U HLO . HF S5 /R4 H AR R THIAE J5 14
ANV, RIS AT BEIE S A B R AR AR T R 4G 4170 Li, O LIOHAMILL,COs 5 ik Hy
FAERLER 4 1) S A AN P T IR, FE BB R RIS A,
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FLAW 2% THT SEL 3 2 FHROC O i jlt, X HRARIE AR, - B2 etk 4!,
STREIRIE AR UL, &S bR s >0 SEC-DMCHE Fu i 5, 7T g7
{E— S b U AN CHOL . 7ELE B IR INE Tk VR A v 7R LV T, 4 AR S
() 32 L2 53 S ot BEBR IR IR IR S = ) - e FE kR B o AR ]I il 2 iR i, B
ATERRAr SRR BRINE LL AT L LIS DL R, Bk w] DURE A 5T DT AR 2B Al & 1
J A SEUBE IR 20 Gt 43, DRI MESEIISZH 43 rh & A7 — i = S S 4 (ROLD 4k
Y, SR R 22 D B R BT s e v A RN e A Rt
FErf, XL 2 G S AL o R AR A . AEAIVE FERLICIO, . LiAsFet
PR, TR (R KRS S5 B AR R THT 21 /Y ROC O, Li [ N 5 2B B I E (I LinCOs 0
{ELiBF4. LiPFJE MR, B3R 0 A I HF s FIER T 4100 R AR OV, Ak
LiF!'"™ R, ZELICIOZE Fa i, 48 AR I SETE 32 2 FHROCO,Li  LixCOs+
b A ALIOH-LiO41 /i, 1M fELiPFeIE AL, LiF & SEI [ 24l 1,

BRIEHN IR S5 S AL, (RIS A7 AE R R 13 S5 S N o R e AT T E R A e T Ak
2% v I E BRI NG P 5K . WIAE PC RS FR IR, A R 1 3 J5U B
ANUWI/E EC:DMC &P ACFE 3% . AsFe #0874 LiF. Li,AsF, %%; PFe#%
& J7R LiFs Li,PF, 58; N(SO.CFa), #i8 )5 LiF. 2 1) &4 LA A M AL )
U1 LipS+ LipS:04. LiSO5 21200,
(2) SEI BRI FCHTL

SEI IR 8 it F2 = EEn] 23 A PRI O (1) R1HI7 o5 A7 B A A JBE 1 0
Wes (2) RIMTCIRIRFEALIR ) “ AL,

LR (TSR 7 26— R R I BRI, el # ik R i, R G R
T AT X2 458, AME 2 LIOH-LiCOs 41k, W)Z T2 Li0 Ak, 7
A5 ML AR O — R LA — s R e R R o LR AR P B
PR, R R R AR I A 4 Li,O (9)2) ATLIOH. Li,CO; (AMNZE)
2 LR BRI 4y T BE R RRINE R A S AL RN, TS 3 40 b A AT P A
HHR U2, B 2 TR RS S U 4 3 e A b e 4 i 0 5 P AR AL (1) S R 7
W TEAR, eI 4 A S () RS2 43 Ak S A S N, A SET JRAE I 28 1) P )
TE R — RNy, A E IR RS — A3 TR, T2
AT, Al R T —Se SR T4 3 (R e T = A 2 LG5 o 78 788 A
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MM SEIGTR KB Mk S5 PERBIARTERE . S R B B 7 R 590 7 )
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Uf, X JE RN R IE I T i SETIR 8% . Fese, I HLFHHTAME . Andersson!' 4% A

- 18-



e BT R P AR S TR E T ST JE4sEE TR 2007

WHTE RS, JEURSEN £ 18 2P AR, AR IR IIE AR 2T
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Hrh Dy SENMESE . 7RV dAr n = OB, FRUWHRE N0, A He i ] &
iy = 2zFanvexp(—W/RT) (1-9)

-25-



L

E%%iﬁ]?, ClZF?] > RT! ’ ?Jt?%i”yyuﬁfafelﬁfjﬂ H‘Ji%jjiﬁa

i =i, exp(azFn/RTI) (1-10)
TEARHA T, R (1-10)BAT VAL, 3 n] 13 BRI IAT A I ik =,

i = 4.6i,n/b (1-11)
Forpp 55 AR S(1-10)3k 43 (1) Tafel & 4L,

b =2.3RTl/azF (1-12)
M SETBEFR) - 1) HL BH o) 7R A

p/A=R,, |1 =b/4.6i)l = RT/2AzFi, (1-13)

Horb A R, R, =n/1% SEUBIHBLEL K T =id o X< @8 itk
I SEL ST &, V-3 rBHAEAE 10°Qeem® 32K .

(3) SEI BEAY4 ciR=ER 1]

SEI JE IR A= K R ml 43 A P AR AR o IR I 0. (1) SRR IR SEI AN Z 58
I8 TR, BIVRE R B R T A P VA AR A DX R f 1 7 5 SET B 3 B0 ik
JE R B X 5, S 190 — R LA SE B 1) P AR 2R, 3 PRI A SE B LT A R
AT AAAE — S8 T, BT S BT IR S A7 7E s (20 AR T 1) SET 2
eI, HRAAAE IR B, 7EX A HL N, iyl SEI Y #i 4
P I Bk 2D 3R

X TR AL, IX RS ok 8 R A 5 HURZE O3 2 TR) IR LA
AVirs, VEN—FHERURAEDT, FRAMEGE: (1D JEHER MBI EHE: (2) SEI
JRI T 3% (p) BEI TR AR ORIFAAR o D ok FEL Yt o T R R
Lo = AV s/ Pl (1-14)

Forp 104 SET BRI JFRE, i RABE I 1k s 2 PR e 38 D AR ORA B B Al =, Bk

T AL 4 T LA E,
dl

a_ 1-15
= Ko, (1-15)
o K s, WSS (1-14) Rl (1-15) W),

dl _ KAV, (1-16)

dt p.l

-26 -



e BT R P AR S TR E T ST JE4sEE TR 2007

X (1-16) X A1S,
%
l=£l§+%-tj (1-17)
pe
Hr=0mF, 1=1. 2 (1-17) B4 SEI KLk e #.
YT 2 A oL, M-It SEL B #a W gl — 0 s A v st D R INF, 63k
HHL L 55 P T R =

_ FDC,

corr l

l

(1-18)

HAdr D Ry 7AE SEI AR Y BUR S, Co NAET 4@ — M) SET & A e 1Kk JE .
MR (1-18) F1 (1-15) 0Jf,

dl  KFDC,

d_ 1-19
a1 (1-19)
AR S

1= (12 +2KFDC,1) (1-20)

AR EIRPIR LIRS nl SRAT SEI 5 B IR [ 1) 52 4l e 19 A FR 86 TR A
(R — Rl BET AR 45 R FESK B AR R R, T p M1 D ST RERE 1 5042
AR, SET R RES A AR . AN S35 DI 3 80 SEX PRI 1 18 P 2k s
M,

1.4 AieXHH R EFIZE

SEBL A1 i A5 4 — U Lt (9 R S 32 Je I B — AN BB 5T . YR
PRAZESEUBE I TE BN LEE 5 H AL 22 AR, 04 SR 50— 0 Rt 25 o 3o g J P DL %
AFI I (R EE AR ) S 30 LA B ) HE 8 2 S B P B e —20 i
N, WEGTH R I SETBRFATIAR & — MR E LT 1), Fenll@xt IER A LRI SEL
JEE DL R ASE AN [R5 700 CR ) s ZK PR 5 570 ) 1 £7 B SETRRE PRI ST AR Ak T2 32
B, WA iR A R . DRI T T AR IR AT e 1e ELE ik
JEXT NIRRT B R AR IL B R

T LA B R, ASCEEITRT LU LA KR T A

-27-



L

(1) RGBT T A s: 7l s e o 15 S5 AT S AR i i TR

A R (R BT AR N T2, S8 SRS T AN TA] L A4 2R (= F A F it
P AR ), AR AR Gl KM ARRSERAR GRS ik
i) X BHPTERAAE I 52 s FCCRIFTE T AR B ot FP 0] A sl SR AR P g AT
SEI JIE BRI R 2408, LA A il B2 RIS 7] VC ok SET R AL ) 4«
3 S PR T AR RN A S8 SR PR RE AN SET ST (1 521

(2) W5 T LiCoO, IEM/ MMM A I RFYE . BB RR TANFEILL I LiCoO; 1E

WRAE FRAR VR R I AF AN BE 5 7e I R R SET AR . I ZE L
Tl R A 3ot H FELAT R 7 H S o4 B LS (R AR AR AL s HORIT S T AEAN A H
I AEXS LiCoO, IEMRAEIPEREMIFEMT; 9T T SEI JEE, Hifarfh
3t FELBELAT L FL S 3 Bt JSE AR (1 R

(3) HEFRIET LiMny0O, }2H Ni. Fe. Ti B292Yy, W9 TR &

LiMnyO4 23 Ni Fe. Ti 287 W) IER/ AR ARB R A0 o R
U T A ANR R R AT LiMnyOy FE AR S BEAT AR/ PR A W05 T 1 BE 1
YEH

S 3k

[10]

[11]

EACR G, PRSI RL, RHERE R (2000).

