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Abstract

Electrode materials for lithium batteries are reviewed from the viewpoint of their structures. The materials

for the next generation are expected to have high lithium storage capacity and high power density with high

thermal stability beyond these limitation values so far. The materials design concepts are important subject to

achieve these high characteristics and will be discussed based on the reaction mechanisms using nano-space, na-

no-particles, and low crystallinity, for example. The new experimental methods by X-ray and neutron scattering

techniques for determining a wide range of structures are also reviewed for these electrode materials. Further-

more, the importance of the interfacial structures will be discussed together with their characterization methods.
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Fig. 1 Relationship between potential and capacity for electrode materials.
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Fig. 2 Structures of intercalation electrodes.
(a) NaCl, (b) y -LiFeO,, (c) a -NaFeO, [LiCoO,,
LiNiO,, Li(Ni,sMn,,)0,, Li(Ni,,sMn, ,Co,,5)0,),
(d) a -NaMnO,(LiMnO,), (e) Spinel(LiMn,0,), (f)
Holandite(LiFeO,, MnO,), (g) Olivine(LiFePO, ) and
(h) Ramsdellite(MnO,).
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Fig. 3 Electrode reaction mechanism of lithium
batteries. Various types of new battery reactions
are proposed for the future lithium battery systems.
In the IMLB 2006 meeting in Biarritz, there were
many new proposals for new systems using nano-
particles, meso-porous materials, and nano-wire
materials.
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Fig. 4 Schematic drawing of the structures for electrode materials. Several levels of structures composed of

battery materials are indicated: surface, grain-boundary, crystal structures, local structures, and long-range
structures. All these structures affect the battery properties.
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Fig. 5 Neutron scattering patterns using various
diffractometers, powder diffractometer (VEGA), total
scattering (HIT), small angle scattering (SANS), and
wide angle scattering (WANS). Each diffractometer
measures different d-ranges which provide different
structure area of the materials, from local to long
range structures.
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Fig. 6 Small angle scattering patterns of the hard carbon. The patterns are composed of Bragg reflections and

a scattering from the nano-voids.
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Fig. 7 Electrode structure and reaction mechanism of the hard carbon determined by various neutron scatter-

ing techniques.
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Fig. 8 Schematic drawing of the MnO, structure.
The stacking faults composed of 1X1 and 1X2 tun-
nels provide nano-scall voids where two-types of
proton exist.
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-Fe,0s OV F 7 AFMER 1L 50 mAh/g BETH

WZxt L, 7 nm 2 E OB T 1% 230 mAh/g 7 E

DFEMBEHEEZ/RT. y-Fe,0,13 Fe,0, &M LAY

ISR RS, VT AR VY=L —bThE

A YR NAERED O GIRAESE A E AR L, Z oM

BN W T B 72D I FTEEITTHE TRV, L

2L 7 nm ORFED y-Fe,0; 1) F 7045 —P
L—MILoTOMEERBREZVEBI I LR, W

B T ADSHAD 35, ki kic X o T, N
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7 LIRS TMHEREALSH b bNL D, ZoOF
FEEHOTINTE TR TV 2HEA 2RI B W
Th, FrzpREEsIB T 2 RS 5.

4.4 3EEE1E

Ay =NV —a ySdENT L2 RT
B, VT T LABRED DM F G ESRS LT
B72002, WHEEIIIRA»S L. FEHBILIC L -
TZORALITHEHE L HAITEHL AOEB I b Tw
5. V,05 Cry05% THGE & W KE BRI IESE
ECERENTWD. V,0, IZP,0; 2 EZRB/IMLTT
ENVT 7 AL AH T E TR L OFEET R LS
B ERY sOnRNFUY AR EDEBEEERL
WD), < TR TUALRADRBI b
TWa, JEMEL L ZIEmH R DT 7 i
FHLRER T A,

o VTR L 72 7 VT 7 A a -MnO, 7%,
MnO, (2% L T 1.6 mol ® Li % WjE& L T 440 mAh/g
DEMERERELRT I ENBE SR TS Y. 1EL
by Fo7 8% MO, FIZWETE 5L, 2NET
DR EIER R O BERAE Th % 270 mAh/g &
EEPICHBA D2 EATREICR S, JEaE TIZEM
DEALZ K EOWE L ) RZH5NITE D120, F
YWEMIZEND ODOSERDTRRIC R S, I EIR
EMTLIEFISE )L OET 2 TEMEICHG S
HHLILTHARYERLL) ETHH%EIE 2o
iz b #HE ST b Y LiMnO, DFEMETH 5
Li; ;NagsMnOygslyys A%, 1.5 205 4.2 V OFEIE T Mn 1 18
WZxt L CLi & L3 DR L, LiMnO, OB aE = (2
% 260 mAh/g PL & W12 ER L 72 & o b
% Z) 22)'