C -C Hsienu, L -C Lee. The research and development of ecomaterials in Taiwan. Materials and
Design,2001,22:129-132.

R M Dell, Batteries, fifty years of materials development, Solid State Ionics, 2000, 134:139-158.

M Broussely. Lithium batteries R&D activities in Europe. Journal of Power Sources 81-82 1999 137-139.

B Irwin. Weinstock. Recent advances in the US Department of Energy’s energy storage technology research
and development programs for hybrid electric and electric vehicles. Journal of Power Sources 110 (2002)
471-474.

M. Broussely. Recent developments on lithium ion batteries at SAFT. Journal of Power Sources 81-82 1999
140-143.

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

Y Nishl. The Development of Lithium Ion Secondary Batteries. The Chemical Record, 2001, 1:406-413.

A Dearing. Technologies supportive of sustainable transportation. Annu. Rev. Energy Environ.
2000,25:89-113.

K Tamura, Tatsuo Horiba. Large-scale development of lithium batteries for electric vehicles and electric
power storage applications. Journal of Power Sources1999,81-82:156-161.

T. Iwahori, Y. Ozaki, A. Funahashi, et al.. Development of lithium secondary batteries for electric vehicles

-28 -



e BT R P AR S TR E T ST JE4sEE TR 2007

[12]

[13]

[14]

[29]

[31]

[32]

and home-use load leveling systems. Journal of Power Sources 1999,81-82: 872—876.

S Yoda, K Ishihara. The advent of battery-based societies and the global environment in the 21st century.
Journal of Power Sources 1999,81-82:162—169.

B V Ratnakumar, M C Smart, A Kindler, et al.. Lithium batteries for aerospace applications:2003 Mars
Exploration Rover. Journal of Power Sources,2003,119-121: 906-910.

B V Ratnakumar, M C Smart, C K Huang, et al.. Lithium ion batteries for Mars exploration missions.
Electrochimica Acta ,2000,45:1513-1517.

B Huang, C C Cook, S Mui, et al.. High energy density, thin film, rechargeable lithium batteries for marine
field operations. J Power Sources,2001,97-98:674-676.

Christophe P. The rechargeable battery market 2003-2008[C]. The Sixth China International Battery Fair,
2004.

M Wakihara. Recent developments in lithium ion batteries. Materials Science and Engineering
R,2001,33:109-134.

M. Stanley Whittingham. Lithium Batteries and Cathode Materials. Chem. Rev.,2004,104: 4271-4301.

R Koksbang, J Barker, H Shi, M Y Saidi. Cathode materials for lithium rocking chair batteries. Solid State
lonics, 1996,84:1-21.

G Amatucci and J -M Tarascon. Optimization of insertion compounds such as LiMn,0, for Li-ion batteries.
Journal of The Electrochemical Society, 2002, 149(12):K31-K46.

JAERE, ZEAE, X5 A i it e RO R HT S U R (0] 4k 27 2E J#,1998,10(1):85-93.

B Scrosati. Recent advances in lithium ion battery materials. Electrochimica Acta,2000, 45: 2461-2466.

M Broussely, P Biensan, B Simon. Lithium insertion into host materials: the key to success for Li ion
batteries. Electrochimica Acta, 1999, 45:3-22.

B Scrosati. The Italian contribution to battery science and technology. J. Power Sources, 2003,116:4-7.

Y Nishi. Lithium ion secondary batteries; past 10 years and the future. J. Power Sources, 2001, 100:101-106.
M M Thackeray. Manganese oxides for lithium batteries. Prog. Solid St. Chem.1997,25:1-71.

S B Schougaard, J Bréger, M Jiang, et al.. LiNigs. Mngs. O,—A high-Rate, high-capacity cathode for
lithium rechargeable batteries. Adv. Mater. 2006, 18:905-909.

Y K Sun, S -T Myung, M -H Kim, et al. Synthesis and characterization of
Li[(NiggCog 1Mng 1).s(NigsMngs5)92]O, with the microscale core-shell structure as the positive electrode
material for lithium batteries. J. Am. Chem. Soc.,2005,127(38): 13411-13418.

Y -K Sun, S -T Myung, H -S Shin, et al.. Novel core-shell-structured Li[(Nig3Co0q2)s(NigsMngs)e2]O0, via
coprecipitation as positive electrode material for lithium secondary batteries. J. Phys. Chem.
B,2006,110:6810-6815.

C Delacourt, L Laffont, R Bouchet, C Wurm, et al.. Toward Understanding of electrical limitations
(electronic, ionic) in LiMPO, (M = Fe, Mn) electrode materials. J. Electrochem. Soc., 2005,152
(5):A913-A921.

M Takahashi, H Ohtsuka, K Akuto et al.. Confirmation of long-term cyclability and high thermal stability of
LiFePQ, in prismatic lithium-ion cells. J. Electrochem. Soc., 2005,152(5):A899-A904.

R Dominko, J M Goupil, M Bele, et al.. Impact of LiFePO,/C Composites Porosity on Their Electrochemical
Performance. J. Electrochem. Soc., 2005,152 (5):A858-A863.

J L Tirado. Inorganic materials for the negative elecrodes of lithium-ion batteries: state-of —the-art and future
prospects. Materials Science and Engineering R,2003,40:103-136.

M Endo, C Kim, K Nishimura, et al.. Recent development of carbon materials for Li ion batteries.

Carbon,2000,38:183-197.

-29-



L

[35]
[36]

[47]

(48]

(49]

ATl [, R ] 1) WA S5, 4525 7 H it & 4 SO R 0 i A 243k 2 ,2005,17(4):597-603.

M M Thackeray, J T Vaughey, C S Johnson, et al.. Structural considerations of intermetallic electrodes for
lithium batteries. J. Power Sources,2003,113:124-130.

Robert A. Huggins. Lithium alloy negative electrodes. J. Power Sources, 1999, 81-82:13-19.

Y Yu, C -H Chen, J -L Shui, and S Xie. Nickel-foam-supported reticular CoO-Li,O composite anode
materials for lithium ion batteries. Angew. Chem. 2005, 117:7247-7251.

Robert A. Huggins. Alternative materials for negative electrodes in lithium systems. Solid State Ionics
152-153 (2002) 61— 68.

K Kinoshita, K Zaghib. Negative electrodes for Li-ion batteries. J. Power Sources,2002, 110: 416-423.

M. Noel, V. Suryanarayanan. Role of carbon host lattices in Li-ion intercalation/de-intercalation processes.
Journal of Power Sources 111 (2002) 193-209.

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

J Xu, H Tanaka, M Kurihara, et al.. Influence of active surface on electrochemical properties of mesocarbon
microbeads powders. J Power Sources, 2004,133:260-262.

G Chung, H Kim, S Yu, et al. Origin of graphite exfoliation, an investigation of the important role of solvent
cointercalation[J]. J. Electrochem. Soc., 2000,147 (12): 4391 —4398.

L J Fu, H Liu, C Li, et al.. Surface modifications of electrode materials for lithium ion batteries. Solid State
Sciences,2006, 8:113-128.

M Yoshio, H Wang, K Fukuda, et al. Effect of carbon coating on electrochemical performance of treated
natural graphite as Lithium-ion battery anode material[J]. J. Electrochem. Soc.,2000,147(4):1245~1250.

T Tsumura, A Katanosaka, I Souma, et al.. Surface modification of natural graphite particles for lithium ion
batteries. Solid State Ionics,2000,135:209-212.

H Huang, E M Kelder, J Schoonman. Graphite-metal oxide composites as anode for Li-ion batteries. J power
Sources,2001,97~98:114~117.

G X Wang, J Yao, H K Liu, et al.. Electrochemical characteristics of tin-coated MCMB graphite as anode in
Lithium-ion cells. Electrochimica Acta 50 (2004) 517-522.

T Nakajima, J Li, K Naga, et al.. Surface structure and electrochemical properties of surface-fluorinated
petroleum cokes for lithium ion battery. J Power Sources,2004,133: 243-251.

Y P Wu, C Jiang, C Wan and R Holze. Anode materials for lithium ion batteries from mild oxidation of
natural graphite. J Appl Electrochem, 2002, 32: 1011-1017.

B M Way, J R Dahn. The effect of Boron substitution in carbon on the intercalation of lithium in Li(B,Cy.,)s
[1], J Electrochem Soc, 1994, 141(4): 907-912.

C S Wang, G T Wu, X B Zhang, et al. Lithium insertion in carbon-silicon composite materials produced by

mechanical milling [J], J. Electrochem. Soc., 1998, 145(8): 2751-2758.

A M Wilson, J R Dahn. Lithium insertion in carbons containing nano-dispersed silicon[J], J. Electrochem.

Soc., 1995,142(2):326-332.

K Xu. Nonaqueous Liquid Electrolytes for Lithium-Based Rechargeable Batteries. Chem.
Rev.,2004,104:4303-4417

D Aurbach, Y Talyosef, B Markovsky, et al.. Design of electrolyte solutions for Li and Li-ion batteries: a
review. Electrochimica Acta,2004,50:247-254.

B Mandal, T Sooksimuang, B Griffin, et al.. New lithium salts for rechargeable battery electrolytes. Solid
State Ionics,2004,175:267-272.

-30 -



e BT R P AR S TR E T ST JE4sEE TR 2007

[58]

[59]

[65]

[66]

[67]

L J Krause,W Lamanna, J Summerfield, et al. Corrosion of aluminum at high voltages in non-aqueous
electrolytes containing perfluoroalkylsulfony imides;new lithium salts for li-ion cells[J]. J Power

Sources,1997,69:320-325.

M B Armand, E K Cherkaoui and M Fouzia. Bis perhalogenoacyl- or sulfonyl-imides of alkali metals, their
solid solutions with plastic materials and their use to the constitution of conductor elements for
electrochemical generators[P]. U.S.Pat.No. 4,505,997 Mar.19,1985.

L A Dominey,V R Koch and T J Blakley. Thermally stable lithium salts for ploymer
electrolytes[J].Electrochim.Acta,1992,37:1551-1554.

X Wang, E Yasukawa and S Kasuya. Electrochemical properties of tetrahydroppyran-based ternary
electrolytes for 4V lithium metal rechargeable batteries[J]. Electrochimica Acta,2001,46:813-819.

L J Krause, W Lamanna, J Summerfied, et al.. Corrosion of aluminum at high voltages in non-aqueous
electrolytes containing perfluoroalkylsulfonyl imides;new lithium salts for lithium-ion cells[J]. J.Power
Souces, 1997,68 : 320-325.

C L. Campion, W Li, and B L. Lucht. Thermal decomposition of LiPF6-based electrolytes for lithium-ion
batteries. J Electrochem Soc,2005,152(12):A2327-A2334.

E -S Hong, S Okada, T Sonoda, et al.. Thermal stability of electrolytes with mixtures of LiPF4 and LiBF,
used in lithium-ion cells. J Electrochem Soc, 2004,151(11):A1836-A1840.

C. G. Barlow. Reaction of Water with Hexafluorophosphates and with Li Bis(perfluoroethylsulfonyl)imide
Salt. Electrochemical and Solid-State Letters, 1999, 2 (8):362-364.

S Peter and I Nikolai. Lithium fluorophosphate and their use as conducting
salts[P],U.S.Pat.N0.6,210,830,April 3,2001.

H Markusson, P Johansson, and P Jacobsson. Electrochemical stability and lithium ion-anion interactions of
orthoborate anions (BOB, MOB, BMB), and presentation of a novel anion: tris-oxalato-phosphate.

Electrochemical and Solid-State Letters, 2005,8(4):A215-A218.

J W. Johnson and M. S Whittingham. Lithium closoboranes as electrolytes in solid cathode lithium cells[J]. J
Electrocchem Soc,1980,127:1653-1654.
RS PR T 1 f v PR SR I T[], FB A °7,2000,6(1):116-118.

J Barthel, R.Buestrich, E Carl, et al.. A new class of Electrochemically and thermally stable lithium salts for
lithium secondary battery electrolytes. J Electrocchem Soc,1996, 143(11):3572-3575.

J Barthel, R Buestrich, E Carl, et al. A new class of Electrochemically and thermally stable lithium salts for
lithium secondary battery electrolytes[J]. J Electrocchem Soc,1997,144(1 1):3866-3870.

Y Sasaki, S Sekiya, M Handa and K Usami. Chelate complexes with boron as lithium salts for lithium

batteries electrolytes[J]. ] Power Sources,1999,79:91-96.

Y Sasaki, M Handa, S Sekiya and K Usami. Application to lithium battery electrolyte of lithium Chelate
compound with boron[J]. J Power Sources,20001,97-98:561-565.

Y Sasaki, M Handa and K Kurashima, et al. Application of lithium organoborate with salicylic ligand to
lithium battery electrolyte[J]. J Electrochem Soc, 2001, 148(9):A999-A1003.

T. R. Jow, K. Xu, M. S. Ding, S. S. Zhang, J. L. Allen, and K. Amine. LiBOB-based electrolytes for Li-ion
batteries for transportation applications. J Electrochem Soc, 2004, 151(10):A1702-A1706.

K Xu, S Zhang, T R Jow, et al.. LiBOB as salt for lithium-ion batteries a possible solution for high

231 -



L

[77]

[78]

[80]

[81]

(88]

(89]

[90]

[91]

[92]

[93]

temperature operation. Electrochemical and Solid-State Letters, 2002,5(1):A26-A29.

F Kita, H Sakata, A Kawakami, et al. Electronic structures and electrochemical properties of LiPFg_,(CF3),[J].
J Power Sources,2001,97-98:581-583.

M Schmidt, U Heider, A Kuehner, et al.. Lithium fluoroalkylphosphates:a new class of conducting salts for
electrolytes for high energy lithium-ion batteries[J]. ] Power Sources,2001,97-98:557-560.

J S Gnanaraj, M D Levi, Y Gofer, et al.. LiPF;(CF,CF;);:a salt for rechargeable lithium ion batteries. J
Electrochem Soc, 2003,150(4):A445-A454.

R Oesten, U Heider, M Schmidt. Advanced electrolytes. Solid State Ionics,2002,148:391— 397.

J S Gnanaraj, E Zinigrad, L Asraf, et al.. On the use of LiPF;(CF,CF3); (LiFAP) solutions for Li-ion batteries.

Electrochemical and thermal studies. Electrochemistry Communications, 2003,5:946-951.

Y Keiichi, S Takako, H Akio. Fluorine-substituted cyclic carbonate electrolytic solution and battery
containing the same[P]. U.S.Pat.No. 6010806,Jan.4,2000.

Y Keiichi, H Akio, F Akio, et al. Carbonate compounds, non-aqueous electrolytic solutions and batteries
comprising non-aqueous electrolytic solutions[P]. U.S.Pat.No. 5847188,Dec.8, 1998.

J Arai, H Katayama and H Akahoshi. Binary mixed solvent electrolytes containing trifluoropropylene

carbonate for lithium secondary batteries[J]. J Electrochem Soc,2002,149(2):A217-A226.

X Wang, E Yasukawa, and S Kasuya. Nonflammable trimethyl phosphate solvent-containing electrolytes for
lithium-ion  batteries: Il .The wuse of an Amorphous carbon anode[J]. J Electrochem

Soc,2001,148(10):A1066-A1071.

X Wang, E Yasukawa, and S Kasuya.Nonflammable trimethyl phosphate solvent-containing electrolytes for
lithium-ion batteries: I.fundamental properties[J]. Journal of  The Electrochemical

Society,2001,148(10):A1058-A1065.

J O Besenhard, M W Wagner and M Winter. Inorganic film-forming electrolyte additives improving the
cycling behaviour of metallic lithium electrodes and the self-discharge of carbon-lithium electrodes[J]. J

Power Sources,1993,43-44:413-420.

H Buga, A Wrursig, J Vetter, et al.. SEI film formation on highly crystalline graphitic materials in
lithium-ion batteries. J Power Sources,2006,153:385-390.

G Schroeder, B Gierczyk, D Waszak, et al.. Vinyl tris-2-methoxyethoxy silane — A new class of
film-forming electrolyte components for Li-ion cells with graphite anodes. Electrochem Comm,2006,8:523—

527.

B Markovsky, A Nimberger, Y Talyosef, et al.. On the influence of additives in electrolyte solutions onthe
electrochemical  behavior of carbon/LiCoO, cells at elevated temperatures. J Power

Sources,2004,136:296-302.

M. D. Levi, E. Markevich, C. Wang, M. Koltypin, and D. Aurbach. The effect of dimethyl pyrocarbonate on
electroanalytical behavior and cycling of graphite electrodes. J  Electrochem Soc,2004,151(6):A848-A856.

S Komaba, T Itabashi, T Ohtsuka,et al.. Impact of 2-vinylpyridine as electrolyte additive on surface and
electrochemistry of graphite for C/LiMn,O, Li-ion cells. Journal Electrochem Soc, 2005,
152(5):A937-A946.

M N Golovin, D P Wilkinson ,J T Dudley, et al.. Application of metallocenes in rechargeable lithium

-32-



e BT R P AR S TR E T ST JE4sEE TR 2007

batteries for overcharge protection[J]. J. Electrochem. Soc., 1992, 139(1):5-10.
[94] K M Abraham, D M Pasyuariello and E B Willstand. n-Butyferrocence for overcharge protection of
secondary lithium batteries[J].J Electrochem Soc, 1996,137:1856-1861.

[95] C S Cha, X P Ai and H X Yang .Ploypyridine complexes of iron used as redox shuttles for overcharge
protection of secondary lithium batteries[J]. J Power Sources,1995, 54:255-258.

[96] L Xiao, X Ai, Y Cao, H Yang. Electrochemical behavior of biphenyl as polymerizable additive for
overcharge protection of lithium ion batteries. Electrochimica Acta,2004,49: 4189—4196.