45 NULIBERORMEE—- TEMEBEICL3H
PR E AR AR
451 RBtEE & TRMERE & ORE

JEIREEIBALTIE, VF 20744257
L= MZEd W) F 7 ARG T L Z2FLAEE T
5720, ZOEILHSHHAEYT 5. WO OB R
26, ZOHAEFIZ X - T LiCoO, ® LiNiO, T Li
w05 CHENGHS S b b & SN T/
%hThH, LiCoO, T TEMBEIZ L > TRIFEDOH
RIFCHN O FEAIASH & 222 &7z,

—7J5, LiNiO, \2&b 2 IEMmM AL L CifEE T
% LiNiggMngs0, (2B W T dH, HiLd TEM Bl T
BB D722 BT SHFET 2L s TwD, C
OWETIX, AHRERC L O—iBRERBIZAY,
EREREETIELL Ni, Mn O=FEO A 4 ¥ HFELE
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T HMER RIS 5. 2O BAIELH 25 il ik
WENTWS., ZOWE TIZ P3,12 D22 EE TV 3a,,
X V32, X Cpy DT HIRE STV S P NI¥
& Mn" OMEMEH, b L IELIT & M o5V
HERPHBEN 2 O0EBI 3. T2 THEIENS
B, ) F o ARBOBAIEYI X % Li,CoO, D
BTFERULTH LA, BEEEEOSEMEL1:2
WS 52 TOEB I EN5 Li,MnO, DIENO
HANEY) & FLL T 5. Z OB TOBH)IE L
(Li;Ni; sMnse) O, T & @Il S A7z, N OHAIELY 23,
ERACFIFEIC ED &) B % 5 2 5 D35 HOM
FETH .

Zo &) ZBAEANE, TEM BigEe 8 — HHEEE
THAEDRBEINTWDL 00, kT2 X ET
7 & O TS RATEE CIEE S Tu e Wb, il
ISIS O K@ F 47— 2 1230 %, 1) — b
WV N ERT & R ICBY RS AT 2 B 2 v, 2k
it & R AT & FREICOE T 2 FEPRH S o2
% 20X, BIREERE LY T3 TEM 8%
WX o TAF v ahik ST DHENT A1) 7,
-0 v /S TEMIERL T2,

452 BEEE AN - TERIE

LiFePO, |37 & # 7% T LiFePO, & FePO, ™ 2 #
OGS CHEATS 5. KREER TR BN ZREICL -
T LisFePO, D FTT4 4 v % —H L —FrL T
TEM #i%3% B 2 72 ) &, LiFePO, & FePO, ® 100 nm
PR DS AR BN T B ODW Sz s hr Y,
FOEFEE TIIRTOI AT Y F25 bclITT A
A0y —3a YHFEL, TN F 7 A ORHHIE
FIOFEIR ARG B, S OFES T b # ) F
ADEET AL LB, FDOT 4 A0y —3 3 VEE
ZOHONVFHHEE L DI a i FI~BH TS, 20
Zenn, JEvacfiE b OB KIRICHEFITH S
EHEFRL TS, VFILDT4 A= L—hid
AR KL & AR, EEH O 3H B AAAES D55
FEWTORBND L LI2mEbHDLZ D, I—
Rya—bML7zac BEMTIEE L OBEENEL L7
DEHSULICEFTH 5.

5 NIVIEED S REBEAN

TR & EIE O F T O ESALFE TS O T\
IARSIZE > TREENTWA P —HOEMK
JBTIE, A OBEBERIL 72 F 7 A4 & ¥ H B
Fm (Wb brELAIFER) CREHML, &
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A~ o, RIEPLELL CEM SRS ET L, B
WNEENA > & =7 L— b LT, BERAGECTILET
% (Fig. 9). —#EOM@EOH T, PFLEHA RSO E
WP RE SN TS, Lo L, RETORISOFE
M2 5121, EBEORERELTHS 2
THZENYUETH A, XPS, TEM, i X MEGEL
REDH I TFHEICL > TRRALRT 70 —F L)
LLMFEH->TE (Fig 10).
51 FEHEE— XPSICL3FREEEDRE

TR EF MV EEETTORIS EBE#E LTV
W, REMRIABI b TnE. FI7 74 Mk
Tl v VI SEI (EAEMEFREM) & Xidns
REHPER LT, 79774 FRIZ) F 7 AT
WAy —AL—FRICEDZEIZELAMSNTS
D, ZHETIZSEIAERICH T 584 2 TF5 s A%
»H5. EBRAOEMRE - EHRAMMIBNTHIDL)
% SEI @A s RIE S, FEBEICBB S S X H 12
o T&72,
KEOXET 543 (XPS) 12k -, WK (£

Current

- Electrode Electrolyte
0 o Li*
‘ ‘ Electrochemical ><
) double layer ‘
e_ 3 > == <\_y/
o T N N
(57 o
¢ o®
= Current

Fig. 9 Electrochemical reactions at the interface
between electrode and electrolyte. The electrode re-
action at the electrochemical double layer is a rate
determining step for the total battery reactions.