[97] M Adachi, K Tanaka, and K Sekai. Aromatic compounds as redox shuttule additives for 4 V class secondary
lithium batteries[J]. J Electrochem Soc,1999, 146(4):1256-1261.

[98] H S Lee, X Q Yang, C L Xiang,et al. The sythesis of a new family of boron-based anion receptors and the
study of their effect on ion pair dissociation and conductivity of lithium salts in nonaqueous solution[J].J.

Electrochem. Soc., 1998,Vol.145,No.8:2813-2818.

[99] K Tasaki, S Nakamura. Computer simulation of LiPF; salt association in Li-ion battery electrolyte in the

presence of an anion trapping agent. J Electrochem Soc,2001,148:A984-A988.

[100] Shu Z. X.,Mcmillan R.S.,Murray J.J..et al.Effects of 12 crown 4 on the electrochemical intercalation of
lithium into graphite[J].J. Appl. Electrochem.,1996,41:2753-2759.

[101] G E Blomgren. Electrolytes for advanced batteries. J Power Sources,1999, 81-82: 112-118.

[102] 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.

[103]Y Ein-Eli, D Aurbach. The correlation between the cycling efficiency, surface chemistry and morphology of

Li electrodes in electrolyte solutions based on methyl formate. J Power Sources,1995,54:281-288.

[104] 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.

[105]Y S Cohen, Y Cohen, D Aurbach. Micromorphological studies of lithium electrodes in alkyl carbonate
solutions using atomic force microscopy. J.Phys.Chem.B,2000,104:12282-12291.

[106]E Peled. Mossbauer spectroscopy of electrode deposited tin-nickle alloys and thermally prepaired
Ni3;Sn,,NiSn, Ni;Sny. J Electrochem Soc,1979,126:204-208.

[107] E Peled, D Goldnitsky, G Ardel, et al. Advanced model for solid electrolyte interphase of lithium electrode in
liquid and polymer electrolytes. J Electrochem Soc,1997,144:1.208-L210.

[108]] G Theveninj, R H Muller. Impedance of lithium electrode in a propylene carbonate electrolyte. J
Electrochem Soc, 1987,134:273-280.

[109] D Aurbach, I Weissman, A Schechter. X-ray photoelectron spectroscopy studies of lithium surfaces prepared
in several important electrolyte solutions.a comparison with previous studies with previous studies by forier

transform infrared spectroscopy. Langmiur, 1996, 12(16):3991-4007.

[110] A Schechter and D Aurbach.X-ray photoelectron spectroscopy study of surface films formed on Li electrodes
freshly prepared in alkyl carbonate solutions. Langmuir, 1999, 15(9): 3334-3342.

[111]K -i Morigaki, A Ohta. Analisis of the surface of lithium in organic electrolyte by atomic force

microscopy,fourier transform infrared spectroscopy and scanning auger electron microscopy. J Power

-33-



L

Sources, 1998,76:159-166.

[112]S Shiraishi, K Kanamura, Z —i Takehara. Study of the surface composition of highly smooth lithium
deposited in various carbonate electrolyte containing HF. Langmuir,1997,13:3542-3549.

[113]1D Aurbach, B Markovsky, M D Levi, et al. New insights into the interactions between electrode materials

and electrolyte solutions for advanced nonaqueous batteries. Journal of Power Sources,1999,81-82:95-111.

[114]G V Zhuang, K Xu, H Yang, et al.. Lithium ethylene dicarbonate identified as the primary product of
chemical and electrochemical reduction of EC in 1.2 M LiPF6/EC:EMC electrolyte. J. Phys. Chem. B 2005,
109: 17567-17573.

[115] A Kominato, E Yasakawo, N Sato, et al. Analysis of surface films on lithium in various organic electrolytes. J

Power Sources,1997,68:471-475.

[116] D Aurbach,Y Ein-Eli,B Markovosky et al. The study of Electrolyte solution based on ethylene and diethyl
carbonates for rechargeable Li batteries[J].J.Electrochem.Soc., 1995, Vol. 142,No.9: 2873-2882.

[117]D. Aurbach, Y. Gofer The Behavior of Lithium Electrodes in Mixtures of Alkyl Carbonates and Ethers .
Journal of Electrochemical Society,1991,138:3529-3535.

[118] D Aurbach,Y Ein-Ely,A Zaban.The surface chemistry of lithium electrode in alkyl carbonate solutions.
Journal of The Electrochemistry Society,1994,141:L1-L3.

[119]D Aurbach, Y Cohen.The application of atomic force microscopy for the study of Li deposition process.
Journal of The Electrochemistry Society,1996,143:3525-3532.

[120]D Aurbach, A zaban,Yosef Goferet al. Recent studies of the lithium-liquid electrolyte interface
electrochemical, morphology and spectral studies of a few important systems[J].Journal of Power

Souces,1995,54:76-84.

[121]1K Kanamura, S Shiraishi, H Tamura, et al. X-ray photoelectron spectroscopic analysis and sanning electron
microscopic observation of the lithium surface immersed in nonaqueous solvents. Journal of The

Electrochemistry Society,1994,141:2379-2385.

[122] K.-i.Morigaki. Analysis of the interface between lithium and organic electrolyte solution.Journal of Power

Sources,2002,104:13-23.

[123]) Barthel, M Wiihr, W Sauerer. et al. The influence of water on the cycleability of lithium in
2-methyltetrahyfurnan-based electrolytes. Journal of The Electrochemistry Society,1993,140:6-11.

[124]D Aurbach, O Chusid. In situ FTIR spectroscopy studies of surface films formed on Li and nonactive
electrodes at low potentials in Li salt solutions containing CO,. Journal of The Electrochemistry

Society,1993,140:155-157.

[125]T Osaka,T Momma,T Tajima. et al. Enhancement of lithium anode cyclability in propylene carbonate
electrolyte by CO, addition and its protective effect against H,O impurity. Journal of The Electrochemistry
Society,1995,142:1057-1060.

[126] D Rahner.The role of anions, solvent molecules and solvated electrons in layer formation processes on anode

materials for rechargeable lithium batteries. J Power Sources,1999,81-82:358-361.

[127]D Aurbach, Y Cohen.Morphological studies of Li deposition processes in LiAsF¢/PC solutions by in situ
atomic force microscopy. JElectrochem Soc,1997,144:3355-3360.

-34 -



e BT R P AR S TR E T ST JE4sEE TR 2007

[128]D Aurbach, A Zaban, Y Gofer. Et al. Studies of Li anodes in electrolyte system
2Me-THF/THF/Me-Furan/LiAsFg. J Electrochem Soc,1995,142:687-695.

[129] K Kanamura,H Tamura, S Shiraishi, et al. Morphology and chemical compositions of surface films of lithium

deposited on a Ni substrate in nonaqueous elctrolytes. J Electroanal Chem,1995,394:49-62
[130] D Rahner, S Machill, K Siury. Passivity of lithium in organic solvents. J Power Sources,1997,68:69-74.

[131]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.

[132]K Takei, K Kumai, Y Kobayashi, et al. An X-ray photoelectron spectroscopy study on the surface film on

carbon black anode in lithium secondary cells. Journal of Power Sources, 1995, 54: 171-174.

[133]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.

[134]M D Levi, and D Aurbach. Simultaneous measurements and modeling of the electrochemical impedance and
the cyclic voltammetric characteristics of graphite electrodes doped with lithium. J.Phys.Chem.B, 1997,
101:4630-4640.

[135] 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.

[136] 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.

[137] D Zane, A Antonimi, M Pasquaci. A Morphological study of SEI film on graphite electrode. Journal of Power
Sources,2001,97-98:146-150.

[138]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.

[139]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.

[140]M R Wagner, J 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.

[1411M E. Spahr, T Palladino, HWilhelm, A Wiirsig, D Goers, H Buga, M Holzapfel, and P Nova’k. Exfoliation
of graphite during electrochemical lithium insertion in ethylene carbonate-containing electrolytes. Journal

Electrochem Soc, 2004,151(9): A1383-A1395.

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

[143]D Aurbach, B Markovsky, I Weissman, et al. On the correlation between surface chemistry and performance

of graphite negative electrodes for Li ion batteries.Electrochimica Acta,1999,45:67-86.

[144]1D Aurbach, A Zaban, Y Ein-Ely, et al. Recent studies on the correlation between surface chemistry,
morphology, three-dimensional structures and performance of Li and Li-C intercalation anodes in several

important electrolyte systems.Journal of Power Sources,1997,68:91-98.

-35-



L

[145]S —K Jeong, M Inaba, T Abe, et al. Surface film formation on graphite negative electrode in lithium-ion

batteries,AFM study in an ethylene carbonate-based solution. J Electrochem Soc, 2001,148:A989-A993.

[146] 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.

[147]G -C Chung, H -J Kim, S -I Yu, et al. Original of graphite exfoliation, an investigation of the important role
of solvent cointeraction. Journal Electrochem Soc,2000,147:4391-4398.

[148]E Endo, M Ata, K Tanaka. et al.Electron spin resonance study of the electrochemical reduction of electrolyte

solutions for lithium secondary batteries. J Electrochem Soc, 1998, 145:3757-3764.

[149]E Endo,K Tanaka, and K Sekai. Initial reaction in the reduction decomposition of electrolyte solutions for

lithium batteries. J Electrochem Soc,2000,147(11):4029-4033.

[150]S Mori, H Asahima, H Suzuki, et al. Chemical properties of various organic electrolytes for lithium
rechargeable batteries, 1. characterization of passivating layer formed on graphite in alkyl carbonate solutions.
J Power Sources,1997,68:59-64.

[151] X Zhang, R Kostecki, T J Richardson, et al. Electrochemical and infrared studies of the reduction of organic
carbonates. J Electrochem Soc, 2001,148(12)1341-1345.

[152]Y Kida, A Kinoshita, K Yanagida, et al. A study on cycle performance of lithium secondary batteries using
lithium  nickel-cobalt composite oxide and graphite/coke hybrid carbon. Electrochimica

Acta,2002,47:1691-1696.

[153]H Yoshida, T Fukunaga, T Hazama, et al. Degradation mechanism of alkyl carbonate solvents used in

lithium-ion cells during initial charging. Journal of Power Sources,1997,68:311-345.

[154] A Naji, J Ghanbaja, B Humbert, et al.Electroreduction of graphite in LiClO4-ethylene carbonate
electrolyte.Characterization of the passivating layer by transmission electron microscopy and

Fourier-transform infrared spectroscopy. Journal of Power Sources,1996,63:33-39.

[155]P Arora, R E White, M Doyle. Capacity fade mechanisms and side reactions in lithium-ion batteries. Journal

of The Electrochemical Society,1998,145(10):3647-3667.

[156] Y Wang, P B Balbuena. Theoretical studies on cosolvation of Li ion and solvent reductive decomposition in

binary mixtures of aliphatic carbonates. International Journal of Quantum Chemistry,2005,102:724-733.

[157]Y. Wang, S Nakamura, M Ue, et al. Theoretical studies to understand surface chemistry on carbon anodes for

lithium-ion batteries:reduction mechanisms of ethylene carbonate. J.Am.Chem.Soc,2001,123:11708-11718.

[158] Y-G Ryu,S-I Pyun. Passivation kinetics of surface films formed on a graphite electrode in organic lithium
salts solutions as a function of lithium salt anion type. Journal of Electroanalytical

Chemistry,1997,433:97-105.

[159]K -i Morigaki. In situ analysis of the interfacial reactions between MCMB electrode and organic electrolyte

solutions[J]. Journal of Power Sources,2002,103:253-264.

[160] K EdstrOm, A M Andersson, A Bishop, et al. Carbon electrode morphology and stability of the passivation
layer. J Power Sources,2001,97-98:87-91.

[161]M Herstedt, D P Abraham, J B Kerr, K Edstrdm. X-ray photoelectron spectroscopy of negative electrodes

from high-power lithium-ion cells showing various levels of power fade. Electrochimica

-36 -



e BT R P AR S TR E T ST JE4sEE TR 2007

Acta,2004,49:5097-5110.

[162]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.

[163]E Peled, D Golodnitsky, A Ulus, et al.. Effect of carbon substrate on SEI composition and morphology,
Electrochimica Acta,2004,50:391-

[164] E Peled, D Bar Tow, A Merson, A Gladkich, L Burstein and D Golodnitsky. Composition, depth profiles and
lateral distribution of materials in the SEI built on HOPG-TOF SIMS and XPS studies. J Power Sources ,
97-98 :52-57.

[165]B Laik, A Chausse, R Messina, M G Barthes-Labrousse, J Y Nedelec, C Le Paven-Thivet and F Grillon.
Analysis of the surface layer on a petroleum coke electrode in tetraglyme solutions of lithium salts.

Electrochimica Acta,2001,46:691-700.

[166] Masashi Ishikawa, Yuko Tasaka, Nobuko Yoshimoto and Masayuki Morita. Optimization of physicochemical
characteristics of a lithium anode interface for high-efficiency cycling: an effect of electrolyte temperature. J
Power Sources,2001,97-98: 262-264.

[167] A M Andersson, K Edstrom, N Rao and A Wendsjé. Temperature dependence of the passivation layer on
graphite. J Power Sources,1999,81-82:286-290.

[168] Andersson A M, Edstrom K. Chemical composition and morphology of the elevated temperature SEI on
graphite. J . Electrochem. Soc.,2001,148(10):A1100-1109.

[169]M Doll¢, S Grugeon, B Beaudoin, L Dupont and J- M Tarascon. In situ TEM study of the interface
carbon/electrolyte. J Power Sources,2001,97-98:104-106.

[170] Hitoshi Ota, Tomohiro Sato, Hitoshi Suzuki and Takao Usami. TPD-GC/MS analysis of the solid electrolyte
interface (SEI) on a graphite anode in the propylene carbonate/ethylene sulfite electrolyte system for lithium

batteries. J Power Sources,2001,97-98:107-113.

[171]C Wang, I Kakwom, A J Appleby, et al. In situ investigation of electrochemical lithium intercalation into

graphite powder. J Electroanal Chem,2000,489:55-67.

[172] C Wang, A J Appeleby, F E Litlle. Charge-discharge stability of graphite anodes for lithium-ion batteries. J
Electroanal Chem,2001,497:33-46.

[173]M Koltypin, Y S Cohen, B Markovsky, et al. The study of lithium insertion-deinsertion processes into
composite graphite electrolytes by in situ atomic force microscopy(AFM).Electrochem Comm,2002,4:17-23.

[174] 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.

[175] 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.

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

[177] Eriksson T, Andersson A M, Bishop A G, Gejke C, Gustafsson T and Thomas J O. Surface analysis of

-37-



L

LiMn,O, elctrodes in carbonate-based electrolytes. Journal of The Electrochemical Society,2002,

149(1):A69-A78.

[178] Eriksson T, Andersson A M, Gejke C. Influence of temperature on the interface chemistry of Li;MnO,
electrodes. Langmuir,2002,18:3609-3619.

[179] =48, 1) 3T 70, o L 258 A R 4 1257 35 F it A7 L R ARV T S 300 Ak 25 4R (M 44 1i7),2002,65(10): w74,

[180] Huang H, Vincent C A and Bruce P G. Capacity loss of lithium manganese oxide spinel in LiPF¢/ethylene
carbonate-dimethyl carbonate electrolyes. Journal of the Electrochemical Society, 1999,146(2):481-485.

[181]Matsuo Y, Kostecki R, Mclarnon F. Surface layer formation on thin-film LiMn,0, electrodes at elevated

temperatures[J].Journal of the Electrochemical Society, 2001,148(7):A687-A692.

[182] Aurbach D, Gamolsk K, Markovsky B, Salitra G, Gofer Y, Heider U, Oesten R, and M Schmidt.The study of
surface phenomena related to electrochemical lithium intercalation into Li,MO, host materials(M=Ni,Mn). ]

Electrochem Soc,2000,147:1322-1331.

[183] Ostrovskii D, Ronci F, Scrosati B, Jacobsson, P. Reactivity of lithium battery electrode materials toward
non-aqueous electrolytes:spontaneous reactions at the electrode-electrolyte interface investigated by FTIR.

Journal of Power Sources,2001,103:10-17.

[184] Ostrovskii D, Ronci F, Scrosati B, Jacobsson P A. FTIR and Raman study of spontaneous reaction occurring

at the LiNi,Coy,_y,O, electrode/non-aqueous electrolyte interface[J].J Power Sources, 2001,94:183-188.

[185]Z Wang, X Huang, L Chen. Characterization of spontaneous reactions of LiCoO, with electrolyte solvent for

lithium-ion batteries. J Electrochem Soc,2004, 151(10):A1641-1652.

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

[187]M J Garreau. Cyclability of the lithium electrode. J Power Sources,1987,20(1-2):9-17

[188]J G Thevenin. Passivating films on lithium electrodes. An approach by means of electrode impedance
spectroscopy. J Power Sources,1985,14(1-3):45-52.

[189] D Aurbach and Y S Cohen. Identification of surface films on electrodes in non-aqueous electrolyte solutions:
spectroscopic, electronic and morphological studies, Y Wang (Eds. ), Solid-electrolyte interphase, Imperial
college press and world scientific pulishers,2004.

[190] S Wernick, and R Pinner. The surface treatment and finishing of Aluminum and its alloys, Vol. 1, 4th edition
(Robert Draper, Teddington, Englang, 1972).

[191] A K Vijh. Electrochmistry of metals and semiconductors: the application of solid state science to
electrochemical phenomena (Marcel Dekker, New York, 1973.), eds. by ] 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.