Electrolyte

A few—
several
tens nm

Surface analysis methods: XPS and so on
SEl layer Surface observation methods:
AFM,STM and so on

Surface analysis methods:

A few nm :t

Electrode surface

Inside of electrode: TEM, Surface reflection
A few um Crystal structure,

Local structure analysis

Fig. 10 Schematic drawing of the electrode sur-
face and its characterization methods.
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H25BLZ 4 nm PIT) ISHFET 20k b 2
ZEHTE S, LiNigsCoy,0, THRM SO R K,
WEBWTES Y F72XPSIZXBEMIITE, Ar
Iy F U7 RGEHT LI LI X o TERD S SHIH
DIEHx T & 5. Edstrom 5 IS % H W
XPSHMlEIZ & - T, RFENZIEEMETH 5 LiMn,0,
% LiNiggC00,0, LiFePO, 7% & O 75 i 4 o 2 1 43
WrxB 7%\, SEIEAEROEEZHXTw2
LiMn,0, % LiNisC0y20, % & T ATHEAE A B
WS BRI HERE L - M 2 RS b o T 5
DIZX LT, #—FK>»Ta— b L7z LiFePO, TIZK
JOAEBAS XPS T TE 2w 26220
7z, SEI ®EKIL, P OFHREART M B
%, FERCE S Sk 4 2 RF & BEICBE LT
BY, ZOUGEEDZOHIIH Y LHHWDLIMAID KA
LT %, SEI % IEME 2R L C Rt SUS O fill#IC
T4 =K Ny 7 TCEXLMNIEELGZPEETDH 5.

52 REHEE—- TEMEBRIC L 5 BEFMHLLEE
f%EA

LiNiysCoy20, KL 7D FRMT, sz — 2 > 7 3HERo
HE TEMBIEICLAEKMMEBI ) &, oA
Li,Ni, O ®BAFKM 12 2-5 nm RREDE S THEEL T
VBEDHRHSHNIR 5722 HIEOM L V)LD IEHE
KM TIOR3/ nm EFEE, LHVELIHFELT
W5 ZEND, FEIEROBMIHIZZEE TORIEM
DERPERCEG L TWAE I EAVRIBE NS, HIbkk
IO ED L) ITMEPBMET 2 2 LI12X 5 LIRS
NTWw5b.

LiNiO, — Li,_, Ni**** O, (delithiation)

— Li, Ni*"*0,_; (oxygen loss)

HILABOER 2 EHBIE T2 LT, BEZOD
DOOLHEEZ SIS A EDTRETH 5.
53 REEE—ETFIVEL AZBERE TCOZDHE
=

a3, BEEMRETZ =5 X2 v Lk
L, ZOEMERTORGEH % in-situX FRHEL
HETHOLPICT A TFHEERELTCVSE Y. ok n
FHEIZEoTINFETT IV I Ry 7 ATH - 728K
R TORISHEESHS 22 b0 L MFsNS.
Ex-situ #ll %€ 7* & in-situ Jl E O DN A4
LIET A EEZOND.
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ARTIER) T 7 A BMEBMEZ, % dI25
BUTE7 WH O EICEONTERZ LN TE
72 EABM R OREE OBE A, JHEEED & REEHEIC D72
LReA LNV OREETE R D LEN D DH 2 L RIBNR
7o, Bkl L, ARTRBLEBBOAL ST
ERE % &2 T 7 B R OB EZEIEROR T
3O TEW LV THER LTV b . RFRDOSE CHK
12 1% Science % Nature D& LR AL E 21T 5
N, OB SES VIR TEEH SNTE
HENTWa 0, BFOWMLVGETH S o5k il
N5, HARED) F7 544+ VB BEIEFEOH L
DIFCTZIT AN S NS, F OO IERERTF7E 125}
T 5 ZFHIFRE DO HARTIIMD TLFFR V. 574,
HARTOKREF T (JPARC) 70 Y = 7 MZ X
T Y — 2 OFHPEERICTREIZZR YD, Lo%
Wk D7 DI THW ST WA O L [RFEED
KEREFPHATHE) . SROMEOERLE, FEH
MRBFEAND 7 4 — Xy 7 ZHfF L 72w,
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