[192] D Aurbach. The role of surface films on electrodes in Li-ion batteries. Eds. by W A van Schalkwijk and B

Scrosati, Advances in lithium-ion batteries. Kluwer acdemic/Plenum publishers

-38 -



e BT R P AR S TR E T ST FE4 K% 2007

B_EXWENERE

2.1 FELFHF

AT INBRASE S 25 5 R A 1 AR R SCIER Y, R I AT 9T 45 R B
HAs 1, A S B A X5 LiMnoOg S HE Niv Feo Ti 8497910
FATA RSN, e RHAR AT H A AR it A A B IR A R
< 4R (Lithium, Li), HA2 154 mm, R 1.8 mm, 4l 99.9% ( Jbxit
A& B ;
IEARARE: LiCoO, (Rt ¥,
G MCMB  (_ LifgR242), MCF  (Petoca, Japan);
SH: CHR GRS
Fi47): Kynar LBG (PVDF-HFP) ( ELF ATOFINA);
B N-HUIE-IEns el NMP (Eall, R0 HRE (g, Bifgfh
WALE) D AHIHTZ 4A > 7R T 2iAL)a B .
U AR SCrp P FH A ) oK B R SRS [ R AR SR AL LT R IR A W)
<> FElE: Celegard 2300 [ fix;

I

<>

<>

AR 30um 259 (AR), 20 um 4% (ARD.

2.2 RE@A LiMn,O, B E Ni. Fe. Ti B2 E M

A inATLIMnaOs A T IEIR 2, B HUMRTE & [ AH B A | IS Rl sk |
WEE TR YU WL, 4%, BRI R AU N EORHTRL
DRI 75 T AT 2 S 2 2 B0 7 9, AELAEAE A DL 350« R B 1) 4 258 e
R I I - v o 4 TR B B 1 rE b E AR R R A A 4, AMERTREAE /N, 3
—ALRRRE T, ORI, T H e % 5 ] AR TR A R R . DALk
A SR B — B A A A LiMn 04 Je HiNi Feo TilBZer=8), & il
/(I

(1) RBA LiMn,O4 BI& K

DIFFRTR . BHIRAL . IRIR LS54 — etk et m bt &, I = I 281K,
PR SR A VAR . KPR E TR B, I 80°C, R NAIR AR A
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SN, (R R e R AR e, L R B A IR I A . KRR A RCE 100°C K
1~2 h, FAE300°C MAKE 2~3 h, AIGAELEHPHEEE, 193] LiMnyO4 FRIHTIX
o BT NS b, BT IR AR T 750°CHIRE 24 ho FESTENT A
FIARVAHD, WHIERRE MBS, H7H, BeASgnT, FRRBaik.

(2) BHEEMEEK

TEFR RIS, BRI IMAB 4R & T (Ni, Fe, Ni %), &7
A (Do
2.3 KIGEAYH &
2.3.1 BRI &

PR AR 1 % A 0 5 1 e b A 7 R ) B O B IR 2 —, RS AR IRLAR LA B A
(R B2 L AT H AR 1) F A A R R AT TR IRI S, R T4 R e 1 PR T JE
T LA e T B A

B % 25 AR MR I M AN el R, (H AR AN S b T 2H e An A H
IEETARAN ], HAR IR & L2 AAAAEAR ORI 22 S ], il A PR Rl 6 700 A
] OKE@TER G (F-103) HPERE &7 (PVDF-HFP) O , HHARAH] L2
HAFHF
[17 ekl & 77 A & AR 6l &t 12

(1) J5ArRL sl 21

% 90:10 I LLBIARBUE A7 26 REG 7, 7E 80°C NILZMET 12 h, ZERAS
BRI
(2) RRATIALBE

SRR IR FIA B w] G ORGSR MR TR & 00, B2 g its . Rl
B, S T AR T K D AR TREREAL ARSI 0.1% 1) HaCo04
YBORT PR R 75 P Y 20 min A1 1S min,  FARAET S %

(3) FOBHRIHC

FORHPBC AT A GBI A 3= Ho—, K457 PVDF-HFP 71 NMP H g fig
B, BRI R, R R SRR IR DA AR A 7R B AT )
WORG & 7 CL 8 AR, KA IR BE T8 VR 23 BRICRE & RN SR AR ARG & 053X
T, KA A NMP I EIARERAR, KA B0 G e T ik o8 2 AR I N
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HMe, AR S, K m o ARG R SRR AR TR & 00 o AR SCrp 1) B Al
N B SRR R RS A RS Y 5T NMP 4% 0 B 1015 (0 BRI & ) s Uit
FE 1 /NI, AN S, B (DD RS A SR IR 5 1 S NMP
ZH RSP 5 T LB 1 /NN, R4S SEEG HI SRR .
(4) Wfs

FCE AR, VRGP, AEAE, AESBI, FARS RIS R A
(KA 0o A VAN FRCRE SR A IR SRR ST R A A b, VAR R (R I 355
P
(5) HpR A

YRIBEJE IR PR AE B TR T 100°C TR T4 60min Ji& , 45 3 X TR 6L
P 3] 145°C, JFORIR 20 23 BMUTRS S AR RS R, AR5 OGP SOX TSR AE TR,
K R SRFA T 1T IFLEIL ARV &) o A5 Rlod 75 ) B 2 4 s F BRBERT SR AR R R
73, ARIX T FESZ TR BE S AR, THEH B R, TR RS

R R A R AR B D HUE RIS () 15Mpa),  FEAE B HEAR o
80 CHET 12 /NGB AT-ER S
[2] KV MR & A ARG & DR
(1) ZZRHEIR I

4 10:7:5:0.5 B LLGIRREUE A TERE 577 (F-103) f158. #BZ1/KF F-103
WA T 5EHs F-103 5EBAKIR G mdhUEE: /AN, ARG I 8, T4k
SEFFE 1NN S, RN F-103 VS INF, 4RSeidt 17Nk, B R)3Ree S5 Ak .
(2) RHATIAL ]

SEVARTIAL 1) T2 R0 A0 R 55 i PR 75 700 A 28 A7 B o 8 S R rh SR R A 1 Tt
REER T AL A A
(3) ERIBAN AR 7

WIS R R B O % T R T YR T AR (] o VRIS 1) R
TEBATIRA T 50°C T4 30min, RJGLMAEIHUERE (K 15Mpa),
BRI T 80 CHET 12 /MG AT-EH/ % .

3] IEMREH#ESHE
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(1) MEFRAL 21

Fe—E L] CHRARLE A L 45 51850 AREUE SR & 70 IEARSE PR R
(LiCoO, AR AT LiMn,Oy Je 3 Niy Fe. Ti $B2%W)) . REMAER, FHk L
PG PERRL . IR BRI SRR I B TP F S AT VR & 5 . 5 80 C R ELASME T
12h, LERMEIR K
(2) FRRATIALEE

BRSO TR 2 7K A0 P P 75 5 WE 20min A1 15min,  H ARBTG5 %]
(3) ZZRHIL 5 ER

SR ) 55 YRR T ik B il MR G A B SRR s VA )
(4) HIR R

W (0 F M A ZE B T4 T 60°C R T4 4 /NS, ARELNLER S,
FAEFLAS AT 80 CHET 12 /M ERAT-E/H % .

2.3.2 Bith LR E

AL R AR R Ar I BREBRK T Pt T, 438l iih Fe
F T 7K A3 FEHITE S ppm BAR, 21 2R (1 Haith = ZE A0 KR P FUAR 1) 2025 411X i
A= R B Bt A R o A e ie w8 2-1 s, A N B3, sednnt
FURBRRAE 2025 07 R aimgrhak, 2 ety S8 R AR SRIETRN— 2
Celgard2300 F@JiE, HIAEE K] IM LiPFs-EC:DEC:DMC(v/v/y, 1:1:1)f) HLAF
FRACHE BT, IELF ST B AR AR, Selr b, BET ISR A I AR
W, B R 1, SRS T AEAE, S R i F LA it o R
- — BUI (] AT F AL 27 S0

= F RSO e b SR P 2 3 A b, A R R R 1) 2 Jgcn ] 2-5 Rt
KAWL T BB o RN S LR, 23 K A RO AE A R (R 1 B, I
T 14 P AR YR Y 2 MR s ds A e A K TR 1AL, DA 1P i 7K 43k
N RIEBHTEM.
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& 2-2 =R RE AR EE

2.4 RBNERFNTTE
2.4.1 BIRRRHEAR(CV)?

TEHARZBAR(CV) 2 Wb 2 5 I SE R F B —, Hoy s B~ o
s LRI RSN 1) e — FIL R DU Ay, 4 I A b 1) FE 44 8 1R T
AP BB I TR] e AR Ak, 19 PR P 140 13— AN WL 5 P LA ] 73 P i 4
R B AR AL, TR IR A P B R HLAE AR A R o IR B R(CV)
M FESHOR AR CERR NRBAD, AR R, Sl
RETE CV I f e, oo ep i R AE S MO AR, e (AR S AR 2R
o AR CV b AR RRFAE,  RT LASRASRS: I e 7 DX T A 1) A 27 SR
SRR =R IR R, e A, U R Y R T A TR R

TEARIR ZHAR(CV) 3 8 BT PR A3 (45 5 A7 R K m, anld
Rl E R R, A2 X2 2% 14 76 P PR ARV 1 Rt Fh L2 B S 8K, 0o H Ak 2
5 RIS AR M s WU RS, R T i i B AIG, Al 1 R
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FES k. FRELRS iR R, BT ELBS P AEM R Iy AR R 2 e, Dk —
FECA H LA PR 1 el

MEIRR 223t 29T SEL IR 11 L H . SRR 2015 n] LA 4E 3545 SEI
T IR A TR 183 (S ImV- s R e 0 90 S S, B ik
FARGIGI R 22 1 5 B8 5 RGP AR 22 B IR 22 00) mT LAAS 38 H Ao b % 20 23 o 46
JRAEAT = R LI SR A, S5 A AR ERR BT (BIS) BRI, AMUAT4:
-4 (8 SELJRTE S HIPER], 38 T DAZE HY & A AR FELA

AL EELEEH] CV WFIE T A 88 FORA T AN ) P A0 ) 7 T8 LA A ] 3 A A
YN INFRIHIE S o LA o IR 22 SEIGAE Bl R HEA s 23 7] 27 (1) CHI660B Y
PE LA FLIRAX b T e SEE R = AR TR R, B AR A DA il B F AR A
S TSR, SIS 1 mV/s, % T LiCoO, BY LiMnyOy IEHK
FARGHE LR 0.02 mV/s.

2.4.2 1B FER R
JEH . BT AL G A0 H AR 2 Tl AR AL H R B B T RS, TUFR

A CTHER” MALER “HFTERYE” (W 2-3). XSS R s N R 17
T Jx,i SHEMERE T 2RI R R A:

=7 ”FJ 2-1)

Vi

Horfon NEREH T, F RN WAL v RNV HIRL T3
e SR G A Y & ST U R S U ONE) ' ®

oc vl
s odo 2-2
( 8xJ nFD, (2-2)

Horb Dy WY WAL ¢ BTIREE, x B
ML PRI HRAE” I RA R, BRI R A I, R IR
e AEMIRIBRWEE ¢ + TR 25 F AR 11 TG 75 328 Ak B AN H oA J8E AR A (B A

¢,(c0,t)=¢!), Fick 55 MMM

ci(x,t)_cio+‘:li{—iefc[ \/_J / t. p( 4);)2itj] (2-3)

A, erfe(M)=1-erf(h), FRMNRIRZREL WM RN & HEAE AR it
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TH, ¥ x=0 FRAR(2-3), AIEnfE s £ F.

2v.1 t
c.(0,¢)=¢? ——0 | — 2-4
(0,6)=¢, nFJdL (2-4)

K@-4)E7Rs, TR (v A Iy T35 ) BN (v AT Ly 575 ) IR TR

0
nkc,

v,d,

FEHOBE 2 TIPS AL . MR Q-4) T LAF S, #54

JD, MR T

i HERTIR S MR, Dk, 2 iX—BUN R LUSE, HA KSR E i r bl S b
A ] REUEREIAC B FEAAR o O T S R AR RN, LR F A SRR
[ FU0 1 LY AR A 280 PR PSR A i A2 B D R N TRI Rk Oy < R 1) (7))

*FrD.
Ti %(CO )2

K2-5)REKQ2-4) W RN I P AR i A A -
P
cl(O,t)—cl{l(Lj } (2-6)
T

USRI T R T RIS BEI TR A, JF BB T LR 2
WA AT BN, FLAWT IR A0 RN, 30T LU TR o s 8
CIONE

o0)= 0" + 2L 50, e, 0.1) 2-7)
nkF

(2-5)

MR NA O+ne >R, H R A, WK c (0,0)="H%

%
co(o,t)_cgll—(ij }ﬁJ\ (2.7) ATJFREPEAT
T

h_h
sy, RT 772 —t
q)(t)—.%§&+nFln % (2-8)
VISR
W R AW, WA cR(O,t)=cg+cg(—J [D—Oj o fBE D, =Dy K
T R
e, =0, WARA (2-7) RAsssd,
b_h
o RT . 7,7 —t
- = 2-
olt)= ¢! +——In i (2:9)

- 45 -



S S AR T

ﬁ@%%%%%ﬁﬂ@24o%B=%Wﬁ%m%%ﬁ$%ﬁ,ﬁﬁﬁ¥fﬁ,

0

¢l/4 =@, -
S PRV AR TE R R R R, T S S T T E AR R S R

_ HL i

R s - EE AR SIS 3R, DLACEA TR PR RS . U LU R T = — ————
F i FEL

W 2-4

(A (o] £k, 78 52 i g- LU A il 2k

F Y
I o

=

=0

=M t 0 025 0.50 075 /1y

Bl 2-3 FLUALBTER £k Bl 2-4 % — A £

AT TR TR SR AE BT B I S YRS SmA, HURERE 5V,
FIE s H O Rt AT SO, TR B R A AL S R T BN AT . AR L2
KL,

2.4.3 BAFEIERA EIS

HAk 22 BHHTE  (Electrochemical impedance spectroscopy, 454 EIS) 75
SRR A AT FHAT (AC impedance) o FHATIN i A Ik i 27 I 2 P HL 6 1) 2% A
M MR R — ik, 5 L BB G R, i T B EEE R P A ) T A

HLAR 22 BT 52—l LLANIR R 9 LE 5% 0% By, (B i) hahfs 5
WAFM 770 BT AN IR R FAE S o A R sl — 7 T e S ik & 7= Ak
RISEIR, o — 7 THEAEAF A2 S5 AR R A B 2[RI SRR PEOC AR, Xt A ) 52 &5
R A AR AR AT A o [N A 2 B SO — Fata i 5532, e LA
92 ¥ 503 AR 5 1R BTG A 9 A R 4, DRI i Ll L e LA 27 VA
BT L3N I 2545 B SR A S5 M A5 B o Rk, A BHATTI ok ok vl 2
K A
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F ARSI RS, BT AR S TR TR AR AR R, R T e
E AR T R AR A B I I RN, T FSCBtASE, it e b S T B B G, 3
B PR R . AT s AL A BTG, T DU R S BHL BT RE 5250 45 A AR,
A7 BT T R R R ST R A B T R AR R A 2 RN . e, LAk
BHATRE ZWEST SET B ) TR, B AW #4321 SET BB RG A1 LA 2%
(RORE AR, BRA AT 2 ket I A 2% BELTT % i A e [ 1 R 3 R/
AT F AL A BT Nyquist IR, W LR BI—Mh &G I& R0k, dt—2
AR AE AT AIR LA SET 5 14 25 M REAE 55 HIAL 24T A o SR FH BTV DUl 67
P IR ARAG IS R 1) BIS (784K, RTLAZ T SET BRI ORI AE KOS /2, BLK
FLRE T 2% 0 LA B IR SEL SR Re RIS M o B FUAS R ER B AS[RIIE A7 4%
PEFHRRIY BIS, LIS EIA 5¢ SEI AR K. AR AR IR B o

SCIGAE CHI660B AL 7~ T ARl (e R AR 22 7)) A1 Par2263-1 HAL 745
A MR X (Princeton applied research, USA) AT, A8 W5 5 HIPRIE 4 5 mV,
BEMRIEE h 10° Hz £ 0.01 Hz.

2.4.4 X-SHEHMRBBLITHER (XRD)

XRD SR EHAR S M s B 7 i o AT — b & A8 EL A R 2 1A B A
giky, fEERKE X SHESTN, AR A I S AT R X X— I 4™
PERTISRON, i P RS S 1) A T PSR T HURE S8 RTARFAE AT REAS AT AR 3
B TR AT AL R AR KA o 77 S ) = B e AT SR 7 T R T S i R S 23 AL, AT
ST BRI AR RS BN AR e, A7 s B R T I R S oA, £
I8y, AR, MIREVSEE . BRI, AR SR AT B R
HTHHAERE, M) SORIE AT AERERT 2 — XN b4k, XRD & BAT T
i, BRI A0S, BRI 2 N T 2 S R B R S i e Ttk
IR, B SEE  [Rl— TN [ A LA B A AR A TS

A8 SRR AL ) XRD PSRRI 47 2% Philip 23 ) 2E 77 1) Panalytical X’ Pert %Y
AR X BFERATHAY, AR ads, Culll, L (CuKal) =1.5406 A, & HLJE 40 KV,
B 30mA. (ARG, AN AR A 23 00 R AT AR
P ARE it b R s 07 2N R N SPERRORE i 22 o ) AH A 5 L AR 5 K 475 JEL P
High Score #AFHEAT 24717,
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2.4.5 A BT BRHHEARSEM)®

FA4 L W BB (SEM) A& X AR R 2 1T T30 LA S RS BEAT 3R AE (1) T S50 T
B, BT 6 WA T ] WG IE B 3 R B, ORI A 23 K H
1, BENS AR TS AL ED I UE S o R A4 T AR AN T LU A
an R IEES, M HE S X2 ae S iU 70 i (EDAX) I, " LA
AT 2 Xk, 2 s T

AL I [E Oxford Instrument 23 7] £/ ¥) LEO 1530 8475 & 5 1~ Ak
B IERRARFBURE /AN o TEAR AR 3 AT WLEE LU 78 IO J5 A R T
AL, o

2.4.6 B FEEEHA (XPS) P

JEH AR (XPS) HiARE A S TR UK R Jie 1) — R R i 43 A
Jivk, EHAXRERM BOREECTED AT TR, RBUE S, i HAE
553 Wk H R He LAAMI A0 35 . XPS BEARAMY RERE AT ZIMPRIR T (M T 3R 4R
W BEAF B 5 b AR AT KR B o BEAMEIE nT LT IERE ST, B+ Pk
SRR R T A3 AT, I RAT 2 Ad B AR R SR AR Ao B I 23 A T e
AR I R HE I R LT R AR AR A (AT RS D, T AT B S rp
JEF LT 454, A2 4L B BT AR A2 IR SR

S R SR T A 2% 55 Physical Electronics A &) 2E 7% [ Quantum 2000
1 XPS BEREAX, MTHIES Al Ko1486.6eV AWEURIR, BAETIRN 23.2W, FfihE
LA PE<107 Torro W5 15 P v (1 45 2 R LA # P gk B 1O Bl Ak A5 1) C s (28416
eV) WARUE I LARZ IE o

2.4.7 Raman Y

WOt Ramand i 431 /& ) FH O R BURHARED N AR O I i = AR
NG AN R BB DG B AT 23 AT I vk o IX— vkl T r s il R e v
PR b PR R T PR SR AT o AL O R BT B ot A A PT e S UK T 4 40 4
R B T —SURRERIILS (SERS), WP {EAg. Aufs4: e AR 14 5
RENE = AR BRI 5 40, T8 JEU I 1) H A SR T4 3 (1 Raman i (115 1 LE AR AR
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K. (AR HBUERaman E I AEATT SR BS 1 A AT S5 UK Rl A Hh AT 4 B 2 10 B
FI, ARBEAE R SS F IO, A SR AR IERaman i i 25 R AE U, ihAh, Raman
Wt M a5 i A 2K T B, i HANS XA R A58, BEE R Ramani¥ 1)
ARPAG BB B A5 R 1 SR

S o Raman O IIALE Dilor 23w f) LabRam 1 B3I AR B
E5ER PRI 2 B 514.5 nm

e

CEA

S 3

(1] f#kl, BITTRFEE fS2 A1 D). I 1999.

[2] MPMESE. AT MLE ] R A, J171:1996.

3] KA. #ETUbIERAME LiMn,O, 5 LiFePO, 1l % 5 PE 6T 7T [D]. 8 KK 8 L 220 i 30
PR:2004.

(4] SRSEACYNFE AZTBHHTIE S 5 K W M. [ Bl ol i it B 5522001

[5] R, TR A BRI S8 (MR s B 5¢:2002.

[6] WM. X LS IR RER [M]AEnt: Bl HRRAE, 1991

[71 P Novak, J C Panitz, F joho, et al. Advanced in situ methods for the characterization of practical electrodes in
lithium ion batteries [J]. J Power Sources, 2000,90: 52-58.

[8] HFAL FIBEE BRI HIM]. il ERERPAROR IR, 1992

(91 X2 A5G, (X-SHEOtH FRENEHT) M., BREHit, JEnt: 1988.

[10] Kostecki R., Tran T., Song X., Kinoshita K., Mclarnon F. Raman Spectroscopy and Electron Microscopy of
Heat-Treated Petroleum Cokes for Lithium-Intercalation Electrodes[J]. J. Electrochem. Soc.,1997, 144:
3111-3116.

[11] RTF, J7 3o, 2K B gn 2 A 2 1 R H B M. Ak 2% Tolk i i A, 16 5T:2002,p80-82.
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= 4B SN SE BSOBLAL IS

H=E AEHINFE SEI EREHHIFR

A AR R I R B AR R, BT BER A E RS (372 mAN/g),
BB /7 S E T 9 P2 A<= 6 LR e L Rl I P o L S R N = R/ )
PR ep, AN v S b 2 1 B SRR/ AR LT R PRI SRR N, T R
A S AR TH B4 2 (passivating film) . XFPEEILE & —FP A HZE, H
A7 [ A% AR B REAE, 2% HL T 2 G PR A B T (R R4, 1 T DA i 1%
Ak A b bR, DRI I S B RS A Bk A <[] 4 e gt L THI IS (solid
electrolyte interphace), fFRSEIE> . SEIS (19 7 Bt AR AR HAL 22 Pk e G &
DT B[RS0 o — 5 1T, SEL JELFA T SO R T3 o3 #8281, A0 1 KR OB AN ] i
ZEREIIN, AR T HARAORI FE B AR s T — 7 I, SEIEA H LA I B,
LEAT UL ST I P BE RS A7 AE, JF L0 TN R IEL I % 2 BRI, i B

T I 5y F ISR, 8 G T P 7R 31 SR N B b3 B 1 AR,
I R RHE i T HIAR (I R A o DRI, R ANHFSUSEIIE KT AL EE . 414l Fa
SEME B LR PR 25, F k0 T 3R SEDE RE IOE BG&R, — AR At AL Ak

H A2 BHHTE (Electrochemical impedance spectroscopy, ik EIS) &M 5T
e/ P T S R AR ) A 2R i R B ) LR, T2 N TR RS T A
AR B AL RO, MR Aburch 25 NPT, A8 1 i A AT A8 A
AR G DU LA B BB A AR T L BBl SEIL EVIE
o\ WAL s MR B A0 A A SO P 1 [l S 9 HL. BIS Bt BiRid fe b g —
AR TGN TA) S B AN, R A AR Y0 N FERAE o T8 T IR N A B U
ILFE EIS ¥ Nyquist BB =070 2 e i DX 3R o i X 3 5t — A B 13, A%
PD I — 4Rt k. HAT A O 52, s 3~ & (middle frequency
arc, [RIFR MFAD FIMICHI DX I 1) B2k 73 73] 55 Har A2 3ot VR BELRIEL 8 1 A 55 SRA o
(V[ 259 HAT 96 o AERT I 42 8 Chigh frequency arc, fAiFR HFA) [KJJJE—
FAFTES X . 4% Aburch %5 N ES 1 RN AT 82 RIS FE IR 2347, HFA 548G
Filid SEI BEMITR A ¢, W HFA 5887 id SEI BT %, ff
TR R A AR A A o R P B RE W 5% 21 HFA 1R K FE o 18 Martinent 25 A\ PO,
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FEAT S R B IR IR AL I R T, BIS B I 3 L P AN R AAE AT 224K . Chang
S NPy, HFA BAJE T B/ A S ST ) e fi vl . 117 Holzapfel 45 AP
WURKE HEFA VAR B A 5 A B o B 5 40 B 2 ) e i) J . Wang 251210,
HFA BURSZIEARGTNI R, HXE 28l SEI BEAAFAE S 20N, SRimufbi 1t
TR DA A Ay S AR AR 28 7 AR AR A IR A (BT RO ) LA e A el A7 A
HFA.

S LA RJRIN, AT MFSOA S 08 B IR AR AL RE 1) BIS R AT, 45
DA R A R (R it A AR SOl AIANRDRE &7 btk 7K
WED XS BLPURE R (520 s FFREMIRIE ST 1 FL AR IR S0 P I A A DA 1k e AT
SET 5 AL RO « 3 SE AN 1) VC X SEI S R ) 41 F LR AR A
LR A SR ARG A ERERT SET BT 520

3.1 HEHMETAEARENN BN = aREU R ERPEIR

BA#RAR 1L T2 A9 EIS #A%R
3.1 CV ARG R

B3-1 o A 8 M £ B R = B B B b b R A
IM LiPFe-EC:DEC:DMC It i) HAL Z2 MR 22 th 2o 75 15 Ok G 1n) B A 1 il R o
HHELPANIE JE i, e T HBRAE 0.5V 24y, ZERH G A i R P X — oy
TS, AKX — L& SET BB B Mgl W IT HILAE 0.0 V [HiE, &2
LR PR NS FRAR OG0 o A I aT LU SR 2, B3 — o) Ao A PR i o
Ab, BB AR A SR GO IR R I T R T R AR P R
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W BT SET BB I 5T

. cm

j/mA
S

E/V vsLi/Li’

& 3-1 3 S SUARAE B0 = B ARAR U B it B A#YRCA 1M LiPFe-EC:DEC:DMC
I CV 4528, $33#: 1 mV/s,

3.1.2 SEM fiz4 R

Kl 3-2 g s A Py AR S R EA T AN R TBOR RS 20 SEM. &l oA
SCR A SR BRIR I A SR B 21 4 S 0, R R ERE . 54
D3 WAk G AR, HERITASAELE SEL . 8] 3-3 b A S W2 by ra Ak 2 4
PRI G AN RBORAEE) SEM B, JERIESUR A TARRIARAG, WA — =%
IiJZ CED SEI B FifE .

K
T RS N = - SSORGEIAS A

£

&l 3-2 ABFARET BAFEBEAIARBOCMEER SEM B,
(a) 1000 £5, (b) 5000 1%
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